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ABSTRACT

The global and regional increase in demand for textile products have led to increased quantities
of dye wastewater in the environment, which is a potential source of carcinogenic compounds.
This situation not only hampers photosynthetic activities of benthic plants but also affects
aesthetic quality of water sources. Apart from many available wood biomass, fish scales of
Tilapia (Oreochromis niloticus) are also abundant wastes in the environment that can be
processed and applied as materials in abstraction of indigo carmine (IC) and crystal violet
(CV) dyes from wastewater. Nevertheless, physical and chemical characteristics of raw fish
scales and their biochars are not known. The main objective of this study was to synthesize
and characterize fish scale biochars (FSB) and magnetic composites (FSB@Fe304) at varying
temperatures and apply them in remediation of industrial dye effluents. Pulverized raw fish
scales (RFS) were pyrolysed over temperature of 200 °C - 800 °C and magnetic composites,
FSB@400 °C-Fe3;04, FSB@600 °C-Fe;04 and FSB@800 °C-Fe30O4, were synthesized by
chemical co-precipitation method. The adsorbents were characterized for peak optical
absorbance, functional groups, magnetic strength, surface morphology, particle size, elemental
compositions, surface charge, surface area, thermal stability and crystallinity. The potential of
pulverized RFS, FSB and FSB@Fe304 compared to activated charcoal (AC) for abstraction of
IC and CV dyes from aqueous solutions was determined as a function of initial dye
concentration, contact time, dye solution pH, adsorbent dosage and temperature. Peak optical
absorbance was 252-320 nm with FSB@600 °C posting the lowest peak of all the magnetic
composites studied. The adsorbents contained CO3>, PO4>, Fe-O and -OH as confirmed by
EDX and XRD analysis. TEM results displayed spotted ring-like patterns on the surface of
FSB and catenation of identical spherically shaped flowers was observed on FSB@Fe;Oa4.
Magnetization values for VSM analysis ranged between 8 to 10 emu/g, sufficient for adsorbent
recovery with a magnet. The pHp.c ranged between 3.80-8.42, while TGA showed that a rise
in temperature led to a rise and a decline in weight loss for RFS, FSB and FSB@Fe3;Os4,
correspondingly. BET surface areas were 94.05 and 102.67 m%*g for FSB@600 °C and
FSB@600 °C-Fe304, respectively. Adsorption results demonstrated that the quantity (q) of the
dyes adsorbed by FSB and FSB@Fe3;04 increased with initial dye concentration, material load
and solution temperature. Lower quantities of IC and higher quantities of CV were recorded
at higher pH levels. Statistics fitted pseudo-second-order kinetic models while the Langmuir
isotherm presented the best fit of all the models tested. The optimum pH 2 and pH 8-10 were
favourable for adsorption of IC and CV, respectively. Wastewater remediation data revealed
that for location A, FSB@600 °C significantly reduced IC and CV by 72.00% and 96.96%,
correspondingly. Reusability results showed that the adsorbents conserved their initial
adsorption capacities for the abstraction of IC for five consecutive cycles without significant
depletion. However, substantial decrease in adsorption capacities at the fifth regeneration cycle
was observed for CV. Fish scale biomass can be applied in the synthesis of adsorbents that can
be adopted as easily accessible materials for remediation of industrial dye wastewater.
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CHAPTER ONE
INTRODUCTION
1.1 Background

Dyes are materials that, when applied to a substrate, impart colour via a process that
momentarily changes any crystal arrangement of the coloured substrates (Bafana et al.,
2011). Dyes are largely used in a variety of industries which include but not limited to textile,
pharmaceutical, food, cosmetics and paper (Carneiro et al., 2010) and are capable of
adsorbing onto compatible surfaces through covalent bonding, physical adsorption or
mechanical retention (Bafana et al., 2011). Classification of dyes is based on their
application and chemical structure, whereby colour is ascribed to different functional groups
such as azo, methine, nitro, and carbonyl found within the dye structure, which are known
as chromophores. In addition, electron withdrawing or donating substituents referred to as
auxochromes are included to strengthen the colour of the chromophores. The most common
auxochromes are amine, carboxyl, sulfonate and hydroxyl (Dos Santos, 2005; Prasad & Rao,
2010). The increased need for textile products and the relative increase in their manufacture
has led to the application of artificial dyes such as anionic indigo carmine (IC) and cationic
crystal violet (CV), subsequently, contributing to dye wastewater pollution in the
environment, since there is either intentional discharge of raw wastewater or inefficiency of
the treatment systems. The levels of IC and CV dyes in the industrial wastewater from
Nairobi are not known, yet they are potential disease causing compounds, can hamper the
photosynthetic activities of benthic plants and affect the aesthetic quality of water sources.
Therefore, this calls for remediation process to aid in reducing the level of industrial dyes in

the wastewater.



In order to treat dye wastewater, a number of adsorbents have been used some of which are
carbon materials derived from either plant or animal biomass, which are naturally abundant
and renewable (Xiu et al., 2017). Important focus has been given to a variety of plant biomass
such as energy crops, agricultural remains, and woody biomass (Xie et al., 2015; Kimosop
et al., 2017). Numerous researches have been done on plant biomass (Ngeno et al., 2016)
while little research output exists on the feasibility of animal biomass compared to the latter.
A noble example is fish scales, which are considered as wastes that lack clear economic
significance (Rustad, 2003; De Gisi et al., 2016; Nnaemeka et al., 2016; Nia et al., 2017,
Temesgen et al., 2018; Fegousse et al., 2019; Lafi et al., 2019). Despite their sustainable
abundance, fish scales are a suitable alternative worth exploring in the treatment of dye
wastewater instead of laying in the environment and decompose leading to pollution of
available water resources and ambient air. Application of fish scales as adsorbents for the
abstraction of copper from water was reported by Huang (2007). The researcher utilized
Tilapia Niloticus Linnaeus fish scales instead of Atlantic cods’ scales, alluding to the fact
that tilapia is cheaper and more available compared to Atlantic cod. In addition, it has been
shown that applying fish scales as an adsorbent displayed a more feasible substitute for
abstraction of metals from wastewater compared to wool since fish scales are already a waste
generated resource material from fish markets and households (Villanueva-Espinosa ef al.,
2001; Huang, 2007). Rustad (2003) reported that about 91 million tons of fish and shellfish
from both inland and marine waters were captured worldwide and 50 - 60 % were consumed

by human and the rest were discarded as waste. Despite the increase in the world human



population and fish aquaculture, statistics have shown that there is no significant reduction
in number of fish captured (Delgado et al., 2003; Mohammed ef al., 2008), and this supports
the sustainable accessibility of fish scales as a source for manufacture of commercial

adsorbents.

Adsorption characteristics of RB5G dye onto fish scales in the presence of NaCl and protein
(SP) mixtures were studied by Neves et al. (2018) and the results showed favorable kinetics
and high adsorption capacity for the dye hence providing useful base data for the design,
optimization and scaling up of the adsorption processes for commercial application.
Bamukyaye and Wanasolo (2017) confirmed that the abstraction of chromium (VI) by
processed fish-scales was highly viable for remediation of effluents from Tannery Industries.
Related work was also reported by Mustafiz (2003) with fish scales from Atlantic cods.
Villanueva-Espinosa et al. (2001) examined the suitability of thermally pre-treated fish
scales, from Mojarra Tilapia variety, for metal ion remediation and observed that the
processed adsorbent was effective in the removal of Cu®" ions from wastewater. Similarly,
other researchers have investigated the application of fish scales on sequestration of
pollutants from wastewater and confirmed their feasibility hence recommended them for
removal of metal ions and dyes (Chowdhury ef al., 2012; Ho et al., 2012; Begum & Kabir,
2013; Zhu et al., 2013; Abdullah & Vo, 2014; Othman et al., 2016; Ooi et al., 2017,
Ahmadifar & Koohi, 2018; Gholami et al., 2018; Kwaansa-Ansah et al., 2019). In this
regard, raw fish scales can be applied in adsorption of IC and CV dyes from the industrial

wastewater; however, their physical and chemical properties such as surface area, particle



size and inorganic carbon content may not be sufficient to give good adsorption output.
However, these properties can be enhanced through charring of the raw fish scales in order

to obtain a biochar.

Biochar, a product from thermally converted biomass, has been considerably applied in
abstraction of many contaminants owing to its economical and abundance benefits (Xiu et
al., 2017). Studies have ascertained that charring improves the surface characteristics that
aid in increasing the adsorption capacity of a biochar (Zhao et al., 2017; Noor et al., 2019),
consequently adsorption increases with increase in charring temperature (Luo et al. (2018;
Nnadozie & Ajibade, 2021). However, it is not known whether the physical and chemical
properties of the characterized fish scale biochar will be improved by different charring

temperatures to make it a better adsorbent than the raw fish sacles.

The removal efficiencies and adsorption capacity of the dyes by the adsorbents are usually
influenced by several factors such as adsorbent dosage, initial pH of the adsorbate,
temperature, contact time e.t.c. and the adsorption process is governed by mechanisms and
kinetics (Dutta ef al., 2021). Patel & Vashi (2010) established that Freundlich isotherm was
the most applicable in describing the adsorption process of crystal violet. In another study,
Azari et al. (2021) investigated dye removal from raw textile wastewater by magnetic multi-
walled carbon nanotubes-loaded alginate. The data fitted the Langmuir isotherm and pseudo-
second-order kinetics. However, it is not known how adsorbent dosage, initial pH of the

adsorbate, temperature, and contact time will affect the adsorption parameters of FSB, and



FSB@Fe30s. In addition, the reaction kinetics and isothermal mechanisms that will govern

the adsorption of dye by FSB, and FSB@Fe304 are not known.

Recovery and subsequent regeneration and reuse/recycling of adsorbent are important
attributes of an adsorption process from economy and environmental point of view (Kulkarni
& Kaware, 2014). In this case, anchoring/immobilizing of magnetic particles into the biochar
has aided in separating adsorbents from aqueous media through the introduction of an
external magnetic field, thus, increasing efficacy and limiting chances for secondary
pollution by used adsorbents (Yu et al., 2013; Wu et al., 2016). Researchers have justified
the inclusion of magnetic particles in composite preparations since they confer beneficial
properties such as easy recovery, cost-effectiveness, ease of synthesis, absence of secondary
contamination, environmental friendliness and high surface area (Ebrahimian Pirbazari et
al.,2016; Gholami et al., 2018; Mushtaq ef al., 2019). Subsequently, stability/leaching effect
and the recyclability of a magnetite-impregnated adsorbent are essential properties in
qualifying it for application in adsorption process under considered experimental conditions
(Song et al., 2014; Rangabhashiyam et al., 2018). However, it is not known if the fish scale
biochars will exhibit magnetic properties sufficient for their recovery, stability to resist
leaching effect in adsorption conditions and withstand regeneration for reuse/recycling after

adsorption process.

Indigo carmine (IC) is an artificial anionic dye that has been applied as an antiseptic material,

biotic pigment, dermatological material and preservative to poultry feedstuff. It is also a



potential cancer causing chemical which is intractable and lethal to animal cells (Owens,
2002). Crystal violet (CV) is an important triphenylmethane cationic dye commonly applied
in colouring paper, cotton, silk and leather. It is also used as a disinfectant and antiseptic in
pharmaceutical industry. Exposure to crystal violet leads to serious disease (Guz et al.,
2014). Contamination pathway involves effluent discharge from conventional treatment
plants where the dyes bioaccumulate in sediments and soil and eventual flow into public
water supply systems (Vikrant ef al., 2018). The chemical structures of the IC and CV dyes

are given in Figures 1.1a and b, respectively.

0

H
NaO,S N

SO,Na

H

Figure 1.1a: Indigo Carmine (Ramesh & Pavagada Sreenivasa, 2015)
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Figure 1.1b: Crystal Violet (Song et al., 2016)

Different adsorbents have been used to effectively sequester the colour of dye wastewater;
for example, Elango & Govindasamy (2018) used activated carbon derived from temple
waste flowers to remove the colour of industrial wastewater. In another study, Panhwar et
al. (2020) employed activated carbon to reduce the colour of textile wastewater samples.
However, it is not known whether the application of RFS, FSB, and FSB@Fe304 will be
effective in reducing the colour of industrial dye wastewater.

The aim of this study was to employ an abundant and disregarded local environmental
pollutant, fish scales, from a local large-scale fish market in Gikomba in Nairobi, Kenya, in
the remediation of dye-polluted effluent from some local textile industries. Preliminary
findings for proof of the adsorption concept were demonstrated for pulverized raw fish scales
and their biochars to rationalize the significance of carrying out the biomass thermo-

chemical conversion process. The potential of the adsorbents for the abstraction of indigo
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carmine and crystal violet dyes from synthetic wastewater was also determined as a function
of initial dye concentration, contact time, adsorbent dose, dye solution pH and temperature.

1.2 Statement of the problem

Effluents from textile industries are categorized as the most contaminating of all the
industrial sector waters, owing to its quantity and composition. In addition, the increased
need for textile products and the relative increase in their manufacture, and the application
of artificial dyes have contributed to dye wastewater being one of the general sources of
contamination problems in modern times. The existence of very minor concentration of dyes
in the water, which are usually noticeable, influences the aesthetic quality and clearness of
water sources such as lakes, and rivers leading to damage to the marine environment. In
addition, dyes are potent carcinogens, toxic to mammalian cells, mutagenic, able to absorb
and reflect sunlight in water hence diminishing photosynthetic process of benthic plants
hence affecting negatively the aquatic food chain. Although adsorption is a proven
technology for the removal of dye, it has a major limitation to its application due to the
associated high cost. Thus, there is need to device green and sustainable technology to assist
in the removal of dyes from the polluted water. Numerous researches have been done on
plant biomass while very diminutive information exists on the feasibility of animal biomass,
for example, fish scales, which are viewed as wastes that do not have a clear economic

significance and pose, environmental menace especially when they decompose.

Raw fish scale is expected to exhibit lower surface area than the counterpart biochar.

Thermal conversion of raw fish scale to biochars at different temperatures is a better



transformation to improve its nature and guarantee longevity. Anchoring the biochar in
magnetic particles can aid in its recovery from the treatment vessel after removal using an
external bar magnet, subsequently its regeneration and reuse/recycling. It is uncertain how
the morphological and chemical properties of the adsorbents prepared at different
temperatures would vary as characterized using various techniques. The overall behavior of
the adsorbents during dye removal from the aqueous media is subject to mixed influences of
dye concentration, pH and temperature of the media, contact time between the adsorbent and
the media, and the adsorbent dose. Besides, the removal efficiencies of the dyes by the
adsorbents is expected to be governed by mechanisms and kinetics. The magnetic
composites can easily contaminate the treated dye wastewater through leaching of the iron
metal if the adsorbent is unstable under reaction conditions such as pH.

1.3 Objectives
1.3.1 General objective

To synthesize and characterize fish scales derived biochar and magnetic composites,
and determine their removal efficiencies of anionic indigo carmine (IC) and cationic

crystal violet (CV) dyes from synthetic and industrial wastewaters.



1.3.2 Specific objectives

1.

11.

iil.

1v.

Vi.

To synthesize fish (Tilapia) scale biochar (FSB) at 200 °C, 300 °C, 400 °C, 600
°C and 800 °C and characterize them for surface charges, surface area, thermal
stability, crystallinity, surface morphology and functional groups.

To determine the removal capacities and efficiencies of raw fish scales (RFS),
FSB (200 °C, 300 °C, 400 °C, 600 °C and 800 °C) biochars and activated charcoal
(AC) in dye removal at ambient temperature.

To synthesize and characterize fish scale biochar magnetic composites
(FSB@Fes04) for surface charges, optical absorbance, thermal stability,
crystallinity, magnetic properties, surface area, surface morphology and
functional groups.

To determine the effects of initial dye concentration, pH, contact time,
temperature and adsorbent dosage on the removal of IC and CV dyes onto FSB
and FSB@Fe;04 compared to activated carbon.

To infer the removal mechanisms and adsorption kinetics of IC and CV dyes onto
activated carbon, FSB and FSB@Fe;O4, assess the stability of the FSB@Fe304
under reaction conditions and determine their regeneration/recyclability
frequency.

To assess the efficiency of the adsorbents in the treatment of industrial dye

wastewater.
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1.4 Hypotheses (Null-H,)

1.

ii.

1il.

1v.

V.

Different temperature ranges will not have effect on the Fish Scale Biochar
(FSB) generated as characterized for surface charges, crystallinity, thermal
stability, surface morphology, elemental composition, surface area, and
functional groups.

The raw fish scales (RFS), FSB (200 °C, 300 °C, 400 °C, 600 °C and 800 °C)
biochars and activated charcoal (AC) will not have significantly different IC,
and CV dyes removal capacities and efficiencies at ambient temperature.
Different temperature ranges will not have effect on the synthesized fish scale
biochar magnetic composites (FSB@Fe304) as characterized for surface
charges, peak optical absorbance, crystallinity, magnetic strength, surface
morphology, elemental composition, surface area, and functional groups.
Initial dye concentration, solution pH, contact time, solution temperature and
adsorbent dosage will not influence the removal of IC and CV dyes by FSB,
FSB@Fe304 and activated carbon.

The removal mechanisms and kinetics of IC and CV dyes onto activated
carbon, FSB and FSB@Fe;04 are not plausible. The magnetic composites will
not be stable under the reaction conditions and their regeneration/recyclability
frequency will not be plausible.

The prepared adsorbents will not be effective in the treatment of industrial dye

wastewater.
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1.5 Justification of the study

The increased demand for textile products and the relative increase in their manufacture, and
the application of artificial dyes have contributed to dye wastewater being one of the
considerable sources of main effluence problems in present times. The ultimate negative
effects e.g. their carcinogenicity to mammals and toxicity to aquatic organisms have been
reported (Guz et al., 2014; Ismail et al., 2019; Owens, 2002; Ribeiro & Umbuzeiro, 2014).
In this regard, purification of the polluted water would create a good environment for the
living organisms. The entire endeavour would create an economical benefit of fish scales by

using them sustainably, hence, reducing environmental pollution.
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CHAPTER TWO
LITERATURE REVIEW

This section displays a review of academic sources related to the research. The
preparation of the adsorbents, experimental conditions, kinetics and mechanisms of
adsorption, stability and recyclability of the magnetic composites, and application in
treatment of industrial dye wastewater are presented. Note that the images for raw
fish scales, pulverized fish scales, fish scale biochar and magnetic composite were
obtained from the current study.

2.1 Methods for preparation of fish scale biochars (FSB) and magnetic composites

(FSB@Fe304)

Biochar is a product from biomass thermo-chemical conversion applied considerably
in abstraction of a variety of contaminants owing to its economical and abundance
benefits (Xiu et al., 2017). According to Teshale et al. (2020), the bio-adsorbent for
removal of chromium (IIT) was prepared by washing the fish scale, soaking for 24 h
with ordinary water, followed by cleaning with deionized water in order to eliminate
the impurities. In order to make the washed fish scales moisture free and crispy; they
were put in sundry for 48 h and open-air oven at 65 °C for 24 h. The dry scales were
mechanically finely powdered and sieved on an octagon sieve while maintaining the
portion size range of 125-200 um. Acid and base activations were performed by
separately mixing 10 g of fish scale powder with 150 mL of 0.1 M H>SO4 and 0.1 M
NaOH solutions for 22 h at 100-rpm on a rotatory shaker in ambient room
temperature. The components were transferred to a vacuum filter to isolate the liquid

portion, subsequently, washed severally with distilled water until a neutral pH
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solution was achieved. Next, the sample was dried at room temperature for 2 h and
in the oven at 80 °C. The researchers did not grind the product after drying before
application in adsorption studies, since this would have ensured that the particles are

not coalesced onto each other.

Sahoo et al. (2019) explored the preparation of activated carbon from fish scales for
application in adsorption and catalysis. The researchers precarbonized clean and dry
fish scale at 330 °C for 3 h in air, mixed the resulting powder with KOH at a weight
ratio of 1:1 and activated at 950 °C for 1 h in N> ambience. In the elimination of
present excess acid from the surface of the prepared adsorbent, the product was kept
in 20 M of phosphoric acid and finally washed with deionized water. By
precarbonizing the dry fish scales in air is expected to limit the amount of carbon
since the amount of ash will increase due to oxygen gas, consequently, the adsorption
potential will be low. Therefore, it would have been prudent for the precarbonization

to occur in either limited oxygen or inert environment.

Zhu et al. (2013) employed Tilapia fish scales to make an adsorbent material for the
adsorption of Ponceau 4R dye. In their method, the rinsed fish scales were dried in
the sun until crisp, mixed with NaOH solution in a triangular flask and heated in an
oil bath prior to cooling to room temperature. Resulting solid was filtered from
solution and repeatedly rinsed with distilled water before drying in an oven at 50 °C,

ground to a powder and sieved via a 160-mesh to get the Tilapia fish scale adsorbent.
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However, the researchers did not specify the quantities of fish scales and NaOH used
and the period of reaction in their procedure. Uzunoglu & Ozer (2015) dried
Dicentrarchus Labrax fish scales in shade for 48 h after washing them repeatedly in
tap water to eliminate dust and solvable contaminants from their surface. The
moisture was evaporated in the oven at 110 °C and the final product used directly as
an adsorbent without grinding. In this procedure, the authors have not indicated the
duration of oven drying. Moreover, using the adsorbent without grinding deprived it
of key adsorption properties such as particle size and surface area sufficient to

embolden high adsorption capacity.

Marrakchi et al. (2017) used an electrical furnace in N> (99.99%) at a flow and
heating rates of 100 cm?/min and 10 °C/min, respectively, to carbonize fish scales at
600 °C for 90 min in a tubular stainless steel reactor. The prepared material was
cooled to room temperature in N gas flow then washed with 1 M HCI in order to
remove residual inorganic matters and open up its pores. The product was rinsed with
hot distilled water until the filtrate attained neutral pH, dried at 105 °C for 24 h,
subsequently ground and sieved to a fraction of fine particles through a mesh of 250-
500 pm. In this method, by grinding and sieving the prepared adsorbent, ensured that
the surface area and particle size were improved hence raising the potential of

achieving high adsorption capacity.

15



Figure 2.1 shows (a) the raw fish scales, (b) pulverized fish scales, (c) fish scale

biochar and (d) magnetic composite, from the current study.

(a) Raw fish scales (RFS) (b) Pulverized raw fish scales

(c) Fish scale biochar (FSB) (d) Magnetic composite (FSB@Fe304)
Figure 2.1: The raw fish scales, pulverized fish scales, fish scale biochar and

magnetic composite

Many investigators have reported methodologies for synthesis of magnetic
composites. Datta et al. (2017) demonstrated the co-precipitation method for

preparing Fe3Os/Activated Carbon Composite for adsorption of Malachite Green and
16



Rhodamine B dyes. In their procedure, Activated Carbon was oxidized using
concentrated HNOj3 in an ultrasonic bath (35 kHz) for 100 min, the product sieved
into Gooch crucible, washed with deionized water until neutral pH was attained prior
to drying in a vacuum oven. A mixture of Fe** and Fe®" in the ratio of 1:2 was spread
in 200 mL of deionized water, and sonicated for 10 min with a mass ratio of 4:1 for
the (Fe*" + Fe*"): Activated Carbon. At the co-precipitation step, 8 M of aqueous
ammonia (NH3) was added drop-wise while continuously stirring for 30 min at 50 °C
until the mixture achieved a pH of 11-12. Consequently, the prepared magnetic
composite was filtered, washed with deionized water and ethanol, and dried at 60 °C
in a vacuum oven. In this procedure, the researchers did not indicate the duration of
drying the materials in oven at the respective stages. This is necessary since drying a
magnetic composite beyond confines of the recommended duration would lead to
gradual decomposition culminating into insufficient magnetic properties needed for

adsorbent recovery after adsorption process.

In another procedure for the preparation of Fe;Os@fish scale nanocomposites for
Methylene Blue dye abstraction, Gholami et al. (2018) rinsed fish scales with tap
water followed by NaOCI solution (5% wt) to remove any dirt, in which the fish
scales were freshened and degreased in the process. The raw materials were rinsed
with distilled water, dried at 80 °C for 24 h, crushed and sieved to 100-500 um
particle size range, and conserved in desiccators. The chemical precipitation

technique was applied to generate the magnetic composite. Precisely, 3.2 g of
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FeS04.7H,0 and 6.2 g of FeCl3.6H,0 (Fe** : Fe?" molar ratio of 2:1) were dissolved
in 160 mL of distilled water with vigorous stirring in an inactive ambience to obtain
4 g of magnetic particles. Aqueous NH3 solution (20 mL of 25 %) was added while
heating the solution to 80 °C during which the colour changed from light brown to
black. The solution was left for ten minutes to facilitate the eventual development of
the nanoparticle crystals, then 20 g of powdered fish scales was added to the solution,
and the reaction allowed to progress for 70 min at 80+1 °C with continuous stirring.
Lastly, the suspension was cooled to room temperature, washed repeatedly with
distilled water to eliminate un-reacted chemicals. The ratio of the weights of Fe*" :
Fe?" salts used in preparation of the magnetic composites was 1.9375:1 which is
against the stoichiometric requirement of 2:1. On the other hand, the researchers did
not mention if the magnetic composites were dried before use in the subsequent
assessments.

2.2 Effects of biochar preparation temperatures on their physical and chemical

properties

Adsorbents prepared at different carbonization temperatures are expected to exhibit
varying physical and chemical properties, which ultimately influence their adsorptive
behaviours. Nnadozie & Ajibade (2021) reported that the C. Odorata biochar
prepared at 800 °C posted optimal abstraction efficacy for indigo carmine (IC) dye.
The researchers ascribed the adsorption behaviour of C. Odorata biochar to its
organic content. Moreover, the enhanced removal of anionic I.C. dye was attributed
to the strengthening of functional group and high cations composition in the biochar

at high temperature as witnessed in other studies by Luo et al. (2018). It was also
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noted that rise in charring temperature reduced the number of organic moieties
(Nnadozie & Ajibade, 2021). The surface area of the biochar determined by BET was
24431 + 6.54 m?/g, with pore volume and pore size of 0.00693 cm?/g and of 5.10

nm, respectively.

The influence of pyrolysis temperature on the yield and characteristics of biochar via
slow charring of coconut flesh waste was investigated (Noor et al., 2019). The
temperature was varied between 350 °C to 600 °C at a steady heating rate of 5 °C/min
whereby reduction in biochar yield from 23.54 wt % to 13.97 wt % was observed.
The level of ash in the biochar was augmented from 4.63 wt % to 19 wt %, the fixed
carbon level increased from 45.20 wt % to 79.09 wt % and carbon content rose from
72.70 wt % to 83.25 wt %. Moreover, the volatile matter and oxygen content of
biochar were decreased from 50.17 wt % to 12.71 wt % and 13.86 wt % to 10.99 wt
%, respectively, while the surface area of coconut flesh waste biochar (CFWB) was
slowly increased from 0.3971 m?/g to 0.6619 m?/g as the pyrolysis temperature was
elevated from 350 °C to 500 °C. Increase in surface area was attributed to the loss of
organic compound or enhanced devolatilization, which created void within the
biochar matrix (Wang et al., 2013). In addition, the SEM micrograph of CFWB
biochar prepared at 400 °C showed pores that were more obvious and the cell walls
that were moderately rebuilt, hence, enlarging its shape. Further temperature increase
to 600 °C not only deepened and enlarged the pores of CFWB but also shrunk and

totally reconstructed the cell walls of the coconut flesh.
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Das et al. (2021) observed similar findings on biochar yield whereby the yield
declined considerably with pyrolysis temperature. Lower biochar yield was
witnessed at 600 °C and was ascribed to the emanation of CHa, CO, and COa.
Precisely, biochar yield followed the trend; 400 °C > 500 °C > 600 °C. The
researchers concluded that less of volatile matter is lost at lower pyrolysis
temperature, consequently, strengthening the secondary char. Moreover, phenolic,
surface carboxylic, lactonic and total acidic functional groups declined from 400 to
600 °C. The FT-IR band strength of the C=0O/OH, -CH, and —OH stretching
diminished with rise in pyrolysis temperature due to de-polymerization and loss of
moisture content. On the other hand, thermogravimetric analysis posted weight loss
with rise in temperature from 0 to 600 °C. Heitkotter & Marschner (2015) reported
that biochars produced at 600 °C were characterized with higher ash contents and
higher pH. The high pH level was attributed to the accumulation of alkali and alkaline
earth metals (K, Mg and Ca), formation of carbonates, and concentration of biomass-

derived carbonates as a function of temperature.

Effect of heating time (30, 60, 90, and 120 min) and temperature (350, 450, and 600
°C) on the chemical features of biochar from Poultry Manure (PM) was studied by
Cimo et al. (2014). The findings showed that the biochar produced at the highest
temperature contained aromatic structures whose chemical characteristics seemed

unaffected by heating time. Thermogravimetric analysis displayed disparities in the
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thermo-oxidative strength of the aromatic spheres in the as-synthesized biochars.
Precisely, the PM biochar prepared at 600 °C exhibited less stability relative to those
prepared at 350 °C and 450 °C, a consequence attributable to a protective effect of the

alkyl groups.

Zhao et al. (2017) explored the possible consequence of temperature on the structural
and physicochemical features of biochar with apple tree branches under pyrolysis
temperatures of 300, 400, 500 and 600 °C. The findings showed that rise in
temperature improved the carbon content and inorganic minerals such as K, P, Fe,
Zn, Ca, and Mg. Notably, biochar yield, volatile matter, O, H, CEC, O:C and H:C
ratios declined, whereas biochar produced at 500 °C exhibited the highest pH and ash
content. On the other hand, the magnitude of carboxylic functional groups declined,
while thermal stability, BET surface area and pore volume increased with rise in
pyrolysis temperature. The observation made on BET surface area and pore volume
were attributed to the rise in micropore surface area and micropore volume.
Furthermore, Zhao et al. (2017) reported that the SEM image of biochar at 300 °C
displayed a softened, melted and fused material owing to release of volatile gases
from the biomass, culminating to a biochar whose morphology presented a number
of pore structure at 400 °C. For the biochar at 500 °C, portions of the skeletal structure
appeared brittle due to the decomposition of more components. The fracture

phenomenon also appeared within the pore structure for the biochar at 600 °C.
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The effect of pyrolysis temperature on physicochemical properties of miscanthus
biochar (obtained at 350, 360, 370, 400 and 450 °C) revealed that thermal and
biological stability are affected by pyrolysis temperature in a nonlinear manner
(Mimmo et al., 2014). Increase in the biochar pH with increasing pyrolysis
temperature from 6.36 to 9.25 for the feedstock and the biochar produced at 450 °C.
The largest increase in biochar pH as a function of pyrolysis temperature was
observed between 360 °C and 370 °C. However, this study sets to unveil the possible
effects of charring temperatures 400, 600, and 800 °C on the physicochemical
properties of the fish scale biochars (FSB) since the effects are not known.

2.3 Effects of experimental conditions on adsorbent performance in adsorption

process

Adsorption reaction conditions are fundamentally initial adsorbate concentration,
initial pH of the adsorbate, contact time between adsorbate and adsorbent, temperature
of the contents in the reaction vessel and the adsorbent dosage. Presented herein are
conditions used by researchers in previous adsorption studies. Gholami et al. (2018)
performed batch kinetic experimentations by separately adding 0.3 g of both fish
scales and magnetic composites into 50 mL of the Methyl Blue dye solution at
constant initial concentration of 200 mg/L at 303 K, pH of 8 and agitating for 160
minutes. Optimal amount of adsorbent was obtained by addition of varied quantities
of magnetic fish scales (0.05 - 0.5 g) into 50 mL of 200 mg/L dye solution at a fixed
pH of 8 at 303 K. The experiment revealed that the adsorption capacity improved as

a function of contact time until 60 minutes for both fish scales and magnetic fish
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scales, and optimal adsorbent dosage was 0.3 g. However, the speed at which the

contents were shaken was not specified in the batch experiments.

The influence of pH, temperature, dosage and initial concentration of Methylene blue
(MB) and Rhodamine B (RB) dyes on adsorption behaviour of Pongamia glabra seed
cover (PGSC) biochar prepared at 550 °C were investigated (Bordoloi et al., 2018).
Different amounts of adsorbent were incubated individually for adsorption of MB and
RB from 50-ppm aqueous solutions. In order to obtain the peak adsorption of MB and
RB, 50 g/LL and 30 g/L of biochars, respectively, were required. The tubes were
incubated at 28 °C for 24 h in a shaker at 60 rpm. The researchers concluded that at
50-ppm concentration, adsorption of both MB and RB required an optimal biochar
concentration of 50 g/L. and 30 g/L, respectively. In addition, dye abstraction was
independent of solution pH, but was optimum at 28 °C, while an optimal point for

adsorption for both dyes was rapidly reached within a range of 20 to 50 minutes.

Senthil Kumar ef al. (2014) investigated the influence of temperature on the removal
of methylene blue dye from its aqueous solution onto sulfuric acid-treated orange peel.
The experimental conditions, which include solution pH, amount of adsorbent, initial
MB dye concentration, and contact time, were evaluated in the process. Batch
adsorption studies indicated that the maximum removal of MB dye was 99.29% for
50 mg/L of MB dye level at optimal conditions of pH 8, contact time of 45 minutes,

adsorbent dose of 0.4 g, and temperature of 30 °C. The removal of crystal violet (CV)
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dye from synthetic wastewater by corn stalks magnetic biochar (MBC) was examined
by Sun et al. (2015). The adsorption capacity of 349.40 mg/g was registered within 5
minutes for an initial CV level of 400 mg/L, pH of 6 and temperature of 40 °C.
However, influence of adsorbent dose on adsorption of CV dye was not studied. In
another study by Vanitha (2014), removal of CV by carbon material prepared from
bamboo tree leaf was investigated. The study reported that the optimal conditions for
the experiment were 0.10 g of the adsorbent, basic pH, equilibration time of 30

minutes, initial dye concentration of 150 ppm and a temperature of 30+1 °C.

Different concentrations (0.05 mg to 0.25 mg/10 mL) of indigo carmine dye solutions
were prepared and examined for removal efficiencies using different amounts of
magnesium oxide (20 mg, 40 mg, 60 mg, and 80 mg) as an adsorbent (Ramesh &
Sreenivasa, 2015). The influence of temperature on the abstraction of IC dye solutions
at different pH levels at a fixed dose of 40 mg was also assessed for a dwell time of
50 minutes at pH ranges 6-7 and 12-13. The results displayed that maximum removal
efficiency of approximately 81% was witnessed when 80 mg of Mg(OH), was used
for 50 minutes. Furthermore, adsorption was maximum at 333 K, with initial dye
concentration of 0.25 mg/10 mL and pH range 6-7. In the current study, the
appropriate experimental conditions that will yield maximum removal efficiencies of
indigo carmine and crystal violet dyes onto the fish scale biochars, magnetic

composites and activated carbon are not known. The surveyed literatures will avail
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the necessary information for explaining the observations that will be made in the
current study.

2.4 Mechanisms of adsorption: Kinetics and isothermal modelling

Kinetics of adsorption by a typical adsorbent is principally obtained by fitting contact
time data at varying initial adsorbate concentrations onto reaction simulations such as
intra-particle diffusion, pseudo-first and pseudo-second-orders. Thermodynamic
factors, which include changes in Gibb’s free energy (AG), enthalpy (AH), and
entropy (AS), are also computed to determine the possibility of the adsorption process,
the effect of solution temperature on adsorption and degree of randomness of collision
of particles at the boundary. Isothermal simulations are essential theories of adsorbate
removal process that describe adsorbate-adsorbent interface (Nia et al., 2017).
Specifically, models such as Langmuir, Freundlich among others are ordinarily
engaged to fit the adsorption statistics. Consequently, some quantities are calculated,
these are qm, Kr, Rr, Kr and n which are, respectively, defined as Langmuir maximum
monolayer adsorption capacity (mg/g), Langmuir constant indicating the energy of
adsorption (L/mg), dimensionless separation factor illustrating the favourability of an
adsorption process, Freundlich constant (mg/g. Lmg'") and Freundlich model
constant that expresses the strength of the adsorbate removal process. The pseudo-
first-order, pseudo-second-order, and intra-particle diffusion models are given in

equations 1, 2 and 3, correspondingly.

k
! —q,)=1 ——1 ¢ 1
og(q. —q,)=1log q, 7303 (1)
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Where, g. is equilibrium quantity of dye abstracted (mg/g), ¢: is the quantity of
indigocarmine dye abstracted at time t (mg/g), k;, k2 and k, are abstraction rate
constants, / is intercept whose values provide an understanding on the width of border
layer, and ¢ is time (min). Thermodynamic functions such as a change in Gibb’s free

energy (AG), enthalpy (AH) and entropy (AS) were computed on equations 4-7,

correspondingly.
AG =-RTh K 4)
Cc -C
K — o e
c )
log K = AS AH (6)

2303R 2303RT
AG = AH - TAS (7
Where, T is temperature (Kelvin), R is the universal gas constant (8.314 J/mol/K), and
K denotes thermodynamic equilibrium constant. Equilibrium adsorption isotherm
data were evaluated using Langmuir and Freundlich models (Langmuir, 1916;
Freundlich, 1907). Langmuir model is appropriate in describing adsorptive behavior
of homogeneous surfaces. Mathematical representations of linear Langmuir and

Freundlich adsorption models are presented in equations 8 and 9, correspondingly.

t 1 1 1
=+ — (8)
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Where K is Langmuir equilibrium constant (Lmg"'), K represents Freundlich
adsorption constant (Lmg') and qm is maximum adsorption capacity of adsorbent
(mg/g). Dimensionless separation factor (Rr) given in equation 10 is the main feature
used to express Langmuir isotherm. Therefore, an isotherm is favorable if 0< Ry <1;

unfavorable if Ry >1; linear if Ry =1 and irreversible if RL =0 (Yuan et al., 2015).

1

Ry = T7r Co (10)

The Temkin isotherm (Temkin & Pyzhev, 1940) integrates the influence of adsorbate-
adsorbate interactions and postulates that the heat of adsorption (AHag) of the

adsorbate in the layer decreases linearly with a rise in surface coverage. The model is

illustrated in equations 11 and 12.

q.=B,(4C,) (1D
RT

B, =—

s (12)

Where Brin(Ar) is the adsorption energies (kJ mol!) and br denotes the type of
sorption mechanism (Rahangdale & Kumar, 2018).

The Sips isotherm is a combination of both Freundlich and Langmuir models (Sips,
1948). This model envisages adsorption onto heterogeneous sites where the adsorbate
can be fixed onto more than one adsorption site but with no lateral interactions

between adsorbed molecules. The Sips isotherm is given in equation 13.
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The Toth isotherm model (Toth, 1971) was derived to improve the fitness of the
Langmuir isotherm to experimental data at low and high adsorbate concentrations.

The Toth correlation is presented in equation 14.

_ 4nrCe
d. (aT +C:)yz (14)

Where parameter z is an index of the system’s heterogeneity.
The Redlich-Peterson isotherm (Redlich & Peterson, 1959) similarly integrates the
Langmuir and the Freundlich isotherm constants and allows for both homogeneous

and heterogeneous adsorption processes. The isotherm is defined in equation 15.

_ _KiC.
T =1 1a,ce (1)

Where Kr (L/g) and ar (mg/L)* are the Redlich-Peterson constants and g
(dimensionless) is a factor whose magnitude lies between 0 and 1 for heterogeneous
sorption (Allen et al., 2003).

The Hill equation (Foo & Hameed, 2010) postulates the binding of different species

onto a homogeneous surface. The model is given in equation 16.

_ qsuC."
1=K, +Cm (16)
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The Hill isotherm hypothesizes that adsorption is a cooperative phenomenon. The
parameters ni>1, ng=1 and ny<l represent positive cooperativity, non-cooperative,

and negative cooperativity in binding, respectively.

Concerning the models, a review of literature on isotherms and reaction mechanisms
of adsorption is hereby presented. Mtshatsheni et al. (2020) studied the
characterization of grafted acrylamide onto pine magnetite composite (GACA) for the
abstraction of Methylene Blue dye from effluent. It is important to note that only
Langmuir and Freundlich isotherm simulations were examined in which Langmuir
isotherm model presented the best equilibrium fit. Freundlich model constant, n
values, observed across the temperature range of 299 K to 319 K, were averagely
greater than 2 (i.e. n>2), depicting a good adsorption strength for the dye abstraction
process. However, the thermodynamic parameters and the dimensionless separation
factor (Rv) illustrating the favourability of the adsorption process were not examined

in this study.

The abstraction of CV and MB as cationic dyes by magnetic nanoparticles loaded Fig
leaves (MNLFL) and Azolla (MNLA) as natural cheap sources of adsorbent materials
was examined (Alizadeh et al., 2017). The dye removal process followed the pseudo-
second-order kinetic model, suggesting chemisorption. Langmuir model displayed a
better fit of MNLFL and MNLA for MB and CV than Freundlich and Temkin

isotherms hence depicting the formation of a monolayer cover of the adsorbate at the
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outer space of the adsorbent. However, this study did not investigate thermodynamic

factors such as changes in Gibb’s free energy (AG), enthalpy (AH), and entropy (AS).

Pre-source biochar (p-Biochar) and milled biochar (m-Biochar) derived from rice
straw were inspected for abstraction of MB and CV dyes from aqueous solutions
(Abd-Elhamid et al., 2020). The findings revealed that p-Biochar exhibited poor
adsorptive behaviour. On the other hand, the adsorption isotherm data evaluated on
m-Biochar was better described by Langmuir model than Freundlich, with the peak
abstraction capacity of 90.91 and 44.64 mg/g for MB and CV dyes, correspondingly.
Comparison of correlation coefficient R? values of the two simulations established
that the adsorption of MB and CV dyes on the surface of m-Biochar followed
Langmuir model implying that dye removal occurred as a monolayer on a uniform
active sites. Additionally, pseudo-second-order model best defined the kinetics data
of the two dyes whereas the Rr values were within 0.0 - 1.0 demonstrating a
favourable removal of MB and CV onto m-Biochar. The study also reported that the
removal of MB and CV onto m-Biochar was not influenced by rise in temperature and

NacCl dose.

Azari et al. (2021) investigated dye removal from raw textile wastewater by magnetic
multi-walled carbon nanotubes-loaded alginate (CNT-Alg-Fe3O4). The researchers
demonstrated that the data fitted the Langmuir isotherm (r* =1, x*=0.012) and

pseudo-second-order kinetics (> = 0.993, x> = 0.015) signifying that dye removal was
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monolayer and chemical in nature. The thermodynamic parameters AH® > 0, AS°® >0,

and AG® < 0 showed that dye removal was spontaneous and endothermic.

Bordoloi et al. (2018) evaluated adsorption kinetics of MB and RB dyes by Pongamia
glabra seed cover (PSC) derived biochar. The findings confirmed that the equilibrium
data well fitted on Dubinin-Radushkevich (D-R) and Langmuir isotherms for MB and
RB dyes, respectively, with adsorption capacities of 1.385 mg/g and 0.683 mg/g, in
that order. In addition, pseudo-second-order kinetics well described the abstraction of
the two dyes by PGSC biochar. However, thermodynamic parameters were not

examined in this research.

Dastgerdi et al. (2019) analysed the adsorption of IC dye by carbon nanotubes
(CNTs). The kinetic study established that the adsorption data best fitted pseudo-
second-order model. The abstraction efficiency (%R) of IC dye by pure and COOH-
functionalized CNTs was 84% and 98.7%, correspondingly, for 15 minutes. On the
other hand, Langmuir isotherm model posted a well fitting for the equilibrium data,
whereas, CNT and COOH-CNT registered adsorption capacities of 88.5 and 136
mg/g, correspondingly. The adsorption mechanism of pure CNT was through n—=n
interaction between IC dye molecules and adsorbent while IC dye abstraction by
COOH-CNT proceeded via the formation of hydrogen bonding. Notably, the

researchers did not study the thermodynamic parameters.
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Magnetic graphene oxide/chitin nanocomposites were investigated for effective
removal of MB and CV from aqueous solutions (Gautam & Hooda, 2020). The as-
synthesized material displayed superb adsorption capacity especially towards CV and

MB with optimal adsorption capacities of 403.78 and 332.61 mg/g, correspondingly.

Zeta potential and pH studies showed that electrostatic, = — n, and hydrogen-bonding

interactions were the dominating parameters in the removal mechanism of the dyes.
Kinetic studies revealed that the pseudo-second-order model presented a better
simulation for elucidating the abstraction of dye molecules onto the magnetic
graphene oxide/chitin nanocomposites. Gautam & Hooda (2020) further reported that

when the temperature of the system was augmented from 298 to 348 K, the value of

AGo also amplified for both dyes, signifying that a low temperature was more

favourable for the removal of dye molecules. A negative value of AHo showed that

the dye abstraction process is exothermic, and a negative value of ASy depicted a more

organized arrangement of the adsorbent surface after the interaction between dyes and
adsorbent molecules. Synthesis and assessment of a novel hemoglobin/iron oxide
composite (Hb/Fe;O4) was explored for the abstraction of indigo carmine, naphthol
blue black, tartrazine, erythrosine, eriochrome black T and bromophenol blue dyes
(Essandoh & Garcia, 2018). The researchers reported a high removal efficiency whose
adsorption mechanism was dominated by electrostatic interaction. Dye removal

followed pseudo-second order kinetic model and linear Langmuir isotherm. The
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posted Langmuir monolayer removal capacities for the dyes were between 80 and 178
mg/g. The Hb/FesOs4 composite also exhibited added benefit of being easily

sequestered from aqueous suspension by an external magnet.

Nnadozie & Ajibade (2021) evaluated the adsorption of indigo carmine dye onto C.
odorata biochar and reported 94.7% removal efficiency of 75 mg/L indigo carmine
dye after 2 h contact time at 30 °C. The study revealed that Langmuir isotherm posted
a better goodness-of-fit than the non-linear model for the adsorption process with R?
value of 0.92. Linear Langmuir adsorption capacity (qo) was 98.8 mg/g after 3 h of
equilibration time. On the other hand, the results showed that the adsorption process
followed pseudo-second order reaction kinetics with R? values of 0.87. Moreover, the
research concluded that the adsorption process was largely by physio-sorption rather
than chemisorption owing to the evidence from the spectra that the functional groups
present in the biochar were unaltered after the adsorption process. Nevertheless, the
kinetics, thermodynamics and mechanisms of adsorption of indigo carmine and
crystal violet dyes onto fish scale biochars (FSB), magnetic composites and activated
charcoal in the current study are not known.

2.5 Applications of various adsorbents in remediation of dye contaminated

wastewater

Dye wastewater is potentially detrimental to humans, fauna and flora, therefore,
requires remediation to circumvent the associated risks. Researchers have employed
low cost adsorbents derived from different readily available biomass in attempt to

reduce dyes from artificial and industrial wastewater. The Photo-Fenton discoloration
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of IC dye from synthetic wastewater catalyzed by magnetite reduced graphene oxide
(Fes04/RGO) composite displayed positive results (Gongalves et al., 2020).
Remarkably, total indigo carmine discoloration was achieved within 5 minutes of
reaction, without pH correction before the tests, or any additional adjustment.

Application of activated carbon and alum to reduce the colour of textile wastewater
samples generated positive outcome (Panhwar et al., 2020). The sample was initially
characterized by 3406 HU colour units before treatment, a value which was above the
limit of Environmental Protection Agency (EPA). The colour decreased to 1614 HU
on addition of alum and significantly lowered to 15 HU after addition of activated

carbon, thus, affording EPA permissible levels.

In another study by Elango & Govindasamy (2018), the colour of industrial
wastewater was effectively removed by activated carbon derived from temple waste
flowers. Normally, the removal efficiencies (%R) attained by the adsorbents for the
environmental wastewater are expected to be higher than synthetic dye wastewater
from the laboratory batch experiments. This observation is attributed to nitrite ions in
the wastewater and organic materials adsorbed onto the adsorbent. Konan et al. (2020)
reported high removal efficiencies of 2, 4-dimethylphenol from wastewater onto
activated carbon due to nitrite ions and organic materials. The efficiency of orange
peel as an adsorbent for the abstraction of dyes from wastewater was investigated
(Popuri et al., 2016) and established the maximum percentage of colour removal of

47.23, 52.59, 66.34 and 88.04 % for the textile dyeing industry effluent respectively
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under optimum conditions of 90 rpm, 120 min, adsorbent dose of 2.5 g/L and pH of
10. The study concluded that removal technique is the most suitable process for
treatment of effluent from dyeing industry. It is not known whether the adsorbents in
the current study would be efficient in abstraction of IC and CV dyes from industrial
wastewater.

2.6 Stability and regeneration/recyclability of the magnetic composites

(FSB@Fe304)

The stability and regeneration/recyclability of an adsorbent containing magnetic
materials is an essential property in qualifying an adsorbent for application in
adsorption process under considered experimental conditions. Song et al. (2014)
investigated the stability of water-soluble polyacrylamide coated-Fe3Os4 magnetic
composites (Fe;Os@PAM) and reported <1% leaching of Fe in 0.02 mol/L HCI
solution for 96 hours, demonstrating that PAM coat prevented the dissolution of
Fes304. This observation confirmed the stability of Fe3;O4@PAM composites under the
aforementioned experimental conditions. Similar findings were reported by Essandoh
& Garcia (2018) on a novel hemoglobin/iron oxide composite (Hb/Fe304). Zheng et
al. (2020) reported insignificant loss of Fe from anionic polyacrylamide-modified-
chitosan magnetic (Fe3O4) composite (FS@CS-PAA) nanoparticles in the entire
tested pH range signifying that FS@CS-PAA had good stability. The researchers
proved that the leaching of Fe was effectively prevented at extremely acidic condition
due to the protection of SiO; and anionic polyacrylamide-modified-chitosan (CS-
PAA). Conversely, the stability of the Tilapia fish scale biochar magnetic composites

in the current study is not known.

35



A study by Gautam & Hooda (2020) on adsorption of MB and CV from aqueous
solutions onto magnetic Graphene Oxide/Chitin nanocomposite showed excellent
regeneration capacity as adsorption efficiency was largely retained even after nine
successive cycles of the adsorption-desorption process. Zhang et al. (2020) reported
that the prepared porous carbon/Fe;04-600 composite retained an excellent adsorption
capacity for the removal of methyl orange dye after four cycles, therefore, qualifying
it as an outstanding material for recyclable dye adsorbent. Four adsorption and
regeneration cycles on a novel hemoglobin/iron oxide composite (Hb/Fe3Oa)
established that the adsorption capacity for IC dye reduced by 2% of the initial
capacity (Essandoh & Garcia, 2018). Nonetheless, the researchers noted that the
regeneration treatment was not effective for 300 mg/L dye solution leading to loss of
reusability. Recycle adsorption experiments using calcination method also showed
that the prepared monodisperse porous silica nanospheres (Si02 NSs) were recycled
at least six times while the removal efficiencies for Alcian blue (AB) and methylene
blue (MB) dyes had no significant decrease (Lv et al., 2018). In another study,
reusability of fish (Dicentrarchus labrax) scales (FS) in the adsorption of Acid Blue
(AB) 121 dye was surveyed (Uzunoglu & Ozer, 2016). The findings indicated that the
adsorbed AB 121 amount by FS in the first and eighth cycles were 98.5 and 39.9 mg/g,
respectively. Since FS displayed high structural stability even after multi-cycles use,
the researchers concluded that it could be considered as an adsorbent in the removal

of the dye anions. Rangabhashiyam et a/. (2018) investigated the reusability of Carica
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papaya wood (CPW) for five successive cycles in the biosorption of methylene blue
(MB) and malachite green (MG) dyes from simulated wastewater. However, the
recyclability frequency of Tilapia fish scale biochar magnetic composites is not

known.

2.7 Summary of the literature review

The reviewed literature indicated that raw biomass materials were first washed in tap
water then rinsed using distilled or deionized water. The rinsed materials were dried
for 48 - 72 h and dried in oven between 60 — 110 °C to evaporate moisture content.
Preparation of biochar and magnetic composites was done in neutral ambience (in
argon or nitrogen gas) at a flow rate of 100 cm? per minute, 10 °C per minute for 60 —
180 minutes, and temperatures of 80 — 950 °C. The prepared materials were rinsed till
neutral pH of the effluent and dried in oven at 60 — 120 °C for 1 — 24 h. Adsorption
conditions were as follows: pH of 2 - 13, adsorbent dosage of 0.04 — 50 g, initial
adsorbate concentration of 2 — 400 mg/L, contact time of 1 — 24 h, and temperature of
298 - 333 K. Adsorption kinetics such as pseudo first and second orders, and
intraparticle diffusion models were evaluated. Isothermal models included Langmuir
and Freundlich, and thermodynamic parameters such as AG, AH, and AS were
explored. Moreover, the researchers evaluated the stability, regeneration/recovery,
and reuse/recyclability of the prepared magnetic composites. In this regard, the current
study settled on 200 to 800 °C for biochar preparation and the following adsorption

condition: pH of 2 - 10, adsorbent dosage of 0.05 — 0.25 g, initial adsorbate
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concentration of 5 — 200 mg/L, contact time of 1 — 5 h, rotation speed of 200 rpm and

temperature of 298 - 333 K.
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CHAPTER THREE
MATERIALS AND METHODS

3.1 Materials and instrumentation

Tilapia (Oreochromis niloticus) fish scales were obtained in March 2017 from a local fish
market, Gikomba, in Nairobi, Kenya, and extra-pure activated charcoal (99.57%) was
purchased from FINAR Limited. The chemicals and solvents were of analytical grade and
were used as procured. Indigo carmine and crystal violet dyes were bought from BDH
Chemicals Ltd, Poole, UK. All the solutions for adsorption studies were prepared in
deionized water (product 18.2 MQcm, Ultra 370 Series YOUNGLIN). The instruments: a
pH meter (Hanna Instruments Microprocessor pH Meter 211), and an infrared
spectrophotometer (Cary 630 FT-IR) were used. Surface morphology and particle size of the
materials were determined using SEM (Zeiss Evo LS 15 SEM) and TEM (JEOL JEM-1400),
respectively. Thermal degradation profiles were done on a TGA Thermo plus (Evo2 TG-
DTA/H) and TA Instruments (SDT Q600 thermal analyser). Crystallinity test was carried
out on an XRD, while residual dye concentration was quantified by a UV-Vis
spectrophotometer (UVmini-1240-Shimadzu). Other adsorbent properties were evaluated
using specific techniques as further elaborated herein.

3.2 Preparation of Raw Fish Scales (RFS) and Fish Scale Biochars (FSB): pulverization

and charring

Fresh Tilapia (Oreochromis niloticus) fish scales were first washed with tap water at 25 °C
to eliminate all the dirt, and rinsed several times with de-ionized water before air-drying
under shade for 3 days. The dried material was then pulverized at 30 °C and 100 Pa

(HERZOG HSM-H). The pulverized fish scales (25.0 g) were placed in a porcelain
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combustion boat (50 mL), covered with an appropriate lid and subjected to slow pyrolysis
in an inert environment (N> flow of 100 mL/min) at a heating rate of 10 °C per minute to 200
°C, 300 °C, 400 °C, 600 °C and 800 °C, then for a residence time of 60 minutes in a furnace
(WiseTherm). The samples were allowed to cool and washed with deionized water until the
effluents were neutral (pH 6.7) to litmus paper and finally oven-dried at 100 °C for 2 h
(Bordoloi et al., 2018). The adsorbents were stored in airtight glass vials. Percent (%) yields

of the adsorbents were calculated as shown in Equation 17.

Yield weight (g)
weight of biomass (g)

%Yield =

x 100 (17)

3.3 Preparation of Fish Scales Biochar magnetic composites (FSB@Fe304)

Magnetite (Fe3Oa) particles were prepared by the conventional co-precipitation method.
Briefly, 1.208 g of FeCl3.6H>O and 0.604 g of FeCl>.4H,O (Merck, Germany) were
separately dissolved in 50 mL of deionized water and heated for 1 h at a constant
temperature of 85 °C in a nitrogen ambience with energetic automated stirring (500 rpm).
Using a 6-mL syringe, 10 mL of 25 % aqueous NH3 solution was added to the solution
while vigorously stirring the content with a magnetic stirrer. Additional drops of
ammonia solution were added until a black precipitate of magnetite was formed and
further stirred for another 1h. The mixture was cooled to room temperature, put into
centrifuge tubes and washed numerous times with 50 mL of deionized water and twice
with 20 mL of ethanol while centrifuging at 10,000 rpm for 10 minutes. The magnetite
was dried in the oven at 60 °C, ground using pestle and mortar, and stored in airtight

glass vials ready for characterization (Keypour et al., 2017). For the magnetic
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composites, 1.208 g of FeCl3.6H>0 and 0.604 g of FeCl,.4H>O were separately dissolved
in 50 mL of deionized water and heated on a hot plate for 1h at a constant temperature
of 85 °C under nitrogen atmosphere with vigorous mechanical stirring at 500 rpm. Using
a 6-mL syringe, 10 mL of 25 % of aqueous NHj solution was added into the solution
while vigorously stirring the contents with a magnetic stirrer. Extra ammonia solution
was dropped until a black precipitate of magnetite was formed. At this point, 5.0 g of the
fish scale biochar (FSB) was added and stirring done for a further 1h. The mixture was
cooled to room temperature, put into centrifuge tubes and washed five times with 50 mL
de-ionized water and twice with 20 mL of ethanol while centrifuging at 10,000 rpm for
10 minutes. The magnetic biochar composite was dried in the oven (PROLAB) at 60 °C
for 12 h, ground using pestle and mortar, and stored in airtight glass vials ready for
characterization and adsorption experiments (Keypour et al., 2017). The three as-
synthesized magnetic biochars were assigned FSB@400 °C-Fe;04, FSB@600 °C-Fe304
and FSB@800 °C-Fe304. Percent (%) yields of the magnetic composites were computed

as presented in equation 18.

% Yield = Yield Weight (g) x100/weight of starting reacted salts (g) (18)
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3.4 Characterization of the adsorbent

3.4.1 Determination of point of zero charge pH (pHpzc) of the adsorbents

The pHp.c was determined by weighing 0.3 g of the adsorbents on an analytical balance and
mixing with 30 mL of de-ionized water at 25 °C. Solutions of 0.1 M HCI and NaOH were
employed to regulate the pH; (initial pH) levels from 2 to 10, while using a pH meter to
obtain the pH; readings. After agitating the contents at 200 rpm for 5h, the suspensions were
sieved on Whatman filter paper of grade 595, and the pH¢ (final pH) values were measured.
A plot of pHs—pH; values against pH; was obtained; therefore, the point of interception of the
resultant curve was the pHp.c of the adsorbent. The magnetic composites and de-ionized
water were combined in the ratio of 1:5 and their pH levels read on a calibrated pH meter

(Dai et al., 2013).

3.4.2 Characterization of Fish Scale Biochars (FSB@400 °C, FSB@600 °C,
FSB@800 °C, magnetite (Fe304), FSB@400 °C- Fe304, FSB@600 °C-Fe304 and
FSB@800 °C-Fe304)
3.4.2.1 Optical absorbance

Characteristic maximum absorption wavelengths (Amax) of magnetite and
magnetic composites were assessed on a UV-Vis spec, in which about 0.05 g of
prepared magnetite (Fe3O4) and magnetic composites (FSB@Fe304) were put
into clean Eppendorf tubes containing 2 mL of methanol and sonicated at 10,000
rpm for 10-15 minutes. Components were filtered through cotton wool to remove
undissolved/suspended particulates and scanned on UV-Vis spec to determine

optical absorbance of magnetite and magnetic composites.
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3.4.2.2 Functional group identification
A pinch (0.05 g) of each sample (Raw Fish Scale-RFS, Fish Scale Biochars,
magnetite and magnetic composites) were analyzed on FT-IR and their spectra
obtained between 400 cm™ and 4000 cm™ to find the existing functional groups.

3.4.2.3 Structural thermal stability
Thermo-gravimetric analysis (TGA) was performed by heating samples at 10
°C/min under flowing air (100 mL/min) up to 1000 °C.

3.4.2.4 Surface morphology, structure and chemical composition
A pinch (0.05 g) of the sample was smeared onto a carbon tape with the aid of a
spatula, fixed on a clean SEM stub and forwarded for SEM-EDX examination.
High-resolution SEM micrographs were obtained using high vacuum secondary
electron detector with accelerating voltage of 20 kV where gold coating was
essential to reduce charging between sample and stream of electrons,
consequently, allowing improved transmittance. The gold coating was prepared
for five minutes on Quorum Coater machine. Transmission Electron Microscopy
images were obtained as follows; ethanol was midway filled into Eppendorf tube,
a sample was parsimoniously added and homogenized for 10-15 minutes on a
sonicator. The Eppendorf tube was allowed to stand for 30 seconds; subsequently
the grid was floated into the sample dispersant using tweezers then cautiously
placed on a clean Whatman filter paper to dry before taking images, analyzing

particle sizes and diffraction patterns on TEM equipment.
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3.4.2.5 Magnetic properties
Magnetic properties of magnetite (FesOs4) and magnetic composites
(FSB@Fe304) were measured at 300 K on a vibrating sample magnetometer
(VSM) equipped with a superconducting magnetic coil. Measurements were
done on powder forms of the samples after vacuum drying.

3.4.2.6 Textural Analysis
The Brunauer-Emmett-Teller (BET) method was employed to measure the
surface areas of the adsorbents. The total pore volume was calculated from
nitrogen uptake at close to saturation pressure while t-plot analysis was used to
assess micropore surface area and volume.

3.5 Assessment of the adsorbents on artificial wastewater for dye removal

Accurately weighed 0.1 grams of each of the adsorbents of pulverized Raw Fish Scales
(RFS), activated charcoal (AC), Fish Scale Biochars (FSB) and magnetic composites
(FSB@Fes304) were mixed, separately, with 30 mL of prepared standard dye solutions
(at 5, 15, 25, 50, 75 and 100 mg/L) into capped reaction vessels. The vessel components
were agitated for 4 h in an Orbital Shaker/Incubator at 200 rpm set at 298 K and the
residual dye concentrations were detected using a UV-Vis Spectrophotometer (UVmini-
1240-Shimadzu) at wavelengths of 588 and 611 nm for crystal violet and indigo carmine

dyes, respectively.
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3.6 Batch Adsorption Experiments

Batch experiments were performed to probe the effects of solution pH (2-10), initial
adsorbate concentration (25-100 mg/L), adsorbate contact time (0-180 min), adsorbent
dosage (0.05-0.25 g/30 mL solution) and solution temperature (298-323 K) for dyes on
adsorption kinetics using pulverized raw fish scales, biochar materials prepared at
different temperatures (FSB@400 °C, FSB@600 °C, and FSB@800 °C) and magnetic
composites (FSB@400 °C-Fe;O4, FSB@600 °C-Fe;O4 and FSB@800 °C-Fe3Oa)
without pH adjustment. Adsorption mixtures in triplicates were shaken at 200 rpm for
180 minutes in an orbital shaker, and residual dye levels were sensed and quantified on
UV-Vis Spectrophotometer at wavelengths of 588 and 611 nm for crystal violet and
indigo carmine dyes, respectively, as determined by experimental scans on UV-Vis
spectrophotometer. The dyes (IC and CV) and distilled water used in the experiments
were also characterized for metal concentrations. A standard activated charcoal (99.9%
purity) was used as a control adsorbent to evaluate the performance of the RFS and the
generated biochars. The percent removal (%R) and the amount of dye adsorbed per unit
mass of adsorbent were calculated using equations 19 and 20, respectively.
C,-C,

%R =—"—%x100 19
oR==2 (19)

g.=5=Cery 0)

Where ¢, C,, C,, m and V are the amount of dye adsorbed (mg/g), initial dye
concentration (mg/L), equilibrium dye concentration (mg/L), the mass of the adsorbent
(g) and volume of the dye solution (L), respectively.
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3.7 Stability and regeneration/recyclability of the magnetic (FSB@Fe304) composites

Leaching studies were carried out following Zheng et al. (2020) with a few
modifications. Precisely, 20 mg of the magnetic composites were dispersed in 30 mL of
distilled water at pH 2, pH 8-10 and 313 K. The mixture was gently swirled using an
orbital shaker for 2 hours. After magnetic separation, Atomic Absorption
Spectrophotometer (SPECTRA AA-5, USA) was used for the analysis of Ca, Mg, Na,
and Fe concentrations in the supernatant. These elements were also assessed in 25 mg/L
of IC and CV dyes. Recyclability/regeneration study was done by separating spent
adsorbents from the adsorption mixture using an external magnet. The used adsorbents
were then washed three times with 10 mL of ethyl-alcohol and dried in the oven. The
adsorption experiment was repeated five times by dispersing 0.2 g of the adsorbents in
30 mL of 25 mg/L indigo carmine (IC) and crystal violet (CV) dye solutions.

3.8 Sampling, treatment and analysis of industrial dye wastewater

Wastewater samples were collected from five different locations situated within
industrial areas in Nairobi-Kenya in July 2020, whose identities are concealed for
confidentiality reasons. The choice of sampling locations (Figure 3.8) was guided by the
application of textile dyes in the colouring of fabrics. Triplicate samples were collected
in 500 mL glass bottles at the exit points from locations A (S 01° 18°07.46°’, E 036°
52°10.75”"), B (S 01° 18°21.29°, E 036° 52°24.37°*), C (S 01° 19°31.68’, E 036°
52°06.02°"), D (S 01° 14°12.0”’, E 036° 52°34.8"") and E (S 01° 22°51.4”°, E 036°
56°24.6”’) and transported to the laboratory in cooler boxes packed with icepacks. The

American Public Health Association (APHA, 2005) method was used to characterize the
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samples for physical and chemical parameters with the aid of bench meters (pH, portable
thermometer and colourimeter) and ultra-violet visible spectrophotometer. The
temperature and pH levels of the raw dye wastewater were measured in situ.
Approximately 30 mL of the collected wastewater samples were mixed with 0.2 g of
pulverized raw fish scales (RFS), activated charcoal (AC), fish scale biochars (FSB@400
°C, FSB@600 °C, and FSB@800 °C), and magnetic biochar composites (FSB@400 °C-
Fe304, FSB@600 °C-Fe304, and FSB@800 °C-Fez04). The reaction vessels containing
the mixtures were agitated for 3 hours on an orbital shaker at ambient temperature and

without pH adjustment. Subsequently, the treated samples were examined for pH,

residual indigo carmine (IC) and crystal violet (CV) dye concentrations.

Figure 3.8: Sampling locations for industrial dye wastewater samples
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3.9 Recovery of the spent magnetic composite

Recovery of the used/spent magnetic composite was done by placing a bar magnet on
the surface of the adsorption reaction vessel. The spent adsorbent was attracted to the bar
magnet due to the created magnetic field. Subsequently, the treated wastewater was
separated from the spent magnetic composite.

3.10 Data Analysis

Significant differences in the treatments at 95 % confidence (P<0.05) level were obtained
using Statistical Analysis Software (SAS System for Windows Version 8) and the
findings summarized in Analysis of Variance (ANOVA) Tables and Figures obtained

from Microsoft office Excel.
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CHAPTER FOUR
RESULTS AND DISCUSSION

4.1 Synthesis of Fish Scale Biochars (FSB) and magnetic composites (FSB@Fe304)

The Fish scale biochars (FSB) were prepared via slow pyrolysis at different temperatures
of 200 °C (FSB@200 °C), 300 °C (FSB@300 °C), 400 °C (FSB@400 °C), 600 °C
(FSB@600 °C) and 800 °C (FSB@800 °C). The percentage yields of each FSB prepared
at a specified temperature are given in Table 4.1. From the results, it was noted that
biochar yields declined significantly with rise in pyrolysis temperatures, an observation
attributed to liberation of volatile matters such as water, carbon dioxide, ammonia,

carbon monoxide, Cx<HyO, and hydrogen cyanide during pyrolysis (Xu & Chen, 2013).

Xu & Chen (2013) also reported that the mineral component in the biochar functions as
a barrier to the diffusion of heat, causing the release of the volatile components during
the charring process, an observation that is in agreement with several other previous
reports (Uchimiya et al., 2011; Jindo et al., 2014; Liu et al., 2015; Li et al., 2016;
Bordoloi ef al., 2018). The rise in pyrolysis temperature from 350 °C to 600 °C on
coconut flesh waste reduced the biochar yield from 23.54 % to 13.97 % (Noor et al.,
2019), attributed to the volatile matter and oxygen content of biochar that decreased from
50.17 % to 12.71 % and 13.86 % to 10.99 %, correspondingly. Das et al. (2021) observed
similar findings on biochar yield whereby the yield declined (20.69%) significantly with
increase in pyrolysis temperature. The lower yield of biochar was witnessed at higher
charring temperature (600 °C) and was ascribed to the release of CHs, CO, and COs,.

Precisely, optimal biochar yield was achieved at 400 °C (average of all feedstock was
49



32.63%) charring temperature followed by 500 °C (29.20%) and minimum at 600 °C
(25.88%). The researchers concluded that low temperature pyrolysis reduces the volatile
matter losses and strengthens the secondary char creating pyrolysis mechanism. Zhao et
al. (2017) explored the possible influence of temperature on apple tree branches as
feedstock material under pyrolysis temperatures of 300, 400, 500 and 600 °C, and

reported a decrease in biochar yield with rise in temperature.

Magnetic composites were prepared by chemical co-precipitation method as illustrated
in the following chemical reaction equation:
Fe?*(aq) + 2Fe¥*(aq) + 8OH (aq) + FSB(s) — FSB@Fe304(s) + 4H20(1)

The percentage yields of the magnetic composites are given in Table 4.1.

Table 4.1: Percent (%) yields of the materials

Adsorbent % Yield
Raw Fish Scales (RFS) -

Activated charcoal -

FSB@200 °C 77+0.84
FSB@300 °C 57+0.92
FSB@400 °C 53+1.08
FSB@600 °C 51+0.69
FSB@?800 °C 46+0.20
Fe;04 31£2.05
FSB@400 °C-Fe;04 61+1.86
FSB@600 °C-Fe304 48+1.40
FSB@800 °C-Fe304 50+1.62
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The data showed that the increase in pyrolysis temperature led to a decline in biochar yield.
Similar reports have been documented in literature (Noor ef al., 2019; Das et al., 2021).

4.2 Characterization of Fish Scale Biochars (FSB) and magnetic composites

(FSB@Fe304)

4.2.1 Determination of point of zero charge pH (pHpz) and pH of the adsorbents

Point of zero charge (pHpzc) of a material predicts the net charge on the surface of an
adsorbent at a given solution pH (Gholami et al., 2018). Thus, the adsorbent surface
becomes positively charged when the solution pH is less than the pHp... Therefore,
high values of pHp, promote adsorption of anionic adsorbates. Conversely, an
adsorbent bears a negative surface charge and effectively adsorbs cations if the
solution pH values are greater than the pHp.c (Gholami et al., 2018). The values for
the point of zero charge pH (pHpzc) and pH of the materials are highlighted in Table
4.2.1, while the plots are given in Figure 4.2.1.

Table 4.2.1: Point of zero charge pH (pHpzc) and pH #20) of materials

Adsorbent pHpze pH m20)
Raw Fish Scales (RFS) 8.42+0.02 7.65+0.02
Activated charcoal 3.80+0.01 7.37+0.02
FSB@200 °C 7.67+£0.02 6.29+0.01
FSB@300 °C 7.36+0.01 7.25+0.02
FSB@400 °C 7.27+£0.02 7.05+0.02
FSB@600 °C 6.97+£0.02 7.95+0.02
FSB@?800 °C 6.48+0.03 8.05+0.02
FSB@400 °C-Fe304 7.11£0.03 6.15+0.02
FSB@600 °C-Fe304 7.77£0.02 6.20+0.02
FSB@800 °C-Fe;04 7.27+0.03 5.99+0.02
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In this study, the pHy,c values of the adsorbents ranged from 6.48 to 8.42, depicting
a decrease from RFS to FSB@800 °C with rise in pyrolysis temperature. The
pH(H20) values of the RFS and FSB ranged between 6.29 and 8.05, without a
definite trend. On the other hand, pHp. levels of the magnetic composites were
reported in the range of 7.11 to 7.77, inferring that the adsorbents would be positively
and negatively charged in acidic and alkaline pH, respectively. In addition, it was

observed that the magnetic composites registered acidic pH (H20) levels.
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Figure 4.2.1: Point of zero charge pH (pHpc) for the adsorbents
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Magnetic composite (Fe;O4@BC/APTES) functionalized with 3-aminopropyl
triethoxysilane (APTES) prepared by capping magnetite nanoparticles with biochar
from the C. odorata root for application in adsorption, recorded pH and pHy,c of 9.45
and 12.8, respectively (Nnadozie and Ajibade, 2020). Gholami et al. (2018) reported
a pHpzc of 7.2 for magnetic fish scales (MFS). Uchimiya ef al. (2011) recorded values
of 3.5 to 10.1 for biochar adsorbents derived from cottonseed hulls prepared at
temperatures between 200 °C to 800 °C. In the current study pHp.c values indicate
that the surface of the adsorbents would acquire either positive or negative charges
in an adsorbate solution depending on the solution pH. Similar findings were reported
for activated surface of banana and orange peels adsorbents (Temesgen et al., 2018).
In the current study, the pHwmz0) levels posted by the biochars increased with
pyrolysis temperature and decrease in %H contents. Rafiq ef al. (2016) also reported
a decrease in %H contents of the biochars as pH and pyrolysis temperature increased.
Heitkotter & Marschner (2015) showed that biochars produced at 600 °C were
characterized with higher ash contents and higher pH. The high pH level was
attributed to the accumulation of alkali and alkaline metals (K, Mg and Ca),
formation of carbonates, and concentration of biomass-derived carbonates as a
function of temperature. In the current study, it was observed that pH of the biochar

rose with increase in preparation temperature.

Zhao et al. (2017) explored the possible influence of temperature on the structural

and physicochemical characteristics of biochar with apple tree branches as feedstock
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material under pyrolysis temperatures of 300, 400, 500 and 600 °C, and reported the
highest pH in biochar produced at 500 °C. In another study, increase in pH of the
biochar with increasing pyrolysis temperature (obtained at 350, 360, 370, 400 and
450 °C) from 6.36 to 9.25 for the feedstock and the biochar formed at 450 °C,
correspondingly (Mimmo et al., 2014). The highest increase in biochar pH as a
function of pyrolysis temperature was recorded in the range 360 °C - 370 °C. In the
current study, it can be concluded that pyrolysis temperature has an influence on
pPHpze and pH (H20) of the resulting biochar.
4.2.2 Functional group identification
The FT-IR spectra of the FSB are given in Figure 4.2.2a. These adsorbents were majorly
composed of C, O, Ca and P. The band at 3955 cm™ correspond to -OH stretching
vibrations attributed to alcoholic functional group (Zainon et al., 2012; Slimani et al.,
2014; Paul ef al., 2017) while those at 1582 cm! characterized the amides as reported
by Zainon et al. (2012) and Paul ef al. (2017). Carbonate group stretching frequencies
were assigned to the bands at 1455 cm™ and 1413 cm’! while those at 1017 cm
correspond to C-O stretching vibrations; peak of POs* groups of hydroxyapatite was
assigned at wavenumber in the range of 962 cm™!, corroborating previous reports (Zainon
et al.,2012; Slimani et al., 2014; Paul et al., 2017). Absorption band of the carboxylate
group on the surface of activated charcoal was evidenced by the band at 1582 cm’
(Bagtash & Zolgharnein, 2018). Das et al. (2021) reported that the concentration of
different surface functional groups like phenolic, surface carboxylic, lactonic and total

acidic functional groups lessened with rise in pyrolysis temperature from 400 to 600 °C.
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The pyrolysis of feedstocks at higher temperature released more volatile substances and
carbonaceous gases that led to lower total acidic functional groups. The researchers
further observed a decreased FT-IR band strength of the C=0O/OH, -CH, and —OH

stretching with rising pyrolysis temperature due to de-polymerization and dehydration

processes.
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Figure 4.2.2a: FT-IR spectra of the adsorbents (FSB@400 °C, FSB@600 °C and
FSB@800 °C)
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FT-IR spectra of the magnetic composites are displayed in Figures 4.2.2b and c. The
bands between 3375 cm and 3350 cm™ correspond to —OH stretching vibration
attributed to alcoholic functional group and OH group in the reduction process of
magnetite and magnetic composite generation as reported by other researchers (Mahdavi
et al., 2013; Slimani et al., 2014). Carbonate group stretching and folding was assigned
to peaks at 1455 cm™ and 872 cm™! whereas the band at 1017 cm™ corresponded to C-O
stretching vibration. These observations are in harmony with published work (Slimani et
al., 2014; Nnadozie & Ajibade, 2020). C—H distortion vibration at 1413 cm™! indicates
the presence of alkanes, whereas the presence of magnetite was characterized by
absorption bands between 600 cm and 465 cm that correspond to Fe-O bond in
magnetite and magnetic composite. Similar findings were reported in other studies
(Bordoloi et al., 2018; Srivastava, 2012; Sun ef al., 2015; Mahdavi et al., 2013; Fraga et

al., 2019).
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Figure 4.2.2b: FT-IR spectra for FSB@400 °C-Fe;04, FSB@600 °C-Fe;04 and FSB@800
°C-Fe304
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Figure 4.2.2¢: FT-IR spectra for FSB@400 °C-Fe304, and FSB@400 °C-Fe3;04-1.C.
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4.2.3 Surface morphology and structure of the adsorbents and chemical composition

of the adsorbents

The morphology, structure, particle size and surface area of the FSB adsorbents were
studied using Scanning Electron Microscopy (SEM-EDX), Transition Electron
Microscopy (TEM), BET and powder X-ray diffraction (PXRD). The SEM
micrographs showed the charred fish scales appearing more compact compared to
the pulverized raw fish scales, a consequence of thermal conversion of RFS to FSB
(Figures 4.2.3a and b). This is confirmed by difference in the image of the activated
charcoal (Figure 4.2.3c) which is also a product of thermo-chemical conversion.
Zhao et al. (2017) reported that the SEM image of biochar (from apple tree branches
as feedstock material) at 300 °C revealed that the biomass had softened, liquefied and
fused into a mass of vesicles which were the consequence of volatile gases released
within the biomass. As temperatures rose, more volatile gases were released from the
biomass, the vesicles on the surface of biochar at 400 °C busted after cooling, thus
the morphology of biochar at 400 °C exhibited a number of pore structure. For the
biochar at 500 °C, portions of the skeletal structure appeared brittle due to the
decomposition of more components. The fracture phenomenon also appeared within
the pore structure for the biochar at 600 °C. SEM images (Figures 4.2.3g and h)
demonstrated spherical shapes of magnetite (Fe3O4) particles on the surface of
synthesized material as reported in other studies (Srivastava, 2012; Dada et al., 2014;

Chaki et al., 2015; De Ledén-Condés et al., 2019). This observation was confirmed in

59



FT-IR spectra (Figure 4.2.2b), in which the Fe3;O4 particles appeared uniformly

spread within the composite matrix (Dada et al., 2014).

The TEM micrograph of the FSB@400 °C, FSB@600 °C and FSB@?800 °C (Figures
4.2.3d, 1 and j) adsorbents displayed spotted ring-like patterns with particle sizes of
24.21 nm, 17.43 nm and 22.92 nm, respectively. The surface of magnetite particles
as captured in TEM micrographs (Figure 4.2.3m) was visibly subjugated by
catenation of identical and spherically shaped flowers whose average diameter is 7.40
nm (Dada et al., 2014; Chaki et al., 2015; Sun et al., 2015; Bordoloi et al., 2018;
Mtshatsheni et al., 2020) which appeared dispersed and diminishing, though
noticeable, in the case of magnetic composite (Figures 4.2.3k, 1 and n) owing to
magnetic and Van der Waals forces in zero-valent iron particles (Mahdavi ef al.,

2013; Dada et al., 2014).

60



Signal A= VPSE 63 EHT = 2000 kY IBrobe= 212ph 204m
Chamber =2 00e-001 Terr WD = 8.0mm Spot Size = 432 Mag= 102K

EHT =20.00 kv

Mag = 50.00 KX i =
lag WD = 83 mm Signal A= SE2

(a) SEM Raw Fish Scales

Signal & = VPSE 63 EHT =20.00 k¥ IProbe= 171pA
Chamber = 1996001 Torr WO=70mm Spot Size = 420

Mag= 805X

(c) SEM Activated charcoal (AC)

61

(b) SEM FSB@400 °C

(d) TEM FSB@400 °C



200mm i - EHT=2000KV — | 200mm EHT = 2000/ !
Mag = 50.00 K X Signal A = SE2 | l_{ Mag = 50.00 KX Signal A=SE2

I — WD = 98mm WD= 9.7 mm
(¢) SEM FSB@600 °C (f) SEM FSB@800 °C

FSB-600 Fe304_1

F5B-800 Fe304 1

s e DS 2
: /

(2) SEM FSB@600 °C-Fe304 (h) SEM FSB@800 °C-Fe304

62



21.19 nm

1) TEM FSB@800 °C-Fe30,
(k) TEM FSB@600 °C-Fe304 ()

63



(n) TEM FSB@400 °C-Fe304

FSB-400 Fe304_1

"

5

| T ——

(0) SEM Fe304 (p) SEM FSB@400 °C-Fe;04

Figure 4.2.3: SEM and TEM images of Raw fish scales, fish scale biochars (FSB), activated
charcoal (AC), magnetite (Fe3O4) and magnetic composites (FSB@Fe304)
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4.2.4 Chemical compositions of the adsorbents

The chemical compositions of the materials are summarized in Table 4.2.4 and Figure 4.2.4.
Activated carbon had the highest carbon content of 84.40% followed by FSB@600 °C,
FSB@800 °C, FSB@400 °C and raw fish scales. High carbon contents observed in the
biochars were attributed to inorganic carbon as a function of pyrolysis. Other elements such
as P, Ca, Na and Mg also increased with pyrolysis temperature while N, O and H exhibited
declining trends. This observation is in agreement with the findings of Rafiq er al. (2016).
In another study, Zhao et al. (2017) explored the possible influence of temperature on the
structural and physico-chemical characteristics of biochar with apple tree branches as
feedstock material under pyrolysis temperatures of 300, 400, 500 and 600 °C. The results
showed that rise in temperature improved the content of fixed carbon (C), the C content and
inorganic minerals (K, P, Fe, Zn, Ca, Mg), while O and H decreased. Heitkotter & Marschner
(2015) reported that biochars produced at 600 °C exhibited higher accumulation of metals
(K, Mg and Ca), confirming that the concentration of alkaline metals is a function of biochar
preparation temperature. Moreover, Luo ef al. (2018) reported rich cations composition in

the biochar at elevated temperature.

There were slight deviations of Na, Mg, Ca, P and O levels in FSB@400 °C and FSB@400
°C-IC. However, concentrations of N, C, H and S significantly increased in FSB@400 °C-
I.C. and FSB@400 °C-C.V. confirming the adsorption of indigo carmine and crystal violet
dyes. Magnetite registered percent compositions of 70.13 % and 27.18 % for Fe and O,

respectively, which compared relatively well with findings from previous studies, Fe (72.36
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%) and O (27.64 %) (Srivastava, 2012; Chaki et al., 2015), implying that there was
successful coupling of FSB and Fe as was seen in the spectra of the composites (Dada et al.,
2014; Zheng et al., 2020; Mtshatsheni et al., 2020). It has been observed that the pyrolysis

temperature has an influence on the levels of elemental composition of the produced

biochars.
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Table 4.2.4: Elemental composition of the adsorbents

Adsorbents C% N% H% O% Ca% P% Mg% Na% Fe% S% Cl1%
Raw fish scales 6.8 16.03 - 3774 1520 897 034 0.16 - 008 -
Activated charcoal 84.40  8.26 - 6.78  0.26 - - - - - -
FSB@400 °C 12.51 4.07 1.07 40.51 27.38 1298 0.39 0.34 - - -
FSB@600 °C 18.41 037 0.06 43.74 29.08 13.89 0.46 0.32 - - -
FSB@800 °C 1472 0.50 0.01 37.04 3228 1490 0.42 0.20 - - -
Fe;04 - - - 27.18 - - - - 7013 - -
FSB@400 °C-Fe304 1376 192 092 41.68 2337 1457 - - 3.75 - -
FSB@600 °C-Fe304 18.21 0.34 0.05 4222 2534 12.01 0.42 - 1.18 - -
FSB@800 °C-Fe304 11.47 046 0.01 4095 2834 1442 0.64 020 4.19 - -
FSB@400 °C-1.C. 3550 16.74 1.14 4048 27.34 1292 0.38 0.28 - 006 -
FSB@400 °C-C.V. 34.03 20.70 0.82 27.00 1243 5.84 - - - - 0.03
FSB@400°C-Fe304-1.C 3572 1572 094 41.57 23.05 13.73 - 0.19 3.74 0.01 -
FSB@400°C-Fe304-C.V. 3391 10.56 0.72 31.66 11.60 5.42 - - 6.57 - 027

I.C.-Indigo Carmine; C.V.-Crystal Violet; FSB-fish scale biochar
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Figure 4.2.4: EDX of fish scale biochars (FSB), magnetic composites (FSB@Fe304) and
spent adsorbents
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4.2.5 Mineral compositions and phase purity of the adsorbents
The mineral composition and phase purity of the fish scale biochars (FSB) and the
magnetic composites (FSB@Fe304) were studied by X-ray diffraction (XRD) and the
diffraction patterns are presented in Figures 4.2.5a-f. The fish scale Biochars (FSB@400
°C, FSB@600 °C, and FSB@800 °C) are mainly composed of hydroxyl apatite,
Cas(PO4)3(OH), phase (Zainon et al., 2012; El Haddad et al., 2013a; Slimani et al., 2014;
Scapin et al., 2015; Paul et al., 2017). Such results were also reported by Othman et al.
(2016). The results showed that fish scale biochar at 400 °C (FSB@400 °C) exhibit
broader peaks compared to FSB@600 °C and FSB@800 °C, whose peaks are sharper,
and more intense. This difference is attributed to the presence of proteins and incomplete
decomposition of organic matter at 400 °C (Paul et al., 2017). Sharp and robust reflection
XRD peaks were observed on the magnetic composites, implying that the biochar matrix

was well crystallized (Figure 4.2.5d).

Magnetite was identified as the main crystalline phase in biochar as characterized with
diffraction peaks at 20 of 29.98° 37.21°, 41.38°, 58.00°, and 62.50°, corresponding to
five indexed planes (220), (311), (400), (511), and (440) (Figure 4.2.5d). These findings
are in harmony with data reported by other researchers (Zhang et al., 2013; Mahdavi et
al., 2013; Srivastava, 2012; Machala et al., 2011; Zheng et al., 2020; Goncalves et al.,
2020; Zhang et al., 2020). The presence of Fe in the materials as characterized by XRD
supports SEM, EDX, TEM, VSM and FT-IR results. It is concluded that pyrolysis

temperature had an influence on the characteristics of the resulting biochars.
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Figure 4.2.5a: Powder X-ray Diffractograms for Biochars prepared at 400 °C, 600 °C and
800 °C

71



Hydroxylapatite, syn
-
2o ]|
oo
-
ren
oo
oo
raon ]
yoon ]
I 1200 l
1=
g 1100 : |
-]
= 1000 —
= o]
H z00 —
=00 —| |
]
o ]
]
s
300 —| i
=0 ]
\
. 4

a2 —

1 20 EL a0

o &0 L] =

2-Theta - Scale

EflFtie: bgna_S_1.7aw - Type: 2Th/Th locked - Start 10.000 " - End: 89,952 * - Siep: 0.034 * - Step time: 152. 5 - Temp.: 25 *C (Roomij - Time Started: 7 & - 2-Theta: 10.000 * - Thete: 5,000 * - Chic 0.00 * - Phi: 0.00 " - 3 0.0 mm- ¥: 0

Operations: Import
[W]a0-005-0432 (1) - Hydronyapatite. syn - CaS(POL)3(0H) - - $1.55 % - d x by: 1.~ WL 1.5405 - 0- 11 POF na. - Ve User na - S-Qna - Fa0= 5400.0158.35)

Figure 4.2.5b: Powder X-ray Diffractogram for FSB@400 °C
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Figure 4.2.5c: Powder X-ray Diffractograms for FSB@600 °C
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Figure 4.2.5f-h: Diffraction patterns for FSB and FSB@Fe;04
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4.2.6 Surface areas, pore volumes and particle sizes of the adsorbents
Brunauer-Emmett-Teller (BET) surface areas, Barrett-Joyner-Halenda (BJH) pore
volumes, and particle sizes, which are some of the critical adsorptive characteristics of
an adsorbent, were examined, and the findings were as given in Table 4.2.6, Figures

4.2.64a and b.
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Table 4.2.6: Surface areas and pore volumes of the adsorbents

Surface Area Pore Volume
Particle size
Adsorbent (Micropore Surface (Micropore Volume),
(nm)
Area), m? g’! cm?® gl
Raw Fish Scales 2.8+0.07 0.002+0.001 444.13
Activated Charcoal 1024+27.41 0.71+£0.03 3.8x 103
FSB@400 °C 40.79+1.09 0.11+0.01 22.92
FSB@600 °C 94.05+2.52 0.23+0.01 17.43
FSB@800 °C 47.77+1.28 0.20+0.01 24.21
FSB@400 °C-Fe304 102.23+2.74 0.25+0.01 19.26
FSB@600 °C-Fe;04 102.67+£2.75 0.16+0.01 16.15
FSB@800 °C-Fe;04 96.89+2.60 0.22+0.01 19.03
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The results displayed an increase in both surface area and pore volume as the pyrolysis
temperature increased up to 600 °C, thereafter decreased at 800 °C. Precisely, raw fish
scales and Activated Charcoal, recorded the least and the highest surface area and pore
volume, respectively. This finding suggests that, in general, pyrolysis improves the
surface area of a biomass adsorbent (Rafiq et al., 2016). Noor et al. (2019) reported that
the surface area of coconut flesh waste biochar (CFWB) slowly increased from 0.3971
m?/g to 0.6619 m?/g as the pyrolysis temperature was increased from 350 °C to 500 °C.
The increment of surface area is attributed to the loss of organic compound or enhanced
devolatilization, which created void within the biochar matrix (Wang et al., 2013). At a
higher temperature, the Brunauer—Emmett—teller (BET) surface area and pore volume
are higher mostly due to the increase of the micropore surface area and micropore volume
(Zhao et al., 2017). The surface area of the magnetic composites was in the order
FSB@800 °C-Fe;04 < FSB@400 °C-Fe304 < FSB@600 °C-Fe304. On the other hand,
FSB@400 °C-Fe;04 and FSB@600 °C-Fe;04 displayed the largest and the least pore
volumes, respectively. In addition, FSB@600 °C-Fe;O4 recorded the least particle size
of the three magnetic composites. These results justify that loading of Fe3O4 particles on
fish scale biochar (FSB) has a significant bearing on the improvement of specific surface
area as shown by Gholami et al. (2018) for fish scales (FS) (0.65 m?/g) and magnetic
fish scales (MFS) (4.86 m%/g). It is concluded that pyrolysis temperature has an effect on

the surface area, pore volume and particle size of the biochar.
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Nitrogen sorption isotherms and Pore size distribution curves
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Figure 4.2.6¢-j: SEM micrographs of (c) Fe;04, (d) FSB@400 °C-Fe304, (e) FSB@400 °C-
C.V., (f) FSB@400 °C-Fe304-1.C. and (g) FSB@400 °C-Fe304; TEM micrographs of (h)
Fe304, (1) FSB@600 °C-Fe304 and (j) FSB@400 °C-Fe;04
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4.2.7 Thermal properties and stability of Raw Fish Scale (RFS), Fish Scale Biochars
(FSB) and magnetic composites (FSB@Fe304)

The thermal properties and stability of the adsorbents were investigated using thermo-
gravimetric analysis (Figures 4.2.7a-1). The humps and the dents displayed by the
derivative of heat flows characterize the exothermic and endothermic nature of the
process, respectively. Heat is absorbed when there is weight loss and levels out when
there is no loss in weight. For instance, loss of moisture from a material during TGA
analysis is an endothermic process. The recorded initial weight loss above 100 °C is due
to loss of moisture from the fish scales, while the subsequent sharp drop in weight
between 200 °C and 700 °C (Figures 4.2.7a, b and ¢) could be ascribed to the elimination
of organic matter and dehydration of HPO4* yielding hydroxyl apatite (HAp)
(Cas(POs4)3(OH)) (Zainon et al., 2012; Paul et al., 2017). In addition, there was a minor
drop in weight at 780 °C, owing to the elimination of glycine and other organic proteins
from the fish scale, beyond which there was no noticeable significant change (Zainon et
al.,2012; Paul et al., 2017). For the biochars, thermal degradation profiles revealed that
percent weight loss was inversely proportional to the temperature of pyrolysis (Figure
4.2.7)). Das et al. (2021) reported that thermogravimetric analysis mass loss (weight %)
occurred on a declining manner with rise in temperature from 0 to 600 °C. In another
study, the effect of pyrolysis temperature on physicochemical properties of miscanthus
biochar (obtained at 350, 360, 370, 400 and 450 °C) revealed that thermal and biological
stability are affected by pyrolysis temperature in a nonlinear manner (Mimmo et al.,

2014).
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On the contrary, Cimo et al. (2014) study on thermogravimetry demonstrated disparities
in the thermo-oxidative stability of the aromatic domains in the different poultry manure
(PM) biochars. The PM biochar produced at the highest temperature appeared less stable
than those prepared at the lowest temperatures. This difference was elucidated by a
protective effect of the alkyl groups, which are still present in chars formed at lower
temperature. In our study, the weight reduction during thermal analysis did not exceed
10% for both FSB@600 °C and FSB@800 °C; however, approximately 30% decrease in
weight was recorded for FSB@400 °C. This trend was also observed by Jindo et al.

(2014) for biochars derived from different agricultural residues.
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Figure 4.2.7 (a): TGA analysis of RFS at 400 °C
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Figure 4.2.7 (¢): TGA analysis of RFS at 800 °C
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Figure 4.2.7 (i): TGA analysis of FSB@800 °C-Fe304
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Thermal characteristics and stability of the magnetic composites were inspected on
thermogravimetric analysis (TGA) equipment (Figure 4.2.7g-i and 1). The initial weight
loss at a temperature below 150 °C refers to the evaporation of physically adsorbed water
(Song et al., 2014; Essandoh & Garcia, 2018; Zheng et al., 2019). Weight loss in the
temperature range 300 °C - 600 °C is ascribed to the decomposition of the biochar in the
magnetic composite while the further decrease in weight from 700 °C - 1000 °C is due
to reduction of Fe3O4 to metallic ion or a lower oxidation state oxide (Essandoh & Garcia,
2018). The temperature at which the FSB@Fe3Os composites started further
decomposition is lower than that of fish scale biochar (FSB), indicating that the thermal
stability of FSB could have been reduced to some magnitude by Fe3O4-loading (Yu et
al., 2013). Thermal degradation profiles showed that percent weight loss was indirectly
related to pyrolysis temperatures at which the biochars were prepared (Jindo et al., 2014).
Percent decline in weights of the magnetic composites during thermal analysis was
approximately 30.69 %, 17.50 %, and 11.15 % for FSB@400 °C-Fe;04, FSB@600 °C-
Fe304, and FSB@800 °C-Fe30s4, respectively. It is concluded that higher pyrolysis

temperatures result into more thermally stable biochars.
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4.2.8 Vibrating sample magnetometry (VSM)
Magnetic properties of the as-synthesized magnetite and composites were studied with
the aid of VSM. Magnetization (M) varied with the applied magnetic field (H) measured

at 300 K and saturated at higher magnetic fields (Figures 4.2.8a).
4 N

+ Fe304

Magnetization M (emu/g)

= FSB@400-Fe304

' + FSB@600-Fe304
39500

-40500 5 19500

~ FSB@800-Fe304
Intensity of magnetic field H (Oe)

- /

Figure 4.2.8a: Magnetic Hysteresis Loop of the magnetically supported fish scale biochars

Magnetization saturation (Ms) attained by magnetite (Fe3O4), FSB@400 °C-Fe3Os,
FSB@600 °C-Fe304 and FSB@800 °C-Fe;O4 were 46.19085, 9.21265, 8.70198 and
10.36903 emu/g, respectively. Noteworthy, magnetite and magnetic composites
exhibited ferromagnetic and paramagnetic properties since they recorded coercivity of -
500 Oe (oersted or ampere per meter units), zero remanence magnetization and a random

flip of the magnetization under temperature effect. This observation is in agreement with
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the findings made by Yu ef al. (2013) and Wu et al. (2016). At higher magnetic fields,
magnetic moments of the particles align themselves along the applied field direction
culminating into the saturation of magnetization. The magnetization values displayed by
the magnetic composites are sufficient for adsorbent recovery after adsorption; however,
they are low compared to the value for bare magnetite indicating the presence of FSB
which weakened the magnetic property (Xu & Wang, 2012; Zheng et al., 2020). Fish
scale biochar impregnated with magnetic particles (FSB@Fe304) exhibited a magnetic
feature in the presence of a magnetic field. The magnetic composite was tested by placing
a magnet on the surface of the adsorption reaction vessel as shown in Figure 4.2.8b and

C.

=

L

(b) Dye wastewater (c) Adsorbent + Dye wastewater
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(d) Adsorbent recovery using a magnet
Figure 4.2.8b, ¢ and d: Recovery of the spent adsorbent from aqueous system
The spent adsorbent was attracted by the magnet and when applied magnetic force was
withdrawn, the magnetic composite easily dispersed by simple shaking. Therefore, the
magnetic composite can be recovered from the medium with a bar magnet. These
observations corroborate previous researches (Mahdavi et al., 2013; Zhang et al., 2013;
Sun et al., 2015; Han et al., 2016; Yadav et al., 2020; Malek et al., 2020; Goncalves et
al., 2020; Zhang et al., 2020; Zheng et al., 2020). It is concluded that the spent magnetic

composites were successfully recovered from the system using an external magnet.

4.2.9 Optical absorbance spectrophotometry
Optical absorbance spectra of the as-synthesized magnetite and magnetic composites
were assessed on UV-Vis spectrometer (Figure 4.2.9) to determine the peak absorbance

of the materials.
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Figure 4.2.9: Optical absorbance spectra of as-synthesized magnetic composites

(FSB@Fe304) at ambient temperature

Peak absorbance for magnetite, FSB@400 °C-Fe;Os, FSB@600 °C-FesOs4 and
FSB@800 °C-Fe3;Os were observed at 252 nm, 261 nm, 320 nm and 276 nm,
respectively. Dada et al. (2014) found peaks between 280 nm - 350 nm for Fe nano-
particles with maximum absorbance at 340 nm. Chaki ef al. (2015) reported similar
findings. The concept of peak absorbance of an adsorbent is explained in terms of
conduction and valence bands of metals; precisely, conduction and valence bands in
metals usually lie adjacent to one another, thus, electrons can move freely leading to a
surface resonance absorption band attributable to a combined oscillation of electrons in
tone with lightwave (Monalisa & Nayak, 2013). The absorption peak of FSB@600 °C-

Fe304 is lower than that of the other magnetic composites signifying a higher adsorption
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capacity of FSB@600 °C-Fes3O4 (Figure 4.2.9). Suffices to infer that the FSB@600 °C-
Fe304 has the highest specific surface area among the as-prepared magnetic composites
hence exhibited a better mesoporous filling for adsorption of crystal violet and indigo
carmine dyes. Zhang et al. (2020) also reported this observation on composite C-600-

Fe304 prepared from waste cigarette filters.

4.3 Assessment of the adsorbents for dye removal from aqueous solution

4.3.1 Assessment of the adsorbents for indigo carmine dye removal
The wavelength for the experiment was obtained as 611 nm as illustrated in Figure

4.3.1a.
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Figures 4.3.1a: Wavelength for indigo carmine dye experiments
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The results of metal concentrations in the dyes (IC and CV) and distilled water used in

the experiments are given in Table 4.3.1a.

Table 4.3.1a: Concentrations of metal ions (mg/L) in distilled water, indigo carmine

and crystal violet dyes

Concentration (mg/L)

Metal ion
Distilled water Indigo carmine Crystal violet
Ca 0.01+0.00 1.434+0.05 1.5540.04
Mg 0.0+0.00 0.53+0.02 0.62+0.02
Na 0.01£0.00 14.14+0.82 0.02+0.00
Fe 0.0+0.00 0.0+0.00 0.0+0.00
Zn 0.0+0.00 0.0+0.00 0.0+0.00
Pb 0.0+0.00 0.0£0.00 0.0£0.00
Cu 0.0+0.00 0.0+0.00 0.0+0.00

Distilled water registered negligible Ca and Na concentrations while the appreciably high
Na concentration in IC dye is attributed to its inherent metal constituent. Al-Deffeeri
(2013) analyzed the quality of distilled water produced through distillation process and
reported 2.4 and 3.4 ppb for Fe and Cu, respectively. In another study, Edwin & Sekhar
(2015) obtained 0.6 and 1.1 ppm for Ca and Mg, respectively, in distilled water produced
from saline water solar distillation system. Considering the values reported in these
studies with reference to the current study, it is worth mentioning that the quality of

distilled water was sufficient in giving positive results.
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The pulverized raw fish scales (RFS) and fish scale biochars were investigated as
adsorbents in the removal of indigo carmine from aqueous solution at room (ambient)
temperature using adsorbent dosage of 0.1 g, solution volume of 30 mL and pH of 8.5.

The results for all the adsorbents are summarized in Tables 4.3.1b and c.

Table 4.3.1b: Adsorption capacities of raw fish scales, fish scale biochars (FSB) and

activated charcoal (AC) for removal of indigo carmine dye

Indigo carmine (IC) concentrations
Adsorbents

Smg/L 15mg/L 25mg/L S0mg/LL 75mg/LL 100 mg/L

Raw fish scales
(RFS) 0.20857  0.6156" 1.31625"7 2.57557 4979257  7.242¢
FSB@200°C  0.30615° 1.04175° 1.70925¢  3.12¢°  5.13675¢  8.187"
FSB@300 °C 0.38775¢ 1.0953° 1.93875¢ 3.9579  6.30225¢  9.579°
FSB@400 °C 0.51795° 1.6434° 2.78175¢ 7.5855°  10.4715°  17.742¢
FSB@600 °C 0.5934* 1.91565° 3.69225° 7.6485° 10.6785°  17.943¢
FSB@800 °C 0.5328° 1.53855¢ 2.8305° 5.7525° 10.4895°  19.476
Activated Charcoal 1.24095% 4.09545% 6.61125* 13.905* 21.36825%  28.713%
CV% 6.13 3.35 2.88 2.95 0.45 0.37

LSD, p<0.05 0.06 0.10 0.15 0.33 0.08 0.10

Adsorbent dosage 0.1 g, solution volume 30 mL, ambient temperature, contact time of 4
h; a, b, c, d, e, f, g signifies significant differences; LSD- least significant differences;

CV- coefficient of variation
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Figure 4.3.1b: Adsorption capacities of raw fish scales, fish scale biochars and activated

charcoal for removal of indigo carmine dye
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Table 4.3.1¢: Percent removal (%R) of indigo carmine dye by raw fish scales, fish scale

biochars and activated charcoal

Indigo carmine (IC) concentrations
Adsorbents

Smg/L 15mg/L 25mg/L 50 mg/LL 75 mg/LL 100 mg/L

Raw fish scales (RFS) 13.90°  13.68"  17.55" 17.170  22.13f 24.14#

FSB@200 °C 20.41°  23.15° 2279 20.80°  22.83°  27.29°
FSB@300 °C 25.85¢  2434° 25859 2638  28.01¢  31.93¢
FSB@400 °C 34.53°  36.52°  37.09°  50.57°  46.54° 59.14¢
FSB@600 °C 39.56°  42.57°  49.23>  50.99°  47.46°  59.81°
FSB@800 °C 35.52¢ 3419 37.74°  3835°  46.62°  64.92°

Activated Charcoal ~ 82.73*  91.01° 88.15° 92.70* 94.97% 95.71*
CV% 6.13 3.35 2.88 2.95 0.45 0.37

LSD, p<0.05 3.87 222 2.00 2.20 0.34 0.33

Adsorbent dosage 0.1 g, solution volume 30 mL, ambient temperature, contact time of 4
h; a, b, c, d, e, f, g signifies significant differences; LSD- least significant differences;

CV- coefficient of variation
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Figure 4.3.1c: Removal efficiency (%R) of raw fish scales, fish scale biochars and

activated charcoal for removal of indigo carmine dye

The adsorbents recorded significantly different (p<0.05) percent levels of dye removal
efficiency (%R); with pulverized raw fish scales (RFS) and the biochar (FSB@600 °C)
performing the least (values between 13.68 at 15 mg/L and 24.14 at 100 mg/L) and the
most effective (values between 39.56 at 15 mg/L and 59.81 at 100 mg/L), respectively.
The trend of the mean performance of the adsorbents was RFS<FSB@400

°C<FSB@?800 °C<FSB@600 °C<Activated Charcoal (18.09, 22.88, 27.06, 44.07, 48.27
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and 90.88%). The trend revealed that Fish scale biochars (FSB) performed better than
pulverized raw fish scales (RFS) indicating that the surface characteristics of the biochar
are different from those of the pulverized raw fish scale as influenced by the pyrolysis
temperature. The observed consistent disparity in performance between raw fish scales
and the biochars underscores the necessity of thermal conversion of the biomass, which
improved the adsorbent surface characteristics such as surface area and pore volume,

which are important for the adsorption process (Rafiq et al., 2016).

From the data in Table 4.2.6, surface area and particle size exhibited an inverse
relationship. For example, as the particle size decreased from 22.92 nm in FSB@400 °C
to 17.43 nm in FSB@600 °C (Table 4.2.6), the removal efficiency of 25 mg/L of IC dye
increased from 37.09 to 49.23 % (Table 4.3.1c¢). The increase in removal efficiency with
decreasing particle size is consistent with increase in the effective surface area (40.79
and 94.05 m?/g) of adsorbents in the same order. Mashkoor et al. (2018) reported a
decrease in adsorption of chromium (VI) on egg-shell and fish scale powder with the
increase in particle size for all initial adsorbate concentrations. The poor adsorption
witnessed on untreated fish scales was attributed to their non-porous surfaces (Kabir et
al., 2019). It is concluded that thermal conversion of pulverized raw fish scales to
biochars displayed improved surface properties. This observation justified the better
performance of biochars than raw fish scales in the adsorption of anionic indigo carmine

dye.
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4.3.2 Assessment of the adsorbents for crystal violet dye removal
The pulverized raw fish scales (RFS) and fish scale biochars were also explored in the
removal of crystal violet dye from aqueous solution using adsorbent dosage of 0.1 g,
solution volume of 30 mL, pH of 8.5 at room temperature. The results for all the

adsorbents are summarized in Tables 4.3.2a and b, and Figures 4.3.2a and b.

Table 4.3.2a: Adsorption capacities of raw fish scales, fish scale biochars and activated

charcoal for removal of crystal violet dye

Crystal violet (CV) concentrations
Adsorbents

Smg/L 15mg/L 25mg/L S0mg/LL 75mg/LL 100 mg/L

Raw fish scales

0.27915¢ 0.90045¢ 1.620758  3.084 5.265° 6.5558
(RFS)

FSB@200 °C 0.396157 1.25055° 2.000257 3.7125° 6.03675°  9.873f
FSB@300 °C 0.46215° 1237957 2.16375° 4.2645¢ 7.0515¢  11.274°
FSB@400 °C 0.54165¢ 1.77525° 3.168¢  7.2945¢  9.9585° 15.09¢
FSB@600 °C 0.64125° 1.83465° 3.795°  7.9815°> 10.0125¢  17.01°
FSB@800 °C 0.52779  1.7433¢ 3.29025° 7.2615° 10.2375°  15.777°
Activated Charcoal  1.29225* 4.16295° 6.88875* 13.5885* 20.6258*  28.035°

CV% 0.52 0.38 0.47 0.51 0.51 0.36

LSD, p<0.05 0.01 0.01 0.03 0.05 0.09 0.11

Adsorbent dosage 0.1 g, solution volume 30 mL, ambient temperature, contact time of 4
h; a, b, c, d, e, f, g signifies significant differences; LSD- least significant differences;

CV- coefficient of variation
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Figure 4.3.2a: Adsorption capacities of raw fish scales, fish scale biochars and activated

charcoal for removal of crystal violet dye
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Table 4.3.2b: Percent removal (%R) of crystal violet dye by raw fish scales, fish scale

biochars and activated charcoal

Crystal violet (CV) concentration

Adsorbent
Smg/L 15mg/LL 25mg/LL. 50 mg/LL. 75 mg/L. 100 mg/L
Raw Fish Scales 18.61#8 20.01#8 21.618 20.56" 23.40° 21.85¢
FSB@200 °C 26.41° 27.79¢ 26.67" 24.75° 26.83° 32.91F
FSB@300 °C 30.81° 27.51F 28.85°¢ 28.43¢ 31.34¢ 37.58°
FSB@400 °C 36.11°¢ 39.45° 42.244 48.63° 44.26° 50.30¢
FSB@600 °C 42,75 40.77°  50.60°  5321°  44.50°  56.70°
FSB@S800 °C 35.18¢ 38.74¢ 43.87°¢ 48.41° 45.50° 52.59¢

Activated Charcoal 86.15° 92.51* 91.85% 90.59* 91.67% 93.45°%
CV% 0.52 0.38 0.47 0.51 0.51 0.36

LSD, P<0.05 0.36 0.28 0.36 0.32 0.39 0.31

Adsorbent dosage 0.1 g, solution volume 30 mL, ambient temperature, contact time of 4
h; a, b, c, d, e, f, g signifies significant differences; LSD- least significant differences;

CV- coefficient of variation
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Figure 4.3.2b: Percent removal (%R) of raw fish scales, fish scale biochars and activated

charcoal for removal of crystal violet dye

The adsorbents recorded significantly different efficiencies for removal of crystal violet
dye in each concentration. Raw Fish Scales performed the least, while FSB@600 °C
afforded the highest removal efficiency of all the biochars and the raw fish scale studied.
Notably, the removal efficiency increased with biochar preparation temperature until
FSB@600 °C, thereafter dropped at FSB@800 °C, implying that charring improves the
surface characteristics of a raw biomass. Considering the six initial concentrations of
crystal violet dye, the highest concentration of dye removed was achieved with 100

mg/L. The standard commercial adsorbent, activated charcoal, achieved the highest
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levels of removal efficiencies in all the initial dye concentrations assessed. The
observations made herein are justified by the inverse relationship between particle size
and surface area of the adsorbents, which, consequently, increases the removal
efficiency. It is concluded that thermal conversion of pulverized raw fish scales to
biochars displayed improved surface properties. This observation justified the better
performance of biochars than raw fish scales in the adsorption of cationic crystal violet
dye.

4.3.3 Effect of contact time, initial dye concentration, adsorbent dosage, solution pH
and temperature on adsorption of indigo carmine

Batch adsorption experiments were carried out to determine the influence of contact
time, initial dye concentration, adsorbent dosage, initial solution pH and temperature on
the adsorption of indigo carmine dye. The effect of contact time and initial dye
concentration on adsorption were studied using 25 mg/L, 50 mg/L, 75 mg/L and 100
mg/L of dye solutions at 298 K with FSB@600 °C dosage of 0.20 g/30 mL, 200 rpm
from 0 to 180 minutes. Figure 4.3.3a shows plots of percentage dye removal over a period

at different initial dye concentrations.
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Figures 4.3.3a: Effects of contact time and initial IC dye concentration (FSB@600 °C,
75 mg/L, 0.20 g/30 mL)

From Figure 4.4.1a, the adsorption process was very rapid during the initial stage,
followed by a gradual phase as the system attained equilibrium. The equilibrium time
varied with the initial dye concentration. For instance, dye dosages of 25 mg/L, 50 mg/L,
75 mg/L and 100 mg/L attained maximum adsorptions after 40 min, 10 min, 40 min and
50 min, respectively. In addition, more dye molecules were adsorbed at higher
concentrations than at lower ones. For example, adsorption percentages of 48.59%,
52.95%, 62.54% and 72.47% were recorded for dye dosages of 25 mg/L, 50 mg/L, 75
mg/L and 100 mg/L, respectively. The fast initial adsorption rate is attributed to a large
number of vacant adsorption sites available for occupancy by the adsorbate molecules
(Slimani et al., 2014; Adeyi et al., 2019). The slow adsorption towards equilibrium point

may be assigned to repulsive forces between the dye molecules in the bulk solution and
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the adsorbed molecules (Shikuku et al., 2018) and reduced number of available binding
sites. Notably, more dye was adsorbed at higher initial dye concentrations, compared to
lower initial concentrations. At higher initial dye concentrations, there is significant
driving force due to increased mass gradient that enables adsorption of dye molecules
onto the adsorbents (El Haddad ef al., 2013b; Slimani et al., 2014). These results are in
agreement with previous findings of other researchers (Wagh & Shrivastava, 2015;

Rangabhashiyam et al., 2018; Adeyi et al., 2019).

The effect of adsorbent dosage on the dye removal efficiency was studied by changing
the dosage from 0.05 g/30 mL to 0.25 g/30 mL as given in Figure 4.3.3b. The results
indicate that the removal efficiency (%R) varied directly and significantly with the
amount of adsorbent used. As an illustration for FSB@600 °C, the removal efficiency
(%R) significantly (p<0.05) increased from 52.70% at an adsorbent dose of 0.05 g to
74.40% at 0.20 g. This was expected due to increase in the number of active sites (Ngeno
et al., 2016; Nnaemeka ef al., 2016; Bordoloi et al., 2018; Temesgen et al., 2018; Adeyi

et al., 2019; Badeenezhad et al., 2019; Fegousse et al., 2019; Tsolele et al., 2019).
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Figures 4.3.3b: Effects of adsorbent dosage on IC dye removal efficiency (%R)

Optimum adsorbent dosages were recorded as 0.10 g, 0.25 g, 0.20 g and 0.20 g per 30
mL, respectively, for activated charcoal, FSB@400 °C, FSB@600 °C, and FSB@800
°C, respectively. Gholami et al. (2018) observed an optimum dosage of fish scale
composites at 0.30 g in the removal of methyl blue dye. Decrease in dye removal beyond
the optimum dosages could be due to adsorbent aggregation leading to decreased total
surface area (Bamukyaye & Wanasolo, 2017; Gholami et al., 2018; Neves et al., 2018;

Ayanda et al., 2019).

The influence of pH on dye adsorption was examined within the pH range of 2-10. In the

current study, percent removal (%R) of indigo carmine dye from aqueous solution was
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observed to decrease gradually with increase in solution pH for all the adsorbents (Figure
4.4.1¢). Adsorbent FSB@600 °C recorded a decrease in removal efficiency from 56.60%
at pH 2 to 49.55% at pH 10. This can be accounted from the fact that at pH below 6, the
adsorbents acquire net positive surface charges as predicted by point of zero charge pH
(pHpzc) (Table 4.2.1 and Figure 4.3.3d). Previous studies have established that adsorbent
performance at various pH levels is controlled by surface charges, active sites and

adsorption capacity of the adsorbent (Santhi et al., 2016).
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Figures 4.3.3¢: Effects of initial solution pH on IC dye removal efficiency (%R)
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Figure 4.3.3d: Electrostatic interaction between IC dye molecules and FSB@400 °C

Attractive coulombic forces occurred between the adsorbent and anionic indigo carmine
dye molecules (Figure 4.4.1d), hence high adsorption capacity (Nnaemeka et al., 2016;
Ayanda et al., 2019; Badeenezhad et al., 2019). On the other hand, at higher pH levels,
the hydroxyl (OH") ions in the aqueous solution compete effectively with the dye anions
causing a decrease in the percent removal (Slimani et al., 2014). In a previous study by
Chakraborty et al. (2016), a higher pH of 8 resulted in lower removal efficiencies of
methyl orange (MO) dye molecules. Noteworthy to state that the adsorption occurred
quite uniformly within a wide range of pH demonstrating the potential of these
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adsorbents for application in real environmental remediation for a variety of pollutants
in industrial effluents (Bordoloi et al., 2018). The optimum pH 2 for dye removal in the

present work is in agreement with the finding reported by Almoisheer et al. (2019).

In order to investigate the effect of temperature on the adsorption of indigo carmine dye,
the adsorption experiments were carried out at 298 K, 303 K, 313 K and 323 K at
different initial dye concentrations and at an initial solution pH 2, adsorbent dosage of
0.20 g/30 mL solution (Figure 4.3.3¢). From the figure, it was evident that the amount of
dye removed increased with increase in temperature for all the adsorbents, with an
exception for activated charcoal at 323 K. For example, dye removal efficiency of
FSB@600 °C significantly (p<0.05) increased from 45.69% at 298 K to 72.04% at 323
K. These findings suggest an endothermic nature of these adsorption processes (Kulkarni
et al., 2017). Ho & McKay (2003) also reported that higher temperatures enhanced
adsorption due to the increased kinetic energy of the adsorbate and adsorbent surface

activity.
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Figure 4.3.3e: Effects of temperature on adsorption of IC dye molecules

Potential of the magnetic composites for the uptake of indigo carmine from the water
was examined as a function of contact time, initial dye concentration, adsorbent dose,
initial solution pH and temperature. Influence of contact time and initial dye
concentration on adsorption of indigo carmine dye onto magnetic composites were
studied at 298 K using 25, 50, 75 and 100 mg/L of indigo carmine dye solutions with
FSB@600 °C-Fe304 dosage of 0.20 g/30 mL, at 200 rpm for 180 minutes. The results for
the removal efficiency of indigo carmine dye over a predetermined period at selected

initial dye concentrations are shown in Table 4.3.3a and Figure 4.3.3f.
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Table 4.3.3a: Effect of contact time on adsorption of indigo carmine dye (mg/g) onto

FSB@600 °C-Fe304

Indigo carmine concentrations (in mg/L)

Time (in min) 25 50 75 100
20 1.39¢ 3.43¢ 4.46f 6.47¢

40 1.51¢ 3.73f 5.03¢ 6.944

60 1.56° 3.97¢ 5.06%4¢ 7.26°

80 1.57° 3.98¢cde 5.08bc 7.64°

100 1.58° 3.98¢cde 5.132 7.66%°

120 1.58° 3.99b-cd 5.09° 7.652

140 1.592 4.022 5.065cd 7.652

160 1.58° 4.00° 5.07bed 7.652

180 1.58° 3.99b-cd 5.05%¢ 7.652
CV% 0.49 0.23 0.35 0.07
LSD, P<0.05 0.01 0.02 0.03 0.01

a bocd e fDatg with different letters are significantly different; CV-coefficient of

variation; LSD-least significant difference
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Figure 4.3.3f: Effects of contact time and initial concentration on IC dye removal by

magnetic composite

Adsorption process occurred quite rapidly at the early stage, followed by a lag phase as
the system approached equilibrium (Bouteraa et al., 2020; Ali & Gad, 2020). Dye
concentrations of 25, 50, 75 and 100 mg/L reached optimum adsorptions after 140, 140,
100 and 120 minutes, correspondingly, indicating that equilibrium time is a function of
initial dye concentration. Furthermore, higher initial dye concentrations recorded more
adsorbed dye molecules than lower ones. Precisely, adsorption percentages and dye
quantities 0f 42.52 % and 1.594 mg/g, 53.61 % and 4.021 mg/g, 45.57 % and 5.127 mg/g

and 51.03 % and 7.654 mg/g were registered for indigo carmine dye concentrations of
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25,50, 75 and 100 mg/L, correspondingly. This observation is attributed to a significant
driving force at higher initial dye concentration leading to an elevated mass gradient that
permits adsorption of dye particles onto the adsorbents as reported by Slimani et al.
(2014). The amount of methyl orange (MO) dye adsorbed by the magnetic composite
(C-600-Fe304) increased with adsorption time and the dark orange colour of methyl
orange solution became light orange after 300 min (Zhang et al., 2020). Adsorption of
indigo carmine dye (75 mg/L to 250 mg/L) onto C. odorata biochar was investigated for
3 h using 10 mg of adsorbent dose (Nnadozie & Ajibade, 2021). The study reported a
removal efficiency of 94.7% after 2 h contact time at 30 °C for the initial indigo carmine

dye concentration of 75 mg/L.

Adsorption efficiency of dye as a function of adsorbent dosage was investigated by
changing dosage from 0.05-0.25 g per 30 mL of dye solution as shown in Table 4.3.3b

and Figure 4.3.3g.
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Table 4.3.3b: Effect of adsorbent dose on adsorption efficiency (%R) of indigo carmine dye

onto magnetic composites

Adsorbent dosage (in g)
Adsorbents 0.05 0.10 0.15 0.20 0.25
FSB@400 °C-Fe304 28.71° 36.91*  44.56% 47.89° 44.94°
FSB@600 °C-Fe304 31.91° 36.60°  44.12%°  44.97° 45.47°
FSB@800 °C-Fe304 28.46° 34.91°  43.84° 43.14°  42.04°
CV% 0.70 0.74 0.57 0.37 0.42
LSD, P<0.05 0.42 0.53 0.50 0.34 0.37

&b ¢ Data with different letters are significantly different; CV-coefficient of variation;

LSD-least significant difference

The findings demonstrate that removal efficiency (%R) of an adsorbent was dependent
on adsorbent dosage. With respect to the composite FSB@800 °C-Fe304, the amount of
dye removed considerably rose from 28.46 % at an adsorbent quantity of 0.05 g to 42.04
% at 0.25 g usually attributed to the rise in quantity of energetic sites on the adsorbent's
surface (Zhang et al., 2016; Ali & Gad, 2020). Peak dosages of adsorbents were obtained
as 0.20 g, 0.25 g and 0.15 g per 30 mL, correspondingly, for FSB@400 °C-Fe30s4,
FSB@600 °C-Fe3;04 and FSB@800 °C-Fe3O4. The decline in removal efficiency of
indigo carmine dye past the adsorbents peak dosages was attributable to the accumulation

of dye molecules leading to reduced total surface area (Ayanda et al., 2019).
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Figures 4.3.3g: Effects of adsorbent dosage on IC dye removal efficiency (%R)

The effect of pH on dye removal was examined within pH levels of 2, 4, 6, 8 and 10. The
findings showed that removal efficiency (%R) of indigo carmine dye from the artificial
wastewater declined with the rise in the considered pH levels for the magnetic
composites under study (Table 4.3.3c and Figure 4.3.3h). Previous studies have proven
that adsorption efficiency of an adsorbent at different pH levels is a function of surface

charges, adsorption capacity and energetic sites of the adsorbent (Santhi et al., 2016).
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Table 4.3.3c: Effect of initial solution pH on adsorption efficiency (%R) of indigo carmine

(IC) dye onto magnetic composites

Initial pH of indigo carmine dye solution

Adsorbents 2 4 6 8 10
FSB@400 °C-Fe304 47.897  4627° 42.78°  39.09°  38.45°
FSB@600 °C-Fe304 48.10°  47.50° 44.35*  44.29°  40.66°
FSB@800 °C-Fe304 46.35°  4229°  40.24° 36.31°  35.90°
CV% 0.47 0.42 0.50 0.68 0.92
LSD, P<0.05 0.45 0.38 0.42 0.54 0.70

&b ¢ Data with different letters are significantly different; CV-coefficient of variation;

LSD-least significant difference
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Figures 4.3.3h: Effects of initial solution pH on IC dye removal efficiency (%R)

118



Adsorbent FSB@600 °C-Fe304, for instance, displayed a reduction in dye abstraction
efficiency from 48.10 % at pH 2 to 40.66 % at pH 10. The observation herein is an
affirmation that at a pH < 6, the adsorbents develop net positive charges on their surfaces
as projected by the data from point of zero charge pH (pHp.c) (Table 4.2.1 and Figure
4.2.1). Coulombic forces of attraction developed between the adsorbent and negatively
charged indigo carmine dye particles, leading to a higher removal efficiency (Ayanda et
al., 2019; Badeenezhad et al., 2019). Slimani et al. (2014) reported that higher pH levels
effect a decrease in removal efficiency of calcined eggshells since there would be
competition for active sites between hydroxyl (OH") ions and indigo carmine dye anions
in aqueous solution. Higher pH levels (pH of 8) have been confirmed to reduce
abstraction efficiency of methyl orange dye particles (Chakraborty et al., 2016). In
another study, Konicki ef al. (2017) investigated the adsorption of two anionic azo dyes,
Acid Orange 8 (AO8) and Direct Red 23 (DR23), onto graphene oxide (GO) and reported
that the adsorption capacity at equilibrium was favourable at acidic pH. Optimal pH 2
for removal of anionic indigo carmine dye so observed in the current research is in
harmony with the conclusion made by Almoisheer ef al. (2019). Figure 4.3.3j illustrates
the mechanism involved in the adsorption of indigo carmine dye onto magnetic
composite (FSB@Fe304). The surface of the magnetic composite developed positive
charges in acidic pH since it was protonated causing an electrostatic interaction between
the negatively charged indigo carmine dye particles and the positively charged adsorbent.

Moreover, there will be forces of attraction between the dye particles and Fe-O in the
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magnetic composite. Hydrogen bonding will also form between a hydrogen atom on the

dye and -OH in the magnetic composite.

== Hydroxylapatite () -OH —— Electrostatic Forces
@ FeO +  Protonated Surface ~ Hydrogen Bonding

Figure 4.3.3i: Mechanism of indigo carmine dye adsorption onto magnetic composite

The temperature effect on indigo carmine dye abstraction from artificial dye wastewater was
examined. Adsorption experiments for this physical parameter were monitored at 298 K, 303
K, 313 K and 323 K while varying initial dye concentrations, initial solution pH of 2 and
adsorbent dose of 0.20 g per 30 mL of dye solution (Table 4.3.3d). Amount of dye removed
by 0.20 g of FSB@600 °C-Fe304 significantly (p<0.05) augmented from 5.116 mg/g at 298
K to 5.551 mg/g at 323 K. These findings confirm that temperature rise improved adsorption

process by increasing kinetic energy of dye and the surface activity of the adsorbent (Ho &
120



McKay, 2003) suggesting an endothermic state of dye removal (Kulkarni et al., 2017). The
amount of indigo carmine dye adsorbed increased with increase in surface area and decrease
in particle size as displayed by the adsorbents; FSB@600 °C-Fe3O4 > FSB@400 °C-Fez04
> FSB@800 °C-Fe;04. This observation is attributed to the increase in the number of active

sites on the surface of the adsorbent.

Table 4.3.3d: Effect of temperature on the quantity (mg/g) of indigo carmine dye onto

magnetic composites

Temperature (in K)

Adsorbents 298 303 313 323
FSB@400 °C-Fe304 5.07° 5.13¢ 5.16° 5.39°
FSB@600 °C-Fe304 5.12° 5.22° 558 5550
FSB@800 °C-Fe304 5.06° 5.14° 526° 515
CV% 0.00 0.00 0.00 0.00
LSD, P<0.05 0.00 0.00 0.00 0.00

&b ¢ Data with different letters are significantly different; CV-coefficient of variation;

LSD-least significant difference
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Figure 4.3.3j: Effects of temperature on adsorption of IC dye molecules

It is concluded that contact time, initial dye concentration, solution pH, temperature and

adsorbent dosage have an influence on the adsorption of anionic indigo carmine dye by the

adsorbents.
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4.4 Batch adsorption process and conditions

4.4.1 Effect of contact time, initial dye concentration, adsorbent dosage, solution pH

and temperature on adsorption of crystal violet

The working wavelength for crystal violet dye was experimentally obtained as 588 nm

(Figure 4.4.1a).
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Figures 4.4.1a: Wavelength for crystal violet dye experiments

Removal efficiency (%R) of crystal violet dye from aqueous solution was studied as a
function of contact time and initial dye concentration (Table 4.4.1a and Figure 4.4.1b).
A dosage of 0.2 g of adsorbent in 30 mL of each of the four concentration levels 25 mg/L,
50 mg/L, 75 mg/L and 100 mg/L of dye solutions was agitated at 200 rpm from 0 to 180

minutes at 298 K. The adsorption process was very fast at the initial stages but gradually
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declined as the system approached equilibrium. This observation was attributed to a large
number of unoccupied adsorption sites at the onset of the process and reduced number
of available binding sites towards equilibrium point. Maximum adsorptions were
afforded after 160 min, 140 min, 140 min and 100 min, respectively, for 25 mg/L, 50
mg/L, 75 mg/L and 100 mg/L. A higher quantity of dye was abstracted at higher initial
concentrations than at lower initial concentrations. This observation is ascribed to
significant driving force due to increased mass gradient at higher initial dye
concentrations that supports adsorption of dye molecules onto the adsorbents. This
finding is in harmony with reports from other researchers (Rangabhashiyam et al., 2018;

Adeyi et al., 2019).
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Table 4.4.1a: Effect of initial dye concentration and contact time on adsorption of crystal violet dye (mg/g) onto FSB@600 °C

Contact time (in minutes)

Conc in LSD,
mg/L 20 40 60 80 100 120 140 160 180 CV%  pbegos
25 37.158 43937 45.15° 46.72¢ 49.53° 49.74° 50.10° 52.22* 52.10* 0.32 0.26
50 37.64" 44,748 46.67° 47.59° 50.07¢ 52.95¢ 5593* 5572 5550° 033 0.28
75 35268 38.68" 41.49° 41.65%° 41.88% 43.44° 4531° 44.82° 44.62° 0.50 0.36
100 34737 37.99° 46.00 48.00° 50.25* 50.12*° 50.15** 50.09%° 50.09%° 0.20 0.16

a.b.e.d.e.f.e Data with different letters are significantly different; CV-coefficient of variation; LSD-least significant difference
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Figure 4.4.1b: Effect of initial dye concentration and contact time on adsorption

efficiency (%R) of crystal violet (CV) dye onto fish scale biochar (FSB@600 °C)

Adsorption efficiency of crystal violet dye as a function of adsorbent dosage was also
studied by varying dosage from 0.05-0.25 g per 30 mL of dye solution. Removal
efficiency (%R) of an adsorbent is highly dependent on adsorbent weight used. The
results of the influence of adsorbent dose on removal efficiency of crystal violet dye is
given in Table 4.4.2b and Figure 4.4.2c. Peak dosages were recorded at 0.20 g, 0.20 g,
0.20g,0.20 g,0.20 g, 0.25 g and 0.25 g for Activated charcoal, FSB@400 °C, FSB@600
°C, FSB@3800 °C, FSB@400 °C-Fe304, FSB@600 °C-Fe304 and FSB@800 °C-Fe30a,
respectively. This observation is attributed to the increase in the number of active sites

on the surface of the adsorbents with the increase in adsorbent dosage which caused an
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increase in the amount of dyes adsorbed (Badeenezhad et al., 2019; Temesgen et al.,
2018). A decline in removal efficiency was registered past the peak dosages of the
adsorbents, a characteristic that is tied to saturation of the active sites on the surface of

the adsorbents with adsorbate (Ayanda et al., 2019).

Table 4.4.1b: Effect of adsorbent dose on adsorption efficiency (%R) of crystal violet

dye onto the adsorbents

Adsorbent Dosage (in g)
Adsorbent 005 010 015 020 025 CV% LSD,P<0.05
Activated Charcoal ~ 94.25° 96.38¢ 97.22° 99.76* 99.20° 0.13 0.23
FSB@A400 °C 34.24° 37.999 39.87° 42.82% 4235° 047 0.34
FSB@600 °C 37.12° 39.05¢ 42.69° 44.82% 44.29° 0.17 0.13
FSB@?800 °C 37.00° 37.739 38.36° 41.63* 41.33* 0.41 0.29
FSB@400 °C-FesO4 38.37° 38.87¢ 39.32° 41.23* 40.92° 0.31 0.23
FSB@600 °C-Fes0s4 38.73° 42.02¢ 44.96° 47.84> 4822* 0.42 0.34
FSB@800 °C-Fes0s 40.80¢ 43.25° 43.60° 45.62* 45.86* 0.36 0.29

a.b.¢.d.e Data with different letters are significantly different; CV-coefficient of variation;

LSD-least significant difference
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Figure 4.4.1¢: Effect of adsorbent dosage on adsorption efficiency (%R) of crystal violet
(CV) dye onto activated charcoal, fish scale biochars (FSB) and magnetic composites

(FSB@Fe304)

The removal efficiency (%R) of crystal violet dye from aqueous solution onto the
adsorbents increased with increase in solution pH (pHs) for all the tested adsorbents as
illustrated in Table 4.4.1c and Figure 4.4.1d. The surface of the adsorbents acquired
positive charges as confirmed by point of zero charge pH (pHpzc) which contributed to
repulsion forces between the adsorbent and CV molecules leading to a decrease in
adsorption (Ayanda et al., 2019, Badeenezhad et al., 2019, Nnaemeka et al., 2016).
However, adsorption process was favoured when the adsorbent surface was negatively

charged due to attractive forces between the negative and positive charges on the surface
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of the adsorbents and CV dye molecules, respectively (Ayanda et al., 2019, Badeenezhad
et al., 2019, Nnaemeka et al., 2016). Significant differences (P<0.05) in adsorbents
performance was observed where the reference adsorbent (Activated Charcoal) did better
than all the other adsorbents at all solution pH. The findings of this study on the effect
of solution pH on the adsorption of crystal violet dye showed that pH 8 (activated
charcoal, FSB@400 °C, FSB@600 °C and FSB@800 °C) and pH 10 (FSB@400 °C-
Fe304, FSB@600 °C-Fe304 and FSB@800 °C-Fez04) were favourable for the adsorption
process.

Table 4.4.1c: Effect of initial solution pH on adsorption efficiency (%R) of crystal violet
(CV) dye onto fish scale biochars (FSB) and magnetic composites (FSB@Fe304)

pH levels
LSD,
Adsorbent 2 4 6 8 10 CV%
P<0.05
Activated
88.689 96.39° 9847 98.65° 99.052 0.22 0.39
Charcoal

FSB@400°C  38.21° 39.24¢ 39.67° 41.24° 42.13¢% 0.49 0.36
FSB@600°C  38.69¢ 40.23° 43.41° 45.23¢% 45.34* 0.69 0.53
FSB@800°C  35.58¢ 36.76° 40.82° 41.59% 42.00* 0.62 0.44

FSB@400 °C-

36.739  38.17¢ 39.24b 40.732 40.61° 0.44 0.31
Fes04
FSB@600 °C-

39489 42.14° 45.08° 47.822 47.75% 0.61 0.49
FesOq4
FSB@800 °C-

40.349  41.29° 43.46° 46.412 46.01°2 0.58 0.46
Fes04

a.b.c.d e Data with different letters are significantly different; CV-coefficient of variation;

LSD-least significant difference
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Figure 4.4.1d: Effect of initial solution pH on adsorption efficiency (%R) of crystal violet
(CV) dye onto activated charcoal, fish scale biochars (FSB) and magnetic composites

(FSB@Fes;04)
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Figure 4.4.1e: Mechanism of crystal violet dye adsorption onto FSB

CRYSTAL VIOLET ONTO FSB@Fe; 0,

C!H3
N
Hc/ /
3
\
——— = e
: w L E— -]
— (] — o _.
E= Hydroxylapatite — Deprotonated Surface ——  Hedtostatic Inieracion
® Fe-0O < -OH

——  Hydrogen Bonding

Figure 4.4.1f: Mechanism of crystal violet dye adsorption onto magnetic composite
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In order to investigate the effect of temperature on the adsorption of CV dye, the
adsorption experiments were carried out at 298, 303, 313 and 323 K for the different
initial dye concentrations, and at an initial solution pH 10, adsorbent dosage of 0.2 g, 30
mL of dye solution volume, and agitation speed of 200 rpm, as illustrated in Figures
4.4.1g and h. The amount of dye removed increased with temperature for all the
adsorbents, suggesting that the adsorption process was principally endothermic. This
tendency is attributed to the strong bond between the binding sites of the adsorbents and
dye molecules with concomitant shift of the equilibrium to the right at higher
temperatures (Kulkarni et al., 2017). Ho & McKay (2003) also reported that higher
temperatures usually enhance adsorption due to the increased kinetic energy of the
adsorbate and adsorbent surface activity. In other words, increase in temperature will
raise the rate of diffusion of the adsorbed dye molecules across the external boundary
layer and the internal pores of the adsorbent particles due to the decrease in the viscosity

of the solution.
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Figure 4.4.1g: Effect of temperature on CV dye removal (15 mg/L, 0.20 g/30 mL)
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Figure 4.4.1h: Effect of temperature on CV dye removal (FSB@600 °C; 0.20 g/30 mL)

It is concluded that contact time, initial dye concentration, solution pH, temperature and
adsorbent dosage have an influence on the adsorption of cationic crystal violet dye by

the adsorbents.
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4.5 The kinetics and thermodynamics of adsorption

4.5.1 Kinetics and thermodynamics of adsorption of indigo carmine dye

Studying the kinetics of adsorption of indigo carmine dye removal onto the adsorbents
(activated charcoal and fish scale biochars) involved fitting of the contact time data at
various initial adsorbate concentrations onto pseudo-first-order, pseudo-second-order,
and intraparticle diffusion models (Table 4.5.1a and Figure 4.5.1a). The R? values (for
intraparticle diffusion model) for the indigo carmine dye concentrations of 25, 50, 75
and 100 mg/L were 0.987, 0.611, 0.811 and 0.947, respectively, signifying that q; had a
low linear dependency on t%3 (Table 4.5.1a and Figure 4.5.1a). From the data in Table
4.5.1a, it can be concluded that intra-particle diffusion (K;) was not the sole operating
rate controlling step, since the plot registered non-zero y-intercept values (El Haddad et
al., 2013b; Kimosop et al., 2017). Comparison of R? values showed that equilibrium data

best fitted the pseudo-first-order kinetic model since they are all close to unity.
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Table 4.5.1a: Calculated parameters for kinetic models

Pseudo-first order Pseudo-second order Intraparticle
Conc Ky Je R? K> Je R? Kp I R?
(mg/L) (1/min) (mg/g) (g/mg.min) (mg/g) (mg/g.min’?)

25 58535 1.778 0.99999  0.00028 1.781 0.996711 0.062 1.426 0.987
50 58537 4.040 0.99999  0.00063 4.052  0.996630 0.075 3.767 0.611
75 58537  6.950 0.99999  0.00130 6.963 0.996629 0.100 6.735 0.801

100 58532 10.689 0.99999  0.00049  10.728 0.996671 0.179 9.683 0.947
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Figure 4.5.1a: Intra-particle diffusion model plot for FSB@600 °C. Experimental

conditions include: 30 mL of 25, 50, 75 and 100 mg/L of indigo carmine, adsorbent dose
0of 0.2 g, 200 rpm and 298 K
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Thermodynamic parameters such as AG, AH, and AS were calculated (Table 4.5.1b).
Positive AH values indicated that the adsorption processes were endothermic corroborating
the observed increase in adsorption with temperature. Similarly, the positive AS denoted
increase in randomness at the solid-liquid interphase. Adsorption onto the activated charcoal
was spontaneous at all temperatures as seen in the negative AG values. However, adsorptions
onto the fish scales biochars were predominantly non-spontaneous and this non-spontaneity
decreased with temperature. It is noteworthy that the spontaneity also varied with the initial
concentration denoting its dependence on the equilibrium constant K. From the data, it can
be deduced that chemisorption was the principal mechanism of indigo carmine dye removal
from the aqueous solution onto the adsorbents (Kulkarni et al., 2017). Begum & Kabir
(2013) reported that the functional groups in the fish scale structure, such as phosphates,
carboxyls, amines and carbonyls, are supposed to be involved in the sorption process as

confirmed by the FT-IR spectra in this study.
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Table 4.5.1b: Thermodynamic parameters for biochars and activated charcoal for IC removal

Adsorbents
Activated charcoal FSB@400 °C FSB@600 °C FSB@800 °C
Temp Conc AG AH AS AG AH AS AG AH AS AG AH AS
(°K) (mg/L) kJ/mol kJ/mol  J/mol/K kJ/mol kJ/mol J/mol/K  kJ/mol kJ/mol  J/mol/K kJ/mol kJ/mol j/mol/K
15 —2.349 4.232 24.642 1.900 14772 42.909 1.969 0.580 —3.810 1.876 11.550 31.842
25 —2.583 9.516 42.851 1.377 23972  75.612 1.594 12342 36.800 1.594 20.679 64.143
50 —3.012 5.819 32.052  0.820 25.561 82.333 0.923  12.748 39.558 0.697 19.760 63.798
298 75 —3.356 18.014 73.774  0.834 42277 137.764 0.428  34.541 113.581 0.385 30.712 100.159
100 —4.243 7.201 38.984  —0.373 15.448 52.731 -0.384 14.113 48.998 —0.165 23.876 79.939
150 —0.999 -2.849  -0.006 -1.365 5.193 0.021 —0.869 13.834 0.049 —0.906 18.232 0.063
200 0.479 3.433 0.010 -0.078 0.011 —0.00013 0.030 11.052 0.037 0.472 27.719 0.091
15 -3.697 1.704 1.232 1.832
25 -3.935 1.207 1.123 1.369
50 —4.512 0.683 0.742 0.324
303 75 —4.514 0.746 0.203 0.865
100 -4.717 —0.664 —1.043 —0.336
150 —1.022 —8.502 —1.333 —0.950
200 0.253 6.104 0.147 0.339
15 —4.620 1.689 2.149 2.235
25 —4.708 0.239 0.363 0.353
50 —4.899 0.226 0.503 0.211
313 75 —6.391 —0.245 —0.395 —0.295
100 —5.259 —0.490 —0.845 -0.470
150 —0.711 —1.435 —1.648 -1.507
200 0.711 —1.829 —0.472 —0.135
15 —2.903 0.696 1.686 0.862
25 —3.687 —0.419 0.764 0.123
50 -3.962 —1.321 —0.115 -1.074
323 75 —4.933 —2.658 —2.541 —1.943
100 —5.204 -1.921 —1.882 —2.349
150 —0.930 —-1.694 -2.110 —2.411
200 0.030 2.688 —0.776 —1.937
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Kinetics of indigo carmine dye adsorption by the magnetic composites were studied by
fitting contact time data at different initial dye concentrations onto intra-particle diffusion,
pseudo-first and second-order reaction models as highlighted in Table 4.5.1c and Figures
4.5.1a, b and c. The coefficient of determination, R?, values attained were 0.6796, 0.6739,
0.4229 and 0.7870 for dye concentrations of 25, 50, 75 and 100 mg/L, correspondingly,

demonstrating a low linear dependency of q; on t*° (Figure 4.5.1a).
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Table 4.5.1c: Evaluated kinetic models parameters for the adsorption of indigo carmine

Pseudo-first order Pseudo-second order Intra-particle diffusion
Conc K, Qe R? K Qe R? Kp I R?
(mg/L)  (1/min) (mg/g) (g/mg.min) (mg/g) (mg/g.min®?)
25 0.0311 0.306 0.9624  0.2762 1.606 0.9998 0.0177 1.3784 0.6796
50 0.0320 0.774 0.8567  0.0872  4.078 0.9998 0.0538 3.3837 0.6739
75 0.0421 0.9559 0.8247  0.1973 5.107 0.9997 0.0443 4.5788 0.4229
100 0.0702 8.696 0.8958  0.0306  7.874 0.9996 0.1270 6.1779 0.7870

Notably, Table 4.5.1¢ display data that evidently support the report by El Haddad et al. (2013a and b) that intraparticle diffusion
constant (K;) was not the only effective reaction rate-governing phase, since the plot recorded y-intercept values greater than zero.
Furthermore, comparison of R? values showed the pseudo-second-order kinetic model values were close to 1, inferring that the
model best described the equilibrium data since it demonstrated the best fit. Similar results were also reported for the adsorption of

methylene blue, methyl violet, rhodamine B and orange G onto graphene and graphene oxide (Ramesha et al., 2011).
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Figure 4.5.1b: Intra-particle diffusion model Plot for FSB@600 °C-Fe3Os.
Experimental conditions: 30 mL of 25, 50, 75 and 100 mg/L of indigo carmine,
adsorbent dose of 0.2 g, 200 rpm and 298 K
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Figure 4.5.1c: Pseudo-first order kinetic plot for FSB@600 °C-Fe3;Os4.
Experimental conditions: 30 mL of 100 mg/L of indigo carmine solution, adsorbent
dose of 0.2 g, 200 rpm, equilibration time of 2 h and 298 K
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Figure 4.5.1d: Pseudo-second order kinetic plots for FSB@600 °C-Fe304

Comparison of R? values (Table 4.5.1c and Figures 4.5.1b, ¢ and d) was close to 1,
inferring that the pseudo-second-order kinetic model best described the equilibrium data
since it demonstrated the best fit. The findings of this study on kinetics corroborate the
reports of other researchers. The pseudo-second-order kinetic model well described the
adsorption of the anionic dye of Acid Black 210 (AB210) from aqueous solutions by a
magnetically separable Fe304/CeO, (Fe/Ce) nanocomposite (Gao et al., 2019). Zhang et
al. (2020) reported coefficient of determination (R?) values that exceeded 0.99 for initial
methyl orange dye concentrations (10, 30, 50, 100 and 150 mg/L) demonstrating that the
pseudo-second-order kinetic model well described the adsorption of methyl orange dye
onto porous carbon/Fe304-600 composite. The kinetics of methylene blue (MB) and
malachite green (MG) biosorption onto Carica papaya wood (CPW) was studied and

reported as better described by pseudo-second-order kinetic equation (Rangabhashiyam
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et al., 2018). A study by Essandoh & Garcia (2018) on efficient removal of indigo
carmine dye from aqueous solutions using a novel hemoglobin/iron oxide composite
(Hb/Fe304) established that the adsorption process followed pseudo-second order kinetic
model. In addition, the adsorption kinetics of synthetic methylene blue (MB) dye onto
graphene oxide-magnetic iron oxide nanoparticles (GO-MNP) adsorbent follows
pseudo-second order kinetics model (Othman et al., 2018). However, pseudo-first-order
kinetic and Freundlich isotherm models described the removal of indigo carmine dye

from simulated wastewater by tilapia fish scale biochars (FSB).

Three thermodynamic factors, which include changes in Gibb’s free energy (AG),
enthalpy (AH), and entropy (AS), were computed (Figure 4.5.1d). Resulting positive AH
values showed that removal processes for indigo carmine dye were dominantly
endothermic, confirming the witnessed rise in adsorption reaction with dye solution
temperature. Again, positive AS signified a rise in a random collision of particles at the
boundary of solid and liquid. Indigo carmine dye adsorptions onto the fish scales biochar
magnetic composites (FSB@Fe304) were mostly non-spontaneous. The change in Gibb's
free energy for the physisorption adsorption process is between -20 and 0 kJ mol™! while
the positive value of entropy suggests a good affinity of adsorbate towards the adsorbent
as reported by Konicki ef al. (2017) in their research. The findings are in agreement with
a report by Yadav et al. (2020) for adsorption of methylene blue (MB) dye onto
Magnetic/Activated Charcoal/B-Cyclodextrin/Alginate (Fe;O4s/AC/CD/Alg) polymer

nanocomposite. The adsorption thermodynamics data for the adsorption of indigo
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carmine onto carbon-biomass from the seeds of Moringa oleifera and manganese ferrite
(MnFe;04@MOAC) revealed that the process was endothermic and spontaneous
(Sirajudheen et al. 2021). On the contrary, Kulkarni et al. (2017) presented data from
thermodynamic parameters in which chemisorption was the primary mechanism in the

abstraction of indigo carmine dye from artificial dye wastewater by the adsorbents.

145



Table 4.5.1d: Thermodynamic parameters for biochar magnetic composites for IC removal

FSB@400 °C-Fe304

FSB@600 °C-Fe304

FSB@800 °C-Fe304

Temp Conc AG AH AS AG AH AS AG AH AS
(°K) (mg/L) kj/mol kj/mol j/mol/K kj/mol kj/mol j/mol/K kj/mol kj/mol j/mol/K
15 0.713 -0.218 -3.100 0.651 0905 0.743 0.712 0.501 -0.770
25 0.762 -0.423 -3930 0.687 0.206 -1.640 0.826 0.061 -2573.18
50 -0.379 0.202 1926 -0.403 -0.126 0942 -0.364 0.053 1.393
75 0.387 3385 9.658 0.229 5519 17.096 0418 1.191 2.452
100 -0.103 -0.624 -1.670 -0.189 0.757 3.084 -0.107 0.373 1.567
150 0284 1.701 4555 0.236 1.484 4.012 0.320 0.922 1.914
200 1.816 2.579 -56.020 1.842 -1.783 -11.950 1.881 -1.724 -11890.7
15 0.720 0.689 0.733
25 0.735 0.699 0.829
298 50 -0.361 -0.399 -0.345
75 0.488 -0.434 0.504
100 -0.093 -0.133 -0.076
150  0.348 0.306 0.366
200 1.861 1.822 1.878
15 0.718 0.676 0.724
25 0.768 0.687 0.827
303 50 -0.384 -0.416 -0.383
75 0.441 0.359 0.425
100 -0.123 -0.197 -0.114
150  0.322 0.264 0.331
200 1.785 1.742 1.805
15 0.659 0.609 0.693
25 0.768 0.680 0.824
50 -0.392 -0.399 -0.368
313 75 0.415 0.041 0.322
100  -0.161 -0.228 -0.131
150  0.240 0.171 0.287
200 1.762 1.889 1.838
15 0.756 0.631 0.699
25 0.776 0.682 0.824
50 -0.379 -0.396 -0.360
75 0.204 0.066 0.423
323 100 -0.034 -0.198 -0.108
150  0.225 0.202 0.295
200 1.856 1.917 2.002
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4.5.2 Kinetics and thermodynamics of adsorption of crystal violet dye

Fitting of the contact time data at initial adsorbate concentrations (25, 50, 75 and 100
mg/L) onto pseudo-first-order, pseudo-second-order, and intraparticle diffusion models
formed the basis of the kinetics studies of crystal violet dye adsorption onto the
adsorbents, as presented in Table 4.5.2. The intraparticle diffusion model plot data
displayed R? values that signify a slight linear dependency of q; on t*° and non-zero /
values implying that there were other reaction rate governing steps other than
intraparticle diffusion model. The regression constant (R?) values for the pseudo-first
order and pseudo-second order models were compared to ascertain the one that displayed
the best fit. The R? values ranged from 0.8247 to 0.9624 and 0.9996 to 0.9998 in pseudo-
first order and pseudo-second order kinetic models, respectively. The pseudo-second
order kinetic model achieved R? values close to 1 hence making it the best fit for

describing the equilibrium data.
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Table 4.5.2a: Evaluated kinetic models parameters for the adsorption of crystal violet

Pseudo-first order Pseudo-second order Intra-particle diffusion
Conc K, Qe R? K> Qe R? Kp I R?
(mg/L) (I/min) (mg/g) (g/mg.min) (mg/g) (mg/g.min">)

25 0.0311 0306 0.9624  0.2762 1.606 0.9998 0.0009 1.4614
50 0.0320 0.774 0.8567  0.0872 4.078  0.9998 0.0026 3.6363
75 0.0421 0.9559 0.8247  0.1973 5.107 0.9997 0.0020 4.7993

100 0.0702 8.696 0.8958  0.0306 7.874  0.9996 0.0064 6.7581

0.5460

0.5412

0.3017

0.6649

4.6 Adsorption isotherm modelling

4.6.1 Isotherm modelling for adsorption of indigo carmine dye

Isotherm models are fundamental concepts of the adsorption phenomenon which explain

the interaction between the adsorbate and adsorbent (Nia et al., 2017). Langmuir,

Freundlich, Temkin, Sips, Toth, Hill and Redlich-Peterson were used to fit the adsorption

data (Table 4.6.1a and b, and Figures 4.6.1a, b and c) for activated charcoal and fish scale

biochars. The constants qm, Ki, Kr and n are Langmuir maximum monolayer adsorption

capacity (mg/g), Langmuir constant representing the energy of adsorption (L/mg),

Freundlich constant (mg/g. Lmg ™) and Freundlich model constant that indicates the

intensity of the adsorption process. The Freundlich models displayed better fit for the

data than Langmuir isotherm, based on R? values, suggesting multilayer adsorption. The

magnitude of n describes the favorability of the adsorption process. The # values ranging

2-10 represent good, 1-2 for moderately difficult, and less than 1 for a poor adsorptive
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potential (Treybal, 1980). In the present study, the magnitudes of n were averagely <1

suggesting a poor adsorptive potential.

Langmuir and Freundlich models were engaged to fit the adsorption statistics (Table
4.6.1b) for the biochar magnetic composites. Langmuir isotherm demonstrated a superior
fit for the data relative to Freundlich models, established on the coefficient of
determination, R? values, suggesting uniformly energetic adsorption sites and
monolayer adsorption process. This finding is in harmony with other studies; Othman et
al. (2016) reported Langmuir isotherm model as the best fit for the data in the application
of waste Mozambique tilapia (M. tilapia) fish scale as a cost-effective adsorbent in

removing zinc and ferum ion in wastewater.
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Table 4.6.1a: Langmuir and Freundlich constants for biochars and activated charcoal for
IC dye removal

Temp (in °K) Activated charcoal FSB@400 °C FSB@600 °C FSB@800 °C
Langmuir Langmuir Langmuir Langmuir
qm =4315.397 gm = 629.6546 gm = 629.6552 qm = 629.7558
KL =0.000148 Kr =0.000213 KL =0.000223 KL =0.000219
R1=0.074916 R1=0.052054 R1=0.049720 Rr=0.050628
298 R? =0.820294 R?=0.811603 R?=0.841889 R?=0.901544
Freundlich Freundlich Freundlich Freundlich
n=0.593094 n=0.583608 n=0.515815 n = 0.604680
Kr=10.1067498 Kr =0.0095526 Kr=10.0044185 Kr=10.0123151
R? =0.89883 R2=0.885522 R2=0.970335 R? =0.992663
Langmuir Langmuir Langmuir Langmuir
qm =4315.397 gm = 629.6547 gm = 629.6553 qm = 629.7558
KL =0.000214 KL =0.000229 KL =0.000261 KL =0.000217
R1=0.051811 R1=0.048417 R1=0.042481 R1=0.051094
303 R? =0.976442 R?=0.770375 R? =0.748598 R? =0.836877
Freundlich Freundlich Freundlich Freundlich
n=0.817328 n=0.966324 n=0.463863 n=0.706431
Kr=10.5439812 Kr=10.1277959 Kr=10.002613 Kr=10.0293854
R?=0.996891 R?=10.7795 R? =0.858256 R? =0.878623
Langmuir Langmuir Langmuir Langmuir
qm =4315.397 gm = 629.6548 gm = 629.6554 qm = 629.7557
KL =0.000274 Kr =0.000265 Ki =0.00028 Kr =0.000264
R1=0.040466 R1=0.041840 Rr=0.039598 Rr=0.041998
313 R? =0.839095 R? =0.946064 R? =0.868669 R?=0.936927
Freundlich Freundlich Freundlich Freundlich
n=1.047963 n=0.713828 n=0.543744 n=0.702358
Kr=1.3028393 Kr=0.0391229 Kr=10.0088814 Kr=10.0359721
R? =0.84032 R?=0.994573 R?=0.981609 R?=10.992653
Langmuir Langmuir Langmuir Langmuir
qm =4315.397 gm = 629.6525 gm = 629.6544 qm = 629.7541
KL =0.000204 KL =0.000483 KL =0.000412 KL =0.000471
R1=0.054351 R1=0.022956 R1=0.026911 R1=0.023540
323 R? = 0.840868 R?=0.833006 R?=0.647737 R?=0.807417
Freundlich Freundlich Freundlich Freundlich
n = 0.542483 n=0.787007 n=0.623700 n=0.475355
Kr=10.121834 Kr=0.1263237 Kr=10.0361503 Kr=0.0086858
R?=0.969535 R?=0.86768 R?=10.73091 R?=0.996826
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Table 4.6.1b: Langmuir and Freundlich constants for biochar magnetic composites for IC

dye removal

Temp (in °K) FSB@400 °C-Fe304 FSB@600 °C-Fe304 FSB@800 °C-Fe304
Langmuir Langmuir Langmuir
qm=243.9 qm=238.1 qm=250.0

K1=0.0377 K1=0.0381 K1=0.0373
R1=0.3198 R1=0.3178 R1=0.3218
298 R?=0.9755 R?=0.9753 R?*=0.9739
Freundlich Freundlich Freundlich
n=1.11 n=1.11 n=1.10
Kr=0.1713 Kr=0.1733 Kr=0.1671
R?=0.9110 R?=0.9108 R?=0.9095
Langmuir Langmuir Langmuir
qm=227.3 qm=222.2 qm=227.3
K1=0.0407 K1=0.0408 K1=0.0410
R1=0.3057 R1=0.3053 R1=0.3044
303 R*=0.9746 R*=0.9756 R?=0.9730
Freundlich Freundlich Freundlich
n=1.09 n=1.10 n=1.09
Kr=0.1664 Kr=0.1705 Kr=0.1648
R?=0.9129 R?=0.9125 R?=0.9105
Langmuir Langmuir Langmuir
qm=243.9 qu=217.4 qm=227.3
K1=0.0372 K1=0.0409 K1=0.0406
R1=0.3223 R1=0.3049 R1=0.3062
313 R?=0.9748 R?=0.9756 R?=0.9736
Freundlich Freundlich Freundlich
n=1.09 n=1.11 n=1.10
Kr=0.1676 Kr=0.1828 Kr=0.1676
R?=0.9122 R?=0.8967 R?=0.9074
Langmuir Langmuir Langmuir
qm=200.0 qu=217.4 qm=250.0
K1=0.0471 Ki=0.0411 K1=0.0368
R1=0.2799 R1=0.3040 R1=0.3243
323 R?=0.9740 R?*=0.9754 R?*=0.9727
Freundlich Freundlich Freundlich
n=1.09 n=1.12 n=1.12
Kr=0.1663 Kr=0.1832 Kr=0.1757
R?=0.9060 R?=0.8963 R?=0.8972
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Figure 4.6.1a: Linear Langmuir plot for FSB@400 °C-Fe3Os. Experimental
conditions: 30 mL of 15, 25, 50, 75, 100, 150 and 200 mg/L of indigo carmine
solution, adsorbent dose of 0.2 g, 200 rpm, and equilibration time of 2 h and 298 K
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Figure 4.6.1b: Non-linear Langmuir plot for activated charcoal. Experimental

conditions include 30 mL of 15, 25, 50, 75 and 100 mg/L of indigo carmine,
adsorbent dose of 0.2 g, 200 rpm, equilibration time of 2 h and 298 K.
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Figure 4.6.1¢: Non-linear Langmuir plot for FSB@400 °C. Experimental conditions
include: 30 mL of 15, 25, 50, 75 and 100 mg/L of indigo carmine dye, 0.2 g of
FSB@400°C, 200 rpm and 298 K
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Table 4.6.1c: Calculated parameters for Temkin, Sips, Toth, Redlich-Peterson, and Hill isotherm models for adsorption of indigo
carmine dye by fish scale biochars (FSB), magnetic composites (FSB@Fe304) and activated charcoal (AC)

Isotherm models for adsorption of indigo carmine dye

Adsorbents
Temkin Sips Toth Redlich-Peterson Hill
B=2.26x10% as=3.52x10 z=11.7963 g=2.62218 np=3.282799
A1=1.84x10° qms=546.91 qmr=2.29x10% ar="0 qsu=17.1048
FSB@400 °C
R?>=0 Bs=3.9467 a1=9.48x10% Kr=0.134684 Kp=2.065x10°
R?=0.001 R?=0.593663 R?=0.637631  R?=0.478516
B=2.26x10% as=3.52x10 z=11.13524 g=2.62218 nu= 4.8603
A1=1.84x10° qms=546.91 qmr=2.81x10% ar=0 qsu= 17.4848
FSB@600 °C
R>=0 Bs=3.9467 a1=9.26x10?! Kr=0.134684 Kp=1.989x10’
R?=0.0024 R?=0.62153 R?=0.637408  R*=0.475728
B=2.26x10% as=3.52x10 7=4.289792 g=2.62218 ny= 3.271708
A1=1.84x10° qms=546.91 qmr=1.15x10° ar=0 qsu= 16.87861
FSB@800 °C
R>=0 Bs=3.9467 ar=1.33x10° Kr=0.134684 Kp=1.887x10°
R?=0.001 R?=0.598783 R2=0.6379 R?=0.483283
B=2.26x10% as=3.52x108 z=1.471726 g=2.62218 np= 2.568381
A1=1.84x10° qms=546.91 qmr=195.78 ar=0 qsu= 14.12795
Activated Charcoal
R>=0 Bs=3.9467 ar=116.995 Kr=0.134684 Kp=1.624x10?
R?=0.001 R?=0.573629 R?=0.319804 R?=0.490635
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The adsorption of the anionic dye of Acid Black 210 (AB210) from aqueous solutions
by a magnetically separable Fe;04/CeO> (Fe/Ce) nanocomposite was well described by
the Langmuir isotherm model (Gao ef al., 2019). The extent of n defines favourability of
adsorption route. Values of n between 2-10 denote good, 1-2 for moderately and
energetically not favourable, and <1 for a reduced adsorptive potential (Treybal, 1981).
This study registered average n values in the range 1-2, suggesting a moderately and
energetically not favourable adsorption process. Relationship between Ry and C,, which
signify features of Langmuir isotherm for fish scales biochar magnetic composites
(FSB@Fe304), is presented in Figure 4.6.1d. The Rp for initial indigo carmine dye
concentrations fall between 0.022956-0.074916 and 0.2799-0.3243 for FSB and
FSB@Fe;04, respectively, signifying a favourable adsorption process of the indigo

carmine dye under the considered experimental conditions.
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Figure 4.6.1d: Dimensionless separation factor (Rr) for the FSB@400 °C-Fe304
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Konicki et al. (2017) reported Ry values in the range of 0-1 for the adsorption of Acid
Orange 8 (AO8) and Direct Red 23 (DR23) dyes onto graphene oxide (GO) suggesting
a favourable process. The calculated value of BrlnAt for the Temkin isotherm model
was 4.877 x 107'% kJ mol!, presenting a very low energy value that suggests a
physisorption interaction between the indigo carmine dye and the FSB@Fe304 adsorbing
sites (Table 4.6.1c). Rahangdale & Kumar (2018) reported that adsorption energies
(BrlnAT) in the range of 8-16 kJ mol! denote chemisorption mechanisms. In this study,
the positive br values are also attributed to thermodynamically exothermic processes
(Miraboutalebi et al., 2017). However, the model recorded zero values for R?, implying
that it is not appropriate for explaining the adsorption of indigo carmine onto the
magnetic composites. Konicki et al. (2017) reported experimental data whose Temkin
model’s correlation coefficient values were lower than those obtained for the Langmuir
model for the adsorption of Acid Orange 8 (AO8) and Direct Red 23 (DR23) onto
graphene oxide (GO). The Sips isotherm experimental data displayed a poor fitting as
reflected by the low coefficient of determination, R?, value (Table 4.6.1c). The surfaces
of the magnetic composites were relatively heterogeneous as depicted by the very low
positive values of the constant Bs. However, Gholami et al. (2018) reported experimental
data on the application of nanomagnetic Fe;Os@Fish scale as a bio-adsorbent for
removal of Methylene Blue (MB), which were well described by the Sips isotherm
model. The calculated parameters for the Toth isotherm model are highlighted in Table

4.61c. The magnitude of z was above unity signifying a heterogeneous adsorption
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system. Hossain et al. (2012) reported that a system becomes heterogeneous as z deviates
from unity. The experimental data and the average value of the coefficient of
determination indicated that the Toth isotherm model could be used to explain the
adsorption process. The Redlich-Peterson isotherm displayed a moderate R? value
(0.5342), inferring its attempt to describe the experimental data. The calculated g value
shows the non-heterogeneity of the sorption system (Table 4.6.1c). Moreover, the
extremely low predicted maximum adsorption capacity (0.155 mg/g) inconsistent with
the equilibrium data signifies the inappropriateness of the Redlich-Peterson isotherm
model to describe indigo carmine dye uptake onto FSB@Fe304. A relatively high value
of the coefficient of determination (R?>=0.9952) for the Redlich-Peterson isotherm model
was reported by Gholami ef al. (2018) for the adsorption of methylene blue (MB) onto
magnetic fish scales (MFS). Konicki ef al. (2017) reported calculated values of g closer
to unity for the adsorption of Acid Orange 8 (AO8) and Direct Red 23 (DR23) onto
graphene oxide (GO) implying the applicability of the model in describing the adsorption
process. The Hill isotherm model displayed an average R? value of 0.5016 and the
calculated ny value of 2.048 signifying positive cooperativity in the binding of indigo
carmine dye particles onto the homogenous surface of FSB@Fe3Os4. Positive
cooperativity in binding was also documented for the adsorption of Cu** ions onto fish
scale biochar (Achieng’ & Shikuku, 2020). It is concluded that the removal mechanisms
and kinetics of anionic indigo carmine dye onto activated charcoal, FSB and FSB@Fe304
were plausible. In addition, enthalpy and entropy were the main parameters that were

driving the adsorption process.

157



4.6.2 Isotherm modelling for adsorption of crystal violet dye

The isotherm modelling was conducted to examine the model that best explained the
adsorption process. The evaluated models were Langmuir, Freundlich, Temkin, Sips,
Toth, Hill and Redlich-Peterson (Table 4.6.2a, b and c¢). Maximum adsorption capacity
(qm) afforded by the adsorbents ranged from 29.59 to 666.7 mg/g. The favourability of
adsorption route, n, indicated that the adsorption process was moderately and
energetically not favourable since the values of n recorded were in the range of 1-2. The
coefficient of determination (R?) for the models were compared and it was observed that
the average R? values for Langmuir isotherm model was the closest to 1 amongst the
surveyed models, implying that it best explained the adsorption process compared to the
rest of the models. The Ry for initial crystal violet dye concentrations fall between
0.021985-0.022175 and 0.222172-0.022175 for FSB and FSB@Fe30s4, respectively,
signifying a favourable adsorption process of the crystal violet dye under the considered
experimental conditions (Figures 4.6.2a and b). The isotherm modelling for the
adsorption of crystal violet dye from its aqueous solution onto tamarind (7amarindus
indica) fruit shell powder was investigated using Freundlich and Langmuir isotherms
(Patel & Vashi, 2010). Freundlich isotherm was found to be most applicable in
describing the adsorption process. Loulidi et al. (2020) reported that modulation of
adsorption isotherms for crystal violet onto an agricultural waste residue followed the

Langmuir model.
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Table 4.6.2a: Langmuir and Freundlich constants for biochars and activated charcoal for

CV dye removal
Adsorbents
Temp (in °K)  Activated Charcoal FSB@400 °C FSB@600 °C  FSB@800 °C

Langmuir Langmuir Langmuir Langmuir
qu=169.49 qm=263.16 qm=222.22 qQm=29.59
Ki=0.10 K1=0.00044 K1=0.00069 K1=0.0049
R1=0.022088 R1=0.022175 R1=0.022175  Rp=0.022171

298 R?=0.9375 R?=0.9770 R?=0.9821 R?=0.9830
Freundlich Freundlich Freundlich Freundlich
n=1.52 n=1.23 n=1.17 n=1.35
Kr=12.78 Kr=0.209 Kr=0.2330 Kr=0.2829
R2=0.7923 R2=0.9129 R?=0.9650 R?=0.9399
Langmuir Langmuir Langmuir Langmuir
qu=238.10 qm=57.47 qm=86.96 qm=34.48
K1=0.07 K1=0.0025 K1=0.0018 K1=0.0044
R1=0.022113 R1=0.022173 R1=0.022174  Rp1=0.022171

303 R?=0.9717 R?=0.9562 R?=0.9945 R?=0.9704
Freundlich Freundlich Freundlich Freundlich
n=1.51 n=1.36 n=1.14 n=1.34
Kr=12.49 Kr=0.3038 Kr=0.2181 Kr=0.2925
R?=0.8155 R?=0.9099 R?=0.9775 R?=0.9441
Langmuir Langmuir Langmuir Langmuir
qu=381.96 qu=389.29 qm=108.70 qm=53.48
Kr=0.22 K1=0.0017 K1=0.0014 K1=0.0027
R1=0.021985 R1=0.022174 R1=0.022174  R1=0.022173

313 R?=0.9615 R?=0.9811 R?=0.9915 R?=0.9657
Freundlich Freundlich Freundlich Freundlich
n=1.52 n=1.26 n=1.11 n=1.30
Kr=12.23 Kr=0.2726 Kr=0.2047 Kr=0.2746
R?=0.8246 R?=0.9204 R?=0.9789 R?=0.9413
Langmuir Langmuir Langmuir Langmuir
qu=166.67 qm=57.14 qm=74.63 qm=51.02
Kr=0.10 K1=0.0026 Kr=0.0021 K1=0.0029
R1=0.022088 R1=0.022173 R1=0.022173  R1=0.022173

323 R?=0.9664 R2=0.9790 R?=0.9919 R?=0.9693
Freundlich Freundlich Freundlich Freundlich
n=1.49 n=1.23 n=1.06 n=1.28
Kr=12.18 Kr=0.2486 Kr=0.1765 Kr=0.2687
R?=0.8227 R?=0.9478 R?=0.9762 R?=0.9555
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Table 4.6.2b: Langmuir and Freundlich constants for magnetic composites for CV dye

removal
Adsorbents
Temp (in °K) FSB@400 °C-Fe304 FSB@600 °C-Fe304 FSB@800 °C-Fe304

Langmuir Langmuir Langmuir
qm=238.10 qm=333.30 qm=277.00
K1=0.0005 K1=0.0004 K1=0.0004
R1=0.022175 R1=0.022175 R1=0.022175

298 R?=0.9785 R?=0.9883 R?=0.9921
Freundlich Freundlich Freundlich
n=1.19 n=1.15 n=1.19
Kr=0.19 Kr=0.21 Kr=0.20
R?=0.9611 R?=0.9437 R?=0.9463
Langmuir Langmuir Langmuir
qm=714.29 qm=43.86 qm=57.80
K1=0.0002 K1=0.0036 K1=0.0021
R1=0.022175 R1=0.022172 R1=0.022173

303 R?=0.9754 R?=0.9918 R?=0.9960
Freundlich Freundlich Freundlich
n=1.20 n=1.17 n=1.17
Kr=0.20 Kr=0.23 Kr=0.18
R?=0.9427 R?=0.9618 R?=0.9647
Langmuir Langmuir Langmuir
qm=312.50 qm=87.72 qm=192.31
K1=0.0004 K1=0.0017 K1=0.0006
R1=0.022175 R1=0.022174 R1=0.022175

313 R?=0.9849 R?=0.9930 R?=0.9948
Freundlich Freundlich Freundlich
n=1.16 n=1.14 n=1.12
Kr=0.19 Kr=0.21 Kr=0.16
R?=0.9591 R?*=0.9585 R?=0.9810
Langmuir Langmuir Langmuir
qm=84.03 qm=666.67 qm=256.41
K:1=0.0015 K1=0.0002 K1=0.0005
R1=0.022174 R1=0.022175 R1=0.022175

323 R?=0.9930 R?=0.9951 R?=0.9931
Freundlich Freundlich Freundlich
n=1.13 n=1.09 n=1.11
Kr=0.17 Kr=0.18 Kr=0.16
R?=0.9644 R?=0.9579 R?=0.9796
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Table 4.6.2¢: Calculated parameters for Temkin, Sips, Toth, Redlich-Peterson, and Hill isotherm models for adsorption of crystal violet
dyes by fish scale biochars (FSB), magnetic composites (FSB@Fe304) and activated charcoal (AC)

Isotherm models for adsorption of indigo carmine dye

Adsorbents : . . .
Temkin Sips Toth Redlich-Peterson Hill
B=2.26x 10%  a=3.52x 10 7=4.425 2=2915 ni=1.950
A1=2.35x 10° 3 qmr=1.68 x 10° 3 - qsu=11.378
FSB@A400 °C-Fes0s K= 0000 =369 g sax 100 ARTOSIXITT 102891
a4 B:=3.946 R2=0.52065 Kr=0.155 R2=0.503825
R2=0.0003 R2=0.536321
B=2.26x 10°  a=3.52x 10 z=4.108 2=2915 ny=2.177
A1=2.35x 10° B qmr=3.02 x 10° B 5 qse=10.81
FSB@600 °C_Fe0, R 0-000 =369 maesx 108 RO 198 90
3 B:=3.947 R2=0.522317 Kr=0.155 R2= (.498846
R2=0.0003 R2=0.53654
B=2.26x 10°  a=3.52x 10 7=4.308 2=2915 nyg=2.017
Moo w69 WTPBEG acessxio? (BT
FSB@800 °C-Fe304 e X P,
B:=3.947 R2=0.520043 Kr=0.155 R2=0.502098
R2=0.0003 R2=0.529614

It is concluded that the removal mechanisms and kinetics of cationic crystal violet dye onto activated charcoal, FSB and FSB@Fe;04

were plausible. In addition, enthalpy and entropy were the main parameters that were driving the adsorption process.
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Figure 4.6.2a: Dimensionless separation factor (Ry) for the FSB@400 °C for CV

removal
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Figure 4.6.2b: Dimensionless separation factor (Rr) for the FSB@400 °C-Fe;04 for

CV removal
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4.7 Characterization of the spent adsorbents
4.7.1 Adsorbents spent on adsorption of indigo carmine dye

In attempts to establish any morphological and chemical changes to the adsorbents
during adsorption, we analyzed the used adsorbents using FT-IR and SEM-EDX (Figure
4.7.1). Notably, SEM image of fresh FSB@400 °C exhibited morphologically different
surfaces relative to the used FSB@400 °C-IC (Figure 4.7.1a). This is due to aggregation
of adsorbate molecules on the adsorbent surface (Bordoloi ef al., 2018). In addition,
elemental composition analysis by EDX revealed the presence of N, H, S and Na (Table
4.2.4 and Figure 4.2.4) supporting the adsorption of indigo carmine dye onto FSB@400
°C. Gholami et al. (2018) reported the presence of N and S elements from methyl blue
(MB) dye on the surface of used magnetic fish scales (UMFS) confirming the adsorption
of the dye. In addition, the spots of FSB@400 °C-IC on the TEM micrograph were
blurred due to surface coverage with dye molecules (Figure 4.7.1b). The FT-IR spectrum
of the used adsorbent (Figure 4.7.1d) displayed some changes on the surface of the
adsorbent. For instance, the peak at 872 cm™! shifted to 876 cm™'. Similarly, the observed
reductions in the intensities of some peaks, demonstrates the interaction between the dye

and the adsorbents (Ooi et al., 2017).
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Figure 4.7.1: (a) SEM image of FSB@400°C-I1C, (b) TEM image of FSB@400 °C-IC,
(c) TGA of FSB@400 °C-IC, (d) FT-IR of FSB@400 °C and FSB@400 °C-I1C

Suspected morphological and chemical changes on the spent magnetic composites were
analyzed on TEM, FT-IR and SEM-EDX (Table 4.2.4 and Figure 4.2.4). Notably, SEM
micrograph of FSB@400 °C-Fe3O4 displayed a morphologically dissimilar surface
comparative to spent FSB@400 °C-Fe304-1.C. (Figures 4.2.4b and c), an observation
attributed to the accumulation of dye particles on the surface of the adsorbent (Bordoloi
et al., 2018). Analysis of chemical constitution by EDX showed the existence of

nitrogen, sulphur and sodium (Table 4.2.4 and Figure 4.2.4) proving that indigo carmine
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dye was adsorbed onto FSB@400 °C-Fe304. In another study, existence of nitrogen and
sulphur elements from methyl blue dye on the surface of spent fish scales magnetic
composite was reported, thus, ratifying the adsorption of the dye (Gholami et al., 2018).
Additionally, the spots of FSB@400 °C-Fe;04-1.C. on TEM images were blurry owing
to surface coverage with dye particles (Figure 4.2.4f). The FT-IR spectra of spent
magnetic composite (Figure 4.2.2¢) exhibited some differences on the surface in which
the peaks of FSB@400 °C-Fe304-1.C appeared less intense than those in FSB@400 °C-
Fe30a4. The observed declines in intensities of some peaks validate dye and adsorbents
interaction (Ooi et al., 2017). To determine whether there was a chemical change on the
adsorbed indigo carmine dye particles, desorption was done on the spent adsorbent using
three runs of 10 mL ethyl alcohol. The desorbed dye solution was characterized on UV-
Vis Spectrophotometer at wavelength 611 nm. The concentrations of the adsorbed and
desorbed indigo carmine dyes were non-significantly different confirming that there was
no chemical change on the dye molecule, further corroborating the physisorption nature

of the adsorption process.

4.7.2 Adsorbents spent on adsorption of crystal violet dye

Characterization of the spent adsorbent was done to determine any morphological and
chemical changes on its surface. The SEM micrograph of spent adsorbent (Figure 4.2.6f)
showed that its surface was covered with dye particles. This observation was confirmed
by the EDX spectrum of the spent adsorbent, which was characterized by increased
concentrations of N and CI atoms compared to the biochar FSB@400 °C (Table 4.2.4

and Figure 4.2.4). The FT-IR spectrum of FSB@400 °C displayed a shift of
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wavenumbers from 872 cm™ to 876 cm™ in the spectrum of the spent adsorbent,

FSB@400 °C-C.V. (Figure 4.7.2).

—— FSB@400

—— FSB@400-CV
3
>
-
2
<
B
=

| L
1000 400
Wave number (cm™)

Figure 4.7.2: FT-IR spectra of FSB@400 °C and FSB@400 °C and FSB@400 °C-CV

The desorbed crystal violet dye solution was characterized on UV-Vis
Spectrophotometer at wavelength 588 nm. The concentrations of the adsorbed and
desorbed crystal violet dye were non-significantly different confirming that there was no
chemical change on the dye molecule, further corroborating the physisorption nature of

the adsorption process.
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4.8 Stability test and regeneration/recycling of FSB@Fe304 adsorbents

The results of the leaching test for the magnetic composites (FSB@Fe304) carried out at
pH2 and 10 are given in Tables 4.8a and b. The concentrations of iron (Fe) in the
supernatants were averagely 0.02 mg/L, an indication of the high stability of the
synthesized composites. Leaching of Fe was effectively prevented at extremely acidic
condition due to the protection of SiO2 and anionic polyacrylamide-modified-chitosan
(CS-PAA) (Zheng et al., 2020), as evidenced in the observed insignificant loss of Fe
from anionic polyacrylamide-modified-chitosan magnetic (Fe3O4) composite (FS@CS-
PAA) nanoparticles in the whole tested pH range signifying that FS@CS-PAA had good

stability.

Table 4.8a: Leaching of metals (mg/L) from the magnetic composites at pH 2

Concentrations
Adsorbent

Ca Mg Na Fe

FSB@400 °C-Fe;04 <0.01+£0.00 0.77£0.06 0.63+0.01 0.02+0.00

FSB@600 °C-Fe;04  <0.01£0.00 0.34+0.01 0.63+0.01 0.02+0.00

FSB@g800 °C-Fe;04 <0.01+£0.00 0.55+£0.02 0.63+0.02 0.02+0.00
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Table 4.8b: Leaching of metals (mg/L) from the magnetic composites at pH 10

Concentrations
Adsorbent

Ca Mg Na Fe

FSB@400 °C-Fe;04  <0.01£0.00 0.45+0.02 0.60+0.01 0.01+0.00

FSB@600 °C-Fe;04  <0.01£0.00 0.32+0.01 0.62+0.02 0.02+0.00

FSB@800 °C-Fe304 <0.01+£0.00 0.52+0.02 0.60+0.01 0.01+0.00

In another study, Song ef al. (2014) investigated the stability of water-soluble
polyacrylamide coated-Fe3;O4 magnetic composites (Fe;O4@-PAM) and reported <1%
leaching of Fe in 0.02 mol/L HCI solution for 96 hours, demonstrating that PAM coat
prevented the dissolution of Fe3;O4. Essandoh & Garcia (2018) reported a similar finding
on a novel hemoglobin/iron oxide composite (Hb/Fe;O4). The observation made in the
current research endorses the magnetic composite (FSB@Fe30s4) for industrial
application in the treatment of dye wastewater. The reusability of an adsorbent is an
important aspect in assessing its practicability for adsorbate removal from an aqueous
solution. In this research, the spent adsorbents were separated from the adsorption
mixture by an external magnet, washed three times using 10 mL of ethyl alcohol and
dried in the oven. The adsorption experiment was then repeated five times by dispersing
0.2 g of the adsorbents in 30 mL of 25 mg/L indigo carmine dye solution. The analysis

data on the reusability of the materials showed that the adsorbents conserved their
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adsorption capacities for the abstraction of indigo carmine dye for five consecutive
cycles without significant depletion (Figures 4.8a and b). Concerning adsorbent
FSB@600 °C-Fe304, the adsorption capacities (qe) were recorded as 1.6194, 1.6185,
1.6144, 1.6128 and 1.6094 mg/g, respectively, for cycles 1, 2, 3, 4 and 5. However,
significant loss of adsorption capacity was recorded for crystal violet dye in the fifth
cycle (Figure 4.8b). In a similar study, Zhang et al. (2020) reported that the prepared
porous carbon/Fe304-600 composite retained an excellent adsorption capacity for the
removal of methyl orange dye after four cycles, therefore, qualifying it as an outstanding
material for recyclable dye adsorbent. Four adsorption and regeneration cycles on a novel
hemoglobin/iron oxide composite (Hb/Fe3O4) established that the adsorption capacity
for indigo carmine dye reduced by 2% of the initial capacity (Essandoh & Garcia, 2018).
However, the researchers noted that the regeneration treatment was not effective for 300
mg/L dye solution leading to lose of reusability. Recycle adsorption experiments using
calcination method also showed that the prepared monodisperse porous silica
nanospheres (Si02 NSs) were recycled at least six times while the removal efficiencies
for Alcian blue (AB) and methylene blue (MB) dyes had no significant decrease (Lv et
al., 2018). In another study, reusability of fish (Dicentrarchus labrax) scales (FS) in the
adsorption of Acid Blue (AB) 121 dye was surveyed (Uzunoglu & Ozer, 2016). The
findings indicated that while the adsorbed AB 121 amount by FS in the first and eighth
cycles were 98.5 and 39.9 mg/g, respectively. Since FS displayed high structural stability
even after multi-cycles use, the researchers concluded that it could be considered as an

adsorbent in the removal of the dye anions. Rangabhashiyam et al. (2018) investigated
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qge (in mg/g)

the reusability of Carica papaya wood (CPW) for five successive cycles in the
biosorption of methylene blue (MB) and malachite green (MG) dyes from simulated
wastewater. The results of the regeneration of the dyes were more than 80% removal
efficiency in all five cycles. A study by Gholami et al. (2018) on the reusability potential
of magnetic fish scales (MFS) showed an efficiency of 59.63% in the adsorption of
methylene blue (MB) dye. In addition, a regenerative study on adsorption of synthetic
methylene blue (MB) dye onto graphene oxide-magnetic iron oxide nanoparticles (GO-
MNP) adsorbent revealed a minor reduction in adsorption capacity of the regenerated

adsorbent after 2 cycles (Othman et al., 2018).
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Figure 4.8a: Reusability of the adsorbents for the removal of indigo carmine dye from

aqueous solution

171



2.5

1.5

0.5

qt (mg/g)

() —_ [\)
FSB@400-Fe304 I
FSB@600-Fe304 s |
FSB@800-Fe304 I
FSB@400-Fe304 I
FSB@600-Fe304 s

@800-Fe304 I
FSB@400-Fe304 I
FSB@600-Fe304 I
FSB@400-Fe304 I
FSB@400-Fe304 I
FSB@600-Fe304 s
FSB@800-Fe304

«  FSB@800-Fe304 s

v FSB

Cycle 1

@]
<
<N
o
Q
s
9

Cycle 5

Figure 4.8b: Reusability of the adsorbents for the removal of crystal violet dye from

aqueous solution

It is concluded that magnetic composites were stable under the reaction conditions and

their regeneration/recyclability frequency was possible.

Targeting a clean environment with limited pollution is paramount. The proportion of
the biochar in the magnetic composite is higher than that of the magnetic particles, since
the magnetic particles are used to aid in recovery of the spent adsorbent, which would
otherwise flow, with the treated wastewater. In the context of upscaling, the quantities
of hydrated ferrous and ferric chlorides that would be used to produce the magnetite at a
larger scale, definitely would predictably incur high costs. However, priorities have to
be considered in that an option of a clean environment would warrant use of resources at

any level of cost to actualize.
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4.9 Treatment of dye wastewater using raw fish scales (RFS), Fish Scale Biochars

(FSB), magnetic composites (FSB@Fe304) and activated charcoal

The collected raw wastewater samples exhibited blue colour indicating the possibility of
the presence of indigo carmine and crystal violet dyes. The intensity of the blue colour
varied amongst the sampling sites suggesting different concentrations of the dyes. The
other parameters were equally significantly (P<0.05) different in the five locations. A
summary of the levels of pH, indigo carmine and crystal violet dyes in the characterized
raw and control wastewater samples is presented in Table 4.9a and Figure 4.9a, b, c and

d.
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Table 4.9a: Levels of parameters in the characterized raw wastewater

SAMPLING LOCATIONS
PARAMETERS CV% LSD, P<0.05
A B C D E
pH (Units) 5.054 5.48°¢ 5.42°¢ 7.20° 10.28% 1.81 0.26
Temperature (°C) 24.30? 21.63°¢ 21.97°  22.13 22.13° 0.64 0.26
Colour blue blue blue blue blue - -
Indigo Carmine (mg/L) 259.33° 861.20° 0.744 3.99¢4d 19.82¢ 423 17.64
Crystal Violet (mg/L) 1.75%¢ 3.67° 150.92%  0.61° 2.03b¢ 5.23 3.02

a.b.¢.d Data with different letters are significantly different (P<0.05)
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Table 4.9b: Levels of parameters in the control samples not treated with the adsorbents

SAMPLING LOCATIONS
PARAMETERS CV% LSD, P<0.05
A B C D E
pH (Units) 4.95¢ 5.55° 5.44°  7.18° 1025  1.80 0.25
Indigo Carmine (mg/L)  259.35° 858.98"  0.78¢  4.04°¢  20.10°  4.20 17.60
Crystal Violet (mg/L) 1.72%  3.62°  150.85* 0.65°  2.10%  5.18 2.90

a.b.¢.d Data with different letters are significantly different (P<0.05)
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Figure 4.9a: Levels of pH in the characterized raw and treated wastewaters
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The results of the concentrations of the selected parameters after treatment with the
respective adsorbents are highlighted in Tables 4.9b, ¢ and d, and Figures 4.9a and b. The
pollutant concentrations within the control samples (Table 4.9b) that were not treated with
the adsorbents in the experiment did not exhibit any significant disparity (p<0.05) with the
raw samples (Table 4.9b). The data show that all the adsorbents significantly (p<0.05)
improved the pH levels to WHO permissible confines and reduced the concentrations of
indigo carmine and crystal violet dyes from the wastewater samples in all the locations. The
removal efficiency (%R) of indigo carmine dye ranged from 42.70 % in RFS to 99.74 % in
Activated Charcoal (AC) in location A, 36.37 % in RFS to 99.84 % in AC in location B,
66.84 % in FSB@800 °C-Fe304 to 100 % in AC in location C and 74.22 % in FSB@600 °C-
Fe304to0 100 % in AC in location D, 58.45 % in raw fish scales (RFS) to 99.86 % in activated
charcoal AC in location E. On the other hand, removal efficiency (%R) of crystal violet dye
ranged from 54.15 % in raw fish scales (RFS) to 100.00 % in activated charcoal (AC) in
location A, 56.84 % in RFS to 100.00 % in AC in location B, 52.91 % in RFS to 100.00 %
in AC in location C, 75.49 % in RFS to 100.00 % in AC in location D and 74.22 % in RFS
to 100.00 % in AC in location E. It is also remarkable that all the studied adsorbents recorded
comparable removal efficiencies (%R), except for activated charcoal. The data, therefore,
establish that the adsorbents were effective in the wastewater treatment process. Application
of activated carbon to reduce the colour of textile wastewater samples was found to be
effective (Panhwar et al., 2020). The efficiency of orange peel as an adsorbent for the
removal of dyes from wastewater was investigated (Popuri ef al., 2016) and established the

maximum percentage of colour removal of 47.23, 52.59, 66.34 and 88.04 % for the textile
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dyeing industry effluent respectively under optimum conditions of 90 rpm, 120 min,
adsorbent dosage of 2.5 g/L and pH of 10. The study concluded that adsorption technique is
the most suitable process for treatment of effluent from dyeing industry. In another study by
Elango & Govindasamy (2018), the colour of industrial wastewater was effectively removed
by activated carbon derived from temple waste flowers. In our study, the removal
efficiencies (%R) attained by the adsorbents in the environmental wastewater were higher
than synthetic dye wastewater from the laboratory batch experiments. Konan et al. (2020)
reported a similar observation on adsorption of 2,4-dimethylphenol onto activated carbon.
This observation was attributed to nitrite ions in the wastewater and organic materials

adsorbed onto the adsorbent.

Appropriate disposal of the spent adsorbents is very important since this will ensure that the

environment is not polluted again. In this regard, incineration of the used/spent adsorbents

would be the best option.

178



900

800
= 700
on
£ 600
E 500
Q
5 a0
° 300
>
S 200
= 100 I I

0 PR | [ISSSS—
A B C D E

m Untreated Wastewater m Raw Fish Scale = FSB@600 m Activated Charcoal

Figure 4.9b: Levels of IC dye in the characterized raw and treated wastewaters

160
140

= 120

g

z 100

PR

(=]

(3]

o 60

>

=

> 40

o
20
0 — - —

A B C D E

® Untreated Wastewater B Raw Fish Scale ®FSB@600 ® Activated Charcoal

Figure 4.9¢: Levels of CV dye in the characterized raw and treated wastewaters

179



Table 4.9¢: Performance of adsorbents in improvement of pH and abstraction of indigo

carmine dye from wastewater

PARAMETER LOCATIONS cvo, LSD,
ADSORBENT S A B C D E P<0.05
pH (Units) 6.57° 6879 7.00° 737° 817* 095 0.12

Raw Fish Scale IC (mg/L) 151.79°  563.0°  0.13¢ 0719 825 142 3.74
%R 42.70°  3637% 81.05° 81.44° 5845 044 048

pH (Units) 737°  7.03 6379  7.10°  7.60° 1.09 0.14

Activated Charcoal  1C (mg/L) 0.69*°  1.42*  0.00°  0.00°  0.03* 2294 1.79
%R 99.74*  99.84** 100.00* 100.00° 99.86*° 0.11  0.21

pH (Units) 6.43°  634° 6714  727° 797 107 013

FSB@400 °C IC (mg/L) 130.91° 508.54* 0.02¢ 074  7.02° 1.04 244
%R 50.58¢ 4253 97.05* 80.57° 64.63° 090 1.10

pH (Units) 6379 6.70°  6.73° 723 7.63* 074  0.09

FSB@600 °C IC (mg/L) 127.50" 449.85* 0.02°¢ 0.75¢  556° 0.16  0.33
%R 51.87¢  49.16° 96.64* 80.26" 72.00° 029  0.37

pH (Units) 6274  6.87° 613 733> 753 086 0.11

FSB@800 °C IC (mg/L) 132.46° 456.61* 0.138¢ 0.797¢ 4.87° 1.16 252
%R 50.00¢  48.39°  79.73* 79.12% 7547° 035 042

pH (Units) 6.40¢ 643  657°  697° 7.10° 094  0.12

FSB@400 °C-Fe3O4 1€ (mg/L) 144.5°  518.9*  0.17¢  0.96%¢  541° 202 493
%R 4545¢ 41359 7544* 7485 7275  1.03  1.16

pH (Units) 6.57° 6334  6.17°  7.13  693* 087 0.1

FSB@600 °C-Fe304 1 (mg/L) 136.8°  526.7°  0.197¢ 0.984¢ 581° 134 3.8
%R 48.37°  40.47% 7096° 74.22* 70.75* 049  0.55

pH (Units) 6.539  6.83°  6.73° 7.00° 723 099 0.12

FSB@800 °C-Fe304  1C (mg/L) 1432 526.2*  0.225¢ 0.961¢  6.02¢ 171 420
%R 4596%  40.53°  66.84° 74.81° 69.66° 090  0.97

a b e d e Data with different letters are significantly different (P<0.05); CV% - Percent
coefficient of variation; LSD- least significant difference; pH-hydrogen concentration; IC-
indigo carmine; %R-percent removal

180



Table 4.9d: Performance of adsorbents in abstraction of crystal violet dye from wastewater

Adsorbent PARAMETER LOCATIONS CV% ESp.

A B C D E P<0.05

Raw Fish Scale CV (mg/L) 0.71°  1.56*  72.90° 0.088  045¢ 093 0.6
%R 54159  56.84° 52.91°  75.49°  76.56°  0.29 0.34

Activated Charcoal CV (mg/L) 0.00°  0.00°  0.00°  0.00°  0.00° 0.00 0.00
%R 100.00* 100.00* 100.00*° 100.00° 100.00° 0.00  0.00

FSB@400 °C CV (mg/L) 027°  0.66°  4832* 0.001¢ 0.03¢ 128 023
%R 82.41° 81.73¢  68.79° 99.73*  98.68°  0.18 0.28

FSB@600 °C CV (mg/L) 0.05>¢ 0.07>¢ 48.52*  0.00° 021° 1.04  0.19
%R 96.96°  98.09°  68.65° 100.00* 88.819 040  0.67

FSB@800 °C CV (mg/L) 0.05°  0.04> 5385 0.002® 0.04> 053  0.10
%R 96.50¢  98.89°  65.21° 99.43* 97.65° 0.15 025

FSB@400 °C- Fe304  CV (mg/L) 113>  1.17° 1.31°  2.88 299 884  0.305
%R 80.60¢ 91.78*  68.52° 90.80° 88.64° 045  0.69

FSB@600 °C- Fe304  CV (mg/L) 022°  0.63*  49.59° 0.046° 025 1.15 021
%R 85.58° 82.64¢ 67.97° 87.21* 86.71° 033  0.50

FSB@800 °C- Fe304  CV (mg/L) 023>  0.59°  66.30* 0.062° 036>  1.51 0.37
%R 85.40° 83.72® 57.17° 82.74° 81.339 045 0.64

a b ¢ d e Data with different letters are significantly different (P<0.05); CV% - Percent
coefficient of variation; LSD- least significant difference; CV-crystal violet; %R-percent

removal

It is concluded that the prepared adsorbents were effective in treatment of industrial dye

wastewater.

The contribution that this work presents is the potential application of fish scales in the
remediation of wastewater containing dyes. By using fish scale wastes from the environment

to remove dyes from wastewater, we are simply achieving doubly in terms of pollution

abatement.
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CHAPTER FIVE

SUMMARY, CONCLUSIONS, SIGNIFICANCE OF THE STUDY,
RECOMMENDATIONS AND SUGGESTIONS FOR FUTURE RESEARCH

5.1 SUMMARY

Pulverized raw fish scale, fish scale biochars and magnetic composites were prepared
and characterized for surface charge, functional groups, thermal stability, particle size
and morphology, elemental composition, crystallinity, surface area, absorption peaks and
magnetic properties. The materials were applied as adsorbents for the removal of indigo
carmine and crystal violet dyes from aqueous solutions. The biochars and magnetic
composites performed significantly better than raw fish scales in dye removal. However,
the performance of activated charcoal was still the highest of all the adsorbents assessed.
The percent removal (%R) on the surface of the biochar increased with increase in
adsorbent dosage and initial dye concentration. The fish scale biochar magnetic
composites (FSB@Fe304) were successfully synthesized using co-precipitation method
and characterized for surface charges, optical absorbance, thermal stability, crystallinity,
magnetic properties, surface area, surface morphology and functional groups. The
investigated adsorption conditions revealed that the adsorption rate of indigo carmine
and crystal violet dyes from aqueous solutions onto the adsorbents increased with contact
time, initial dye solution, adsorbent dosage and solution temperature. However, the
optimum adsorption of indigo carmine dye was at lower pH levels while the adsorption
of crystal violet dye was favoured by high pH levels. The adsorption data for indigo

carmine and crystal violet dyes were fitted into pseudo-first order, pseudo-second order,
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1.

il.

1il.

and intra-particle diffusion models to evaluate the kinetics of the adsorption process. The
magnetic composites (FSB@Fe304) were stable under reaction conditions, successfully
recovered and regenerated/recycled. Besides, isotherm modeling for the adsorption of
indigo carmine and crystal violet dyes was evaluated using Langmuir, Freundlich,
Redlich-Peterson, Toth, Hill, Sips and Temkin models. The industrial dye wastewater
was treated with raw fish scales (RFS), Fish Scale Biochars (FSB), magnetic composites
(FSB@Fe304) and activated charcoal under ambient conditions to establish the
efficiencies of the adsorbents in the treatment process.

CONCLUSIONS

Biochar generation from RFS improved the surface properties. Increase in pyrolysis
temperature of RFS increases the thermal stability of the FSB. The generated FSB
were crystalline in nature with the main compound identified being hydroxyl-apatite
(HAp).

Considering the RFS and FSB, FSB@600 °C posted the highest adsorption capacities
(q) for indigo carmine and crystal violet dyes. However, the performance of the
reference material (AC) surpassed all the adsorbents considered in this research.
Fish scale biochar magnetic composites (FSB@Fe3O4) exhibited surface charges.
The optical absorbance data of the three magnetic composites indicated that
FSB@600 °C-Fe304 had the highest adsorption capacity. The thermal stability of the
FSB and FSB@Fe3;04 increases with the increase in pyrolysis temperatures of the
RFS. The data obtained from crystallinity, surface area, surface morphology and

functional groups concluded that the FSB were crystalline in nature, their surface
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properties were improved, and there was successful coupling between FSB and
Fe;04. The magnetic properties confirmed that the spent FSB@Fe3;04 would be
easily recovered from the adsorption system.

The initial indigo carmine dye concentrations of 25 mg/L, 50 mg/L, 75 mg/L and 100
mg/L attained maximum adsorptions after 40 min, 10 min, 40 min and 50 min,
respectively, for FSB and 25, 50, 75 and 100 mg/L reached optimum adsorptions
after 140, 140, 100 and 120 minutes, correspondingly, for FSB-Fe3O4. For crystal
violet dye, maximum adsorptions were afforded after 160 min, 140 min, 140 min and
100 min, respectively, for 25 mg/L, 50 mg/L, 75 mg/L and 100 mg/L for FSB. More
dye molecules were adsorbed at higher initial concentrations than at lower ones.
Optimal adsorbent dosages were 0.10 g, 0.25 g, 0.20 g and 0.20 g per 30 mL,
respectively, for activated charcoal, FSB@400 °C, FSB@600 °C, and FSB@800 °C,
respectively, and 0.20 g, 0.25 g, and 0.15 g for FSB@400 °C-Fe;04, FSB@600 °C-
Fe304, and FSB@800 °C-Fe;04, correspondingly, for the adsorption of indigo
carmine dye. For the adsorption of crystal violet dye, peak dosages were recorded at
0.20 g, 0.20 g, 0.20 g, 0.20 g, 0.20 g, 0.25 g and 0.25 g for activated charcoal,
FSB@400 °C, FSB@600 °C, FSB@800 °C, FSB@400 °C-Fe304, FSB@600 °C-
Fe304 and FSB@800 °C-Fe304, respectively. The optimum pH 2 and pH 8-10 were
favourable for the adsorption of IC and CV dyes, respectively.

The data fitted the pseudo-second-order kinetic equation while the Langmuir
isotherm model presented the best fitting of the seven models considered suggesting

uniformly energetic adsorption sites and monolayer adsorption. Indigo carmine (IC)
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and crystal violet (CV) abstraction from artificial dye wastewater by fish scale
biochars and magnetic composites were endothermic, non-spontaneous, and
physisorption-moderated process involving electrostatic interactions. The
FSB@Fe304 can be regenerated and reused/recycled upto the fifth and fourth cycles,
respectively, for the abstraction of indigo carmine (IC) and crystal violet (CV) dyes.
The magnetic composites were also stable under the considered adsorption
conditions.

The adsorbents recorded significant removal efficiencies, thus, were effective in the

treatment of industrial dye wastewater.

5.3 SIGNIFICANCE OF THE STUDY

Modelling of a novel adsorbent from fish scale biomass has proved that it can aid in dye

pollution remediation and create a clean environment free from the menace caused by

decomposing heaps of fish scales. This study has also availed information on

morphological and chemical properties of the prepared biochars and magnetic

composites, the efficiencies of dye removal, kinetics and mechanisms of dye adsorption.

These are summarized as followed:

ii.

The study has revealed that FSB generated from RFS exhibited improved surface
properties that are important in adsorption of IC and CV from wastewater.

The spent FSB immobilized with Fe3sO4 was easily recovered from the adsorption
system since the resulting FSB@Fe;O4 was stable and exhibited sufficient
magnetic properties. Four and five reusability cycles were recorded for

adsorption of CV and IC dyes, respectively.

185



iil.

The adsorbents posted significant removal efficiencies. This indicated that they

were effective in the treatment of industrial dye wastewater.

5.4 RECOMMENDATIONS

1l

iil.

1v.

Thermal conversion of RFS to FSB is necessary since it improves the surface
properties of the biochars that are required for better results during adsorption
process.

In order to realize better IC and CV removal efficiencies and capacities, biochars
can be used owing to their improved surface properties.

It is necessary to immobilize FSB with Fe3Oj4 since it creates properties that are
necessary for adsorbent recovery after adsorption.

Adsorbent dosages of 0.10 g, 0.25 g, 0.20 g and 0.20 g per 30 mL are
recommended for activated charcoal, FSB@400 °C, FSB@600 °C, and
FSB@3800 °C, respectively, while 0.20 g, 0.25 g, and 0.15 g for FSB@400 °C-
Fe;04, FSB@600 °C-Fe304, and FSB@800 °C-Fes0s, correspondingly, for the
adsorption of 75 mg/L of indigo carmine dye. For the adsorption of crystal violet
dye, the recommended dosages are 0.20 g, 0.20 g, 0.20 g, 0.20 g,0.20 g, 0.25 g
and 0.25 g for activated charcoal, FSB@400 °C, FSB@600 °C, FSB@800 °C,
FSB@400 °C-Fe304, FSB@600 °C-Fe3;04 and FSB@800 °C-Fe;04, respectively,
for the adsorption of 75 mg/L of IC dye. The adsorption studies of indigo carmine
and crystal violet dyes onto fish scale biochars (FSB) and magnetic composites

(FSB@Fe304) should be done at pH 2 and pH 8-10, respectively.
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A temperature of 313 K is recommended to be the most ideal for the adsorption
of IC and CV dyes onto FSB and FSB@600 °C-Fe304.

Immobilizing FSB with Fe3O4 is recommended for easy recovery of the spent
adsorbent since the resulting FSB@Fe3;O4 is stable and exhibit sufficient
magnetic properties. Four and five reusability cycles are appropriate for
adsorption of CV and IC dyes, respectively.

The adsorbents RFS, FSB and FSB@Fe304 can be applied in the treatment of

industrial wastewater containing IC and CV dyes.

5.5 SUGGESTIONS FOR FUTURE RESEARCH

1.

il.

1il.

Survey of properties of biochars prepared from fish scales of other species in
comparison with properties of Tilapia fish scales.

Investigate the influence of ionic strength and rotation speed on the adsorption
capacity of fish scale biochars and magnetic composites.

Evaluation of the efficacy of fish scale biochars and magnetic composites in
remedying wastewater contaminated with pollutants other than dyes, such as
metals, acid radicals such as sulphates, nitrates, phosphates etc., chemical oxygen

demand (COD) and pharmaceutical active ingredients (PAI).
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APPENDICES

Appendix 1a: Nitrogen sorption isotherm for FSB@400 °C
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Appendix 1b: Nitrogen sorption isotherm for FSB@400 °C-Fe304
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Appendix le¢: Nitrogen sorption isotherm for FSB@400 °C-CV
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Appendix 1d: Nitrogen sorption isotherm for FSB@600 °C
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Appendix le: Nitrogen sorption isotherm for FSB@600 °C-Fe304
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Appendix 1f: Nitrogen sorption isotherm for FSB@800 °C
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Appendix 1g: Nitrogen sorption isotherm for FSB@800 °C-Fe;04
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