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ABSTRACT
The investigation of nitrate adsorption onto Brachystegia spiciformis leaf powder from
waste waters was performed. Characterization for the functional groups of the biomass
before and after nitrate sorption as well as after desorption was done using an FTIR
spectrophotometer. The effect of pH, contact time, dosage and initial nitrate
concentration was investigated. The Brachystegia spiciformis leaf powder had amine,
carboxylic and hydroxyl groups that were involved in nitrate removal from aqueous
environment. Optimum conditions for nitrate uptake were at pH 4, contact time of 30
minutes and biosorbent dose of 1.5 g and varying nitrate initial concentrations from 5
to 50 mg L. The equilibrium data generated from the nitrate initial concentrations
fitted the isotherms in the order Dubinnin-Radushkevich < Halsey = Freundlich <

Langmuir < Temkin with correlation coefficient, R?, values 0.9683, 0.9686, 0.9686,

0.9692 and 0.9792 respectively. The Freundlich's adsorption intensity, n, (0.1 < 1/n <
1) and the Langmuir's separation factor, R;, (0 < R, < 1) revealed nitrate sorption
favourability onto Brachystegia spiciformis leaf powder with the Langmuir’s sorption
capacity of 1.6297 mgg?. Halsey and Freundlich isotherms evidenced surface
heterogeneity and that the Brachystegia spiciformis had macro and micro pores. The
Temkin and Dubinnin-Radushkevich isotherms indicated that the sorption process was
based on physisorption and it was evidenced by heat of sorption constant, b,,. Nitrate
desorption from the loaded Brachystegia spiciformis was achieved by increasing pH to
alkaline conditions and the highest desorption ratio was achieved at 91.26 % at pH 11.
After desorption the FTIR spectrum of Brachystegia spiciformis did not retain back its

original spectrum.
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CHAPTER 1
INTRODUCTION

1.0 Background

Farming activities and industrialization has resulted in the pollution of the environment. This is
mainly due to the disposal of domestic and industrial wastes with high concentrations of organic
and inorganic chemicals in to the environment and water bodies (Shao et al., 2009).

Waste water frequently contains nitrogen based compounds such as ammonia, nitrates and nitrites.
Nitrates are a common toxic pollutant to humans and are introduced into natural waters from a
variety of industrial activities such as fertilizer manufacturing, explosives, pharmaceuticals and
nitro-organic compounds (Namasivayam and Sangeetha, 2005). Other sources of nitrate in
drinking water are sewage, landfill leachate and animal manure. Most nitrogen containing
compounds in natural waters tend to be converted to nitrate by the nitrification process (Gomez et
al., 2000). Nitrates also occurs naturally in the environment, in mineral deposits, soil, seawater
freshwater system and the atmosphere (Shao et al., 2009).

Water treatment costs are gradually increasing as the demand for water treatment chemicals is
increasing and the supply is decreasing. Hence accessibility of quality drinking water is becoming
a challenge particularly in developing countries like Zimbabwe (Utete et al., 2013). Consequently,
diseases are spreading in humans due to contaminants in drinking water. The nitrate removal from
water bodies is essential before being utilized. A large amount of nitrate in drinking water results
in healthy disorders such as hypertension, thyroid disorder, stomach cancer, increased infant
mortality (Shao et al., 2009), cytogenetic defects, birth defects and methemoglobinemia

(Namasivayam and Sangeetha, 2005) .



Biological and physicochemical processes have been developed for nitrate removal from
wastewaters (Namasivayam and Sangeetha, 2005). Generally separation processes of nitrates from
waste waters includes reverse osmosis (Kesseru et al., 2002), ion exchange (Chatterjee et al.,
2008), electrodialysis, electro-deionisation (EImidaoni et al., 2004), distillation, Donnan dialysis
(Ismail., 2007) and chemical denitrification. Known technologies employed are effective in nitrate
removal from contaminated waters are very expensive (Kesseru et al., 2002). These drawbacks in
nitrate removal from water and/or wastewater results in biological denitrification being the mostly
used technology due to its cost effectiveness (Mateju et al., 2005).

The effects of carbon sources on the removal of nitrate from water and/or wastewater for biological
processes have been studied before. Namasivayam and Sangeetha (2005) reported the potential
use of ZnCl; activated carbon from coconut coir pith in the removal of nitrate from wastewaters.
Use of high-area carbon cloth, protonated cross-linked chitosan and zeolite in nitrate removal was
reported (Afkhami., 2003). Godini et al. (2010) stated the use of natural materials such as agar,
agarose, collagen alginates and chitosan as well as synthetic polymeric materials for example
polyacrylamide, polyurethane, polyethylene glycol and polyvinyl alcohol have been applied as
media for nitrates removal. It is therefore of much interest of this research to determine the efficacy

of Brachystegia spiciformis leaf powder in the removal of nitrates from aqueous solution.



1.1 Aim
To investigate the potential use of Brachystegia spiciformis leaf powder in the removal of nitrates
from waste waters.
1.2 Objectives
e To characterize for functional groups of the Brachystegia spiciformis leaf powder before
and after biosorption as well as after desorption using Fourier Transform Infrared
Spectrometer (FTIR).
e To optimize pH, contact time, biosorbent dosage and initial concentration for the sorption
of nitrates from solutions of known nitrate concentration.
e To investigate desorption of nitrates from the nitrate loaded Brachystegia spiciformis leaf
powder.
e To assess the effective use of Brachystegia spiciformis leaf powder as an adsorbent on

industrial effluent water (Sable Chemicals).



1.3 Problem Statement

The industries are unable to achieve the discharge limits of nitrates especially fertilizer
manufacturing in their effluents using conventional treatment technologies (Godini et al., 2010).
This is mainly due to the fact that industries will be focusing on their core business since it will be
an extra expense to focus on water treatment. About 50% of water pollution are being caused by
fertilizer run-off and from agricultural fields. Utete et al. (2013) and the Zimbabwe Ministry of
Environment and Natural Resources Management (2011) reported high concentration levels of
nitrates of well above 40 mg L* and 53 mg L™ at Lake Kariba and Lake Chivero respectively. The
World Health Organization (2011) have set the permissible limits to 45 mg L™ and drinking water
containing nitrate levels above the limit is unacceptable to consumers. High levels of nitrates in
water causes severe problems such as eutrophication (Chatterjee et al., 2008). Bryan and van
Grinsven (2013), Chatterjee et al. (2008) and Fewtrell (2004) stated the health effects of nitrates
exposure through drinking water resulting in infectious diseases. These include cancer of the
alimentary canal, cyanosis and methemoglobinemia or blue baby's syndrome in pregnant women
and children. Jensen and Darby (2012), Namasivayam and Sangeetha (2005) and Mateju et al.
(2005) recommended conventional methods for the removal of nitrates from their studies. These
include biological denitrification, chemical reduction, reverse osmosis, electrodialysis and anion
exchange. They are all expensive (Pakniker et al., 2003) hence there is need for a cost effective

method for nitrate remediation from aqueous environments.



1.4 Justification

Nitrates are discharged into the environment through agricultural and industrial activities.
Conventional methods used to remediate the nitrates are expensive for example anion exchange,
reverse osmosis as well electrodialysis. Previous researches by Moyo et al. (2012), Shao et al.
(2011) and Namasivayam and Sangeetha (2005) proved the potential use of sunflower seed husks,
rice husks and coconut coir pith respectively to be successful for the removal of nitrate from
contaminated wastewaters. The potential use of Brachystegia spiciformis might be possible
because it is suspected to contain hydroxyl, amine and carboxylic groups as the previously studied
biosorbents. Thus the functional groups aid in the sorbate-sorbent interaction as stated by
Chigondo et al. (2013). Brachystegia spiciformis is abundantly an indigenous plant covering more
than 60% of the Southern Africa’s woodlands (Saidi and Ramatshimbila, 2006; Mabveni et al.,
2004 and Garwe et al., 2009). The plant can survive in semiarid environments hence can be grown
in all parts of Zimbabwe. It being in abundance and inexpensive, Brachystegia spiciformis as a
biosorbent can be an alternative to nitrate removal from waste waters compared to expensive
commercial methods for industrial water treatment. Also the nitrate rich plant powder can be used
as fertilizer after the biosorption so as to increase plant growth and yields. The use of Brachystegia
spiciformis as a biosorbent for the removal of nitrate ions has not been reported as yet and this

gives motive to venture on this research.



CHAPTER 2
LITERATURE REVIEW

2.0 Introduction

This chapter gives the background information on nitrates pollution, conventional methods for
treatment of nitrates from waste waters and the structural composition of the Brachystegia
spiciformis leaves. It also covers the chemistry of the Brachystegia spiciformis leaves with respect
to biosorption process and reports findings by other researchers and mechanism behind

biosorption.

2.1 Nitrate and environmental pollution
Nitrate (NO3) is an ion that contains nitrogen and oxygen arranged in a trigonal planner manner

having a molecular weight of 62.0049 g mol™. The structure of a nitrate ion is as shown below.

Figure 2.1: Chemical structure of a nitrate ion

Inorganic nitrates salts are water soluble at room temperature and pressure and they involve salts
of nitric acid such as KNO3, NaNOs and Ca(NOz3).. Nitrate ion is produced when nitrogen from
ammonia or from different source reacts with oxygenated water. It is contained in water in plants
in different levels. Usually livestock droppings, domestic wastes, industrial waters, potassium
nitrate and ammonium nitrate contributes nitrates as fertilizers to plants. When nitrates are in
excess, depending on plant, they stimulate plant growth and gives rise to eutrophication as well as
death of aquatic organisms. This is as a result of depriving the aquatic life of oxygen.

World Health Organisation (2011) highlighted that higher concentration of nitrates exceeding 45

mg L in drinking water results in blood disorder in humans. The disorder takes place via nitrate



eutrohepatic metabolism that gives rise to ammonia having nitrate being the intermediate. Nitrates
are absorbed in bloodstream where they oxidize ferrous iron, Fe?*, in haemoglobin to ferric iron,
Fe3*. This inhibits haemoglobin from oxygen access and consequently the organ tissues will be
deprived of oxygen giving rise to a condition called methemoglobinemia. Methylene blue can
however be used to treat the disorder and it reduces Fe** ion in blood cells to Fe?*. Generally
infants are at risk to higher nitrate levels than adults. This is mainly due to their stomachs that are
less acidic resulting in nitrates being simply converted to nitrites by the Eschericia coli bacteria
(Kim-shapiro et al., 2005; WHO, 2011).

Methemoglobinemia concentrations exceeding 25 % results in bluish skin and lips in infants and
the condition can also be referred to as the blue baby's syndrome. Nitrates affects animals as well
and they cause intestinal disorder in rats, pigs, depression, body weight loss and reduced water
consumption particularly in chicken (Tejero et al., 2012).

2.2.0 Current nitrates removal methods

The removal of nitrates from waste waters is achieved by physico-chemical processes before
discharging the effluent into natural water body systems. There are quite a number of commonly
used treatment technologies available for the reduction of nitrates in drinking water as well as the
effluent industrial waters. These include ion exchange, biological denitrification, electrodialysis,

reverse osmosis and chemical reduction (Chatterjee et al., 2008).

2.2.1 lon Exchange

In ion exchange, water is passed through synthetic bed of resins which plays a role in removal of
anions including nitrates from water, exchanging them for equivalent amounts of chlorides
(Onyango et al., 2010). The resin bed is then taken out of service once the exchange capacity of

the resin is reached. The resin is regenerated using sodium chloride solution, which returns back



to the chloride form. After being rinsed with clean water the bed is returned to service. The spent
regenerant contains a high concentration of sodium chloride together with the anions removed
from the resin bed (Jensen and Darby, 2012).
2.2.2 Denitrification
Denitrification is a biological process that exploits the ability of certain naturally occurring
heterotrophic bacterial to use nitrate for respiration under anoxic conditions. Denitrification is
achieved using both heterotrophic (Paracoccus denitrificans) and autotrophic (Thiobacillus
denitrificans and Thiomicrospira denitrificans) bacteria. In heterotrophic denitrification, an
organic carbon substrate such as methanol, ethanol or acetic acid is required as food source for the
bacteria. Chemical equation 2.1 represents the process of heterotrophic denitrification.

6NO3(aq) + 5CH30H(aq) = 3Nz(g) + 5C02(g) + 7H20(aq) + 60HGq) v vvvvvvvvvenns (2.1)
In autotrophic denitrification an inorganic source such as sulphur, reduced sulphur species for
example thiosulphate or hydrogen is required (Deodyvet, 2009). The carbon needed for bacterial
growth is obtained from bicarbonate in water. Once the bacteria breaks down the nitrates to gain
the oxygen, the nitrate is reduced to nitrous oxide and in turn nitrogen gas. Nitrogen has a lower
solubility in water, hence it escapes to the atmosphere as bubbles and it does not cause any
environmental effect. The process occurs at pH values ranging from 7.0 to 8.5. Chemical equation
2.2 shows the process of autotrophic denitrification.

555(5) + ZOCOZ(g) + SONO;(aq) + 38H20(aq) + 4NH;1—|-(aq) - 4C5H702N(S) + ZSNZ(g) +

55507 (aq) + 64H () v ooovveeiieii (2.2)
Autotrophic denitrification is advantageous over heterotrophic denitrification in that, an external
carbon source such as methanol and ethanol which may result in lowering of costs. Also there less

risk of sludge production hence handling of sludge is minimized.



Biological denitrification proved to be feasible, advanced, selective and most effective process for
removing nitrates. The process has two major disadvantages as it is only efficient at high

temperatures and the treatment process is slow (Jensen and Darby, 2012).

2.2.3 Electro-dialysis

It is an electrically driven process that utilizes high voltage to promote the movement of charged
ions through a semi-permeable membrane, thereby reducing the contaminants in water. It makes
use of alternating semipermeable cation and an anion transfer membranes in a direct voltage
potential field. Uncharged particles are not removed (Pakniker et al., 2003). This technology is
advantageous in that it involves the separation of ions without phase change which results in
relatively low energy consumption and it is suitable for the separation of non-ionized and ionized
components. Batista and Pinter (2007) stated a major disadvantage of this method of giving rise to
membrane clogging due to formation of metal hydroxides. Hence there is need for a cheap

clogging-free method for the removal of nitrates.

2.2.4 Reverse Osmosis

It is a process for the removal of dissolved ions from water in which pressure is used to force water
through a semi-permeable membrane element which will pass the pure water but reject most of
the dissolved materials. The separation of the ions is aided by charged particles thus the dissolved
ions that carry a charge are likely to be rejected by the membrane than those that are not charged
such as organics (Ryan, 2002). Reverse osmosis is advantageous in that there is high regeneration
rate for a wide range of contaminants and very cost effective in the long term. However it has
drawbacks of being expensive and the process is slow and it is not applicable for large sums of

waste. The process also requires sediment and carbon pre-filtration to prevent membrane fouling.



2.3.0 Biosorption

It is a process by which ions are bound from aqueous environments by dead, inactive, microbial
biomass. The process involves a biological solid phase material referred to as the biosorbant as
well as a liquid phase containing a dissolved species to be sorbed. The sorbate species is attracted
and bond through different types of mechanisms to the sorbent (Pollard et al., 2001). The process
takes place up to equilibrium establishment between the amount of solid-bound sorbate species

and its portion remaining in the solution (Pollard et al., 2001).

2.3.1 Biosorption mechanisms

The biosorption process involves several mechanisms that differ quantitatively and qualitatively
according to the sorbent type, its origin and processing. The mechanism of biosorption can be
classified as metabolism dependent or non-metabolism dependent. The mechanisms involves
physisorption, chemisorption, ion exchange, chelation, coordination, micro-precipitation and
entrapment in inter or intra-fibrillar capillaries and spaces of the structural polysaccharides

networks of the biosorbent (Atkins and de Paula, 2010; Ong et al., 2010).

2.3.2 Physisorption

If the interaction between the solid surface and the adsorbed molecules has a physical nature the
process is called physisorption .In this case the attraction interactions between the adsorbate and
the substrate are van der Waals forces which are weak and the process is reversible. It is also
referred to as a physical adsorption process (Atkins and de Paula, 2010). The change of enthalpy
of physisorption ranges around the 20 kJmol™ region and the energy is not enough to promote

bond breakage resulting in a molecule that have been sorbed to retain its identity.
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2.3.3 Chemisorption

It is a process that involves the attraction forces between the adsorbed molecules and the solid
surface are due to chemical bonding and the adsorption process can also be referred to as chemical
adsorption (Atkins and de Paula, 2010). Chemisorption occurs as a monolayer, substances
chemisorbed on solid surface are hardly removed because of stronger covalent bonds. The
molecules chemisorbed finds sites that may results in their coordination number being maximized
from the substrate. The energy change of chemisorption greater than that of physisorption and
usually have values that are around the 200 kJ mol™, having shorter distance between the surface

and the nearest adsorbate atom as compared to that of physisorption (Atkins and de Paula, 2010).

2.3.4 lon exchange

In ion exchange, counter ions of the polysaccharides exchanges with the bivalent ions. For example
anion exchange on biopolymers occurs onto variety of organic-nitrogen-based groupings. In
proteins, amino, imidazole and guanidine groupings are common centers of positive charge.
Centers of positive charge in nucleic acids will occur with protonation of amino groups on purine
or pyrimidine rings or with protonation of heterocyclic nitrogen atoms. Polysaccharides as a group
are acidic or neutral macromolecules with basic functional groups being rare and arising as un-
acetylated amino-sugars. Chitin is the notable example where a proportion of glucosamine residues
are reportedly un-acetylated and which provides on deacetylation chitosan with a high proportion

of protonisable positive charge centers (Setshedi et al., 2010)

2.3.5 Factors affecting Biosorption
Knowledge of the factors that affect biosorption process is of importance to promote industrial

application since it gives a picture of the equilibrium process such that the equipment design will

11



be easy. There a number of factors that affect biosorption process and they include initial
concentration, pH, temperature, contact time, sorbent dosage and particle size.

The amount of anions adsorbed per unit mass increases with an increase in initial ion concentration.
This increase could be due to the increase in electrostatic interaction involving sites of
progressively lower affinity for ions. lons adsorbed increases with an initial concentration increase
since the ionic molecules migrates into macro and meso porous structure of the biosorbent at high
initial anion concentrations in aqueous environment (Pehlivan et al., 2008).

pH is also an important parameter that affect the solution chemistry of the anions, activity of
functional groups in the biomass and competition of the metallic ions .The sorption of anions
mainly occurs at lower pH values. Setshedi et al. (2010) highlighted that at low pH, high
electrostatic attractions are as a result of positively charged groups of the biomass™ surface and the
adsorbate which will be negatively charged. Hence pH affects the interactions of ions or species
in solution and the adsorbent sites by either protonation or deprotonation.

The extant of adsorption is proportional to the specific surface area which is defined as that of the
total surface that is available for adsorption. Thus the more finely divided and more porous is the
solid biosorbent the faster the rate of sorption (Park et al., 2002).

Generally ion uptake increases with an increase in contact time upto when a constant uptake is
attained. Initially ion removal is faster due to the availability of more vacant sites for sorption
process (Park et al., 2002).

Also temperature affects biosorption process. An increase in temperature results in increase in the
diffusion of the adsorbate across the external boundary layer and in the internal porous adsorbent

particle, since there will a decrease in solution viscosity (Setshedi et al., 2010).
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2.4 Mechanism of nitrate sorption by Brachystegia Spiciformis

Recently much have not been reported on the anionic removal from aqueous using Brachystegia
Spiciformis. Previously Chigondo et al. (2013) investigated the potential use of Brachystegia
Spiciformis in the removal of Zn?* ions from an aqueous environment. In their study the biosorbent
was found to be useful through electrostatic attractions between the sorbent and the Zn?* ions.
Moreover, quite a number of biosorbents were used utilized in the removal of nitrates from aqueous
solution. These involve sunflower seed hulls (Moyo et al., 2012), rice hulls (Shao et al., 2011) and
coconut pith (Namasivayam and Sangeetha, 2005). They found out that hydroxyl, amine, carboxyl,
and carbonyl groups were responsible for binding with the nitrate ions with the help of protons in
aqueous phase. Hence in this research such types of interactions are also expected to happen during
the nitrate sorption on to Brachystegia Spiciformis in acidic conditions.

2.5.0 Biosorbent characterization and nitrate determination in agueous solutions

Fourier transform infrared spectroscopy is a technique used for characterization of functional
groups in a given compound. Different analytical methods are employed for nitrate determination
in aqueous solution. Ultraviolet-visible spectroscopy and ion chromatography are widely used
(Narayana and Sunil, 2009; Lastra, 2003 and Yang et al., 2004).

2.5.1 Functional group determination

Fourier transform infrared spectroscopy technique is used for the determination of the functional
groups responsible for the sorption process. Adsorption in the infrared region occurs due to
vibrational and rotational motions giving rise to stretching and bending of molecular groups (Pavia
et al., 2007).

The pressed-disk is applied as a solid sample handling technique on fourier transform infrared

spectroscopy. The technique makes use of dry powdered potassium bromide or other alkali metal
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halides that is compacted under pressure to form a transparent disk. The sample is thoroughly
mixed with powdered KBr in the ratio 1:10 (Silverstein et al., 2005). Mixing is effected by grinding
in smooth agate mortar using a pestle after which the mixture is compacted under a pressure of
11000-14000 psi using a bolt while in a nut having one bolt in place until a transparent disk is
achieved. The transparent disk is referred to as the cell and the quality of spectrum depends on the
degree of mixing as well as particle size reduction to less than 2 um. The cell is analyzed on
calibrated spectrophotometer to promote appearance of bands at their appropriate frequencies.
Calibration is done using polystyrene film standards. Generally care must be greatly taken in cell
or disk handling, use of moisture free samples as well as prevention of contaminants such as
silicones that are difficult to remove and they give rise to strong absorption patterns. (Silverstein

et al., 2005).

2.5.2 Nitrate determination using ultraviolet visible spectrophotometer

Nitrate can be determined by coupling it to salicylic acid in concentrated sulphuric acid to produce
a nitro derivative. Sodium hydroxide is added to the mixture and results in a yellow colour. The
yellow colour is as a result of the rearrangement of the nitro derivative structure and it obeys the
Beer Lambert’s law which is states that absorbance is directly proportional to the concentration of
the analyte in a sample. Using an ultra-violet visible spectrophotometer the concentration of

nitrates is determined at a wavelength of 410 nm (Lastra, 2003; Yang et al., 2004).

2.6.0 Biosorption equilibrium models

Biosorption isotherm models closely describes the adsorption behavior of a adsorbate to the
adsorbent and the model has been applicable without exception The equilibrium biosorption
process is often described by fitting the experimental points with models usually for representation

of isotherm adsorption equilibrium. The widely used isotherms are:
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2.6.1 Langmuir

It is an isotherm that is used to describe the relationship between the adsorbed material and its
equilibrium concentration in solution (Dada et al., 2012; Oladoja et al., 2009). It works under the
assumption that the biosorbent homogenous surface that have identical sites are energetically
equivalent. It also assumes that adsorption occurs on open surface and molecules easily access the
adsorption site. Each vacant site carries equivalent number of adsorbed molecules and there will
never be any interaction between molecules of the adsorbate that occurs (Oladoja et al., 2009).

Langmuir is represented by a general mathematical relationship as shown by equation 2.1.

Qe = WPCe/ S @.1)

Where: C, is the concentration in ppm at equilibrium of the adsorbate,
Q. is the amount of the adsorbent at equilibrium in mg g,
b is the Langmuir isotherm constant in L mg?,
Qu is the maximum sorption capacity of the adsorbate in mg g
(Nidheesh et al., 2012; Das et al., 2008).
The characteristics of the Langmuir model can as well be expressed in terms of the equilibrium

parameter or separation factor, R;,, given by equation 2.2:

Where C; is the initial nitrate concentration in mgL™. If the R > 1, the isotherm will not be
favourable, if Ry, = 1, the isotherm will be linear, if Ry, = 0, the isotherm will be irreversible and

if 0 < Ry, < 1, the isotherm will be favourable (Samarghandi et al., 2009; Nharingo et al., 2013)
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2.6.2 Freundlich

Freundlich isotherm model works under the assumption that the adsorption process that takes place
on a heterogenous surface of adsorption capacity is related to the concentration of the adsorbent
(Oladoja et al., 2009). The Freundlich is represented by the mathematical relationship as shown

by equation 2.3.

Where: Q. is the amount adsorbed in mg g* at equilibrium,
C, is the equilibrium concentration of the adsorbate in mg g,
n is the adsorption intensity in g L™ and,
K is the adsorbent capacity in (mg g1)(L mg™)"

The value of n represents the parameter that characterize the quasi-Gaussian enegetic
heterogeneity of the surface of adsorption. Moyo et al. (2012) and Samarghandi et al. (2009)

highlighted that the adsorption intensity, n, should be within the range of 1 to 10 in order to the
classify the favorability of the adsorption process. Also the value of 1/rl should fall within the
heterogeinity range of 0.1 < 1/n < 1 for the sorption process to be favourable of the sorption
process (Moyo et al., 2012).

2.6.3 Dubinin-Radushkevich
It is an isotherm that estimates the biomass™ characteristic porosity as well as the energy of
adsorption (Ho et al., 2009; Itodo and Itodo., 2010). It is given by a mathematical expression as

shown by equation 2.4.
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Qe = Que Kad®® (2.4)

Equation 2.4 can be linearized to the form shown by equation 2.5.
InQe = InQu — 2BwRTIn |1+ 1/c | (2.5)
e

Where: Q. is the amount of the adsorbed nitrates at equilibrium in mg g2,
Qy is the adsorption capacity in mg g2,
C. is the nitrate equilibrium concentration in mg L™,
By is the adsorption energy constant in mol? ki and

R and T are the ideal gas constant (8.314 kJ mol! K1) and the temperature (298 K)
respectively (Oladoja et al., 2009).
The mean free energy is obtained from a mathematical relationship given by equation 2.6

(Nharingo et al., 2013).
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2.6.4 Temkin

Temkin isotherm estimates the heat of sorption and the indirect adsorbate-adsorbate interaction on
process of adsorption (Itodo and Itodo., 2010). It works under the assumption that heat of sorption
is linear and binding energy is uniformly distributed up to when a maximum binding energy is

attained (Vadi et al., 2011). It is given by a mathematical relationship as shown by equation 2.7.

Qe = RT/L In[KCel.oooiiiiiiiiiiiieeeeee, 2.7)

\%

Where: T is the absolute temperature (298 K),
R is the ideal gas constant (8.314 kJ mol* K1),
K, is the equilibrium binding constant (L mg™),
Q. is the amount adsorbed at equilibrium (mg g™2),
C, is the equilibrium concentration (mg L) and,

b, is constant that is related to the heat of sorption (kJ mol™).

2.6.5 Halsey

It is an isotherm that predicts multilayer adsorption (Oladoja et al., 2009). Equilibrium data fitting
to this model gives the heteroporocity of the surface of the adsorbent (Samarghandi et al., 2009).

It is given by a general mathematical relationship as shown by equation 2.8.

[[ln Knh—In Ce]/n]

Qe=cel (2.8)

Where: n and K;, are the exponent and adsorption isotherm constant respectively,
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Q. is the amount adsorbed during sorption in mg g and,

C, is the equilibrium concentration in mg L.

2.7 Advantages of biosorption

e Itinvolves use of unused biomass leading to it being very inexpensive to use.

e It has proved to be highly efficient for quite a number of contaminants in industrial
effluents for example removal of zinc ions from aqueous environment using Brachystegia
spiciformis (Chigondo et al., 2013) and well as rremoval of dyes from an aqueous
environments (Abdullah, 2005) .

e Minimization of chemical and biological sludge.

e Regeneration of biosorbent for reusability.

e Addition nutrient is usually not required since the biosorbent makes use of the functional
groups on its entire structure hence there will always be higher probability of anionic

recovery.

2.8 Desorption

Desorption is the detachment of adsorbed molecules or particles from a solid surface (Atkins and
de Paula, 2010). It is the opposite of adsorption. Anion elution is of importance to ensure
reusability of loaded adsorbent as well as recovery of adsorbed nitrates. Desorption studies also
gives an evidence if the nitrate loaded biosorbent can desorb the nitrates after having been used as
an organic fertilizer in agricultural fields Adsorbate by the ion exchange mechanism are desorbed
and the desorption of molecules that were once as a result of chemisorption is difficult (Yu et al.,
2007). Hence there is need for activation of particles from their foot of potential well that may

result in vibration of the physisorbed molecules or particles from being shaken off the surface of
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the substrate after a short period of time (Atkins and de Paula, 2010). This can be activated inform
of alkaline condition if the sorption process was well favored in acidic condition. The rate of

desorption of particles can be expressed as a percentage as shown by equation 2.9:
%age desorption = QdeS/Q g XL00% s (2.9)
aas

Where Qq4es and Q,q4s 1S the amount of particles desorbed and adsorbed respectively (Hale et al.,

2013; Namasivayam and Sangeetha, 2005 and Woo et al., 2008).
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CHAPTER 3
METHODOLOGY
3.0 Introduction
This chapter focuses on the procedure to be carried out in order to provide information by which
this research will be judged its validity. This include sampling, preparation and preservation,
characterization of the biosorbent as well as the sorption of the nitrates under different conditions.
It also addresses how desorption is carried out as well as sorption of nitrates from industrial effluent

under optimized conditions onto Brachystegia spiciformis leaf powder.

3.1 Sampling, preparation and preservation of biosorbent

Polythene bags were cleaned using tap water followed by cleaning three times with doubly distilled
water. The bags were allowed to dry at room temperature. Dark green coloured Brachystegia
spiciformis leaves were collected from Midlands State University field grounds. The leaves were
collected while in cleaned polythene bags that were repeatedly washed with distilled water to
remove dust as well as soluble impurities. The leaves were stored in a shade at room temperature
and were sun dried until crisp and were ground using a pestle and mortar and passed through a 250
pm particle size sieve. The powdery leaf form was repeatedly washed with distilled water so as to
remove colour and turbidity. The powder was oven dried at 92 °C until a constant mass was
attained. The powder was put in air tight bottles and stored in a desiccator for further use (Chigondo
etal., 2013).

3.2 Biosorbent Characterization

Fourier Transform Infrared Spectrometer (Nicolet 6700) was used for functional group
determination on Brachystegia spiciformis biosorbent. Three samples were prepared: (a) sample

of Brachystegia spiciformis before sorption, (b) sample after sorption and (c) after nitrate
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desorption. The pellet technique was used. Masses of 0.0500 g of the two powdered Brachystegia
spiciformis were mixed with 0.5000 g powdered potassium bromide. Effective mixing was done
by thoroughly mixing using a pistil and mortar and the mixture was transferred into the dry die
and pressure was applied onto the die using the bolt and spanner. The compacted transparent discs
were scanned from the range of 4000 cm™ to 400 cm™ on a Fourier Transform Infrared

Spectrometer. The spectra were recorded (Quasier et al., 2009; Chigondo et al., 2013).

3.3 Preparation of nitrate stock solution and calibration solutions

Nitrate solution of 1000 mg L was prepared by dissolving a mass of 1.6469 g potassium nitrate
that was obtained by calculation using the formula in Appendix A4 in 1000 ml distilled water. The
solution was diluted to 1000 ml volumetric flask mark using distilled water. From a 1000 mg L
stock solution, 100 mg L™! was prepared by pipetting 100 ml of the 1000 mg L™* stock solution into
a 1000 ml volumetric flask and diluted to mark using distilled water. Working standards of
concentrations of 5, 10, 20, 30, 40, 50 and 60 mg L™ were prepared from 100 mg L standard
solution (Chatterjee et al., 2008).

3.4 Preparation of 2 M, 0.05 M and 0.1 M NaOH solution

Concentrations of 2 M, 0.05 M and 0.1 M NaOH solutions were prepared according to the
procedure in Appendix Ab5.

3.5 Preparation of 0.05 M HCI solution

Concentration of 0.05 M HCI solution was prepared according to procedure in Appendix AS5.

3.6 Preparation of 5% (w/v) salicylic acid in concentrated sulphuric acid

A concentration of 5% (wi/v) salicylic acid in concentrated sulphuric acid was prepared according
to procedure in Appendix A6. The solution was transferred into a dark brown bottle for storage

(Lastra, 2003; Yang et al., 2004).
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3.7 Procedure for nitrates determination using an ultraviolet visible spectrophotometer
Volumes of 2.5 ml of sample solutions were thoroughly mixed with 0.8 ml of 5 % (w/v) salicylic
acid in concentrated sulphuric acid solution while in 50 ml Erlenmeyer flasks. After 20 minutes
volumes of 19 ml 2 M NaOH were added slowly at room temperature to each of the solutions.
Solutions were cooled to room temperature and the absorbances of the resultant yellow coloured
solutions were noted on an ultraviolet visible spectrometer set at a wavelength of 410 nm (Lastra,
2003; Yang et al., 2004).

3.8 Calibration of the ultraviolet-visible spectrophotometer (Shangai Youko Instruments
UV 752 PC)

The uv-vis was turned on and let to warm-up for 15 minutes. The wavelength was set at 410 nm.
The above procedure described in section 3.7 was used to obtain the absorbances of 0, 5, 10, 20,
30, 40, 50 and 60 mg L™ NOs N solutions.

3.9 Preparation of pH meter calibration buffer solutions

The pH calibration solutions were prepared using the formula in Appendix A7 (Chang and
Cruickshank, 2005; Silbereberg, 2009; Mohan, 2008 and De Lloyd, 2004).

3.9.1 pH 2 buffer solution

A volume of 30.6 ml of 0.1 M sodium citrate was pipetted into 100 ml volumetric flask and 0.1 M
HCI solution was added to 100 ml mark (Chang and Cruickshank, 2005; Silbereberg, 2009;
Mohan, 2008 and De Lloyd, 2004).

3.9.2 pH 4 buffer solution

A volume of 284.4 ml of 1 M acetic acid was measured and put into 500 ml volumetric flask. A

volume of 50 ml of 1 M NaOH will be added and the solution was diluted up to 500 ml mark with
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distilled water (Chang and Cruickshank, 2005; Silbereberg, 2009; Mohan, 2008 and De Lloyd,

2004).

3.9.3 pH 7 buffer solution

A volume of 62.5 ml of 0.1 M potassium dihydrogen phosphate was pippeted into 250ml
volumetric flask. A volume of 36.4 ml of 0.1 M NaOH was pipetted into flask and then diluted to
mark with distilled water (Chang and Cruickshank, 2005; Silbereberg, 2009; Mohan, 2008 and De
Lloyd, 2004).

3.10 Effect of pH on nitrate sorption

Volumes of 50 ml of 50 mg L nitrate solution was pipetted into twenty four labelled 250 ml
conical flasks and the solutions were adjusted to different pH in the range of 1-8 with 0.05 M
NaOH or 0.05 M HCI (Moyo et al., 2012; Chatterjee et al., 2008). Masses of 1.0000 g of
Brachystegia spiciformis powder were added into twenty four different flasks and were ran on a
rotary shaker set at 150 rpm for 24 hours. After agitation the mixtures were vacuum-filtered and
the filtrates were collected in well labelled 50 ml Erlenmeyer flasks. The procedure described

above in section 3.7 was used to determine the residual nitrate within the filtrates obtained.

3.11 Effect of contact time on nitrate sorption

Volume of 50 ml of 50 mg L? nitrate solution were placed into thirty nine labelled different
Erlenmeyer flasks. Masses of 1.0000 g of biosorbent were added into thirty nine Erlenmeyer flasks
containing the nitrates solutions. The mixtures were buffered at pH 4. The flasks were closed and
shaken on a rotary shaker at 150 rpm. Shaking time was varied between 0 to 140 minutes (0, 1, 2,
3, 4,5, 6, 10, 20, 50, 80 100, 120 and 140 minutes) and each flask was withdrawn after an

appropriate time had lapsed. After agitation the mixture were vacuum-filtered and the filtrates were
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collected in labelled 50 ml Erlenmeyer flasks. The procedure described above in section 3.7 was

used to determine the residual nitrate within the filtrates obtained.

3.12 Effect of Brachystegia spiciformis dosage on nitrate sorption

Volumes of 50 ml of 50 mg L nitrate solution were pipetted into twenty one 250 ml Erlenmeyer
flasks. The solutions were buffered at pH 4. The flasks were closed and shaken on a rotary shaker
at 150 rpm. Masses of 0.25, 0.5, 1.0, 1.5, 2.0, 2.5 and 3.0 g of Brachystegia spiciformis leaf powder
were weighed and placed into twenty one respective 250 ml Erlenmeyer flasks and each dose was
being represented by three flasks. The solutions were left to agitate at 150 rpm under an optimized
contact time of 30 minutes (Moyo et al., 2012; Chatterjee et al., 2008). After agitation the mixtures
were vacuum-filtered and the filtrates were collect into labelled 50 ml Erlenmeyer flasks. The
procedure described above in section 3.7 was used to determine the residual nitrate within the

filtrates obtained.

3.13 Effect of initial concentration on nitrate sorption

Volumes of 50 ml varying nitrate concentration of 5, 10, 15, 20, 25, 30, 35, 40, 45 and 50 mg L
were placed into thirty 250 ml Erlenmeyer flasks. The solutions’™ pH were adjusted to 4 and an
optimized mass of 1.5 g of the biosorbent obtained above was weighed and placed in thirty
different 250 ml Erlenmeyer flasks. The flasks were stoppered and allowed to agitate for 30
minutes (Chatterjee et al., 2008) at 150 rpm. After agitation the mixtures were vacuum-filtered
and the filtrates were collected in labelled 50 ml Erlenmeyer flasks. The procedure described in

section 3.7 was used to determine the residual nitrate within the filtrates obtained.
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3.14 Desorption

After the equilibrium study with an initial nitrate concentration 50 mg L™, nitrate-adsorbed
Brachystegia spiciformis was collected by filtration by thoroughly washing with distilled water.
Loaded biosorbent was transferred to different 250 ml Erlenmeyer flasks, each flask contained 50
ml distilled water and the pH was adjusted to 9.0, 10.0, 11.0, 12.0 and 13.0, having a single pH
represented by three 250 ml Erlenmeyer flask. The flasks were agitated at 100 rpm for 24 hours.
The procedure described in section 3.7 was used to determine the eluted nitrate within the filtrates
obtained. The desorbed nitrates from the Brachystegia spiciformis was calculated and expressed
as a percentage.

3.15 Sampling of Effluent Water

A 2000 ml plastic container was thoroughly cleaned with tap water followed by soaking in 10 %
H2SO4 for 24 hours and it was rinsed thrice with distilled water. Effluent water was collected from
a local fertilizer manufacturing company (Sable Chemical Industries Ltd). Figure 3.1 shows the
sampling point that was accessed during effluent water collection.

At the sampling point, the container was cleaned thrice with the effluent water. The container was
filled up to the brim with the effluent water using a scoop. The sample was taken to the laboratory

and stored in a refrigerator awaiting analysis.
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Figure 3.1: Sampling point of the water effluent

3.16 Treatment of the effluent water with Brachystegia spiciformis leaf powder

The optimum biomass determined in the batch experiment was weighed and placed into three 250
ml Erlenmeyer flasks. Volumes of 50 ml of effluent water were measured and placed into three
250 ml Erlenmeyer flasks and the solutions™ pH were adjusted to 4 using 0.05 M NaOH and 0.05
M HCI. To each 250 ml Erlenmeyer flask containing effluent water, a mass of 1.5000 g of the
Brachystegia spiciformis leaf powder was measured and added. The solutions were left to agitate
at an optimized contact time of 30 minutes (Chatterjee et al., 2008). After agitation the mixtures
were vacuum-filtered and the filtrates were collected in labelled 50 ml Erlenmeyer flasks. The
procedure described in section 3.7 was used to determine the residual nitrates within the filtrates

obtained.
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3.17 Data treatment

Analysis of samples and filtrates was done in triplicate and the average values were calculated.
The standard deviations of the results were calculated using the formula in Appendix A9 and were
presented in form of error bars on the experimental data obtained. All this was done using

Microsoft Excel.
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CHAPTER 4

RESULTS AND DISCUSSION

4.0 Introduction

This chapter reports the results obtained from characterization of Brachystegia spiciformis before
and after nitrate sorption and after nitrate desorption, optimization of pH, contact time, dosage and
initial concentration from synthetic water, the effectiveness of the desorption of nitrates from the
loaded Brachystegia spiciformis leaf powder as well as applicability of Brachystegia spiciformis
on industrial effluent water. The results are presented in form of tables and graphs. The adsorption
behavior between the nitrates and Brachystegia spiciformis leaf powder combination is described
by five sorption isotherm equations of the Langmuir, Halsey, Dubinin-Radushkevich, Temkin and

Freundlich models.

4.1 Characterization of Brachystegia spiciformis leaf powder

Fourier Transform Infrared Spectrometer (Nicolet 6700) was used in the characterization of leaf
powder before and after biosorption of nitrates as well as after nitrate desorption. Table 4-1 shows
the results obtained with their respective functional group assignments. There was a notable broad
band at wavenumber of 3393.33 cm™ that falls in the range 3300-3600 cm™ for the spectra of
Brachystegia spiciformis before sorption. The stretching motions of the N-H and O-H bonds
absorbs best in the range 3300-3600 cm™. After nitrate sorption there was a change in band position
from 3393.33 to 3418.33 cm showing that there was involvement of the amino and hydroxyl
groups during nitrate sorption since the band lost its initial intensity. Hence the likely reactions
between the lateral chain of the Brachystegia spiciformis leaf powder and nitrates that resulted in

change in band position are as shown by equations 4.1 and 4.2
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Table 4-1: Characterization of Brachystegia spiciformis leaf powder

Wavenumber / cm? Bond Functional References

Before After After Band Assignment group

Sorption sorption desorption position
(Silvestein

et al., 2005)

3393.33 3418.33 3418.68

2920.67 2921.32 -

1650.59 1651.08 1639.85

3200-3500

2500-3100

1650-1780

O-H and N-

Carboxylic Moyo et al.,

H stretching acid, amino 2012,

C-H

asymmetric

stretching
vibration,

O-H

>C=0
stretching
-C-C=C-
symmetric

stretch

Chigondo et
al., 2013
methyl, Yuetal.,
methylene 2007,
and Chigondo et
methoxy al., 2013,
groups,
carboxylic
acid
Carboxylic  Yuetal,
acid, 2007
carbonyl,
Alkenes,
aromatic

alkenes
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BSp — OH (aq) + Haq) + NO3aq) = BSp — OH3 - NO3gy.vvveennnn. 4.1

BSp — NHy(aq) + Hag) + NO3(aq) = BSp — NH3 - NO3(g).oooeoniinnn, (4.2)
Where: BSp represents the Brachystegia spiciformis lateral chain and

(--+) is the electrostatic attraction between the nitrate and the functional group.
After desorption there was a slight change from the spectra after sorption of nitrates. The band
position slightly changed from 3418.33 to 3418.68 cm™, which was not significant. However the
biosorbent failed to retain to its original band position of 3393.33 cm™ and it shows that the
bonding was irreversible at this particular active groups (hydroxyl and amine) due to the nitrates
that might have been chemisorbed.
Bruce (2007) stated that the range 2500-3100 cm™ corresponds to the absorption due to O-H
stretching of the carboxylic group and C-H stretching vibration of alkanes, methylene and methoxy
groups. Hence the band at 2920.67 cm before nitrate sorption could be due to O-H group of the
carboxylic group. After nitrate sorption there was a change from 2920.67 to 2921.32 cm™ and this
might be due to O-H group that was involved in the nitrates being involved in electrostatic
attraction. This is explained by chemical equation 4.3.
BSp — COOH aq) + H{;qy + NO3(,q) = BSp — COOHZ - NOZgy..o.vevennnn. (4.3)

After desorption the band disappeared and failed to retain back its original band position. This was
maybe due to the nitrates that were also chemisorbed.
The band at 1650.59 cm falls in the range 1650-1780 cm™ and it corresponds to >C=0 stretching
of either carboxylic or carbonyl groups, -C=C- and =C-H stretch of alkenes. After sorption of
nitrates the band lost its intensity and changed to 1651.08 cm™. This might be due to >C=0
stretching vibrations of the carboxylic acid as a result of electrostatic attractions that occurred

between the hydrogen on carboxylic acid and oxygen of the nitrate. Hence the >C=0 of the
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carboxylic might have contributed much in band shifting. After desorption the band position
changed from 1651.08 to 1639.85 cm™. The band at 1639.85 cm™ is within in the range of 1560-
1640 cm™* which corresponds to the N-H stretching vibrations of the primary amines. This shows
that the nitrates adsorbed were further converted to amines under alkaline conditions and were
difficult to desorb.

The band before nitrate sorption at 1383.01 cm™ is contained in the region 1300-1400 cm™. It
corresponds to C-N stretching vibrations and N=0 bending of the tertiary amino and nitro groups
respectively. After nitrate sorption there was no significant change in band position hence none
was involved in nitrate sorption. After desorption there was no significant change in band position
(1384.10 cm™) but rather kept with the range limits (1300-1400 cm™) with which the tertiary and
nitro groups are contained.

The band at 1284.70 cm™ falls in the range 1050-1300 cm™ corresponds to C-O stretching of
primary and secondary alcohols as well as carboxylic acids. After nitrate sorption, the band lost its
intensity and changed to 1162.40 cm™. This as well indicates that there was binding of the nitrates
with the carboxylic and hydroxyl groups of the alcohols. After desorption the band further lost its
intensity and disappeared. At this particular active groups the nitrates might have been
chemisorbed and however failed to retain back to its original functional group characteristics
before biosorption of nitrates. This could have been necessitated by the chemisorbed nitrates.
The band at 1070.79 cm™ corresponds to the C=0 stretching of the carboxylic acid that falls in
range 1050-1300 cm™. Its intensity changed and shifted to 1062.07 cm™ after nitrate sorption
showing its participation in sorption process. After desorption the band lost its intensity and

changed to 1032.79 cm showing that it failed to retain to its original form.
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The above information shows that the amine, carboxylic and hydroxyl might be the functional
groups involved during the sorption of nitrates by the Brachystegia spiciformis. Similar functional
groups were previously reported by Yu et al. (2007), Kaesarn et al. (2008) and Chigondo et al.
(2013) and Moyo et al. (2012). Figure 4.1 shows the FTIR spectrum obtained for Brachystegia

spiciformis before and after biosorption respectively.

rachystegia
spiciformis after
nifrate desorption

569 .26

Brachystegia
spiciformis after
nifrate sorption

%% Transmittance
=)

1630.584651.08

18.68 BE418.33
1421.93
1070.732

rachystegia
spictformis before
nitarte sorption

1650.59

292067
1446 .06

[yl
(]
[y
[u]
(]
[u]

4000 3500 3000 2400 2000 1500 1000 500

Wavenumbers (cm-1)

Figure 4.1: FTIR spectra of Brachystegia spiciformis leaf powder

4.2.0 Factors that affect nitrate sorption
Different factors that affect nitrate sorption were investigated. These included pH, contact time,
biosorbent dosage and initial concentration. The values of C; and C, for a specific parameter are

shown in Appendix B and the values of Q. and R% are calculated as well using the formulae
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shown in Appendix A8. The standard deviation was also calculated and the reliability of the results

was determined. Formula for the standard deviation is shown in Appendix A9.

4.2.1 Effect of pH on nitrate sorption

Generally pH affects the activity of functional groups on the cell wall, chemistry of ions as well
as the competition of ions for the binding sites. From figure 4.2 there was an increase in pH from
2-4 with an increase in nitrates uptake by the Brachystegia spiciformis. A further pH increase
beyond pH 4 resulted in sudden decrease in nitrates removal. At low pH, more protons were ready
for protonation of the Brachystegia spiciformis™ surface and slightly below pH 4, approximately
more than 93% of the active sites were protonated. Thus an increase in electrostatic attractions
between negatively charged nitrates and the positively charged active groups of the sorbent
resulted in increased nitrate uptake. The chemical equation 4.2 is the likely equation for the
sorption of nitrates and lateral Brachystegia spiciformis adsorption sites under acid condition.
Beyond pH 4 all the active groups remained protonated (Guibal, 2004) and there was a decrease
in electrostatic attractions between positively charged groups of the Brachystegia spiciformis with
negatively charged nitrates. Hence there was less nitrate adsorption. As pH increased to 8,
hydroxide ions increased in solution and led to deprotonation of the active groups (amine groups)
of the sorbent. Deprotonated groups and negatively charged nitrates caused a repulsive effect
thereby reducing the adsorption capacity (Chatterjee et al., 2009). The same trend was observed
for the removal of nitrates (Moyo et al., 2012; Chatterjee et al., 2009) and orange 16 reactive dye

(Suteu et al., 2011) from aqueous environment using sunflower seed husks.
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Figure 4.2: Effect of pH

4.2.2 Effect of contact time on nitrate sorption

Contact time is also one of the factors that affects the sorption process. It gives the minimum time
required for adsorption process to occur as well as the control mechanism that takes place between
nitrate ions as they move within the flow system. This parameter was investigated using the initial
nitrate concentration of 50 mg L™ with the sorbent dosage of 1.0000 g at pH 4 over a period of
140 minutes. From figure 4.3, there was a sudden increase in uptake of nitrates and decreased
slowly with time until it became constant after 20 minutes. Initially the Brachystegia spiciformis
sites were unoccupied and gave rise to an increase in sorption rate due to the higher diffusion of
nitrates from the nitrate solution to the Brachystegia spiciformis sites. There were less number of
vacancies or adsorption sites on the adsorbent and resulted in the diffusion gradient being
decreased hence sorption rate decreased as time progressed until the equilibrium point was attained
at 20 minutes. Beyond 20 minutes the sorption rate became zero (Nharingo et al., 2013) and

approximately all the adsorption sites were occupied.
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To ensure that equilibrium was well attained, agitation time of 30 minutes was used throughout
this study. Similar trend was also observed from other findings that focused on cationic or anionic
removal using different biosorbents (Chatterjee et al., 2008; Suteu et al., 2011 and Nharingo et al.,
2013).
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Figure 4.3: Effect of contact time

4.2.3 Effect of Brachystegia spiciformis dosage on nitrate sorption

Effect of Brachystegia spiciformis dosage on the removal of nitrates is as shown in figure 4.4. At
initial sorbent dose the nitrate uptake remained almost constant and latter decreased as the dose
increased. The constant uptake was as a result of the active sites which were sufficient for the

nitrates that were present.
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Beyond a 0.25 g dose, there was a decrease in amount of nitrates adsorbed with an increase in
Brachystegia spiciformis dosage. This was mainly due to adsorbent overlapping sites that caused
a decrease in total adsorbent surface ready for biosorption. According to Rajamohan (2009) a
decrease was as a result of the solute transfer rate of the sorbent’s surface being splitted as the
dosage increased. Also Nharingo et al. (2013) highlighted that according to the calculation formula
of the amount of nitrates adsorbed, Q., the trend was as a result of rapid increase in dosage, m, so

much that it overweighed the increase in nitrates adsorbed on sorbent’s surface v[C; — C.].

3.50
65
1i11 3.00
55 J_J.J_J_
I 2.50
B 45 - % age
é removal 500 g
) Qe / mglg S
[¢B) 35 'y \w
i T 150 o
= I
&, 25 ! 1.00
©
O\O -
15 : 0.50
5 U 0.00
0.00 0.50 1.00 1.50 2.00 2.50 3.00
dosage / g

Figure 4.4: Effect of dosage on nitrate sorption

Figure 4.4 also shows an increase in the percentage removal of nitrates from 5.79 % to 66.92 % as
the dosage increased from 0.05 g to 1.5 g and after which a constant trend was attained. The
percentage increase was due to the presence of active groups that were ready for adsorption.

Beyond a 1.5 g dose, no further increase in percentage removal was observed since the nitrates
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were a limiting factor. Similar trend was observed from other research findings (Nharingo et al.,
2013; Chatterjee et al., 2009 and Moyo et al., 2012).

4.2.4 Effect of initial concentration on nitrate sorption

The effect of nitrate initial concentration was investigated under optimized conditions of pH 4, 30
minutes contact time and a dosage of 1.5 g. Figure 4.5 shows the effect of initial nitrate
concentration on nitrate sorption. Nitrates movement from the bulk solution to the Brachystegia
spiciformis increased with an increase in diffusion gradient as the nitrate initial concentration
increased from 5 mg L* to 40 mg L. This was as a result of an increase of nitrates migration into
the vacant biosorbent sites at high initial nitrate ions concentration. Beyond a 40 mg L*
concentration the uptake became almost constant since enough sites were fully occupied by the
nitrates. This was also the similar case for Helianthus annuus when used for the removal of nitrates
(Moyo et al., 2012) and Orange 16 reactive dye (Suteu et al., 2011) from aqueous solutions.
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Figure 4.5: Effect of initial concentration
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4.3.0 Adsorption isotherms of nitrate onto Brachystegia spiciformis leaf powder

Adsorption isotherms describes the adsorbate’s interaction with the adsorbent. The equilibrium
studies determine the nature the mechanism of adsorbate and adsorbent’s interactions through
sorption parameters evaluation. The relationship between the sorbed nitrates and the equilibrium
was described by the Langmuir, Halsey, Dubinin-Radushkevich, Temkin and Freundlich models.
The calculations on the constants and other parameters as well as the data used to come up with
the isotherm models plots are shown in Appendix C.

4.3.1 Langmuir

It is represented by a general mathematical relationship as shown by equation 2.1.

The model can be linearized to the form shown by the equation 4.1.

C
Qe = My Cet pQuyeeeereeee e (4.1)

Where: C, is the concentration in mg L™ at equilibrium of the nitrates,
Q. is the amount of nitrates adsorbed in mg g2,
b is the Langmuir isotherm constant in L mg?,

Qu is the maximum sorption capacity of the adsorbate in mg g
Figure 4.6 shows a plot of Ce/Q against C.. From the plot of the Langmuir isotherm, the
e

correlation coefficient, R? is 0.9692 showing that the isotherm describes the sorption of nitrates by
Brachystegia spiciformis. The slope of the graph is 0.6136. This implies that the maximum
sorption capacity, Qy, of the Brachystegia spiciformis for the nitrates was 1.6297 mg g*. The
value obtained for the Langmuir isotherm constant, b, (0.09233 L mg) was less than 0.1 L mg™.
This implies that there was less surface energy within the sorption process (Sajidu et al., 2006).
This indicated that there were high chances of having the nitrates ions bonding onto Brachystegia

spiciformis sites (Chigondo et al., 2013). The possibility of adsorption of the nitrates onto the
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Brachystegia spiciformis was also investigated using the separation factor, R;, that was found to
be 0.1781 L mg*. The separation factor falls within the favorability of sorption range of 0 < R, <

1 (Samarghandi et al., 2009; Nharingo et al., 2013).
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Figure 4.6: A linearized plot of the Langmuir model

4.3.2 Halsey
The generalized form of the Halsey is as shown by equation 2.8 (Samarghandi et al., 2009).

The model can also be given by a linearized mathematical relationship as shown by equation 4.2

Qe =1/nInKy = YaInConrvvveeeeeeeoeee ) (4.2)
Where: n and K, are the exponent and adsorption isotherm constant respectively,

Q. is the amount of nitrates adsorbed in mg g and,
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C, is the equilibrium constant in mg L.
Figure 4.7 shows a plot of In Q. againstln C.. The equilibrium data fitted the Halsey isotherm
model with the correlation coefficient, R?, being 0.9686. This however gives the evidence that
there were higher chances of multilayer sorption and the heterogeneity of the Brachystegia
spiciformis. The sorbent had macro pores and micro pores might have been used for nitrate

sorption.

0.20
0.00
-0.20
-0.40
-0.60

InQ,

In Q.= 0.6302In C, - 1.7345
-0.80 R2?=0.9686

-1.00
-1.20

-1.40

0.7 1.2 1.7 2.2 2.7

In C,

Figure 4.7: Plot of equilibrium data for Halsey isotherm model
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4.3.3 Dubinin-Radushkevich

The isotherm is given by a general mathematical expression as shown by equation 2.4 and it can

be linearized to the form shown by equation 4.3.
InQe = InQu — 2BwRTIn |1+ 1/c | (4.3)
e

Where: Q. is the amount of the adsorbed nitrates at equilibrium in mg g,
Qy is the adsorption capacity in mg g2,
C. is the nitrate equilibrium concentration in mg L™,
By is the adsorption energy constant (mol? kJ2) and
R and T are the ideal gas constant and the temperature (K) respectively.

(Oladoja et al., 2009).

Figure 4.8 shows a linear plot of In Q.against In [1 + 1/Ce] having Byy as the slope and In Qv as
the intercept. From the graph, the slope (also adsorption energy constant, Byy) obtained was 0.0008
mol? kJ2 and the correlation coefficient, R2, being 0.9683. The R? value indicates that the model
fits the equilibrium data. The isotherm also shows that the adsorption capacity, Qv was 1.2006

mg g. The mean free energy was obtained from a mathematical relationship given by equation

44.
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Where Byy is the adsorption energy constant (Nharingo et al., 2013). The value of the mean free
energy, Eyw was 24.2667 kJ mol™ and it falls in the region of 20 kJ mol of the enthalpy change
of physisorption (Atkins and de Paula., 2010). The enthalpy change was not enough to promote
bond breakage and the adsorbate might have retained its originality although the surface might
distort it (Atkins and de Paula., 2010). Chowdhury and Saha (2012) reported the mean free energy,
Ew ranging from 13.52 to 15.67 kJ mol™* after the sorption of methylene blue dye using hen
feathers.
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Figure 4.8: A linearized plot of the Dubinin-Radushkevich model
4.3.4 Temkin

The model is given by a general mathematical relationship as shown by the equation 2.7 and can

be linearized to the form shown by the equation 4.5.

Where: T is the absolute temperature (298 K),
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R is the ideal gas constant (8.314 J mol* K1),

K, is the equilibrium binding constant in L g,

Q. is the amount of nitrates adsorbed at equilibrium in mg g*
C, is the equilibrium concentration in mg L and,

b, is constant that is related to the heat of sorption (kJ mol™)

Figure 4.9 is a plot of In C, against Q.having the correlation coefficient of 0.9792. This gives an
indication that the adsorption sites were occupied by the nitrates before the less energetic ones
(Nharingo et al., 2013). The heat of sorption constant, b; and the intensity of sorption, K;, were
obtained as 6.7380 kJ mol™ and 0.9999 L g respectively. The value of b, falls within range of
bonding energy for ion-exchange, 6 — 15 kJ mol™, hence ion exchange mechanism was involved

during nitrate sorption onto Brachystegia spiciformis leaf powder (Ho et al.,1995).

1.00
Q. =0.3677In C, - 0.0516
0.90 R?=0.9792

0.80
0.70
< 0.60
0.50
0.40
0.30

0.20 |
0.7 1.2 1.7 2.2 2.7 3.2

In C,

Figure 4.9: A linearized plot of the Temkin model
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4.3.5 Freundlich
The model is represented by the mathematical relationship shown by equation 2.3.

The equation is linearized to the form shown by equation 4.6.

108[Qe] = 10g[Kp] + L/0108[Ce] e eeeeeeeeeeeeioiieeeeeeee, (4.6)

Where: Q. is the amount adsorbed in mg g at equilibrium
C, is the equilibrium concentration of the adsorbate in mg L,
n is the adsorption intensity in g L™ and,

K is the adsorbent capacity in (mg g1)(L mg™)".
Figure 4.10is a plot of log[Q.] against log[C,] having log[K] and n as the intercept and reciprocal
of the slope respectively. The equilibrium data fitted the isotherm model with the correlation
coefficient, R?, being 0.9686. The R? value shows that the sorption process was fairly
heterogeneous resulting in the isotherm model fitting well or being more applicable for the sorption
of nitrates using Brachystegia spiciformis. The value of Ky, adsorbent capacity measure was
calculated from the intercept and obtained as 0.1765 mg g*. Also the value of 1/rl being 0.6302
was obtained as the slope and it falls within the heterogeneity range of 0.1 < 1/rl <1 and thus it
points to the favourability of the sorption process (Moyo et al., 2012). Also the value of n being
equal to 1.5868 g L was calculated as the reciprocal of the slope and indicates that the process is
less heterogeneous although it is within the range (1< n < 10). This was the case for Moyo et al.

(2012) on the nitrate sorption using Helianthus annuus.
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Figure 4.10: A linearized plot of the Freundlich model

Table 4.2 shows the parameters obtained after having plotted the sorption isotherm models.

Table 4-2: Sorption isotherm models with their respective parameters

Isotherm Model Parameter Value
Freundlich Kg (mg gh)(L mg™h)" 0.1765
n (gL 1.5868

R? 0.9686

Langmuir Qm (Mg g™?) 1.6297
b (L mg™) 0.0923

R2 0.9692

R.(L mg™) 0.1781

Temkin K¢ (L gD 0.9999
by (kJ mol™) 6.7380

R? 0.9792
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Dubinin-Radushkevich B,y (Mol?kJ?) 0.0008

E,, (kJ mol?) 24.2667

Qu (Mg g 1.2006

R?2 0.9683
Halsey Ky(L mg?) 0.063781
n 1586798

R2 0.9686

4.4.0 Desorption Study
Desorption study was done and verified by studying at a wide range of alkaline conditions. After
desorption, Brachystegia spiciformis was characterized using a Fourier Transform Infrared

Spectrometer.

4.4.1 Variation of percentage desorption with pH

Desorption study was done at pH ranging from 9 to13. The percentage of desorbed nitrates from
the Brachystegia spiciformis was calculated using the formula in Appendix A8 (Namasivayam and
Sangeetha, 2005; Woo et al., 2008).

Figure 4.11 shows a variation of pH and the percentage of the nitrates desorbed. The amount of
nitrate desorbed from the loaded Brachystegia spiciformis increased with an increase in pH to
more alkaline pH condition. Maximum desorption percentage of 91.26 % was attained at pH 11.
This indicated that electrostatic interaction predominantly played an important role between the
nitrate and Brachystegia spiciformis (Namasivayam and Sangeetha, 2005; Chatterjee et al., 2009).

Also from the effect of pH and desorption studies gives an evidence that chemisorption as well as
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the ion exchange mechanism are the keys to the process of adsorption (Namasivayam and
Sangeetha, 2005). This can however be supported by chemical equations 4.4 and 4.5.
BSp — COHJ(,q) + NO3(5q) = BSp — CNO3() + Hp0(1) oo 4.4)
(chemisorption)
BSp — COHaq) + NO3(,q) = BSp — CNO3(aq) + OH{pg) wvevvvevevennnns (4.5)

(ion exchange)
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Figure 4.11: Nitrate desorption ratio from the loaded Brachystegia spiciformis at different pH

condition.

4.5 Industrial effluent water analysis

The effluent water was filtered and analyzed for nitrates. The effluent water samples were
optimized to pH 4 and were exposed to optimum Brachystegia spiciformis dosage of 1.5 g and
were left to agitate on a rotary shaker for 30 minutes. The industrial water effluent was found to
have an average concentration of 36.871 mg L*and it was below 45 mg L™* of the WHO acceptable
limits. Brachystegia spiciformis was exposed to the effluent and the concentration decreased to

19.913 + 1.454 mg L* and the amount of nitrates adsorbed was 0.5653 mg g*. However the
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calculated maximum sorption capacity,Qy, (1.6297 mg g*) of the Langmuir model was not
attained and it was necessarily due to the interfering ions within the industrial water effluent which

were competing for sorption sites with the nitrates.
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CHAPTERS
CONCLUSION AND RECOMMENDATIONS

5.1 Conclusion
Brachystegia spiciformis leaf powder has been identified to be an effective biosorbent in nitrate
removal from an aqueous environment. The fourier transform infrared spectrometry revealed that
amine, hydroxyl and carboxylic groups took part in nitrate sorption on to the Brachystegia
spiciformis. The biosorption of nitrates depended on optimum pH of 4, contact time of 30 minutes
and an optimised dosage of 1.5 g. The equilibrium data best fitted the Temkin isotherm (R? =
0.9792). The data also fitted to Langmuir, Halsey, Debinnin- Radushkevich and Freundlich models
with correlation coefficient (R?) values of 0.9692, 0.9686, 0.9683 and 0.9686 respectively. The
adsorption intensity, n, (1.5868 g L) derived from Freundlich confirmed the sorption favorability.
Debinnin- Radushkevich and Temkin models proved that the sorption of nitrates by the
Brachystegia spiciformis was physisorption and endothermic in nature. Halsey model revealed that
multilayer sorption process occurred on heterogeneous surface that had macro and micro pores.
The Brachystegia spiciformis leaf powder was applicable to the industrial water effluent and the
amount of nitrates adsorbed was 0.5653 mg g*. The desorption percentage was 91.26 % and was
attained under alkaline condition of pH 11.
5.2 Recommendations

e The Brachystegia spiciformis leaves can be used for nitrates removal from waste waters

without chemically modifying.
¢ Investigation on the effects of interferences and the kinetics during nitrate sorption onto

Brachystegia spiciformis should also be explored.
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e Further studies should be carried out to synthesize an organic fertilizer from the
Brachystegia spiciformis droppings (leaves) after having loaded them with nitrates from

industrial waste waters so that they can be used in agricultural fields.
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APPENDIX A

Al Apparatus

APPENDIX

Polythene bags, 250 pm sieve, pestle and mortar, 2000 ml plastic container, Whatman filter papers,

spatula, 50 ml, 100 ml and 1000 ml volumetric flasks, desiccator, 1ml, 10ml and 20 ml graduated

pipettes, burette, wash bottle, vacuum filtration flasks, Buchner funnels, 50ml and 250 mi

Erlenmeyer flasks, retort stand and beakers.

A2 Reagents

Table A-1: Reagents used

Chemical Name Chemical Formula Manufacturer Concentration

Salicylic acid C7HgOs Rochelle 138.13 g mol*!

Potassium nitrate KNO3 Alpha Chemika 101.1 g mol

Sodium hydroxide NaOH Associated Chemical 40 g mol?
Enterprises

Hydrochloric acid HCI Scientific Masters 32%

Sulphuric acid H2S04 Glassworld 98%

Sodium citrate CH3COONa Cosmo Chemicals 82.034 g mol™

Potassium KH2PO4 Associated Chemical 136.09 g mol*

dihydrogen Enterprises

phosphate

Acetic acid CH3COOH Skylabs 65.05 g mol*

Potassium bromide KBr Buck Scientific 119.01 g mol*t
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A3 Instrumentation

Table A-2: Instrumentation used

Instrument Name Model Manufacturer Use in project
Digital analytical GA110 OHAUS Accurate mass
balance measurements
Mechanical shaker HY-4 Griffin Shaking of samples
Oven DHG-9070A Labcon Drying of samples
pH meter BT-675 Boeco Germany pH measurement
Hot plate MSH 10 Labcon Sample heating
Ultra-violet visible UV 752 PC Shangai Youko Nitrates
spectrometer Instruments quantification
Fourier Transform Nicolet 6700 Thermoscientific Functional group

Infrared spectrometer

determination on
Brachystegia
spiciformis leaf

powder
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A4 Stock and calibration solutions preparation

Preparation of 1000 mgL™ nitrate stock solution was done using the following formula
MrkNos) 100
mass of KNO; (g) = 1gx ' S/Mr(Nog) x 199/

Where: t is the purity,

M kno,) IS the relative molecular mass of potassium nitrate and,

M;(no3) is the relative molecular mass of the nitrate.
The mass of 1.6469 g calculated was transferred to 1000 ml a volumetric flask and was filled up
to mark with distilled water to come up with 1000 mg L.
Calibration solutions were prepared from 1000 mg L™ stock solution using the following formula:

C.V; =GV,

Where C; and C, are the initial and final concentrations respectively and V; and V, are the initial
and final volumes respectively. Concentrations of 5, 10, 20, 30, 40, 50 and 60 mg L for nitrate
calibration solutions were prepared.
A5 Preparation of 0.05 M HCl and 2 M, 0.1 M and 0.05 M NaOH solutions

A concentration of 0.05 M HCI was prepared basing on the following formula:

volume to collect of 32 % HCI = x x 100/y X Mr/p

Where: x is the molarity to be prepared,

y is the percentage of the stock solution,

M, is the relative molecular mass of HCI and,

p is the density of HCI.
A solution of 2 M NaOH was prepared by dissolving 40 g of NaOH in 500 ml distilled water.
Solutions of 0.1 M and 0.05 M NaOH were prepared in 100 ml volumetric flask from 2 M solution

using the following formula:
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CiVi =GV,
Where C; and C, are the initial and final concentrations respectively and V; and V, are the initial
and final volumes respectively.

A6 Preparation of 5% (w/v) salicylic acid in concentrated sulphuric acid

A mass of 5.0000 g of salicylic acid was dissolved in concentrated sulphuric acid up to a 100 ml
mark of a volumetric flask.

AT Preparation of pH meter calibration solutions

pH buffer 2, 4 and 7 were prepared basing on the Henderson-Hasselbalch equation which is given
by a general mathematical relationship as:

conjugate base
PH = pK, + log([ e ]/[acid])
A8 Formulae used in calculation of the amount adsorbed (Q.), percentage removal and the

desorption percentage

Q. = [ 7 €)X V/ | and R = 10016~ Cel/

i
Where:  C; is the initial nitrate concentration (mg L),
C, is the equilibrium nitrate concentration (mg L),
R% is the percentage removal of nitrates at equilibrium,
v is the volume (L) and,

m is the mass (g)
%age desorption = QdeS/Q i X 100%
aas

Where:  Qges is the amount of nitrates desorbed (mg L) and,

Q.45 is the amount of nitrates adsorbed (mg L™?)
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A9 Statistical Treatment of Data

The following formula was used for the determination of standard deviation (sd)

Sd:Jﬂx—x)z/n_l

ey

Where x,%, nand n — 1 is the sample result, sample mean, sample size and degrees of freedom

respectively.
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APPENDIX B: Batch Experiments

Calibration data

Table B-1: Calibration data

Concentration / mg L Absorbance
0 -0.001
5 0.038
10 0.080
20 0.163
30 0.249
40 0.329
50 0.381
60 0.500
0.60
050 y = 0.0081x - 0.001
2 =
0.40 R2=0.9962
3
S 0.30
o)
S
2 0.20
<
0.10
0.00
) 10 20 30 40 50 60
-0.10

Figure B.1: Calibration curve

Concentration / mg L
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Table B-2: Effect of pH on nitrate sorption at a contact time of 24 hours

pH Ci/ Dosage Ce,/ Ce,/ Ce,/ ee! Standard Q. /
mg L1 /g mgL! mgL! mgL?! mgL? Deviation mgg?
2 47303 1.0011 23.385 23196 25.643  23.921 +0.134 1.201
3 47303 1.0005 26.554 22.713 22.341  22.527 +0.063 1.239
4 47303 1.0006 21.653 21.783  25.258  21.718 +0.092 1.279
5 47303 1.0013 28.343 28.910 29.260  29.085 +0.131 0.911
6 47303 1.0010 29.701 30.192 29.431  29.566 +0.091 0.887
7 47303 1.0011 32143 32106  32.353  32.125 +0.026 0.759
8 47303 1.0011 32.697 34831 32488  32.593 +0.148 0.736
Table B-3: Effect of contact time on nitrate sorption at pH 4
Time/ C;/ Dosage C,/ Ce,/ Ce,/ eave! Standard  Q./
minates mg L* /g mgL? mgL! mgL! mgL?! deviation mgg?
0 50.802 0.0000 50.802 50.802 50.802 50.802 +0.000  0.000
1 50.802 1.0014 41.006 41532 41.365 41.301 +0.118 0.475
2 50.802  1.0000 41.296 38.432 39.465 39.731 +0.188  0.554
3 50.802 1.0002 36.981 36.230 36.250  36.487 +0.014  0.716
4 50.802  1.0002 35.751 35.822 35.815 35.796 +0.005  0.750
5 50.802 1.0006 32.450 33.993 34.006 33.483 +0.009  0.866
6 50.802 1.0002 27.136 27.854 27.633 27.541 +0.156 1.163
10 50.802 1.0001 15.289 15.261 14996 15.182 +0.020 1.781
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50.802

50.802

1.0003

1.0003

1.0000

1.0002

1.0003

12.770

13.920

14.153

15.983

15.843

12.869

13.874

14.072

16.112

16.001

13.067

14.032

14.261

15.971

15.982

12.902

13.942

14.162

16.022

15.942

+0.070

+0.032

+0.057

+0.008

+0.013

1.895

1.843

1.832

1.739

1.743

Table B-4: Effect of Brachystegia spiciformis dose on nitrate sorption at pH 4 and contact time

of 30 minutes

Dose/ C;/ Ce,/ Ce,/ Ce,/ eave! Standard  Q./ %age
g mgL* mgL?! mgL! mgL! mgL?! deviation mgg? removal
0.0504 49.998 46.789 47945 46.573 47.102  +0.152 2.896 5.79
0.1006 49.998 43.997 44332 44.088 44139 +0.173 2.930 11.72
0.1503 49.998 41.445 41678 41.081 41379 +0.164 2.873 17.06
0.2003 49.998 38.267 38.402 38.524 38.398 +0.128 2.900 23.20
0.2502 49.998 35.623 35.602 35.613 35.613 +0.010 2.877 28.77
0.5003 49.998 25.872 25973 25.706 25.851 +0.134 2.415 48.30
1.0004 49.998 18.640 18.413 18522 18525 +0.113 1.573 62.95
1.5003 49.998 16.700 16.403 16.513 16.539 +0.150 1.115 66.92
2.0003 49.998 16.417 16.400 16.412 16.409 +0.008 0.840 67.18
25002 49.998 16.500 16.555 16.531 16.529  +0.028 0.669 66.94
3.0002 49.998 16.230 16.330 16.216 16.259  +0.062 0.607 67.48
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Table B-5: Effect of initial concentration on nitrate sorption at pH 4, contact time of 30 minutes

and dosage of 1.5 ¢
Theoretical Measured Dosage  C,,/ Ce,/ Ce,/ Ce,,./ Standard Q./
C/mgL! Ci/mgL? /g mgL? mgL! mgL! mgL?® deviation mgg?
5 5.033 15006 0.015 0.017 0.016 0.016 +0.001  0.166
10 10.009 1.5004 2437 2427 2433 2432 +0.005 0.252
15 15.003 1.5004 3.672 3.681 3.677 3.677 +0.005  0.377
20 20.067 15003 6.165 6.259 6.251  6.258 +0.005 0.458
25 25.033 15005 7.458 7472 7463 7.464 +0.007  0.584
30 30.003 1.5004 9.337 9.341 9303 9.327 +0.020  0.689
35 34.974 1.5007 9.875 8988 9435 9.655 +0.098  0.845
40 39.945 1.5003 10.996 10.907 10.956 10.953 +0.044  0.968
45 45.033 15002 15.311 15.331 15334 15326 +0.012 0.989
50 50.039 1.5004 19.997 20.010 20.009 20.005 +0.007  1.000
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APPENDIX C: Equilibrium sorption data and calculations
Langmuir isotherm

bC
Q. = °/1 +be,

The linearized equation is as follows:

Ce/ _
/.= Maw-Ce + Hnqy

e

Where: 1/QM and 1/bQM is the slope and the Ce/Qeintercept respectively.

But the linearized equation on Ce/Q against C, plot is as follows:
e

Ce/Qe = 0.6136C, + 6.6457

Hence 1/, = 0.6136

#Qu =1/y 6136 = 1629726 mg g~*

Also 1/ = 6.6457

_1
Hence b = %/¢ c457 x 1.629726

~b=0.0923330 Lmg™?

Also separation factor, Ry, = 1/1 +bC.
1

Where b and C; is the separation factor and initial concentration respectively.

~ Ry = )= 0.1781 L mg?

1
/1 + (0.0923330 x 49.998

Table C-1: Langmuir isotherm data

C./mgL* Q./mgg?

2.432 0.2523
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3.677

4.258

5.464

8.327

9.655

13.953

15.326

20.005

0.3774

0.4581

0.5845

0.6890

0.8411

0.9682

0.9891

0.9998

9.7410

9.2962

9.3481

12.0841

12.9998

14.4110

15.4937

20.0091

Halsey isotherm

[InKp—In Ce]/
n

Qe =e

The linearized equation is as follows:

InQe = /nInK, — 1/pInc,

Where: 1/, is the slope of In Q. against In C,, plot

1/4InKy, is the In Q, intercept
But the equation of the graph is as follows:

InQ, = 0.63021InC, — 1.7345
Hence 1/, = 0.6302

con =1 —
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Also 1/, InK,, = —1.7345, but 1/, = 0.6302

Hence Kj, = e™2752300857 = (0,063780941L mg ™!

Table C-2: Halsey isotherm data

C./mgL? Q./mgg? InC, In Q.
2.432 0.2523 0.7091 -1.3773
3.677 0.3774 1.3020 -0.9743
4.258 0.4581 1.4489 -0.7808
5.464 0.5845 1.6982 -0.5370
8.327 0.6890 2.1195 -0.3724
9.655 0.8411 2.3764 -0.1730
13.953 0.9682 2.6357 -0.0323
15.326 0.9891 2.7295 -0.0109
20.005 0.9998 2.9960 -0.0002

Dubinnin-Radushkevich isotherm

Qe = Que Kaa®®

The linearized equation is as follows:

InQ. = InQy — 2BwRTIn|[1 + 1/Ce]

Where: By and is the slope and In Qyy is the In Q. intercept.

But the equation of the graph is as follows:
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InQ, = —4.20731In[1 + 1/Ce] +0.1828

But 2By RT = 4.2073

. — 4.2073 — 2 | [-2
By = /(2 x 298 x 8.314) = 0-000849077mol” K]

Also In Qy = 0.1828

5 Quw = e%1828 = 1,200574269 mg g~ !

-1 —
Also Eyy = /[ZBW]I /=

1
/ [2 X 0.000849077]"/2

Table C-3: Dubinnin-Radushkevich isotherm data

= 24.2667415 k] mol ™!

C./mgL? Q./mgg? In [1 + 1/Ce] InQ,
2.432 0.2523 0.4002 -1.3773
3.677 0.3774 0.2406 -0.9743
4.258 0.4581 0.2109 -0.7808
5.464 0.5845 0.1681 -0.5370
8.327 0.6890 0.1134 -0.3724
9.655 0.8411 0.0888 -0.1730
13.953 0.9682 0.0692 -0.0323
15.326 0.9891 0.0632 -0.0109
20.005 0.9998 0.0488 -0.0002
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Freundlinch isotherm

1
Qe = KpCen

The linearized equation is as follows:

log[Qe] = log[Ks] + 1/n log[Ce]
Where 1/n and log[Kg] is the slope and the log[Q.] intercept
But the equation of the graph is as follows:

log Q. = 0.63021og C, — 0.7533

But 1/, = 0.6302

~n=1.586797842

Also log[Kg] = —0.7533

Hence Ky = 0.17648183(mg g1)(L mg™?)"

Table C-4: Freundlinch isotherm data

C./mglL? Q./mgg? log C, log Q.
2.432 0.2523 0.3080 -0.5982
3.677 0.3774 0.5654 -0.4232
4.258 0.4581 0.6292 -0.3391
5.464 0.5845 0.7375 -0.2332
8.327 0.6890 0.9205 -0.1617
9.655 0.8411 1.0321 -0.0818

73



13.953 0.9682 1.1447 -0.0140

15.326 0.9891 1.1854 -0.0047

20.005 0.9998 1.3011 -7.8614E-05

Temkin isotherm
Qe = RT/bt In[K:Ce]
The linearized equation is as follows:

Qe = RT/bV InK, + RT/bt InC,

Where RT/btand RT/bt InK, is the slope and the In C, intercept respectively of the Q. against

In C, plot.
But the equation of the graph is as follows:

Qe = 0.3677InC, — 0.0516

ButRT/, =03677

298 x 8.314 _ _
RT _
Also RT/ InK, = —0.0516

InK, = ~0.0516/, = —0.000140331

~ K¢ = 0.999859678 L g~ !
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Table C-5: Temkin isotherm data

C./mgL? InC, Q. / mgg*
2.432 0.7091 0.2523
3.677 1.3020 0.3774
4.258 1.4489 0.4581
5.464 1.6982 0.5845
8.327 2.1195 0.6890
9.655 2.3764 0.8411
13.953 2.6357 0.9682
15.326 2.7295 0.9891
20.005 2.9960 0.9998
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APPENDIX D: Desorption studies and industrial effluent water analysis

Table D-1: Desorption

pH C;/ C./ Ave Amount Average Amount Average %age
mgL? mgL?! C./ adsorbed amount  desorbed amount desorption
mgL? /mgL?! adsorbed /mgL?! desorbed
/ mg L*? /mg L
9 48.659 35.817 12.842 9.872
35.800 12.859 8.346
35.818 35.811 12.847 12.850 9.563 9.260 72.07
10 49.081 38.650 10.431 8.588
37.560 11.521 8.634
38.850 38.353 10.728 10.893 8.501 8.754 78.71
11 49.732 43.330 6.402 5.608
43.353 6.379 5.912
43.449 43.378 6.283  6.354 5.877 5.799 91.26
12 49.811 42.546 7.265 5.824
42.442 7.369 5.930
42.446 42.478 7.365  7.333 5.778 5.844 79.69
13 49.006 42.317 7.599 6.119
42.256 7.660 6.202
42.426 42.333 7490  7.583 6.010 6.110 80.58
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Table D-2: Industrial effluent water analysis

Volume of Brachystegia [NO3]before  [NO3] Average Standard Q./
industrial ~ spiciformis sorption / after [NO3] after deviation mgg?
effluent Dosage / g mgL! sorption  sorption/
water / ml / mgL! mgL*!
50 1.5002 36.871 18.349
36.871 18.351
36.871 18.349 18.349 +0.001  0.6174
50 1.5009 36.871 21.225
36.871 21.225
36.871 21.221 21.225 +0.002  0.5215
50 1.5003 36.871 20.165
36.871 20.165
36.871 20.165 20.165 +0.000  0.5569

APPENDIX E: Fourier Transform Infrared Spectra for Brachystegia spiciformis before and

after nitrate sorption as well as after desorption

77



o Transmittance

. — o (%) ES [z 5 o — =) =] = =
= T N e e N N .. e e e R e e e e e
—
o
=51
= -
=
3303 33 18.68 B4138.33
[y
=
= -
=
N 2920 .57 2921 .32
g e
SE =
| e B
o= Tm e
z = =
' =R Z 2oy
53 B B =56 =
= 1 = o 2 =
P = =
o =
| = =
a2 T
= | = ek
= S
5 <
1= i
o
=3
g i
= ka2
=
= -
=
| 1850.59 1630 a4 554108
o
= -
=
| 1446 .06 1421 93
13832.01 13
128<4.70
1452 .40
— 1070.72
—
—_— =
—
0
]
— T

Figure E.1: Brachystegia spiciformis leaf powder spectrum
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