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SUMMARY

High levels of pollutants in water are found to have poisonous effects on human health. Due to
increasing awareness about the environment and strict environmental regulations, wastewater
treatment has become a very important aspect of research. Thus, this makes the adsorption of
pollutants an urgent matter. The aim of this research was to investigate the adsorption capacity
of black cumin seeds in the removal of cobalt-Co(ll), nickel-Ni(ll), copper-(I1), chromium-
Cr(V1), lead-Pb(lIl), and methylene blue (MB) dye from aqueous solution. In this research work
the black cumin seeds were reacted with sodium hydroxide (NaOH), hydrochloric acid (HCI),
phosphoric acid (H3POs), potassium permanganate (KMnOs) and sulfuric acid (H2SOs).
Thereafter it was carbonized at 200 and 300 °C and functionalized with magnetite-sucrose
nanoparticles and further carbonized at 600 °C to improve the adsorption capacity of the

materials towards different pollutants.

The seeds were characterized by scanning electron microscopy (SEM), thermogravimetric
analyser (TGA), X-ray diffractometer (XRD), Brunauer, Emmett and Teller (BET) and Fourier
transformed infrared (FTIR) spectroscopy. The SEM images showed that the surface
morphology of the treated adsorbents was more porous and had cavities more than the starting
material. The TGA profile showed a major weight loss between 198-487 °C which was due to
disintegration of cellulose, lignin and hemicellulose. The XRD spectra of adsorbents showed
broad peaks at 20 value of 21° associated crystalline lignocellulose content. FTIR results
showed that the adsorbents had functional groups such as hydroxyl (-OH), carboxyl (-COOH),
amide (-NH) and carbonyl (-C=0). The BET surface area of pristine black cumin seeds was
2.7 m?/g and increased after treatment with KMnOs and HsPOs to 10.1 and 9.3 m?qg
respectively. The surface area of the carbon black cumin seeds was 11.67 m?/g whilst the

activation of carbon from black cumin seeds with 10 and 20% H>SO4 gave the surface area of



20.14 and 21.54 m?/g respectively. The seeds activated with 20% H2SO4 showed larger pore
width of 7.13 nm compared to 6.81 and 3.78 nm after treatment with 10% H>SO4 and carbon
black cumin seeds respectively. The results show that there is an increase in surface area and

pore size for both 10 and 20% H2SO4 in comparison with carbon black cumin seeds.

The adsorption of Co(ll), Ni(ll), Cu(ll), Cr(VI) and Pb(Il) and MB in the solution was
investigated by studying the effect of initial concentration, contact time, temperature and pH.
The batch adsorption experiments were conducted using different ion solution concentrations
of 20, 40, 60, 80 and 100 mg/L, contact time was determined at intervals of 1, 5, 10, 15, 20,
30, 60, 90 and 120 min, while temperature was studied at 298, 303, 313, 333 and 353 K. On
the other hand, the effect of pH on all solutions was studied at pH 1, 3,5,7 and 9. The results
showed that the acid treated black cumin seeds (AT-BCS) and base treated black cumin seeds
(BT-BCS) were successfully used for quaternary adsorption study of Cu(ll), Co(ll), Pb(ll) and
Ni(Il) ions from aqueous solution. The results for the adsorbents indicated that the BT-BCS
adsorbed more metals than AT-BCS and the UT-BCS. The maximum capacity for BT-BCS
was 190.7 mg/g for Cu(ll) whilst AT-BCS and UT-BCS showed capacities of 180.1 and 135

mg/g respectively for Pb(ll).

The uptake of Cr(VI) and Cd(lIl) ions onto pristine black seeds (PBS), KMnOa black seeds
(KMBS) and H3POg4 black seeds (H3BS) treated adsorbents showed that the trend for Cr(\V1)
ions was KMBS>H3BS>PBS with capacities of 16.12, 15.98 and 10.15 mg/g respectively.
Meanwhile the adsorption of Cd(ll) ions showed maximum capacities of 19.15, 19.09 and
16.80 mg/g for KMBS, H3BS and PBS respectively. Carbon from black cumin (CBC) seeds
was modified with 10 % and 20 % sulfuric acid (H2SO4) then carbonized at 200 °C to obtain

the activated adsorbents of ACBC-10 and ACBC-20. The new adsorbents were used for the
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adsorption of Cd(1l) and methylene blue (MB). The adsorbents maximum trend for Cd(Il) was
ACBC-10>ACBC-20>CBC meanwhile the trend for methylene blue (MB) dye was ACBC-
20>ACBC-10>CBC. The overall capacities showed that the prepared materials adsorbed more
MB dye (16.42 mg/g) than Cd(Il) ions (13.65 mg/g). The preparation of carbon from black
cumin seeds (BCC) and activation with 10 and 20 % sulfuric acid (H2SOa) at 300 °C to obtain
new adsorbents namely (BCAC-10) and (BCAC-20) respectively was used for the adsorption
of Pb(ll) ions and MB dye from aqueous solution. The maximum adsorption of Pb(ll) ions was
17.19, 17.71 and 17.98 mg/g onto BCC, BCAC-10 and BCAC-20 respectively. Whilst for MB
dye it was 11.63, 12.71 and 16.85 mg/g onto BCC, BCAC-10 and BCAC-20 respectively. The
utilization of pristine Nigella Sativa (PNS) and magnetite-sucrose functionalized Nigella Sativa
(FNS) seeds as the adsorbents for the uptake of Cr(VI) and Pb(Il) ions from synthetic
wastewater revealed that the maximum adsorption capacities for Cr(\VI1) were 15.6 and 13.0
mg/g onto PNS and FNS composites respectively at pH 1. On the hand, the maximum sorption

capacities for Pb(Il) ions were 39.7 and 37.9 mg/g onto PNS and FNS respectively at pH 5.

The sorption study of Cr(V1), Cd(Il) ions and MB dye by pristine Nigella Sativa (PNS) seeds,
defatted and carbonized Nigella Sativa seeds from aqueous solution was investigated. The PNS
seeds were treated using acetone (then named ANS) and N,N dimethylformamide (named
DNS). The defatted ANS and DNS adsorbents were carbonized at 600 °C and named CANS
and CDNS. The results of pristine, defatted and carbonized seeds maximum capacities were
compared with each other and found that CANS had highest adsorption capacity of 99.82 mg/g
for MB, 96.89 mg/g for Cd(Il) and 87.44 mg/g for Cr(V1) followed by CDNS with 93.90, 73.91
and 65.38 mg/g for MB, Cd(ll) and Cr(V1) respectively. ANS capacities were 58.44, 45.28
and 48.96 mg/g whilst DNS capacities were 48.19, 32.69 and 34.65 mg/g for MB, Cd and

Cr(V1) respectively. PNS had the lowest sorption capacities at 43.88, 36.01 and 19.84 mg/g for
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MB, Cd and Cr(V1) respectively. Therefore, this makes black cumin seeds a promising material

for use in wastewater treatment to mitigate metal ions and dye pollution.

Keywords: adsorption, composite, kinetics, isotherms, equilibrium, ANS, DNS, CANS, BCC,

BCAC-10 and BCAC-20
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CHAPTER 1: INTRODUCTION

1.1 Background

Clean water is important in order for life to be continued on earth, however, the world is facing
a challenge due to less availability of fresh water (Dargahi et al. 2016b; Rajasulochana &
Preethy, 2016). The development of industries such as metal plating, leather tanning, surface
finishing, mining, paper producing, smelting, dyeing and others, have shown an increased
number of effluents containing chemical substances particularly metal ions being directly or
indirectly released into the environment and also into freshwater (Song et al. 2016; Ali et al.
2019). An increase in such activities has caused the discharge of enormous amounts of
hazardous pollutants into aqueous systems. Therefore, these accumulated pollutants or toxins
in water has become a potential hazard to ecological environments and health (Zhang et al.

2019; Ketsel et al. 2020).

There are different conventional methods of treatments for wastewater and contaminated water.
Adsorption is a non-conventional method that has proven to be the best compared to the
conventional methods (Tripathi & Ranjani, 2015). Conventional methods are expensive,
processing cost is high, they do not have the ability completely remove metal toxic ions, uses
high energy and has the ability to generate toxic sludge (Essomba et al. 2014). Of these,
adsorption technique is effective for removing contaminants at low levels because it uses
inexpensive materials as adsorbents, less requirement of control systems, easy design, versatile
and simple (Matos et al. 2017; Ouma et al. 2018). This makes adsorption an economical and

favourable technology for the removal of toxic ions from wastewater.



Adsorption is a process of mass transfer method which involves the accumulation of substance
at the interface of two phases, namely; gas-solid or liquid-solid interface, liquid-liquid and gas-
liquid (Babalola 2018). There are certain processes involved in the adsorption process and Fig.
1 shows the main process involved. The properties of both the adsorbent and adsorbate are
specific and depend upon their individual constituents (De Gisi et al. 2016). The adsorbate is
the substance that is being adsorbed and is transferred from one phase to another whilst the
adsorbent is the material on which accumulation occurs. Adsorption is categorised into two
types namely: (1) physical adsorption, where there is attraction between the adsorbate and
adsorbent through the Van der Waals interactions in which case the resulting process is
reversible and (2) chemical adsorption is as a result of chemical reactions between the
adsorbate and the adsorbent which leads to the formation of covalent or ionic bonds (Tyagi et

al. 2017; Moon & Palaniandy, 2019).
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Figure 1: Schematic presentation of the adsorption process (Moon & Palaniandy, 2019)




The importance of adsorption in water treatment for pollution control has been well emphasized
in literature. Adie et al. (2012); Carolin et al. (2017), stated that the use of adsorption for
separation of pollutants from mixtures has been endlessly increasing and that the main
advantages of adsorption are high capacity of the adsorbent for pollutants even at low
concentration and high selectivity compared with other separation techniques. Carolin et al.
(2017), further mentioned that adsorption does not produce toxic pollutants. Many toxic metals
have poisonous effects at high concentration (Kumarasinghe et al. 2009). The presence of toxic
metals in effluents and industrial wastewater has become a great concern due to their high

toxicity and adverse accumulation characteristics (Bargat et al. 2014).

In the same context, the dyes are also regarded as harmful pollutants due to their different use
in several industries such as printing, textile, food processing, leather tanning, cosmetics,
plastics, rubber and dye manufacturing industries (Yazidi et al. 2020). The existence of dyes in
textile wastes and effluents can also cause serious environmental effects and human health risks
when they are released without proper treatment (Qiu et al. 2017; Siyal et al. 2018). Literature
have shown that dyes such as methylene blue (MB), heavy metal ions such as nickel [Ni(11)],
cadmium [Cd(ID)], lead [Pb(ll)] and cobalt [Co(ll)] are priority water pollutants (Shajahan et
al. 2017). Other metals ions include copper [Cu(ll)] and chromium [Cr(V1)]. Hence, in the
present study the adsorption of toxic metal ions namely; cobalt [Co(l1)], nickel [Ni(Il)], copper
[Cu(ll), chromium [Cr(V1)], cadmium [Cd(II)] and lead [Pb(I1)] as well as methylene blue dye

(MB) were investigated and their health effects are discussed in the following section.



Cobalt

Cobalt (Co) is a very toxic metal ion contained in compounds that are widely used in many
industrial applications such as electroplating, mining, paints, metallurgical, pigments and
electronic (Prabakaran & Arivoli, 2013; Tizro & Baseri, 2017). Additionally, Co may also be
used for food irradiation, radiation source for medical radiotherapy (Liu et al. 2019) and dyes
(Huetal. 2018). The derivative of cobalt is also used to fabricate high-strength alloys, industrial
catalysts and new energy batteries (Liu et al. 2019). The presence of cobalt ions in the
environment leads to several health troubles such as low blood pressure, vomiting, nausea,
heart failure, vision problems, sterility, thyroid and liver damage, hair loss, bleeding, diarrhoea,
bone defects and may also cause mutations (genetic changes) in living cells (Nadaroglu &
Ekrem Kalkan, 2012). The permissible limits of cobalt in the livestock wastewater and
irrigation water are 1.0 and 0.05 mg/L, respectively (Sayadi et al. 2014). So, the effective
removal of Co(ll) from the aqueous solution is necessary for human and the environmental

protection.

Nickel

Nickel with atomic number 28 is an element of environmental concern (Hummel & Curti,
2003). Ni(Il) belongs to the group of most toxic metal ions such as Cd(lIl), Co(ll), Zn(ll),
Hg(ll), Cu(Il) and Pb(Il) which are subjected to concentration restrictions in drinking water
(Islam et al., 2018; (Dehghani et al. 2019). Nickel is referred to as one of the most significant
toxic metals used in various industries namely; chemical fertilizers, as cars exhaust, food
products, super phosphates, industrial waste hydrogenated oils, nuclear tests, stainless steel
industry and so forth (Carolin et al. 2017). Ni(ll) is a non-biodegradable and is prone to

accumulate in living creatures and can cause several health events such as dizziness, headache,



chest pain, nausea, cyanosis, rapid respiration, cancer, cardiovascular and kidney diseases
(Mahmoud et al. 2017; Islam et al. 2019). Environmental Protection Agency (EPA)
recommended limit for Ni(ll) concentration should not exceed 0.015 mg/L in drinking water
(Hannachi et al. 2010). Therefore, it is very important to remove and treat wastewater with

Ni(Il) before the release to the environment.

Copper

In order for our bodies to function properly copper ions Cu(ll) have to support certain enzyme
systems (Festa & Thiele 2011) and does crucial work in animal metabolism (Nassef et al.
2017). But excess of Cu(ll) is hazardous to human health and the environment because it has a
tendency to accumulate in the brain, eyes, liver and leads to Wilson disease (Ganey et al. 2000).
Cu(ll) ion is listed in the eleven hazardous priority substances of pollutants (Rozada et al.
2008). Cu and its compounds if released into the water, the copper that dissolves can be carried
in surface water as free copper or in the form of copper compounds or most likely, copper can
bind to suspended particles in the water (Torres-Caban et al. 2019). Excessive intake of Cu can
cause problems to the liver, kidney, gastrointestinal; central nervous system damage; severe
headaches, nausea and alopecia (Rozada et al. 2008; Brewer 2010). Environmental guidelines
require surface water to contain less than 0.1 ppm Cu (Kettum et al. 2018). Therefore, the

control and the removal of Cu(ll) ion from wastewater before it is discharged it imperative.

Chromium

Chromium has three forms common oxidation states in its compounds namely; (1), (111), and
(V1) (Dehghani et al. 2016a). Cr(VI) in the environment has a 100 times higher toxicity
compared to Cr(ll1) (Miretzky & Cirelli, 2010; Barsainya et al. 2016). Chromium is used in

industries such as leather industries, fungicides, tanning, crafts, glass, manufacturing
5



industries, pigments, ceramics, photography, catalyst and electroplating industry (Yeu et al.
2009; Dehghani et al. 2016b). With Cr(VI) being the most toxic amongst other chromium
oxidation states it can cause genomic dysregulation, cancer, skin and stomach tumors, lung
cancer and osteoblasts functions. (Cerveira et al. 2014; Haney et al. 2014). World Health
Organisation (WHO) has set its regulations of total chromium at 0.05 mg/ L (USEPA, 2012)
meanwhile the United States Environmental Protection Agency (USEPA) has established the
maximum contaminant limit of total chromium in drinking water as 0.1 mg/L. Thus, the
removal of chromium(V1) from wastewater is tremendously important before its discharge into

the aquatic system.

Cadmium

Cadmium [Cd(ID)] is regarded as an element of high toxicity and can cause serious damage to
the bones and kidneys (Carolin et al. 2017; Uddin 2017). When cadmium accumulates in the
body it can have additional effects such as; renal dysfunction, hypertension, lung damage,
cancer, liver disease and abnormal physiological development (Kim et al. 2015; Noh et al.
2017). The addition of cadmium to the environment is introduced by human activities, such as
electroplating, electrolyzing, alloy preparation, metal mining, cement preparation, synthesis of
pigments, petrochemical industries, battery production and many others (Awual et al. 2018).
The maximum allowable concentration by WHO of cadmium in drinking water is 0.003 mg/

L.



Lead

Lead [Pb(Il)] is the most significant toxin of the trace metal ions and human contact to the
inorganic forms is through inhalation, water and food ingestion (Moyo et al. 2013). The above-
mentioned form affects the peripheral nervous system and haematopoietic, renal,
cardiovascular, reproductive systems and gastrointestinal (Beltrame et al. 2018; Nkutha et al.
2020). Also, accumulation of lead in the human body may cause certain damage to the brain
(leading to a decline in learning and memory), causing genetic mutations and affecting bone
metabolism (Googerdchian et al. 2018; Kenawy et al. 2018). Lead gets released into the
environment through melting, mining, paints, galvanizing and industrial metallurgical
processes, from batteries, lead piping, ceramics and munitions (Wongrod et al. 2018; Seema et
al. 2018). Lead precipitates in the form of Pb phosphates and Pb sulphates because of their low
solubility and availability (Akhtar et al. 2013). The maximum contaminant level of lead in
drinking water allowed by the Environmental Protection Agency (EPA) and the World Health
Organization (WHO) is 0.05 mg/dm (Mahmud et al. 2016). Therefore, it is essential to remove

lead from wastewaters before releasing into the natural water streams.

Methylene Blue (MB)

Ramabrahmam (2016) indicated that dyes are aromatic molecular structures which are
estimated to be firm, steady and as a result, are difficult to degrade. Synthetic dyes have been
extensively useful in many technological areas which include the textile industry, photo
electrochemical cells, leather tanning, food technology, hair colouring products and paper
production (Luo et al. 2017; Hoong & Ismail, 2018). Based on research studies, it is projected
that 280,000 tons of textile dyes are discharged every year from the textile industry as effluent
worldwide, making it the first place in the usage of dyes among various industries (Frindt et al.

7



2017). So, discharging of effluent from the above-mentioned industries into receiving water
bodies becomes a major environmental problem since most of dyes have toxic effects on the
aquatic life, as well as carcinogenicity and mutagenicity for human beings (Duman et al. 2016).
Dyes are generally classified as cationic, anionic and non-ionic depending on the ionic charge
on the dye molecules with cationic dyes being more toxic than anionic dyes (El-Sayed 2011).
Methylene blue (MB) is one of the cationic dyes that has shown to have harmful effects on
living organisms on short periods of exposure (El-Sayed 2011). MB is used in food industries,
pharmaceutical industry, medicine, pulp and paper industries as well as textile industries
(Edokpayi et al. 2019). Extended period exposure to MB can cause anaemia, high fever,
headache, chest pain, confusion, nausea and vomiting, hypertension and blue skin (Foo et al.
2012). Therefore, for these reasons it is important to treat industrial effluents containing dyes

prior to their discharges into the environment.

1.2 Problem statement

The challenge facing industries is to find ways of disposing effluent safely. Industry effluents
contain toxic metal ions and dyes that are disposed in the environment posing serious threat to
humans and other organisms (Ahmad & Haseeb, 2014). Toxic metal contaminants are not
susceptible to biological degradation (Saleem et al. 2016). It is therefore important to use a
method that can remove toxic ions from effluent water. Adsorption, a non-conventional method
is the most promising technique because it is sustainable, affordable and effective method.
Various adsorbents such as activated carbon, zeolites and many others have been used for the
removal of toxic metals ions from aqueous solutions. In this work, black cumin seeds (BCS),
a non-conventional, highly abundant, inexpensive, biologically favourable, and eco-friendly

adsorbent has been chosen for the removal toxic pollutants in aqueous solutions. BCS have a



number of oxygenous groups (carboxyl, hydroxyl and amines) at the surface which makes them

advantageous for adsorption applications.

1.3 Aim

To investigate the adsorption capacity of BCS by removing cobalt [Co(ll)], nickel [Ni(I1)],
copper [Cu(l1)], chromium [Cr(V1)], lead [Pb(I1)], cadmium [Cd(I1)] and methylene blue (MB)

dye from aqueous solution.

1.4 Objectives

(a) To determine the phsysico-chemical properties of the untreated black cumin seeds (UT-
BCS), acid treated (AT-BCS) and base treated (BT-BCS) using SEM, TGA, XRD and

FTIR spectroscopy.

(b) To conduct simultaneous (quaternary) adsorption of cobalt [Co(I)], nickel [Ni(11)],
copper [Cu(ll)] and lead [Pb(I1)] using UT-BCS, AT-BCS and BT-BCS while varying

time, pH, temperature and concentration.

(c) To activate black cumin seeds by potassium permanganate (KMnQOs) and phosphoric
acid (H3POs) for the removal of chromium Cr(VI) and cadmium Cd(Il) ions from

aqueous solution by varying time, pH, temperature and concentration.

(d) To activate BCS using sulfuric acid and carbonize the activated seeds at different
temperatures (200 and 300° C) and conduct single adsorption of MB, Pb(ll) and Cd(ll)

under different parameters (temperature, concentration, time and pH).
9



(e) To functionalized black cumin seeds using sucrose and iron oxide to form composites
for the removal of Cr(VI) and Pb(ll) ions in aqueous solution. Thereafter, conduct

adsorption studies under different parameters (temperature, concentration, time and

pH).

() To modify black cumin seeds using different solvents such as acetone and N,N
dimethylformamide (DMF) and carbonize the seeds at 600° C for the sorption MB,
Cd(I1) and Cr(VI) while varying parameters such as temperature, concentration, time

and pH.

(9) To determine the point of zero charge (pHpzc) of the UT-BCS, AT-BCS, BT-BCS,

functionalized and activated adsorbents.

(h) To determine the reusability of the UT-BCS, AT-BCS, BT-BCS, modified and the

carbonized seeds.

() To conduct adsorption Kinetics, isotherms and thermodynamics of Co(ll), Ni(ll),

Cu(ll), Cr(VI) and Pb(ll) ions and methylene blue.

10



1.5 Purpose of the research

Different researchers have used black cumin (Nigella Sativa L.) seeds for uptake of different
toxic metal ions and dyes. However, there is no study of quaternary ions of Co(ll), Ni(ll),
Cu(ll), and Pb(Il) using UT-BCS, AT-BCS and BT-BCS on the adsorptive capacity of these
seeds. In addition, there has been no work on defatted black cumin seeds using acetone and
DMF for the adsorption MB, Cd(Il) and Cr(\V1). Also there has been limited research on single
metal ions adsorption using black cumin seeds. Hence this research will explore the efficiency
of black cumin adsorbents. The focus of this research is to modify black cumin seeds via
chemical methods and to assess their adsorption capacity. The adsorption capacity of the seeds
will also be investigated using different chemical conditions. The modified black cumin seeds
together with activated carbons will also be used to remove pollutants (toxic metal ions) and

methylene blue dye from aqueous solution.

1.6 Outline of the thesis

This thesis is made up of a number of chapters and they are explained below:

Chapter 1

This chapter give a brief background of waste water problems in general and toxic metals
pollution. This is followed by problem statement, aim, objectives and purpose of the study is

also discussed in this chapter. The chapter closes with the dissertation outline.
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Chapter 2

Chapter 2 review the literature of different wastewater technologies and methods used globally
for removal of toxic metals. Then an outline of different available adsorbents and their
treatment is also discussed. The effects, health hazards and acceptable specifications on the

studied metals toxic ions are discussed in this section.

Chapter 3

This chapter discusses the experimental materials, the preparations of adsorbents and the
method used for the adsorption of toxic metals ions and dye from aqueous solution. The
experiments were conducted using the most generally used batch system. The last section

concludes by showing different instruments used during characterization.

Chapter 4

This chapter investigates the adsorption of quaternary metal ions Co(ll), Pb(Il), Cu(ll) and
Ni(Il) using the acid treated AT-BCS, alkaline treated (BT-BCS) and untreated treated (UT-

BCS) black cumin seeds.

Chapter 5

This chapter studies the effect of potassium permanganate (KMnOs) and phosphoric acid
(H3POs) as activating agents for the removal of Cd(ll) ions and Cr(VI) ions from aqueous
solution. Kinetic studies and isotherms were investigated in order to understand the behaviour

of adsorbents and the removal mechanisms involved in the adsorption process.
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Chapter 6

This chapter discusses the results obtained from activating the black cumin seeds with 10 %
and 20 % of sulfuric acid (H2SO4) and carbonizing them at 200 °C. The results of the
carbonized black cumin seeds were compared with the chemical activated seeds. The different

adsorbents were used for adsorptive studies of Cd(ll) ions and MB dye.

Chapter 7

The specific aim of this chapter is to prepare carbon at 300 °C from black cumin seeds
thereafter, activate them with 10 % and 20 % (H>SO4) and then use them for the adsorption of
Pb(I1) ions and MB dye. The carbon-based and the two activated adsorbents are compared with

each other using different parameters.

Chapter 8

The purpose of this chapter is to make a composite by functionalizing black cumin seeds with
sucrose and iron oxide. The results of the iron oxide-sucrose functionalized black cumin seeds
are compared with raw black cumin seeds. The raw and the modified black cumin seeds are

used for the removal uptake of Cr(\V1) and Pb(Il) ions.

Chapter 9

In this chapter the sorption study of Cr(\V1), Cd(ll) ions and MB dye is conducted using acetone

and DMF to treat the black cumin seeds. The defatted seeds are further carbonized at 600 °C.

13



The results of raw, defatted and carbonized seeds are compared with each other using pH,

contact time, initial concentration and temperature.

Chapter 10
This chapter provides the main conclusions from the dissertation, the contribution of the work

and some recommendations for further study.
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CHAPTER 2: LITERATURE REVIEW

2.1 Environmental Pollution

A common feature of industrial effluents is that they almost always contain harmful toxic
metals (Aba-aaki et al. 2013). According to Ketsela et al. (2020), water used in industries
creates a wastewater that has a probable hazard for the environment because of introducing
various pollutants such as metal toxic ions into soil and water resources. Therefore, to protect
the environment, the maximum level of toxic metals must be restricted. Toxic metals ions can
accumulate in the environment and spread to organisms through chain elements such as food

chain and thus may pose a substantial health danger to organisms (Oljira 2016).

2.1.1 Water pollution

Water is one of the most important materials on earth (Sharma & Tyagi, 2013). All human
beings, animals and plants need water to survive. If there is no water there would be no life on
earth. It covers about 71% of the Earth’s surface and is important for all known forms of life
(Rajasulochana & Preethy, 2016). But only 2.5% of the Earth’s water is fresh water. Due to
fast growing industrialization, enormous volumes of wastewater contaminated with toxic ions,
get released into environment and this valuable resource is used for irrigation (Khamis et al.
2009). Therefore, the risk of this polluted water consumption and its sanitation problem is
increasing day to day (Rajasulochana & Preethy, 2016). As it is known that water scarcity is a
problem, as such water pollution has significant negative influence on human livelihoods,
economic development and environmental quality throughout the world. Hence, it has become

a crucial to protect the water from getting polluted.
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2.1.2 Metal and dye pollution

The disposal of effluent with toxic metal-rich ions from industries without treatment to the
natural aquatic bodies and to the environment are a matter of great scientific concern (Dargahi
et al. 2016). Most of the metals ions are known to be toxic and those include copper-Cu(ll),
chromium-Cr(VI1), cadmium-Cd(ll), lead-Pb(l1), nickel-Ni(Il), mercury-Hg(lll), silver-Ag(l)
and zinc-Zn(Il) (Essomba et al. 2014) and they get released into the environment in amounts
that pose a risk to human health. Toxic metal ions are non-biodegradable and tend to
accumulate in living organisms causing various diseases and disorders (Ali et al. 2019).
Therefore, the reduction of the pollution to an acceptable level is necessary especially when

toxic metals ions are present in solution.

The textile industry is also a major pollutant producer due to the usage of dyestuff (Aichour et
al. 2019). and they are generally employed in the dyeing of products (Regti et al. 2017; Deniz
& Kepekei, 2017). An excessive wastewater amount containing dyes discharged without any
decontamination can lead to serious health and environment issues (Husain et al. 2014).
Methylene blue dye (MB) is used in different industries and it was stated that methylene blue
dye has no dangerous effect when it is used as a medicinal product (Rafatullah et al. 2010).
Methylene blue is not strongly hazardous, but it still has a harmful effect on living organisms
when occurring at high concentration in water (Aichour et al. 2019). It is further mentioned

that it dissociates into a cation and a chloride anion in aqueous solution.

2.2 Water Remediation Techniques

Conventional treatment procedures are commonly used for the elimination of metal ions from
industrial wastewater. These methods include; chemical precipitation, membrane filtration

technology, ion exchange, electrodialysis, coagulation and many others. These conventional
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methods are expensive because the materials used are not cost effective and generation of toxic
sludge as by-product is often ineffective for the sequestration of toxic metal ions from industrial
wastewater (Ketsela et al. 2020). These technologies for toxic metal’s removal from
wastewater are ineffective (Bardestani et al. 2019). Due to the problems mentioned above
adsorption has been regarded as a cheaper method because it uses low-cost materials, efficient
at low concentration of cations and easy operation with no environmental side effects (Richards

et al. 2019). The details of the all techniques are discussed in the following sections.

2.2.1 Chemical precipitation

Chemical precipitation involves the addition of chemical reagents followed by the separation
of the precipitated solids from the treated water (Lakherwal 2014). Coagulants such as alum,
lime, iron salts and other organic polymers are added in order to precipitate the heavy metals.
These coagulants react with heavy metals and thereafter form insoluble precipitates (Agrwal
& Singh, 2017). These precipitates are removed using sedimentation and then the clear water
is decanted. The disadvantage of this method is that it produces a lot of sludge. It is useful in
cases when the concentration of heavy metals is high and less effective for low heavy metal

concentration (Agrwal & Singh, 2017).

2.2.2 Membrane filtration technology

This method uses filtration processes with different types of membranes such ultrafiltration,
reverse osmosis, microfiltration, nanofiltration and electrodialysis (Fu & Wang, 2011). The
aim of this method is to separate the heavy metal ions salts from water using selective
membranes (Algureire & Abdulmajeed, 2016). The main disadvantage of this technique is the

high cost of the membrane (Agrwal & Singh, 2017).
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2.2.3 lon exchange

lon exchange involves the attraction of soluble ions from liquid phase to solid phase (Gunatilate
2015). This is the main method used for water treatment. lon exchange resins are organic
materials which are used as ion exchangers in this process. They are insoluble in water and
absorb positively or negatively charged ions from an electrolyte solution and then release other
ions of the same charges into the solution in an equal amount (Gunatilate 2015). The positively
charged ions (hydrogen and sodium ions) in resins are exchanged with positively charged ions
such as nickel, copper and zinc ions in water. Then negative ions (hydroxyl and chloride ions)
in the resins are replaced by the negatively charged ions, the chromate, sulphate, nitrate,
cyanide and dissolved organic carbon. It is said that this process is used only for low
concentrated metal solutions and is sensitive to the pH of the solution. Other disadvantages

include resin fouling and resin regeneration cost (Agrwal & Singh, 2017).

2.2.4 Electrodialysis

Electrodialysis is an electro-membrane procedure which involves the transport of ions from
one solution to another through membrane under the influence of a potential gradient (Ciafalo
et al. 2019). The applied voltage across the two electrodes create the potential field necessary
for electrodialysis to operate, charged ions are driven through the membranes made from ion
exchange materials (Babalola 2018). The membranes are selective and hence they can transport
ions with negative or positive charge and reject oppositely charged ions (Babalola 2018). As a
result, dialysis can be used for determined concentration and separation or elimination of ions
(Akpor & Muchie, 2010). Electrodialysis still remains cost intensive stand-alone operation
mode (Roman et al. 2019). Its development has been stagnated for some time due to poor

performance of the membrane (Tian et al. 2020).
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2.2.5 Coagulation

Coagulation is the water treatment process which is generally used in drinking water treatment
process (Tang et al. 2014). It is also the most studied process to remove heavy metals ions in
water for pollution control. In the flocculation process or coagulation process, the chemicals
(coagulants or flocculants) are added into water for removal of heavy metals. Several factors
have been found to affect the removal of heavy metals by coagulation. These include the type
of coagulant used, pH, dosages, and concentration of metal ions (Tang et al. 2014). Aluminium
sulfate (alum), polyaluminium chloride (PACI), ferric chloride and hydrated lime are used
extensively as coagulants in water and wastewater treatment (Pang et al. 2011). The
disadvantages of this method are the high cost and large consumption of a large amount of

chemicals (Agrwal & Singh, 2017).

2.2.6 Adsorption

Adsorption is a physicochemical process that occurs at the solid-liquid interface and can
remove toxic metal ions and dyes from industrial effluent effectively and efficiently (Bellir et
al. 2013). Adsorption is a promising method of separating and purifying heavy metals because
it has significant advantages such high efficiency in removing very low levels of toxic metals
from dilute solutions, easy handling, lower operating cost, high selectivity, it does not produce
harmful chemicals or sludge and adsorbents can be regenerated (Yarkandi 2014; Agrwal &
Singh, 2017). The performance of previously mentioned conventional methods (section 2.2.1
to 2.2.6) are generally acceptable but they have several drawbacks; they cannot work very well
in treating toxic metal ions and dyes at elevated concentrations (Rajasulochana & Preethy,

2016).
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Adsorption is one of the best water treatment technologies that have been used extensively for
the uptake of toxic metal ions from wastewater (Daci-Ajvazi et al. 2016). Therefore,
continuously increasing demand for raw materials and the limited availability of natural
resources has created a demand to investigate possible affordable materials that can be used as
adsorbents for toxic metal ions. Adsorption may have disadvantage such as high investment
and cost of materials however this is only applicable when commercial activated carbon is
used. Therefore, in this study Black Cumin Seeds (BCS)-Nigella sativa L. have been selected

as the material that was used for adsorption of toxic ions in aqueous solution.

2.2.6.1 Adsorption processes

Adsorption can be carried out as a semi batch, batch and continuous processes (Mathew et al.
2016). When small quantities are to be treated, batch processes are usually carried out and the
equilibrium distribution depends on the contact time in batch process (Mishra & Tripathi,
2008). Adsorbates (pollutant/toxic metal ions) and adsorbents (materials) experience certain
attractive forces which bind them and these forces are due to VVan der Waals forces which are
weak in nature or they may bind due to chemical bonds which are strong in nature (Mathew et
al. 2016). Adsorption is categorized into two catogaries based on attraction and the strength of
force predominant between adsorbate and adsorbent namely: physical adsorption and chemical

adsorption.

Physical adsorption is also known as physisorption, it happens when the attractive forces
present between adsorbate and adsorbent are due to Van der Waals forces (Esfandiari &
Monajjemi, 2013). Physisorption has also low enthalpy (AH®) values of adsorption which are
between 2.1 to 20.9 KJ/mol (Aichour & Zaghouane-Boudiaf, 2019). This usually occurs with

development of multilayer of adsorbate on adsorbent and this phenomenon decreases with an
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increase in temperature and usually takes place at a lower temperature (Mathew et al. 2016).
Chemical adsorption is also known as chemisorption, it takes place when the attractive forces
between the adsorbate and adsorbent are chemical forces of attraction or via chemical bonding
(Mathew et al. 2016). Here only a monolayer (single) formation of the adsorbate onto the
adsorbent takes place and there is usually high enthalpy of adsorption with (AH®) adsorption
values between 20.9 to 418.4 KJ/mol (Aichour & Zaghouane-Boudiaf, 2019). In this
mechanism, the adsorption first increases and then decreases with a rise in temperature

(Mathew et al. 2016).

2.3 Various types of adsorbents

Selecting the most capable type of biomass from a numerous huge pool of readily accessible
and cheap biomaterials is the first most important challenge for the biosorption field and full-
scale sorption process requires materials which have high metal binding capabilities (Mathew
et al. 2016). It is further indicated that these biosorbent materials have been established, tested

and reported to bind a variation of toxic metals to different extents.

2.3.1 Adsorption using activated carbon

Activated carbon (AC) is the most effective sorbent material for removing toxic metal ions
from an industrial effluent and wastewater from municipal, landfill leachate and contaminated
groundwater (Babalola 2018). Activated carbon is used in applications primarily related to
toxic species removal through adsorption in liquid phase (Danish et al. 2018). The adsorption
helps not only in the removal of unwanted toxic species from gas or liquid but also capable of

recovering the adsorbate molecules (Danish et al. 2018). The adsorption of toxic metal ions
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onto activated carbon is greatly influenced by the physical and chemical properties such as
pore space volume, ash content, specific surface area and surface functionalities (Carolin et al.
2017). In order to increase the capacity of adsorbents for toxic ions adsorption, different
researches have altered the properties of the activated carbon by incorporating nanoparticles,

as well as addition of functional groups such as phosphates, nitrogen and many others.

Adsorption properties of NH4Cl-modified activated carbon (NAC) and commercial standard
activated carbon (SAC) were compared to one another in the research study of Alahabadi et al.
(2017). The adsorption mechanism and performance of NAC and SAC were obtained by
evaluating the effects of various physicochemical factors such as; agitation speed, pH, contact
time, sorbent dose, temperature, equilibrium, Kinetics and thermodynamic. Both activated
carbons were used for the removal of an antibiotic namely; chlortetracycline (CTCN). The
kinetic studies showed that the adsorption of CTCN onto the NAC was more rapid than SAC.
Thermodynamic studies indicated that, the adsorption of CTCN onto the NAC surface was
more spontaneous, feasible and favourable compared to SAC. Their result showed that, NAC
had better performances and was best suitable choice for the removal of CTCN antibiotic from

aqueous solutions compared to SAC.

Danmaliki & Saleh (2017) loaded activated carbon (AC) with two different metals (cerium-Ce
and iron-Fe) to form composites. The three composites prepared were AC/Ce, AC/Fe, and
AC/Ce/Fe. The composites were investigated for the simultaneous adsorption of
desulfurization of thiophene, benzothiophene (BT) and dibenzothiophene (DBT). The loaded
activated carbon was compared with the unloaded activated carbon. The unloaded AC had the
highest surface area of 460.27 m?/g and pore volume of 0.71 cm®/g. Additionally, the unloaded

AC showed the highest surface oxygen-containing groups but performed the least in
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desulfurization. The AC/Ce/Fe performed the best in the adsorption of thiophene (31%), BT
(30%), and DBT (75%) despite having the least surface area of 430.44 m?/g and pore volume
of 0.64 cm®g. The adsorptive desulfurization efficiency followed the order: AC < AC/Fe <
AC/Ce < AC/CelFe. The use of AC/Ce/Fe had high absorptive capacity of 16 mg/g and

breakthrough for DBT.

Zhang et al. (2018) studied the adsorption behaviour of five volatile organic compounds
(VOCs). The five VOCs were acetone, ethyl acetate, propyl acetate, butyl acetate, and
isopropanol, which were chosen as pollutants. Commercial activated carbon (CAC) with
surface area of 1099.74 m?/g was used as an adsorbent. The adsorption capacities of the above
VOCs were 289.8, 389.4, 443.7, 467.4, and 474.3 mg/g respectively. Their results showed that
the higher molecular weights VOCs had high adsorption uptakes by CAC. Their findings would

be helpful for the optimization of the adsorption system for the removal of VOC:s.

Five commercial activated carbons granular (WG-12, ROW 08 Supra, Picabiol, Filtrasorb 300-
[F-300] and Filtrasorb 100-[F-100]) were used for the adsorption of chloramphenicol (Lach
2019). The commercial activated carbons were modified at 400 and 800 °C in water vapour,
atmosphere of air and carbon dioxide to remove chloramphenicol. The highest adsorption
capacity was obtained for the use of Picabiol with 214 mg/g, characterized by the highest pore
volume and specific surface area. Commercial activated carbon-Picabiol showed that it can be
used to remove chloramphenicol from water because it was characterized by high adsorption
capacity. Activated carbons were ranked according to their adsorption capacity in the following
order: Picabiol> ROW 08>F-300>WG-12>F-100. The order of activated carbons according to

the adsorption capacity was consistent with the order of total volume of pores and the total

35



volume of micro and mesopores. This indicated the importance of the phenomenon of

volumetric pore filling.

2.3.2 Adsorption using zeolite

Zeolites have been generally used for toxic metal ions removal due to their high cation
exchange capacity and surface sorption properties (Hong et al. 2019). Hong et al. (2019)
prepared a sequence of amino-acid zeolite samples using alanine (A), glutamic acid (E),
histidine (H), proline (P), arginine (R), serine (S) and threonine (T) as adsorbents for toxic
metal ions removal of Pb(Il), Cu(ll) and Ni(ll). The prepared amino-acid zeolite adsorbents
were represented as MLTA-X, where X is the single letter code of an amino acid. The
adsorption of Pb(Il) and Cu(ll) was dominated by cation exchange whilst the adsorption of
Ni(Il) was controlled by a surface reaction which showed dependence on the zeolite pore
geometry and adsorption conditions. The adsorption capacities for Cu(ll) and Pb(ll) were
around 170 and 510 mg/g. The adsorption of Ni(ll) by zeolites was significantly influenced by
hierarchical pore geometry, while the adsorption of Pb(ll) or Cu(ll) was dependent on cation
exchange determined by the framework composition. The proline-mediated MLTA-P
displayed enhanced adsorption of approximately 100 mg/g for Ni(ll) at 301 K under neutral
pH. Zeolite P was prepared through fly ash using hydrothermal method for the adsorption of
copper-Cu(ll) and nickel-Ni(ll) ions in aqueous solution (Liu et al. 2019). The removal
capacities for Cu(ll) and Ni(ll) can reach up to 138.1 and 77.0 mg/g respectively. The
synthesized zeolite products can effectively remove Cu(ll) and Ni(ll), ions at higher

temperatures.
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Magnetically modified zeolite (MMZ) composite was used for the adsorption of lead-Pb(ll).
The adsorption capacity of Na-zeolite and modified zeolite were determined for the lead ions
removal (Yuan et al. 2018). The modified adsorbent was obtained reacting iron oxide-FesO4
with zeolite and compared to Na-zeolite. The results showed that the adsorption capacity of the
modified zeolite decreased with an increase in the pH of the solution and the maximum
adsorption capacity reached equilibrium at pH 4.0 whilst the BET surface area increased from
25.15 to 28.12 m?/g. Additionally, their results revealed that the equilibrium sorption capacity
on each adsorbent increased with the increase of initial concentration and the Pb(1l) maximum
amount of sorption adsorbed on MMZ and Na-zeolite was 84.00 and 66.96 mg/g respectively.
Adsorption of Pb(ll) onto MMZ from aqueous solutions was related to porous microstructure

containing a large number of channels and ion exchange characteristics.

2.3.3 Adsorption using low-cost adsorbents

The adsorption of toxic metals ions and dyes by using low-cost adsorbents seems to be more
inspiring because there are several materials existing locally and abundantly such as
agricultural wastes, natural materials and industrial by-products which can be utilized as low-
cost adsorbents (Siti Nur et al., 2013). In order for the adsorbent to be commercially
worthwhile, it should have high selectivity, enable fast separations, kinetic characteristics,
chemical and thermal stability, resistance to fouling, low solubility in the liquid and
regeneration capacity (Tripathi & Ranjan, 2015). Many low-cost adsorbents derived from
several natural materials have been applied for treatment of wastewater polluted with toxic ions
(Tripathi & Ranjan, 2015). Some of the low-cost adsorbents include wheat straw (Song et al.
2016), fruit hulls (Islam et al., 2017), waste carpets (Hassan & Elhadidy, 2017), banana peels

(Ajmi et al., 2018), coffee waste (Suganya & Kumar, 2018), chaenomeles sinensis seeds (Hu

37



et al. 2019), Delonix regia seed pods (Akinola et al. 2019), white lupine husk (Ketsela et al.

2020) and many more.

The work of Suganya & Kumar (2018) showed that the removal of Cr(V1) is influenced by
adsorbent dosage, temperature, initial ion concentration, and contact time. Their study explored
the feasibility of using coffee waste (CW) based carbons treated with sulfuric acid (H.SQa) for
the uptake of Cr(V1) ions from aqueous solution under different experimental conditions. The
activation of CW enhanced the physiochemical and surface morphological properties after
treatment with H2SO4. The removal efficiency was found to be increasing with increase in
temperature and decreased with increase in metal ion concentration. The uptake capacity of the
carbon-based activated CW was found to have optimum dosage of 3 g/L with initial

concentration of 50 mg/l, temperature at 30 °C and contact time of 30 minutes.

Bhomick et al. (2018) prepared activated carbon from Pinus kesiya cone by ZnCl; for the
removal of Alizarin Red S (ARS) dye. The efficiency of the prepared adsorbent was evaluated
using various batch analysis such as the influence of initial concentration, adsorbent dosage,
contact time and pH. ARS anionic dye adsorption onto activated carbon prepared from Pinus
kesiya cones had maximum uptake of 118.06 mg/g. Textural and surface characterization of
pine cone activated carbon showed that the surface area was 878.07m?/g with total pore volume
of 0.412 cm®/g. It was concluded that the activated carbon prepared from Pinus kesiya cones
are promising cost-effective adsorbent because of their high surface and adsorption capacity

towards ARS dye.

Evaluation of different parameters such as contact time, concentration of pollutants,

temperature, pH of the solution, mass of adsorbent and stirring speed was investigated by
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Aichour et al. (2019) for the elimination of methylene blue (MB) dye from wastewater using
unmodified citrus peels encapsulated with calcium alginate (UCP/A) and unmodified citrus
peels (UCP). The batch studies indicated that the adsorption of MB was affected by the solution
pH. The maximum uptake was found to be 185.83 mg/g for UCP and 964.54 mg/g for UCP/A.
The high uptake of MB onto UCP/A was found to be 93% at pH 7. Their results proved to be
effective in the removal of the cationic MB dye in batch studies. The sorption of copper-Cu(ll)
and lead-Pb(I1) ions by pine cone shell (PCS) was investigated in batch experiments by Martin-
Lara et al. (2016). The obtained maximum capacities were 6.52 and 17.41 mg/g for Cu(ll) and
Pb(I1) respectively. Pine cone shell showed high uptake metal ions in the affinity order of

Pb(I>Cu(ll).

Ethylenediaminetetraacetic acid (EDTA), sodium dodecylsulfate (SDS), sodium hydroxide
(NaOH) and nitric acid (HNO3) were used as surface modifying agents for jackfruit peels (JFP)
in order to enhance the affinity of the unmodified JFP towards the adsorption of nickel metal
Ni(Il) ions (Ranasinghe et al. 2018). The adsorption capacities were determined by comparing
the unmodified and modified forms of JFP. The efficiency of Ni(ll) ion removal was obtained
by optimising parameters such pH, contact time, adsorbent dosage and initial concentration.
The maximum adsorption capacity of the unmodified JFP was lower than modified. The
maximum adsorption capacity onto JFP for Ni(Il) modified by EDTA, SDS, NaOH and HNO3
were 52.08, 20.88, 27.17 and 21.88 mg/g respectively. The high adsorption ability was due to
disruption of the lignocellulosic structure, promoting more negative surface charges. The
adsorption capacity of JFP was enhanced by surface modification owing to their characteristics,

such as ion-exchange, complexation and hydrolysis of surface functional groups.
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The benefits of using low cost adsorbents or agricultural wastes for wastewater treatment
include superior adsorption ability, economic benefit, easy technique, modest processing,
availability and easy regeneration (Tripathi & Ranjan, 2015). The recent worldwide trend to
achieve higher environmental standards favours the usage of low-cost adsorbents for treatment
of effluent. The literature showed that chemical treatment or thermal modifications, extent of
surface modification, concentration of adsorbate, and adsorbent characteristics are some the
factors responsible for metal adsorption capability (Parmar & Singh, 2013). Other factors
include pH, contact period, temperature, agitation rate and dosage of adsorbent. Cost
effectiveness and technical applicability are the two vital key factors for selecting effective

low-cost adsorbent for toxic metal ions removal (Tripathi & Ranjan, 2015).

2.4 Factors influencing the adsorption process

The adsorbent removal capacity from aqueous solution depends on numerous physicochemical
factors related to both the sorbent and the liquid phase characteristics plus concentration in the
solution, initial metal ion, solution pH, temperature, presence of other competitive ions,
agitation speed and speciation of the pollutant (Ibrahimi & Sayyadi, 2015). It is further
mentioned that the first five factors are solution dependent and the other factors are pollutants
dependent parameters. The investigation of parameter factors affecting adsorption process is
very important in order to understand the sorption mechanisms, the optimum conditions for the
adsorption process and potential applications (Fan 2013). The mechanism and/or importance

of each parameter on removal process is discussed as follows.

40



2.4.1 pH

The pH of the solution is the most important parameter in the adsorption process because it
affects the surface functional groups of the biomass, surface properties of sorbents, the
solubility of ions in aqueous solution and ionic state of metal species (Li et al. 2010; Babalola
2018). At low pH values hydrogen ions tend to occupy the binding sites, this increases the
repulsive forces needed to be overcome by the metal ions before binding can take place and
subsequently make it more difficult for the metal ions to access binding sites (Saeed et al.
2002). As pH of the solution increases the retention capacity of the adsorbing surface increases

significantly, however, in lower pH the adsorption process gets affected (Mathew et al. 2016).

2.4.2 Contact time

The time of interaction between the adsorbent material and the pollutants in adsorption is very
important for industrial application because a superior adsorbent should quickly adsorb the
metal ions in the first few minutes of interaction with the solutions (Babalola 2018). To
establish an appropriate contact time between the adsorbents and metal ions in the solution,
adsorption capacities of metal ion need to be measured as a function of time (Hossain 2013).

Normally the removal is higher and fast in the beginning between 5-30 minutes relative to
equilibrium and it is called the fast adsorption (Hossain 2013; Kuang 2020). This may be due
to the larger surface area of the adsorbents being available at the beginning for the adsorption
of metals ions. As the adsorption surface sites become exhausted, the rate of removal is
controlled by the rate at which the adsorbate is transported from the exterior to the interior sites
of the adsorbent particles (Yang et al. 2009). After 30 minutes of contact time, the relative

increase in the removal extent of adsorbate is usually not significant and with the increase of
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time, the adsorption rate decreases gradually and this is called the slow adsorption process

(Kuang 2020).

2.4.3 Initial concentration

The initial metal ion concentration in the aqueous solution significantly affects the adsorption
process. Several studies have shown the effect of initial metal concentration on metal uptake
by different adsorbents. At low metal concentrations, the adsorbent surface coverage is low
and the formation of surface complexes is the main mechanism (Ibrahimi & Sayyadi, 2015).
In most cases the increase of initial concentration results in an increase of the adsorption
capacity and a decrease of the overall removal efficiency (Coruh, & Ergun, 2009). A further
increase in metal ion concentration will result in saturation of adsorption sites and surface
precipitation may be the main uptake mechanism (Doula & Dimirkou, 2008). Also, the
saturated active sites are usually faster in the cases where the adsorbents exhibit low selectivity

for a metal ion.

2.4.4 Temperature

Most studies in literature of toxic metal ion adsorption show that an increase in temperature
improves the adsorption process. Typically, at higher temperatures the adsorption of toxic ions
is higher due to higher affinity of the adsorbent for the metal and/or an increase in the active
sites of the solid (Arief 2008). At higher temperature the energy of the system enables the
attachment of metals on the adsorbent’s surface. Inglezakis & Loizidou (2004) added that at
elevated temperatures ions become smaller due to their reduced hydration and their movement

becomes quicker resulting in higher removal efficiencies.
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2.4.5 pH of point zero charge (pHpzc)

The pH at which the adsorbent surface charge is equal to zero value is defined as point of zero
charge (pHpzc) (Aichour & Zaghouane-boudiaf, 2019). Thus, the net charge of adsorbent
surface plays an important role in sorption processes and the characterization of protonation-
deprotonation behaviour of adsorbent in aqueous solution is useful to explain sorption
mechanism (Fiol &Villaescusa, 2009). At this pH, the charge of the positive surface sites is
equal to that of the negative ones. At solution pHs higher than pHpzc, the adsorbent surface is
negatively charged and may interact with metal positive species while at pHs lower than pHpzc,
solid surface is positively charged and could interact with negative species (Aichour &

Zaghouane-boudiaf, 2019).
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CHAPTER 3: EXPERIMENTAL

This chapter is divided into four sections. The first section indicates chemicals used, their
chemical names and their manufacturers. All chemicals obtained were used without further
purification. The second section describes the methods of preparation for each adsorbent used
and batch experiments. The third describe the adsorption procedure throughout the study. The

last section shows instrumentation and their general description and their use.

3.1 Reagents

Lead nitrate [Pb(NOz3)2]-99.95%, A.R grade, copper sulphate pentahydrate (CuSO4.5H,0)-
98% A.R grade, 99.95%, iron(lll)nitrate nonahydrate [Fe(NO3)3.9H20]-99.95%,
cobalt(I)nitrate [Co(NO3)2]-99.95%, A.R grade, nickel(Il)nitrate [Ni(NO3)2]-99.95%, A.R
grade, Cadmium acetate [Cd(CH3C00)2]-99.95%, Iron(1l) chloride (FeCl2-4H,0)-98.95% and
Iron(111) chloride (FeClz-6H20)-98.95% were purchased from Sigma-Aldrich. Liquid
chemicals such as nitric acid (HNOz3)-70%, A.R grade, Hydrochloric acid (HCI)-32%, A.R
grade, phosphoric acid (H3POa4)-75%, sulphuric acid (H2S04)-98% A.R grade and N,N
dimethylformamide (C3H7NO) were purchased at Associated Chemical Enterprises. Other
chemical salts namely; hydroxide (NaOH) pallets-98.5% A.R grade, potassium permanganate
(KMnO4)-99%, potassium dichromate salt (K2Cr.07)-99.5%, methylene blue (C1sH18N3SCI)
82%, Sucrose (C12H22011), sodium thiosulfate (Na2S203) and ammonium hydroxide (NH4OH)
were purchased from Sigma-Aldrich. Unprocessed Black Cumin (Nigella Sativa L.) seeds were
procured at the health shop in Vanderbijlpark, South Africa. The metal ion chemicals used as

pollutants found in the environment. Acids were used as chemical activation of black cumin
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seeds in order to enhance their adsorption capacity. Acetone and N,N dimethylformamide were

used as solvents to remove and extract the fatty acids in in the black cumin seeds.

3.2 Untreated black cumin seeds (UT-BCS) adsorbent preparation

Black seed also known as black cumin (Nigella sativa) is a yearly flowering plant belonging to
the family Ranunculaceae and is refined in the Northern India, Middle Eastern Mediterranean
region, Iran, Turkey, Southern Europe, Pakistan, Syria and Saudi Arabia (Srinivasan 2018).
Black cumin seeds (Fig. 2) were bought from Vanderbijlpark, Vaal triangle, South Africa
health shop. The raw Black Cumin (Nigella Sativa L.) seeds were rinsed in distilled water
several times to get rid of dust and dirt then weighed. Thereafter, they were dried at 40 °C for
24 hr. After drying the seeds were grounded with a mortar and piston. The grounded seeds

were used to prepare other adsorbents.

Figure 2: Black Cumin Seeds (Nigella Sativa L.)
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3.3 Instrumentation

Several instrumental techniques were used to characterize the adsorbents and some instruments

were used to determine the remaining concentration of toxic ions in the solution.

3.3.1 Atomic Absorption Spectroscopy (AAS)

The metal ion concentration was determined using atomic adsorption spectrometry (AAS)
Shimadzu ASC 7000 instrument with auto sampler. Atomic Absorption Spectrophotometer is
an analytical instrument based on the principle of atomic absorption spectroscopy and is very
useful to detect the metal ion concentration present in water samples. The instrument shown in
Fig. 3 was used to determine the remaining metal ions concentration in solution before and
after adsorption. Calibration was conducted using prepared calibration standards with
concentrations of 20, 40, 60, 80 and 100 ppm for Co(ll), Ni(ll), Cu(ll), Cr(V1), Pb(ll) and

cd(in).
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Figure 3: Atomic adsorption spectrometry (AAS)

3.3.2 Thermogravimetric analysis (TGA)

Thermal studies were determined using Perkin Elmer, TGA 4000 (Fig. 4) with scan
temperature from 30 to 900 °C. Temperature ramp rate was 10 °C min* with nitrogen gas flow
of 20 mL mint. Thermogravimetric analysis technique was used to determine the adsorbents
thermal stability and volatile components by checking the weight change that occurred as the

adsorbents were heated at constant rate.
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Figure 4: Thermogravimetric Analyser (TGA)

3.3.3 Scanning electron microscopy (SEM)

A scanning electron microscope (SEM) is a form of microscope using a focused beam of
electrons to photograph the surface of a sample to create a high-resolution image. The images
were obtained from JSM IT500 SEM operated at 10.0 kV. SEM (Fig. 5) was used to take
images that show the information on the adsorbent’s surface composition and topography. In
the study the equipment was used to evaluate and study the surface morphology of the

adsorbents before and after adsorption of the cations and the dye.
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Figure 5: Scanning electron microscopy (SEM)

3.3.4 X-ray diffraction (XRD)

Fig. 6 show the X-ray diffractometer (XRD) Shimadzu XRD 7000 which was used to identify
diffraction patterns, composition and structure of the adsorbents with a scanning range from

(20) values from 10 to 80° with scan speed set at 10°/min.
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Figure 6: X-ray diffractometer (XRD)

3.3.5 Fourier transformed infrared (FTIR) spectroscopy

The FTIR spectrum was obtained using Fourier transform infrared (FTIR) spectrometer
(Nicolet iS50 FTIR) from Thermo Fischer Scientific using with a diamond detector at
wavelength from 4000 to 650 cm™. No sample preparation was required. The instrument was
used to determine the functional groups present on the surface of the adsorbents were

established by FTIR. The instrument is shown in Fig. 7.
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Figure 7: Fourier transformed infrared (FTIR) spectrophotometer

3.3.6 pH meter

Metrohm pH meter was used to measure pH of the solutions and the pH at point of zero charge
(pHepzc) using the pH drift method. Calibration of the instrument was performed using buffer

solutions of pH 4.00, 7.00 and 10.00. The used instrument is shown in Fig. 8.

62



Figure 8: pH/Conductometer

3.3.7 Shaker

Shaker Labcon 3100U (Fig. 9) was used to equilibrate the adsorbents and the adsorbates at 200
rmp. The same ramp was used throughout the adsorption studies for the effect of time, initial
concentration, pH and temperature. The equipment was used for rocking and agitating metal
ion solutions and dyes for the adsorption tests namely; time effect, pH effect and initial

concentration determination.
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‘ labcon

Figure 9: Shaker

3.3.8 Furnace

Elite furnace was used to produce carbon from the black cumin seeds. The furnace consisted
of a horizontal ceramic tube (diameter of 4.5 cm and length of 62 cm) located in an electric
furnace. The activated carbon was prepared by carbonization of biomass in a quartz tube and
under nitrogen atmosphere, the biomass was heated up to 600 °C and maintained at that

temperature for 1 h. Fig. 10 indicates the instrument used for carbonization.
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Figure 10: Furnace

3.3.9 Ultraviolet-visible (UV-Vis) spectroscopy

UV-Vis analyses were accomplished by T80 PG Instruments (Fig. 11) with a double beam
spectrometer which collects spectra from 180-1100 nm UV and visible range using a bandwidth
of 1 nm with a fixed slit and Tungsten and deuterium lamps used for illumination. Adsorption
capacity was conducted by determining the remaining metal ions and dye in the solution. The
calibration of the instrument was conducted by laboratory prepared standard solutions with a

concentration of 20, 40, 60, 80 and 100 mg/L.
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Figure 11: Ultraviolet-visible (UV-Vis) spectrophotometry

3.3.10 Brunauer Emmet Teller (BET)

The nitrogen adsorption-desorption isotherm and specific surface area of the adsorbents were
acquired by Brunauer-Emmette-Teller (BET) analysis using Micromeritics ASAP 2020 plus

(Micromeritics Instrument, Georgia, Corporation, USA) as indicated in Fig. 12.
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Figure 12: Brunauer Emmet Teller (BET)

3.3.11 Drying Oven

An oven purchased from Scientific (Fig. 13) was used to dry the black cumin seeds. The drying
oven is designed to remove moisture from the oven chamber so as to dry the samples as rapidly
as possible. The drying oven process introduces fresh dry air to the chamber and expels the

warm moist air instantaneously allowing fast drying of the seeds.
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Figure 13: Drying oven

3.3.12 Weighing balance

AE Adam PW 124 weighing balance (Fig. 14) was used to determine the weight or mass of the

adsorbents.
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Figure 14: Weighing Balance

3.3.13 Water Bath

A Labcon laboratory water bath (Fig. 15) was used to heat samples in the lab during the study
of temperature effect at 25, 30, 40, 60 and 80 °C. A water bath consisted of a stainless-steel
chamber that holds the water and samples, heating unit and a control interface which was used

to set the temperature.
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Figure 15: Water Bath

3.3.14 Inductively coupled plasma (ICP) spectroscopy

Fig. 16 shows a thermo scientific iCAP 7000 series inductive couple plasma (ICP) spectrometer
with an ASX-520 auto sampler. This equipment was used to determine the concentration of the

metal ion solutions before and after adsorption.
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Figure 16: Inducive couple plasma (ICP) spectrometer
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CHAPTER 4

Simultaneous adsorptive study of toxic metal ions in quaternary
system from aqueous solution using low cost black cumin seeds
(Nigella Sativa) adsorbents

This chapter is published as follows:

Ntaote David Shooto, Patience Mapule Thabede, Eliazer Bobby Naidoo. 2019. Simultaneous
adsorptive study of toxic metal ions in quaternary system from aqueous solution using low-
cost black cumin seeds (Nigella Sativa) adsorbents. South African Journal of Chemical

Engineering 30, 15-27.

This chapter is addressing objective (a), (b), (g) and (h) which read as follows:

To characterize the untreated black cumin seeds (UT-BCS), acid treated (AT-BCS) and base

treated (BT-BCS) using SEM, TGA, XRD and FTIR spectroscopy.

To conduct simultaneous (quaternary) adsorption of cobalt [Co(ll)], nickel [Ni(ll)], copper
[Cu(1)] and lead [Pb(Il)] using UT-BCS, AT-BCS and BT-BCS while varying time, pH,

temperature and concentration.

To determine the point of zero charge (pHezc) of the UT-BCS, AT-BCS, BT-BCS,

functionalized and activated adsorbents.

To determine the reusability of the UT-BCS, AT-BCS, BT-BCS, modified and the carbonized

seeds.
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4.1 Abstract

A new adsorbent obtained from alkaline treatment of black cumin seeds (BCS) has been
developed for the adsorption of cation pollutants [cobalt Co(ll), lead Pb(I1), copper Cu(ll) and
nickel Ni(ll)] from aqueous solutions. The alkaline treated black cumin seeds were labeled;
base treated black cumin seeds (BT-BCS), acid treated black cumin seeds (AT-BCS) and
untreated black cumin seeds (UT-BCS). The absorbents were analyzed by scanning electron
microscope (SEM), Fourier-transform infrared spectroscopy (FTIR) and X-ray diffraction
spectroscopy (XRD). The SEM images showed that UT-BCS is composed of spherical shaped
particles. AT-BCS and BT-BCS images showed irregular surface morphology. AT-BCS and
BT-BCS -IR spectra observed new bands. Pseudo First Order kinetic (PFO) model gave
consistent fit in describing the adsorption of all the cations. The PFO good fit suggest that the
adsorption mechanism involved, Van der Waal forces. The estimated pore adsorption (EPA)
was more dominant than estimated surface adsorption (ESA). Equilibrium data had a good fit
for Langmuir isotherm model for all cations this indicates that adsorption took place on active
sites having equal affinity for these ions and further suggests that monolayer adsorption
occurred on adsorbents surface at the end of adsorption process. BT-BCS was the best
performing adsorbent with capacity of 190.7 mg/g for Cu(ll), AT-BCS and UT-BCS with
capacities of 180.1 and 135 mg/g respectively for Pb(ll). Adsorption trend is BT-BCS>AT-
BCS>UT-BCS. Reusability data suggests that (BCS) adsorbents retained > 90% of their initial

cations adsorption, these adsorbents may be reusable in wastewater treatment.

Keywords: Adsorption, isotherms, kinetic, thermodynamic, black cumin seeds
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4.2 Introduction

An accelerated urbanization and industrialization growth in the last century have caused the
discharge of wastewater into fresh water bodies without proper pretreatment. This poses a
serious threat to the environment, human health and natural aquatic system (Myers et al. 2013).
The scope of wastewater pollutants is too large and includes; toxic metal ions, pesticides,
organic pollutants, dyes, etc (Shooto et al. 2016; Munze et al. 2017; Nagpal & Kakkar, 2018;
Tran et al. 2019). Many of these pollutants are toxic to human and the ecosystem. They
accumulate in human body and are non-biodegradable (Atique et al. 2017). The current study
focused on four toxic metals that are being characterized as the priority pollutants from the

various health organizations; Co(ll), Pb(I1), Cu(ll) and Ni(Il) ions (Veli & Alyuz, 2007).

Copper is needed only in small quantities by human body to support some biological processes.
It is a commonly used metal by many municipalities and industries. Upon long term exposure
even at lower concentrations, Cu(ll) contaminated water has toxic effects on vital organs such
as the brain, heart and liver (Jaishankar et al. 2014). It is also reported to cause vomiting,
stomach cramps and kidney failure (Potera, 2004). Pb(ll) is a slow, pernicious, but most
malignant poison. Via any route or level of exposure it replaces calcium on the bones and
accumulates in the skeletal system (Puzas et al. 2004). It further causes neurodevelopmental
effects, brain damage (Wani et al. 2015), kidney, liver disorders as well as reproduction and
development (Adham, 1997; Luo et al. 2012; Savic et al. 2014). Exposure to higher
concentrations of Co(ll) causes neurological problems such as changes in brain structure,
cognitive function impairment and depression (Clark et al. 2014). Co(ll) toxicity also affect all

major organ systems and causes respiratory problems and fatigue (Pelclova et al. 2012). Long
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term Ni(ll) exposure is associated with headaches, dyspnea, carcinogenic, cytotoxicity and

genotoxicity (Kasprzak et al. 2003).

Therefore, it is necessary to remove such toxic metal ions from the water, before discharging
into drainage system, sewer, river and/or sea. Advance conventional technologies have been
developed, for this very reason. Technologies such as; chemical-precipitation (Yu et al. 2017),
nano-filtration (Wu et al. 2019), ion exchange (Zhang et al. 2014), membrane separation
(Mikusova et al. 2014), reverse osmosis (Anis et al. 2019), coagulation and flocculation
(Kuokkanen et al. 2013), and photo-degradation/photo catalyzed degradation of organic dyes
(Saravanan et al. 2014; Soleiman et al. 2016; Mousavinia et al. 2016; Mosleh et al. 2016;
Mosleh et al. 2017; Mosleh et al. 2018;) are some of the developed technologies for water
treatment. However, these technologies have limitations that make them unsuitable for
everyday use, such as technical challenges, high operational costs and methods effectiveness
(Malaeb et al. 2011). However, a non-conventional method; adsorption is the most promising.

It is sustainable, affordable, eco-friendly and effective (Kyzas et al. 2014).

Numerous research groups worldwide have shown great interest in the adsorption studies of
low-cost materials as potential wastewater pollutants adsorbents. Therefore, many biomaterials
have been used to remove toxic metal ions and dyes from water such as de-oiled soya (Mittal
et al. 2010), canola residues (Balarak et al. 2014), bagasse fly ash (Gupta & Sharma, 2003) and
dead cells of Yarrowia lipolytica (Asfaram et al. 2018). Other researched materials are Fez04
nanoparticles (Ghaedi et al. 2015), carbon based materials such as carbon nanotubes and
fullerene (Gupta & Saleh, 2013), activated carbon from waste rubber tyre (Gupta et al. 2013),
ZnS:Cu nanoparticles loaded on activated carbon (Asfaram et al. 2015), graphene oxide (Gupta
et al. 2014), magnetic activated carbon loaded with gold nanoparticles (Dashtian et al. 2016),
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Fertilizer plant waste carbon (Gupta et al. 2016) and ZnO nanorod-loaded activated carbon

(Ghaedi et al. 2016).

Selection of black cumin seeds as potential absorbent in this work was based on their;
abundance in nature, accessibility, eco-friendliness, low cost, not selective towards pollutants,
reusability, easy generation and their surface have several functional groups (carboxyl,
hydroxyl and amide). Such attributes put the seeds in an advantageous position for adsorption
technology. However, few adsorptive studies of black cumin seeds material are available in the
literature (EI-Said et al. 2009; Ahmad et al. 2014; Siddiqui et al. 2018; Addala et al. 2018). To
the best of our knowledge this work is the first of its kind ever to report on alkaline/base treated
BCS for water treatment application. Also, it is the first time ever that a study reports the
evaluation of quaternary adsorptive study of toxic metal ions (Pb(l1), Ni(Il), Cu(ll) and Co(ll))
by UT-BCS, BT-BCS and AT-BCS. In this work the efficiency of BCS adsorbents to adsorb
toxic metal ions from aqueous solution in quaternary system is presented. The adsorption
studies were conducted under varying experimental parameters such as concentration, contact

time, temperature and pH.

4.3 Experiments

4.3.1. Materials and methods

Black cumin seeds (BCS) were purchased from a local health shop in Vanderbijlpark, Vaal
Triangle, South Africa. BCS were washed several times with ultra-pure water and then oven
dried. Hydrochloric acid (HCI)-32%, A.R grade, nitric acid (HNO3)-70%, A.R grade, sodium
hydroxide (NaOH) pallets-98.5% A.R grade, lead nitrate (Pb(NO3)-99.95%, A.R grade, copper

sulfate pentahydrate (CuS04.5H,0)-98% A.R grade, cobalt(Il)nitrate (Co(NOs3).)-99.95%,
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A.R grade and nickel(Il)nitrate (Ni(NO3)2)-99.95%, A.R grade were purchased from Merck

South Africa LTD.

4.4. Preparation of bio-adsorbents

4.4.1 Untreated black cumin seeds (UT-BCS) adsorbent preparation

Black cumin seeds (BCS) were washed dried and grounded, the seeds were then labeled
untreated black cumin seeds (UT-BCS). Moreover UT-BCS were used to prepare other

adsorbents, such as AT-BCS and BT-BCS.

4.4.2 Acid treated black cumin seeds (AT-BCS) adsorbent preparation

Adsorbent’s preparation procedure was adopted from (Shooto et al. 2019). UT-BCS was acid
treated with a mixture of 100 ml, 1M inorganic acids (HCI and HNOg, ratio 1:1) to remove
some of the elements and compounds attached on their surface. The obtained brownish-black
material was oven dried (40 °C) overnight and then labeled; acid treated black cumin seeds

(AT-BCS) as shown in scheme 1.

4.4.3 Base treated black cumin seeds (BT-BCS) adsorbent preparation

UT-BCS were treated with 100 ml of 1M NaOH solution to remove some of the elements and
organic compounds attached on their surface. After 60 min the material was filtered and washed
several times. The obtained greyish-black material was labeled; base treated black cumin seeds
(BT-BCS) as shown in scheme 1. During alkaline/base solution treatment large amount of oil

was noticed however saponification was not observed. Previous studies on BCS chemical
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content reported that the composition is primarily; fatty acids (oil), fibers, carbohydrates and

proteins. The fatty acids (oil) in BCS are linoleic acid, oleic acid and palmitic acid (Al-Jassir

et al. 1992).
ACID TREATMENT
STEP 1: STEP 2: STEP 3:
Addition of HNO; and HCl solutions in Addition of UT-BCS into the Brownish-black material was
a ratio [1:1] to makeup 100ml (1M) solution acidic solution while stirring obtained labeled AT-BCS

MATERIAL WAS
ISOLATED, WASHED)
AND DRIED

—

UT-BCS material and the acidic solution
were stirred for 1Hrs at room temperature

ALKALINE/BASE TREATMENT
STEP 2:
STEP 1: . . STEP 3:
saaton a0 o e
makeup 100ml(1M) solution g obtained labeled BT-BCS

MATERIAL WAS

Scheme 1: Preparation of AT-BCS and BT-BCS.

4.5 Adsorption experiments

Lead nitrate (Pb(NOz), copper (I1) sulfate pentahydrate (CuSO4.5H20), cobalt (I1) nitrate
(Co(NO3)2) and nickel (I1) nitrate (Ni(NO3)2), all were used for the preparation of stock solution
(200 mg/L). These metals were all mixed in one solution.The effect of contact time; was studied
at different time intervals (1, 5, 10, 30, 60 and 120 min) with working standard concentration

of 100 mg/L at pH of 5.56. 20 mL of working standard was transferred into capped bottles
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containing 0.1 g of the adsorbent. The effect of different concentration; (20, 40, 60, 80 and 100
mg/L) at time interval of 120 min was studied. 20 mL of the specified working standards were
transferred into capped bottles containing 0.1 g of the adsorbent. The effect of pH on the
solution was studied at different pH (1, 3, 5, 7 and 8.5) using 20 mL of the working standard
(100 mg/L) which was transferred into capped bottles containing 0.1 g of the adsorbent.
Temperature effect was studies at 288, 298, 308, 318 and 328 K with working standard (100
mg/L and pH of 5.56). 20 mL of the working standard was transferred into capped bottles
containing 0.1 g of the adsorbent. An orbital shaker was used for each parameter
(concentration, temperature, contact time and pH) to equilibrate the working standard and
adsorbent at 200 rpm. After each experiment, respective capped bottles were removed, and
then centrifuged for 5 min at 4500 rpm. The solution was taken for analysis of metal ions
remaining. The concentrations of working standards before adsorption and supernatant

solutions after adsorption were confirmed by ICP.

4.6 Data analysis

Equations (1) and (2) were used to calculate (ge) the amounts of metal ions adsorbed (mg/g)
and (Rp) removal percentage (Soleiman et al., 2016) respectively; where (Co) is the initial and
(Ce) is final metal ion concentrations in solution (mg/L). (v) volume of working standard (ml)

and (m) mass of the adsorbent in (g).

(Co-Ce)V

e = m 1)
(Co - Ce)

R, = o X 100 (2)

The nonlinear forms equations (3) and (4) were applied to evaluate the kinetic models; pseudo-

first order (PFO) and pseudo-second order (PSO) respectively. (ge) and (q:) are the amounts of
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metal ions adsorbed (mg/g) at equilibrium and at time (t). k1 is rate constant of the PFO in (min°

1y and k; is rate constant of the PSO (g mg™ min™).

Ge = q:(1— e™"1f) (3)
1+ ko qet
Qe = T:gt (4)

The experimental data was integrated into equation (5) to evaluate the intra-particle diffusion
(IPD) model. The amounts adsorbed (q:) and rate constant (ki) were determined using the
KyPlot software. (ki) the rate constant (g g™* min*/?) and C is the concentration of metal ions on

the adsorbent surface.

q. = ki(tY?) +C (5)

Equations (6), (7) and (8) were employed to determine the adsorption isotherm for Langmuir,
Freundlich and Temkin models respectively. (Qo)max, maximum capacity of the adsorbent
(mg/g), (b) solute surface interaction energy, (ki) Freundlich capacity factor and (1/n) is the
isotherm linearity parameter. (R) Gas constant 8.314 J K*mol, (T) temperature in (K), bt and

kT are rate constants for Temkin model.

_ QobCe

Qe = 13, ©)
qe = kC" (7)
de = % In(kTCe) (8)
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Thermodynamic function; equilibrium constant (Kc), values were evaluated using equation (9)

K. = 2 €

Ce

Equations (10) and (11) were applied to equilibrium adsorption data at 288, 298, 308, 318 and

328 K to determine other thermodynamic functions; enthalpy (AH®), entropy (AS°) and Gibbs

free energy (AG°).
AH? AS°
InKe= ——— — (10)
AG®° = —RT InK, (11)

4.7 Regeneration of the adsorbents

The regeneration of UT-BCS, AT-BCS and BT-BCS was conducted by taking 0.1 g of the pre-
used (cations-loaded) adsorbent. The adsorbed cations were removed from adsorbents surface
by agitating twice in 20 mL of 0.3 M HCI at 200 rpm for 30 min and then rinsed several times

with ultra-pure water at 200 rpm for 60 min before reuse.

4.8. Characterization

The morphology, chemical features and phase purity of UT-BCS, AT-BCS and BT-BCS were
affirmed by SEM, FTIR and XRD techniques. Scanning electron microscopy (SEM) images
were taken on a Nova Nano SEM 200 from FEI operated at 10.0 kV. Perkin Elmer Fourier
transformed infrared spectroscopy FT IR/FTNIR spectrometer, spectrum 400 was used. X-ray

diffractometer (XRD), Shimadzu XRD 7000 was used to identify crystalline phase of the
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sample, scan range was set from 10 to 80 (20 °), scan speed was set at 10 °/min. Inductive
couple plasma spectroscopy (ICP), thermo scientific iCAP 7000 series, ICP spectrometer,
using ASX-520 auto sampler, was used to measure the metal ion solutions before and after

adsorption.

4.9 Results and discussion

4.9.1 Adsorbents characterization

4.9.1.1 SEM analysis

The SEM images (Figs. 17a-1) were evaluated to study the surface morphology of the adsorbents before
and after adsorption of the cations. UT-BCS (Figs. 17a-b) images show that the raw biomaterial before
adsorption is composed of more or less spherical shaped particles. However, after adsorption the surface
morphology of the raw biomaterial (UT-BCS) had cavities and irregular in nature (Figs. 17c-d). AT-
BCS and BT-BCS images before adsorption of cations are Figs. 17e-f and Figs. 17i-j respectively. AT-
BCS and BT-BCS images show that after the acid and alkaline/base treatment the spherical shaped
particles observed in UT-BCS (Figs. 17a-b) were not observed for the treated adsorbents. The SEM
images of AT-BCS and BT-BCS after adsorption of cations are shown in Figs. 17g-h and Figs. 17k-I

respectively. AT-BCS and BT-BCS after adsorption show that the surfaces had porous and cavities,

which may easily trap and adsorb the cations.
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Figure 17: SEM images: (a-b) UT-BCS before adsorption, (c-d) UT-BCS after adsorption,
(e-f) AT-BCS before adsorption, (g-h) AT-BCS after adsorption, (i-j) BT-BCS before
adsorption and (k-1) BT-BCS after adsorption

4912 FTIR

The IR plots confirmed the functional groups present on UT-BCS, AT-BCS and BT-BCS
adsorbents as shown in Fig. 18. The broad band at 3282 cm™ on UT-BCS spectrum is assigned
to (-OH) stretching. AT-BCS and BT-BCS (-OH) stretching bands slightly shifted to 3288 and
3347 cm! respectively. The small band at 2978 cm™ was observed only in UT-BCS and AT-
BCS, however it dropped off in BT-BCS. The two bands in UT-BCS, AT-BCS and BT-BCS
at 2923 and 2853 cm ™ were attributed to (-CH) stretch of (-CHs) and (-CHy) respectively. The
band (-C=0) for ketonic group was observed at 1743 cm™ for all adsorbents. Two sharp bands
on UT-BCS and AT-BCS at 1637 and 1541 cm™* were assigned to (-C=0) and (-NH) of amide
group respectively. However, on BT-BCS, (-C=0) band was recorded at 1624 cm tand (-NHy)
band dropped off. The (-COOH) group stretching band was assigned at 1413 cm™ for UT-BCS
and slightly shifted to 1453 for AT-BCS and BT-BCS. The band at 1239 cm™ on UT-BCS and
BT-BCS was assigned to (-CO) group. On AT-BCS the (-CO) group shifted to 1236 cm™. New

band was observed at 1147 cm™ on AT-BCS and BT-BCS spectra respectively. Most bands
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indicated massive oxygen containing group’s presence on UT-BCS, AT-BCS and BT-BCS

surfaces.
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Figure 18: IR spectra of UT-BCS, AT-BCS and BT-BCS adsorbents

4.9.1.3 XRD

500

The X-ray diffraction spectra of UT-BCS, AT-BCS and BT-BCS before and after adsorption

are shown in Figs. 19a-b respectively. The pattern trends of spectra were similar for all

adsorbents before and after adsorption. The exhibited broad peaks in Fig. 19a-b between (20)

17 and 21° represent cellulosic content in the adsorbents. The weak peaks are assigned to the
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amorphous nature of adsorbents. However, the only change observed was a peak in Fig. 19a at

(20) = 64° before cations adsorption, it disappeared in Fig. 19b for all adsorbents after

adsorption.
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Figure 19: XRD spectra of UT-BCS, AT-BCS and BT-BCS; (a) before adsorption and (b)
after adsorption.

4.9.2 Adsorption studies
4.9.2.1 Concentration effect and modeling studies

Figs. 20a-c shows the adsorption ability of UT-BCS, AT-BCS and BT-BCS for cations in
aqueous solution at varying cations concentration. The trend of the plots recorded an increase
in adsorption with increasing cations solutions concentration. This may be attributed to the fact
that initial concentration of the cation solution provides an important driving force to overcome
mass transfer resistance of the cations between the aqueous and solid phases, hence higher

initial concentration of cations will result in higher adsorption.
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Figure 20: Concentration effect studies onto (a) UT-BCS, (b) AT-BCS and (c) BT-
BCS for the adsorption of Cu(ll), Co(ll), Pb(1l) and Ni(Il)

Langmuir, Freundlich and Temkin isotherms shown in (Table 1) were evaluated by means of
equilibrium data obtained at 288 K to determine the maximum capacity and interaction
behaviour (adsorption mechanism) of cations onto UT-BCS, AT-BCS and BT-BCS. It is shown
in the table that all adsorption equilibrium data fitted Langmuir isotherm model; higher r?
values between (0.983-0.999) close to unity (1) and Qo values closer to the experimental. This
data indicates that the adsorption of cations onto UT-BCS, AT-BCS and BT-BCS took place
on active sites having equal affinity for these ions and further suggests that monolayer
adsorption occurred on adsorbents surface at the end of adsorption process. Freundlich and

Temkin isotherm models could not be used to explain the adsorption processes. Freundlich and
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Temkin isotherms gave (r?) values between (0.837-0.990) and (0.544-0.982) respectively. Both

models could not be used to explain the adsorption processes on to adsorbents.

Table 1: Isotherm models

UT-BCS AT-BCS BT-BCS
Isotherms
Cu(ll) Co(ll) Pb(Il) Ni(lI) Cu(ll) Co(ll) Pb(Il) Ni(lI) Cu(ll) Co(ll) Pb(I) Ni(ll)
Langmuir Qo 115.0 2792 1341 2981 1740 7754 1781 91.28 1912 89.62 1812 99.92
B 0.100 0.059 0.021 0.068 0.013  0.067 0.462 0.055 0.034 0.394 0.542 0.325
r? 0991 0996 0.990 0.989 0.993 0983 0.996 0.999 0.996 0.988 0.992 0.985
Freundlich 1/n 1066 15.65 110.8 16.09 170.8 7596 185.0 95.11 1148 48.05 1352 39.38
ks 2471 278 1.348 2.886 1.064 2.645 0.636 2.205 8.555 5774 0.185 4.145
r2 0975 0.905 0.969 0.967 0.850 0.937 0977  0.990 0.943 0948 0.976 0.837
Temkin kt 1296 5.74 1.091 1.070 1.119  1.028 1.247 1.075 19.65 1.384 1530 1.388
br -239 -168 -2.88 -4.40 -156  -395 -1.34 -358 -1.055 -2.15 -0.76 -2.22
r2 0.752 0.833 0.725 0.544 0.852 0912 0.965 0.934 0.982 0.947 0.923 0.632
Experimental (ge) 116.8 28.05 135.0 28.55 175.7 7858 180.1 9041 190.7 8754 1839 9559

4.9.2.2 Temperature effect and modeling studies

The effect of temperature was studied at 288, 298, 308, 318 and 328 K temperatures; the data

are shown in Figs. 21a-c. The trend in UT-BCS adsorbent (Fig. 21a), shows a significant

increase in adsorption capacity as temperature increased from 288 to 298 K; Cu(ll) 98.2to 116

mg/g, Pb(ll) 112 to 134 mg/g, Co(ll) 4.24 to 29.4 mg/g and Ni(ll) 2.18 to 28.9 mg/g

respectively. A further increase in temperature to 308 K; resulted in Cu(ll) increasing to 163

mg/g, Pb(ll) 151 mg/g, Co(ll) to 33.5 mg/g and Ni(ll) to 41.2 mg/g. However, at higher

temperatures of 318 and 328 K, lower adsorption capacities were exhibited for all cations,

Cu(ll) decreased from 161 to 160 mg/g, Pb(Il) 143 to 139 mg/g, Co(ll) 29.2 to 21.0 mg/g and

Ni(ll) 24.4 to 23.4 mg/g. Data obtained showed that higher temperatures of 318 and 328 K

were detrimental to the process. This trend suggests, escaping of the adsorbed cations on UT-
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BCS at higher temperatures, indicating physical nature of the adsorption. The same trends were

observed in Figs. 21b-c, for AT-BCS and BT-BCS respectively.
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Figure 21: Temperature effect studies onto (a) UT-BCS, (b) AT-BCS and (c) BT-BCS for
the adsorption of Cu(ll), Co(ll), Pb(11) and Ni(Il)

The thermodynamic parameters; Gibbs free energy (41G°), enthalpy (4H°®), and entropy (45°)

were evaluated to determine the spontaneity and feasibility of Cu(ll), Pb(I1), Co(ll) and Ni(ll)

ions sorption onto UT-BCS, AT-BCS and BT-BCS (Table 2). The parameters were evaluated

at different temperatures (288, 298, 308, 318 and 328 K). 4S° gave positive values this indicates

increased randomness and degree of freedom for cations in aqueous solution during sorption

process. Both A4G° and 4H° gave negative values suggesting that all sorption processes were
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spontaneous and exothermic respectively. Therefore, it was observed that at higher
temperatures sorption ability of cations was reduced. However, Fig. 19a-c plots recorded an
increase in sorption capacity of the cations as temperature increased from 288 to 308 K. This
is significant, as small amounts of energy may be required to terminate the hindering repulsive
forces preventing further sorption of the cations. Higher temperatures from 318 to 328 K
recorded less sorption of the cation compared to 308 K, as such temperatures 318 and 328 K
were detrimental to the process. This could be linked to kinetic energy causing the ions to move
more rapidly in the solution and not staying long enough at the active sorption sites to be

adsorbed resulting in lower sorption.

Table 2: Thermodynamic studies and their parameters

AS° (KJ moltK1)

UT-BCS AT-BCS BT-BCS
Cu(ll) Co(I) Pb(Il) Ni(ll) Cu(l) Co(ll) Pb(il) Ni(I) _Cu(l) Co(ll) Pb(Il)
AH° (KJ mol ™) 464 -195 214 -316 -163 -1.06 -271 -0857 -587 -0.311 -2.29
127 0743 0519 112 025 0352 0549 0306 155 0059 0.411
157 751 224 -913 571 -2.06 -6.24 -179  -0503 -0.640 -6.84

AG° (KJ mol?) 288 K

298 K -2.56 -263 -349 -268 -6.60 -0.034 -7.24 -1.22 -9.06 -1.11 -7.68
308 K -5.59 -232 -468 -167 -7.06 -0.675 -8.64 -1.47 -7.86 -1.27  -8.64
318 K -5.66 -282 -429 -350 -6.96 -0.387 -8.25 -0.610 -7.86 -0.952 -8.16
328 K -5.68 -394 -419 -353 -6.71 -0.289 -8.21 -0.744  -8.19 -1.00 -8.45

Ni(1)
-0.251
0.0283
-1.01
-1.51
-1.60
-1.20
-1.31

4.9.2.3 Rate and kinetic studies of cations removal from aqueous solution

The rate at which pollutants are removed from aqueous solution is imperative and it was
evaluated in order to determine the efficiency of UT-BCS, AT-BCS and BT-BCS for
wastewater treatment. The rate of removal trends of cations; Cu(ll), Co(ll), Pb(ll) and Ni(Il)
onto UT-BCS, AT-BCS and BT-BCS absorbents are shown in Figs. 22a-c. In Fig. 22a the
removal rate was much rapid for Cu(ll) and Pb(ll) than Co(Il) and Ni(ll) ions, hence

equilibrium was reached faster in just 30 min for Cu(ll) and Pb(ll) ions and 60 min for Co(ll)
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and Ni(ll) ions. In Fig 22b it was observed that Pb(Il) ions removal rate was faster, therefore
attaining equilibrium in 10 min, followed by Cu(ll) ions that attained equilibrium in 30 min.
Co(Il) and Ni(Il) ions had slower removal rate, attained equilibrium in 60 min. In Fig. 22c
Cu(Il) and Pb(I1) ions removal rate was faster and attained equilibrium in 10 min compared to

Co(Il) and Ni(ll) ions, adsorption which attained equilibrium in 60 min.
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Figure 22: Time effect studies onto (a) UT-BCS, (b) AT-BCS and (c) BT-BCS for the
adsorption of Cu(ll), Co(ll), Pb(I1) and Ni(Il)

The kinetic studies of Cu(ll), Co(ll), Pb(I1) and Ni(Il) removal onto UT-BCS, AT-BCS and
BT-BCS were determined using pseudo first order (PFO), pseudo second order (PSO), and

intra particle diffusion (IPD) models. Different kinetic models and their parameters are shown
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in Table 3. To determine whether the adsorption had a good fit for the PFO or PSO it requires
either the values of correlation coefficient r? to be close to 1 (unity) and the values of adsorption
capacity (ge) close to the experimental values. It was shown in Table 3 that the PFO model
gave consistent fit in describing the adsorption of all the cations onto UT-BCS, AT-BCS and
BT-BCS than PSO model. The r? values were closer to 1, (0.990-0.998) for PFO unlike PSO
values (0.919-0.983). The calculated capacities (ge) values were closer to the obtained
experimental values for PFO, unlike PSO. PFO good fit suggests that the adsorption
mechanism for all cations onto adsorbents in this study involved Van der Waal forces

attraction.

IPD kinetic model estimates the nature of the process, either surface or pores adsorption. The
parameter; C (mg/g) values measure the degree of thickness of the accumulated cations
adsorbate on the adsorbents surface. It is shown in Table 3 that estimated pore adsorption (EPA)
was dominant in all adsorption processes than estimated surface adsorption (ESA). EPA ranged

between 81.39-95.87% and ESA between 5.201-26.42%.

Table 3: Kinetic model types and their parameters

UT-BCS AT-BCS BT-BCS
Models
Cu(ll) Co(1l) Pb(Il) Ni(ll)  Cu(ll) Co(Il) Pb(ll) Ni(Il)  Cu(ll) Co(ll) Pb(ll)
PFO Qe 116.1 16.47 1305 10.31 1858 63.02 1876 42.14 1839 46.01 173.02
K1 1.00 1.00 1.00 1.00 2.765 1.00 3.745 1.00 2351 1.00 1.993
r 0.991 0.992 0.998 0.992 0.998 0.995 0.996 0.995 0.998 0.994 0.990
PSO Qe 97.26 3.554 9225 7.384 102.2 2191 1256 31.75 1739 46.65 124.0
Kz 0.610 1582 0.965 0.096 0.102 3.787 0.880  3.559 0.663 4.519 0.429
r2 0.978 0972 0.957 0.983 0919 0973 0979 0.957 0.980 0957 0.948
IPD C 13.32 1283 1452 1.055 2533 3.802 35.02 2.758 4790 2561 46.84
Ki 1059 1514 1047 1314 1405 7139 1399 5851 1218 6.518 12.01
r2 0.996 0987 0.981 0.989 0.929 0987 0.936 0.940 0.9427 0.932 0.940
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57.92
1.00

0.996
54.55
2.621
0.958
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EPA? % 89.69 9281 88.75 93.16 85.86 9536 8139 95.87 7357 96.53 73.73 94.79
ESA? % 10.30 7.183 11.24 6.83 1414 4640 18.61 4.126 2642 3470 26.27 5.201
Experimental (ge) 1159 17.86 129.1 1544 179.2 6252 188.2 43.69 181.3 46.25 1783 57.90

*EAP- Estimated pore adsorption of IPD and *ESA - Estimated surface adsorption of IPD.

4.9.2.4. pH effect on the adsorption of cations

The effect of the pH of the solution was studied at pH 1, 3, 5, 7 and 8.5 as shown in Figs. 23a-

c. The adsorption of cations onto all adsorbents was largely pH dependent. It was observed that

UT-BCS, AT-BCS and BT-BCS adsorption capacities increased with increasing pH. However,

this could be explained based on; at low pH 1 to 5 the functional groups (-COOH, -OH and -

NH.) on adsorbents surface were protonated. This restricted the adsorption of cations because

of repulsive forces. Haug (1961), reported that at low pH below 4.5 (-COOH) groups are

protonated therefore, electrostatic attraction between adsorbent surface and positively charged

cations is negligible. However, at high pH values from 7 to 8.5 functional groups (-COOH, -

OH and -NH) on adsorbents surface got deprotonated and increased the adsorption of cations.

This increased the negative charges on the adsorbents surface and improved attraction forces

and adsorption capacity.
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Figure 23: Effect of pH onto (a) UT-BCS, (b) AT-BCS and (c) BT-BCS for the adsorption of
Cu(ll), Co(l1), Pb(11) and Ni(ll)

4.9.2.5 Point of zero charge for adsorbents

Fig. 24 shows plots of ApH vs. pHi of adsorbents. From the plots point of zero charge (pHzrc)
of UT-BCS, AT-BCS and BT-BCS is 5.7, 3.7 and 5.5 respectively. It is shown that ApH values
were negative before pH values of 3.7, 5.5 and 5.7 for AT-BCS, BT-BCS and UT-BCS
respectively; this indicated that the adsorbents surface acquired negative charge from initial
pHi up until (pHzrc). pH values above (pHzec) 3.7, 5.5 and 5.7 the adsorbents surface acquired
positive charge ApH vales became positive. However, at pH values of 3 to 5.5 for BT-BCS and
3 to 5.7 for UT-BCS a buffering effect is observed, this is in agreement with Demeny et al.
(2018) findings. They reported that the buffering effect is linked to the protonation of

carboxylic groups (-COOH), which affect the adsorption capacity
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Figure 24: Point of zero charge of adsorbents

4.9.3 Mechanism of adsorption

Black cumin seeds (UT-BCS, AT-BCS and BT-BCS) FTIR spectra (Fig 18) confirmed the
presence of several functional groups such as carboxyl (-COOH), hydroxyl (-OH) and amide
(-NH>) on the adsorbents surface. The presence of these functional sites could have possibly
governed the adsorption processes (see the proposed mechanism in scheme 2). The interaction

behaviour between adsorbents surface and metal ions was through electrostatic attraction.
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Added adsorbent to the solution

Adsorbent: black cumin seeds surface

Electrostatic interaction
Electrostatic interaction

Aqueous solution containing:
@ quaternary toxic metal ions
\
A

Ele ctrostatic interaction

Scheme 2: Proposed adsorption mechanism of Cu(ll), Pb(Il), Ni(Il) and Co(ll) ions onto UT-
BCS, AT-BCS and BT-BCS.

4.9.4 Reusability studies

Economic benefits of UT-BCS, AT-BCS and BT-BCS were estimated by investigating the
reusability of the biosorbents. The adsorption/desorption result of five cycles of biosorbents
used in this study towards cations are shown in (Figs. 25a-c). The biosorbents adsorption
capabilities (Figs. 25a-c) show a slow downward trend with increasing cycle numbers to five.
UT-BCS; Cu(ll) decreased from 83.7 to 78.0 %, Co(ll) 65.3 to 60.9 %, Pb(Il) 84.6 to 77.9 %
and Ni(ll) 62.6 to 59.2 %. AT-BCS; Cu(ll) decreased from 95.3 to 85.9 %, Co(ll) 80.9 to 72.9
%, Pb(Il) 98.3 to 88.6 % and Ni(ll) 79.3 to 69.9 %. BT-BCS; Cu(ll) decreased from 96.6 to

91.0 %, Co(Il) 85.5t0 77.9 %, Pb(ll) 98.5 to 91.5 % and Ni(ll) 85.9 to 77.1 %. At the end of
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the fifth cycle, UT-BCS, AT-BCS and BT-BCS adsorbents retained >90 % of their initial
cation’s adsorption capacities. The obtained reusability data suggest that UT-BCS, AT-BCS

and BT-BCS adsorbents may be reusable in wastewater treatment.
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Figure 25: Reusability data of (a) UT-BCS (b) AT-BCS and (c) BT-BCS

4.9.5 Comparative studies

Black cumin seeds (AT-BCS and BT-BCS) adsorption studies showed high potential and

possess good removal capacity in comparison to previously reported seeds biosorbents as
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shown in Table 4. The results show the potential of treated black cumin seeds; AT-BCS and

BT-BCS have in wastewater treatment.

Table 4: Seed’s adsorbents comparative study

Biosorption capacities study of Co(Il), Ni(Il), Pb(ll) and Cu(ll)

Biomass adsorbent

Black sapote seeds
Defatted papaya seeds
Caryota urens seeds
Peganum harmala seeds
Litchi chinensis seeds
Doum seeds

Citrus limettioides seeds
Moringa stenopetala seeds
Chili seeds

Cotton seeds

Black cumin seeds

Acid treated BCS

Base treated BCS

Q(max) (MQ/g)
Ni(Il) Co(Il) Pb(ll) Cu(ll)
- - 550  8.20
- - 53.02  17.29
- - - 27.39
91.74 - - -
66.62 - - -
- 1351 - -
- 3554 - -
- - 16.13  10.20
- - 1178 -
- - - 156
- - - 85.49
9041 7858  180.1 1757
9559 8754  183.9  190.7

Reference

Cid et al. 2019

Garba et al. 2016

Rao et al. 2016

Ghasemi et al. 2014
Flores-Garnica et al. 2013
El-Sadaawy et al. 2014
Sudha et al. 2015

Kebede et al. 2018
Medellin-Castillo et al. 2017
Thirugnanasambandham et al. 2015
Ahmad et al. 2014

This study

This study

4.9.6. Conclusion

The low cost acid and base treated black cumin seeds adsorbents; AT-BCS and BT-BCS were

successfully utilized for quaternary adsorption study of Cu(ll), Co(ll), Pb(Il) and Ni(ll) ions

from aqueous solution. The adsorption processes were depended on system parameters such

as; initial concentration of the metal ions, contact time, temperature and initial pH of the

solution. Adsorbents maximum capacity trend was BT-BCS>AT-BCS>UT-BCS. Isotherm

models were evaluated for; Langmiur, Freundlich and Temkin, the best fit was found to be
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Langmiur model. Kinetic studies were tested for pseudo first order (PSO) and pseudo second
order (PSO). The PFO good fit suggest that the adsorption mechanism involved, electrostatic
attractions and Van der Waal forces. Thermodynamic analysis revealed that the adsorption
processes were spontaneous and exothermic in nature. The reusability data, suggests that the
low-cost black cumin seeds adsorbents can be reused for the adsorption of cations from
solution. Advantages of the present study are; easy generation of the biosorbents and their
ability to be reused several times. Disadvantages of the study are; black cumin seeds
modification by acid and base can only be carried at low concentrations. At high concentrations

black cumin seeds dissolve in acid and base solutions.
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CHAPTER 5

Adsorption studies of toxic cadmium(ll) and chromium(V1) ions
from aqueous solution by activated black black cumin (Nigella
Sativa) seeds

This chapter is published as follows:

Patience Mapule Thabede, Ntaote David Shooto, Thokozani Xaba, Eliazer Bobby Naidoo.
2020. Adsorption studies of toxic cadmium(Il) and chromium(V1) ions from aqueous solution
by activated black cumin (Nigella Sativa) seeds. Journal of Environmental Chemical

Engineering 8, 104045.

This chapter is addressing objective (c) which read as follows:

To activate black cumin seeds by potassium permanganate (KMnOs4) and phosphoric acid
(H3POs) for the removal of chromium Cr(VI) and cadmium Cd(ll) ions from aqueous solution

by varying time, pH, temperature and concentration.
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5.1 Abstract

This work studied the adsorptive capability of activated black seeds to remove cadmium
(Cd(11)) and chromium (Cr(\V1)) ions from aqueous solution. The use of activated black seeds
by potassium permanganate (KMnOs) and phosphoric acid (H3PO4) to remove Cd(Il) and
Cr(VI) ions from aqueous solution is largely unexplored therefore, it is fair to conduct a study
on the effect of activating agents on black seeds. Pristine black seeds were designated (PBS),
the H3PO4 and KMnOg activated seeds (HsBS) and (KMBS) respectively. The seeds were
characterized by SEM, BET, XRD and FTIR and. SEM micrographs revealed that H3:BS and
KMBS were more porous than PBS. The BET surface area of H:BS and KMBS increased to
10.1 and 9.3 m?/g respectively. FTIR spectra confirmed the presence of -OH, -COOH, -C=0
and -NH: functional groups attached to the surface of all adsorbents. Adsorption batch studies
were conducted to investigate the effect of contact time, initial concentration, temperature and
pH of the solution. It was found that the adsorption capacities of all adsorbents increased with
increasing Cd(Il) and Cr(VI1) initial concentration in the solution. The isotherm data revealed
that Cd(I1) ions uptake onto all adsorbents found good fit for Langmiur. This implies that the
uptake processes occurred on active sites having equal affinity and further suggest monolayer
adsorption. Whilst the isotherm data for Cr(V1) ions uptake onto PBS and KMBS found good
fit for Freundlich. This is indicative that the uptake processes involved multi-layer adsorption
formation. It was observed that all adsorbents had higher uptake for Cd(I1) than Cr(V1) ions. It
was found that the maximum adsorption capacity for Cr(\V1) ions was 17.70 mg/g obtained at
pH 1 at temperature 353 K whilst for Cd(ll) ions it was 19.79 mg/g onto KMBS at pH 9 and
temperature 298 K. The sorption rate of Cr(VI) ions onto PBS increased sharply from 5 until
60 min thereafter it stabilized and attained equilibrium from 60. The same sorption rates were

observed for KMBS and H3BS rapid from 5 min however the processes were much faster
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stabilized in 30 min. The sorption rates of Cd(ll) ions were rapid from 5 min and remained
significant until 60, 30 and 20 min mark for PBS, KMBS and H3BS adsorbents respectively.
Afterwards, little to no sorption was recorded for either adsorbent. Increasing the temperature
of the solution had a negative effect on the uptake of Cd(ll) ions onto KMBS and H3BS, this
was indicative of the exothermic nature of the processes. However, temperature increase had a
positive effect of the uptake of Cr(VI) ions onto all adsorbents, this was indicative of the
endothermic nature of the processes. It was observed that the uptake removal of Cd(ll) and

Cr(VI) ions found a good fit for PSO kinetic model.

Keywords: modified black seeds, hexavalent chromium, divalent cadmium, adsorption

5.2 Introduction

Pollution of water by metal ions of Cd(ll) and Cr(VI) has become a serious challenge
worldwide. These water contaminants mainly originate from accelerated industrialization. The
challenge with metal ions of Cd(ll) and Cr(V1) in particular within water bodies is from the
fact that they are toxic, non-biodegradable and persistent. Cd(ll) and Cr(V1) ions enter water
through careless disposal of compounds containing cadmium and chromium by mines, paint,
electroplating, plastic and cadmium-nickel battery manufacturing factories (Rao et al. 2010;

Bhatnaga & Minocha, 2009).

Cd(IT) and Cr(VI) ions are harmful to the living organisms and the environment (Singh et al.
2011). They are highly toxic even at low concentration and detrimental to human health and
well-being (Zeng et al. 2019). Exposure to cadmium (Cd(ll)) ions through drinking
contaminated water causes irreparable multiple organ damage, such as skeletal, kidneys,

reproductive, cardiovascular, central and peripheral nervous, lungs and it is highly carcinogenic
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(Yang et al. 2018; Rafati et al. 2017; Kellen et al. 2007). Drinking chromium Cr(VI) ion
contaminated water is likewise toxic, it is reported to cause physical health problems that are
irreversible such as cancer (Neolaka et al. 2018), damage to the kidneys (Qi et al. 2017) and

nervous system (Taghizadeh & Hassanpour, 2017).

Several conventional treatment technologies have been developed for the remediation of toxic
contaminants such as precipitation, membrane, ion exchange, reverse osmosis, adsorption,
coagulation and flocculation (Amuda et al. 2006, Bai & Bartkiewicz, 2009; Rao et al. 2010,
Barbooti et al. 2011; Lin et al. 2014; Daci-Ajvazi et al. 2016). However, adsorption method is
the most preferred because it has significant advantages over other methods. It is effective,
inexpensive, easy to conduct, not selective, and does not generate harmful by-products
(Yarkandi, 2014). In the last decade agricultural (biomass) materials have gained much
attention as potential candidates in water treatment (Bharathi & Ramesh, 2013). Agricultural
materials are abundant in nature, inexpensive, accessible, and can be regenerated. Some of the
extensively researched biomass include papaya seeds (Shooto & Nadioo, 2019; Yadav et al.
2014), ginger root (Shooto et al. 2019a), mucuna beans (Shooto et al. 2020a; Shooto et al.
2020b), coffee beans (Kaikake et al. 2007) pine cone (Dawood et al. 2017), moringa (Kebede
et al., 2018), coconut shell (Zhao et al. 2018), orange peels (Safari et al. 2019), sugarcane

bagasse (Xiong et al. 2019), etc.

Treatment of agricultural materials by strong to mild oxidizing substances such as phosphoric
acid (HsPQa), potassium permanganate (KMn0O4), hydrochloric acid (HCI), nitric acid (HNO3)
and sulfuric acid (H2SO4) (Lesaoana et al. 2019; Yao et al., 2016) reported to increase the

oxygen containing functional groups like carboxyl (COOH) and carbonyl (C=0) (Gupta &
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Saleh, 2013) on the materials surface therefore that improving the adsorption capacity of the

material.

Black seeds have shown great potential in water application. However, only several research
groups worldwide have exploited the feasibility of black seeds in waste water treatment.
Consequently, only very few documents were found that reported on black seeds in water
treatment. Shooto et al. (2019b) conducted a study on HCI and NaOH activated black seeds for
the removal of Pb(Il), Cu(ll), Ni(ll) and Zn(ll) ions quaternary adsorption. Siddiqui and
Chaudhry (2019) modified black seeds surface with Fe.O3-ZrO, nano composite for the
removal of arsenic ions and methylene blue. Siddiqui et al. (2019) reported on black seeds
functionalized with the nano hybrid composite Fe-O3-SnO> for the adsorption of methylene
blue. Siddiqui et al. (2018a) employed black seeds-MnQOs composite for the removal of
methylene blue. Siddiqui et al. (2018b) used HCI washed black seeds for the adsorption of
methylene blue. Addala et al. (2018) reported on defatted black seeds by hexane for the removal
of lead ions. Ahmad & Haseeb (2014) used pristine black seeds to remove copper ions. Black

seeds are largely unexploited. Therefore, it is be fair to conduct further studies.

Black seeds are inexpensive, abundant, accessible and nontoxic agricultural material used as
home medicine for anti-inflammatory and anti-oxidant. The seeds also support the immune
system, stomach and intestinal health, kidney and liver functions, prevent diabetes, cancer, and
neutralize toxins, increases concentration and memory (Ahmad & Haseeb 2014). In this work
black seeds were activated by KMnO4 and H3sPO4 for the removal of Cd(ll) and Cr(VI) ions
from aqueous solution. To the best of our knowledge activation of black seeds by KMnO, and
H3POs is the first time being reported. Likewise the sorption of Cd(ll) and Cr(VI) ions from

aqueous solution by black seeds is not documented until now. The influence of varying system
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parameters such as; initial concentration, contact time, temperature and pH of the solution were

also investigated.

5.3 Experiments

5.3.1. Materials and methods

Black seeds (BCS) were obtained from a pharmacy in Vaal, South Africa. Potassium
permanganate salt (KMnOa4)-99%, phosphoric acid (HzPO4)-75%, cadmium acetate salt
Cd(CH3C00),-99.95%, potassium dichromate salt (K2Cr.07)-99.5% all reagents were ACS

grade and purchased from Merck South Africa LTD.

5.4 Preparation of adsorbents

5.4.1 Pristine black seeds (PBS)

The black seeds were stirred in distilled water several times to get rid of dirt then dried in an
oven and ground by a blender with steel blades. Thereafter grounded pristine black seeds were

labelled (PBS).

5.4.2 Potassium permanganate (KMnQ,) activated black seeds

PBS, 50 g was stirred in a solution of KMnO4 500 ml at 0.5 M for 5 hours. Thereafter the
material was isolated and soaked in distilled water several times to get rid of excess KMnOa.
The material was transferred in a beaker and dried in oven at 313 K, thereon the material was

labelled KMnOQg activated black seeds (KMBS).
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5.4.3 Phosphoric acid (H3sPO,) activated black seeds

PBS, 50 g was stirred in H3sPOj4 solution of 500 ml, 0.5 M for 5 hours. Thereafter the treated
material was isolated and washed in distilled water several times to get rid of excess H3POa.
The material was transferred in a beaker and dried in oven at 313 K, thereon the material was

labelled H3POj4 activated black seeds (H3BS).

5.5 Adsorption procedure

Stock solutions of 500 mg/L of Cr(VI) and Cd(Il) ions were prepared using potassium
dichromate and cadmium acetate salts respectively. Thereafter working solutions of Cr(VI) and
Cd(I1) were prepared by serial dilution of the stock solutions. Subsequently, preliminary studies
on PBS to remove Cr(VI) and Cd(Il) ions from aqueous solution were conducted while varying
systematic parameters such as concentration, contact time, temperature and pH. Concentration
effect was studied on working solutions 20, 40, 60, 80 and 100 mg/L equilibrium time used
120 min. Contact time effect was examined at 5, 10, 15, 20, 30, 40, 60, 90 and 120 min on
working solution 100 mg/L. Temperature effect was evaluated at 298, 303, 313, 333 and 353
K on working solution 100 mg/L and equilibrium time 120 min. pH effect was studied at pH
1, 3,5, 7 and 9 on working solution 100 mg/L and equilibrium time 120 min. Each adsorption
experiment was carried out by addition of 20 mg of PBS into 20 ml of the specified working
standard in capped bottles. The solutions containing PBS were agitated on an orbital shaker at
300 rpm until equilibrium time was reached. Thereafter the solutions were centrifuged at 4500
rpm for 5 min. The remaining amount of Cd(Il) and Cr(VI) in the solution were determined

using AAS. The adsorption studies on KMBS and H3BS adsorbents were also determined.
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5.6 Adsorption data management

Equations 1 and 2 were employed to evaluate the removal capacity, ge (in mg/g) and removal

percentage, %R (in %) of Cd(Il) and Cr(V1) ions at equilibrium.

(Co - Ce) 14
e = " (1)
0 _ (CO - Ce)
%R = L2 x 100 ©)

o

where the removal capacity and percentage were designated (ge) and (%R), initial and final
concentrations designated (Co) and (Ce) in mg/L. Volume of the solution and mass of the

adsorbent designated (v) and (W) respectively.

The adsorption mechanisms were evaluated using kinetic models namely; pseudo-first order
(PFO) nonlinear equation (3), pseudo-second order (PSO) nonlinear equation (4) and intra-
particle diffusion (IPD) nonlinear equation (5). The obtained adsorption contact time data was

integrated into three kinetics models.

e = q:(1— e7*1%) 3
1+ kyqet

Ge = Tt (@)

e = k;(£/*) + C (5)

where (ge) and (qt) are the amounts removed (in mg/g) at time (t). (k1), (k2) and (ki) are the rate
constants of PFO (in min't), PSO (in g mg™ min™) and IPD (in g g™* min/?) respectively. (C)
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is the concentration of Cr(VI) and Cd(Il) on the surface of PBS, KMBS and H3BS at

equilibrium.

The equilibrium data was integrated into two isotherm models namely; Langmuir and

Freundlich using nonlinear equations (6) and (7) respectively.

obCe
e = e (6)
qe = keC" (7)

Where the parameters; (Qo) represent Langmuir maximum adsorption capacity (in mg/g), (b)
represent the interaction energy related constant, (ki) represent Freundlich capacity factor

constant and (1/n) is the isotherm linearity parameter constant.

Thermodynamic functions such as standard enthalpy change (AH°), standard entropy change
(AS°), standard free energy change (AG®) and the equilibrium constant (K¢) were obtained at

298, 303, 313, 333 and 353 K using equations (8), (9) and (10).

In KC = - RT R (8)
AG®° = —RT InK, (9)
K. = Z‘_: (10)
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5.7 Characterization

The PBS, KMBS and H3BS surface characterization, thermal disintegration, functional sites
attached, specific surface area and purity were affirmed using SEM, FTIR, BET and XRD
respectively. SEM images were taken on a Nova Nano SEM 200 from FEI operated at 10.0
kV. Perkin Elmer FTIR/FTNIR spectrometer, spectrum 400 was used for the confirmation of
the functional groups attached to the surface of the adsorbents. Shimadzu XRD 7000 was used
to determine the purity of the adsorbents, scan range was set from 10 to 80 (26 °), scan speed
was set at 10 °/min. Micromeritics ASAP 2020 (Micromeritics Instrument Corporation, USA)
was used to determine the BET surface area of the adsorbents under nitrogen
adsorption/desorption. The pH of the samples was determined in deionized water, and pH at
point of zero charge pHzc) was evaluated using the pH drift method. Inductive couple plasma
spectroscopy (ICP), thermo scientific iCAP 7000 series, ICP spectrometer, using ASX-520

auto sampler, was used to measure the metal ion solutions before and after adsorption.

5.8. Results and discussion

5.8.1 Adsorbents characterization

5.8.1.1 SEM

The examination of PBS, H:BS and KMBS by SEM offered vital surface morphological
information. Figs. 26a-b show PBS images, it was observed that the pristine adsorbent
exhibited cavities on the surface and irregular morphology. Whilst both activated adsorbents
H3BS and KMBS images in Figs. 26¢-d and Figs. 26e-f respectively show improved surfaces
in terms of more cavities and porosity. These attributes are therefore anticipated to enhance the

adsorption processes of Cd(V1) and Cd(Il) onto both activated adsorbents.
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Figure 26: SEM micrographs; (a-b) PBS, (c-d) H3BS and (e-f) KMBS
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5.8.1.2 FTIR analysis

IR characterization of PBS, H3BS and KMBS adsorbents are shown in Fig. 27. The peaks at
wavenumber 3280 were attributed to hydroxyl (-OH) stretch of lignocellulose materials present
in the biomass (Shooto et al., 2020). The hydroxyl (-OH) stretch peak was observed in all
adsorbents however it almost vanished in KMBS spectrum. Two sharp peaks were observed in
all adsorbents assigned to (-CH) stretch in methylidene (=CH>) and methyl (-CH3) groups at
wavenumbers 2923 and 2853 respectively (Siddiqui et al. 2018b). The (-CH) stretch peaks
intensified in KMBS and H3BS compared to PBS. The ketonic group was assigned to the peak
at wavenumber 1740 observed in all adsorbents (Addala et al. 2018). The peak at wavenumber
1413 on PBS disappeared on KMBS and HsBS. The peaks at 1370 were observed only on the
spectra of KMBS and H3BS. All adsorbents had (-C=0) and (-NH2) of amide group peaks at
wavenumbers 1637 and 1541 respectively. The carboxyl (-COOH) group peaks were observed
at wavenumber 1413 in all adsorbents. New peaks observed in phosphoric acid activated
materials (HsBS) at wavenumbers 1703, 887, 802 and 691 were attributed to the implanted
phosphorus groups onto black seeds surface (Liou, 2010). Similarly, potassium permanganate
activated materials (KMBS) recorded several new peaks at 1703, 802 and 691. All marked
changes confirm successful functionalization of the black seeds by phosphoric acid and

potassium permanganate.
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Figure 27: FTIR spectra of PBS, KMBS and H3BS

5.8.1.3 XRD diffraction

The XRD spectra of PBS, KMBS and H3BS are shown in Fig. 28. No changes were recorded
on the spectra of the pristine black seeds (PBS) and the activated black seeds (KMBS and
H3BS) adsorbents. The characteristic broad peak observed in all adsorbents around (26) 17 and
21° indexed (002) was attributed to crystalline lignocellulose material (Siddiqui & Chaudhry,
2018; Shooto et al. 2020). Peaks at (20) 37.5, 44, 64 and 77.5° indexed (040) were assigned to

the amorphous nature of the adsorbents.
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Figure 28: XRD diffraction of PBS, KMBS and H3BS

5.8.2 Physicochemical characterization
5.8.2.1 Point zero charge and nitrogen adsorption/desorption studies

Table 5 shows pHzc), BET surface area, pore size and pore width data of adsorbents. The
pHrzc) values of PBS, KMBS and H3BS were 5.7, 6.3 and 3.1 respectively. The BET surface
area of PBS was 2.7 m?/g and significantly increased for KMBS and H3BS to 10.1 and 9.3 m?/g
respectively. Furthermore, PBS pore width was 6.02 nm and became fairly large in KMBS and

H3BS 14.7 and 16.3 nm respectively.
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Table 5: Physicochemical parameters of the adsorbents.

Adsorbent oHezo) BE2T surface area Porg size Pore width
(m</g) (cm</g) (nm)

PBS 5.70 2.70 0.0387 6.02

KMBS 6.30 10.3 0.0469 14.7

HsBS 3.10 9.30 0.0478 16.3

5.8.3 Adsorption studies
5.8.3.1 pH effect studies

pH effect on the adsorption of Cd(I1) and Cr(VI) ions onto PBS, KMBS and H3BS was studied
atpH 1, 3,5, 7and 9 is shown in Figs. 29a-c. From the plots it was observed that the adsorption
of Cr(VI) ions was pH dependant. Therefore, Cr(\V1) ions adsorption capacities decreased as
pH of the solution increased from 1 to 9 onto all adsorbents with the highest sorption’s recorded
at pH 1. The adsorbents performance trend at pH 1 was KMBS>H3BS>PBS with adsorption
capacities 16.12, 15.98 and 10.15 mg/g. High performance by KMBS and H3BS adsorbents
could be explained by the fact that black seeds activation with strong oxidising agent such as
KMnOs increases the oxygen rich functional groups such as -OH and -COOH on the surface
of the treated material (Fang et al. 2017). Mineral acid such as HsPO4 implants phosphorus
related groups such as PO4> (Liou, 2010). These function groups at low acidic medium (pH =
1) were protonated and acquired a positive charge like -COOH*, -OH?* and -C=0OH" this then
enhanced the electrostatic attraction between Cr(VI) ions predominantly existing as negative
species HCr20O7” (Huang et al. 2018) and led to higher adsorption capacity than in KMBS and
H3BS than PBS. Similarly it was observed that the adsorption of Cd(l1) ions was pH dependant.
Thus, Cd(ll) ions adsorption capacities increased as pH of the solution increased onto all

adsorbents with the highest sorption’s recorded at pH 9. The adsorbents performance trend at
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pH 9 was KMBS>H3BS>PBS with adsorption capacities 19.15, 19.09 and 16.80 mg/g. This
could be due to the fact that at high pH value (9) functional sites were deprotonated and
acquired a negative charge like -OH and -COOH" thus enhanced the electrostatic attraction

between adsorbents surface and Cd(ll) ions.
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Figure 29: pH effect plots of (a) PBS, (b) KMBS and (c) H3BS for the adsorption of Cr(VI)
and Cd(l1). [Conditions: adsorbent dosage (20 mg), volume of solution (20 ml), concentration
of solution (100 m/L), temperature of the system (298 K), agitation speed (300 rpm) and

agitation time (120 min)]
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5.8.3.2 Contact time effect and kinetics

The rate and efficiency at which Cr(VI1) and Cd(I1) ions are removed from agqueous solution by
PBS, KMBS and H3BS were evaluated over a contact time range of 5-120 min the trends are
shown in Fig. 30a-b. The sorption rate of Cr(VI) onto PBS increased sharply from 5 until 60
min thereafter it stabilized and no significant sorption was recorded. Therefore, the process
attained equilibrium from 60 until 120 min. The same sorption rates were observed for KMBS
and HsBS rapid from 5 min however the processes were stable within 30 min. Thereafter little
to no significant sorption was recorded (i.e.) the processes attained equilibrium from 30 until
120 min. Rapid sorption rate at the initial stage was due to abundant unoccupied active sites
and pores available at the beginning of the process. However, as contact time increased the
active sites were exhausted and pores filled up to a point were little or no adsorption was
recorded (Shooto et al. 2019b). The sorption rates of Cd(ll) ions were rapid from 5 min and
remained significant until 60, 30 and 20 min mark for PBS, KMBS and H3BS adsorbents

respectively. Afterwards, little to no sorption was recorded for either adsorbent.

O

—o—Cr(Vl)

—o—Cd(ll)

0 15 30 45 _' 80 '_7'5 " 90 105 120
Time (min)

125



(bJo — ()20

19 O—0 19 ] o—0—0 O o
18 / 18 /
17 ]
o 17 ]
16 4
12- / p—0o D s Ol e 9 /]——D 0 O O
— 144 /O ,-..15_ O
213 d D 14
g12- D 13 ] o
E 413 / = E 421
5'010_ / [
93 O T 11 o O
8 i 10 | /
7 / 9
64 0O gl O
5] / —o=Cr(Vl) 1 / —o—Cr(VI)
g— O —o—Cd(ll 6] O —o—Cd(ll
0 15 30 45 60 75 90 105 120 0 15 30 45 60 _75 90 105 120
Time (min) Time (min)

Figure 30: Contact time effect plots (a) PBS, (b) KMBS and (c) HsBCS for the adsorption of
Cr(VI) and Cd(II). [Conditions: adsorbent dosage (20 mg), volume of solution (20 ml),
concentration of solution (100 m/L), temperature of the system (298 K), agitation speed (300

rpm), pH of Cr(V1) solution was (1) and Cd(Il) solution was (9)]

Sorption rate data obtained for Cr(VI) and Cd(Il) ions onto PBC, KMBS and H3:BCS were
subjected to nonlinear kinetic models (PFO, PSO and IPD) in order to determine the
mechanisms involved in the sorption processes. Table 6 shows the kinetic data parameters of
PFO and PSO. To estimate the sorption process whether it could be best described by either
PFO or PSO model, it was based (r?) value closer to unity (1) and the projected (ge) values.
PFO and PSO (r?) values were compared, and it was observed that all sorption processes gave
better PSO (r?) values which were closer to unity. Therefore, neither process could be described
by the PFO model. The obtained PSO (r?) values for Cr(\V1) and Cd(l1) onto PBS were 0.9990
and 0.9953, onto KMBS 0.9974 and 0.9987, onto H3sBC 0.9912 and 0.9973 respectively. The
good fit for PSO model indicates that the sorption of Cr(VI) and Cd(ll) ions was based on
electrostatic interactions. The nature of Cr(V1) and Cd(ll) ions removal uptake was evaluated
by IPD kinetic model, whether the sorption processes occurred through surface (ESA) or pores

(EPA). Cr(VI1) and Cd(ll) ions sorption onto PBS was dominated by (ESA) with estimated
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percentages of 76.64 and 72.83 % respectively. Whilst Cr(\VI) and Cd(ll) ions sorption onto

KMBS and HzBS were more or less equal for (ESA) and (EPA).

Table 6: Kinetics and their parameters

PBS KMBS HsBC
Models
Cr(Vl) Cd(Il) Cr(Vl) Cd(Il) Cr(vVl)  cd(I
PFO Qe 53.31 11.28 10.79 43.07 17.53 15.10
K1 3.91 3.63 3.78 4.07 3.71 3.51
r 0.9428 0.9857 0.9526  0.9556 0.9167  0.9591
PSO Qe 45.85 14.63 15.59 17.20 16.18 17.04
K2 0.0199 0.0886 1.016 0.0294 0.0683  0.5875
r 0.9990 0.9953 0.9974  0.9987 0.9912  0.9973
IPD C 7.48 13.32 6.29 8.49 8.08 9.24
Ki 1.20 1.41 0.9874  0.547 2.27 0.5401
r? 0.9820 0.9925 0.9814  0.9989 0.9853  0.9835
EPA" % 23.36 23.17 50.67 55.99 52.36 52.62
ESA" % 76.64 72.83 49.33 44.01 47.64 47.38
Experimental (qe) 10.16  17.92 1559  19.40 16.23  19.21

5.8.3.3 Concentration effect and isotherms

The initial concentration of Cr(\V1) and Cd(lI1) solutions is an important parameter that provides
the required energy to overcome the hindering forces that prevent the mass transfer resistance
of metal ions between liquid-solid interfaces. Therefore the effect of initial concentration of
Cr(VI) and Cd(Il) solutions was evaluated and the plots are shown in Figs. 31la-c. It was
observed that the adsorption capacities of all adsorbents increased with increasing initial

concentration of the solution (i.e.) at higher concentrations of the solutions of Cr(V1) and Cd(l1)
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the removal was significantly high than at lower concentration (Diagboya & Dikio, 2018). The
sorption of Cr(VI) ions in solution with initial concentration 100 mg/L onto PBS, KMBS and
H3BS was higher at 9.98, 12.50 and 15.55 mg/g compared to solution with initial concentration
20 mg/L at 4.21, 8.51 and 9.35 mg/g respectively. Whilst the sorption of Cd(ll) ions in solution
with initial concentration 100 mg/L onto PBC, KMBS and H3BCS was higher at 19.20, 19.65
and 19.60 mg/g compared to solution with initial concentration 20 mg/L at 8.32, 10.56 and
15.6 mg/g. This could be explained by the fact that high metal ions initial concentration in the
solution means greater collision possibility between Cr(\VI1)/Cd(l1) ions and adsorbent, which

is associated with high mass transfer (Islam et al. 2015).
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Figure 31: Initial concentration effect of (a) PBS, (b) KMBS and (c) H3BCS for the
adsorption of Cr(\VI) and Cd(Il). [Conditions: adsorbent dosage (20 mg), volume of solution
(20 ml), temperature of the system (298 K), agitation speed (300 rpm), pH of Cr(VI) solution

was (1) and Cd(ll) solution was (9)]

In order to better understand the interaction behaviour between the Cr(V1) and Cd(ll) ions and
the adsorbents, concentration effect data were subjected to nonlinear isotherm models
Langmuir and Freundlich. Isotherm models and their parameters are shown in Table 7. It is
observed that the isotherm data of Cr(V1) ions onto PBS, KMBS and H3BS had high (r?) values
of 0.9959, 0.9956 and 0.9987 for Langmuir model respectively. This is indicative that Cr(V1)
ions adsorption could be better described by Langmuir than Freundlich isorthem. This implies
that Cr(\V1) ions uptake on adsorbents surface occurred on active sites having equal affinity and
further suggest monolayer adsorption. The isotherm data of Cd(ll) ions onto PBC and KMBS
had high (r?) values of 0.9980 and 0.9921 for Freundlich respectively. However, isotherm data
of Cd(ll) ions onto HsBCS gave high (r?) value for Langmuir. Cd(ll) ions sorption with
Freundlich model are indicative that the uptake process involved multi-layer adsorption

formation.

Table 7: Isotherms studies and their parameters.

PBS KMBS H3:BC
Isotherms
Cr(Vl) Cd(I Cr(VI) Cd(n Cr(Vvl) Cd(n
Langmuir Qo 15.81 18.16 16.06 23.87 17.25 19.48
B 0.0204 3.29 0.0547 0.0434 0.1911 0.349
2 0.9959 0.9717 0.9956 0.9980 0.9987 0.9858
Freundlich 1/n 1.096 3.50 3.74 4.299 10.06 13.98
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ki 2005 262 3510  3.006 921  14.67
r2 09803 0.9980  0.9788 0.9793 0.9792  0.9921
Experimental (gs)  9.98 19.20 1250  19.65 1555  19.60

5.8.3.4 Temperature effect and thermodynamics

The effect of temperature was studied at 298, 303, 313, 333 and 353 K on the sorption of Cr(VI)
and Cd(ll) ions onto all adsorbents the trends are shown in Figs. 32a-c. The data revealed that
the sorption of Cr(V1) ions onto all adsorbents increased continuously in all temperature ranges
from 298 to 353 K. This showed the endothermic nature of the sorption processes, the recorded
adsorption capacities are 10.85 to 16.19 mg/g for PBS, 13.02 to 17.59 mg/g for KMBS and
16.47 to 17.70 mg/g for H3BS. Similar trend was observed for Cd(l1) ions sorption onto PBS,
the removal uptake increased as temperature increased from 298 to 353 K revealing the
endothermic nature of the process. However, the Cd(ll) ions sorption onto KMBS and H3BS
were exothermic processes. Temperature increase was detrimental to the removal uptake from
298 throughout 353 K. Onto KMBS adsorption capacity decreased from 19.79 to 18.78 mg/g
and HsBS from 19.58 to 18.98 mg/g. This is indicative of desorption of Cd(ll) ions on KMBS
and HsBS surfaces at temperatures above 298 K, because of the gained kinetic energy the ions
moved rapid in the solution resulting in less interaction between Cd(Il) ions and the active

sites/pores on KMBS and H3BS.
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Figure 32: Temperature effect studies of (a) PBS, (b) KMBS and (c) H3BS for the adsorption

of Cr(VI) and Cd(ll) [Conditions: adsorbent dosage (20 mg), volume of solution (20 ml),

agitation speed (300 rpm), pH of Cr(VI) solution was (1) and Cd(Il) solution was (9)]

Thermodynamic parameters (AH®, AG® and AS°) for Cd(ll) and Cr(V1) in Table 8 data were

generated at temperatures 298, 303, 313, 333 and 353 K. The calculated (AG®) values were

negative for all the investigated temperatures, this indicated that Cd(11) and Cr(\V1) ions uptake

processes onto PBS, KMBS and H3BS were spontaneous and feasible. The sorption processes

of Cr(VI) and Cd(II) ions that gave positive (AH®) values implying that reactions were

endothermic, Typically an endothermic reaction, increases the adsorption uptake of metal ions

as temperature of the system increases. Whilst the sorption of Cr(VI) and Cd(Il) ions onto
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KMBS and HsBS gave negative (AH®) values implying that the processes were exothermic in
nature. All Cd(IT) and Cr(VI) ions sorption processes had positive (AS®) values which indicates
the increased randomness of the metal ions in the solution as the uptake processes approached

equilibrium.

Table 8: Thermodynamic studies and their parameters

PBS KMBS HsBS
Parameter
Cr(Vl) Cd(Il) Cr(Vl) Cd(Il)  Cr(VI) cCd(I)
AHC (KJ mol?) -1.68  -1.49 -1.57  -1.08 -0.937 -0.455
AS° (KJ moltK1) 4.93 3.12 -5.14 494 -3.17 3.10
AG° (KJ molt) 298 K -3.59 -2.93 -3.16 -2.37 -3.40 -0.391
303K -0.314 -3.84 -3.37 -1.35 -4.31 -0.248
313K -0.229 -4.19 -4.02 -1.34 -4.45 -1.09
333K -0.199 -4.70 -4.83 -1.30 -4.83 -1.10
353K -0.141 -5.26 -5.39 -1.30 -5.39 -1.24

5.8.4 Comparative studies

Activated black seeds adsorbents KMBS and H3BS adsorption capacities for Cd(I1) and Cr(V1)
ions were compared with other low cost biosorbents materials reported in literature as shown
in Table 9. The comparison studies of both activated black seeds adsorbents showed higher
performance than several reported low cost biosorbents for Cd(I1) and Cr(V1) ions adsorption.
Hence, KMBS and H3BS are promising cost-effective biosorbents for Cd(Il) and Cr(V1) ions

from aqueous solution.
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Table 9: Activated black seeds and other bioadsorbents comparative study of Cd(I1) and Cr(VI)

ions sorption

qmax) (Mg/g)

Adsorbents References

Ccd(in
KMnO; treated black seeds 19.79 This study
H3PO4 treated black seeds 19.58 This study
Pinus sylvesteris 19.10 Costodes et al., 2003
Phaseolus hulls 15.70 Rao et al., 2009
Cocoa pod husk 13.43 Njoku et al., 2012
Corn stalk 12.73 Zheng et al., 2010
Coconut shell 7.19 Vazquez et al., 2009
Wheat straw 3.83 Mahmood-ul-Hassan et al., 2015
Alhaji maurorum seed 3.74 Ebrahimi et al., 2015
Adsorbents Ama (MY/9) References

Cr(VI)
H3PO4 treated black seeds 17.70 This study
KMnO; treated black seeds 17.59 This study
Almonds 10.61 Sharma et al., 2016
Garlic peel 9.22 Nag et al., 2017
Coconut shell 8.73 Nag et al., 2017
Orange peel 7.14 Khalifa et al., 2019
Litchi peel 7.05 Yunhong et al., 2017
Banana peel 3.35 Ali and Saeed, 2014
Potatoes peel 3.28 Mutongo et al., 2014

5.8.5 Conclusion

The purpose of this work was to develop activated bioadsorbents from abundant low cost black

seeds for the sorption of Cd(Il) and Cr(V1) ions from aqueous solution. The pristine black seeds
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(PBS), KMnOjs activated black seeds (KMBS) and HzPO4 activated black seeds (H3BS) were
characterized by SEM, FTIR, XRD and BET. Batch sorption studies were conducted by
varying the following parameters; initial concentration of the solution, contact time, pH of the
solution and temperature of the solution. It was found that the highest adsorption capacities for
Cr(VI) and Cd(Il) ions were recorded at pH 1 and 9 respectively. The adsorption capacity trend
for Cr(VI1) ions was KMBS>H3:BS>PBS (i.e.) 16.12, 15.98 and 10.15 mg/g and for Cd(ll) ions
it was KMBS>H3BS>PBS (i.e.) 19.15, 19.09 and 16.80 mg/g respectively. This could be
explained by the fact that functional groups on PBS, KMBC and H3BS surface were either
protonated/deprotonated depending on the pH therefore that enhanced the electrostatic
attraction between Cr(VI)/Cd(Il) ions and the functional groups on the adsorbents surface.
Contact time effect revealed that the sorption rate of Cr(\V1) ions onto PBS increased sharply
from 5 until 60 min thereafter it stabilized and attained equilibrium from 60. The same sorption
rates were observed for KMBS and HzBS rapid from 5 min however the processes were much
faster stabilized in 30 min. The sorption rates of Cd(ll) ions were rapid from 5 min and
remained significant until 60, 30 and 20 min mark for PBS, KMBS and H3BS adsorbents
respectively. It was observed that the adsorption capacities of all adsorbents increased with
increasing initial concentration of the solution (i.e.) at higher concentrations solution of Cr(\V1)
and Cd(I1) the removal was significantly high than at lower concentration. The data revealed
that the sorption of Cr(VI) ions onto all adsorbents increased continuously in all temperature
ranges from 298 to 353 K. This showed the endothermic nature of the sorption processes.
Similar trend was observed for Cd(11) ions sorption onto PBS, the removal uptake increased as
temperature increased from 298 to 353 K revealing the endothermic nature of the process.
However, the Cd(ll) ions sorption onto KMBS and Hs:BS were exothermic processes.
Temperature increase was detrimental to the removal uptake from 298 throughout 353 K. The

obtained PSO (r?) values for Cr(V1) and Cd(I1) onto PBS were 0.9990 and 0.9953, onto KMBS
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0.9974 and 0.9987, onto H3sBC 0.9912 and 0.9973 respectively. The good fit for PSO model
indicates that the sorption of Cr(VI) and Cd(ll) ions was based on electrostatic interactions.
Cd(I1) and Cr(VI) ions uptake processes onto PBS, KMBS and H3BS were spontaneous and
feasible. The sorption processes gave positive (AH®) values implying that reactions were
endothermic, Whilst the sorption of Cr(VI) and Cd(Il) ions onto KMBS and H3BS gave

negative (AH®) values implying that the processes were exothermic in nature.
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CHAPTER 6

Sulfuric activated carbon of black cumin (Nigella Sativa L.) seeds
for the removal of cadmium(l1) and methylene blue dye

This chapter is published as follows:

Patience Mapule Thabede, Ntaote David Shooto, Thokozani Xaba, Eliazer bobby Naidoo.
2020. Sulfuric activated carbon of black cumin (Nigella sativa L.) seeds for the removal of

cadmium(Il) and methylene blue dye. Asian Journal of Chemistry 32(6), 1361-13609.

This chapter is addressing objective (d) which read as follows:

To activate BCS using sulfuric acid and carbonize the activated seeds at 200 °C and conduct

single adsorption of MB and Cd(Il) under different parameters (temperature, concentration,

time and pH

145



6.1 Abstract

Carbon from black cumin seeds was modified with 10 % and 20 % sulfuric acid (H2SOa4) to
obtain the activated adsorbents. Pristine carbon from black cumin seeds, 10 and 20 % H2SO4
activated carbon from black cumin seeds were labelled CBC, ACBC-10 and ACBC-20
respectively. The adsorbents were characterized by SEM, XRD, FTIR, TGA and BET. The
adsorbents maximum trend for Cd(Il) was ACBC-10>ACBC-20> CBC. The maximum
adsorption capacity trend for methylene blue (MB) dye was ACBC-20>ACBC-10>CBC. The
kinetic model best fitted pseudo second order (PSO) for Cd(l1) which gave r? values of 0.991-
0.998. The MB adsorption equilibrium data fitted pseudo first order (PFO) model with r? values
ranging from 0.993-0.997. PFO suggest that the adsorption mechanism for MB onto adsorbents
involved Van der Waal forces of attraction. The equilibrium data fitted Langmuir isotherm
model for CBC, ACBC-10 and ACBC-20 with r? of 0.994 to 0.998 for the removal of MB
whilst the removal of Cd(Il) followed Freundlich with r? ranging from 0.992 to 0.997. The
Gibb’s free energy (4G°) for Cd(Il) and methylene blue onto CBC, ACBC-10 and ACBC-20
suggested that the reaction was spontaneous. The adsorption of Cd(ll) and MB was
endothermic, positive values (4H°®). This suggested that the enthalpy, (4H°) had a weak

interactive force process whose low energy is associated with electrostatic attraction.

Keywords: Activated carbon, methylene blue, cadmium(ll), adsorption, sulfuric acid

6.2 Introduction

The presence of organic dyes in streams and rivers is an environmental problem (Albadarin et
al. 2017). Hence its elimination is very important because it is toxic and have a potential of

being carcinogenic. About 15% of dyes are found in industrial effluents during operations and
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manufacturing processes (Pathania et al. 2017). Many synthetic dyes have been discovered and
are usually used in pharmaceutical, chemical, leather, food, paper and textile industries and
they are not easily degraded (Pandey, 2019). Excess of dyes leads to the change of aquatic life
properties like; Chemical oxygen demand (COD), Biological oxygen demand (BOD),
Dissolved oxygen (DO), taste, pH, colour and odour, which ultimately can damage aquatic life
(Helmy et al. 2017). Methylene blue (MB) a cationic dye is not only carcinogenic it also
pollutes water environment. MB can cause abdominal disorders, respiratory disease and

blindness (Novais et al. 2018).

Cadmium is found in fruits, seafood, vegetables, rice and meats. Hence, it is important to
control it to minimum especially in aqueous water (Kawasaki et al. 2010). The use of cadmium
in industries and discarding of waste containing Cd (I1) have led to an increase in the residual
concentration of cadmium in water, soil, air and food and its exposure is associated with many
health effects of acute exposure and chronic conditions (Al-Homaidan et al. 2015). Cd(ll) is
one of the most toxic metals, which has an extensive range of sources including, chemical,
nuclear, electroplating and electronic industries (Zhang et al. 2018). Intake of water containing
cadmium is harmful and has the risk of causing chronic diseases, such as gastrointestinal
cancer, kidney damage, and liver disease also causes Itai-itai disease, hypertension and bone
degradation (Sharififard et al. 2018; Basu et al. 2017). Due to toxic effects of metal ions and
dyes on human health, the removal of these pollutants is compulsory before it adds in the

environment and passes into the human food chain.

Reverse osmosis (Lin etal. 2014; Thaci et al. 2019) chemical precipitation (Brbooti et al. 2011),
electro dialysis (Alliouxa et al. 2081), ion exchange (Zhao et al. 2019), and many others are

conventional methods employed for the removal of dyes and metal ions from aqueous

147



solutions. Disadvantages of these conventional treatment technologies include partial removal
of certain ions especially at low concentration and high cost often make these processes not to
be ideal. Adsorption process is an alternative method in comparison with the other techniques,
it provides many opportunities such efficiency, low cost, easy operation and control, high

potential to bring about the separation more effectively (Sharififard et al. 2018).

Among the various adsorbents, studies have shown that low cost activated carbon obtained
from biomass has a potential for removing toxic metals and dyes due to chemical interactions
of polar functional groups, such as hydroxyl, carboxylic and amino groups and also due to their
high surface area, high degree of porosity which leads to high adsorption capacity (Aghababaei
etal. 2017). The use of biomass as a source of carbon has other advantages such as availability,
low cost, renewability and ecological suitability (Zubrik et al. 2017). The aim of the study was
to chemically activate and carbonize the black cumin seeds using 10 % and 20 % of sulfuric
acid at 200 °C. Sorption properties towards methylene blue dye and Cd(ll) of the prepared

activated carbons are also discussed.

6.3 Experiments

6.3.1. Materials and methods

Black cumin seeds were bought from health shop in Vanderbijlpark, Vaal triangle, South
Africa. Cadmium acetate Cd(CH3C00)2-99.995%, Sulphuric acid (H2SO4)-98% A.R grade
and methylene blue (C1sH18CIN3S)-82% were purchased from Sigma Aldrich South Africa

LTD.
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6.4 Adsorbents preparation

6.4.1 Carbonized black cumin (CBC) seeds adsorbent

Adsorbent’s preparation method was adopted from Shooto et al. (2019). The untreated black
cumin seeds were washed dried and grounded. The grounded black cumin seeds were
carbonized at 200 °C in catalytic vapour deposition (CVD) furnace in nitrogen atmosphere

thereafter they were labelled (CBC).

6.4.2 Activated carbon black cumin (ACBC)-10 adsorbent

The carbonized (200 °C) black cumin seeds were activated with 10 % H>SO4 and labelled
ACBC-10. The adsorbent was agitated for 24 hours then rinsed with distilled water several
times and dried in the oven for 24 hours. The obtained brownish-black material was used for

adsorption studies.

6.4.3 Activated Black Cumin (ACBC)-20 adsorbent

The carbonized adsorbent was activated with 20 % H>SO4 then agitated for 24 hours. After
elapsed time the adsorbent was rinsed with distilled water then dried for 24 hours. This

adsorbent was labelled ACBC-20. The obtained black material was ready for characterization.
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6.5 Adsorption procedure

6.5.1 Concentration effect

Each adsorbents CBC, ACBC-10 and ACBC-20 (0.1 g) were weighed into sample vials.
Methylene blue dye (20 mL) with standard solutions of 20, 40, 60, 80 and 100 mg/L was
transferred into each vial containing 0.1 g. The solutions and the adsorbents were agitated for
60 min at 200 rpm on a shaker. The mixture was centrifuge at 200 rpm for 5 min and decanted.

The decanted solutions were used for analysis. The same procedure was used for Cd(l1).

6.5.2 Contact time effect

About 0.1 g of adsorbent was weighed and then transferred into nine vials. To each vial
containing the weighed adsorbent was added to 20 mL Cd(Il) solution with a standard
concentration of 100 ppm from Cd(CH3COOQ). solution. The mixture was agitated on a shaker
for each time interval of 1, 5, 10, 15, 20, 30, 60, 90 and 120 min, respectively. The solutions
were centrifuge at 200 rpm for 5 min then decanted and stored for analysis. The same method

was followed using methylene blue dye.

6.5.3 Temperature effect

Accurately weighed CBC, ACBC-10 and ACBC-20 (0.1 g each) were placed into five test
tubes. Methylene blue solution (20 mL) with concentration of 100 mg/L was transferred into
each vial containing the adsorbents. The effect of temperature was carried out at 25, 30, 40, 60
and 80 °C. The mixture was put in a water bath for 60 min. The solution with adsorbents were
centrifuged and decanted. The decanted solutions were used for analysis. The same procedure

was used for the metal ion.
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6.5.4 pH effect

Each adsorbent (0.1 g) was weighed then placed into five sample vials. Cadmium acetate (20
mL) solution with a standard concentration of 100 ppm was transferred to each vial containing
the weighed adsorbents. The initial pH of each solution was measured and thereafter adjusted
with 0.1 M of HNOz and 0.1 M NaOH to pH of 1, 3, 5, 7 and 9. The mixtures were agitated on
a shaker for 60 min. After 60 min, the mixtures were centrifuged then decanted. The solutions
were collected and used for Cd(l1) analysis. The same procedure was followed for methylene

blue.

6.6 Data Analysis

The determination of the adsorption capacity for Cd(Il) and methylene blue (MB) onto the

adsorbents was determined using the following equation for batch dynamic studies:

_— V(Co_Ce)

Qe = —— 1)

m

ge: Cd(11) and MB concentration sorbed onto the adsorbents at equilibria point (mg of metal

ion/g of adsorbent)

(Co): Initial concentration of Cd(Il) and MB in solution (ppm)
(Ce) Equilibria point concentrations Cd(I1) and MB in solution (ppm)
V: Initial volume of Cd(I1) and MB solutions used (L)

m: Weight of the adsorbents
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Equation (2) and (3), non-linear forms which were used to determine the kinetics models;
pseudo-first order (PFO) and pseudo-second order (PSO). The amounts of metal ions adsorbed
(mg/g) are (ge) and (qt) at equilibrium and time (t). The rate constant is ki of the PFO in (min

1y and k; is the rate constant of the PSO (g mg* min).

qe = q:(1 — e¥1b) )
1+k,qet
e RZTZ; (3)

The data collected was integrated into equation (4) to calculate the intra-particle diffusion (IPD)
model. The amounts adsorbed (q:) and rate constant (ki) were evaluate using the KyPlot
software, (ki) the rate constant (g g™* min*?) and C is the concentration of metal ions on the

adsorbent surface.

qe = k;(tY?) + C 4)

To calculate the adsorption isotherm for Langmuir and Freundlich respectively equations (5)
and (6) were used. Solute surface interaction energy (b), (Qo) max, is the maximum capacity
of the adsorbent (mg/g), Freundlich capacity factor (kf), and (1/n) is the isotherm linearity

parameter. (R) Gas constant 8.314 J K-1mol™ and (T) temperature in (K).

__ QobC,
€ 1+bC,

(5)
qe = ks CJ" (6)
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Equation (7) was used to evaluate the thermodynamic function values; equilibrium constant

(Ke).

K. =% @)

Other thermodynamic functions namely; enthalpy (4H°), entropy (4S°) and Gibbs free energy

(4G®) were determined using equations (8) and (9) at temperatures of 25, 30, 40, 60 and 80 °C.

AH° AS°
anC__RT_T (8)
AG° = —RTInK, 9)

6.7 Characterization

The chemical features of the adsorbent were determined by scanning electron microscope
(SEM), Fourier transform infrared (FTIR), thermogravimetric analysis (TGA) and X-ray
diffractometer (XRD). The surface morphology measurements were determined using field
emission scanning microscopy (FE-SEM)-ZEISS ultra plus, Germany. Nicolet iS50 FTIR
spectrometer 400 was used with measuring range from 4000 to 520 cm™. TGA 4000
thermogravimetric analyser, Perkin EImer was used at a heating rate of 10 °C/min under a
nitrogen atmosphere between 30-900 °C. Shimadzu XRD 7000 was used to identify crystalline
phase of the samples with scan speed set at 10 °/min and scan range set from 10 to 80. Hach
Precision pH meter was used to measure pH using deionized water and pH at point of zero

charge pHerzc) was evaluated using the pH drift method. Ultraviolet-visible (UV-Vis)
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spectrometer spectroscopy Perkin EImer Lambda 25 was used for methylene blue dye with the

visible range using a slit of 1.0 and width of 0.1.

6.8 Results and discussion

6.8.1 Adsorbents characterization

6.8.1.1 SEM

Characterization of the surface morphology and physical properties of the adsorbents was
carried out using SEM. Figs. 33a-f show the surface morphology of CBC, ACBC-10 and
ACBC-20. Images of CBC (Figs. 33a-b) show that the adsorbent consist of cavities and tiny
pores on the surface which may be taken as a sign that adsorption of Cd(Il) and dye molecules
can take place in the cavities and pores. A similar trend was observed in Figs. 33c-d and e-f for

ACBC-10 and ACBC-20, respectively with shiny smooth surfaces that have small spots.

v - \ Fal s Wil { { Pl )
20 ym _ EHT = 500 kV 5 _ 20 pm EHT = 2,00 kv
'—{ Mag= 840X WD = 83 mm Signal A = SE2 F‘—{ Mag= 650X WD = 56mm Signal A = SE2

154



# E 4 V. - . B s
20 pm EHT = 2,00 kv ) 20um Megs 388X EHT= 2.00kv
WD = 7.6 mm Signal A = SE2 — et WD= 74mm

: i : itk i
EHT = 2.00kv 30 pm EHT = 200 kv

Mag= 453X i - . } .
— 29 WD = 73mm Signal A= SE2 ]  Mag= 441X WD = 7.5 mm Signal A = SE2

Figure 33: SEM images of (a-b) CBC, (c-d) ACBC-10, (e-f) ACBC-20 adsorbents.

6.8.1.2 FTIR analysis

The FTIR spectroscopy was used to track changes that has occurred after the activation. FTIR
spectra of CBC, ACBC-10 and ACBC-20 are shown in Fig. 34 with broad peaks at 3287, 3279
and 3295 cm which were due to (-OH) stretching respectively. The small peaks at 3008 cm™
were observed in all spectra which were assigned to (-CH). These peaks were due to oil in the
samples composition in fatty acids which was observed on the three adsorbents (Poiana et al.,
2015). The two bands of (-CHs) and (-CH2) which were attributed to (-CH) stretch were
observed at 2922 and 2853 cm™ on CBC, 2923 and 2853 cm™ on ACBC-10 and 2922 to 2853
cm® on ACBC-20 respectively. The sharp peak at 1743 cm™ due to ketonic group (-C=0)

(Zhou et al. 2019) was observed on all adsorbents. The band at 1651 cm™ on ACBC-10 and
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ACBC-20 was attributed to the vibration of (C=0) of the carbonyl structure (Zhou et al. 2015),
the peak shifted to 1649 cm™ on CBC. The peak at this region might be with (N-H) deformation
of amino and amide groups along with C=0 stretching vibration of amides (Barsainya et al.
2016). There was a new peak due to (N-H) (Li et al. 2018) at 1530 cm™ on ACBC-10 which
shifted to 1527 cm™ on ACBC-20, then it dropped off on CBC. The peaks at 1457, 1455 and
1456 cm™ were assigned to (-CO) group stretching band of CBC, ACBC-10 and ACBC-20
respectively. The band at 1377 cm™ on CBC, ACBC-10 and ACBC-20 was due to (-CH) and
is associated with the deformation of cellulose and hemicelluloses (Matos et al. 2017). The
other bands at 1240 and 1157 cm™ on all adsorbents were attributed to structures of

hemicellulose and cellulose and lignin (Husseien et al. 2009).

Transmittance (%)
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Figure 34: IR spectra of CBC, ACBC-10 and ACBC-20 adsorbents.
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6.8.1.3 XRD analysis

The X-ray diffraction patterns of CBC, ACBC-10 and ACBC-20 are shown in Fig. 35. The
broad peak at 26 between 15 and 21° on CBC, ACBC-10 and ACB-20 is assigned to cellulosic
content of the adsorbents. CBC shows a tall narrow peak at 20 (62°) and disappeared on ACBC-

10 and ACBC-20. The other peaks are assigned to the amorphous nature of adsorbents.
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Figure 35: XRD spectra of CBC, ACBC-10 and ACBC-20 adsorbents.

6.8.1.4 Thermal analysis

Fig. 36 shows the thermal stability profiles of CBC, ACBC-10 and ACBC-20 conducted in
nitrogen atmosphere. The plot shows two main decomposition steps namely, the first stage
between 34 and 174 °C due to dehydration of water on the surface of the adsorbents. Samples
weight loss percentages are 4, 2, and 1 % for CBC, ACBC-10 and ACBC-20 respectively. The

second decomposition between 174 and 516 °C is attributed to the breaking down of lighter
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volatiles hemicellulose, then the heavier cellulose and lignin (Shooto et al. 2016) with weight
percentage of 81, 80 and 86 % for CBC, ACBC-10 and ACBC-20 respectively. After the
degradation of lignocellulose materials, a long tail from 516-900 °C is due to pyrolysis of

residues formed during the breaking down of cellulose, hemicellulose and lignin was observed.
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1109 Moisture ;  lignin,cellulose
] 1 and hemicellulose

Pyrolysis

' 1(IJO ' 260 ' 360 ' 4(l)0 ' 560 ' 660 ' 760 ' 860 ' 900
Temperature (°C)

Figure 36: TGA of CBC, ACBC-10 and ACBC-20 adsorbents.

6.8.2 Adsorption studies
6.8.2.1 Effect of concentration

The effect of adsorption concentration at different concentrations (20, 40, 60 80 and 100 ppm)
was studied to determine sorption ability of CBC, ACBC-10 and ACBC-20 at constant
temperature of 25 °C for MB and Cd (1) in aqueous solution is shown in Figs. 37a-b. The
adsorption rate was very rapid at lower concentrations between 20 and 60 ppm solutions. This

might be attributed to the presence of vacant bounding sites and free pore space on the surface
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of CBC, ACBC-10 and ACBC-20. As the concentration increased the sorption capability
started to slow down indicating the saturation of vacant sites and pores (Liu & Hu, 2007).
Thereafter, no further increase of capacity was observed which indicated that equilibrium was
reached. Methylene blue maximum capacities are; 15.11 mg/g on CBC, 15.89 mg/g on ACBC-
10 and 16.00 mg/g on BCAC-20 with maximum capacity trend as ACBC-20 > ACBC-10>
BCC. The maximum adsorption capacities for the removal of Cd(ll) are; 6.27 mg/g on CBC,
7.61 mg/g on ACBC-10 and 7.14 mg/g ACBC-20. Adsorbents maximum capacity trend for

Cd(Il) was ACBC-10>ACBC-20 >CBC. It was observed that the adsorbents were selective

towards pollutants.
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Figure 37: Concentration effect of (a) MB and (b) Cd(Il) adsorption onto CBC, ACBC-10
and ACBC-20 adsorbents

Table 10 shows isotherm parameters of CBC, ACBC-10 and ACBC-20 which were evaluated
at 25 °C in order to determine interaction behaviour and capacity of the adsorbents. The
sorption of MB on all adsorbents followed Langmuir isotherm model with r?> between 0.994-
0.998 whilst Cd(I1) fitted Freundlich isotherm model with r? between 0.992-0.997 which was
close to the unity. The Langmuir isotherm model indicates that the adsorption took place on
active sites and has equal attraction for adsorbates and also implies that there is monolayer
adsorption occurring on dye surface. The Freundlich model suggest that the process involves
multi-layer adsorption with interactions between the adsorbate and the adsorbent, it further

proposes that surface is heterogeneous in nature.

Table 10: Isotherms studies and their parameters.

CBC ACBC-10 ACBC-20
Isotherms
cd(ll) MB cd(In) MB cd(l) MB
Langmuir Qo 13.34 1547 15.68 23.03 13.16 21.54
B 0.24 0.857 0.27 0.15 0.16 0.51
r? 0.902 0.998 0.904 0.994 0.914 0.997
Freundlich 1/n  53.34 25.67 45.68 23.03 46.15 21.54
ks 5.10 0.56 0.22 0.43 1.14 0.75
r? 0.992 0.821 0.995 0.903 0.997 0.911
Experimental (qe) 11.09 15.11 11.31 16.00 11.36 16.01
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6.8.2.2 Effect of time

The rate at which Cd(Il) and MB was removed from aqueous solution was important, hence,
the evaluation and determination of the efficiency of CBC, ACBC-10, ACBC-20 for
wastewater treatment. The efficiency of the CBC, ACBC-10, ACBC-20 were determined using
the time intervals of 5, 10, 15, 20, 30, 40, 60, 90 and 120 min as indicated in Figs. 38a-b. The
plots show that sorption was rapid within the first 30 min, this is because of unoccupied active
sites at the initial stage of the sorption process. However, as the time increased the sorption
sites decreased in number and got saturated. The maximum capacities were 13.19 mg/g on
CBC, 15.25 mg/g on ACBC-10 and 16.42 mg/g on BCAC-20 for MB and were 12.01 mg/g on

CBC, 13.66 mg/g on ACBC-10 and 12.57 mg/g on BCAC-20 for Cd(Il).
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Figure 38: Time effect of (a) MB and (b) Cd(Il)) adsorption onto CBC, ACBC-10 and
ACBC-20 adsorbents

To calculate kinetic parameters three kinetic models were used and kinetic data are shown in
Table 11 for MB and Cd(Il) adsorption onto CBC, ACBC-10, ACBC-20. The three models
were; pseudo first order (PFO), pseudo second order (PSO), and intra particle diffusion (IPD)
models. In order to evaluate whether the adsorption has a good fit for the PFO or PSO, the
values of coefficient of determination must be close to 1 and the values of adsorption capacity
need to be close to the experimental data. The data show that the adsorption of MB on all
adsorbents best fitted PFO model with r? values ranging from 0.993-0.997 whilst Cd(ll) data
fitted PSO with r? values of 0.991-0.998. The adsorption mechanism of PFO propose that
Cd(I1) on the adsorbents involved Van der Waal forces attraction and PSO indicates that the
adsorption process on MB was dependent on the availability of the adsorption sites. The nature

of the process was estimated using IPD kinetic model which evaluates whether adsorption takes
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place on the surface (ESA) or pores (EPA). The estimated pore adsorption (EPA) was observed

in all adsorbents.

Table 11: Kinetic models and their parameters

CBC ACBC-10 ACBC-20
Models
Cd(ll) MB cd(ll) MB Cd(l) MB
PFO Qe 13.07 14.66 14.05 14.72 12.16 17.66
K1 4.09 4.07 4.19 0.073 4.23 4.13
r? 0.808 0.993 0.877 0.997 0.838 0.996
PSO Qe 9.87 4.83 8.44 8.14 6.08 4.08
K2 0.023 0.056 0.020 0.085 0.022 0.030
r? 0.998 0.872 0.991 0.895 0.993 0.874
IPD C 4.177 5.097 3.515 4.556 7.54 5.39
Ki 6.81 5.34 7.716 1.79 1.89 1.35
r? 0.933 0.715 0.909 0.769 0.976 0.759
EPA? % 83.60 71.28 12.47 71.69 66.55 69.21
ESA? % 16.40 28.72 27.52 28.31 33.45 30.79
Experimental (qe) 13.37  14.01 13.23  15.24 1257  16.42

2EPA - Estimated pore adsorption of IPD and *ESA - Estimated surface adsorption of IPD.

6.8.1.3 Effect of temperature

In this section, a sequence of experiments were accomplished at different temperatures to
investigate the effect of temperature to the sorption of MB and Cd(ll) dyes on CBC, ACBC-10
and ACBC-20. The effect of temperature was determined at 25 °C (298 K), 30 °C (303 K), 40

°C (313 K), 60 °C (333 K) and 80 °C (353 K) as indicated in Figs. 39a-b. The plots show that
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there is an increase in adsorption capacities as the temperature increases from 25 to 60 °C in
Fig. 39a for MB. As the temperature increased further from 60 to 80 °C resulted in reduced
adsorption capacities and hence reaching equilibrium. This suggests that at high temperatures
there is more kinetic energy which makes molecules to move fast in the solution which in turn
decrease interaction with the active sites for adsorption to occur. Fig. 39b, shows slightly
different patterns in that as the temperature increases the capacity increased as well. This
suggests that the adsorption of Cd(ll) in this study prefer a slight increase in temperature in

order to improve the adsorption process.
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Figure 39: Temperature effect of (a) MB and (b) Cd(I1) adsorption onto CBC, ACBC-10 and ACBC-

20 adsorbents.

The thermodynamic parameters: enthalpy (4H°), Gibbs free energy (4G°) and entropy (4S°)
are shown in Table 12. The 4G° for all CBC, ACBC-10 and ACBC-20 are negative indicating
that the reaction was exothermic and spontaneous whereas 4H® as well as 4S° were positive.
The positive value of AH indicates that Cd(l1) biosorption is an endothermic process, which in
turn explains the temperature-enhanced Cd(Il) biosorption as shown in Fig. 39b

(Mudyawabikwa et al. 2017).
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Table 12: Thermodynamic studies and their parameters

CBC ACBC-10 ACBC-20
Parameter
cd(In MB cd(l)  MB cd(In MB

AH® (KJ mol?) 1.3x10°3 2.1x10° 1.4x10°  1.5x103 1.3x10°3 9.0x10*
AS° (KJ moltK1) 1.6x10°3 1.8x10°3 1.6x10°  2.3x10°3 1.8x10°3 2.7x10°3
AG® (KJ mol?) 298 K -3.47 -1.82 -3.06 -1.88 -2.99 -1.87

303K -3.30 -1.72 -2.65 -1.55 -2.86 -1.72

313K -3.11 -1.54 -2.54 -1.40 -2.84 -3.39

333K -2.96 -1.49 -2.53 -1.31 -2.95 -0.85

353K -2.89 -1.48 -2.42 -1.21 -2.90 -0.61

6.8.1.4 Effect of pH

The effect of pH as shown in Figs. 40a-b was studied at pH 1, 3, 5, 7 and 9 for MB and Cd(ll)

on CBC, ACBC-10, ACBC-20. The adsorption capacity of MB and Cd(Il) was largely

dependent of pH. The adsorption of MB (Fig. 40a) was steadily increased with increasing pH

1to 5. A similar trend was observed for Cd(ll). This suggests that at low pH the solution is

protonated due to functional groups (-COOH, -OH and-NH>) on the adsorbent surface hence

low adsorption due to repulsion force. At higher pH (7-9) there is less repulsion force between

the adsorbent surface and the functional groups due to deprotonation hence an increase in

adsorption capacity (Shooto et al. 2019). The increase in negative charges of the adsorbent

surface benefits, improved the forces of attraction and the adsorption capacity.
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Figure 40: pH effect of (a) MB and (b) Cd(Il) adsorption onto CBC, ACBC-10 and ACBC-20
adsorbents

6.8.1.5 pH at point zero charge (pHpzc)

Point of zero charge is an important characteristic which evaluates the point at which the
adsorbent surface has net electrical neutrality (Zubrik et al. 2017). Fig. 41 shows the plots of
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ApH vs. pHi of CBC, ACBC-10, and ACBC-20. The point of zero charge attained from the
graphs is 5.7 on CBC and 2.3 for both ACBC-10, and ACBC-20. The pHi-pHs values are
negative before 2.3 and 5.7. This indicates that the pHpzc is less than pH 7.00, causing an
increase in the negative charge density on the surface of activated carbon for adsorption of MB
and Cd(Il). The pH values above pHzrec 2.3 and 5.7 show that CBC, ACBC-10, ACBC-20

surfaces acquired positive charge and ApH vales became positive.
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Figure 41: Point zero charge of MB and Cd(Il) onto CBC, ACBC-10 and ACBC-20

adsorbents

6.8.3 Comparative study

The existing information in Table 13 indicates the previously adsorption capacities of some
reported adsorbents. Table 13 show some of the literature where different adsorbents were used
for removal of Cd(I1) and methylene blue dye from aqueous solutions. From the data it is clear

that activated black cumin seeds can be used for adsorption of Cd(I1) and methylene blue dye.
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Activated black cumin seeds (CBC, ACBC-10 and ACBC-20) adsorption studies showed a
potential and good removal capacity in comparison to some of the previously reported bio

sorbents.

Table 13: Comparison of Cd(ll) adsorption capacity with other adsorbents

Omax) (MY/g)
Adsorbents References

Cd(ln)
Corn stalks 41.17 Zheng et al. 2018
Graphene oxide 23.9 Biana et al. 2015
H. valentiae 17.0 Rathinam et al. 2010
Black cumin seeds 13.66 This study
Sugar cane bagasse 14.8 Garg et al. 2008
Cocoa pod husk biomass 13.4 Njoku et al. 2012
Acrylonitrile modified corn stalk 12.7 Zheng et al. 2010
Buffalo weed 11.6 Yakkala et al. 2013

Omax) (MY/Q)
Adsorbents References

MB
Lignin-chitosan 36.25 Albadarin et al. 2017
Fly ash 30.1 Novais et al. 2019
Palm Oil 224 Zaini et al. 2013
Black cumin seeds 16.42 This study
Coconut shell 15.1 Aljeboree et al. 2017
Palygorskite clay 14.0 Al-Futaisi et al. 2007
Fly ash 9.8 Rao et al. 2006
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Sugar spent rice biomass 8.1 Ur-Rehman et al. 2012
Yellow passion fruit shell 6.8 Pavan et al. 2008

Caulerpa racemose var.cylindracea 5.2 Cengiz & Cavas, 2008

6.8.4 Conclusion

In this work, the low-cost black cumin seeds were carbonized and activated with 10 and 20 %
H2SO4 for the adsorption of methylene blue dye and cadmium ions. Adsorption processes was
evaluated using different parameters such as time, concentration and pH. The results showed
that maximum capacity trend for Cd(1l1) was ACBC-10>ACBC-20 >CBC and for methylene
blue was ACBC-20>ACBC-10>CBC. Adsorption kinetics of CBC, ACBC-10 and ACBC-20
both Cd(Il) ions and methylene blue was fast. The data show that the adsorption of MB on all
adsorbents best fitted PFO whilst Cd(11) data fitted PSO model. Isotherms best fitted Freundlich
model for Cd(Il) and methylene blue fitted Langmuir model. The entropy, (4S°) was positive
which indicated randomness and degree of freedom for MB and Cd(ll) in the solution during
sorption process whilst (4G°) with negative values suggest that the sorption processes for CBC,
ACBC-10 and ACBC-20 was spontaneous. This work affirms the use of black cumin seeds as

adsorbents for the adsorption of methylene blue dye and Cd(l1) from aqueous solution.
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CHAPTER 7

Removal of methylene blue dye and lead ions from aqueous
solution using activated carbon from black cumin seeds

This chapter is published as follows:

Patience Mapule Thabede, Ntaote David Shooto, Eliazer Bobby Naidoo. 2020. Removal of
methylene blue dye and lead ions from aqueous solution using activated carbon from black

cumin seeds. South African Journal of Chemical Engineering 33, 39-50.

This chapter is addressing objective (d) which read as follows:

To activate BCS using sulfuric acid and carbonize the activated seeds at 300 °C and conduct

single adsorption of MB and Pb(Il) under different parameters (temperature, concentration,

time and pH).
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7.1 Abstract

This work reports the preparation of carbon from black cumin seeds (BCC) and then activated
with 10 and 20 % sulfuric acid (H>SOa4) to obtain new adsorbents designated black cumin
activated carbon (BCAC-10) and (BCAC-20) respectively for the adsorption of lead (Pb(ll))
ions and methylene blue (MB) dye from aqueous solution. The adsorbents were characterized
by scanning electron microscopy (SEM), Fourier transformed infrared (FIR),
thermogravimetric analyzer (TGA), X-ray diffractometer (XRD) and Brunauer, Emmett and
Teller (BET) analysis. The SEM images show that both activated carbon adsorbents (BCAC-
10 and BCAC-20) have rough irregular surfaces with cavities. FTIR results show the (-COO),
(-NHz2), (-HSO4), (-C=0) functional groups were involved in the adsorption processes of Pb(Il)
ions and methylene blue (MB) dye . Nitrogen adsorption studies show that there is an increase
in surface area and pore size for both BCAC-10 and BCAC-20 in comparison with BCC. The
operational parameters (concentration, contact time, temperature and pH) of Pb(Il) ions and
MB dyes adsorption were assessed in batch mode. It was observed that the trends for Pb(ll)
ions and MB dye adsorption increased with increasing initial concentration of the solution,
(i.e.) greater uptake was observed in solutions with higher initial concentration. Therefore the
adsorption of Pb(Il) ions with initial concentration of 100 mg/L was 17.19, 17.71 and 17.98
mg/g onto BCC, BCAC-10 and BCAC-20 respectively. Whilst for MB dye it was 11.63, 12.71
and 16.85 mg/g onto BCC, BCAC-10 and BCAC-20 respectively. The equilibrium data for
Pb(I1) ions and MB dye fitted Freundlich isotherm model onto BCC, BCAC-10 and BCAC-
20. This suggested that the process involves multi-layer adsorption with interactions between
the adsorbate and the adsorbents. The results show that the adsorption processes of Pb(ll) ions
and MB dye were rapid in the first 20 min. It was observed that the maximum adsorption trend
of Pb(Il) ions and MB dye was obtained at pH 9 which made the surface of black cumin seeds

to be negatively charged and therefore making it easier to be attracted to positively charged Pb
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(1) ions and MB dye. Kinetic studies showed that the adsorption of Pb(ll) ions and MB dye
onto BCC best fitted; pseudo-first order model whilst BCAC-10 and BCAC-20 data fit; pseudo-
second order. The estimated pore adsorption for Pb(ll) ions onto BCC, BCAC-10 and BCAC-
20 was 65.85, 94.28 and 78.43 % respectively whilst MB dye was 73.37, 70.82 and 95.74 %
respectively. Temperature and thermodynamics data indicated that the adsorption capacities of
adsorbents increase with increasing temperature and the enthalpy (4H°) values indicated that
the adsorption of Pb(Il) ions and MB dye on the adsorbents was endothermic reaction. The
entropy (45°) gave positive values which indicated the randomness and degree of freedom for
Pb(ll) ions and MB dye in aqueous solution. The free energy (4G°) values for the adsorption
of Pb(I) ions and methylene blue dye onto BCC, BCAC-10 and BCAC-20 show an increase

in negative values as the temperature increases.

Keywords: Black cumin activated carbon, adsorption, Kinetics, isotherms, thermodynamic

7.2 Introduction

Water pollution is an environmental problem facing the world today due to various industries
such mining and smelting, fertilizers and pesticide, metallurgy, iron and steel, electrolysis,
energy and fuel production, etc discharging waste that contain toxic metals (Wang et al. 2009).
The disposal of toxic metals from industrial effluent without treatment is a matter of great
concern (Dargahi et al. 2016). Toxic metals are one of the dangerous materials found in water.
They are pathogenic and has the ability to accumulate in living organisms over a long period

of time. There are many toxic metals, this study will focus on Pb(ll) ions and MB dye.

Dyes are intensely coloured and consume dissolved oxygen (Zhang et al. 2011). Generally,

dyes have the ability to penetrate light and destroy aquatic life and their degradation products
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may be carcinogens and toxic (Enenebeaku et al. 2017). Dyes are usually used in leather, paper-
making, textile, food additive, cosmetic and many other industries (Wang et al. 2019). MB dye
is the most discharged dye in water which is associated with vomiting, high heart rate, nausea,
tissue necrosis, jaundice and quadriplegia. Therefore, it is important to remove MB from the
effluents, before discharging into environment. According to the Environmental Protection and
Management (Trade Effluent) Regulations, no trade effluent shall be discharged into any
stream or land without a written permission approved by the Director-General. Therefore, the
allowable levels for methylene blue will vary by regulatory agency and municipality, but the
Environmental Protection Agency (EPA) general guidelines recommend limit value of 0.2
mg/L (Environmental Protection Agency, 2001). Pb(I1) is released with effluent from batteries,
paint, and automobiles industrial units (Yarkandi 2014). It is one of the toxic metals and can
affect peripheral, nervous and the central system (Chand & Pakade, 2013; Moyo et al. 2013).
Other toxic effects of Pb(I1) includes visual disturbances, convulsions, constipation, abdominal
pains, paralysis in muscles, anemia and loss of appetite, nausea and antisocial behaviours. The
World Health Organization (WHQO) document set the limit of lead ion concentration in the

blood to be 0.1 gm™ (WHO, 2018). It is therefore crucial to treat polluted water.

Various methods have been used to treat contaminated water. Some of the methods used
includes chemical precipitation (Barbooti et al. 2011; Os et al. 2016), ion-exchange (Bai &
Bartkiewicz, 2009; Zewail & Yousef, 2015) and membrane technology (Algureiri &
Abdulmajeed, 2006; Thaci & Gashi, 2018), etc. Compared to these techniques, adsorption
method is widely used because it is cheap, highly efficient, and able to regenerate the sorbent
material and recover metals (Boeykens et al. 2019). Different adsorbents have been used to
remove toxic pollutants from aqueous solutions like; Fe(111)-Sn(1V) mixed oxide-coated sand,

Iron-Zirconium binary oxide-coated sand, graphene oxide, nanomaterials, avocado seed, coffee
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husks, banana peels, pumice stone, fruit shells, eucalyptus seeds, rape straw, spent-coffee-
grounds and many others (Osakwe et al. 2014; Chaudhry et al. 2016; ; Kumar et al. 2016; Wu
& Wang, 2016; Chaudhry et al. 2017, Siddiqui & Chaudhry, 2018a, Yu et al. 2018; Siddiqui
2019a, Boeykens et al. 2019; Cheruiyot et al. 2019; Soleimani et al. 2019; Torres-Caban et al.

2019).

Commercial activated carbon is also used as an adsorbent in wastewater treatment due to its
high surface area and high adsorption capacity (Moyo et al. 2013). Activated carbon is prepared
by pyrolysis and activation of organic compounds. However, pyrolysis and activation have
drawbacks such as high energy consumption and large quantities of waste gas emission (Bai et
al. 2017). Due to the highlighted problems including the high costs associated with activated
carbon, deriving activated carbon from sorbent materials seem to be an ideal method to use.
Activated carbon adsorbent in adsorption have shown to be carbonaceous including large
surface area, high porosity and better mechanical strength (Krishnamoorthy et al. 2019). As
compared to biosorbents, activated carbon have better stability, high surface area, excellent
thermal resistance, better adsorption capacity and inertness to adsorption conditions making
them an excellent choice. Researchers have used carbonized agricultural materials like apricot
kernel shell, banana peel, black satope seeds, walnut shell and maze tassel for the removal of
toxic metal ions and dyes from aqueous solutions (Jankovic et al. 2019; Thuan et al. 2017; Cid

et al. 2019; Zbair et al. 2019; Moyo et al. 2013).

Application of black cumin seeds in wastewater treatment has shown great potential. Therefore,
several research groups have modified the surface of black cumin seeds by incorporating with
nano composite of Fe>03-ZrO> (Siddiqui & Chaudhry, 2019) for the adsorption of arsenic ions

and methylene blue; Fe203-SnO- (Siddiqui et al. 2019b) for the removal of methylene blue;
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MnO; (Siddiqui et al. 2019c) composite for the adsorption of methylene blue; MnFe>04/BC
(Siddiqui & Chaudhry, 2018b) for water purification. To further improve the adsorption
capacity other researchers have activated the black cumin seeds by HCI and NaOH (Shooto et
al. 2019a) for the quaternary removal of Pb(Il), Cu(ll), Ni(Il) and Zn(ll) ions; HCI washed
(Siddiqui et al. 2018) for the adsorption of methylene blue; defatted black seeds by hexane
(Addala et al. 2018) for the adsorption of lead ions; pristine black seeds (Ahmad & Haseeb,
2014) for the removal of copper ions. Therefore, few activated black cumin seeds studies have
been documented. Hence, it is necessary to further investigate the effect of other activating
agents on black cumin seeds using quaternary removal of Pb(Il), Cu(ll), Ni(1l) and Zn(ll) ions

which has never been investigated before.

Black cumin seeds are fairly available, cheap and nontoxic. They are used as home remedy to
alleviate inflammation, lower cholesterol and blood pressure, have cancer fighting properties,
kill off bacteria, protect the liver, regulate blood sugar and prevent stomach ulcer. In this
research work black cumin seeds were carbonized then activated with 10 and 20 % H2SO4
solution for the adsorption of Pb(I1) ions and MB dye from water. To the best of our knowledge
the activated black cumin seeds by H>SO4 has never been reported hence this study aims to
investigate the feasibility of activated black cumin seeds to remove Pb(ll) ions and MB dye
from aqueous solution whilst varying different experimental parameters such as contact time,

concentration, temperature and pH.
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7.3 Materials and methods

7.3.1 Chemicals

Black cumin seeds (BCS) were purchased from health shop in Vanderbijlpark, Vaal triangle,
South Africa. Sulphuric acid (H2S04)-98% A.R grade, lead nitrate Pb(NO3).-99.95% A.R
grade and methylene blue (C16H1sCIN3S)-82% were purchased from Sigma Aldrich South

Africa LTD.

7.3.2 Preparation of adsorbents

The untreated black cumin seeds (BCS) were washed, dried and grounded. The grounded black
cumin seeds were carbonized at 300 °C in catalytic vapour deposition (CVD) furnace in
nitrogen atmosphere as shown in scheme 2. Thereafter, they were labelled BCC. The
carbonized black cumin (BCC) seeds were mixed with H2SO4 (10%) in order to activate them
and then agitated at 200 rpm in a shaker for 24 hours at room temperature. After the time has
elapsed, the BCC was rinsed with distilled water, and then dried in an oven for 48 hours at
temperature of 40 °C. After drying the BCC were labelled BCAC-10. This method was also
used when preparing (20%) H>SO4 carbon BCC and then they were labelled BCAC-20. This

method was adopted from Shooto et al. (2019a).

7.4 Batch adsorption studies

Stock solutions (100 ppm) of MB dye and Pb(ll) ions were made by dissolving 0.1 g Pb(NO3)2
and (C16H18CIN3S) separately in 1 L of ultrapure water. To study the effect of contact time,
different time intervals of 1, 5, 10, 15, 20, 30, 60, 90 and 120 min were used with a standard
solution of 100 ppm. In the typical method, 0.1 g of each adsorbent was weighed into a

weighing then transferred into 50 mL capped sample bottles. The metal ion (Pb(1l)) solution of
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20 mL was added to the sample bottles and equilibrated by agitation at 200 rpm. Thereafter,
the samples were centrifuged at 5000 rpm for 5 min then decanted. The decanted solutions
were stored for Pb(ll) ions analysis. The same procedure was followed during the effect of
concentration (20, 40, 60, 80 and 100 mg/L) and temperature (298, 303, 313, 333 and 353 K)
by agitation at 200 rpm for 60 min. In order to determine the effect of pH, 100 mL of the metal
ion solution was poured into 5 beakers. The initial pH of each solution was measured and then
the solution pHs were adjusted to 1, 3, 5, 7 and 9. The adjustment of pH was conducted using
0.1 M HCI for acidic medium and 0.1 M of NaOH for basic medium. A 20 mL of the adjusted
pH solution with the respective acid and base was added to 0.1g of the adsorbents and
equilibrated for 60 min. For MB dye the same procedure was used. The determination of the
point of zero charge (pHpzc) of BCC, BCAC-10 and BCAC-20 carbon was conducted using 1M
NaNOz concentration series of 100 mL. The solution pH was adjusted between 1.0 and 9 by
adding 0.1 M HCI for acidic medium and 0.1 M NaOH for basic medium. Then adjusted pH
solutions were added to 0.1 g of sample and shaken at 200 rpm for 48 h. After the time elapse

the final pH was measured.

Activation
10% H,SO, (d)r

e aall

Labelled BCC

Seeds

Gas outlet

<

Activation
20% H,S0,

BCAC-10

BCAC-20

Scheme 3: Preparation of black cumin activated carbon (a) crushing (b) carbonization (c)

activation (d) labelling

184



7.5 Data analysis

Adsorption capacity, ge was used to determine the amount of ions adsorbed in (mg/g) and
removal percentage (%R) was used in equations (1) and (2) where (Co) and (Ce) are the initial
and final concentrations of the pollutants in the solution (mg/L) respectively. Volume (v) of the

working solution in (ml) and mass (m) of the adsorbent in (g).

(Co—Co)V
Qe = ——— (1)
%R = L= X100 @)

o

Equation (3) and (4) non-linear forms were used to evaluate the kinetics models; pseudo-first
order (PFO) and pseudo-second order (PSO). The amounts of metal ions adsorbed in (mg/g)
are (ge) and (qt) at equilibrium and time (t). The rate constant is ki of the PFO in (min™) and k2

is the rate constant of the PSO (g mg™* min®).

qe = q:(1— e7¥1) (3)
1+k,qet
¢ kzigt @

The experimental data was incorporated into equation (5) to calculate the intra-particle
diffusion (IPD) model. The amounts adsorbed (gt) and rate constant (ki) were determined using
the KyPlot software. (ki) the rate constant in (g g* min'?) and C is the concentration of metal
ions on the adsorbent surface.
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qe = k;(t*?) + C )

Equations (6), and (7) and were used to calculate the adsorption isotherm for Langmuir and
Freundlich respectively. (Qo) max, is the maximum capacity of the adsorbent (mg/g), solute
surface interaction energy (b), Freundlich capacity factor (kf), and (1/n) is the isotherm linearity

parameter. (R) Gas constant 8.314 J K-1mol™ and (T) temperature in (K).

— QobCe
¢ 1+bc,

(6)

e = k;CJ" 7)

Thermodynamic function; equilibrium constant (Kc), values were determined using equation

(8)

Ke= ®)

Equations (9) and (10) were used to equilibrium adsorption data at 298, 303, 313, 333 and 353

K and other thermodynamic functions namely; enthalpy (4H°), entropy (45°) and Gibbs free

energy (4G°).

AH®  AS°
In Kc = —F — T (9)
AG° = —RTInK, (10)
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7.6 Characterization

Thermal stability, surface morphology, functional groups, phase purity and surface area were
determined by TGA, SEM, FTIR, XRD and BET techniques respectively. Perkin EImer TGA
4000 thermogravimetric analyser (TGA) was used at a heating rate of 10 °C/min under a
nitrogen atmosphere between 30-900 °C. Scanning electron microscopy (SEM) images were
taken with Field emission scanning microscopy (FE-SEM)-ZEISS ultra plus, Germany.
Thermo Fischer Scientific Fourier transformed infrared spectroscopy, Nicolet iS50 FTIR
spectrometer, spectrum 400 was used. X-ray diffractometer (XRD), Shimadzu XRD 7000 was
used to identify crystalline phase of the sample with scan speed set at 10 °/min and scan range
set from 10 to 80. The nitrogen adsorption/desorption of the adsorbents was evaluated using
Micromeritics ASAP 2020 MtC accelerated surface area analyser (Micromeritics Instrument
Corporation, USA). Ultraviolet-visible spectroscopy (UV-Vis) analyses were conducted with
Perkin EImer Lambda 25 UV/Vis spectrometer that collects spectra from 180-1100nm UV and
visible range using a slit of 1.0 and width of 0.1. The pH was measured with Hach Precision
pH meter using deionized water and pH at point of zero charge pHpzc) was evaluated using the

pH drift method.

7.7 Results and discussion

7.7.1 Adsorbents characterization

7.7.1.1 SEM analysis
Figs. 42a-f show the surface morphology of BCC, BCAC-10 and BCAC-20 which was
investigated by SEM images. Images of BCC in Figs. 42a-b show that the carbonized black

cumin seeds constitute of irregular surface morphology whilst the activated carbon in Figs.
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42c-d (BCAC-10) and Figs. 42e-f (BCAC-20) show rough irregular surfaces with cavities and
disintegrated surface morphologies. The use of sulfuric acid may have resulted in the
improvement of BCAC-10 and BCAC-20 surfaces texture during activation. The changes
observed on the surfaces of BCAC-10 and BCAC-20 adsorbents could have occurred due to
the oxidation of sulfuric acid which may have imparted the surface with active cavities. These

openings are anticipated to enhance the adsorption of Pb(ll) ions and MB dye (Kumari et al.

2020).

EHT = 2.00kV

WD = 7.8mm Signal A = SE2

Ly A
EHT = 200KV
Mag= 131X Signal A = SE2 ?"""f Mag= 83X WD 7.9 s Signal A = SE2
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Figure 42: SEM images of (a-b) BCC, (c-d) BCAC-10 and (e-f) BCAC-20 adsorbents.

7.7.1.2 FTIR analysis

The FTIR spectra show the functional groups on the surface of the adsorbents (pristine black
cumin seeds (PBCS), BCC, BCAC-10 and BCAC-20 as shown in Fig. 43a. The broad peak on
PBCS at 3428 cm™ was due to (-OH) stretching of the hydroxyl groups, this peak was not
observed on BCC, BCAC-10 and BCAC-20. The small peak observed at 3003 cm™ due to (-
CH=CH) on PBCS shifted on BCC, BCAC-10 and BCAC-20 to 3008 cm™ (Bouyanfif et al.
2017). The two bands at 2922 and 2853 cm™ on all adsorbents, were attributed to (-CH) stretch
of (-CHs) and (-CH>) respectively (Oliveira et al. 2016). The sharp peak for ketonic group (-
C=0) at 1743 cm™* was observed on all adsorbents (Shooto et al. 2019a). The peak at 1641 cm"
1 on PBCS was attributed to (-C=0) of amide, however on BCC, BCAC-10 and BCAC-20 the
peak shifted to 1658 cm™ (Boeykens et al. 2019). A peak at 1545 cm™ was due to (-NH2) of the
amide group on PBCS (Oliveira et al. 2016; Shooto et al. 2019) whilst on BCAC-10 and
BCAC-20 the peak shifted to 1528 and 1523 cm* respectively. The peak on PBCS at 1459 cm-
! due to (-COOH) (Shooto et al. 2019a) slightly shifted to 1461 cm™ on BCC and 1455 cm™
on BCAC-10 and BCAC-20. The peaks at 1238, 1153 and 1038 cm™ on all adsorbents are due

to (-CO) group (Wang et al. 2013). The newly developed peak at 853 cm™ only on BCAC-10
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and BCAC-20 was associated bisulfate group (Li & Jang, 2013). This group was imparted to

the surface of BCAC-10 and BCAC-20 during H.SO4 modification.

To better understand the mechanism that took place between black cumin adsorbents and both
pollutants (Pb(I1) ions and MB dye), FTIR spectra before and after was conducted. Fig 43b
shows FTIR spectra of BCAC-20 before and after adsorption for Pb(I1) ions and MB dye. The
changes noted was for the ketonic group (-C=0) at 1743 cm™ on BCAC-20 shift to lower
wavenumber of 1736 and 1737 cm™ in BCAC-20 after Pb(ll) ions and MB dye adsorption
respectively. This may suggest that the ketonic group (-C=0) maybe be involved in the
adsorption process (Shooto et al. 2019b). The amide (-NH.) peak at 1529 cm™ before
adsorption on BCAC-20 disappeared after the adsorption of both Pb(Il) ions and MB dye which
suggest that the amide group was involved in the adsorption process. The carboxyl group (-
COOH) in BCAC-20 before adsorption at 1455 cm™ shifted to higher wavenumber of 1458
cmt after Pb(11) ions and MB dye adsorption. The peaks associated with (-CO) at 1153 cm™*
remained the same in all three samples. The peak at 853 cm™ was due to bisulfate (HSO4) on
BCAC-20 before adsorption and shifted higher to 869 cm™ after adsorption of Pb(ll) ions
whilst after the adsorption of MB dye it shifted to 881 cm™. Therefore, (HSO"4) was involved
in the adsorption process. Shifts observed in Fig. 43b suggest that functional groups such as (-
CCO), (-NH>), (-C=0), (HSO4) interacted with Pb(ll) ions and MB dye (Siddiui et al. 2018).
The shifting of peaks indicates that there was strong interaction between the adsorbate and the
adsorbents through electrostatic (Wang et al. 2016). New peaks were observed in BCAC-10
and BCAC-20 at 1097 cm™. The proposed attachment of Pb(ll) ions and MB dye onto the

adsorbents is shown in scheme 4.
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Figure 43: IR spectra of (a) PBCS, BCC, BCAC-10 and BCAC-20 adsorbents before
adsorption, (b) BCAC-20 adsorbent before adsorption, BCAC-20 after adsorption for Pb(11)
ions and BCAC-20 after adsorption MB dye.
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Scheme 4: Propose pathway for (a) Pb(Il) ions and (b) MB dye interaction with the adsorbents.

192



7.7.1.3 XRD analysis

The X-ray diffraction spectra of BCC, BCAC-10 and BCAC-20 are shown in Fig. 44. The
broad peak at 20 value of 21° from BCC is assigned to crystalline lignocellulose content in the
adsorbent and this peak disappeared for BCAC-10 and BCAC-20. New peaks were observed

on BCAC-20 at 26 and 59° these peaks are assigned to amorphousness of the adsorbent.
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Figure 44: XRD spectra of BCC, BCAC-10 and BCAC-20 adsorbents.

7.7.1.1 TGA analysis

Fig. 45 shows the TGA profiles of the adsorbents which were conducted in nitrogen
atmosphere. The profile shows that there are two decomposition steps. The first weight loss of
BCC, BCAC-10 and BCAC-20 is observed between 30 and 198 °C. This loss is due to the

adsorbed moisture on the surface. The adsorbents weight loss percentages are 2,1 and 2 % for
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BCC, BCAC-10 and BCAC-20 respectively. The major weight is between 198-487 °C which
is due to cellulose, lignin and hemicellulose (Ceylan & Topcu, 2014) and the percentages of
80, 79 and 78 %. The long tailing after major weight loss between 498-891°C, represented

decomposition of the residues formed during disintegration of lignocellulose.
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Figure 45: TGA of BCC, BCAC-10 and BCAC-20 adsorbents.

7.7.2 Adsorption studies
7.7.2.1 Concentration effect and modeling studies

The adsorption capacity of BCC, BCAC-10 and BCAC-20 was studied at different initial
concentrations (20, 40, 60, 80 and 100 mg/L) at constant temperature of 298 K for Pb(ll) ions
and MB dye in aqueous solution are plotted in Figs. 46a-b. The trend for Pb(Il) ions adsorption
increased with increasing initial concentration of the solution, that is greater uptake was

observed in solutions with higher initial concentration. Therefore the adsorption capacities of
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Pb(I1) ions was greater in solutions with initial concentration of 100 mg/L it was 17.19, 17.71
and 17.98 mg/g onto BCC, BCAC-10 and BCAC-20 respectively compared to adsorption
capacities of solutions with initial concentration of 20 mg/L it was 17.07, 17.45 and 17.46 mg/g
respectively. This might be due to that, at initial concentration 100 mg/L solution, collision
chances between Pb(I1) ions and the adsorbent surface are greater, and this is associated with
high mass transfer (Aichour et al. 2019). The same trend was observed for MB dye, adsorption
capacity increased with increasing initial concentration of the solution. Therefore, the
adsorption capacities of MB dye were greater in solutions with initial concentration of 100
mg/L. It was 11.63, 12.71 and 16.85 mg/g onto BCC, BCAC-10 and BCAC-20 respectively
compared to adsorption capacities of solutions with initial concentration of 20 mg/L which was
10.13, 10.83 and 15.22 mg/g respectively. The maximum adsorption capacity trend for Pb(Il)
ions was BCAC-10>BCAC-20>BCC whilst adsorption capacity trend for MB was BCAC-20

> BCAC-10> BCC.
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Figure 46: Concentration effect of (a) Pb(ll) ions and (b) MB dye adsorption Onto BCC,
BCAC-10 and BCAC-20 adsorbents [ Experimental conditions: volume of solution (20 mL),
time (60 min), adsorbent dosage (0.1 g), temperature of the system (298 K), agitation rate
(200 rpm), pH of solutions during Pb(ll) ions and MB dye sorption (4.8)]

Different isotherms; Langmuir and Freundlich as shown in Table 14 were used to determine
equilibrium data obtained at 298 K in order to determine capacity and interaction behavior of
BCC, BCAC-10 and BCAC-20. The data in Table 14 show that it fitted Freundlich isotherm
model with (r?) values close to 1. The model suggests that the process involves multi-layer
adsorption with interactions between the adsorbate and the adsorbents, this also implies
heterogeneous nature of the adsorbent surface. Langmuir isotherm models could not be used

to explain the adsorption process.
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Table 14: Isotherms studies and their parameters.

BCC BCAC-10 BCAC-20
Isotherms
Pb(1)  MB Pb(1) MB Pb(I) MB
Langmuir Qo 14.32 16.24 15.70 18.56 12.37 26.32
B 0.79 2.17 0.77 1.09 0.56 1.09
r2 0.91 0.91 0.90 0.90 0.90 0.90
Freundlich 1/n 15.81 12.25 11.70 34.72 22.37 15.31
ks 0.128 0.109 0.100 0.106 0.813 2401
r 0.99 0.99 0.99 0.99 0.99 0.99
Experimental (ge) 17.16 11.71 17.75  12.68 1754  16.56

7.7.2.2 Effect of contact time and kinetic studies of cations removal from aqueous

solution

The effect of time was determined in order to evaluate the rate at which pollutants are adsorbed.
The efficiency of the adsorbents (BCC, BCAC-10 and BCAC-20) was evaluated using the time
intervals of 5, 10, 15, 20, 30, 40, 60, 90 and 120 min as shown in Figs. 47a-b. Fig.47a shows a
rapid uptake of Pb(I1) ions within from 5-10 min for BCC, 5-15 min for BCAC-10 and BCAC-
20 thereafter equilibrium was reached. The uptake capacity of BCAC-10 towards Pb(ll) ions
was greater than BCAC-20 and BCC. Similarly, for MB dye as indicated in Fig.47b with uptake
was rapid from 5-15 min for BCC and BCAC-10 whilst BCAC-10 reached 20 min. In both
instances the results show that there was a fast adsorption at the beginning due to the available
active sites being accessible on the surface of the adsorbents and after certain time the

adsorption becomes slow because of saturation of the active sites (Aichour & Zaghouane,

2019a).
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Figure 47: Time effect of (a) Pb(I1) ions and (b) MB dye adsorption Onto BCC, BCAC-10 and

BCAC-20adsorbents. [Experimental conditions: volume of solution (20 mL), concentration (100

ppm), adsorbent dosage (0.1 g), temperature of the system (298 K), agitation rate (200 rpm),
pH of solutions during Pb(Il) ions and MB dye sorption (4.8)]
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The kinetic data (Table 15) of Pb(ll) ions and MB dye removal onto BCAC-20, BCAC-10 and
BCC was studied using pseudo first order (PFO), pseudo second order (PSO), and intra particle
diffusion (IPD) models. In order to determine whether the adsorption had a good fit for the
PFO or PSO it requires that the values of coefficient of determination r? to be close to 1 and
the values of adsorption capacity (ge) need to be close to the experimental values. The data
show that the adsorption of Pb(ll) ions and MB dye onto BCC best fitted PFO model with (r?)
values of 0.99 including both BCAC-10 and BCAC-20. The calculated capacities (ge) values
were closer to the obtained experimental values for PFO (BCC) and PSO for BCS-10 and
BCAC-20. The adsorption mechanism of PFO suggests that Pb(I1) and MB onto BCC involves
Van der Waal forces attraction. Unlike adsorption of Pb(ll) ions and MB dye onto BCAC-10
and BCS-20, PSO indicates that the adsorption process was dependent on the availability of
the adsorption sites. The nature of the process was evaluated using IPD kinetic model which
determines whether adsorption takes place on the surface (ESA) or pores (EPA). The data in
table 2 shows that the (EPA) for Pb(ll) ions onto BCC, BCAC-10 and BCAC-20 was 65.85,
94.28 and 78.43 % respectively and the remaining was due to (ESA). The MB dye (EPA) onto

BCC, BCAC-10 and BCAC-20 was 73.37, 70.82 and 95.74 % respectively.

Table 15: Kinetic models and their parameters

BCC BCAC-10 BCAC-20
Models
Pb(I) MB Pb(I) MB Pb(I) MB
PFO de 16.08 11.89 16.25 13.31 16.25 16.61
K1 0.82 3.63 3.11 3.43 3.22 3.08
r 0.99 0.99 0.90 0.90 0.90 0.99
PSO Je 14.71 84.28 39.11 12.94 33.37 17.91
K> 0.071 0.024 0.090 0.060 0.077 0.060
r 0.88 0.89 0.99 0.99 0.99 0.99
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IPD C 11.34 5.96 11.79 8.74 11.77 8.22

Ki 1.95 1.71 154 1.12 1.81 0.082

r2 0.98 0.93 0.98 0.95 0.99 0.98
EPA* % 6585  73.37 9428  70.82 78.43 95.74
ESA* % 3414 46,63 3571 2918 31.56 49.26
Experimental (q:)  17.22  11.78 1720 1258 17.38 16.68

7.7.2.3 Temperature effect and thermodynamic studies

The effect of temperature was evaluated at (298 K), (303 K), (313 K), (333 K) and (353 K).
The obtained experimental data for Pb(1l) ions and MB dye was plotted as shown in Figs. 48a-
b respectively. The results of BCC, BCAC-10 and BCAC-20 for both Pb(ll) ions and MB dye
show that there increase in adsorption capacities as the temperature increases. The plot in Fig.
48a indicated that as temperature increased from 298 K to 313 K, the adsorption capacity of
Pb(I1) ions also increased for BCC and BCAC-20, however for BCAC-10 the temperature
increased up to 333 K before reaching equilibrium. This indicated that the adsorption of Pb(lI)
ions and MB dye was through chemisorption (Jin et al. 2019). Fig. 48b showed that the
adsorption of MB dye increased with increasing temperature (298- 313 K) of BCC, BCAC-10

and BCAC-20.
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Figure 48: Temperature effect of (a) Pb(ll) ions and (b) MB dye adsorption Onto BCC,
BCAC-10 and BCAC-20 adsorbents. [Experimental conditions: volume of solution (20 mL),
time (60 min), adsorbent dosage (0.1 g), concentration (100 ppm), agitation rate (200 rpm), pH

of solutions during Pb(Il) ions and MB dye sorption (4.8)]
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The thermodynamic parameters; enthalpy (4H°), Gibbs free energy (4G°) and entropy (4S°)
were determined at different temperatures (298, 303, 313, 333 and 353 K) for Pb(ll) ions and
MB dye onto BCC, BCAC-10 and BCAC-20 as shown in Table 16. The calculated enthalpy
(4H°) gave positive values. This indicated that the adsorption of Pb(ll) ions and MB dye on
the adsorbents was endothermic process. (4S5°) gave positive values which indicates the
randomness and degree of freedom for Pb(ll) ions and MB dye in aqueous solution during the
adsorption process. The Gibb’s free energy (4G°) values for MB dye and Pb(ll) ions show
negative values for BCC, BCAC-10 and BCAC-20 at different temperatures which implies that
the process of Pb(Il) ions and MB dye adsorption has physical characteristics and spontaneous

(Oussalah et al. 2019).

Table 16: Thermodynamic studies and their parameters

BCC BCAC-10 BCAC-20
Parameter
Pb(11) MB Pb(11) MB Pb(11) MB
AH° (KJ mol™) 2.9x10°3 1.9x102 1.5x10°3 2.4x10° 3.3x10°3 1.9x10°3
AS° (KJ mol*K?) 4.10x10°3 3.7x10°3 1.6x10°3 6.0x10* 4.6x10°° 3.7x10°3
AG® (KJ mol?) 298 K -0.57 -0.31 -0.41 -2.84 -0.90 -0.51
303K  -0.76 -0.27 -0.93 -2.81 -0.96 -0.81
313K -0.93 -0.25 -1.31 -2.62 -1.22 -0.88
333K -1.03 -0.26 -1.57 -2.76 -1.29 -0.92
3B3K -1.09 -0.28 -1.69 -2.97 -1.37 -0.93

202



7.7.2.4 pH effect on the adsorption

Figs. 49a-b show the effect of pH studied at pH 1, 3, 5, 7 and 9. The adsorption of Pb (1) ions
and MB dye was largely dependent of pH. The adsorption capacities of BCC, BCAC-10,
BCAC-20 towards Pb(ll) ions and MB dye steadily increases with increasing pH. This could
be due to the fact that at low pH (1-5) the surface of the adsorbent is protonated resulting in
increased repulsion force between positively charged Pb(I1)/MB dye (Aichour et al. 2018).
However, as the pH of the solution is increased to pH (7), the surface is progressively been
deprotonated that is, enhancing the attractive forces between the adsorbent and Pb(I1)/MB dye.
At pH (9) the surface was totally deprotonated, hence the adsorption capacities reached
maximum for Pb(Il) and MB dye. The increase in negative charges of the adsorbent surface

improved forces of attraction.

. —=—BCC
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Figure 49: pH effect of (a) Pb(I1) ions and (b) MB dye adsorption Onto BCC, BCAC-10 and
BCAC-20 adsorbents. [Experimental conditions: volume of solution (20 mL), time (60 min),
adsorbent dosage (0.1 g), temperature (298 K), agitation rate (200 rpm), concentration (100
ppm)]

7.7.2.5 Physicochemical studies of the adsorbents

pH and pH:c) are two important parameters that directly affect the adsorption of metal ions
and dyes in aqueous solution, they determine the charge state of the adsorbent (Bardestani et
al. 2019). The pHpzc) plots of ApH vs. pH; of adsorbents are shown in Fig 50. From the plots
the point of pH:zc) of BCC, BCAC-10, and BCAC-20 is 6.22, 2.10 and 2.00 respectively. It is
shown that ApH values are negative before pHpzc) values of 2.00, 2.10 and 6.22 for BCAC-20,
BCAC-10 and BCC respectively. This indicates that the adsorbents surface acquired negative
charge from initial pHi until pHpz). pH values above pHpz) 2.00, 2.10 and 6.22 show the
adsorbents surface acquired positive charge and ApH values became positive. The values of

pHpzc show that the surface of BCC, BCAC-10 and BCAC-20 are acidic. At pH of solution
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above pHpzc values adsorbents are cation attractors whereas for pH values lower they repel
cations (Aichour et al 2018). The tabulated BET data (Table 17) shows that the surface area of
BCC was 11.67 m?/g whilst BCAC-10 and BCAC-20 show 20.14 and 21.54 m?/g respectively.
BCAC-20 show larger pore width of 7.13 nm compared to 6.81 and 3.78 nm for BCAC-10 and
BCC respectively. The results show that there is an increase in surface area and pore size for

both BCAC-10 and BCAC-20 in comparison with BCC.

71 —=—BccC
| —e—BCAC-10
6 ——BCAC-20

T ,1BCcAC20=20

Figure 50: Point zero charge of adsorbents. [Experimental conditions: volume of solution (20
mL), time (720 min), adsorbent dosage (0.1 g), temperature (298 K), agitation rate (200 rpm),
concentration (100 ppm)].

Table 17: Physicochemical parameters of the adsorbents

BET surface area Pore size Pore width
Adsorbent pHrzc)

(m?/g) (cm?/g) (nm)
BCC 6.22 11.67 0.0153 3.78
BCAC-10 2.10 20.14 0.0195 6.81
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BCAC-20 2.00 21.54 0.0236 7.13

7.7.3 Regeneration and reusability

The regeneration of BCC, BCAC-10 and BCAC-20 was conducted by taking 0.1 g of the pre-
used carbonized adsorbent. The adsorbed Pb(ll) ions and MB dye were removed from
adsorbent surface by agitating twice in 20 mL of 0.3 M HNOs3 for 30 min at 200 rpm and then
rinsed several times with ultra-pure water at 200 rpm for 60 min before reuse. The reusability
study of BCC, BCAC-10 and BCAC-20 was conducted in order to establish if black cumin
seeds adsorbents are economically beneficial. The adsorption/desorption results of the used
and regenerated black cumin seeds adsorbents of three cycles are shown in Figs. 51a-b. The
results show that the first adsorption cycle recorded for both Pb(11) ions and MB dye the highest
adsorption percentage. However, the following adsorption cycles decreased slightly in
adsorption capabilities. The highest adsorption observed in the first cycle was due to abundant
active sites and pores. However the lower adsorption observed in cycle 2 and 3 was because of

incapability of desorbing the previously adsorbed Pb(ll) ions and MB dye during regeneration.
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Figure 51: Reusability studies of the adsorption of (a) Pb(Il) ions and (b) MB dye
[Experimental conditions: volume of solution (20 mL), time (60 min), adsorbent dosage (0.1

g), temperature (298 K), agitation rate (200 rpm), concentration (100 ppm), pH(5)].

7.7.4 Comparative study

The presented information in Table 18 shows the previously adsorption capacities of some of
the reported adsorbents in literature compared with activated black cumin seeds. The data

shows that activated black cumin seeds can be used for adsorption of Pb(l1) ions and MB dye.

Table 18: Adsorption capacities of different adsorbents for Pb(Il) ions

Maximum capacity Dosage  Solution  Temperature

Adsorbent Reference
(mg/g) (9) pH (°C)

Apricot stone 21.38 0.1 6 20 Mouni et al. 2011

Avocado seeds 18.20 0.15 5 25 Boeykens et al. 2019

Black cumin seeds 17.98 0.1 4.8 25 This study

Seed powder 16.42 0.1 5 28 Jayaram & Prasad, 2009

Aspergillus flavus  13.46 0.1 5 25 Akar & Tunali, 2006




Peanut shell 1141 1.0 5 25 Lee etal. 2019

Oak wood 10.10 1.0 5 25 Mohan et al. 2007

Wood 7.90 0.5 5 25 Bardestani et al. 2019

Carbon nanotubes  7.10 0.2 7 25 Mahar et al. 2019
Adsorption capacities of different adsorbents for MB

Adsorbent Maxw-num Dosage Solution pH Temperature Reference

capacity (mg/g) (9) (°C)

Commercial AC 21.50 1 7 20 Yener et al. 2008

Black cumin seeds 16.85 0.1 4.8 25 This study

Sunflower oil cake 16.43 0.2 6 25 Karago et al. 2008

Morocca cactus 14.04 1 5 25 Sakr et al. 2019

Freeze-dried agarose 10.40 1 5 25 Seow & Hauser, 2016

Rice husk 9.83 0.5 7 30 Sharma & Uma, 2010

Glass wool 8.82 1 9 35 Chakrabati & Dutt, 2005

Hyacinth root powder 8.04 1 8 25 Soni et al. 2019

Leaginous microalga,S 7.80 100 7 25 Chandra et al. 2015

7.7.5 Conclusion

The effectiveness of carbonization and activation of black cumin seeds was evaluated for the

removal of Pb(Il) ions and methylene blue (MB) dye from aqueous solution. A series of

adsorption experiments were conducted as a function of concentration, time, temperature and

pH. The batch experiments indicated that the adsorption of Pb(Il) ions and MB was influence

by the pH of the solution. It was found that the adsorption capacity for Pb(Il) ions and MB dye

increased with increasing initial concentration of the solutions. The results show that the

adsorption processes were rapid between 5-20 min. The temperature data showed that the

sorption of Pb(Il) ions and MB dye on all adsorbents increased with increasing temperature.

The adsorption kinetics were well described by pseudo-first order for the carbonized black
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cumin (BCC) seeds and pseudo-second order for the activated carbon of 10 and 20 % H2SO4
(BCAC-10 and BCAC-20). Freundlich isotherm data defined the equilibrium better than
Langmuir model which suggested heterogeneous nature of the adsorbent surfaces. The results
of this study show the feasibility of BCC, BCAC-10 and BCAC-20 adsorbents as alternative

for removing Pb(Il) ions and MB dye from aqueous solution.
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CHAPTER 8

Magnetite functionalized Nigella Sativa seeds for the uptake of
chromium(V1) and lead(l1) ions from synthetic wastewater

This chapter is published as follows:

Patience Mapule Thabede, Ntaote David Shooto, Thokozani Xaba, Eliazer Bobby Naidoo.
2021. Magnetite functionalized Nigella Sativa seeds for the uptake of chromium(VI1) and

lead(Il) ions from synthetic wastewater. Adsorption Science and Technology 2021.6655227.

This chapter is addressing objective (e) which reads as follows:

To functionalized black cumin seeds using sucrose and iron oxide to form composites for the

removal of Cr(V1) and Pb(ll) ions in aqueous solution. Thereafter, conduct adsorption studies

under different parameters (temperature, concentration, time and pH).
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8.1 Abstract

The aim of the present study was to utilise pristine and magnetite-sucrose functionalized
Nigella Sativa seeds as the adsorbents for the uptake of chromium(V1) and lead(ll) ions from
synthetic wastewater. Prestine Nigella Sativa seeds were labelled (PNS) and magnetite-sucrose
functionalized Nigella Sativa seeds (FNS). The PNS and FNS composites were characterized
by Fourier-transform infrared spectroscopy (FTIR), and X-ray powder diffraction (XRD). The
FTIR analysis of both adsorbents revealed the presence of vibrations assigned to 1749 and 1739
cm (-C=0) for ketonic group for both adsorbents. The amide (-NH) peak was observed at
1533 and 1527 cm™ on FNS and PNS composites respectively whilst the carboxyl group (-
COOH) were observed at 1408 cm™ on both adsorbents. The XRD results of FNS and PNS
composites showed a combination of spinel structure and y-Fe>Oz phase confirming the
formation of iron oxide. The influence of operational conditions such as initial concentration,
temperature, pH and contact time were determined in batch adsorption system. The kinetic data
of Cr(VI) and Pb(I1) ions on both adsorbents was described by pseudo-first order (PFO) model
which suggested physisorption process. The sorption rate of Cr(V1) ions was quicker, it attained
equilibrium in 20 min and the rate of Pb(Il) ions was slow and reached equilibrium in 90 min.
Freundlich isotherm described the mechanism of Pb(Il) ions adsorption on PNS and FNS
composites. Langmiur best fitted the uptake of Cr(V1) ions adsorption on PNS and FNS. The
results for both adsorbents showed that the removal uptake of Pb(Il) ions increased when the
initial concentration was increased however, Cr(VI) uptake decreased when the initial
concentration increased. The adsorption of Cr(\V1) and Pb(Il) ions on both adsorbents increased
with temperature. The objective of this study is to investigate if magnetite-sucrose
functionalized Nigella Sativa seeds has the ability to adsorb chromium(V1) and lead(ll) ions

from aqueous water.
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8.2 Introduction

Chromium compounds find their way into the natural water stream as a consequence of the
industrialization and improper disposal of wastes which is usually from leather tanning, metal
finishing, electroplating and pigments industries (Gueye et al., 2014). Hexavalent chromium is
one of the most contaminant that has attracted extensive attention among researchers due to its
toxicity. Shupack (1991) indicated that hexavalent chromium Cr(VI) species may occur in
different ionic forms namely; chromate (CrO.4?), dichromate (Cr.07%) or hydrogen chromate
(HCrOys) in aqueous solution meanwhile Cr(lll) tends to form hydrated species such as
hydrated trivalent chromium [Cr(H20)s]**, chromium hydroxide complexes [Cr(OH)(H20)s]**
or Cr (OH)2(H20). According to Dehghani et al. (2016), Cr(I11) species are fairly less toxic as
compared to Cr(VI) which is extremely toxic. The World Health Organisation (WHO) has
restricted the limit of Cr(V1) to 0.05 mg/L in drinking water (Li et al. 2020a). On the other hand
Chand & Pakade, (2013) reported that industries release effluent from batteries, automobiles
manufacturing units and paint which contain lead Pb(ll) ions. Pb(ll) is one of the most toxic
ions found in industrial wastewater (Alguacil et al. 2018). The presence of lead Pb(Il) ions in
water is another major concern because it affects human health, aquatic animals, peripheral
nervous system, anaemia, loss of appetite, vomiting, severe abdominal pain and paralysis in
the muscles (Chand & Pakade, 2013; Alguacil et al. 2018). Pb(ll) is a slow, malicious, but
most evil poison, any contact with the body, may result it replacing calcium on the bones and
accrues in the skeletal system (Puzas et al. 2004). World Health Organization (WHO)
assessment document indicated the safe level for lead ion concentration in blood to be 0.1 gm"

3 (Bardestani et al. 2019).
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Treatment of contaminated water using nanoparticles/composites materials has been
investigated by other researches because magnetic composite adsorbents has become desirable
materials for separating the loaded pollutant adsorbents from water post adsorption and also
centrifugation and filtration can be time consuming and a costly process (Diagboya & Dikio,
2018; Abdulla et al. 2019). Particles of hydroxides and iron oxides occurs in natural aquatic
system and can adsorb anions and cations from aqueous system due to surface defects besides
high magnetic character (Zang et al. 2019). The following composites were used as adsorbents
for removing different toxic ions in water. Some of the composites are; catalytic oxidation and
adsorption of Cr(Ill) on iron-manganese nodules under toxic conditions (Hai et al., 2020),
hematite iron oxide nanoparticles (a-Fe203): synthesis and modelling adsorption of malachite
green (Dehbi et al. 2020), boron removal and reclamation by magnetic magnetite (FezOa)
nanoparticle: an adsorption and isotopic separation study (Chen et al. 2020) and scavenging of
aqueous toxic organic and inorganic cations using novel facile magneto-carbon black-clay

composite adsorbent (Diagboya & Dikio, 2018).

However, there are few studies where composite material using Nigella Sativa seeds as
adsorbents have been investigated. Some of these studies are; Nigella Sativa plant-based
nanocomposite-MnFe>04/BC: an antibacterial material for water purification (Siddiqui &
Chaudhry, 2018) with maximum adsorption capacity of 10.07 mg/g for methylene blue.
Nanohybrid composite Fe>Os-ZrO,/BC for inhibiting the growth of bacteria and adsorptive
removal of arsenic and dyes from water (Siddiqui & Chaudhry, 2019), the results showed that
the removal of As(Il) was 1.01 and 38.10 mg/g for methylene blue. Nigella Sativa seed based
nanohybrid composite-Fe.03-SnO2/BC: A novel material for enhanced adsorptive removal of
methylene blue from water (Siddiqui et al. 2019a) with maximum adsorption capacity between

58.82-84.74 mg/g and Nigella Sativa seed-based nanocomposite-MnQO,/BC: An antibacterial
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material for photocatalytic degradation, and adsorptive removal of methylene blue from water
which showed adsorption capacity of 185 mg/g (Siddiqui et al. 2019b).

Sucrose is a natural disaccharide which is formed from the combination of glucose and fructose
(Vadi &Najafi, 2011). Kuznetsov et al. (2010) functionalized nanocarbons by one-step process
of fluorine substitution reaction with sucrose-derived lithium monosucrate. This was achieved
by sonication in dimethylyformamide at room temperature. Their results showed that sucrose
bonded on the surface of the fluorinated nanoancarbons using covalent bonding.
Functionalization of multi-walled carbon nanotubes (MWCNTS) with D-sucrose carbohydrate
was done by Mallakpour & Behranvand, (2016) in water at room temperature. Their aim was
to investigate the influence of sucrose on MWCNTSs surface and morphology using poly amide-
imide (PAI) nanocomposites. Obark & Obark, (2019) investigated the capability of activated
carbon for the removal of chromium(V1) ions by adding sucrose in the adsorption as an organic

matter.

Technologies can be more effective if and when the adsorbent could be prepared easily, cost
effectively and effective for range of pollutants. They should also be effective for the removal
of high and low level of pollutants (Santhosh et al. 2014). Also, WHO (World Health
Organization) emphasised on the investigation of medicinal plant species for human care
system benefit (Datta et al. 2012). Therefore, the present work was made to prepare a material,
with low cost, which can remove chromium(V1) and lead(l1) ions from aqueous solution. Plant
materials are abundant, sustainable and may provide oxygenous groups which can interact with
charged pollutants from water without harming water quality (Pugazhendhi et al. 2018). Black
Cumin seeds (BCS) (Nigella Sativa) is used as home medicine and has bitter taste and smell
(Ahmad & Haseeb, 2014). It is used primarily in confectionery and liquors as well for

medicinal purposes. The efficiency of Nigella Sativa was investigated for adsorption by seeing
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the challenges continuing in toxic ions removal and the benefits offered by the biomasses
(Siddiqui et al. 2018). These seeds are readily available, inexpensive, and have a number of
oxygenous groups (carboxyl and hydroxyl) at the surface, which make them advantageous for
the adsorption technology (Al Jassir, 2005). Some studies available in the literature have shown
that Nigella Sativa material has been used for the adsorption studies. However, there is a need
for some type of modifications in order to get more important results for the removal of water
contaminants (Siddiqui et al. 2017). Accommodation of nanoparticles onto adsorbent surface
and large number of functional groups of the material can provide the large vacant sites to
nanocomposite for charged pollutants (Siddiqui & Chaudhry, 2017). Inorganic nanomaterials
have shown unigque and extra ordinary properties for numerous applications including
adsorption (Niasari et al. 2009; Esmaili et al. 2011). The preparation of such material is eco-
friendly, has low production cost and non-toxic, this can be a better solution for water
treatment. In view of these facts, magnetite was incorporated into the Nigella Sativa powder
for the formation of magnetite Nigella Sativa seeds then functionalized with sucrose for

chromium(V1) and lead(ll) ions adsorption from aqueous solution.

Sucrose is an inexpensive, commercially available and easily renewable carbon source
(Sivadas et al. 2016). Zhou et al. (2017) used magnetic ceramsite coated by functionalized nano
carbon spheres. Their study shows that using ceramsite without functionalization had low
porosity, insufficient active site and low adsorption capacity for the removal of Cr(VI). To
improve the adsorption capacity, ceramsite was functionalized with magnetic nano carbon
spheres using sucrose. Their study also showed that there was an increased removal of Cr(VI)
with increased concentration of sucrose. Synthesis of graphene sand composite was achieved
with the use of a sucrose (Dubey et al. 2015). Their composite exhibited a maximum adsorption

capacity of 106.2 mg/g for the removal of Cr(V1) at pH 1.5. Mesoporous carbon was obtained
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by (Goscianska et al. 2015) using a silica material as a template and sucrose as a carbon
precursor for the adsorption of anionic azo dyes. The results showed that adsorption of dyes
ranged from 128-172 mg/g. Bedin et al. (2016) prepared activated carbon from sucrose for the
adsorption of methylene blue dye. Their work showed that the use of sucrose in conjunction
with chemical activation (KOH) to synthesize activated carbon had a high adsorption capacity
(704 mg/g) for methylene blue. Thus, the use of sucrose as one way of modifying the

adsorbents may improve adsorption capacity for the removal of toxic ions and dyes.

Previous work on Nigella Sativa seeds showed that the material has good removal uptake
towards pollutants in water. Therefore, it is fair to conduct further studies on the material.
Hence the purpose of the present study was to develop functionalized Nigella Sativa seeds with
enhanced removal uptake towards Cr(VI1) and Pb(ll) ions. In this study the seeds were
incorporated with sucrose and iron oxide to produce a composite material. The magnetic-
sucrose functionalized Nigella Sativa (FNS) composite was a one step process done at room
temperature. Incorporation of sucrose and iron oxide has proven to enhance the adsorption
capacity of the other materials; however, no document was found that investigated this for

Nigella Sativa seeds.

8.3 Reagents and experimental

8.3.1 Reagents

Sucrose (C12H22011), Iron(l1) chloride (FeCl2-4H.0), Iron (111) chloride (FeCls-6H20), sodium
thiosulfate (Na2S203), potassium dichromate K2Cr.Oy7, lead nitrate Pb(NOs). were purchased
Sigma-Aldrich, Johannesburg, South Africa. Other chemicals like ammonium hydroxide

(NH40H), sodium hydroxide (NaOH), sodium nitrate (NaNO3) and hydrochloric acid (HCI),
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were purchased at Associated Chemical Enterprises, Johannesburg, South Africa. Unprocessed

Nigella Sativa seeds were procured from health shop in Vanderbijlpark, South Africa.

8.3.2 Preparation of pristine Nigella Sativa (PNS) composite

100 g of pristine Nigella Sativa seeds were weighed thereafter rinsed in distilled water several
times to get rid of dust and dirt. The seeds were dried in an oven at 40 °C for 24 hr. After
drying the seeds were grounded with a mortar and piston. The grounded seeds were sieved on
60/200 mesh in order to get particle sizes ranging from 0.8-1 mm. the sieved pristine Nigella

Sativa seeds were labelled (PNS).

8.3.3 Preparation of the sucrose functionalized Nigella Sativa (FNS) composite

Pristine Nigella Sativa (PNS) seeds (10 g) were poured in a beaker and 0.5 % sucrose solution
(50 mL) was mixed with the seeds. The sucrose functionalized Nigella Sativa (FNS) was stirred
for 2 hrs. Thereafter FeCls (5 g) was added which was allowed to mix for 3 hrs followed by 5
g of FeCl,. A 10 mL of 25 % NH4OH solution was added. When the solution become
homogenous 5 g Na2S203 was added into the mixture. The resultant black yellowish magnetic
FNS composite was continuously stirred for 3 hrs. The obtained product was rinsed with

distilled water and dried for 24 hrs at 40 °C. The prepared composite is shown in scheme 5.
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Scheme 5: Schematic of sucrose functionalized Nigella Sativa seeds (FNS) preparation

8.4 Batch adsorption studies

To better understand the adsorption behaviour of the adsorbents a number of batch studies were
conducted to investigate the effect of pH, initial concentration, contact time and temperature.
Lead nitrate and potassium dichromate were used to prepare the stock solutions of 100 mg/L.
A 0.1 g of the adsorbent and 40 mL of the working standard solutions were transferred to 100
mL capped plastic tubes. The solutions were then placed on a shaker for 60 min. Thereafter,
the composites were separated by centrifugation for 5 min at 5000 rpm. For all the parameters
the supernatant was used for the analysis. The effect of pH was studied at 1, 3, 5, 7 and 9 using
a standard solution of 100 mg/L and stirred for 60 min. Other adsorption studies conducted
were time effect at 1, 5, 10, 15, 20, 30, 60, 90 and 120 min (using the same standard solution
concentration for all other parameters). The effect of temperature was conducted at 298, 303,
313, 333 and 353 K whilst the concentration was studied at 20, 40 60, 80 and 100 mg/L. The
solution pHs ranging from 1-9 were adjusted by adding 0.1 M NaOH for basic medium and 0.1
M HCI for acidic medium. Thereafter the adjusted pH solutions were added to 0.1 g adsorbents
and agitated at 200 rpm for 24 hrs. The point of zero charge (pHpzc) determination of FNS and

PNS was conducted using 1M NaNOs.
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8.5 Data analysis

The percentage removal of Cr(VI) and Pb(ll) ions from aqueous solution onto FNS and PNS

composites surface was determined by using the following equation (1) and (2) (Behjati et al.

2018):
Co-Co)V
%R = (C"C—Ce) x 100 @)

o

where Co, and Ce (mg/L) are initial and equilibrium concentrations of Cr(\VI) and Pb(Il) ions
and ge adsorption capacity (mgg™) and %R (%) of FNS and PNS composites at equilibrium.
The volume of the solution and mass of the adsorbents are labelled (v) in L and (w) in g

respectively.

8.5.1 Adsorption isotherm models

In order to better understand the interaction between the Cr(VI) and Pb(Il) ions and the
adsorbents surface, concentrations data were used in nonlinear isotherm models namely;

Langmuir (3) (Langmuir 1918) and Freundlich (4) isotherms (Freundlich 1906).

Qobce

qe = 1+ bC, ©)
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e = ksCJ'" 4)

(Qo) represent Langmuir maximum adsorption capacity (in mg/g), (b) is the interaction energy
related constant, where Ce (mgL™), (ks) is Freundlich capacity factor constant and (1/n)

represent isotherm linearity parameter constant.

8.5.2 Adsorption kinetics

Various kinetic models namely; pseudo-first order (PFO), pseudo-second order (PSO) rate
models (Ho & McKay, 1999) and intra-particle diffusion (IPD) (Weber et al. 1963) nonlinear
equations as shown in equations (5), (6) and (7) respectively, were used on the obtained

experimental data of Cr(\VI) and Pb(ll) ions at different time intervals.

qe = q.(1— e7M1t) (5)
1+ kyqet

Qe = k,z—;gqt (6)

qe = ki(tl/z) +C (7)

Where (qe) and (q) represent the amounts removed (in mg/g) at time (t). (k1), (k2) and (ki) are
the rate constants of PFO (in min'), PSO (in g mg™* min™) and IPD (in g g* min'/?) respectively.

(C) Represents the concentration of Cr(V1) and Pb(ll) ions at equilibrium.

8.5.3 Thermodynamic functions
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The investigation of the adsorption process was evaluated using thermodynamics calculation
of enthalpy change (AH°), entropy change (AS°), Gibb’s free energy change (AG®) and the
equilibrium constant (K¢) were determined at 298, 303, 313, 333 and 353 K by means of

equations (8), (9) and (10) (Liu & Zhang, 2009).

AH® AS°

InK.= —=—— =— (8)
AG® = —RT InK, ©)
K.=2 (10)

Ce

8.6 Instrumentation

The FNS and PNS composites were analysed for phase composition through the X-ray
diffraction (XRD) with anode of Cu (Bruker, A= 1.5406 A) Shimadzu XRD 7000. The samples
were scanned at 20=10-70° with a scan rate of 10 °/min. Thermo Fischer Scientific Fourier
transform infrared (FTIR) spectroscopy was used to determine the spectra sorption materials
from 4000 to 400 cm™'. Atomic absorption spectroscopy (AAS) Shimadzu ASC 7000 with air-
acetylene flame and auto sampler was used to determine the remaining Cr(V1) and Pb(ll) ions in

aqueous solutions.

8.7 Results and discussion

8.7.1 Characterization of the adsorbents
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8.7.1.1 FTIR results

The FTIR spectra of prepared FNS and PNS composites characteristics absorption peaks at
various wavenumbers ranging from 3238 to 812 cm™ are shown in Fig.52a. The broad peaks
around 3228 and 1625 cm™ were attributed to hydroxyl (-OH) groups (Abdulla et al. 2019) on
FNS composite. These groups shifted to higher frequency of 3238 and 1631 cm™ on PNS
composite. The two sharp peaks at 2918 and 2849 cm™ were attributed to C-H stretching
vibrations of -CHz and -CH: groups respectively (Oliveira et al. 2016). The bands at 1749 and
1739 cm? (-C=0) for ketonic group was observed for both FNS and PNS composites
respectively (Shooto et al. 2019a). The shift of the C=0 stretch showed that there is effective
interaction between sucrose adsorbents and the functional groups on the surface (Mallakpour
etal. 2016). The (-NH) peak due to the amide was observed at 1533 and 1527 cm™ on FNS and
PNS composites respectively which were close to the previously reported by (Shooto et al.
2019a). The carboxyl group (-COOH) on both adsorbents were observed at 1408 cm™. Other
bands at 1243, 1157 and 1000 cm™ of PNS and 1247, 1152 and 1001 cm™ of FNS were
attributed to structures of hemicellulose, cellulose and lignin (Husseien et al. 2009; Matos et
al. 2017; Thabede et al. 2020a). Therefore, the changes obtained from the FTIR spectrum of
the functionalization black cumin seeds have indicated a number of functional groups on the
surface of FNS and PNS composites which may propose that these functional groups were

responsible for the Cr(VI) and Pb(ll) ions adsorption from aqueous solutions.

The FT-IR spectra of PNS and FNS composites loaded with Pb(ll) and Cr(\VI) ions are
compared with composites before adsorption as shown in Figs.52b-c respectively. The FT-IR
spectrum of PNS (Fig. 52b) after the adsorption of Pb(Il) showed various functional groups at
different frequencies. The peaks at 3238, 2918 and 2849 cm™! shifted towards the 3273, 2921

and 2851 cm™! after adsorption, whilst (-C=0) for ketonic group above 1700 cm™ disappeared
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and the hydroxyl group at 1625 cm™ shifted to 1627 cm™. The amide (-NH) peak observed at
1527 cm shifted to 1528 cm™ whilst the (-COO) group shifted to 1405 cm™ after the
adsorption of Pb(ll). The peaks associated with hemicellulose, cellulose and lignin shifted to
1234, 1148 and 1011 cm™. The peaks obtained from the FT-IR adsorption spectrum of PNS
loaded Cr(VI) is shown in Fig. 52b. The adsorption of Cr(VI) (Fig. 52b) on the adsorbent
showed that the functional groups had shifted to 3205, 2827 and 2757 cm™. However, the peak
at 1739 cm* attributed to (-C=0) ketonic group and the peak due to hydroxyl group at 1631
cm* dropped off. On the other hand, the amide (-NH) at 1527 cm™ shifted to 1535 cm™ whilst
carboxyl group (-COOH) shifted from 1408 to 1436 cm™. There is a new peak at 1315 cm™

and the cellulosic framework shifted to 1153, 1061 and 930 cm™ (Abdulla et al. 2019).

The FT-IR absorption spectra of FNS composites after adsorption of Pb(Il) and Cr(VI) are
shown in Fig. 52c. The peaks on FNS for Pb(ll) at 3228 and 1625 cm™ were assigned to
hydroxyl (-OH) groups before adsorption, and the two sharp peaks at 2918 and 2849 cm (-
CHj3 and -CHy) shifted to 3287, 1626, 2921 and 2852 cm™ after adsorption respectively. The
(-C=0) band at 1749 cm™ disappeared. The amide group observed at 1533 cm™* shifted to 1532
cm™. The carboxyl group (-COOH) observed at 1408 cm™ shifted to 1405 cm™ and the peak at
1247 disappeared. There was a new peak formed at 1308 cm™. The hemicellulose and cellulose
peaks shifted to 1148 and 1009 cm™. The FNS spectrum loaded with Cr(V1) in Fig. 52¢ showed
that the hydroxyl groups and (-CHs and -CH,) shifted to 3298, 1620, 2920 and 2852 cm
respectively. The (-C=0) peak shifted to 1744 cm™ with reduced intensity. The (-NH) peak at
1533 cm* shifted to 1535 cm™ whilst the (-COOH) peak shifted to 1455 cm after adsorption.
The hemicellulose and cellulose peaks shifted to 1245, 1150 and 1029 cm™. The intensity of

peaks on PNS and FNS after the adsorption, reduced significantly which may imply that, there
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was interaction of oxygenous composites through electrostatic and hydrogen bonding (Siddiqui

& Chaudhry, 2019).
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Figure 52: IR spectra of (a) PNS and FNS composites before adsorption, (b) PNS composite
before and after adsorption and (c) FNS composite before and after adsorption of Pb(Il) ions
and Cr(VI).

8.7.1.2 XRD results

The X-ray diffraction pattern of FNS and PNS composites is illustrated in Fig.53. The broad
peak at (20) value between 15 and 25° indicated the cellulosic structure of the black cumin seed
material (Siddiqui & Chaudhry, 2018). The XRD spectrum of FNS and PNS composites show
peaks around 23.73°, 30.84°, 35.27°, 41.24°, 43.41°, 62.43°and 77.48° corresponding to (210),
(220), (311), (113), (400), (440) and (533) planes with combination of spinel structure and y-
Fe>03 phase confirming the formation of iron oxide (Abdulla et al. 2019; Li et al. 2020b). The
FNS composite adsorbent showed that it had higher intensity peaks as compared to PNS

composites.
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Figure 53: XRD spectra of FNS and PNS composites.

8.7.2 Adsorptions studies

8.7.2.1 Effect of pH solution

The adsorption of Cr(V1) and Pb(Il) ions by FNS and PNS composites were evaluated at pH
ranging from 1-9 as shown in Figs. 54a-b. The experimental data showed that the adsorption
of Cr(VI) and Pb(Il) ions was pH dependant. The sorption of Cr(VI) ions by PNS and FNS
composites showed a decrease in capacity as the pH increased. A similar observation was
recorded in the literature by (Pakade et al. 2016) using macadamia nutshells. Lesaoana et al.
(2019); He et al. (2019) explained this trend by stating that at low pH (1-3) the hydrolysis
reaction of dichromate ion (Cr.0;%) yield HCrO4 which alternately becomes the main Cr(VI)
species in acidic medium. However, at elevated pH HCrO4 causes the equilibrium to shift

towards creating CrOs%> and Cr.0;%* species. It is further mentioned that at lower pH, the
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negatively charged dichromate or chromate binds electrostatically to the positively charged
groups on the surface of the adsorbents because at low pH the surface of the adsorbents are
positively charged due to protonation. Additionally, He et al. 2019 mentioned that this
phenomenon was about the surface charge of the adsorbent and that the obtained modified
adsorbent pHpzc ranged from 2-4. It is said that when the adsorbent is positively charged, it
will adsorbs anions containing Cr(VI), such as HCrO* and Cr,07*. Otherwise, when the
adsorbent is negatively charged it reduces the electrostatic interaction between the adsorbent
and anionic Cr(VI). This means that pH is very important for the removal of Cr(V1) ions owing
to its effects on the electrostatic interaction. A different trend was observed in the adsorption
of Pb(Il) ions whereby adsorption capacities of FNS and PNS composites increased as pH of
the solution increased from pH 1 to pH 5, then beyond pH 5 the adsorbed amount remained the
same with a slight decrease. This is due to the fact that, as the pH increases, the H* ion in the
solution decreases therefore, the greater the number of negatively charged ions which makes
the binding sites available for the metal adsorption to take place (Chand & Pakade, 2012). The
adsorption of Cr(VI) ions on both adsorbents was lower compared to Pb(ll) ions due to

electrostatic repulsion of hydroxyl ions which are negatively charged (Pakade et al. 2016).
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Figure 54: pH effect Onto (a) PNS and (b) FNS composites for Pb(Il) ions and Cr(V1)
sorption. [Experimental conditions: volume of solution (40 mL), time (60 min), adsorbent

dosage (0.1 g), temperature (298 K), agitation rate (200 rpm), concentration (100 ppm)]
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8.7.2.2 Speciation diagrams of Cr(V1) and Pb(l1) ions

At different pH values chromium exist in aqueous solution in different anionic forms namely;
hydrogen chromate (HCrOs), chromate (CrO4%), chromic acid (H.CrOs) and dichromate
(Cr07%) (Unceta et al. 2010; Acharya et al. 2018; Zhang et al. 2020). The speciation of these
Cr(VI) anions depends on concentration and pH of the solution (Gherasim et al. 2011; Acharya
et al. 2017). Fig.55a show the speciation of Cr(V1) as a function of pH at concentration of 100
mg/L. H2CrO4 belong to the strong acids and is only observed below pH 1 (Markiewicz et al.
2014). However at pH >1 de-protonated form of Cr(VI) was observed, hence product HCrO4
was formed at a pH from 1 to 6.5. The diagram shows that HCrO4 was the major species at the
experimental concentration and this was dominant between pH 1 and 6.5. According to (Dhal
et al. 2013; Maremeni et al. 2018) HCrO4 is usually the most predominant Cr(V1) species at
acidic conditions. A similar observation was reported by (Sampaio et al. 2015; Jorge et al.
2019) stating that HCrO4 species usually formed around pH below 6.8. In our study HCrO4
form was obtained at pH 1 thereafter the capacity started decreasing. This indicated that HCrO4
prevails in acidic medium. The decrease in sorption capacity could be due to the depletion of
protons subsequently less protonated sites and more hydroxide groups that may result in
competition with CrO4> ions for adsorption (Maremeni et al. 2018). As the pH increased
towards basic medium only CrO4% ions were in the solution throughout the concentration range
(McNeill et al. 2012; Markiewicz et al. 2014). On the other hand, Cr.O7* is stable at weakly
acidic and low oxidizing environments (Maremeni et al. 2018). In our study the metal ion
concentration was ranging between 20 and 100 mg/L hence Cr,07% was not included in the
diagram. Therefore this may suggest that Cr(V1) existed mainly as HCrO4™ anion. Bhowal &
Datta, (2001); Markiewicz et al. (2014); Zhang et al. (2020) indicated that Cr07% is dominant
in more concentrated solution above 100 mg/L. Pakade et al. (2017) have shown that at low
pH of 2 there is a possibility of Cr(I11) forming when using macadamia nutshell. However, as
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the pH increased from 3-9, Cr(lll) and Cr(VI) also decreased. Yang & Chen (2008) also
mentioned that at strongly acidic conditions Cr(V1) can be reduced to Cr(l1). Therefore, it can

be concluded that in this study only Cr(VI) was formed.

The pH of the solution is considered as the major parameter controlling metal speciation
(Shahid et al. 2012). Fig.55b shows the species distribution diagram of Pb(Il) in aqueous
solution against pH at concentration of 100 mg/L. The results showed that higher sorption
capacity was obtained between pH 2 and 5 where lead occurred only as Pb(1l) species up to pH
6.0. This was also achieved in the research work done by (Vera et al. 2019). Since HCI was
used to adjust pH it was suggested that there might be lead chloride complexes formation. From
the diagram formation of lead chloride complexes were obtained between pH 7.0 and 8.0.
Lukanin et al. (2013) showed that lead chloride species can be obtained around pH 7.3 and 8.3
whilst (Easley & Byrne, 2011) data showed that lead chloride formed from pH 7.2 to 7.6.
Above pH 7.5 to alkaline conditions, there was production of hydroxyl groups and
consequently increased the amount of lead hydroxide solution (Wang et al. 2017;
Nicholaychuk, 2018). Byrne et al. (1981); Silwamba et al. (2020) have also shown that addition
of hydrochloric acid can form Pb(ll) and lead chloride complexes such as PbCI*, PbCl. and

PbCls.
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Figure 55: Speciation diagrams of (a) Cr(VI) and (b) Pb(Il) ions Onto PNS and FNS
composites at concentration of 100 mg/L at room temperature.
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8.7.2.3 Concentration effect and adsorption isotherms

Figures 56a-b show the effect of initial concentrations on the adsorption of Cr(\V1) and Pb(ll)
ions by PNS and FNS composites. The removal efficiency of both adsorbents was found to
dependent on the initial concentration of chromium. The adsorption of Pb(11) by PNS in Fig.56a
increased with increasing concentration from 20 to 80 mg/L, whilst the adsorption of Cr(VI)
increased from 20 to 60 mg/L. Thereafter the removal efficacy slowly reached adsorption
equilibrium and there was no further increase in the adsorption of Cr(\V1). A similar adsorption
trend was observed for FNS in Fig.56b whereby Pb(Il) ions adsorption increased with
increasing initial concertation (20-80 mg/L). However, the adsorption of Cr(VI) ions stays
almost constant as the initial concentration increases. The maximum adsorption capacities at
initial concentration of 20 mg/L onto FNS in Fig.56b was 4.34 and 6.14 mg/g for Cr(V1) and
Pb(ll) ions respectively, whereas on PNS it was only 0.26 mg/g and 5.98 mg/g for Cr(VI) and
Pb(I1) ions respectively. On the other hand the maximum adsorption capacities at 100 mg/L
onto PNS in Fig.56a for Pb(Il) and Cr(\V1) ions were 29.47 and 15.74 mg/g respectively then
onto FNS in Fig.56b was observed at 29.80 and 7.80 mg/g for Pb(Il) and Cr(V1) respectively.
The results in both Figs.56a-b showed that both adsorbents capacities increased with increased
initial concentration especially for Pb(Il) ions. The reason why Pb(Il) ions were adsorbed more
than Cr(VI) ions on PNS and FNS composites might be due negatively charged Cr(VI) ion
electrostatically repelling the adsorbed ions resulting in decrease of the adsorption capacity
(Santamarina et al. 2002). Also, as seen in Fig.54 the maximum adsorption for Cr(VI) took
place at pH 1. Thereafter an increase in pH resulted to a decreased in adsorption due to HCrO4

, CrO4% and Cr,07* and decreased in surface protonation (Rouibah et al. 2009).

The interaction of Cr(VI) and Pb(ll) ions with PNS and FNS composites surfaces adsorption
mechanism and surface affinities towards Cr(\V1) and Pb(Il) ions is described with the help of
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non-linear Langmuir and Freundlich isotherms. The adsorption isotherms and their parameters
are shown in Table 19. The data showed that Pb(I1) ions on PNS and FNS composites had (r?)
of 0.996 and 0.997 for Freundlich isotherms whilst Langmuir isotherm showed r? of 0.903 and
0.935 respectively. This indicated that Pb(Il) ions adsorption was best described by Freundlich
than Langmuir isotherm which suggested that the surface was heterogeneous and also the ions
bind physically and form multilayer (Thabede et al. 2020b). However, isotherm data of the
adsorption of Cr(VI) ions onto PNS and FNS composites showed a high (r?) value of 0.997 and

0.995 respectively for Langmuir which demonstrated formation of homogenous monolayer.
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Figure 56: Concentration effect Onto (a) PNS and (b) FNS composites for Pb(ll) ions and
Cr(VI) sorption. [Experimental conditions: volume of solution (40 mL), time (60 min),

adsorbent dosage (0.1 g), temperature of the system (298 K), agitation rate (200 rpm), pH of
solutions during Pb(11) ions and Cr(V1) sorption (5.0)]

Table 19: Isotherms studies and their parameters

FNS PNS
Isotherms
Pb(11) Cr(VI) Pb(1)  Cr(VI)
Langmuir Qo (mgg™) 19.99 10.21 12.06 15.11
b (Lmg™) 6.6301 0.0412 1.0751  0.0642
r? 0.9031 0.9973 0.9355 0.9952
Freundlich 1/n 22.783 48.654 19.791  4.425
ke (Mg L" g?) 0.730 6.589 0.684  1.322
r? 0.9961 0.893 0.9975  0.8869
Experimental (ge) (mg/g) 29.80 7.80 29.47 15.74
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8.7.2.4 Time effect and adsorption kinetics

The sorption rates of Cr(VI) and Pb(Il) ions were studied in the time intervals of 1-120 min as
shown in Figs. 57a-b. The sorption rate of Cr(V1) ions was faster than Pb(I1) ions for both PNS
and FNS composites as shown in Figs. 57a-b. The maximum sorption for Cr(VI) ions was
reached in 20 min in both Figs. 57a-b meanwhile adsorption rate of Pb(Il) ions was slow and
continue increasing up to 90 min of reaction. The slow adsorption stage was caused by the low
concentration gradients then finally produced the equilibrium condition (Aichour &
Zaghouane-Boudiaf, 2019). An increase in metal ions adsorption was observed in both
adsorbents due to probability of Cr(VI) and Pb(ll) ions occupying vacant sites on the
adsorbents because there were plenty of unsaturated vacant sites that resulted in quick initial
adsorption (Shooto et al. 2019b; Abdulla et al. 2019). However, as time continues vacant sites
get exhausted and saturated therefore sorption ability of PNS and FNS composites decreased
until equilibrium or decrease in sorption capacity. The maximum adsorption capacities of PNS
composite for Cr(V1) and Pb(Il) was found to be 15.75 and 35.36 mg/g respectively and FNS
composite were 8.92 and 37.76 mg/g for Cr(V1) and Pb(ll) respectively. These capacities were
obtained under the following experimental conditions: 40 mL of solution at temperature of 298

K using adsorbent dosage of 0.1g with the concentration of 100 ppm at pH.

The kinetic study of PNS and FNS composites in removing Cr(VI) and Pb(ll) ions was
estimated using pseudo-first order (PFO) and pseudo-second order (PSO). The adsorption
capacity (ge), rate constants (ki and kz), and coefficient of determination (r?) values are shown
in Table 20. The adsorption process was estimated based on the coefficient of determination
value that is closer to unity (1). The data showed that (r?) values of PFO model for PNS and
FNS composites for both Cr(\VI) and Pb(ll) ions were ranging from 0.993-0.997 which was
close to 1 whilst the (r?) for PSO ranged from 0.741-0.902. Therefore, the good fit for PFO
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data suggested that a physisorption mechanism was involved for all adsorbents fitting in PFO.
The removal uptake of Cr(VI) and Pb(ll) ions was also assessed using intra-particle diffusion
(IPD) kinetic model by determining whether the sorption process has occurred through
estimated surface adsorption (ESA) or estimated pores adsorption (EPA). The sorption of
Cr(VI) and Pb(I1) ions onto FNS composite occurred through pore adsorption with percentages
of 59.00 and 53.92 % respectively. Similarly the sorption of Cr(VI) and Pb(ll) ions onto PNS

composite were 42.48 and 62.98 % respectively.
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Figure 57: Time effect Onto (a) PNS and (b) FNS composites of Pb(ll) ions and Cr(V1)
sorption. [Experimental conditions: volume of solution (40 mL), concentration (100 ppm),
adsorbent dosage (0.1 g), temperature of the system (298 K), agitation rate (200 rpm), pH of

solutions during Pb(ll) ions and Cr(VI) sorption (5)]

Table 20: Kinetic models and their parameters

FNS PNS
Models
Pb(1I) Cr(VI) Pb(1I) Cr(VI)
PFO  g.(mgg?) 35.20 8.64 30.98 14.15
Ky(m™?) 0.10 0.17 0.07 0.96
r? 0.9979 0.9938 0.9947 0.9976
PSO  g.(mgg?) 33.24 18.32 23.71 20.67
Kz (gmg ' min™)
0.0377 0.1370 0.0419 0.0743
r? 0.9024 0.8481 0.7415 0.8969
IPD C 15.48 411 13.09 9.06
Ki (g gt min®%) 1.7716 0.4202 2.3475 0.6298
r? 0.917 0.719 0.941 0.876
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EPA % 59.00 53.92 62.98 42.48
ESA % 41.00 46.08 37.02 57.52

Experimental (g¢) (mgg™) 37.76 8.92 35.36 15.75

EPA-Estimated pore sorption and ESA-Estimated surface sorption.

8.7.2.5 Temperature effect and thermodynamic parameters

Figs. 58a-b show the effects of temperature on sorption on PNS and FNS composites. The
graphs showed that the adsorption of Cr(VI) and Pb(ll) ions are temperature depended. The
adsorption of Cr(VI) ions on both adsorbents showed an increase in sorption capacity with
increased temperature between 298 and 313 K in Figs.58a-b. At higher temperatures beyond
313 K no further increase of adsorption was observed, instead equilibrium was attained for
both adsorbents. This suggests that the heat of adsorption of Cr(V1) ions onto FNS and PNS
composite was small hence, changing the temperature could not change the thermodynamics
of the system which may imply that only slight energy was needed to break the repulsive forces
hindering the Cr(VI) ions adsorption (Diagboya & Dikio, 2018). Further increase in
temperature to 308 K also confirmed that the adsorption process was physical (Dong et al.,
2011). A different trend was observed for Pb(Il) ions on PNS composite in Fig.58a whereby
the adsorption capacity increased as the temperature increased from 298-353 K. However, the
sorption of Pb(I1) ions onto FNS composite in Fig.58b only increased as temperature increased
from 298-313 K thereafter reached equilibrium. The uptake capacity increased with increasing
the temperature on both adsorbents. This suggested that the reaction was endothermic and the
increase in adsorption capacity was perhaps due to the diffusion and increase in the number of
binding sites developed as a result of the breakage of internal bonds (Liu & Zhang, 2009; Bagbi
et al. 2016). The maximum adsorption capacities of PNS at room temperature were 15.21 mg/g

for Cr(V1) ions and 30.66 mg/g for Pb(Il) ions. On the other hand the sorption capacities of
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FNS were 12.76 and 30.54 mg/g for Cr(VI) and Pb(ll) ions respectively. These results were
obtained using an adsorbent dosage of 0.1 g with the solution volume of 40 mL for 60 min at

pH of 5 and 100 ppm working solution.

The determination of thermodynamic parameters is very important in order to determine
spontaneity and the heat change of the adsorption reactions. Thermodynamic parameters
namely; enthalpy (AH®), entropy (AS°) and Gibb’s free energy (AG®°) changes of adsorption
are shown in Table 21. The negative values of (AG°®) indicate the feasibility of the adsorption
process, physical characteristics nature of the process and the spontaneous nature of the
sorption towards Cr(VI) and Pb(Il) ions onto PNS and FNS composites (Yarkandi, 2014;
Oussalah et al. 2019). The magnitude of the Gibbs free energy for Pb(ll) ions onto PNS and
FNS composite becomes more negative when temperature increased from 298 to 353 K, this
suggests that adsorption process was favourable at higher temperature (Rodiguez et al. 2018).
The positive values of (AS°) indicated the randomness at solid or solution interfaces during the
adsorption of Cr(VI) and Pb(ll) ions onto both PNS and FNS composites (Mohapatra & Anand,
2007; Chen & Shi, 2017). The positive values of (AH°) showed the endothermic nature of the
adsorption process which may also supported a slight increase in value of Pb(ll) ions uptake of

the adsorbents with the rise in temperature (Yarkandi 2014).
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Figure 58: Temperature effect (a) PNS and (b) FNS composites of Pb(ll) ions and Cr(VI)

sorption. [Experimental conditions: volume of solution (40 mL), time (60 min), adsorbent

dosage (0.1 g), concentration (100 ppm), agitation rate (200 rpm), pH of solutions during
Pb(ll) ions and Cr(VI) sorption (5)]

Table 21: Thermodynamic studies and their parameters

FNS PNS
Parameter
Pb(Il)  Cr(VI) Pb(Il)  Cr(VI)
AH® (KJ mol?) 8x10™ 7x10* 1x10°3 1x10°3
AS° (KJ moltK1) 3x10°3 1x10°® 3x10° 2x1073
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AG® (KJ mol™?)

298 K -1.70 -4.66 -1.43 119
303 K -5.02 -4.76 -3.28 -1.26
313K -5.96 -4.92 -4.17 -1.36
333K -6.18 -5.78 -5.84 -1.67
353 K -7.06 -5.07 -7.99 -1.44

8.7.2.6 Physicochemical studies of the adsorbents

The effect of pH can also be explained in terms of pHpzc) of PNS and FNS composites. The
point of zero charge is described as the point at which the surface basic or acidic functional
groups no longer contribute to the pH value of the solution (Morifi et al. 2020). The point of
zero charge pHzc) of PNS and FNS composites were 2.15 and 3.00 respectively. These results

indicated that the surface of the PNS and FNS composites were acidic.

8.7.3 Comparative studies of Cr(V1) and Pb(ll) ions

The modified Nigella Sativa adsorbents of PNS and FNS composite adsorption capacities for
Cr(VI) and Pb(ll) ions were compared with other affordable adsorbents materials reported in
literature. The comparison studies as shown in Table 22 and 23 of both adsorbents showed
higher performance than some of the reported adsorbents for Cr(\V1) and Pb(l1) ions adsorption.
Therefore, PNS and FNS composites are promising low cost adsorbents for Cr(V1) and Pb(Il)

ions removal from aqueous solution.
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Table 22: Maximum sorption capacities of previously reported various adsorbents for Pb(Il)

ions

Adsorbent vamum solution Temperature Reference
capacity (mg/g) pH (°C)

Magnetic coffee waste 41.2 6 25 Edathil et al. 2018
Magnetic cane biochar 40.6 5 20 Mohan et al. 2015
Fes0.@SiO--1P polymer 32.6 4.8 25 Guo et al. 2014
Fe3*/Fe?* black cumin seeds 39.67 5 25 This study
Poplar tree biomass 35.0 4 25 Demey et al. 2014
Plums biochar 28.8 6 25 Pap et al. 2018
Dolomite 19.7 6 45 Irani et al. 2011
Apple Pomace 16.4 4 25 Chand & Pakade, 2012
Apricot biochar 12.7 6 25 Pap et al. 2018
Wood biochar 7.9 5 25 Bardestani et al. 2019
Mushroom 3.9 6 25 Kariuki et al. 2017
Rice husk biochar 2.4 5 25 Liu & Zhang, 2009
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Table 23: Maximum sorption capacities of previously reported various adsorbents for Cr(V1)

ions
Maximum Solution  Temperature
Adsorbent Reference
capacity (mg/g) pH (°C)
Iron oxide nanoparticles 45.0 1 25 Burks et al. 2014
Fes04 nanoparticles 26.5 2 25 Liang et al. 2019
Activated Iron bamboo biochar 25.7 2 25 He et al. 2019
Iron oxide dextrin 17.7 2 30 Mittal et al. 2017
Fe**/Fe?* black cumin seeds 15.75 5 25 This study
Magnetite-pine composite 13.9 2 25 Pholosi et al. 2020
Banana waste 10.0 2 28 Sharma et al. 2016
Starch based iron oxide 9.0 2 25 Sing & Sinha, 2014
Activated carbon mango 7.80 2 35 Rai et al. 2016
Activated bamboo biochar 54 2 25 He et al. 2019

8.7.4 Conclusion

FNS and PNS composites were prepared and used as adsorbents to investigate the influence of

surface modification and be used for the adsorption of Cr(\V1) and Pb(Il) ions. Sucrose and iron

oxide were combined with Nigella Sativa seeds to prepare FNS composites. The composites

were prepared by precipitation and characterized with XRD and FTIR. To investigate the

adsorption efficiency of the prepared iron oxide composites for the removal of Cr(VI) and

Pb(Il) ions, batch adsorption studies were carried out under different parameters. The

maximum adsorption capacities for Cr(VI) were 15.6 and 13.0 mg/g onto PNS and FNS

composites respectively at pH 1. On the other hand maximum sorption of Pb(lIl) ions were 39.7
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and 37.9 mg/g onto PNS and FNS composites at pH 5. Both PNS and FNS composites
capacities increased with increasing initial concentration whereby Pb(Il) ions adsorbed more
than Cr(VI1) ions. The adsorption of Cr(VI) ions was fast within 20 and 90 min for Pb(Il) ions
on both adsorbents. Sorption of Cr(VI1) and Pb(ll) ions on both adsorbents increased with
increased temperature which displayed the endothermic nature of the processes (Tan et al.
2017). Freundlich isotherm was best fitted for both adsorbents for the sorption of Pb(ll) ions
and Langmiur for Cr(V1) ions. The rate of adsorption showed a good fit for pseudo first order
kinetic model which suggested physisorption mechanism (Yildirim & Acaya, 2020) of Cr(VI)
and Pb(Il) ions was involved for both adsorbents. The negative free energy (AG®) values
indicated that the process feasible and spontaneous onto PNS and FNS composites (Edokpayi
et al. 2019). The (AG®) values decreased as temperature increased from 298 to 353 K which
showed that adsorption process was favourable at higher temperature. The positive values of
(AS®) indicated the randomness of water molecules from the surface of both PNS and FNS
composites. The positive values of (AH®) showed the endothermic nature of the adsorption
process (Nethaji et al. 2012). These results indicated that the easily available and affordable
carbon source (sucrose) based Nigella Sativa seeds can be considered as adsorbent for
removing Cr(V1) and Pb(1l) ions from aqueous solution. The results showed that PNS composite
had higher adsorption capacity of 39.7 mg/g for Pb(1l) and 15.6 mg/g for Cr(VI) compared to
FNS composite. Therefore PNS and FNS composites can used as low cost materials for the
removal Pb(I1) and Cr(VI) ions from aqueous solution. The Nigella Sativa seeds used in this
study had high uptake for Pb(Il) than Cr(VI) compared to the uptake of 10.07 mg/g for
methylene blue reported by (Siddiqui & Chaudhry, 2018, 2019). Other adsorption studies on
magnetized Nigella Sativa seeds for the removal of methylene blue dye had higher uptake

compared to this study (Siddiqui et al. 2019a, 2019b).
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CHAPTER 9

Sorption of chromium(V1), cadmium(ll) ions and methylene blue
dye by pristine, defatted and carbonized Nigella sativa L. seeds
from aqueous solution

This chapter is published as follows:

Patience Mapule Thabede, Ntaote David Shooto, Eliazer Bobby Naidoo. 2021. Sorption of
chromium(V1), cadmium(Il) ions and methylene blue dye by pristine, defatted and carbonized

Nigella sativa L. seeds from aqueous solution. Asian Journal of Chemistry 33(2), 471-483.

This chapter is addressing objective (f) which reads as follows:

To modify black cumin seeds using different solvents such as acetone and N,N
dimethylformamide (DMF) and carbonize the seeds at 600 °C for the sorption MB, Cd(II) and

Cr(VI) while varying parameters such as temperature, concentration, time and pH.

Obijective (i) is captured in each chapter for each set of results and it reads as follows

To conduct adsorption kinetics, isotherms and thermodynamics of Co(I1), Ni(ll), Cu(ll), Cr(VI)

and Pb(11) ions and methylene blue.
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9.1 Abstract

The present study reports on the sorption study of chromium(VI), cadmium(ll) ions and
methylene blue (MB) dye by pristine, defatted and carbonized Nigella Sativa L. seeds from
aqueous solution. The removal of oil from pristine Nigella Sativa L. (PNS) seeds was carried
out by defatting the Sativa with acetone and N,N dimethylformamide and then labelled ANS
and DNS respectively. Thereafter the defatted ANS and DNS adsorbents were carbonized at
600 °C for 2 hr under nitrogen and were labelled CANS and CDNS. The results of pristine,
defatted and carbonized seeds were compared. The removal of Cr(VI), Cd(I1) and MB dye from
aqueous solutions was investigated by varying adsorbate concentration, solution pH, reaction
contact time and temperature of the solution. The SEM images indicated that the surface
morphology of PNS was irregular, whilst ANS and DNS had pores and cavities. CANS and
CDNS was heterogeneous and had pores and cavities. FTIR spectroscopy showed that the
adsorbents surfaces had bands that indicated oxygen containing groups. The solution pH had
an influence on the removal uptake of Cr(V1), Cd(ll) and MB. The sorption of Cr(VI) decreased
when pH of the solution was increased due to different speciation of Cr(VI) ions whilst the
removal of Cd(Il) and MB increased when solution pH was increased. Pseudo First Order
(PFO) kinetic model well described the adsorption of Cr(V1), Cd(Il) and MB onto PNS. On the
other hand, the kinetic data for ANS, CANS, DNS and CDNS was well described by Pseudo
Second Order (PSO). Furthermore, the removal mechanism onto PNS and ANS was better
described by Freundlich multilayer model. CANS, DNS and CDNS fitted Langmuir monolayer
model. Thermodynamic parameters indicated that the sorption processes of Cr(V1), Cd(l1) and
MB was endothermic and effective at high temperatures for all adsorbents. (45°) and (4H°) had
positive values this confirmed that the sorption of Cr(VI), Cd(Il) and MB onto all adsorbents
was random and endothermic respectively. The values of (4G°) confirmed that the sorption of

Cr(VI1), Cd(ll) and MB on all adsorbents was spontaneous and predominated by physical
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adsorption process. CANS had highest adsorption capacity of 99.82 mg/g for MB, 96.89 mg/g
for Cd(I1) and 87.44 mg/g for Cr(VI) followed by CDNS with 93.90, 73.91 and 65.38 mg/g for
MB, Cd and Cr(V1) respectively. ANS capacities were 58.44, 45.28 and 48.96 mg/g whilst
DNS capacities were 48.19, 32.69 and 34.65 mg/g for MB, Cd and Cr(V1) respectively. PNS
had the lowest sorption capacities at 43.88, 36.01 and 19.84 mg/g for MB, Cd and Cr(VI)

respectively. This implied that the untreated PNS adsorbs lower than the treated seeds.

Keywords: chromium, cadmium, methylene blue, defatted, carbonized

9.2 Introduction

Activated carbon (AC) is a material that is used in industrial processes for purification of liquid
and product separation (Serrano-Gomez et al. 2015). AC is used as adsorbent for the removal
of inorganic and organic pollutants in water, treatment of toxic compounds in medicine, as a
material for storing hydrogen and many others (Thabede et al. 2020a). Chemical and physical
activation together with heating process is often used to produce carbon-based materials in
order to enhance porous structure, improves surface area, improving rate of adsorption
(Goswami et al. 2016). However, these materials are not easy to generate because they require
high cost precursors (Siddiqui & Chaudhry, 2017). Hence plant materials are used because they
are abundant and sustainable resource that may provide oxygen containing groups which can
easily interact with charged toxic pollutants from aqueous solution (Pugazhendhi et al. 2018).
However, these materials need some modifications in order to get significant results for the

removal of toxic ions and dyes (Siddiqui et al. 2017).

Sorption of dyes and toxic metals onto solid surface is one of the most increasing method for

water treatment which is industrially favourable and environmentally friendly (Priyanka &
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Saravanakumar, 2018). This method maybe be more effective, because the adsorbent could be
prepared easily, and can be effective for wide range of pollutants which in turn will be effective
for the removal of toxic metal ions (Santhosh et al. 2014). Nigella Sativa L. is an annual vegetal
spice that belongs to the Ranunculacea family known as black cumin seed (Gali-Muhtasib et
al. 2006; Abdallah & Shakak, 2019). It is used for remedial purposes in the Asia, India,
Parkistan, Turkey, Sourthen Europe and Africa (Ardiana et al. 2020; Erdogan et al. 2020). Also,
it has been traditionally used for the treatments related to respiratory health, intestinal health
and stomach, liver and kidney function and immune system support. Other therapeutic effects
include anti-inflammatory, anti-allergic, analgesic, anticancer, antioxidants and antiviral
(Ahmad & Haseeba, 2014; Begum & Mannan, 2020; Thabede et al. 2020b). Black Cumin seeds
contains appreciable amount of unsaturated especially polyunsaturated fatty acids which
constitute the bulk of oil ranging from 48 to 70%, whilst monounsaturated (18-29%) and
saturated fatty acids (12-25%) are in lesser amounts (Abdallah & Shakak, 2019). Fatty acids
are reported to block the pores and in turn decreases the surface area of the biomaterials
(Abdallah & Shakak, 2019). It is therefore important to extract the oil from the Nigella Sativa
L. seeds before their application in waste water treatment (Garba et al. 2016). This process
increases the cellulosic pore concentrations also, it increases the surface-active sites on the
adsorbent material whereby functional groups such as -OH, -COO and -NH; can take part in
the metal ion and dye binding (Al-Anbera et al. 2014; Chandra et al. 2015). Hence we
investigated the sorption of chromium Cr(VI), cadmium Cd(ll) and methylene blue (MB) dye

using pristine, defatted and carbonized Nigella Sativa L. seeds.

Cr(VI) and Cd(Il) ions are common toxins in wastewater resulting from industrial activities
including paint manufacturing plants, textile manufacturing, petroleum refining, electroplating,

paper, leather tanning, ceramic industries, and other metal finishing industries (Ali et al. 2019)
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On the other hand, methylene blue dye (MB) is found in effluent released from manufactures
such as finishers, textile producers and dyers (Al-Futaisi 2009; Narvekar et al. 2018). MB is a
heterocyclic aromatic compound used for colouring products and it is one of the dyes mostly
used in the above-mentioned industries (Anfar et al. 2017). There are several health and
negative environmental effects of MB to human such as vomiting, chest pain, stomach pain,
high fever, damages to central nervous systems cardiovascular and gastrointestinal (Cengiz &
Cavas, 2008). Therefore, the removal of dyes from waste effluent becomes a global
environmental concern because some of the dyes and their degradation products may be toxic
also their treatment cannot depend on bio-degradation alone (Al-Futaisi et al. 2009; Anfar et

al. 2017).

Cr(VI) is one of the pollutants which has caught attention in the research field due to its toxicity.
There are two types of stable chromium in nature (Islam et al. 2019) trivalent Cr(l1l) and
hexavalent Cr(VI). Cr(\V1) has more toxic effects than Cr(l1l) to animals, humans and aquatic
life due to its high solubility and mobility (Palanisamy et al. 2013; Alemu et al. 2018). It causes
lung cancer, damage the kidneys, gastric and liver in humans (Gueye et al. 2014). Therefore, it
is important to remove Cr(V1) in water before is discharged into the environment, also because
Cr(VI) is non-biodegradable and can stay for a long time in the environment. Cadmium Cd(ll)
is one of the most toxic contaminants and it is a pollutant which is found in agricultural soil
and aquatic environments (Zhou et al. 2019). Health hazards associates with Cd(lIl) is
carcinogenic in nature and higher levels can cause hypertension, anaemia and damage to

kidneys (Aghababaei et al. 2017).

The adsorption of toxic metal ions and dye from the aqueous solutions using different low-cost

defatted adsorbents have been conducted by many researchers (Lu et al. 2009; Gilbert et al.
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2011; Kowanga et al., 2016; Fontoura et al. 2017; Shooto et al. 2020). Gilbert et al. (2011)
observed that the treatment of C. papaya seeds with hexane gave the sorption capacity of
1666.67 mg/g for Pb(l11) and 1000.00 mg/g for Cd(ll). Chandra et al. (2014) treated alga with
n-hexane and compared the raw alga with the defatted alga for the removal of methylene blue
dye. The results showed that the maximum adsorption capacity for raw C. papaya was 6.0
whilst the defatted alga was 7.73 mg/g and the specific surface area of raw, defatted was
estimated to be 14.70, 18.94, m?g™* respectively. Kowanga et al. (2016) mentioned that the
treatment of moringa powder with hexane made the moringa to be an efficient bio-sorbent for
removal of Pb(Il) and Cu(Il) from aqueous solution. Fontoura et al. (2017) chemically treated
microalgal biomass with a mixture of chloroform: methanol: water ratio for the removal of
Acid Blue 161 dye. Their results showed that the maximum adsorbed amounts of AB-161 dye
was 75.78 mg/g at 25 °C. Shooto et al. (2020) treated mucuna beans with acetone, methanol
and dimethylformamide for the removal of Pb(ll) ions and methylene blue dye from aqueous
solution. Their findings revealed that the chemically treated adsorbents had higher adsorption
capacity for methylene blue molecules than Pb(ll) ions. The maximum capacities for Pb(Il)
with acetone, methanol and dimethylformamide were 18.94,16.15 and 17.60 mg/g respectively
whereas the results for methylene blue were 22.78, 24.56 and 23.89 mg/g. Therefore, chemical
treatment of biomass material will not only modify the chemical composition of the material
but may also improve the adsorption capacity due to formation of new functional group (Lu et
al., 2009). To the best of our knowledge, there is no study that has been conducted using
defatted Nigella Sativa L. to remove chromium(V1), cadmium(Il) ions and methylene blue dye
in a system using pristine, defatted and carbonized Nigella Sativa L. seeds. The system
parameters such as initial concentration, reaction contact time, temperature of the solution, and

solution pH were varied.
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9.3 Materials and preparation

Analytical grade chemicals acetone (C2HsCO)-99.5%, cadmium acetate Cd(CH3COO)»-
99.99%, potassium dichromate (K2Cr207), methylene blue dye (C16H1sCIN3S)-82%, and N,N
dimethylformamide (CsH7NO) were purchased from Sigma Aldrich South Africa LTD and
unprocessed Nigella Sativa L. seeds were procured at the health shop in Vanderbijlpark, South

Africa.

9.3.1 Preparation of the pristine Nigella Sativa (PNS) seeds

Nigella Sativa seeds were washed with distilled water to remove dust and debris materials. The
washing was carried out several times. Thereafter, the seeds were dried in an oven at 40 °C for
24 hr. The dried seeds were then stored in a desiccator for cooling. Thereafter, grounded using
a blender with steel blades. The powder was sieved and then labelled pristine Nigella Sativa

seeds (PNS).

9.3.2 Preparation of acetone Nigella Sativa (ANS) seeds

The method of preparing the adsorbents was adopted from Shooto et al. (2019a) with
modifications. 10 g of the PNS seeds were added to 100 mL of acetone under stirring on a
magnetic stove using the magnetic stirrer bar at room temperature. After 1 hr the resultant
material was washed with distilled water to remove excess reagent and dried in the oven for 24

hrs at 50 °C. The seeds were designated acetone treated Nigella Sativa seeds (ANS).
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9.3.3 Preparation of dimethylformamide Nigella Sativa (DNS) seeds

Pristine seeds (10 g) were mixed with 100 mL of dimethylformamide under stirring for 1 h.
Then the material was isolated and rinsed in distilled water. The material was dried at 50 °C
for 24 hrs in the oven. The seeds were designated dimethylformamide treated Nigella Sativa

seeds (DNS).

9.3.4 Preparation of carbon-based acetone Nigella Sativa (CANS) and dimethylformamide
Nigella Sativa (CDNS) seeds

Treated seeds (10 g) were carbonized at 600 °C for 2 hrs in a horizontal furnace under nitrogen
thereafter, the furnace was allowed to cool off under nitrogen flow. The carbonized seeds were
then designated carbonized acetone treated Nigella Sativa seeds (CANS) and carbonized

dimethylformamide treated Nigella Sativa seeds (CDNS).

9.4 Adsorption experiments

The stock solutions of 100 mg/L for potassium dichromate (K.Cr.07), cadmium acetate
Cd(CH3COO0)2 and methylene dye (C16H18CIN3S) were prepared by dissolving 0.1 g in 1 L of
distilled water respectively. The solution pH effect was evaluated at pH 1, 3, 5, 7 and 9. The
pH was adjusted by 0.1 M HCI for acidic medium and 0.1 M of NaOH for basic medium. A 20
mL of the adjusted solution was added to 0.1 g of the adsorbent and equilibrated for 60 min.
Effect of initial concentration was studied using standard solutions of 20, 40, 60, 80 and 100
mg/L and agitated for 120 min at 200 rpm. Contact time effect was tested intervals of 1, 5, 10,
15, 20, 30, 60, 90 and 120 min. The effect of temperature was studied at 298, 303, 313, 333

and 353 K by agitation at 200 rpm for 120 min. After agitation the mixtures were centrifuged
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at 5000 rpm for 5 min then decanted. The same procedure was followed for methylene blue
dye. The determination of the point of zero charge (pHpzc) for all adsorbents was determined
using 1M NaNOs concentration series of 100 mL. The solution pH 1 to 9 was adjusted by
adding 0.1 M HCI for acidic medium and 0.1 M NaOH for basic medium. Then adjusted pH
solutions were then added to 0.1 g of samples and agitated for 48 h at 200 rpm. After agitation
the pH was measured. The final pH versus initial pH was plotted against pH values and the
pHpzc was determined from the horizontal intersection point. The preparation method is shown

in scheme 6.
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Scheme 6: Preparation of ANS, CANS, DNS and CDNS

9.5 Data Analysis

The amount of Cr(VI), Cd(Il) ions and MB dye onto the adsorbents was calculated by using
equation: e=(Co-Ce)v/m; where (Co,) and (C.) are the initial and final equilibrium
concentrations (mg/L) of Cr(V1), Cd(ll) and MB in the solution, (ge) is the amount adsorbed on

the surface (mg/g), V volume of the pollutants solution (L) and (m) is the mass of the adsorbent
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(9). Equations (1) and (2) were used to determine the removal capacity and the adsorption

percentage, R (%) of Cr(V1), Cd(ll) ions and MB dye.

(Co-Ce)V
e = W (1)
0 _ (Co - Ce)
%R = 22 x 100 )

o

9.6 Adsorbents characterization

The biomaterials were characterized with scanning electron microscopy (SEM) taken on a
Nova Nano SEM 200 from FEI operated at 10.0 kV in order to determine the surface
morphology of the materials. Functional groups on the surface of the adsorbents were
determined by Perkin Elmer Fourier transform infrared (FTIR) spectroscopy FTIR/FTNIR
spectrometer, spectrum collected from 4000-400 cm™. The pH at point zero charge (pHpzc)
was determined by using the pH drift method where carbon adsorbents were added into 20 mL
of 1 M NaNO:z solutions with pH separately adjusted between 1 and 9. Adsorption capacity was
determined using atomic adsorption spectroscopy (AAS) ASC 7000 from Shimadzu with auto
sampler for determining the remaining Cr(VI) and Cd(ll) in the solution. The MB dye analyses
were determined using ultraviolet-visible (UV-Vis) spectrophotometer, Perkin ElImer Lambda
25 at 665 nm which collects spectra from 180 to 1100 nm UV and visible range with a slit of

1.0 and width of 0.1.
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9.7 Result and discussion

9.7.1 Characterization of the bio-sorbents

9.7.1.1 SEM analysis

Figs.59a-e show the morphology of the bio-sorbent surfaces determined by scanning electron
microscopy. The PNS images in Fig.59a showed that the surface of the adsorbent is composed
of irregular morphology. Whilst, Figs.59b displayed improved sphere-like morphology which
was porous and had cavities. Cavities might contribute to the bio-sorption of toxic ions and
dyes (Asgher & Bhatti, 2012). The carbonized material for CANS in Fig.59c displayed dense
textural structure and spherical morphology. Figs.59d-e the texture of the DNS and CDNS
respectively showed that the surface was irregular. Defatting with DMF and carbonization
showed different surface texture which could be attributed to the fact that extraction of oil from
biomass through solvent extraction could lead to harsh effects of breaking the cell wall which
may cause such surface topology (Fontoura et al. 2017). These characteristics are therefore,
estimated to increase the adsorption processes of Cr(VI), Cd(ll) and MB onto carbonized

materials.
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Figure 59: SEM images of (a) PNS, (b) ANS, (c) CANS, (d) DNS and (e) CDNS.

9.7.1.2 FTIR analysis

Fig. 60 represents the FTIR results of the adsorbents. Several peaks were identified which
indicated the presence of various functional groups. A broad peak due to the free hydroxyl
group (-OH) was observed at 3304, 3291, 3296 and 3298 cm™ for PNS, ANS, DNS and CDNS

respectively (Oliveira et al. 2016). CANS did not display any noticeable peaks except the small
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peak at 1024 cm™. The small peak at 2999 cm™ onto PNS was due to (-C-H) stretching in
alkanes (Dahiru et al. 2018; Thabede et al. 2020a). This peak shifted 3007, 3012 and 3010 cm"
1 on ANS, DNS and CDNS respectively. The two bands associated with methyl (-CHs) and
methylene (-CH2) groups on PNS were observed at 2923 and 2848 cm™ (Heidarinejad et al.
2018). These peaks shifted to 2919 and 2849 cm for ANS, whilst the peaks on DNS shifted
to 2923 and 2844 cm™ and for CDNS they were observed at 2919 and 2852 cm™. The
absorbance peak at 1757 cm™ onto PNS was identified as the vibration of the carbonyl group
stretching (-C=0) (Nagarjuna et al. 2018; Zhang et al. 2019a). This carbonyl peak on ANS
shifted to 1744 cm™, whilst on DNS it shifted to 1740 cm™ and 1749 cm™ in CDNS. The
absorption peaks on PNS at 1647 and 1549 cm™ were assigned to (-OH) vibration (Danish et
al. 2018) and (-NH.) of the amide group respectively (Shooto et al. 2019b). However, on ANS
the (-OH) peak shifted to 1649 and (-NH.) peak shifted to 1540 cm™. On the other hand, the
amide peaks on DNS were observed at 1638 cm™ for the (-OH) group and 1545 cm for the (-
NH:) group. Meanwhile on CDNS the peaks were observed at 1642 and 1540 cm™ for (-OH)
and (-NH>) groups respectively. The carboxyl (-COOH) stretching band was assigned at 1464,
1450, 1452 and 1451 cm™* on PNS, ANS, DNS and CDNS respectively (Abdel-Salam et al.
2018; Shooto et al. 2019b). The presence of CHs umbrella deformation vibrations were
observed at 1376, 1368, 1365 and 1367 cm™ on PNS, ANS, DNS and CDNS respectively (Tang
et al. 2013; Yusuff & Arab, 2019). The bands at 1236, 1240, 1243 and 1248 cm™ on PNS,
ANS, DNS and CDNS were related to O-H bending vibration respectively (Oliveira et al.
2016). The peak associated with the (-C-O-C) stretching vibrations of cellulose and
hemicellulose material (Ahmad & Haseeba, 2014; Shen et al. 2019) was observed at 1169 cm”
1 on PNS. After defatting the seeds, this peak shifted to 1165, 1154 and 1158 cm™ on ANS,
DNS and CDNS respectively. The (-C-O) stretching vibration of carboxyl groups was observed

at 1078, 1071, 1061 and 1068 cm™ for PNS, ANS, DNS and CDNS respectively (Bai et al.
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2010). The FTIR results showed that there were differences in the functional groups of the
defatted and the pristine Nigella Sativa seeds and that the seeds had negatively charged groups
on their surface. The four spectra (PNS, ANS, DNS and CDNS) were similar with slight shifts
in characteristic absorbance peaks. For each adsorbent, the shifts in transmission frequency
proposed that there was interaction of various chemical treatments to the PNS seeds (Danisha
et al. 2018). This suggests that the hydroxyl, carbonyl, amides and carboxyl groups were

available for bonding (Unuabonah et al. 2009).
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Figure 60: FTIR spectrum of PNS, ANS, CANS, DNS and CDNS

9.7.2 Adsorption studies

9.7.2.1 pH and point zero charge of the adsorbents
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The zero-point charge (pHpzc) of any solid is the pH at which the charge on the surface of the
adsorbent is zero (Chaudhry et al. 2017). The pHpzc values of PNS, ANS, ANS, DNS and
CDNS are 5.81, 6.26, 5.65, 5.98 and 6.09, respectively. The pHpzc values of all adsorbents
were acidic but closer to neutral. The results showed that all the adsorbents had a similar
behaviour therefore it is expected that their pH pattern will be similar as well. The initial pH
of adsorption is a very important parameter because it has an influence on the adsorption
capacity (Aichour et al. 2018). It has the ability to change the ionization of the adsorbate,
adsorbent surface load and the degree of the dissociation of the functional groups of adsorbate
active sites (Nandi et al. 2009). The effect of pH was studied at 1, 3, 5, 7 and 9 as shown in
Figs. 61a-e. The data showed that pH had an impact on adsorption performance for Cr(VI),
Cd(Il) and MB. Figs. 61a-e showed that removal of Cr(VI) decreased as the pH increased, this
was because at acidic pH value Cr(V1) exists as H2CrOa4, HCrO4", CrO4%and Cr,07% (Liu et
al., 2018). At pH 2.0 the predominant species of Cr(V1) is HCrO4 (Jia et al. 2018). The high
adsorption capacity of Cr(V1) at low pH was due to the electrostatic attraction of the protonated
surface of the adsorbents (Huang et al. 2020). The maximum adsorption capacity of Cr(VI)
was obtained at pH 1 with maximum capacities ranging from highest of 74.4, 48.9, 42.6, 34.7
and 20.7 mg/g on CANS, ANS, CDNS, DNS and PNS respectively. Therefore, the adsorption
capacity for Cr(VI) favoured acid conditions as compared basic conditions treatment.
Meanwhile, the removal of Cd(Il) and MB increased with the increased pH for all the
adsorbents with low sorption at pH 1 and 3. This resulted in weak electrostatic interactions
because at acidic pH conditions the functional groups on the adsorbents surface are protonated
and acquired positive charge (Li et al. 2017; Thabede et al. 2020b). Therefore, few active sites
were available to react with Cd(l1) ions and MB (Thabede et al. 2020c). However, as the pH
increases the surface of the adsorbents gradually became deprotonated and acquired negative

charge. Hence, there was higher uptake. This was also observed by Thabede et al. (2020c). The
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maximum adsorption capacities for Cd(Il) were 87.9, 79.6, 42.1, 36.0 and 32.6 mg/g onto
CANS, CDNS, ANS, PNS and DNS at pH 9 respectively. On the other hand, MB adsorption
capacities were 95.7, 90.8, 58.4, 48.2 and 43.9 mg/g onto CANS, CDNS, ANS, DNS and PNS
at pH 9 respectively. The results implied that percentage removal of Cd(11) and MB by Nigella
Sativa seeds was lower in acidic medium which could due to the presence of positively charged
hydrogen ions which competed and interfered with Cd(I1) and MB for the available adsorption
sites (Salman et al. 2016). It was observed that PNS, ANS, CANS, DNS and CDNS removed

MB more than Cr(VI) and Cd(ll) ions.
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Figure 61: Effect of pH on (a) PNS, (b) ANS, (c) CANS, (d) DNS and (e) CDNS.

9.7.2.2 Contact Time effect and Kinetic parameters determination

The equilibration time and kinetics of PNS, ANS, CANS, DNS and CDNS sorption was
determined in batch method by studying contact time. The adsorption rate of Cr(VI), Cd(ll)
and MB onto PNS, ANS, CANS, DNS and CDNS versus time are shown in Fig. 62a-e. The
trend of Cr(VI) onto all adsorbents in Fig. 62a-e showed that the adsorption rate was fast and
happened in the first 10-15 min and thereafter, it became stable and reached equilibrium. The
removal rate onto PNS, ANS, CANS, DNS and CDNS for Cd(Il) was also quick in the
beginning of the adsorption process within the first 20 min thereafter, the process slowed down
and reached equilibrium. MB adsorption rate onto PNS, ANS, CANS and DNS in Fig 62a-d
was observed between 15 and 20 min. On the other hand, the removal rate of MB onto CDNS
took place in the beginning of the process within 1 min and thereafter, no significant changes
were observed. The adsorption of MB was faster than Cr(\V1) and Cd(I1). The fast adsorption
rate in the beginning of the process was due to abundant binding sites and availability of pores
on adsorbents surfaces however, as time lapsed free binding sites and pores were consumed
(Shooto et al. 2020). Thereafter, the rate slowed down because the binding sites and pores were
exhausted and the adsorption was then controlled only by the rate at which Cr(V1), Cd(ll) or

MB molecules are transported from the external to the internal sites of the adsorbents. This
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means that at initial stages, active sites were rapidly occupied by Cr(VI1), Cd(ll) and MB
molecules through chemical interaction and as time elapsed there were no more vacant sites on
the surfaces of the adsorbents, so no multilayer was formed hence equilibrium was attained

(Kumar & Jiang, 2017).
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Figure 62: Effect of time on (a) PNS, (b) ANS, (c) CANS, (d) DNS and (e) CDNS for the

adsorption of Cd(ll), Cr(VI) and MB

The chemical and physical features of adsorbents and adsorbates influence the rate of
adsorption (Siddiqui & Chaudhry, 2008). Hence, the results of Cr(VI),Cd(ll) and MB
adsorption from aqueous solution onto PNS, ANS, CANS, DNS and CDNS surfaces were fitted
into kinetic models. Pseudo-first order (PFO), pseudo-second order (PSO) and intra-particle
diffusion (IPD) non-linear equations as indicated in equation (3), (4) and (5) respectively were

used to estimate the kinetic models. These equations were subjected to KyPlot software.

Ge = q:(1~ ™) ®3)
k2qe

de = oot 4)

q: = ki(t"V?) +C (5)
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(ge) and (qr) are the amount of adsorbate removed (mg/g) at equilibrium and time interval (t)
respectively, (K1) measured in (min™), (K2) measured in (g mg™* min™) and (Ki) measured in (g
g min*?) are the rate constants of the PFO in (/min), PSO (g/mg/min) and IPD (g/g/min/?)
respectively and C (mg/qg) is the adsorbate amount on the surface of the adsorbents. The pseudo-
first order (PFO) kinetic model assumes that the sorption rate depends on the number of the
unoccupied sites in solution whilst the pseudo-second order (PSO) kinetic model assumes that
the sites on the adsorbent surface and adsorbate ions both determine the rate in the solution
(Siddiqui & Chaudhry, 2008). The nature of the adsorption process was also calculated using
intra-particle diffusion (IPD) kinetic model which determines whether adsorption takes place
on the surface (ESA) or pores (EPA). The calculation of ESA and EPA is based on the
assumption that concentration (C) is equal to the obtained experimental (ge) value which means
that the adsorption was due to surface (ESA) adsorption then ESA is equal to 100%. However,
the remaining lower C value suggests that the adsorption was due to pore adsorption (EPA)

(Shooto et al. 2020).

Table 24 show the kinetic models and the calculated parameters of all adsorbents. The kinetic
models were used to predict the adsorption mechanism. The kinetic study of Cr(\V1), Cd(ll) and
MB onto PNS had a correlation value closest to 1 at 0.998, 0.993 and 0.998 for PFO and the
calculated adsorption capacities of 19.98, 20.98 and 21.31 mg/g respectively. The PFO results
showed that they best fitted onto PNS than PSO. The calculated adsorption capacity for Cr(\V1),
Cd(lI) and MB onto ANS were 30.63, 40.76 and 46.93 mg/g and was close to the experimental
data with r? values of 0.996, 0.997 and 0.996 which fitted PSO respectively. Similarly, the
calculated adsorption capacity of 81.44, 98.33 and 100.45 mg/g for Cr(VI1), Cd(ll) and MB
onto CANS best fitted PSO with r? values of 0.999, 0.998 and 0.994 respectively. The data for

DNS and CDNS fitted PSO for Cr(V1), Cd(I1) and MB with r? values of 0.997, 0.995 and 0.995
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onto DNS, whilst 0.998, 0.998 and 0.997 was observed onto CDNS. The calculated adsorption
capacities of DNS were 22.99, 28.96 and 42.76 mg/g for Cr(VI), Cd(ll) and MB respectively
which was close to the experimental data. On the other hand, the experimental adsorption
capacities of Cr(\V1), Cd(Il) and MB onto CDNS were close to the calculated adsorption data
which was 49.55, 75.06 and 95.52 mg/g respectively. IPD results indicated pore adsorption
(EPA) for Cr(VI) and Cd(Il) ions onto PNS were 52.23 and 53.70 % respectively whilst, the
removal MB was controlled by surface adsorption (ESA) with 85.78 %. IPD data showed that
the removal of Cr(VI) was controlled by EPA with 55.54 % onto ANS. On the other hand,
Cd(Il) and MB adsorption onto ANS was due to ESA with 55.13 and 84.81 % respectively.
The removal of Cr(VI), Cd(Il) and MB onto CANS was dominated by ESA with 70.11, 90.96,
72.90 % respectively. Similarly, Cr(VI), Cd(11) and MB onto DNS was controlled by ESA with
percentages of 72.38, 57.48 and 73.01 % respectively. The removals of Cr(V1) onto CDNS was
controlled EPA with 77. % whilst Cd(1l) and MB(Il) removal was due to ESP with 79.14 and
90.20 % respectively. The low (K2) values suggested that the adsorption rate decreased with
the increase of the phase contact time and the adsorption rate were proportional to the number

of unoccupied sites (Kolodynska et al. 2017).

Table 24: Kinetic models and their parameters onto PNS, ANS, CANS, DNS and CDNS

PNS ANS CANS DNS CDNS
Isotherms cr(vl) Cd(l) MB Cr(Vl) Cd(ll) MB cr(vl) cd(l) MB cr(vl) Cd(l) MB Cr(Vl) Cd(l) MB
PFO g (mgg?) 1998 2098 2131 1251 16.76 1562 1745 1696  18.71 3785 1296 30.76 2587 4154 6554
Ky (min) 0.17 0.17 018 0.0 014 013 013 014 0.16 032 011 026 022 034 055
r 09982 0993 00998 0.8663 0894 0898 07815 0.888 0789 0799 0.869 0.896 0755  0.968 0.896
PSO . (Mgg?) 1127 1198 1089 30.63 40.76 4693 8144 9833 10045 2285 28.96 4276 4955 7506 9552
K (Mg L" gt 0094 0099 0091 026 034 039 068 082 0.84 019 024 036 041 063 080
r 0859 0907 098 0996 0997 099 0999 0998 0994 0997 0995 0995 0998 0998 0.997
IPD C (mgg?) 870 1082 2129 1777 2550 2085 5596 8698 7144 1583 1609 3332 1118 5604 o0
Ki (g g min®9) 0073 0090 018 045 021 017 047 072 0.60 013 013 028 0093 047 070
r 0.86 0.88 092 072 096 089 097 089 0.91 086 090  0.95 0.89 079 098
EPA® % 5223 5370 1422 5554 4486 1519  29.89 9.04 2710  27.62 4252 2699 7735  20.86 9.80
ESA® % 4777 4630 8578 4465 5514 8481 7011 9096 7290  72.38 5748 7301 2465 7914 90.20
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Experimental (mgg?) 18.22 23.46 24.82 3938 4544 48.17 79.81 95.62 97.99 21.87 27.99 45.64 4536  70.81 93.75

9.7.2.3 Concentration effect and equilibrium isotherms determination

The effect of Cr(VI), Cd(Il) and MB initial concentration onto PNS, ANS, CANS, DNS and
CDNS was studied from 20, 40, 60, 80 and 100 mg/L and are represented in Figs. 63a-e. The
adsorption capacity of Cd(Il) and MB onto PNS (Fig. 63a) increased with increasing initial
concentration whilst the sorption of Cr(VI1) showed a decreased between 80 to 100 mg/L. The
maximum sorption capacities was found to be 17.77, 23.77 and 24.40 mg/g for Cr(V1), Cd(Il)
ions and MB respectively. The adsorption onto ANS and CANS (Figs. 63b-c) showed a similar
pattern. The sorption of Cr(V1), Cd(ll) and MB had maximum adsorption capacities of 40.02,
48.41, and 49.02 mg/g onto ANS respectively. Whereas the maximum sorption onto CANS
were 77.81, 95.15 and 99.82 m/g for Cr(VI), Cd(Il) and MB respectively. The increased in
initial concentration was due to higher concentration gradient which acted as a driving force to
overcome resistances to mass transfer of ions between the aqueous phase and the solid phase
(Akpomie et al. 2015). In Figs. 63d-e it was observed that as the initial concentration of Cr(\V1)
increased from 20 to 80 mg/L so did the adsorption capacity however a further increase of
initial concentration between 80 and 100 mg/L gradually reduced to reach equilibrium. The
adsorption of Cd(ll) in Figs. 63d-e shows that the adsorption capacity increased between 20
and 40 mg/L thereafter, equilibrium was attained with a slight decrease. A similar observation
was obtained for the removal of MB in Figs. 63d-e where there was an increase in the initial
concentration between 20 and 60 mg/L a further increase attained equilibrium. A decrease
might be due to that the adsorbents had a certain number of active sites and at higher

concentrations the active sites become saturated (Huang et al. 2012; Olabemiwo et al. 2017).
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The nonlinear adsorption isotherm models (Langmuir and Freundlich) were used to estimate
the equilibrium data by using equations (6) and (7) respectively. Maximum adsorption capacity
Qo (mg/g), of Cr(VI), Cd(Il) and MB. Langmuir interaction energy constant represented by b
(Lmg™), ke (mg®™ L" g) and n are the Freundlich model capacity factor and Freundlich
linearity constant, respectively. Langmuir model proposes that the adsorption take place
through chemisorption using monolayer adsorption of the sorbate on the adsorbent and is
homogeneous in nature (Aloma et al. 2012; Basu et al. 2017). The model further calculates a
saturation value of the sorbent, as it suggests that the adsorbent has definite number of binding
sites and each site is responsible for binding only one metal ion with almost zero interaction
amongst the adsorbed ions (Shokrollahi et al. 2017). On the contrary the Freundlich model

indicates multilayer sorption and is heterogeneous in nature (Saeed et al. 2009).

_ QobCe
qe = 1+ bC, (6)

e = ksCJ" @)

Table 25 show adsorption models for Langmuir and Freundlich results for PNS, ANS, CANS,
DNS and CDNS calculated at 298 K. The data showed coefficients for Cr(V1), Cd(Il) and MB
with 0.9971, 0.993 and 0.998 respectively onto PNS which best fitted Freundlich model.
Similarly, correlation coefficient onto ANS also fitted Freundlich model with r? of 0.996, 0.995
and 0.994 for Cr(VI), Cd(lI1) and MB respectively. This suggested that Cr(\V1), Cd(ll) and MB
onto PNS and ANS surface formed multilayer and was heterogeneous in nature ( Aichour et
al., 2018). The SEM images of PNS and ANS in Fig.57b showed that the surfaces had rough
structure development which was not homogenous. A similar observation was discovered by

Chaudhry et al. (2016). The values (r?) for CANS showed that they also fitted Freundlich model
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than Langmuir model and the correlation values for Cr(\V1), Cd(ll) and MB were 0.993, 0.994

and 0.996 respectively. The equilibrium data indicated that the sorption results for Cr(V1),

Cd(I1) and MB onto DNS fitted Freundlich model with high r? of 0.995, 0.996 and 0.991.

Similarly, the coefficient of determination values (r?) for Cr(VI), Cd(ll) and MB fitted

Freundlich model onto CDNS.

Table 25: Adsorption isotherm models onto PNS, ANS, CANS, DNS and CDNS

PNS ANS CANS DNS CDNS

Isotherms
Cr(vly Cd(l) MB Cr(Vl) Cd(l) MB Cr(Vly Cd(l) MB  Cr(Vl) Cd(ll) MB Cr(Vl) Cd(ll) MB
Langmuir Qo(mgg™) 2564 3854 1879 2452  10.65 2554 47.75 67.18 3489 1457 1886 29.86 1287  69.06 86.61
B(Lmgl) 021 0.32 016 020 0089 021 039 056 029 012 016 025 011 056 072
r 0883 0874 0819 0864 0913 0886 0895 0969 0955 0906 0896 0881 0855 0.886 0.896
Freundlich Un (mgg®)  19.27  21.74 2751 4363 4312 42.63 9035 7206 9455 2331 31.06 48.06 4185 73.26 97.72
ke (mgt™ L"g?)  0.16 0.18 023 036 036 036 075 060 079 019 026 040 035 061 0.81
r2 0997 0993 0998 0996 0995 0994 0993 0994 0996 0995 0996 0991 0997 0.992 0.995
Experimental (mgg™) 1777 2377 2440 4002 4841 49.02 9515 77.82  99.82 2399 32.60 4519 4581 74.26 93.90
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9.7.2.4 Temperature effect and thermodynamic parameters determination

The sorption of Cr(V1), Cd(Il) and MB onto PNS, ANS, CANS, DNS and CDNS are shown
in Figs. 64a-e. The trend in Figs. 64a-e shows that removal of Cd(ll) and MB increased as the
temperature increased from 298 to 303 K thereafter equilibrium was reached on all adsorbents.
The maximum sorption capacities of Cd(Il) onto PNS, ANS, CANS, DNS and CDNS were
23.46, 48.11, 96.89, 31.37 and 73.91 mg/g respectively whilst MB capacities were 24.44,
48.60, 97.97, 45.92 and 92.60 mg/g respectively. This increase in temperature was important
because it showed that high temperature was required so that the ions in the solution had enough
kinetic energy (Igberase et al. 2017). The data in Figs. 64a-e showed that the sorption of Cr(V1)
onto PNS, ANS, CANS, DNS and CDNS increased as temperature increased from 298 to 353
K. This showed the endothermic nature of the sorption processes (Thabede et al. 2020b), with
maximum sorption capacities of 19.84, 42.48, 87.44, 29.99 and 65.38 mg/g respectively onto
PNS, ANS, CANS, DNS and CDNS. The gradually increased adsorption at higher temperatures
indicated that adsorbate-adsorbent interaction was feasible at higher temperatures, suggesting

that higher temperatures were more favourable to the adsorption process (Kumar & Jiang,

2017).
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for the adsorption of Cd(ll), Cr(VI) and MB.

Thermodynamic parameters are significant tools to check the feasibility and spontaneity of the
adsorption process (Chaudhry et al. 2016). Thermodynamic entropy change (AS°) and enthalpy
change (AH®) and Gibbs free energy change (AG®) were assessed using equations (8) and (9).
AH° and AS° were attained from the slope and intercept of the van’t Hoff plot of In K against
1/T. K¢ is the equilibrium constant of thermodynamic function which was calculated by
equation (10) where ge is the amount of Cr(V1), Cd(ll) and MB adsorbed per unit mass of
samples (mg/g) onto PNS, ANS, CANS, DNS and CDNS. C. is the equilibrium concentration

(mg/L); R is the gas constant (8.314 J.mol* K); and T is the temperature (K).
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AH® AS°

In KC = T’ R (8)
AG®° = —RT InK, 9)
K= (10)

Thermodynamic parameters (AS°, AH® and AG®) for Cr(VI1), Cd(1l) and MB are shown in Table
26 for PNS, ANS, CANS, DNS and CDNS calculated at 298, 303, 313, 333 and 353 K. The
sorption processes of Cr(VI), Cd(IT) and MB indicated positive values for (AS° and AH®) on
all adsorbents. The positive values for (AS°) suggested the increased randomness of the ions in
the solution as the adsorption processes approached equilibrium (Aichour & Zaghouane-
Boudiaf, 2019) meanwhile the positive (AH®) indicated that the reaction was endothermic. An
endothermic reaction increased the removal uptake of Cr(VI), Cd(ll) and MB as temperature
of the system was increased, this was in agreement with temperature effect results (Thabede
2020Db). The calculated (AG®) values were negative for PNS, ANS, CANS, DNS and CDNS in
all the investigated temperatures and became more negative with an increase in temperature.
The negative values indicated that the removal Cr(VI), Cd(ll) and MB on all the adsorbents
were spontaneous and feasible (Shifera et al. 2016). Physical adsorption of Gibb’s free energy
change (AG®) ranges between -20 and 0 kJ/mol whilst the chemical adsorption is between -80
to -400 kJ/mol (Ali et al, 20190). Therefore, the data in Table 4 showed that the adsorption
process was predominated by physical adsorption process. This indicated that higher
adsorption occurred at higher temperatures and that at higher temperature and ions were readily

desolvated and their adsorption becomes more favourable (Awual et al. 2014).

301



Table 26: Thermodynamic parameters PNS, ANS, CANS, DNS and CDNS

Parameter PNS ANS CANS DNS CDNS

Cr(vly Cd(ll) MB Cr(vl) Cd(ll) MB Cr(vl) cd(ll) MB Cr(vl) Cd(Il) MB Cr(Vl) Cd(ll) MB
AH° (KJ mol?) 4x10* 4.x10°° 8.x10* 1x10* 1x10° 9x10* 9x10“ 8x10* 5x10* 7x10* 1x10° 2x10°% 4x10* 2x10° 5x10°3
AS° (KJ moltK?) 2x10* 8x107° 5x10°  4x10*  6x10° 5x10* 4x10° 6x10° 4x10* 3x10° 2x10° 7x10°% 3x10“ 5x10° 1.x10°
AG° (KJ mol?)
288 K -7.70 -3.04 -4.44 -191 -6.11 -563 -3.21 -7.62 -7.69 -2.23 -943 -3.78 -9.49 -2.19 -6.06
298 K -7.65 -3.26 -5.20  -1.75 -6.37 -589 -3.83 -848 -8.96 -1.32 -841 -4.15 -8.82 -2.34  -6.19
308 K -7.40 -3.42 -5.78  -1.32 -6.93 -6.13 -429 -9.03 -9.03 -1.12 -6.60 -4.40 -7.49 -2.70 -6.47
318 K -7.20 -2.82 -6.42 -1.28 -7.33 -665 -481 -9.59 -9.25 -1.06 -5.89 -4.78 -6.69 -2.89  -7.00
328 K -7.11 -3.99 -7.06 -1.21 -7.23  -7.56 -519 -981 -9.51 -1.01  -5.05 -5.05 -4.70 -3.06 -7.42

9.7.3 Comparative studies of Cr(VI) and Cd(ll) ions and MB dye

A comparative study of sorption capacities of different adsorbents are presented in Table 27,
28 and 29. The defatted and carbonized Nigella Sativa adsorbents of ANS, CANS, DNS and
CDNS adsorption capacities for Cr(\V1), Cd(ll) and MB were compared with other adsorbents
from literature. The comparison studies showed that ANS, CANS, DNS and CDNS had higher
adsorption capacities than some of the reported adsorbents. Therefore, the defatted Nigella
Sativa L. seeds can be used as low cost adsorbents for the removal of Cr(VI), Cd(ll) and MB

in aqueous solution.

Table 27: Literature reports of activated carbon materials for the removal of Cr(VI) ions

Maximum
Adsorbent Reference

capacity (mg/qg)
Peanut shell 106.4 Gueye et al. 2014
Defatted Nigella Sativa L. 87.44 This study
Carbon microsphere 65.5 Han et al. 2018
Peganum harmala seed 53.5 Khosravi et al. 2018
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Pinewood sawdust

Macadamia

Bamboo bark

Carbon nanotubes

42.7 Yang et al. 2017

40.9 Lesaoana et al. 2019
18.9 Zhang et al. 2015

14.3 Bayazit & Kerkez, 2014

Table 28: Literature reports of activated carbon materials for the removal of Cd(ll) ions

Maximum
Adsorbent Reference

capacity (mg/g)
Glebionis coronaria L. 106.9 Tounsadia et al. 2016
Defatted AC Nigella SativaL. 96.89 This study
Rice straw 74.6 Zhang et al. 2019
Trapa natans husks 50.2 Yin et al. 2019
Phragmites australis 40.6 Guo et al., 2017
Buffalo weed 11.6 Yakkala et al. 2014
Chicken feather 7.8 Chenetal. 2019
Oxidized granular AC 5.7 Huang et al. 2007

Table 29: Literature reports of activated carbon materials for the removal of MB

Maximum
Adsorbent Reference

capacity (mg/g)
Magnolia Grandiflora L. 101.3 Wang et al. 2019
Defatted Nigella Sativa L.  99.82 This study
Licorice root waste 82.9 Ghaedi et al. 2014
Reed 774 Wang et al. 2018
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Coconut bunch waste 70.9 Hameed et al. 2008

Ficus carica bast 49.9 Pathania et al. 2017
Activated lignin-chitosan ~ 36.2 Albadarin et al. 2017
Feldspar clay 19.9 Diagboya & Dikio, 2018

9.7.4 Reusability studies

The reusability of adsorbents is an important factor for its practical application. In order to
make the adsorption process inexpensive it is vital that the adsorbent display significant
properties such as the ability to regenerate, high adsorption capacity, and be able to be reusable
in the adsorption process (Aichour et al. 2018). The reusability of PNS, ANS, CANS, DNS and
CDNS were investigated using 0.01 M hydrochloric acid as an eluting agent and distilled water.
The adsorption/desorption results of the adsorbents for Cr(\V1), Cd(Il) and MB are shown in
Figs. 65a-e. The data showed that originally PNS, ANS, CANS, DNS and CDNS displayed
high removal uptake. After four cycles of adsorption-desorption the removal percentages
decreased for all adsorbents. This might be due to inability of the adsorbents to desorb metal
ions and dye from the adsorbents surface and cavities during the regeneration processes
(Shooto 2020) and the mass loss of the adsorbents during desorption (Akpomie et al. 2015)
hence the lower uptake. These findings indicated that PNS, ANS, CANS, DNS and CDNS

adsorbents may be reusable in aqueous solution for treatment.
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9.7.5 Conclusion

The effectiveness of the defatted and carbonized Nigella Sativa L. seeds was studied in batch
experiments for the removal of Cr(VI), Cd(ll) and MB in aqueous solution. Nigella Sativa L.
seeds were defatted using different solvents such as acetone and DMF thereafter carbonized at
600 °C. The defatted and the carbon defatted seeds were compared with the pristine Nigella
Sativa L. (PNS) seeds. A series of adsorption tests were conducted using different parameters
namely; contact time, initial concentration, temperature and pH. The adsorption of Cr(VI),
Cd(I1) and MB was influenced by the solution pH. The high Cr(VI1) removal was observed at
pH 1 on all adsorbents whilst the maximum adsorption capacities for Cd(Il) and MB were at
pH 9. SEM images showed different surface morphological properties with distinct cavities
and pore structures resulting from the chemically treated Nigella Sativa seeds. The FTIR
spectra of PNS, ANS, DNS and CDNS showed shifts in transmission frequencies which
suggested that there was interaction of adsorbents with the adsorbates. The functional groups
which played a key role in the adsorption of Cr(VI), Cd(Il) and MB were amides, carbonyl,
and carboxyl. The adsorption of Cr(\V1), Cd(Il) and MB was fast ranging from 1 and 20 min
thereafter, the rate slowed down due to exhaustion of the pores and binding sites. The kinetic
models predicted the adsorption mechanism of Cr(V1), Cd(ll) and MB onto PNS as PFO which
suggested that the rate of adsorption depended on the unoccupied sites. On the other hand, the
adsorption mechanism onto ANS, CANS, DNS and CDNS showed a good fit for PSO which
indicated that the sites on the adsorbents surface and the adsorbate ions and the dye played a
key role in the adsorption rate. The effect of concentration showed that the adsorption capacity
increased with increasing initial concentration. The high coefficient of determination r? showed
that PNS and ANS best fitted Freundlich model which proposed multilayer formation of
adsorbate and heterogeneous in nature. However the adsorption of Cr(V1), Cd(Il) and MB onto
CANS, DNS and CDNS fitted to Langmuir isotherm which assumed that the adsorption took
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place through monolayer and was a homogenous process. The adsorption capacities of all
adsorbents increased with temperatures showing that the process was feasible at higher
temperatures and that high temperatures were favourable for the adsorption process. The values
of (AS° and AH®) were positive for the sorption of Cr(VI), Cd(Il) and MB on all adsorbents
which suggested the increased freedom of ions in the solution and that the reaction was
endothermic respectively. The (AG°) values were negative for PNS, ANS, CANS, DNS and
CDNS for all temperatures and were more negative with an increase in temperature. This
indicated that the removal Cr(\V1), Cd(ll) and MB on all the adsorbents were spontaneous and
feasible. The results showed that CANS had highest adsorption capacity of 99.82 mg/g for MB,
96.89 m/g for Cd(l1) and 87.44 mg/g for Cr(V1) compared to CDNS, ANS, DNS and PNS. The
capacity trend was CANS>CDNS>ANS>DNS >PNS. The reusability results showed the black
cumin seeds adsorbents can be recycled for the adsorption of Cr(VI), Cd(ll) and MB from
aqueous solution. This presents potential advantages such easy generation of the adsorbents
and their ability to be reused more than three times. These results showed the prepared

adsorbents were effective for the sorption of the Cr(\V1), Cd(1l) and MB in batch analyses.
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CHAPTER 10

10.1 Conclusion

The main aim of the study was to produce adsorbents from black cumin (Nigella Sativa L.)
seeds and to demonstrate that the seeds can be used for the adsorption of pollutants (Co, Ni,
Cu, Cr, Pb ions and molecules of methylene blue dye) in aqueous solution. The black cumin
seeds were chemically treated using NaOH, HCI, KMnQg4, H3PO4, H2SO4 and modified using
sucrose and nanoparticles. The AT-BCS and BT-BCS were effectively utilized for quaternary
adsorption study of Cu(l1), Co(ll), Pb(1l) and Ni(Il) ions from aqueous solution. The maximum
capacity trend was BT-BCS>AT-BCS>UT-BCS. The best fitted isotherm model was found to
be Langmuir. Kinetic studies tested shown that PFO had a good fit which suggested that there

was electrostatic attraction and VVan der Waal forces.

The development of activated bioadsorbents for the sorption of Cd(11) and Cr(VI) using KMBS
H3BS showed that the highest adsorption capacities were at pH 1 and 9 for Cr(\V1) and Cd(ll)
ions respectively. The maximum adsorption capacity for Cr(VI) ions was 16.12, 15.98 and
10.15 mg/g onto KMBS, H3BS and PBS respectively. Meanwhile, for Cd(ll) ions it was 19.15,
19.09 and 16.80 mg/g for KMBS, H3BS and PBS respectively. Contact time effect revealed
that the sorption rate of Cr(V1) ions onto PBS increased from 5 until 60 min. However, the
sorption rates for KMBS and H3BS was more rapid from 5 to 30 min. The sorption rates of
Cd(I1) ions were also rapid from 5 min until 60, 30 and 20 min for PBS, KMBS and H3BS

respectively.
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The carbonization and activation using 10 and 20 % H>SO4 at 200 °C for the adsorption of MB
dye and Cd(l1) ions showed that the adsorption of MB on all adsorbents best fitted PFO whilst
Cd(Il) data fitted PSO model. The carbonization at different pyrolysis had an influence on the
adsorption process. The entropy, (45°) was positive for MB and Cd(ll) ions whilst (4G°) had
negative values. Freundlich isotherm model was best described for Cd(Il) whilst Langmuir
model fitted for MB dye. The activation (10 and 20 % H>SO4) at 300 °C of BCS the removal
of Pb(Il) ions and (MB) dye showed that the adsorption capacity increased with increasing
initial concentration of the solutions. The temperature results showed that the sorption of Pb(I1)

ions and MB dye on all adsorbents increased with increasing temperature.

FNS and PNS composites investigated for the uptake of Cr(\VI) and Pb(ll) ions. Sorption of
Cr(VI) and Pb(Il) ions on both adsorbents displayed the endothermic nature of the adsorption
processes. The maximum adsorption capacities for Cr(V1) were 15.6 and 13.0 mg/g onto PNS
and FNS composites at pH 1 respectively. On the other hand, maximum sorption for Pb(ll)
ions were 39.7 and 37.9 mg/g onto PNS and FNS composites at pH 5. The defatting with
acetone, DMF and carbonization at 600 °C of Nigella Sativa L. seeds for the sorption of Cr(V1),
Cd(Il) ions and MB dye indicated that SEM images had different surface morphological
properties with distinct cavities and pore structures consequential from the defatted Nigella
Sativa seeds. The FTIR spectra of PNS, ANS, DNS and CDNS suggested that there was
interaction of adsorbents with the adsorbates with functional groups such as amides, carbonyl,
and carboxyl. The reusability results showed that the adsorbents can be recycled for the
adsorption of Cr(V1), Cd(ll) and MB from aqueous solution. The adsorption capacities of all

adsorbents showed that the process was feasible at higher temperatures and favourable.
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The present study displayed that black cumin seeds are efficient and effective for the uptake of
Co(I), Ni(I), Cu(Il), Cr(\V1), Pb(I1), Cd(ll) and MB dye. The study showed that the highest
adsorption capacity was obtained using CANS with values of 99.82 mg/g for MB, 96.89 m/g
for Cd(I1) and 87.44 mg/g for Cr(V1).This also indicated potential benefits of easy generation

of the adsorbents and ability of being reusable more than three times.

10.2 Contribution of this research work

The literature on the study of the black cumin seeds as adsorptive material was found to be

very few.

(a) Prior to this research work, no document was found that reported on treatment of black
cumin seeds by HCI and NaOH. The research work, established that the treated black
cumin seeds had improved physicochemical properties such as surface area and
porosity. Therefore, this positively affected the adsorption capacity of the biomaterials
for quaternary uptake of Pb(I1), Cu(Il), Co(ll) and Ni(Il) cations from aqueous solution.

Also, this work was the first to use black cumin seeds in quaternary adsorption studies.

(b) The research work also exploited the effect of different activating agents. Strong and
mild oxidizing agents, KMnO4 and H3PO4 respective were reacted with black cumin
seeds. The characterization revealed that the substances imparted oxygen containing
functional groups to the surface. This enhanced the adsorptive power of black cumin
seeds towards Cd(lI1) and Cr(VI) ions. Upon exhaustive search no research work was

found that reported on similar work for black cumin seeds.

(c) The research work furthermore investigated the effect of H,SOs at different

concentrations (10 % and 20 %) on biochar from black cumin seeds at 200 and 300 °C
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for the removal of Cd(Il), Pb(ll) ions and MB dye. The obtained results showed that
H2SO4 hydrolysed some of the lignocellulose materials from biochar. Also, H2SO4
functionalized the surface of biochar obtained at 300 °C with bisulphate groups. This
significantly improved the surface of materials. The treatment increased the uptake of
Cd(I1), Pb(I1) ions and MB. To the best knowledge of the authors, it is the first time that

such study was reported for black cumin seeds.

(d) Black cumin seeds have high content of fatty acids and this hinders their reactivity by
blocking the active sites such as pores on the surface and the functional groups.
Therefore, in this work we tested the effectiveness of different organic solvents to
extract fatty acids from black cumin seeds. The results revealed that acetone extracted
more fatty acids from the surface of black cumin seeds than DMF. Subsequently, it was
found that acetone treated seeds had more pores on the surface and removed Cr(VI),
Cd(I1) ions and MB dye more than DMF treated seeds. This was attributed to the surface
texture and porosity of the material. Prior to this work, no similar study was reported
for black cumin seeds. The results from this study will add new knowledge to the

application of black cumin seeds in wastewater treatment.

10.3 Recommendations

Based on the results, it is recommended that further adsorption study for black cumin seeds be

conducted for estimation of adsorption in wastewater treatment.

> Further testing should be carried out to determine the adsorption of toxic metal ion

contaminants at higher concentrations.
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> Further study is essential to evaluate the feasibility of black cumin seeds for the removal
of toxic metals ions from the real environment.

» Also, a study should be conducted for the removal of anions such as nitrates and
sulphates in water environment.

> A further study of the effectiveness of the seeds using additional regenerating solutions
such as HNOs, NaNOs, CaCl, and NH4Cl can be investigated at various solution

concentrations and temperatures.
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ARTICLE INFO ABSTRACT

Keywords: A new adsorbent obtained from alkaline treatment of black cumin seeds (BCS) has been developed for the
Adsorption adsorption of cation pollutants cobalt [Co(II), lead Pb(II), copper Cu(Il) and nickel Ni(I)] from aqueous solu-
Isotherms tions. The alkaline treated black cumin seeds were labeled; base treated black cumin seeds (BT-BCS), acid treated
Kinetic black cumin seeds (AT-BCS) and untreated black cumin seeds (UT-BCS). The absorbents were analyzed by
Thermodynamic

scanning electron microscope (SEM), fourier-transform infrared spectroscopy (FTIR) and X-ray diffraction
spectroscopy (XRD). The SEM images showed that UT-BCS is composed of spherical shaped particles. AT-BCS
and BT-BCS images showed irregular surface morphology. AT-BCS and BT-BCS -IR spectra observed new bands.
Pseudo First Order kinetic (PFO) model gave consistent fit in describing the adsorption of all the cations. The
PFO good fit suggest that the adsorption mechanism involved, Van der Waal forces. The estimated pore ad-
sorption (EPA) was more dominant than estimated surface adsorption (ESA). Equilibrium data had a good fit for
Langmuir isotherm model for all cations this indicates that adsorption took place on active sites having equal
affinity for these ions and further suggests that monolayer adsorption occurred on adsorbents surface at the end
of adsorption process. BT-BCS was the best performing adsorbent with capacity of 190.7 mg/g for Cu(II), AT-BCS
and UT-BCS with capacities of 180.1 and 135 mg/g respectively for Pb(Il). Adsorption trend is BT-BCS > AT-
BCS > UT-BCS. Reusability data suggests that (BCS) adsorbents retained = 90% of their initial cations ad-

Black cumin seeds

sorption, these adsorbents may be reusable in wastewater treatment.

1. Introduction

An accelerated urbanization and industrialization growth in the last
century has caused the discharge of wastewater into fresh water bodies
without proper pretreatment. This poses a serious threat to the en-
vironment, human health and natural aquatic system (Myers et al.,
2013). The scope of wastewater pollutants is too large and includes;
toxic metal ions, pesticides, organic pollutants, dyes, etc (Shooto et al.,
2016; Munze et al., 2017; Nagpal and Kakkar, 2018; Tran et al., 2019).
Many of these pollutants are toxic to human and the ecosystem. They
accumulate in human body and are non-biodegradable (Atique et al.,
2017). For the sake of the current study we focused on four toxic metals
that are being characterized as the priority pollutants from the various
health organizations; Co(II), Pb(II), Cu(Il) and Ni(I) ions (Veli and
Alyuz, 2007).

Copper is needed only in small quantities by human body to support
some biological processes. It is a commonly used metal by many

" Corresponding author.
E-mail address: ntaotes@vut.ac.za (N.D. Shooto).
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municipalities and industries. Upon long term exposure even at lower
concentrations, Cu(Il) contaminated water has toxic effects on vital
organs such as the brain, heart and liver (Jaishankar et al., 2014). It is
also reported to cause vomiting, stomach cramps and kidney failure
(Potera, 2004). Pb(I) is a slow, pernicious, but most malignant poison.
Via any route or level of exposure it replaces calcium on the bones and
accumulates in the skeletal system (Puzas et al., 2004). It further causes
neurodevelopmental effects, brain damage (Wani et al., 2015), kidney,
liver disorders as well as reproduction and development (Savic et al.,
2014; Luo et al., 2012; Adham, 1997). Exposure to higher concentra-
tions of Co(Il) causes neurological problems such as changes in brain
structure, cognitive function impairment and depression (Clark et al.,
2014). Co(Il) toxicity also affect all major organ systems and causes
respiratory problems and fatigue (Pelclova et al., 2012). Long term Ni
(II) exposure is associated with headaches, dyspnea, carcinogenic, cy-
totoxicity and genotoxicity (Kasprzak et al., 2003).

Therefore, it is necessary to remove such toxic metal ions from the

Received 12 April 2019; Received in revised form 11 June 2019; Accepted 23 July 2019
1026-9185/ © 2019 The Author(s). Published by Elsevier B.V. on behalf of Institution of Chemical Engineers. This is an open access article under the CC
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ABSTRACT

This work reports the preparation of carbon from black cumin seeds (BCC) and then activated with 10 and 20 %
sulfuric acid (H2SO4) to obtain new adsorbents designated black cumin activated carbon (BCAC-10) and (BCAC-
20) respectively for the adsorption of lead (Pb(II)) ions and methylene blue (MB) dye from aqueous solution. The
adsorbents were characterized by scanning electron microscopy (SEM), Fourier transformed infrared (FIR),
thermogravimetric analyzer (TGA), X-ray diffractometer (XRD) and Brunauer, Emmett and Teller (BET) analysis.
The SEM images show that both activated carbon adsorbents (BCAC-10 and BCAC-20) have rough irregular
surfaces with cavities. FTIR results show the (-COO™), (-NH,), (-HSO4 ), (-C=0) functional groups were in-
volved in the adsorption processes of Pb(II) ions and methylene blue (MB) dye . Nitrogen adsorption studies
show that there is an increase in surface area and pore size for both BCAC-10 and BCAC-20 in comparison with
BCC. The operational parameters (concentration, contact time, temperature and pH) of Pb(II) ions and MB dyes
adsorption were assessed in batch mode. It was observed that the trends for Pb(II) ions and MB dye adsorption
increased with increasing initial concentration of the solution, (i.e.) greater uptake was observed in solutions
with higher initial concentration. Therefore the adsorption of Pb(II) ions with initial concentration of 100 mg/L
was 17.19, 17.71 and 17.98 mg/g onto BCC, BCAC-10 and BCAC-20 respectively. Whilst for MB dye it was 11.63,
12.71 and 16.85 mg/g onto BCC, BCAC-10 and BCAC-20 respectively. The equilibrium data for Pb(II) ions and
MB dye fitted Freundlich isotherm model onto BCC, BCAC-10 and BCAC-20. This suggested that the process
involve multi-layer adsorption with interactions between the adsorbate and the adsorbents. The results show
that the adsorption processes of Pb(II) ions and MB dye were rapid in the first 20 min. It was observed that the
maximum adsorption trend of Pb(II) ions and MB dye was obtained at pH 9 which made the surface of black
cumin seeds to be negatively charged and therefore making it easier to be attracted to positively charged Pb (II)
ions and MB dye. Kinetic studies showed that the adsorption of Pb(II) ions and MB dye onto BCC best fitted;
pseudo-first order model whilst BCAC-10 and BCAC-20 data fits; pseudo-second order. The estimated pore ad-
sorption for Pb(II) ions onto BCC, BCAC-10 and BCAC-20 was 65.85, 94.28 and 78.43 % respectively whilst MB
dye was 73.37, 70.82 and 95.74 % respectively. Temperature and thermodynamics data indicated that the
adsorption capacity of adsorbents increase with increasing temperature and the enthalpy (AH°) values indicated
that the adsorption of Pb(II) ions and MB dye on the adsorbents was endothermic reaction. The entropy (AS°)
gave positive values which indicated the randomness and degree of freedom for Pb(II) ions and MB dye in
aqueous solution. The free energy (AG") values for the adsorption of Pb(II) ions onto BCC, BCAC-10 and BCAC-20
show an increase in negative values as the temperature increases.

1. Introduction

treatment is a matter of great concern (Dargahi et al., 2016). Toxic
metals are one of the dangerous materials found in water. They are

Water pollution is an environmental problem facing the world today
due to various industries such mining and smelting, fertilizers and
pesticide, metallurgy, iron and steel, electrolysis, energy and fuel pro-
duction, etc discharging waste that contain toxic metals (Wang et al.,
2009). The disposal of toxic metals from industrial effluent without

* Corresponding authors.

pathogenic and has the ability to accumulate in living organisms over a
long period of time. There are many toxic metals, this study will focus
on Pb(II) ions and MB dye.

Dyes are intensely colored, and consume dissolved oxygen
(Zhang et al., 2011). Some dyes can penetrate light and destroy aquatic

E-mail addresses: mapulepseabelo@gmail.com (P.M. Thabede), ntaotes@vut.ac.za (N.D. Shooto).

https://doi.org/10.1016/j.sajce.2020.04.002

Received 24 October 2019; Received in revised form 5 March 2020; Accepted 4 April 2020
1026-9185/ © 2020 The Author(s). Published by Elsevier B.V. on behalf of Institution of Chemical Engineers. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/BY-NC-ND/4.0/).


http://www.sciencedirect.com/science/journal/10269185
https://www.elsevier.com/locate/sajce
https://doi.org/10.1016/j.sajce.2020.04.002
https://doi.org/10.1016/j.sajce.2020.04.002
mailto:mapulepseabelo@gmail.com
mailto:ntaotes@vut.ac.za
https://doi.org/10.1016/j.sajce.2020.04.002
http://crossmark.crossref.org/dialog/?doi=10.1016/j.sajce.2020.04.002&domain=pdf

Journal of Environmental Chemical Engineering 8 (2020) 104045

Contents lists available at ScienceDirect

Journal of Environmental Chemical Engineering

journal homepage: www.elsevier.com/locate/jece

Adsorption studies of toxic cadmium(Il) and chromium(VI) ions from
aqueous solution by activated black cumin (Nigella sativa) seeds

Check for
updates

Patience Mapule Thabede*, Ntaote David Shooto, Thokozani Xaba, Eliazer Bobby Naidoo

Applied Chemistry and Nano Science Laboratory, Department of Chemistry, Vaal University of Technology, P.O. Box X021, Vanderbjlpark 1900, South Africa

ARTICLE INFO ABSTRACT

Editor:Yunho Lee Few studies that reported on black cumin seeds (BS) showed that the material has good adsorption capacity
towards metal ions. Therefore, it is fair to conduct further studies on the material. However, literature survey
shows that no previous study on black cumin seeds has reported on the effect of phosphoric acid (H3PO,4) and
potassium permanganate (KMnO,) activating agents on the removal of toxic cadmium Cd(II) and chromium Cr
(VD) ions from aqueous solution. Pristine black seeds were designated (PBS), the H3PO, and KMnO, activated
seeds (H3BS) and (KMBS) respectively. The seeds were characterized by SEM, BET, XRD and FTIR. SEM mi-
crographs revealed that H3BS and KMBS were more porous than PBS. The BET surface area of H3BS and KMBS
increased to 10.3 and 9.30 m?/g respectively. FTIR spectra confirmed the presence of —OH, —COOH, —C=0 and
—NH, functional groups attached to the surface of all adsorbents. Adsorption batch studies revealed that the
adsorption capacities of all adsorbents increased with increase in the concentration of Cd(II) and Cr(VI) in
solutions. The isotherm data revealed that Cd(II) and Cr(VI) ions removal uptake onto all adsorbents found good
fit for Langmiur. This implies that the uptake processes occurred on active sites having equal affinity and further
suggest monolayer adsorption. It was observed that all adsorbents had higher uptake for Cd(II) than Cr(VI) ions.
It was found that the maximum adsorption capacity for Cr(VI) ions was 17.70 mg/g at pH 1 and temperature
353 K whilst for Cd(II) ions it was 19.79 mg/g onto KMBS at pH 9 and temperature 298 K. The sorption rate of Cr
(VI) ions onto PBS increased sharply from 5 to 60 min and thereafter attained equilibrium. The same rapid
sorption rates were observed for KMBS and H3BS from 5 min and the processes were much faster and stabilized
in 30 min. The sorption rates of Cd(II) ions were rapid from 5min and remained significant until 60, 30 and
20 min mark for PBS, KMBS and H3BS adsorbents respectively. Thereafter, little to no sorption was recorded for
either adsorbents. Temperature increase had a positive effect on the uptake of Cd(II) and Cr(VI) ions onto all
adsorbents. This was indicative of the endothermic nature. All the sorption processes of metal ions gave values
that were positive for (AH®) also suggesting that reactions were endothermic, and this was in agreement with
temperature effect studies. It was observed that the uptake removal of Cd(II) and Cr(VI) ions found a good fit for
PSO kinetic model. All metal ions sorption processes had positive (AS®) values which indicates the increased
randomness of the metal ions in the solution as the uptake processes approached equilibrium. Reusability test
results showed that the pristine and modified adsorbents can be reused multiple times, showing the economic
benefit of the adsorbents.

Keywords:

Modified black seeds
Hexavalent chromium
Divalent cadmium
Adsorption

1. Introduction

Pollution of water by metal ions of Cd(II) and Cr(VI) is a serious
challenge worldwide. These water contaminants mainly originate from
accelerated industrialization. The challenge with metal ions of Cd(II)
and Cr(VI) in particular within water bodies is that they are toxic, non-
biodegradable and persistent. Cd(II) and Cr(VI) ions enter water
through careless disposal of compounds containing cadmium and
chromium by mines, paint, electroplating, plastic and cadmium-nickel

* Corresponding author.

battery manufacturing factories [1,2].

Cd(II) and Cr(VI) ions are harmful to the living organisms and the
environment [3]. They are highly toxic even at low concentration and
detrimental to human health and well-being [4]. Drinking cadmium (Cd
(II)) ions contaminated water is highly carcinogenic and causes irre-
parable multiple organ damage such as skeletal, kidneys, reproductive,
cardiovascular, central and peripheral nervous system and lungs [5-7].
Drinking chromium Cr(VI) ion contaminated water is likewise toxic, it
is reported to cause physical health problems that are irreversible such
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The aim of the present study was to utilise pristine and magnetite-sucrose functionalized Nigella Sativa seeds as the adsorbents for
the uptake of chromium(VI) and lead(Il) ions from synthetic wastewater. Prestine Nigella Sativa seeds were labelled (PNS) and
magnetite-sucrose functionalized Nigella Sativa seeds (FNS). The PNS and FNS composites were characterized by Fourier-
transform infrared spectroscopy (FTIR) and X-ray powder diffraction (XRD). The FTIR analysis of both adsorbents revealed the
presence of vibrations assigned to 1749 and 1739 cm™ (-C=0) for ketonic group for both adsorbents. The amide (-NH) peak
was observed at 1533 and 1527cm™ on ENS and PNS composites, respectively, whilst the carboxyl group (-COOH) were
observed at 1408 cm™ on both adsorbents. The XRD results of FNS and PNS composites showed a combination of spinel
structure and y-Fe,O, phase confirming the formation of iron oxide. The influence of operational conditions such as initial
concentration, temperature, pH, and contact time was determined in batch adsorption system. The kinetic data of Cr(VI) and
Pb(II) ions on both adsorbents was described by pseudo-first-order (PFO) model which suggested physisorption process. The
sorption rate of Cr(VI) ions was quicker, it attained equilibrium in 20 min, and the rate of Pb(II) ions was slow in 90 min.
Freundlich isotherm described the mechanism of Pb(II) ions adsorption on PNS and FNS composites. Langmuir best fitted the
uptake of Cr(VI) ions on PNS and FNS. The results for both adsorbents showed that the removal uptake of Pb(II) ions
increased when the initial concentration was increased; however, Cr(VI) uptake decreased when the initial concentration
increased. The adsorption of Cr(VI) and Pb(II) ions on both adsorbents increased with temperature.

1. Introduction

Chromium compounds find their way into the natural water
stream as a consequence of the industrialization and
improper disposal of wastes which is usually from leather
tanning, metal finishing, electroplating, and pigments
industries [1]. Hexavalent chromium is one of the most
contaminant that has attracted extensive attention among
researchers due to its toxicity. Shupack [2] indicated that
hexavalent chromium Cr(VI) species may occur in different
ionic forms, namely chromate (CrO,>), dichromate
(Cr,0,%), or hydrogen chromate (HCrO,) in aqueous solu-
tion; meanwhile, Cr(III) tends to form hydrated species such

as hydrated trivalent chromium [Cr(H20)6]3+, chromium
hydroxide  complexes [Cr(OH)(HZO)5]2+, or Cr
(OH),(H,0). According to ([3]:671), Cr(Ill) species are
fairly less toxic as compared to Cr(VI) which is extremely
toxic. The World Health Organisation (WHO) has restricted
the limit of Cr(VI) to 0.05mg/L in drinking water [4]. On the
other hand, [5]:1 reported that industries release effluent
from batteries, automobile manufacturing units, and paint
which contain lead Pb(II) ions. Pb(II) is one of the most toxic
ions found in industrial wastewater [6]. The presence of lead
Pb(II) ions in water is another major concerned because it
affects human health, aquatic animals, peripheral nervous
system, anaemia, loss of appetite, vomiting, severe abdominal
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Carbon from black cumin seeds was modified with 10 and 20% sulfuric acid to obtain the activated adsorbents. Pristine carbon from black
cumin seeds, 10 and 20% H,SO, activated carbon from black cumin seeds were labelled CBC, ACBC-10 and ACBC-20, respectively. The
adsorbents were characterized by SEM, XRD, FTIR, TGA and BET. The adsorbents maximum trend for Cd(II) was ACBC-10 > ACBC-
20 > CBC. The maximum capacity trend for methylene blue dye was ACBC-20 > ACBC-10 > CBC. The kinetic model best fitted pseudo

from 0.993-0.997. Pseudo first order suggested that the adsorption mechanism for methylene blue onto adsorbents involved van der Waal
forces of attraction. The equilibrium data fitted Langmuir isotherm model for CBC, ACBC-10 and ACBC-20 with r* of 0.994 to 0.998 for
the removal of methylene blue whilst the removal of Cd(IT) followed Freundlich with r* ranging from 0.992 to 0.997. This suggested that
the different adsorption processes were involved between the adsorbate and the adsorbents. Gibb’s free energy (AG®) for Cd(Il) and
methylene blue onto CBC, ACBC-10 and ACBC-20 suggested that the reaction was spontaneous. The adsorption of Cd(Il) and methylene
blue was endothermic, positive values (AH®). This suggested that the enthalpy (AH®) had a weak interactive force process whose low

energy is associated with electrostatic attraction.

INTRODUCTION

The presence of organic dyes in streams and rivers create
environmental problem [1]. Hence its elimination is very
important due to its toxicity and carcinogenicity. About 15%
of dyes are found in industrial effluents during operations and
manufacturing processes [2]. Many synthetic dyes have been
discovered and usually used in pharmaceutical, chemical, leather,
food, paper and textile industries and cannot easily be degraded
[3]. Excess of dyes leads to the change of aquatic life properties
like chemical oxygen demand (COD), biological oxygen demand
(BOD), dissolved oxygen (DO), taste, pH, colour and odour,
which ultimately can damage aquatic life [4]. Methylene blue,
a cationic dye is not only carcinogenic but also pollutes water
environment. Methylene blue can cause abdominal disorders,
respiratory disease and blindness [5].

Cadmium is found in fruits, seafood, vegetables, rice and
meats. Hence, it is important to control it to minimum especi-

‘I
second order for Cd(IT) which gave r* values of 0.991-0.998. The methylene blue fitted pseudo first order model with r* values ranging |
|
|
|

Keywords: Activated carbon, Black cumin seeds, Methylene blue, Cadmium(II), Adsorption, sulfuric acid.

ally in aqueous water [6]. The use of cadmium in industries and
discarding of waste containing Cd(II) have led to an increase
in the residual concentration of cadmium in water, soil, air and
food and its exposure is associated with many health effects
of acute exposure and chronic conditions [7]. Cadmium(II) is
one of the most toxic metals, which has an extensive range of
sources including, chemical, nuclear, electroplating and elect-
ronic industries [8]. Intake of water containing cadmium is
harmful and has the risk of causing chronic diseases, such as
gastro-intestinal cancer, kidney damage and liver disease also
causes Itai-itai disease, hypertension and bone degradation
[9,10]. Due to toxic effects of metal ions and dyes on human
health, the removal of these pollutants is compulsory before it
adds in the environment and passes into the human food chain.

Reverse osmosis [11,12], chemical precipitation [13],
electro-dialysis [14], ion-exchange [15] and many others are
conven-tional methods employed for the removal of dyes and
metal ions from aqueous solutions. Disadvantages of these

This is an open access journal, and articles are distributed under the terms of the Attribution 4.0 International (CC BY 4.0) License. This
license lets others distribute, remix, tweak, and build upon your work, even commercially, as long as they credit the author for the original
creation. You must give appropriate credit, provide a link to the license, and indicate if changes were made.




Asian Journal of Chemistry; Vol. 33, No. 2

(2021), 471-483 @ASIAN JOURNAL

ASIAN JOURNAL OF CHEMISTRY

OF CHEMISTRY

5121 Journa) of Chems

https://doi.org/10.14233/ajchem.2021.23021

Sorption of Chromium(VI), Cadmium(II) Ions and Methylene Blue Dye by
Pristine, Defatted and Carbonized Nigella sativa L. Seeds from Aqueous Solution

PATIENCE MAPULE THABEDE *¥, NTAOTE DaVID SHOOTO ™ and EL1aZER BoBBY NAIDOO
Applied Chemistry and Nano Science Laboratory, Department of Chemistry, Vaal University of Technology P.O. Box X021, Vanderbjlpark

1900, South Africa

*Corresponding authors: E-mail: mapulepseabelo@ gmail.com; ntaotes @vut.ac.za

Received: 12 October 2020; Accepted: 4 December 2020); Published online: 15 January 2021; AJC-20237

Present study reports on the sorption study of chromium(VI), cadmium(II) ions and methylene blue dye by pristine, defatted and carbonized |
Nigella sativa L. seeds from aqueous solution. The removal of oil from pristine Nigella sativa L. (PNS) seeds was carried out by defatting |
the Nigella sativa with acetone and N,N-dimethylformamide and then labelled ANS and DNS, respectively. Thereafter the defatted ANS |
and DNS adsorbents were carbonized at 600 °C for 2 h under nitrogen and labelled as CANS and CDNS. The results of pristine, defatted
and carbonized seeds were compared. The removal of Cr(VI), Cd(I) and methylene blue dye from aqueous solutions was investigated by |
varying adsorbate concentration, solution pH, reaction contact time and temperature of the solution. The SEM images indicated that the |
surface morphology of PNS was irregular, whilst ANS and DNS had pores and cavities. CANS and CDNS was heterogeneous and had |
pores and cavities. FTIR spectroscopy showed that the adsorbents surfaces had bands that indicated a lot of oxygen containing groups. |
The pH of the solution had an influence on the removal uptake of Cr(VI), Cd(Il) and methylene blue. The sorption of Cr(VI) decreased
when pH of the solution was increased due to different speciation of Cr(VI) ions whilst the removal of Cd(I[) and methylene blue |
increased when solution pH was increased. Pseudo first order kinetic model well described the adsorption of Cr(VI), Cd(II) and methylene |
blue onto PNS. On the other hand, the kinetic data for ANS, CANS, DNS and CDNS was well described by pseudo second order. |
Furthermore, the removal mechanism onto PNS and ANS was better described by Freundlich multilayer model. The CANS, DNS and |
CDNS fitted Langmuir monolayer model. Thermodynamic parameters indicated that the sorption processes of Cr(VI), Cd(II) and methylene
blue was endothermic and effective at high temperatures for all adsorbents. The AS® and AH® had positive values this confirmed that the |
sorption of Cr(VI), Cd(II) and methylene blue onto all adsorbents was random and endothermic, respectively. The values of AG® confirmed |
that the sorption of Cr(VI), Cd(II) and methylene blue on all adsorbents was spontaneous and predominated by physical adsorption |
process. The CANS had highest adsorption capacity of 99.82 mg/g for methylene blue, 96.89 mg/g for Cd(II) and 87.44 mg/g for Cr(VI) |
followed by CDNS with 93.90, 73.91 and 65.38 mg/g for methylene blue, Cd(II) and Cr(VI), respectively. The ANS capacities were |
58.44,45.28 and 48.96 mg/g whilst DNS capacities were 48.19, 32.69 and 34.65 mg/g for methylene blue, Cd(II) and Cr(VI), respectively.
PNS had the lowest sorption capacities at 43.88, 36.01 and 19.84 mg/g for methylene blue, Cd(II) and Cr(VI), respectively. I
|

Keywords: Chromium, Cadmium, Methylene blue, Nigella sativa, Pristine, Defatted, Adsorption.

INTRODUCTION

Activated carbon (AC) is a material that used in the indus-
trial processes for purification of liquid and product separation
[1]. Activated carbon is used as adsorbent for the removal of
inorganic and organic pollutants in water, treatment of toxic
compounds in medicine, as a material for storing hydrogen
and many others [2]. Chemical and physical activation together
with heating process is often used to produce carbon-based

materials in order to enhance porous structure, improves surface
area, improving rate of adsorption [3]. However, these materials
are not easy to generate because they require high cost
precursors [4]. Hence plant materials are used because they are
abundant and sustainable resource that may provide oxygen
containing groups which can easily interact with charged toxic
pollutants from aqueous solution [5]. However, these materials
need some modifications in order to get significant results for
the removal of toxic ions and dyes [6].
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