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Abstract
There is need to explore all possible agro-based inexpensive adsorbents and study
their feasibility for heavy metal removal with the aim of finding which is a better
alternative to activated carbon. The focus of the present study is on investigating the
adsorption characteristics of Delonix regia for the sorption of Pb, Ni, Cu, Cd and Co
from polluted water and stabilization of contaminated soils. The focus also included
assessment of available metal concentrations, pool size and kinetic resupply using
Diffusive Gradient in Thin film (DGT) technique and DGT- Induced Fluxes in
Sediments (DIFS) model.
Batch adsorption experiments were carried out using the adsorbent prepared from the
pods and leaves of Delonix regia in order to determine the suitable operating
parameters for the adsorption of the target heavy metals from synthetic metal
solutions. Results showed significant uptake occurred at pH 2 which makes the
adsorbent suitable for use on low pH heavy metal bearing effluents. An interaction
time of 30 minutes was sufficient to achieve maximum uptake. The kinetics of
adsorption best fitted to the pseudo second order kinetic model while Langmuir and
Freundlich isotherms were used to interpret data obtained from initial concentration
study. The experimental adsorption capacity of the pods is 31.2mgPb/g; 5.9mgNi/g;
9.1mgCu/g; 6.5mgCd/g and 5.8mgCo/g while the leaves powder has 10.3mgPb/g;
10.3mgNi/g; 9.2mgCu/g; 8.4mgCd/g and 10.3mgCo/g.
The investigation on the sorption ability of Delonix regia continued by using the pods
on tropical soil samples to study the effect of aging; pollutants concentration
difference; soil pH and soil organic matter on the removal efficiency of Delonix regia
pods and biochar for Pb, Cu and Cd during the 42 days aging time. Results showed
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that removal efficiency was dependent on aging and soil pH for both materials and all
metals studied except for Cd where soil pH had no effect. Delonix regia could be used
to remove these target metals from organic matter rich agricultural soil while the
biochar with higher removal efficiency in most soil samples is better suitable for
acidic and poor organic matter soils.
Further investigation for availability and resupply kinetic assessment before and after
remediation was done using the DGT technique and DIFS model. The use of
Delonix.regia and biochar resulted in a reduction in Css and CDGT for all metals in the
order of Biochar-treated soils < D. regia treated soils< control samples; an evidence of
the good remediation that was achieved by each treatment. The labile pool size of
metals, Kd, (Pb, Cu and Cd) that can be resupplied to soil solution from the soil solid
phase follows the order of Bio-treated soils > Delonix.regia treated soils > control soil
samples. The depletion time (Tc) and the desorption rate constant, k-1, values followed
the order: control samples > Delonix.regia treated soil > biochar treated soils. The Kd,
labile pool size is increasing with aging time. In control samples, the Tc decreased
with aging; while in treated soils, Tc increased with aging and D.regia have the higher
value. In the soils to which organic matter, OM, were added, Tc values were the same
for each metal throughout the aging period. The values obtained were the same for
individual soil with and without treatment but vary from metal to metal. In the OM
soils, treatment types and aging have no effect on metal resupply. The resupply of Pb
is the fastest, then Cd and the slowest was Cu. The R values in the control soils were
reducing with aging but in the treated soils, it was increasing with the resupply slower
in D.regia treated soils than biochar treated soils.
This work has demonstrated that D.regia has the potential for simple, cheap and
effective/efficient remediation of metal polluted waters and soils.
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Chapter 1.

Introduction

The role played by water to human and biological systems cannot be over emphasised.
The majority of common fresh water sources available to local inhabitants in Nigeria
are polluted, thus making access to clean water a serious problem (Galadima et al.,
2011). Petroleum industries pose the greatest threat to water quality, several incidents
of oil spills have occurred at different times and in various parts of the nation (Helmer
et al., 1997). Lead poisoning by Galadima et al. (2011) and poisoning by nickel,
manganese and chromium reported by Ibeto and Okoye (2010) have been associated
with mineral exploration, these heavy metals have been ingested by consumption in
drinking water and food (Adeleye and Adebiyi, 2003, Chukwu, 2008). Elevated
concentration of heavy metals in ground water were reported (Adeleye and Adebiyi,
2003, Chukwu, 2008).
A study by Ogunkunle and Fatoba (2013) on the pollution loads and ecological risk
assessment of soil heavy metals around a mega cement factory in Nigeria revealed
that the concentration of lead, copper, cadmium and chromium were above the
international standard limits. Slag disposal at the dumpsites of the three major
automobile battery manufacturing companies in Nigeria have been reported to
contribute greatly to soil pollution (Adie and Osibanjo, 2009).
There are several conventional methods of treatments of wastewater and contaminated
lands. Adsorption has proved to be the best (Crini, 2005, Demirbas, 2008). All the
methods are expensive and practically unaffordable by the small-scale industries in
Nigeria. Recent studies have investigated the use of materials from natural sources as
alternatives for the treatment of wastewater instead of activated carbon, though results
obtained from the various studies were good, but the natural materials used had been
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modified either by heat or chemical treatment. The modification of these natural
materials, are regarded as additional cost of production and processing. In a country
like Nigeria where the power supply is erratic and most supply of chemicals are
basically by importation from developed nations, these additional costs cannot be
underestimated. Thus, the investigation of an indigenous natural material in the
unmodified state may be a great benefit to the country.
In this study, we aim to carry out investigation on the adsorption characteristics of
Delonix regia, a natural waste material, a material without economic values, for
reducing the available concentration of heavy metalsl from contaminated
environmental systems. The heavy metals include Pb, Cu, Ni, Cd and Co. The Delonix
regia materials were used for removing heavy metals from wastewater and treating
contaminated soils by immobilising metals and reducing their bio availability. The
efficiency of the remediation was assessed using conventional methods and a state-ofthe-art dynamic technique, Diffusive Gradient in Thin Film (DGT).
To achieve the aim of this work the following objectives were set:
(a) investigate the effects of operating conditions such as pH, contact time, initial
metal concentrations, ionic strength on the adsorption of metals in aqueous solution;
determine the adsorptive capacities of Delonix regia for metals; investigate recovery
capabilities of the bound metals from the used biomass;
(b) establish the kinetic and isothermal parameters of the adsorption process;
(c) investigate the potential of using Delonix regia material for soil remediation and
establish a holistic programme of using DGT as a method to measure the available
metals pre- and post- remediation;
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(d) determine labile pool size and kinetic parameters of heavy metals in soils in
selected sites in Nigeria using DGT and DIFS model.
Structure of the Thesis
Following this introduction chapter, the second chapter is a literature review. It
highlighted various types, causes, effects and treatments of environmental pollution
and focussed on the heavy metals and their deleterious effects to humanity and the
ecosystem at large. It listed the demerits and merits of various treatment methods and
dwelt extensively on the use of adsorption in remediation. It discussed past work and
study undertaken in the use of materials from natural sources as alternative treatment
methods and also as a source of activated carbon. The use of biochar in soil
remediation was considered and a description of the Flame of the forest (Delonix
regia) was given. Methods used for measuring and assessing availability of heavy
metals in soils, including the new technique of DGT were elaborated.
Chapter 3 described the materials and the experimental procedures involved in the
single-element investigation of the adsorption capabilities of Delonix regia pods. It
also highlights on the various parameters obtained during the experiments while
Chapter 4 provides the results obtained in the adsorption process using Delonix regia
leaves, it discussed the effect of pH, contact time, initial metal concentrations and
adsorbent dosage on the sorption process.
In Chapter 5, multi metals solution was used to spike soils and then treated with 2%
w/w of biochar and Delonix regia pods at different aging time. Various methods for
soil characterization were discussed. The efficiency of the remediation treatment with
the use of hardwood biochar and Delonix regia was investigated with CaCl2 (0.01M)
and the results were compared between soils and between treatments.
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Chapter 6 focuses on two major parts: the DGT measurements and using DIFS model
to estimate the resupply kinetics of heavy metals in soils. It addressed the effect of
different remediation treatment (Delonix regia and biochar) as it affects the
availability of heavy metals (Pb, Cd and Cu) in soils, it also considered the effect of
aging on the process. In this chapter, the combination of DGT measurements and
DFIS modelling provided qualitative information for resupply of metals in soils and
kinetics parameters such as response time and the dissociation rate constant of the
process.
Chapter 7 provided the main conclusions from the thesis and some recommendations
for further study.
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Chapter 2.
2.1

Literature Review

Environmental Pollution

Pollution of the natural environment is regarded as the release of contaminants into
the environment in such a way that it results in harm or/and disorder in the global
ecosystem (Gari, 2002), it could be classified mainly into three groups: Air pollution
which is identified as the introduction of particles and chemicals into the atmosphere;
Water pollution described to embrace surface runoff, liquid spills, waste water
discharge and leakage into groundwater while Land pollution is the release of toxins
on the land (Paoletti et al., 2010).
A pollutant is any material that contaminate air, water or soil; and the severity of its
effects are determined by three factors namely: (i) Its chemical nature; (ii) Its
available concentration (the concentration available to living organisms); and (iii) Its
persistence in the environment.
Pollutants could be classed as biodegradable or non-biodegradable. Pollutants that are
biodegradable in nature will not remain over long time in the environment, they can
be used and decomposed by microbes, insects or other animals and birds, they can be
converted into harmless products through biological activities. Examples of such
pollutants are excreta, organic wastes, paper, and leftover food while those that are
non-biodegradable will persist in the environment and cannot be converted to
harmless products through natural activities examples are plastics and heavy metals.
2.1.1 Water pollution
Water is a very essential part of life. Fresh water is just a little percentage (3%) of the
total water on earth, out of which 0.01% is available for human consumption
(Hinrichsen and Tacio, 2002). The unsustainable use of water in agriculture and
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industry, increase in population and urbanization have greatly affected the limited
freshwater resources. The intentional or accidental discharge of wastewater arising
from commercial and industrial activities into surface waters or when untreated
sewage and chemical contaminants gain access into water bodies has caused water
pollution. It could also be seen in the light of being the introduction of wastes into
surface runoff thereby flowing into surface waters and consequently reaching to
underground water sources (Aboyeji, 2013).
Sources of water pollution
Although during the hydrological cycle, natural water is capable of dissolving some
heavy metals or trace elements (Ilyas and Sarwar, 2003), but the quantities into waters
from anthropogenic sources (the several activities embarked by human) are the main
cause of water pollution (Saif and Midrar-Ul-Haq, 2005). Indiscriminate disposal of
municipal, industrial and domestic wastes in rivers, lakes, water channels and streams
are the main activities leading to pollution (Azizullah et al., 2011).
All over the world, on a daily basis an estimate of over 2 million tonnes of wastewater
and sewage are discharged into waters. A worse-case scenario is obtainable in
developing countries, as 70% of untreated effluents and 90% of raw sewage are
discharged into surface water (Azizullah et al., 2011). The major contributors to water
pollution are industries such as ceramics, textiles, food industries, sugar industries,
leather tanning, pharmaceuticals, steel, fertilizer factories, petrochemicals and oil
mills (Sial et al., 2006). Large volumes of wastewater, in hundreds of thousands,
containing cations and anions such as sodium, potassium, calcium chloride,
carbonates and several other pollutants like nitrites, nitrates and toxic heavy metals
like nickel, arsenic, iron, mercury, lead, cadmium, zinc, copper, chromium, cobalt and
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magnesium are produced from their production operations (Sial et al., 2006, Ullah et
al., 2009).
Waste originating from domestic and municipal sources and the extensive use of
agrochemicals in agricultural activities are major sources of water pollution.
Contamination of water by agricultural chemicals has been reported in countries like
China (Li et al., 2014b). There have also been reports that increasing negative effects
of water pollution have put more people at risk of carcinogenic diseases, potentially
contributing to cancer villages, hot spots where cancer cases are exceptionally high
(Lu, Song et al. 2015).
Many substances that are regarded as active water pollutants are classified into
different groups. If they exceed a threshold value, they are deleterious and cause
severe health problems in humans and other organisms. The most common among the
groups are the pathogens (bacteria, viruses and protozoans), inorganic pollutants (acid,
salts and toxic metals), anions (nitrates, phosphates, sulphates) and water soluble
radioactive substances. Due to the toxicity, bioaccumulation, and low degradability,
some trace metals like cadmium, lead, mercury, copper, chromium, zinc, nickel and
arsenic according to Wang et al. (2017) have been listed as priory control pollutants
by the United States Environmental Protection Agency. Although some heavy metals
like copper, manganese, chromium are essential for human, their presence in excess
may be toxic causing serious health effects (Govind and Madhuri, 2014).
2.1.2 Soil Pollution
Soil pollution is defined as the introduction of substances referred to as toxic
chemicals (contaminants or pollutants) in soil in such concentration that the chemicals
are capable of causing risk to human and/ or ecosystem health.
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In addition, soil pollution occurs when levels of contaminants in soil are more than the
limits that should be present, even though the level of contaminants in soil are not of
risk (Wuana and Okieimen, 2011). As part of land degradation, soil pollution could be
associated to the presence of xenobiotic chemicals in the soil environment. Industrial
activities, agricultural chemicals, or improper disposal of waste typically causes
pollution to soil, with the most common chemicals involved in soil pollution being
solvents, heavy metals, petroleum hydrocarbons, pesticides and polynuclear aromatic
hydrocarbons (e.g. benzo(a)pyrene and naphthalene). In several cases, soil pollution is
correlated with the degree of industrialization and intensity of chemical usage.
The concern over soil pollution arises mainly because of associated health problems,
especially when there is contact directly with contaminated soils, released vapours
from pollutants, and because of polluted water supplies (Jinxia et al., 2010). Studies
on trace metal accumulation, toxicity and persistence in agricultural soils have been
widely conducted in soil and environmental sciences (Aelion et al., 2008). Arsenic,
cadmium, lead and mercury can be harmful even at low levels when ingested over an
extended period, triggering numerous illnesses including cardiovascular diseases and
cancer (Bahemuka and Mubofu, 1999).

2.1.2.1 Effect of soil pollution
Increasing environmental concerns about the impact of trace metals on soil quality
arose from the fact that they are responsible for more serious and long-time toxicity
effects on soils with respect to other pollutant (Jinxia et al., 2010).
Trace metals are abundant in soils as they reside in soils for long periods and
sequentially have potential damage to microbiota, flora, and fauna once they have
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been transported from solid into solution or through biomethylation to organometallic
moieties (Chen et al., 2015, Nriagu, 1996, Wei and Yang, 2010, Yang et al., 2009).
Farmlands are adversely affected by sludge application, untreated wastewater used for
irrigation, atmospheric deposition and in some cases during waste transportation
(Örnek et al., 2007, Saka et al., 2012). Mining activities destroy the natural landscape
and also exposes the soil which has become barren of vegetation to erosion due to
open cast mining (Dudka and Adriano, 1997). Multi-element contamination of the
environment occurs from acid mine drainage (Dudka and Adriano, 1997). The
presence of heavy metals in soil, reduces the pH of soil and surrounding water bodies
by at least unit of 1 or 2 depending on the prevailing soil and environmental
conditions (Dixit et al., 1992a, Dixit et al., 1992b). Top soil contamination by trace
metal occur from the deposition of gases and dust from smelting operations
(Merrington and Alloway, 1994). Heavy metal also reduces the abundance and
biodiversity of soil microorganisms by its induced acidic soil condition thus lowering
soil fertility and crop yield by altering carbon and nitrogen biogeochemical cycles
(Dudka and Adriano, 1997). It renders contaminated land unsuitable for plant growth.
Direct uptake of heavy metals from soil by plants or the direct deposition on plant
leads to plant contamination, plant toxicity and there is potential transfer along the
food chain (Dudka et al., 1996, Rebele et al., 1993). For example, the chronic lowlevel intake of soil metals through direct ingestion or indirectly through food, dermal
contact or inhalation has negative effect on human health which may not be easily
reversed through medical treatment (Li et al., 2014b, Ordóñez et al., 2011).
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2.1.3 Heavy Metal Pollution
Pollution of heavy metals come from metal purification operations, for example,
copper smelting; the preparation of nuclear fuels and manufacturing of printed circuit
board. Petroleum refining, which is another source of heavy metal pollution, release
metals such as, nickel, vanadium, lead, copper, zinc, aluminium, cadmium and
chromium into the environment (Sörme and Lagerkvist, 2002) where they can be
accumulated . One of the largest problems associated with the persistence of heavy
metals is the potential for bioaccumulation and biomagnification, causing greater
exposure for some organisms than the actual concentrations that is present in the
environment alone (Watts, 2009).
Heavy metals are not biodegradable and they gain access into our bodies through, air,
food, drinking water, or absorption in the skin by actual contact in manufacturing,
agriculture, pharmaceuticals and industrial or residential settings (Cao et al., 2015,
Kong et al., 2011), where they accumulate in both soft and hard tissues and become
toxic because the body cannot metabolize them (Ghodbane and Hamdaoui, 2008). To
produce toxic effects in the human body, high levels of exposure are not really
necessary, since the accumulation of heavy metals occur gradually, and harmful
effects increase when they exceed their threshold limits (Khuzestani and Souri, 2013,
Pope et al., 2004).
Many metals such as cobalt, iron, zinc, copper, vanadium molybdenum and
manganese are essential, but at elevated concentrations even the essential ones, are
toxic because they cause oxidative stress by the formation of free radicals (Ghosh and
Singh, 2005). Zinc is an essential element for human health, it regulates many
biochemical processes and it is important for the physiological functions of living
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tissues; but in excess, it results in skin irritations, anaemia, vomiting, nausea and
stomach cramps (Oyaro et al., 2007). Copper plays an important role in animal
metabolism; however, its excessive ingestion could cause serious health problems
such as cramps, convulsion and even death (Paulino et al., 2006).
Metals are toxic because they can replace essential metals in pigments and enzymes
thus disrupting organism functions (Henry, 2000). The presence of non-essential
heavy metals in an organism cause significant alteration to its biochemical cycles.
Metal ions bioaccumulated in the environment are biomagnified along the food chain
and thus the toxicity is often more pronounced in animals at the higher trophic levels
(Ahluwalia and Goyal, 2007) and due to its high solubility in the aquatic
environments, living organisms can absorb them and they can become accumulated in
high concentrations in the human body. There are various reports to the fact that
heavy metals cause several disorders (such as cancer, chronic anaemia, cardiovascular
diseases, damage to kidney, brain, bones and skin and cardiovascular diseases) in
human being (Järup, 2003). The permissible limits of some metals in drinking water
and sewage sludge are shown in Tables 2.1 and 2.2. Although using sewage sludge on
agricultural lands is a general and acceptable practise in the UK, this practise is not
applicable in Nigeria because there are limited facilities such as the sewer systems for
treating domestic wastewaters. According to The Water Supply (Water Quality)
Regulations 2016 at legislation.gov.uk and National Agency for Food and Drugs
Administration Control, NAFDAC, Nigeria, these limits for each country are set based
on the recommendations from WHO.

11

Table 2-1: Permissible limits of some metals in portable water (Duruibe et al.,
2007, Kumar and Puri, 2012)
Heavy Metals

UK Max conc. (µg/l)

Nigeria Max conc. (µg/l)

Cadmium

5.0

3.0

Chromium

20

Copper

2.0

Lead

10

10

Mercury

1.0

1.0

Nickel

20

10

Arsenic

10

Table 2-2: Permissible limits of some metals in sewage sludge (Nicholson et al.,
2003)
Heavy Metals

Max limits in Sludges

(mg/kg dry soil) in UK
Zinc

200

Copper

100

Nickel

60

Lead

300

Cadmium

3

Mercury

1

Chromuim

400

Arsenic

50
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2.2

Water Remediation Treatment

Preventive measures to completely avoid exposure to these heavy metals are
worthwhile and important, but ultimately futile. The inescapable reality is that it is
impossible today not to be exposed to heavy metals, it is only a matter of how much
and how often. Considering the health and environmental hazards caused by heavy
metals, it is thus important to find means of cleaning them up from the environment.
Currently, heavy metals are removed through various treatment methods which
include; In situ –Phytoremediation, Electrodialysis, Ion exchange, Chemical
precipitation, Ex situ-pump and treat, Reverse osmosis and Adsorption.
2.2.1 Ex Situ: Pump and Treat
Contaminated ground water has been remediated for a long time using the Pump and
Treat method. The method involves using a pump for the removal of contaminated
ground water and subsequently transporting it to a treatment plant where they are
treated using conventional water treatment methods, after which the treated water can
be re-injected into groundwater reservoir or discharged into rivers. The disadvantages
of this method are the cost of pumping and treating the polluted water especially
where the water is not effectively contained; intrusion into the groundwater reservoir,
a major disadvantageous feature, is the long term consequence that occur as a result of
removing the groundwater; an ever increasing volume of polluted water occur by
dilution as a result of the inflow of treated or new groundwater (Das and Nassehi,
2001).
2.2.2 Chemical Precipitation
This is a very popular technology in the removal of heavy metals from water, it is the
main method employed in industrial wastewater treatment. The method involves the
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formation of insoluble solids from dissolved contaminants, thus enhancing their
removal from water by physical methods of separation such as clarification and
filtration (Saifuddin and Kumaran, 2005). In this method, particle sizes are increased
through agglomeration when chemical precipitants like NaOH, CaCO 3 and lime
(during neutralization) are added to the wastewater. Result from this process cannot be
relied upon because complete hydroxide precipitation does not occur in the presence
of complexing agents (Lee et al., 2006, Lee et al., 2007).
2.2.3 Phytoremediation
A process that involves the use of plants to partially or substantially remove selected
substance in contaminated surface water, ground water and wastewater is referred to
as Phytoremediation (Vangronsveld et al., 2009). Phytoextraction is an aspect of
phytoremediation that occur when plants absorb, translocate and store contaminants as
well as other nutrients and water. It is majorly used for treating wastes laden with
metals (Lasat, 2000).
2.2.4 Reverse Osmosis
Reverse osmosis is a process in which a membrane, capable of removing more than
99% of all dissolved minerals, acts as a molecular filter. Water is allowed to pass
through the membrane while particulate and dissolved matters are retained by the
membrane, this is a very effective method when treating solutions containing ionic
species. Wastewater held in a pressurized water storage is passed through activated
carbon filter to remove organic compounds and then under pressure through a
membrane which remove the contaminants (Akpor and Muchie, 2010). One of the
major advantages of reverse osmosis over traditional treatment methods is that it can
reduce both the concentration of other ionic contaminants as well as dissolved organic

14

compounds but the major challenge is that the membranes are relatively expensive to
procure and the use of high pressure apart from increasing operation cost makes the
technique highly sensitive to operating conditions (Bilal et al., 2013).
2.2.5 Ion Exchange
It is a reversible process where ions from wastewater or water are substituted for a
similarly charged ions on an immobile solid particle called the ion exchanger. The ion
exchanger particles could be the naturally occurring zeolites or synthetically produced
organic resins mainly polymeric resins derived from hydrocarbon (Mier et al., 2001).
2.2.6 Electrodialysis
Electrodialysis is an electro membrane technique which involves the transport of ions
from one solution to another through an ion permeable membrane under the influence
of a potential gradient. The applied voltage across the two ends electrodes create the
potential field necessary for electrodialysis to operate, charged ions are driven through
the membranes made from ion exchange polymers. The membranes are selective and
thus able to transport ions with positive or negative charge and reject oppositely
charged ions. As a result, dialysis can be used for purposeful concentration and
separation or removal of ions (Akpor and Muchie, 2010).

2.3

Adsorption

Adsorption has become the preferred choice over other methods of heavy metal
remediation in wastewater because of the simplicity in its design, ease of scaling up
and usage, it does not produce toxic pollutants and most importantly is its ability to
remove pollutants at low concentration even at parts per million levels with high
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efficiency (Awual et al., 2013, Carolin et al., 2017, Tang et al., 2013). The associated
advantages of other physico-chemical processes are outweighed by a number of
drawbacks listed in Table 2.3.
Adsorption is a mass transfer process which involves the accumulation of substance at
the interface of two phases, such as liquid-liquid, gas-liquid, gas-solid or liquid-solid
interface. The adsorbate is the substance being transfer from one phase to another
while the adsorbent is the material on which accumulation occurs. The main processes
involved in adsorption is depicted in Figure 2.1. The properties of both the adsorbate
and the adsorbent are specific and depend upon their individual constituents (De Gisi
et al., 2016).

Figure 2-1: Processes and Terms involved in Adsorption Technology
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Adsorption could be categorised into two types: (i) physical, where the adsorbate
concentration increase at the interface is due to van der Waals forces of attraction in
which case the resulting process is reversible and (ii) 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 (Tripathi and Ranjan, 2015, Tyagi et al., 2017)
Certain parameters such as pH, agitation speed, adsorbent dose, concentration of
adsorbate, process temperature and ionic strength of the solution are factors that affect
the sorption of metals.
In a solid-liquid system, adsorption results in the removal of solutes from solution and
their accumulation at the solid interface. The solute remaining in the solution reaches
a dynamic equilibrium with that adsorbed on the solid phase and the amount of
adsorbate that can be removed by the adsorbent as a function of both temperature and
concentration of adsorbate can be described by an adsorption isotherm according to
the general equation 2.1.
𝑄𝑡 = (𝐶𝑜 − 𝐶𝑡 ). 𝑉⁄𝑚…………………………Equation 2-1

Qt (mg/g) is the amount of adsorbate per mass unit of adsorbent at time t; C o and Ct
(mg/l) is the initial concentration and at time t respectively; v is the volume of solution
(l), and m is the mass of the adsorbent (g).
The commonly used isotherm models (Langmuir or Freundlich) for the adsorption of
heavy metals are described in Section 3.3. During adsorption, adsorbate gets adsorbed
onto the adsorbent and research findings indicate that metal ions can adsorb on
activated carbon binding sites through a number of mechanisms such as direct
bonding (Peng et al., 2017b), ion exchange (Dias et al., 2007, Sekar et al., 2004),
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surface-complex formation (Kalavathy et al., 2005), Cπ-cation interaction (Khan and
Wahab, 2007) and coordination to functional groups (Kobya et al., 2005).
The electrostatic attraction between the positively charged heavy metal ions and the
negatively charged ion on the adsorbent provides the driving force for the adsorption
process. It’s been reported that electrostatic attraction is the main contribution to the
adsorption of Zn on graphene oxide (Wang et al., 2013a). Ion exchange reactions
between heavy metal ions and the proton on -COOH or -OH functional groups on
adsorbent is a mechanism for adsorption that is reported for Pb (Cao and Li, 2014).
Surface complexation between heavy metal ions and the surface of oxygen containing
functional groups had been confirmed to play a dominant role in adsorption (Peng et
al., 2016). Three main steps are generally involved in sorption of pollutants onto solid
adsorbent:
(i)

pollutant transport from the bulk solution onto the sorbent surface;

(ii)

adsorption on the sorbent surface; and

(iii)

transport of pollutants within the sorbent particle.

Various types of adsorbents have been modified for use in the remediation of heavy
metals from wastewater but the main aspects necessary for the selection of adsorbents
are cost effectiveness and which adsorbent is most appropriate for the technology
(Vunain et al., 2016). The main properties of adsorbent to be considered for the
efficiency of the adsorption process are pore size distribution of the adsorbent
particles, high surface area, functional groups, and the polarity of the adsorbent
(Ruihua et al., 2011). Adsorption is often accompanied with the reverse process –
desorption, which represents the transfer of adsorbate ions from the adsorbent surface
to the solution. Desorption of used adsorbents can be achieved by thermal
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regeneration, pressure swing method and electrochemical regeneration and the
regenerated adsorbent can be reused for several purposes (Carolin et al.,
2017).Various types of adsorbents have been modified for use in the remediation of
heavy metals from wastewater but the main aspects necessary for the selection of
adsorbents are cost effectiveness and which adsorbent is most appropriate for the
technology (Vunain et al., 2016). The main properties of adsorbent to be considered
for the efficiency of the adsorption process are pore size distribution of the adsorbent
particles, high surface area, functional groups, and the polarity of the adsorbent
(Ruihua et al., 2011).
In the adsorption process, adsorbents can be recreated by the desorption process
because it is a reversible technique and the regenerated adsorbent can be reused for
several purposes. Regeneration of used adsorbents can be achieved by thermal
regeneration, pressure swing method and electrochemical regeneration, based on the
regeneration, adsorption is considered as an environmentally acceptable method
(Carolin et al., 2017).
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Table 2-3: Physico-chemical processes involved in the treatment of waste water
adapted from Carolin et al., 2017
S/No

Techniques

Advantages

Disadvantages

1

Coagulation

Cost effective

Generation

References
of (Ahmed

and

sludge, Utilization Ahmaruzzaman,
of chemicals is high 2016)
2

Membrane

High removal of Very

filtration

heavy

expensive, (Ahmed

and

metals, membrane fouling, Ahmaruzzaman,

lower

space complex process

2016)

requirement
3

Adsorption

Easy

operation, Process control is (Ruihua et al.,

less

sludge governed

by

the 2011)

diameter

of

the

production,

utilization of low pores
cost

and

the

adsorbents, diffusion rate of the

Desorption

molecules through
the pores.

4

Electrochemical Efficient for the High
treatment

removal
important

of investment,

initial (Ahmed

and

high Ahmaruzzaman,

metal electrical supply

2016)

ions, low chemical
usage
5

Electrodialysis

High

segregation Clogging

of metals

energy loss

20

and (Ruihua et al.,
2011)

6

Photocatalysis

Eliminates

both It takes long time to (Nguyen et al.,

the metal ions and remove the metals

2013)

organic pollutants
concurrently
7

Ion exchange

High

Removal of limited (Farooq et al.,

transformation

of metal

components

8

Oxidation

No

need

ions,

high 2010)

operational cost

of Rusting occurs in (Patil

electricity

et

al.,

the system due to 2016)
oxidation

2.3.1 Adsorption on activated carbon
Activated carbon is the most effective sorbent for removing heavy metals from a wide
range of industrial and municipal wastewater, contaminated groundwater and landfill
leachate. (Ahmaruzzaman, 2008). The raw material and the particular activation
process used affect the properties of the activated carbon. Heavy metal adsorption
onto activated carbon is greatly influenced by the chemical and physical properties of
the activated carbon. Such characteristics include pore space volume, ash content,
specific surface area and surface functionalities (Carolin et al., 2017). In order to
increase its capability of adsorbing the heavy metals different researches have been
done to alter the properties of the activated carbon. Such researches include packing of
AC with nanoparticles (Asfaram et al., 2015), installation of functional groups like
nitrogen groups (Kang et al., 2016, Moreno-Tovar et al., 2014).
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Commercial activated carbon pellet was chemically modified to remove cadmium
from solution and it was reported that maximum cadmium uptake of 88% was
obtained at pH 4.5 to 6.5 and the adsorption capacity is 25.1mg/g during a four-hour
contact time (Bian et al., 2015).
In 1984, Netzer and Hughes explained in their work on ten different types of activated
carbon for the removal of lead, copper and cobalt from solution that solution pH
played an important role in the sorption of each of the studied metals to any of the
activated carbon used in their study. An optimum pH of 4 was used for the sorption; a
contact time of 30 minutes was sufficient for the removal of copper and lead, but
cobalt removal was found not to be effective until 120 minutes of contact. There was
significant difference in the ability of the activated carbons to adsorb lead, copper and
cobalt with average percentage removal being 92%, 80% and 81% respectively
(Netzer and Hughes, 1984).
2.3.2 Adsorption on new adsorbents
There have been great interest and focus in the research for removing heavy metals
from industrial effluents by using low-cost adsorbents like agricultural by-products
such as sawdust, coconut shell, chitosan, mango leaves, egg shells as adsorbents
(Örnek et al., 2007, Saka et al., 2012).
Bio-sorption sometimes defined as the use of agricultural by-products in remediation,
utilizes active and inactive (non-living) biomass to sorb and concentrate heavy metals
from waste streams by purely physico-chemical pathways (mainly chelation and
adsorption) of uptake (Mustapha et al., 2014). In biosorption process, both living and
non-living biological materials are used to remove the heavy metals. (Carolin et al.,
2017). Biosorbents are considered to be a low-cost adsorbent, feasible (that is easy to
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modify) and can be obtained from various sources (Gadd, 2009). After chemical
modification or conversion to activated carbon by heating new materials like rice
husk, hazelnut shell, jackfruit, pecan shells maize cob or husk, could be used as
adsorbent for heavy metal and organics removal from wastewater. Some other waste
materials used as adsorbents are coconut shell, bark and other tannin-rich materials,
fruit wastes, scrap tyres, woody materials, fertilizer wastes, sugar industry waste,
petroleum wastes, fly ash, blast furnace slag, seafood processing wastes, clays, peat
moss, zeolites, red mud (Ali et al., 2013, Fu and Wang, 2011). The presence of some
specific functional groups like aldehydes, ketones, ether, phenol and carboxyl on the
biosorbents enhance its adsorption activity for pollutant removed (Demirbas, 2008).
The crucial factors affecting the potential of any biosorbent are pH, temperature,
adsorbent dosage, metal ion concentration, contact time, ionic strength (Demirbas,
2008).

2.3.2.1 Adsorption by Algal Biomass
Researchers have recently focussed on living and non-living algal biomass for
treatment of heavy metal wastewater (Areco et al., 2014, Lee and Chang, 2011, Liu et
al., 2009) because algal biomass contains active functional groups that improve
biosorption capabilities on their cell wall surfaces.
Living biomass have limited adsorption capacity because the adsorption process is
occurring in the growth phase and this being an intracellular process makes adsorption
mechanism more complicated. For non-living algae biomass, the uptake of heavy
metal is known to be an extracellular process because the metals are adsorbed on the
surfaces of the cell wall (Areco et al., 2012). Environmental factors like pH and
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temperature can affect the adsorption capacity of non-living algae (Zeraatkar et al.,
2016).
The powdered form and activated carbon prepared from a marine alga, Ulva lactuca
was used by Ibrahim et al. (2016) to remove Cu2+, Cd2+, Cr3+ and Pb2+. The removal
efficiency obtained were 64.5 and 84.7mg/g for copper, 62.5 and 84.6 mg/g for
cadmium, 60.9 and 82mg/g for chromium and 68.9 and 83.3mg/g for lead by using the
powdered and activated carbon from Ulva lactuca.

2.3.2.2 Adsorption by Low Cost Adsorbents
The aforementioned adsorbents are inexpensive and renewable; however, they have a
disposal problem, and this poses a limit to their usage. The search for cheaper
adsorbents continued and researchers mainly focussed on the use of low cost
adsorbents from industrial by-products, agricultural wastes, and other natural
substances for heavy metal removal (Chu et al., 2015). The utilization of low cost
adsorbents in the adsorption process is studied and regarded as a new technique in
wastewater treatment.
Agro-wastes generally comprising of agricultural waste and plant materials act as
substitute for the conventional adsorbents and their use in wastewater treatment is an
efficient, eco-friendly, cheap and easy method in the reduction of heavy metals loads
in wastewater. Various agricultural waste biomass like the shells of cashew nut, palm
oil fruits, orange peels, barley straw and garden grass have been used in order to
recover heavy metal from wastewater (Feng et al., 2010, Hossain et al., 2012a,
Pehlivan et al., 2008, SenthilKumar et al., 2011).
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Major components of agricultural wastes are cellulose, lignin, and hemicellulose
which contains the hydroxyl functional group and improves the affinity of the
biosorbent towards the metal ions. They also comprised of other functional groups
like amido, amino, carboxyl, acetamido, phenolic and esters, which play a crucial role
in the replacement of hydrogen ions of the metal and formation of complexes (Yan et
al., 2010).
Anastopoulos et al. (2017) reviewed the use of waste obtained from sugar bagasse for
the removal of heavy metals and reported that the optimum adsorption condition for
the removal of Mn2+ were pH 6, adsorbent dose 1.5g, and equilibrium contact time of
150mins. He studied the work of Moubarik and Grimi (2015) for the uptake of
cadmium by sugar bagasse noting that the best sorption was achieved at pH 6, an
equilibrium time of 25 minutes and that percentage adsorbed was increased from 87 to
96% when the adsorbate concentration was increased from 10 to 30mg/l.
Pérez-Marín et al. (2007) also gave a report from his study on the use of bagasse for
cadmium removal that maximum adsorption was achieved at 150rpm of agitation, pH
between 5 and 7 and contact time of 90 minutes. Aksu and İşoğlu (2005) reported a
removal efficiency of 10.8 to 24.6mg/g for copper sorption to bagasse in the pH range
of 2 to 4, he reported a decrease in sorption when the pH is greater than 4.
At pH 4 and for 12 hours contact time, chemically modified dried banana peel have
adsorption capacity of 19.70mg Cu/g; indicating 89.01% as efficiency of removal
(Hasanah et al., 2012). Castro et al. (2011) studied the removal of copper and lead
from solution using grounded banana peel, he found that equilibrium was achieved
within 10mins and that pH above 3 is favourable for the process; the maximum
adsorption capacities of 20.97mg/g and 41.44mg/g were obtained for copper (II) and
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lead (II) respectively. Ogunleye et al. (2014) reported that capacity of 13.53mg/g was
obtained when acid treated banana stalk was used for the removal of lead from
aqueous solutions.
Sudha et al. (2015) stated that the AC got from Seed Carbon (prepared from waste
such as seeds and peels of citrus limettioides) had the capacity of 35.54g/g for
removal of nickel at pH 6.5 and 240 minutes of contact. Peanut hulls used for the
removal of nickel from aqueous solution and nickel plating industrial wastewater
showed 53.6mg/g adsorption capacity at pH 6.5 and adsorbent dose 100g/100ml at 90
minutes contact time. Coir pith from coconut industry was used by (Ewecharoen et al.,
2008) to remove nickel from electroplating rinse water. Optimum conditions of pH 47, equilibrium contact time of 10mins, temp. 30oC and capacity of 9.5mg/g were
reported for the unmodified coir while 38.9mg/g was reported for the modified coir
under similar conditions.

2.4

Soil Remediation

Metal polluted soils can be treated or remediated by biological, chemical or physical
methods, which can be grouped into two categories Ex-situ methods and In-situ
methods (Shaw, 1989).
The ex-situ methods require that the contaminated soil is removed and treated either
on or off site and returned after treatment to the resorted site. It encompasses
excavation, destruction and or detoxification of contaminants chemically or physically
and its subsequent stabilization, solidification, immobilization, incineration or
destruction.
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In-situ is basically on-site remediation, it is defined as the technologies that involve
destruction

or

transformation

of

contaminants,

immobilization

to

reduce

bioavailability and separation of the contaminant from the bulk soil (Vandegrift et al.,
1992). Generally, it is preferred over the ex-situ approach due to lower cost
involvement and reduced impact on the ecosystem.
2.4.1 Physical Treatment
Physical remediation involves the process of reversal or actual stopping of damage to
the environment by using physical technologies such as capping, flushing or thermal
treatment.
Electrokinetics: In Electrokinetics an electric current gradient initiates the movement
by electro-migration (movement of charged chemicals), electro-osmosis (fluid
movement) electrophoresis and electrolysis (Rødsand et al., 1996).
Electrokinetics process incorporate passing a low intensity electric current between a
cathode and anode imbedded in the contaminated soil, ions and small charged
particles and water are transported between the electrodes. Negatively charged ions
are moved towards the positive electrode and the positively charged ions are moved
towards the negative electrode. The deposited metals can be removed from the
electrode by electroplating or precipitation / co-precipitation (Smith, 1995).
The Electrokinetic remediation method is a good choice for soils with low
permeability, it is economically effective because of ease of operation (Virkutyte et
al., 2002) and does not destroy the nature of the soil (Page and Page, 2002). Its
limitation for direct usage is fluctuation in soil pH because it can’t retain the soil pH
value.
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Thermal: The application of high temperature to highly contaminated soil (5-20%)
can be used to reduce the mobility of heavy metals (Mallampati et al., 2015). High
temperature such as 200oC -700oC are required for the formation of vitreous and
volatile materials which are afterwards recovered or immobilized.
Thermal treatment or phyrometallurgical separation is especially useful where metal
recovery is profitable. The soil is first concentrated by physical method or soil
washing before being transported off site for phyrometallurgical processes. Gold and
platinum can be recovered from low soil concentration using this process (Mulligan et
al., 2001). The in situ thermal treatment requires heating the subsurface for improving
the mobilization, volatilization and destruction of contaminants in soil. Methods of
heating applied may include conductive heating, radio frequency heating, electrical
resistivity heating and steam-based heating (Samaksaman et al., 2016, Triplett
Kingston et al., 2012).
Soil Isolation is a means of separating the soil contaminated with heavy metals from
uncontaminated soil, and afterward auxiliary engineering measures are carried out for
complete remediation (Zheng and Wang, 2002). It is carried out basically to prevent
off-site movement of heavy metals by containing and restricting them within a
specified area (Zhu et al., 2012). It is done to avoid further contamination of
groundwater by heavy metals when other remediation methods are not physically or
economically feasible.
2.4.2 Chemical Treatment
Chemical remediation or treatment is a method in which chemical reagent, reaction
and principles are applied and used to remove contaminants. The mechanisms
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involved include adsorption, catalysis, ion exchange oxidation, reduction (Kang et al.,
2016, Mao et al., 2015, Usman et al., 2012).
Efforts have been put into developing chemical remediation methods for in situ
remediation of contaminated soil and sediment, with biochar and activated carbon
showing to be effective by causing a reduction of both organic and inorganic
pollutants in porewater (Choi et al., 2014, Gomez-Eyles et al., 2013).
Immobilization technique
Heavy metal immobilization in soil is done to reduce their leachability through pH
and alkalinity control in order to minimize their solubility or basically by promoting
adsorption, ion-exchange, complexation and precipitation of pollutants (Stegmann et
al., 2013). It involved adding immobilizing agents to the contaminated soil. The
processes involved in immobilization techniques can cause a redistribution of heavy
metals from soil solution to soil particles and it is thus able to limit their transport and
bioavailability in the soil (Khalid et al., 2017). Immobilization of heavy metal in soil
is done by amending the contaminated soils with organic or inorganic amendments
(such as cement, zeolites, microbes, clay, phosphates (Austruy et al., 2014, Shahid et
al., 2014c). Adding organic amendment as a means of immobilizing heavy metals is
effective at the initial stage of application but its immobilization effects on metal
bioavailability varies over time due to decomposing of organic matter. The use of low
cost industrial residues like Industrial egg shell (Soares et al., 2015), red mud
(Smičiklas et al., 2014) and termitaria (Anoduadi et al., 2009) have been investigated
for heavy metal immobilization in contaminated soils.
The effective immobilization of nickel, lead, manganese, chromium, and iron by Farm
Yard Manure and copper, zinc and cadmium by di-ammonium phosphate was reported
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by (Khan et al., 2015). Organic amendments have high affinity for metal
complexation because the composition of organic amendment are mainly lignin and
cellulose others are proteins, simple sugars, hemicellulose, lipids, hydrocarbon with
various functional groups such as phenols, acetamido groups, carbonyl groups, amino,
esters, structural polysaccharides and amido (Niazi et al., 2016). The formation of
metal-organic matter complexes is dependent on the type and nature of the organic
matter (Shahid et al., 2014a). It has been reported that heavy metal immobilization by
organic amendment may be as a result of increase in soil pH by preventing sulphide
oxidation or hydrolysis (Walker et al., 2004) and also by increasing surface charge
(Gadd, 2000).
Soil Washing
This refers to processes that can result in the leaching of heavy metals from soil and
consequently lead to their removal when various extractants and reagents are used on
contaminated soils. Soil washing is a rapid method which can meet specific criteria
without any long-term liability (Park and Son, 2017). Soil washing with suitable
extractants for leaching heavy metals have proved to be a good alternative to some of
the clean-up techniques used for contaminated soils. It involves digging out the
contaminated soils and mixing it with a solution of suitable extractant (depending on
soil and type of metal) for a specified time. The metals in soil are transferred from soil
solid phase to liquid phase by, ion exchange, desorption or chelation and then can be
separated from the leachate (Ferraro et al., 2015).
Soil washing reagents include synthetic chelating agents such as ethylenediamine tetra
acetic acid (EDTA), humic substances, organic acids, surfactants (Kulikowska et al.,
2015, Shahid et al., 2014b), high concentration of salt chloride solutions like iron (III)
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chloride and calcium chloride (Makino et al., 2008). Rinsing steps, repeated washing
and the combined use of different chelators improves heavy metal washing efficiency
especially in multi-metal contaminated soil (Guo et al., 2016). Removal efficiency of
41.9% of arsenic and 89.6% of cadmium was achieved when phosphoric-oxalic acid
Na2 EDTA was used for soil washing (Wei et al., 2016).
2.4.3 Biological Treatment
Biological remediation is the cleaning up of environmental pollutants by the aid of
biological processes and reactions. This include phytoremediation, bioaugmentation,
bioventing, biosparging and biodegradation. Recent research into the effectiveness of
phytoremediation and bioaugmentation of soil contaminated by heavy metals and
petroleum showed that the heavy metal content in the plants used for the pot
experiments were limited; the translocation of the heavy metals was poor showing that
they were concentrated majorly in the root (Agnello et al., 2016, Cai et al., 2016).
Phytoremediation
Phytoremediation is considered as a green technology with good public perception
and it is widely used for the removal of pollutants, heavy metals in particular. The
technology uses green plants and their associated microbial communities to remove,
degrade or stabilize inorganic or organic contaminants.
Phytoremediation is one of the cheaper options to re-establish natural soil conditions,
it involves using the catabolic potential of plants root or associated microorganisms to
reduce, remove or detoxify heavy metals from the soil (Greipsson, 2011). Compared
with other methods of remediation, phytoremediation has low installation and
maintenance cost (Van Aken, 2009), can cost as less as 5% of alternative clean-up
methods (Prasad, 2003). Selection of fast growing plants and the longer times required
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compared with other methods are major limitations of this treatment method
(Mulligan et al., 2001). Phytoextraction, phytostabilization, phytovolatilization and
phytodegradation are the strategies involved in phytoremediation.
Phytoextraction is the most useful phytoremediation technique for metal removal from
polluted soils. It is the uptake of contaminants from soil by the roots of plants and
their translocation to accumulation in the shoots (Sekara et al., 2005). Bioavailability
and speciation of heavy metals in soil, soil properties and plant species are factors that
affect the efficiency of phytoextraction.

2.5

Risk Assessment of heavy metals in soil

It is essential to conduct risk assessment of pollutants in soils before and after
remediation and one of the important parameters is bioavailability of pollutants.
Bioavailability refers to the biologically available chemical fraction (pool) that can be
taken up by an organism and that can react with its metabolic activities (Campbell et
al., 1995), or it may refer to the fraction of the total chemical that is able to interact
with a biological target (Vangronsveld, 1998). For the pollutants (metals) to be
bioavailable, there must be physical accessibility (that is it must have come in contact
with) between it and the organism, and also the pollutant has to be in a particular form
for it to be able to enter the root of a plant or the body of an organism. Simply said, a
pollutant has to be mobile, be able to transport across a semi-permeable membrane
and be in an accessible form for it to become bioavailable.
2.5.1 Indicator for bioavailability
Possible methods for the determination of the bioavailable and bioaccessible fractions
can be put under three main groups:
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➢ methods for assessing metal concentration in soil solution or pore water;
including assessment of metal speciation and the activity of the free metal ion;
➢ single and sequential extraction methods;
➢ methods for determining total metal content in soil or sediments by rigorous
digestion.
An estimate of the bioavailable and accessible fractions of metals can be provided by
the methods for assessing metals in pore water; whereas extractions and digestions
may provide an estimate of potentially available and accessible fractions (Templeton
et al., 2000).

2.5.1.1 Assessment in pore water or soil solution
The major route by which plants, microorganisms and soft-bodied organisms become
exposed to heavy metals is from the soil solution because nutrients and contaminants
including dissolved heavy metals are readily available and taken up through the root
tips and their soft bodies from soil solution. As a result, the determination of total
dissolved elements in soil (fractions which can be expressed in terms of the
concentration of the free metal ion and the concentration of other ions that are
involved in the direct uptake) has been recognised as a method for measuring heavy
metals toxicity and bioavailability in soils (Parker and Pedler, 1997, Pavan et al.,
1982). Heavy metals in soil solution exist in forms such as complexes with a lot of
inorganic ligands and naturally occurring organics, free hydrated ions and bound to
colloidal particles, thus soil solution speciation is important in bioavailability (Hooda,
2010).
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The concentrations/activities of free ions can be measured by ion-selective electrodes,
ion-exchange resins, Donnan membrane systems and anodic stripping voltammetry.
All these methods have been applied to measure heavy metals speciation in soil
solution (Zhang and Young, 2005). Despite the advances in the use of these
techniques to measure free ion activity of trace elements, ion-exchange resins, Donnan
membrane systems and voltammetry have suffered from either chemical interference,
poor limits of detection or disturbance of solution equilibrium (McLaughlin et al.,
2000, Nolan et al., 2003). The use of ion-selective electrodes has been reported to be
very successful but limited to Cu (Christl and Kretzschmar, 2001, Sauvé et al., 1995),
not much sensitivity is recorded for Cd (Kaschl et al., 2002), Pb (Christl and
Kretzschmar, 2001) and Zn (Morley and Gadd, 1995). Voltammetry techniques are
not species specific, i.e. gives a measure of all the labile species in the soil solution,
and are not easily calibrated (Florence, 1986, Sauvé et al., 2000). Speciation by free
ion activity using ion-exchange resins is operationally defined, because organic and
inorganic metal complexes can contribute to the measurement (Persaud and Cantwell,
1992). The Donnan dialysis system uses ion-exchange in the form of a membrane
(Helmke et al., 1997, Temminghoff et al., 2000).
Many studies have reported that there have been strong correlations between the free
metal ion concentration and uptake of metal ions. In 2002, (Slaveykova and
Wilkinson) found a strong relationship between the free lead concentrations and lead
uptake by algae, rather than the total lead concentrations. Based on such observation,
the free ion activity model (FIAM) and its subsequent adaptation, the biotic ligand
model (BLM) have been developed (Playle, 1998). The FIAM operates on the basis
that the free ion activity is the determining factor in the uptake. Generally, it was
accepted that plants uptake of nutrients and consequently trace metals is related to
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their free ion activities in the solution, until in recent times, when there is considerable
evidence which challenged the free ion activity concept (Jiang et al., 2003,
Krishnamurti et al., 1997, Leyval and Berthelin, 1993, López et al., 2005, Marschner
and Römheld, 1983, McLaughlin et al., 1994, Nolan et al., 2003, Weggler et al.,
2004).
The dynamic processes (such as the soil capacity, or labile fractions present in
solution to supply that element) necessary for maintaining the free metal activity were
not considered and this is a limitation for predicting the bioavailability of metal when
using the free metal activities in solution (Parker and Pedler, 1997).

2.5.1.2 Extraction
Extraction can be defined operationally as a technique that is used to assess the
amount of metal in the solid phase pool that can be re-supplied to the solution of the
metal concentration, thus behaving like the concentrations of labile metal that are
available for uptake by plants or biota. Examples include the use of calcium chloride
aqueous solution to mimic uptake of metal by earthworms or plants (Gupta and Aten,
1993); extractions stand as intermediate between soil solution samples and total
digestion samples. Many researches on the behaviour of metals in sediments and soils
have focussed on the use of different extraction chemicals to describe the species of
metals present.
In broad terms, six types of extractions may be identified, they are:
➢ weak salt extractions e.g CaCl2, Ca(NO3)2, NH4Ac, NaNO3. These are used in
a range of concentrations from 0.001M to 1M;
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➢ reductive extractions like sodium ascorbate, HCl, hydroxylamine, sodium
dithionite;
➢ weak acid extractions e.g acetic acid, citric acid;
➢ strong complexation methods (e.g. ethylene diamine tetraacetic acid, EDTA,
diethylene triamine pentaacetic acid, DTPA-TEA);
➢ dilute strong acid e.g HNO3, double acid (HCl + H2SO4);
➢ combined extractants (e.g ammonium oxalate-oxalic, Melich III (dilute acid,
salt, and EDTA) (Bakircioglu et al., 2011, Basta and Gradwohl, 2000).

There are clear differences among extraction techniques in respect to simulating
bioaccessible and bioavailable portions. A particular technique may give a good result
of the bioavailable portion for a type of plant but may not be able to give a good result
for other plant types. In a wider range of soil characteristics or metal concentrations,
extraction techniques usually fail to adequately predict metal bioavailability and also
the chemical extraction methods are not specific in operation (Peng et al., 2017a).

2.5.1.3 Digestion
Most digestion to determine the totally recoverable metal content in soils involve the
use of concentrated mineral acid and elevated temperatures. In order to prevent the
destruction of the soil crystal structure during digestion, the temperatures and type of
acid used should be considered. Apart from the fact that hydrofluoric acid is very
dangerous to work with, when it is added to the digestate in total metal digestion,
crystal lattices are broken down and the metals bound or trapped in these structures,
which ordinarily will not be available to plants, are extracted as well. The
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concentrations obtained by this approach cannot represent the bioavailable fraction
and it is therefore not an appropriate measure for bioavailability of pollutants.
Other approaches to assessing the risks from trace elements in soils, including the
effectiveness of remediation treatments such as formation of stable metal minerals are
X-ray-Based Spectroscopic Techniques (Gräfe et al., 2014, Kim et al., 2003), Isotopic
Dilution Techniques (Young et al., 2005) and Diffusive Gradients in Thin Films
(Davlson and Zhang, 1994).

2.6

Diffusive Gradient in Thin-Film (DGT)

2.6.1 DGT and Bioavailability
The DGT technique, first reported in 1994 by Davison and Zhang is another method
used for measuring effective pore water concentrations and metal supplied from the
solid phase (Davlson and Zhang, 1994, Zhang et al., 2001). The use of passive
sampling devices such as (DGT

was suggested to be a chemical alternative or

supplement to biomonitoring for measuring and assessing metal bioavailability in
terrestrial and aquatic systems (Montero et al., 2012, Schintu et al., 2010). Using DGT
in the assessment of chemical bioavailability has been developed on the basis that
testing soil solution using the conventional methods have these shortcomings: (a) in
the course of sampling and extraction, speciation of metal may change and (b) no
consideration was made for metal re-supply kinetics.
The DGT method operates on the principle, that a depletion of soil solution
concentration of metals (because of uptake by plants) stimulates the resupply of metal
from species in the solid phase principally by diffusion (Nolan et al., 2005) and useful
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information about resupply of metal from the solid phase to solution can be
adequately provided by the DGT.
The metals accumulated by DGT are expected to be strongly similar or representative
of that taken up by plants if diffusion is the main mechanism responsible for metal
resupply from the soil. Another advantage of the DGT technique is that it is able to
integrate the concentration of bioavailable metals in soil solution with kinetics of
metal supply from the solid phase (Nolan et al., 2005). Thus, the mass of accumulated
metal by the DGT is from both the solid phase and solution that are labile and
responsive to depletion adjacent to the DGT device (Agbenin and Welp, 2012).
DGT has the advantage that it can be used for in situ determination and it can mimic
the actual root environment (Tian et al., 2008) and thus it easily measures not only the
concentration of labile metals in soil solution but also the dynamic diffusible supply of
metals from the organic and inorganic complexes and from the soil solid phase
(Davison and Zhang, 2012, Zhang et al., 2002). Some studies have shown the superior
ability of DGT to detect heavy metal concentrations compared with traditional
extraction methods, DGT measurement more accurately reflected metal uptake by
plants (Yao et al., 2017, Zhang et al., 2002, Zhang et al., 2004a, Zhang et al., 2001).
Another advantage associated with the DGT is that DGT devices with different
diffusive gel thickness can be used to generate different diffusion gradients or uptake
fluxes and subsequently different rates of demand for metal ions (Peijnenburg and
Jager, 2003). DGT demand is determined by the diffusive gel layer thickness and the
initial concentration in soil solution. As the diffusive gel layer becomes thinner, the
demand becomes greater and the fully sustained case may become partially sustained.
The result is that DGT is able to maintain a steady-state concentration in the soil
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solution as a result of the flux from soil to solution, providing the DGT demand is
kept relatively low by having thicker gel membranes clearly demonstrates that
kinetically labile solid-phase metal contributes to plant uptake, which, unlike soil
solution, free metal activity or isotopic dilution, is included in the DGT measurement.
The technique has proved a better predictor of plant available metal as it provides a
measure of the labile metals in solution as well as their kinetically labile pool
associated with the soil solid phase (Hooda and Zhang, 2008, Zhang et al., 2001). In
the same vein, other competitive ions which affect plant uptake in other bioavailability
methods have no bearing on the DGT-measured flux (Zhang et al., 2004b).
2.6.2 DGT principle in solution
In the DGT samplers, metal ions diffuse freely through a well-defined hydrogel layer
and are subsequently immobilised in a gel impregnated with an exchange resin. DGT
samplers are able to pre-concentrate dissolved metals providing a time-integrated
measure of their concentration in the water during the deployment period. In the DGT,
only labile dissolved metal species such as ionic forms and weakly dissociable
complexes (also called the DGT-labile fraction) are measured, these metal species
from the bulk solution diffuse across the filter membrane and the diffusive hydrogel
until the metal is bound to the binding resin embedded in the poly-acrylamide gel
(Zhang and Davison, 1995).
The DGT technique incorporates an ion exchange resin separated from the solution by
an ion-permeable gel membrane (Figure 2.2). Mass transport through the gel is
diffusion-controlled and thus well defined, making it possible to obtain quantitative
data on speciation and concentration over relatively short period of time (from one
hour to several weeks). Transport in the gel is restricted to diffusion and by selection
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of an appropriate gel thickness, it controls the overall rate of mass transport
irrespective of the hydrodynamics in the bulk solution (Davlson and Zhang, 1994).
Chelex-100 resin gel has been used in DGT to provide measurements of metal
concentrations. Chelex-100 is a cation exchange resin selective for trace metals and
closely packed in a single layer on a 75-150µm sphere. The DGT method, crosssection shown in Figure 2.2, relies on measuring a flux of metal over a given time, it
depends on establishing a defined concentration gradient in the diffusion layer, the
thickness of which is represented as Δg. The concentration of metal ions at the
interface of resin gel and diffusive gel is effectively zero due to the efficient uptake of
the metal ions. The diffusive boundary layer (DBL) of thickness δ, at the surface of a
DGT device is assumed negligible as δ<< Δg. Therefore, the Fick’s law of diffusion
can be used to define the flux of a given metal ion as shown in equations 2.2 and 2.3,
where D is the diffusion coefficient of the metal ions and Cb is the concentration of the
metal ions in bulk solution.
𝐹𝑙𝑢𝑥 =

𝐷𝐶𝑏
∆𝑔

…………………………………Equation 2-2

The flux is defined as the mass (M) per unit area of diffusion (A) per time t.
𝑀

𝐹𝑙𝑢𝑥 = 𝐴𝑡…………………………………… Equation 2-3
Therefore, the concentration of metal ions in the solution can be quantified by
equation 2.4:
𝐶𝑏 =

𝑀∆𝑔
𝐷𝐴𝑡

…………………………………Equation 2-4

Provided the resin is not saturated, the longer such a device is immersed in solution,
the more metal will be accumulated and making analysis easier. The more analyte
concentration available for analysis, the easier it is to avoid the below instrument
40

detection limit and more reliable and better the result will be located in the calibration
curve.

Figure 2-2: Modified cross-section of DGT components and the elution of
accumulated metals from Chelex-100 resin

2.6.3 DGT principle in soils
DGT can be used in soils directly to give an insight into soil processes as it allows
accumulation of metals in a well-defined geometry that thus permit the quantification
of metal resupply from the solid phase (Zhang et al., 1998).
The DGT device perturbs the soil in a controlled way thereby introducing an in-situ
local sink for metal ions, resulting fluxes to the device are measured quantitatively
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allowing assessment of resupply kinetics and in-situ labile concentrations (Hooda et
al., 1999).
When metal ions are removed from soil solution by DGT, just as if the metals are
removed from soil solution by biological uptake, it may be resupplied from the solid
phase of the soil to the solution (Ernstberger et al., 2005). There will be a net flux
from soil to solution induced by the depletion by DGT device and the processes
induced by deployment of a DGT probe in a soil is depicted in Figure 2.3.

Figure 2-3: Processes induced by deployment of a DGT probe in a soil.
The DGT-induced soil to solution flux, (Fss), may be different from the potential
maximum flux from soil to solution (Fpm); the DGT-induced soil to solution flux is
referred to as a partial flux because it will just be a fraction of the potential maximum
flux from soil to solution. The flux measured directly by DGT relates to the partial

42

flux and potential flux of metal ions from soil to solution in one of three possible ways
depicted in Figure 2.4.
i. Fully sustained state: this is obtained when the ions removed by the DGT devices
are rapidly resupplied from the soil solid phase and the concentration in solution is
effectively buffered into a constant value.
ii. Unsustained state: implies that there is no resupply from the solid phase to the
solution. Diffusion is the only mechanism responsible for the supply of ions from the
soil solution to the DGT device. The soil solution concentration become gradually
depleted first in the area surrounding the DGT device and then extends into the soil
solution. In this case, the DGT flux declines with deployment time, although the initial
concentration in solution can be calculated from the DGT measured mass.
iii. Partially sustained state: The resupply from the soil to solution in this case is not
enough to sustain the initial bulk concentration and to satisfy fully the DGT demands.
Which depends on the thickness of the diffusive gel layer and the initial metal
concentration in soil solution. The fully sustained state may become partially
sustained if the gel layer becomes thinner and the DGT demand become greater.
If the DGT measured concentration (CDGT) is close to the soil solution concentration
(Csoln), it is the fully sustained case. If the CDGT is significant less than the Csoln, the
soil solution is partially sustained. If the CDGT is less than 10% of Csoln, it is
unsustained case. There is no resupply from solid phase to soil solution. The flux can
only be accounted for by simple diffusion.
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Figure 2-4: Schematic representation of the concentration gradient in a DGT
assembly in contact with pore waters where the concentration is fully sustained (case
i), partially sustained (case iii), unsustained (case ii) by resupply from the solid phase
in soil.

2.7

Biochar in Soil Remediation

Lehmann and Joseph (2015) defined biochar as a porous substance that is produced by
subjecting the carbon rich biomass to thermal decomposition in limited supply of
oxygen and a relatively low temperature less than 700oC (Mesa and Spokas, 2011).
Biochar derived from wood materials with high lignin contents is considered an
effective remediation tool for soils for these basic reasons:
(1) it has the ability to hold and adsorb organic compounds and metals thus
preventing their contacts with humans, animals and plants;
(2) it is able to enhance systemic resistance of plants to diseases and improves the
introduction of beneficial microbes which in turn also promote remediation;
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(3) it leads to improvement of soil quality and thus increased plant productivity.
The physical properties of biochar provide many benefits to the soils which makes it
ideal for remediation and improving the ecosystem health, and also help to improve
soil quality. Its bulk density is much lower than that of mineral soils (Brady and Weil,
2004). Biochar has a greater porosity compared to other types of soil organic matter
and can thereby improve soil texture and aggregation thus improving water retention
in the soil.
High pH value: Most biochar are alkaline materials with liming effect on soil and help
in reducing the mobility of heavy metals in contaminated soils (Sheng et al., 2005).
High Cation Exchange Capacity, (CEC): Generally, biochar has a high CEC. Thus,
increasing its potential as a binding agent of organic matter and minerals: (Utomo et
al., 2011). High adsorption capacity, high carbon content, high mechanical strength,
high organic content, high nutrient retention capacity, high pesticides retention
capacity and very long half-life (> 100 years) are some of the additional properties
possessed by biochar. It has been revealed that the application of biochar may increase
the overall net surface area of the soil (Chan and Xu, 2009).
2.7.1 The mechanism of heavy metal stabilization by Biochar
The incorporation of biochar to soils increase the negative charge on the soil surface
due to the decreasing zeta potential and increasing CEC (Peng et al., 2011). This
increase the electrostatic attraction between the positively charged heavy metal and
soil.
A high soil pH value as a result of adding biochar may lead to decrease mobilization
of heavy metals and thus encourages precipitation. Other complex mechanisms may
also be obtainable during the interaction of biochar with heavy metals because there
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are many different functional groups in the surface of the biochar, the formation of
complexes between biochar and heavy metal could thus be an alternative route. The
mechanism of heavy metal removal with biochar amendment might be explained
through electrostatic interaction, precipitation and other complex reactions (Lu et al.,
2012, Peng et al., 2011).
A study was conducted by Uchimiya et al. (2011) to fingerprint the principal
components responsible for the stabilization of heavy metals (Cu, Ni, Cd, Pb) in soils.
It was revealed that surface ligands like oxygen containing carboxyl, hydroxyl, and
phenolic surface functional groups of soil organic and mineral components play
central roles in binding metal ions, and amendment with biochar can be a means of
increasing these surface ligands in soil.
An examination of an alkaline, clay San Joaquin soil polluted with metals showed that
copper retention was enhanced by biochar and likely followed the electrostatic
interactions between copper and negatively charged soil and biochar surfaces, sorption
on mineral (ash) components, complexation of copper by surface functional groups
and delocalized pi electrons of carbonaceous materials and precipitation.
It was discovered that increase in pH as a result of addition of basic biochar improved
the immobilization of heavy metals. This led to a nonstoichiometric release of protons,
suggesting that with higher carbonized fractions and chars’ addition, heavy metal
immobilization by cation exchange becomes increasingly outweighed by other
controlling factors like the coordination by pi electrons of carbon-carbon double
bonds and precipitation. In weathered acidic soil, the stabilization ability of biochar
for heavy metals especially Pb and Cu, was directly linked with the amount of oxygen
functional groups.
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2.7.2 Biochar reduces heavy metals concentrations
Biochar is well suited for treating soils contaminated with heavy metals because it has
shown to be very effective in adsorbing and sequestering a number of heavy metals
and trace elements like arsenic, copper, lead, mercury, nickel, cadmium and chromium
(Wingate et al., 2008). Biochar reduces the exposure potentials to animals or humans.
By decreasing phytotoxicity, it allows soils that were at a time polluted to support
diverse and healthy vegetation, this is very important for a balanced ecosystem.
A number of researchers have studied the effect of biochar on heavy metals in soils.
The studies quantified the positive effects of biochar on reducing concentrations and
bioavailability of heavy metals. Beesley et al. (2010) determined that biochar applied
to soils resulted in a 10-fold decrease in Cd in the soil and a resultant reduction in
phytotoxicity to plants.
The effect of biochar on the bioavailability and phytotoxicity of cadmium, copper and
lead from contaminated soils was examined by Park et al. (2011). The result revealed
that application of biochar significantly reduced NH4NO3 extractable Cd, Cu and Pb
concentrations of soils, indicating the immobilization of these metals. A study in a rice
paddy contaminated by a metallurgy plant showed that biochar reduced soil
concentrations of Cd by an average of 35% and reduced rice plant uptake of Cd by an
average of 37% (Cui et al., 2011).

2.8

Brief Description and Botanical Classification of Delonix regia

The flame of the forest which grows from 20 to 40 feet high is a medium sized tree
with crooked trunks, irregularly twisted branches, and rough grey bark. Its worst
appearance is in December and January when it has lost most of its leaves; but it
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becomes a true tree of flame from January to March when it is seen in its most
beautiful form with a root of orange and vermilion flowers covering the whole crown.
The flame of the forest also referred to as Royal Poinciana which is shown in Figure
2.5 requires tropical or a near tropical climate to flourish but it can endure salty and
drought conditions (Roy et al., 2008).
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(a)

(b)

Figure 2-5: Photograph of (a) Delonix regia tree; (b) Delonix regia pods

It is very widely grown in Africa and Hong Kong. The tree’s vivid red/orange/yellow
flowers and bright green foliage make it an exceptionally striking sight. It is grown for
its ornamental value and it is also a useful shade tree in tropical conditions because it
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grows to a modest height and spread widely, and its dense foliage provides full shade.
The seeds pods are dark brown and can be up to 60cm in length and 5cm wide, the
individual seeds, however, are small weighing an average of around 0.4g. The
compound leaves have feathery appearance and a characteristic light, bright green
colour. Delonix regia is a specie of flowering plant from the fabaceae family; noted
for its fern-like leaves and flamboyant display of flowers (Cowen, 1984), its botanical
classification is shown in Table 2.4 .
Table 2-4 Botanical Classification of Delonix regia
Kingdom

Plantae

Plants

Sub kingdom

Tracheobionta

Vascular plant

Super division

Spermatophyta

Seed plant

Division

Magnoliophy

Flowering plant

Class

Magnoliopsida

Dicotyledon

Sub Class

Rosidae

Order

Fabales

Family

Fabaceae

Genus

Delonix

Species

Delonix regia

Pea family

In 2011, (Rahman et al.) reported that the methanolic extract from the leaf of Delonix
regia has glucose lowering capacity and that some folks in Bangladesh were using it to
treat diabetes, this was supported in a recent review by Modi et al. (2016) where
50

various medicinal uses of different parts of the flame of forest tree were highlighted, it
was only the pods that did not have any use in local medicine.
Though not much research had been done utilising the pods of the tree, some of the
few available ones reported on the ability of activated carbon derived from the pods in
removal of methylene blue dyes (Vargas et al., 2011) and certain heavy metals like
mercury, cadmium (Festus et al., 2013, Okoronkwo et al., 2013, Shabudeen et al.,
2013). Proximate, elemental and biochemical analysis of Delonix regia was done by
Sugumaran et al. (2012) where the pods have the properties listed in Table 2.5.
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Table 2-5: Proximate, elemental and biochemical analysis of Delonix regia pods
(Sugumaran et al., 2012)
Parameters

(%weight) dry basis

Proximate Analysis
Ash

2.80±0.65

Fixed carbon

5.20±3.81

Volatile matter

92.03±3.74

Elemental Analysis
Carbon

34.22

Hydrogen

4.50

Nitrogen

1.94

Sulphur

0.42

Oxygen

58.91

Biochemical Properties
Cellulose

13.90

Hemi-cellulose

24.13

Lignin

23.36

2.9

Rationale and Objectives of this work

Environmental pollution is a great concern for the whole world, but it is a more
prominent problem in the Third World Countries such as Nigeria. Nigeria has majorly
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depended heavily on Crude oil exploration to sustain its economy since 1956 and the
series of exploration activities in the production area, Niger Delta part of Nigeria, has
led to serious pollution of all spheres of the environment by both organic and
inorganic pollutants. Local citizens in the production areas are experiencing great
hardship because their major means of livelihood which are farming, and fishing have
been lost to pollution and this has resulted in frequent cases of civil unrest in this area
of the country (Agbaeze et al., 2015).
A solution to these incessant civil unrests is to solve the problem caused by
environmental pollution in the area. The Nigerian government through various
national organisations is spending huge amounts of money in reclaiming the polluted
farmlands and searching for possible solutions to the pollution problems.
Solving the problems by innovative and affordable technologies is the major goal for
the government and scholars are being sponsored to investigate on different
remediation methods that will be practical under the prevailing economic conditions
in Nigeria. Adsorption with activated carbon had been used for the removal of heavy
metals from water for quite a long time, since 1927 (Netzer and Hughes, 1984), but
the high cost of the commercial activated carbon (Babel and Kurniawan, 2003) and its
importation to Nigeria will hamper its use in wastewater treatment. Different types of
low cost adsorbents with various capacities have been investigated but there is need to
explore some new materials in a bid to find the one that will be most suitable for the
removal of heavy metals.
Delonix regia was choosen as the adsorbent to explore in this study because it is a
widely available waste in Nigeria. The objectives of this work are listed as following:
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(a) investigate the effects of basic operating conditions, such as the pH, contact or
shaking time, initial metal concentrations, different ionic strength, on the adsorption of
heavy metals; determine the adsorptive capacities of Delonix regia; investigate
recovery capabilities of the bound metals from the spent biomass;
(b) establish the kinetic and isothermal parameters of the process;
(c) investigate the effectiveness of using Delonix regia material for soil remediation
and establish a holistic programme of using DGT as a method to assess risk pre- and
post- remediation;
(d) determine labile pool size and kinetic parameters of heavy metals in soils using
DGT and DIFS model.
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Chapter 3.

Investigating Adsorptive Capacity of Delonix regia Pods for The

Removal of Heavy Metals from Waste Water
3.1

Introduction

An issue requiring serious attention worldwide is the pollution resulting from heavy
metals because heavy metals are persistence in nature (Fu and Wang, 2011), toxic on
living organisms and have adverse effects on the environment (Chronopoulos et al.,
1997). Mercury, cadmium, lead, nickel, cobalt, chromium and copper are few of the
heavy metal ions that are great danger to human health (Bailey et al., 1999). These
heavy metals are not biodegradable and tend to accumulate in living organisms,
causing various diseases and disorders (Bulut and Zeki, 2007).
Pollution by heavy metals started ages back when ore processing began by human
(Renberg et al., 1994), heavy metals are released into the environment through a wide
range of processes and activities such as combustion, extraction and processing
(Järup, 2003). They are able to gain access into the environment and cause pollution
through many anthropogenic sources of which some are agricultural activities during
the application of fertilizers, fungicides and pesticides; metal smelting, welding,
electroplating, battery manufacture, nuclear fission plants, mining, textile making,
operations in tannery industries, paints manufacture and usage, burning of coal, fuel
production in refineries, automobile emission and manufacture of brass (Paul, 2017)
and also as a result of discharge of municipal wastes and effluents from industries like
electronics manufacturing (Wang et al., 2013b).
Removal of heavy metals from industrial wastewater, the major source of discharge to
the environment, have involved several methods which are either expensive or
ineffective with large effluent volumes (D'Avila et al., 1992, Kapoor and
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Viraraghavan, 1995, Wilde and Benemann, 1993) and furthermore some of these
conventional methods generate toxic sludges which become another environmental
issue (Sandau et al., 1996). Adsorption with activated carbon is considered the best
technology because of its excellent adsorption ability and has gained acceptance as an
alternative treatment method (Alslaibi et al., 2013, Kurniawan et al., 2006). However,
its use is highly cost intensive especially for developing countries of the world and its
use has been greatly restricted because of this.
In view of these, it is very important to find cheaper and eco-friendly means of
removing metals from industrial wastewater which is a major source of pollution.
Research is being conducted in search of materials from agricultural and biological
origin as adsorbents (Pino et al., 2006a, Pino et al., 2006b) because these materials are
always available in large volumes, they have very low or no commercial value, are
easily degraded by micro-organisms and in most cases there is no storage facilities for
them in developing countries. At the best, all they are used for is animal feeds or
disposal in landfill causing another environmental issue. These agricultural wastes
containing a high quantity of lignin, hemicellulose, cellulose and certain proteins.
They should constitute an inexpensive, eco-friendly renewable natural resources if
their potentials are explored. However, most of these researches are focussed on using
these agro-waste as precursors for activated carbon (derived from plants wastes) and
in most cases the purpose of the study (a cheaper alternative to activated carbon) is
more or less defeated, because the cost of energy needed to obtain the high
temperatures of over 900oC required for producing activated carbon is an additional
cost and will be burdensome or more or less unachievable for the emerging small
scale industries we have in the developing parts of the world where power supply is
very erratic.
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In this work, the natural, unmodified powder from the pods of Delonix regia was used
for the adsorption of Lead, Nickel, Copper, Cadmium and Cobalt from synthetic waste
water under different experimental conditions.
The aim of this work is thus to investigate the adsorption characteristics of Flame of
the forest (Delonix regia) pods for the removal of metals such as Lead, Cadmium,
Copper, Cobalt and Nickel ions from aqueous solutions and investigate the potential
of using Delonix regia for remediating contaminated waters.
In order to achieve the aim of this work, the following objectives were set:
(a) investigate the effects of operating conditions such as the pH, ionic strength,
contact time and initial metal concentration;
(b) investigate recovery capabilities of the bound metals from the spent biomass;
(c) establish the kinetic and isothermal parameters of the adsorption process.

3.2

Materials and Methods

3.2.1 Materials
Delonix regia pods were used as the adsorbents for adsorption experiments in this
chapter and the leaves were used for the next chapter.
Lead trioxonitrate (V), Copper chloride dihydrate, Cobalt sulphate heptahydrate,
Diammonium nickel sulphate hexahydrate and Cadmium nitrate salts were used for
the preparation of 1000 ppm stock Pb(II), Cu(II), Co(II), Ni(II) and Cd(II) solutions
respectively by dissolving the salts in high purity Milli-Q water.
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Nitric acid (0.1M) and sodium hydroxide solutions were used for the adjustment of pH
where it was necessary; Sodium nitrate was used for ionic strength study and 0, 0.1,
0.5 and 1M nitric acid were used for the desorption of adsorbed metal from the used
biomass.
3.2.2 Methods
3.2.2.1 Biomass Preparation
The matured dried pods of the biomass, Delonix regia were harvested in The Ekiti
State University, Ado Ekiti, Nigeria. The dried pods were split open in order to
remove the seeds, afterwards the pods were sun dried and chopped into small pieces.
The small pieces were thoroughly washed with MQ water and oven dried at 100oC105oC for 3 days; after which it was milled into powdered form using a Tema milling
machine. The powder was sieved through 250µm mesh nylon sieve and kept in air
tight containers for further experiments.

3.2.2.2 The effect of pH
Determination of the optimum pH for adsorption is paramount to the success of
further investigation. From the prepared biomass, 0.5g was weighed into designated
tubes containing 20mls of 100 ppm of the metal solution of various pH between 1.0 to
8.0. The different pH values were obtained by using 0.1M HNO3 and 0.1M NaOH
solutions. The suspensions were shaken for 5 hours at room temperature (21±2oC) and
this experiment was completed by carrying out the processes in section 3.2.2.9. After
determining the best pH for each metal adsorption, subsequent studies were conducted
at this pH value.
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3.2.2.3 The effect of interaction time
Batch experiments to determine the optimum interaction time of the Delonix regia
biomass to adsorb the metals were carried out at 21±2oC. Adjustment to the optimum
pH (of 4 for lead, copper and cobalt; 5 for nickel and 6 for cadmium) for the sorption
was done for 100ppm of metals solutions, then 0.5g of the prepared biomass was
poured into the designated tubes (1 to 9) containing 20mls of 100ppm of the metal
solution. Contacting and continuous shaking was done for 0.5 mins, 1 min, 3 mins, 5
mins, 15 mins, 30 mins, 60 mins, 90 mins, 120 mins, 180 mins, 240 mins and 300
mins and after the time lapse, after the time lapse procedures in section 3.2.2.9 was
done to complete sample analysis. Having determined the optimum interaction time,
further investigations were conducted at the optimum pH and contact time.

3.2.2.4 Experiment for Sorption Isotherm Modelling
Various concentrations of the adsorbate in the range of 1 ppm, 5, 10, 20, 50, 100, 200,
500,1000 ppm were used for the adsorption experiment in order to obtain the data to
generate the adsorption isotherm for the understanding of the adsorption process.
Adjustment to the optimum pH (of 4 for lead, copper and cobalt; 5 for nickel and 6 for
cadmium) was done for the different concentrations of each of the metal solutions.
The desired weight of 0.5g of the prepared biomass was added to designated tubes
containing 20mls of the desired concentration of the metal solutions and shaken
continuously for 30 minutes.

The procedure was repeated for each of the

concentrations listed above and at the expiration of contact time, the procedure in
section 3.2.2.9 was carried out for sample analysis.
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3.2.2.5 The effect of ionic strength
In order to study the influence of the presence of other ions in solution on the uptake
of metal ions, sodium nitrate was used as ionic medium. Different concentrations
(0.001, 0.005, 0.01, 0.05, 0.1, 0.5M) of the salt was prepared. From each of these
concentrations 100ppm of each metal solution was prepared, the pH was adjusted as
necessary and mixed on a shaker for two hours then 20mls were measured into
designated tubes already containing 0.5g of the prepared biomass. Shaking was done
for the duration of 30 minutes, the complete procedure involved for sample analysis is
explained in section 3.2.2.9.

3.2.2.6 Biosorbent Dose Study
Optimum amount of biosorbent was determined by using different doses (0.25, 0.5,
0.75, and 1.0g) in 100ppm of metal solution after adjustment to the optimum pH (of 4
for lead, copper and cobalt; 5 for nickel and 6 for cadmium). Each biomass dose and
20mls metal solution of adjusted pH were shaken for 30 minutes after which the
process outlined in section 3.2.2.9 was carried out.

3.2.2.7 Recovery or Desorption experiments
Recovery of the metal ions from the biomass was carried out with different
concentrations (0, 0.05, 0.1, 0.5, and 1.0 M) nitric acid. The desired volume of 20mls
of 100ppm of metal solution of adjusted pH was poured into designated plastic tubes
for each concentration of desorbing agent. These metal solutions were mixed with
0.5g of the biomass for 30 minutes after which they were centrifuged twice at
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4500rpm for 15 minutes and 10300rpm for 10 minutes, the supernatant or liquid part
was discarded, and the biomass were then mixed with 20mls of the appropriate
concentration of the desorbing agent (HNO3) for another 30 minutes. The process
analysis is completed in section 3.2.2.9.

3.2.2.8 Experimental adsorption capacity
A volume of 1000mls of 200ppm metal solution was adjusted to the optimum pH (of 4
for lead, copper and cobalt; 5 for nickel and 6 for cadmium) out of which 20mls was
poured into a plastic tube containing 0.5g of the prepared biomass. The suspensions
were shaken for 30 minutes, centrifuged at 4500rpm for 15 minutes and transferred
into clean tubes before 100µls of the samples were withdrawn and diluted a thousand
times with 0.1M HNO3 for metal content analysis, this was regarded as the first cycle.
The solid phase retained on the filter paper was washed back into their respective
tubes with a fresh 20mls, 200ppm of the metal solutions of adjusted pH and shaken for
30 minutes. The suspensions were centrifuged at 4500rpm for 15 minutes, filtered into
clean tubes for dilution and subsequent metal analysis, this was referred to as the
second cycle. The procedure of mixing with fresh metal solution, centrifugation and
filtration was repeated for a minimum of six times and each step is referred to as a
cycle and at the end of all the cycles sample analysis in section 3.2.2.9 was done.

3.2.2.9 Sample Analysis
Prior to the analysis of the samples with the ICP-MS, sample suspensions were
centrifuged twice at 4500rpm for 15 minutes and 10300rpm for 10 minutes, then
100µls of the supernatant were withdrawn, diluted a thousand times with 0.1M HNO3.
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After the dilution of samples then 20 ul of 50 ppb of internal standard solution
(containing Rhodium) was added to all the samples and the calibration standards used
for metal analysis and mixed properly.
Multi-elements standard solution was used to prepare different concentrations of (1, 5,
10, 20, 50 and 100ppb) external calibration standard solutions used for each analysis.
The analysis of the samples was done with Thermo Elemental Inductively Coupled
Plasma-Mass Spectrometer (X Series II). After the instrument is switched to the
operate mode, the pressure of the nebulizer was checked, and the instrument’s
sensitivity and stability was checked by running a tuning solution of 1ppb multi
element standard solution for 10 minutes. It was ensured that the 115In counts was less
than 20K counts per second, precision less than 2%. The Backgrounds (5BKg and
220BKg) were less than 1 count per second, the oxides Cerium oxide (CeO+) must be
less than 2.0% and the doubly charged ions (Ba2+) less than 6.0%.
Then the calibration standard solution inclusive of a blank and 0ppb solutions are
analysed in order to obtain a calibration curve where the samples to be analysed will
properly fit into. Once the calibration curve for each metal is good with R2 = 0.999,
analysis of the samples can proceed.

3.2.2.10 Quantification of adsorption
The concentration of unadsorbed metal ions in the sorption medium was determined
by ICP-MS (X Series II). Each experiment was repeated three times, each
measurement was repeated three times and the results are the average values after
correction was made for the experimental blanks.
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The amount of metal ions (208Pb,
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Ni,
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Cu,

111

Cd and
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Co) adsorbed on Delonix

regia (Qe in mg/g) was calculated using equation 3.1 below:
𝑄𝑒 = (𝐶𝑖 − 𝐶𝑒)𝑉/𝑚………………………………………… Equation 3-1
where Ci is the initial metal concentration in solution (mg/l),
Ce is the final metal concentration in the solution (mg/l),
V is the volume of the metal solution used in litre (L) and
m is the mass of the biosorbent (g).

3.3

Results and Discussion

3.3.1 Effect of pH
The pH of the solution is an important factor in the adsorption experiment as it affects
the surface functional group of the biomass and the solubility of ions in aqueous
solutions. At low pH values hydrogen ions tends to occupy the binding sites, this
increases the repulsive forces needed to be overcome by the metal before binding can
take place and consequently make it more difficult for the metal ions to access binding
sites (Saeed et al., 2002) and thus a lower uptake is observed. The result of pH effect
on the uptake of Pb, Ni, Cu, Cd and Co ions from solutions by Delonix regia biomass
is shown in Figure 3.1.
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Figure 3-1:The effect of pH on the adsorption of Pb, Ni, Cu, Cd and Co by Delonix
regia pods{pH: 1-8; contact time: 300mins; metal ions concentration:100ppm;
adsorbate volume:20mls; biosorbent dose: 0.5g, shaking rate:18 rpm; temp:21oC ±2}.

It revealed that there was a noticeable increase from pH 1 to 2 after which the values
were more or less constant. pH 4 was chosen as the optimum for lead because the
uptake of lead doesn’t seem to be affected much by the pH of the solution after pH 4.
The effect of pH on the uptake for nickel showed that there was no significant
sorption at low pH values but increase sorption was recorded as pH increased showing
the sorption to be dependent on pH of the solution. pH 5 was used for nickel in
subsequent experiments. A high increase in sorption with uptake value from 0.71 to
2.9mg/g was recorded at low pH (1-3) values for copper, at pH 4 a maximum uptake
was achieved and pH 4 was used as the optimum pH for copper in other experiments.
For cadmium, very low sorption was observed at pH 1 and 2; this increased at pH 3
and remained fairly constant from pH 4 to 8. pH 6 was used as the optimum for all
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other cadmium experiments. For cobalt ions, the sorption is gradually increased until a
maximum uptake was reached at pH 4 after which the uptake was constant until pH 7.
The results obtained for all the metals showed that the sorption is highly dependent on
pH and this is in conformity with the work done by Xue et al. (2009) when the
adsorption of Pb, Cu, Cd and Zn on to furnace slag was investigated . It was reported
by Bulut and Zeki (2007) that significant increase in the sorption of Pb(II) ion on
wheat bran was observed in the pH range from about 4 to 7. An optimum pH of 6 was
reported for the sorption of nickel onto a fungus, Rhizopus nigricans, by Volesky and
Holan (1995).

Although pH 4 to 6 were used as the optimum pH for this study, but from the result in
Figure 3.1, it was revealed that the pods of Delonix regia has significant uptake for all
the metals considered at pH 3. This result showed a potential in this adsorbent
because some heavy metal bearing effluents have pH values which could be as low as
2 (Andrade et al., 2017, Cavaco et al., 2007, Vergili et al., 2017) using this adsorbent
on such effluent could be promised to yield a good sorption because even at low pH
values used in this study, the performance of the adsorbent for the targeted heavy
metals was above 70%, thus using this adsorbent will reduce the necessary cost for pH
adjustment before wastewater treatment. Table 3.1 shows researches with similar
optimum pH values to the present work.
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Table 3-1: Optimum pH values in heavy metals-agricultural wastes adsorption
systems
Metal ions

Adsorbent

Optimum

References

pH
Pb(II)

Portulaca plant

6.0

mass

Ni(II)

(Dubey and Shiwani,
2012)

Pineapple peel fibre

5.6

(Hu et al., 2011)

Cocoa pod husk

6.0

(Njoku et al., 2011)

Pine cone powder

5.0

(Ofomaja et al., 2010)

Onion skins

6.0

(Saka et al., 2011)

Orange peels

5.0

(Gönen and Serin, 2012)

Rice bran

6.0

(Zafar et al., 2007)

Cashew nut shell

5.0

(Senthil Kumar et al.,
2012)

Moringa oleifera

6.0

(Reddy et al., 2011)

5.0

(Gutha et al., 2011)

Garden grass

6.0

(Hossain et al., 2012b)

Pineapple peel fibre

5.4

(Hu et al., 2011)

Soybean meal

5.0

(Witek-Krowiak and

bark
Caesalpinia
bonducella seed
Cu(II)

waste

Reddy, 2013)

Cashew nut shell

5.0

(SenthilKumar et al.,
2011)

Cd(II)

Wheat straw

6.0
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(Farooq et al., 2011)

Potato peel

6.0

(Taha et al., 2011)

Castor seed hull

6.0

(Sen et al., 2010)

Various mushroom

6.0

(Vimala and Das, 2009)

Cashew nut shell

5.0

(Senthil Kumar et al.,
2012)

3.3.2 Effect of interaction time
Time of interaction carried out in the study of the adsorption is very important for
industrial application. An ideal biosorbent should rapidly adsorb the metal ions in the
first few minutes of interaction with the solutions; this is evident from the result of the
study conducted using Delonix regia biomass. Rapid uptake of the metals by the
biosorbent is desirable providing for a short solution-biosorbent contact time in the
actual process (Volesky, 1990). The result obtained from the interaction time study is
represented in Figure 3.2.

67

(a)

4.5
4.0

Qt (mg/g)

3.5
3.0

Pb

2.5

Ni

2.0

Cu

1.5

Cd
Co

1.0
0.5
0.0
-50

0

50

100

150

200
Time (min)

250

300

350

(b)

4.5

Qt (mg/g)

4.0
3.5

Pb

3.0

Ni

2.5

Cu

2.0

Cd

1.5

Co

1.0
0.5
0.0
0

5

10

15

20
Time (min)

25

30

35

Figure 3-2: The effect of interaction time on the adsorption of Pb, Ni, Cu, Cd and Co
by Delonix regia pods pH: 4-6; contact time:0.5-300mins; metal ions
concentration:100ppm; adsorbate volume:20mls; biosorbent dose: 0.5g, shaking
rate:18rpm; temp:21oC ±2}
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The result shown in Figure 3.2 revealed that adsorption of the lead, nickel, copper,
cadmium and cobalt ions on to Delonix regia biomass was very rapid as significant
uptakes of about 80% sorption which is equivalent to 4.0mg/g was achieved for lead;
2.9mg/g, 3.6, 3.1 and 2.4mg/g was recorded for nickel, copper, cadmium and cobalt
respectively within the first fifteen minutes of contacting the biomass with the metal
ions solutions. The quick sorption of the metal ions suggests that chemical sorption
rather than physical sorption contributes to their sorption onto Delonix regia. But after
the first fifteen minutes of interaction the sorption uptake was relatively the same over
the period of 300 minutes that was investigated. Experimental time of 30 minutes at
which the uptake values of (4.1mg/g, 2.9mg/g, 3.5mg/g, 3.1mg/g, 2.4mg/g) was
observed for lead, nickel, copper, cadmium and cobalt respectively was chosen as the
experimental contact time for all other experiments. After 30 minutes, the rate of
uptake became constant for the remaining duration of 300 minutes carried out in this
study. A contact time of 30 minutes was thus used for subsequent experiments. The
fast uptake of metal by D.regai will be a cost effective advantage in industry as many
batches of effluents could be treated within a short period of time.
Similar sorption rate was reported in studies with Cd, Fe and Pb removal by
Schizomeris leibleinii, a green algae, (Özer et al., 1999). Okieimen et al. (1988)
reported a maximum time of 20 minutes for Cd, Pb, Ni, Zn and Cu on modified
cellulosic materials.

3.3.2.1 Kinetics Modelling
The kinetic modelling of experimental data, obtained from the time dependence study,
shown in Figure 3.3 was carried out in order to predict the mechanism involved in the
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sorption and determine the potential rate controlling steps such as external film
diffusion, mass transfer and chemical sorption processes.
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Figure 3-3: Pseudo-second order kinetics study of the adsorption of Pb, Ni, Cu, Cd
and Co by Delonix regia pods {pH: 4-6; contact time:0.5-300mins; metal ions
concentration:100ppm; adsorbate volume:20mls; biosorbent dose: 0.5g, shaking
rate:18rpm; temp:21oC ±2}

Kinetic models’ equations assume that measured concentrations are equal to
concentration or amount of adsorption sites and that in well agitated systems external
film diffusion is negligible. The pseudo second-order equations which are based on
the sorption capacity of the solid phase are used in this study. The data were fitted to
the pseudo second order with the advantage of being able to predict the behaviour
over the whole range of adsorption and is in agreement with chemical sorption
mechanism being the rate controlling step (Ahmad et al., 2018, Aksu, 2001).
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A pseudo-second order kinetic model expressed by equations (3.2 to 3.5) were used to
simulate the kinetic sorption process in order to obtain the specific rate constant of the
process.
𝑑𝑄𝑡
𝑑𝑡

= 𝑘2,𝑎𝑑 (𝑄𝑒𝑞 − 𝑄𝑡 )² …………………………………………Equation 3-2

where k2,

ad

is the rate constant of second-order adsorption (g mg−1 min−1). For the

boundary conditions t=0 to t=t and Qt=0 to Qt=Qeq; the integrated form becomes
1
(𝑄𝑒𝑞 −𝑄𝑡 )

1

=

𝑄𝑒𝑞

+ 𝑘2𝑎𝑑 …………………………………………… Equation 3-3

which is the integrated rate law for a second-order reaction and can be rearranged to
obtain
𝑡

𝑄𝑡 =

+

1
( 𝑘2,𝑎𝑑 𝑄𝑒𝑞 ²)

𝑡
𝑡
𝑄𝑒𝑞

………………………………………………… Equation 3-4

which has a linear form
𝑡
𝑄𝑡

=𝑘

1
2,𝑎𝑑 𝑄𝑒𝑞 ²

+

1
𝑄𝑒𝑞 𝑡

………………………………………………………Equation 3-5

If second-order kinetics are applicable, the plot of t/Qt against t should give a linear
relationship, from which Qeq and k2,ad can be determined from the slope and intercept
of the plots (Ho and McKay, 1999a), where k2,ad (g.mg-1min-1) is the second order rate
constant for the sorption, Qeq and Qt are the amount of biosorbent at equilibrium and at
any time t, respectively (mg/g). The main assumption of pseudo second order kinetic
model is that the rate limiting steps may be chemical sorption involving forces
through exchange or sharing of electrons between the metal ions and the biomass (AlRub et al., 2002). From Figure 3.3 straight-line plots of t/Qt vs. t indicate that the
kinetic sorption of Pb, Ni, Cu, Cd and Co can be well described by the pseudo-second71

order rate equation. The values of k2,ad and Qe calculated from the intercept and slope
of the equation is shown in Table 3.2. From Table 3.2 and Figure 3.3, it is evident
that kinetic of sorption for lead, nickel, copper, cadmium and cobalt by Delonix regia
has a high correlation coefficient of 0.999 and thus followed pseudo-second order
kinetic model.
Table 3-2: Adsorption parameters obtained from the second order kinetic model
for the sorption of metals to Delonix regia pods
Metal ions

k2 (g.mg-1min-1)

Lead

-151.52

4.1

0.9998

Nickel

-2.36

2.8

0.9996

Copper

-3.24

3.4

0.9999

Cadmium

-86.96

3.1

0.9998

Cobalt

-5.74

2.3

0.9997

Qe(mg/g)

R2

3.3.3 Effect of initial metal concentration on adsorption
The result of the effect of changing the initial concentration of the metal ions while
keeping the adsorbent dose and other factors constant during the adsorption
experiment are presented in Figure 3.4.
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Figure 3-4: The effect of concentration on the adsorption of Pb, Ni, Cu, Cd and Co by
Delonix regia pods {pH: 4-6; contact time: 30mins; metal ions concentration:1ppm 1000ppm; adsorbate volume:20mls; biosorbent dose: 0.5g, shaking rate:18rpm;
temp:21oC ±2}

It showed that there was an increase in the uptake of the metal ions by Delonix regia
as the concentration of the metal ions in solution was increased. The increase in
uptake was linear for lead ion up to 500 ppm concentration, for nickel, copper and
cadmium the linear increase was observed to 400 ppm. These indicate that at these
concentrations the ions were able to interact very well with the binding sites available
in the biomass. The increase in uptake with increasing concentration was due to more
metal ions occupying the fixed number of active sites on the biomass surface. The
uptake of Co ions increased linearly up to 100 ppm where an uptake value of 2.3 mg/g
was recorded, increase in concentration to 200 ppm resulted in a decrease uptake of
2.1 mg/g. The difference in the uptake between lead and the other metals is probably
due to its large electronegativity of 2.3 compared with other metals having 1.9, 1.9,
1.7 and 1.9 for nickel, copper, cadmium and cobalt respectively.
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Some research carried out using different types of industrial effluents, reported the
concentrations of Pb to be between 0.1-45.4 mg/l; Ni (0.8-4.7 mg/l); Cu (1.5-164.5
mg/l); Cd(0.1-76.1 mg/l); and Co (0.04-3.51 mg/l) (Akpomie and Dawodu, 2016,
Basha et al., 2011, Bhateria and Dhaka, 2017, Noreen et al., 2017, Vaseem et al.,
2017, Zhou et al., 2016), it thus implied that Delonix regia could be used to
effectively remove each of these targeted metals from wastewater because the
expected concentration in the wastewater is within the linear experimental
concentration range.

3.3.3.1 Adsorption Isotherms Modelling
Adsorption isotherms express the relation between the amount of adsorbed metal ions
per unit mass of biosorbent (Qe) and the metal concentration in solution (Ce) at
equilibrium. It can be generated based on numerous theoretical models where
Langmuir and Freundlich models are used in this study (Carbonell, 1986, Langmuir,
1918). The adsorption model constants values give an expression of the surface
properties and affinity of the adsorbents for the sorption of lead, nickel, copper,
cadmium and cobalt ions. The Langmuir isotherm for the sorption shown in Figure 3.5
is a valid monolayer sorption on a surface containing a finite number of binding sites.
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Figure 3-5: Plot of Langmuir Isotherm for the adsorption of Pb, Ni, Cu, Cd and Co by
Delonix regia {pH: 4-6; contact time: 30mins; metal ions concentration: 1ppm 1000ppm; adsorbate volume: 20mls; biosorbent dose: 0.5g, shaking rate: 18rpm;
temp: 21oC ±2}

It assumes uniform energies of sorption on the surface and no transmigration of
sorbate in the plane of the surface. The Langmuir equation may be written as shown in
equations 3.6 and 3.7:
𝑄𝑒 =
𝐶𝑒
𝑄𝑒

𝑄 0 𝑏𝐶𝑒

(𝑛𝑜𝑛 𝑙𝑖𝑛𝑒𝑎𝑟 𝑓𝑜𝑟𝑚)………………………………Equation 3-6

1+𝑏𝐶𝑒

1

𝐶

= 𝑄0 𝑏 + 𝑄𝑒0 (𝑙𝑖𝑛𝑒𝑎𝑟 𝑓𝑜𝑟𝑚)…………………………………. Equation 3-7

Where Qe is the amount of solute adsorbed per unit weight of adsorbent (mg/g), Ce,
the equilibrium concentration of solute in the bulk solution (mg/l), Q0, the monolayer
adsorption capacity (mg/g) and b is the constant related to the energy of adsorption.
The effect of isotherm shape can be used to predict whether a sorption system is
“favorable” or “unfavorable” both in fixed-bed systems (Weber and Chakravorti,
1974) as well as in batch processes (Poots et al., 1978). According to Hall et al.
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(1966), the essential features of the Langmuir isotherm can be expressed in terms of a
dimensionless constant separation factor or equilibrium parameter KR,

expressed in

equation 3.8, KR is a dimensionless separation factor, Ci, the initial metal ion
concentration (mg/L) and Ka is the Langmuir constant (L/mg). which is defined by the
following relationship:
𝐾𝑅 =

1
1+ 𝑘𝑎 𝐶𝑖

……………………………………………………………...Equation 3-8

The parameter KR indicates the shape of the isotherm accordingly:
When KR =0 indicate an irreversible isotherm
0< KR <1 indicate a favourable isotherm
KR =1 it is a linear isotherm
KR >1 the isotherm is termed unfavourable
The KR values obtained for the sorption process shows that there is a favourable
sorption of the metals unto Delonix regia. The adsorption capacity for each of the ions
investigated is shown is Table 3.3, from the plots in Figure 3.5 it was observed that
the sorption is favourable at initial concentrations below 200 ppm for all the metals
except cobalt whose sorption is favoured at concentration below 100 ppm. The values
of calculated adsorption capacity for each metal was close to the experimental values.
The Freundlich Isotherm, with plots shown in Figure 3.6, says the ratio of the amount
of solute adsorbed onto a given mass of the sorbent to the concentration of the solute
in the solution is not constant at different concentration. The non-linear and linear
forms are shown in equations 3.9 and 3.10 respectively (Adebowale et al., 2006).
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Figure 3-6: Plot of Freundlich Isotherm for the adsorption of Pb, Ni, Cu, Cd and Co
by Delonix regia {pH: 4-6; contact time: 30mins; metal ions concentration:20ppm 1000ppm; adsorbate volume:20mls; biosorbent dose: 0.5g, shaking rate:18rpm;
temp:21oC ±2}

𝑄𝑒 = 𝐾𝐹𝐶𝑒 1/𝑛 …………………………………………………………….. Equation 3-9.
1

𝐿𝑜𝑔 𝑄𝑒 = 𝐿𝑜𝑔 𝐾𝐹 + 𝑛 𝐿𝑜𝑔 𝐶𝑒 ………………………………………. Equation 3-10
where: 1/n and KF are constants related to adsorption efficiency and adsorption
capacity respectively; Qe is amount of adsorbate adsorbed per unit weight of adsorbent
and Ce is the final metal concentration in the solution.
The adsorption intensity or efficiency, (1/n) for the Freundlich isotherm is a factor
related to the surface heterogeneity and the multiplicity of the energies linked in the
adsorption reaction, it also indicates a favourable sorption of the sorbate on the given
sorbent.
1/n =0 indicate an irreversible isotherm
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0<1/n<1 shows a favourable adsorption and
1/n >1 indicates an unfavourable isotherm (Areco et al., 2014).
The plots in Figure 3.6 is the Freundlich Isotherm model for the sorption of lead,
nickel, copper, cadmium and cobalt by Delonix regia from where the values of the
Freundlich constants shown in Table 3.3 were calculated. From the calculated 1/n
values it showed that the Freundlich Isotherm is also favourable for the sorption of the
metals. Considering the results obtained for the sorption processes it is seen that both
isotherms can be adequately used to represent the sorption of these metals unto
Delonix regia depending on the concentration of the adsorbate in solution. Langmiur
isotherm is good at low concentrations while Freundlich is better over a wider
concentration range except for the sorption of cobalt.
Table 3-3: Adsorption parameters of the Isotherm Models for the sorption of Pb,
Ni, Cu, Cd and Co to Delonix regia

Langmuir Isotherm

Metal
ion

Freundlich Isotherm

Qo
(mg/g)

b
(L/mg)

r2

Kf
(mg/g)

1/n

r2

Pb

31.2

0.08

0.9986 0.70

3.0

0.48

0.9242

Ni

5.9

0.02

0.9590 0.90

0.7

0.34

0.8901

Cu

9.1

0.03

0.9977 0.90

0.9

0.39

0.9213

Cd

6.5

0.31

0.9931 0.40

1.1

0.34

0.8536

Co

5.8

0.01

0.4936 0.95

0.5

0.37

0.8096

KR
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The experimental values obtained for the maximum sorption capacity of the biomass
shown in Table 3.4 is close to the calculated values derived from the isotherm
parameters.
At pH 5.5 coconut shell, Kudzu bark, Oak and Aspen had adsorption capacity of 2.6,
8.2, 0.5, and 0.9 mg copper/g respectively (Demirbas, 2008); 3.5mg Pb/g Okra waste
(Hashem, 2007); an adsorption capacity of 8.6mg/g was recorded when rice husk was
used to remove cadmium from solution (Kumar and Bandyopadhyay, 2006); likewise
Annadurai et al. (2003) reported sorption capacities of 3.3mgPb/g, 2.9mgNi/g,
1.8mgCu/g and 1.2mgCo/g onto water treated banana peel. The result obtained in this
study, with the unmodified plant tissues, showed that the capacity of Delonix regia
pods compares well with most of the unmodified low-cost sorbent materials. Delonix
regia would be a good sorbent to be used in the developing nations and also it could
be very good to use for other countries of the world if the material is chemically
modified or converted to biochar or activated carbon.
Table 3-4: Experimental and Calculated adsorption capacities of Delonix regia
pods for Pb, Ni, Cu, Cd and Co
Metal ions

Qe cal (mg/g)

Qe exp. (mg/g)

Pb

31.2

30.3

Ni

5.9

6.0

Cu

9.1

8.9

Cd

6.5

6.4

Co

5.8

6.8
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3.3.4 Recovery or desorption of metals
The recovery or desorption experiment was done to determine the reusability of the
biomass and possible recovery of the metals. The result obtained is shown in Figure
3.7.

100
90

% recovered

80
Pb

70
60

Ni

50

Cu

40

Cd

30

Co

20
10
0
0.0

0.2

0.4

0.6

0.8

1.0

1.2

Concentration of HNO3 (M)

Figure 3-7: Recovery Study of Pb, Ni, Cu, Cd and Co adsorbed on Delonix regia
pods {pH: 4-6; contact time: 30mins; metal ions concentration: 100ppm; adsorbate
volume:20mls; biosorbent dose: 0.5mg, shaking rate:18rpm; temp:21oC ±2}

The result of the experiment presented in Figure 3.7 showed that relatively low
concentration of nitric acid (0.1M HNO3) could be used to recover more than 50% of
all the adsorbed metals from the biomass. With higher concentration of nitric acid,
recovery of the metal ions did improve significantly.
3.3.5 The effect of ionic strength
The ionic strength of a solution which is a measure of the total concentrations of
electrolytes in the solution is a main characteristic of solutions with dissolved ions; it
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affects important properties of the solution. The effect of ionic strength can be
observed from Figure 3.8.
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Figure 3-8: The effect of ionic strength on the adsorption of Pb, Ni, Cu, Cd and Co by
Delonix regia pods{pH:4-6; contact time: 30 mins.; adsorbate concentration: 100ppm;
adsorbate volume: 20mls; biosorbent dose: 5mg; shaking rate: 18rpm; temp.: 21±2oC.

The uptake of the metal ions was reduced with increasing concentration of sodium
ions. As the ionic strength of the solution increased, there was a decrease in the
activity of the aqueous solutions which will consequently result in a decrease in metal
uptake by Delonix regia. Increase in ionic strength leads to apparent decrease in the
dissociation constant which result in a decrease in observed capacity. The presence of
multivalent ions (especially in the salts from which the metals solution used in this
experiment were prepared) in solution are able to contribute strongly to the ionic
strength of the solutions and thus a reduction in adsorption capacity of Delonix regia
for the metals. The ionic strength of the solutions containing a mixture of the
electrolyte and the different targeted metal ions in this study are in the following
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order: Ni>Co>Cd=Cu=Pb. At the highest level of solutions’ ionic strength considered
in this experiment, Delonix regia pods had above 65% adsorption for each of the
metals thus its sorption ability in solutions of high ionic strength was not badly
affected.
The difference in the effect of ionic strength on the metals could be attributed to the
properties of ions (cations and anions) of the metal salts. A corresponding decrease in
metal ions uptake with increasing ionic strength can also be attributed to decreasing
activity of metal ions in solution.
3.3.6 Effect of Adsorbent Doses
This experiment was conducted to observe the effect of varying the quantity of
adsorbent contacted with metal solutions while other experimental conditions
remained the same on the sorption ability of Delonix regia pods. Result of the
experiment to determine the effect of Delonix regia dosage on the sorption shown in
Figure 3.9.
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Figure 3-9: The effect of Adsorbent dose on the adsorption of Pb,Ni,Cu,Cd and Co by
Delonix regia pods{pH:4-6; contact time: 30 mins.; adsorbate concentration: 100ppm;
adsorbate volume: 20mls; biosorbent dose: 0.25g-1.0g; shaking rate: 18rpm; temp.:
21±2oC

It revealed that there was gradual increase in amount of each metals adsorbed, except
for Pb, with increasing doses of the adsorbent. This observation can be attributed to
the increase of the adsorption surface area and the availability of free adsorption sites
as dose increases. The only exception to this observed trend is lead whose uptake
seemed not to be affected by the dose of adsorbent used. This might possibly be due to
agglomeration of the biomass particles together when larger amounts are present in
lead solution, thus reducing the available sites exposed for lead sorption.

3.4

Conclusion

The surface functional groups of the biomass and the solubility of ions in aqueous
solutions is highly dependent on the pH of the solutions. The optimum experimental
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pH for the sorption of lead, nickel, copper, cadmium and cobalt onto Delonix regia
pods powder are 4, 5, 4, 6 and 4 respectively. This indicated that the adsorption
experiment is pH-dependent and that maximum sorption of each of these metals onto
Delonix regia is achievable at these corresponding values.
Very fast uptake of the metals by D.regia was observed within the first fifteen minutes
of interaction, this is desirable for industrial operation. For this work, a contact time of
thirty minutes was used for all the metals of interest. Kinetic models for lead, nickel,
copper, cadmium and cobalt gave a linear relationship when t/Qt was plotted against t;
this means that second order kinetic which may involve forces through sharing or
exchange of electrons is applicable. The high R2 of the plots is also a confirmation of
the applicability of this model. Low values of the rate constant showed that the
process achieves equilibration quickly and in this order Pb>Cd>Co>Cu>Ni.
The effect of initial metal concentration on adsorption by D.regia pods showed that
metal uptake increased with increasing initial metal concentrations. It means the
sorption is dependent on the initial metal concentration. Delonix regia will be
effective in the removal of lead when the solution concentration less than 500 ppm;
nickel, copper and cadmium less than 400 ppm and for cobalt it will be effective up to
100 ppm. Sorption isotherms expressing the relation between the amount of adsorbent
and the metal ion concentration in solution at equilibrium showed that the Langmuir
and the Freundlich Isotherms were applicable for these the sorption processes.
Depending on the initial metal ion concentration, Langmuir isotherm was found to be
suitable when concentration is below 200 ppm with the exception of cobalt, in which
case it was favourable below 100 ppm while Freundlich Isotherm is better over a
wider concentration range. The efficiency of the adsorption process follows the order:
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Pb>Cu>Co>Cd=Ni with the maximum capacity of Delonix regia pod powder being
31.2mgPb/g; 5.9mgNi/g; 9.1mgCu/g; 6.5mgCd/g and 5.8mgCo/g.
Studies on ionic strength revealed that the higher the solutions’ ionic strength, the
lower the recorded uptake by D.regia pods; increasing the dose of D.regia resulted in
increased percentage adsorbed except for lead where the dose has no effect on the
percentage of metal adsorbed.
Recovery study showed that low concentration of nitric acid could be used to recover
some amount of adsorbed metal but increasing the concentration of the acid resulted
in a recovery of above 70% of each of the metals, thus recovery of the metal ions
adsorbed on the biomass could be effectively achieved by using moderately high
concentration of nitric acid.
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Chapter 4.

Investigating the Adsorptive Capacity of Delonix regia Leaves for

the Removal of Heavy Metals from Waste Water
4.1

Introduction

The global environment is polluted and adversely affected through activities such as
mining operations, industrialization and urbanization which have accelerated the
fluxes of heavy metals in the ecosystem via wastewater disposal. The need for
economical and safe methods for the removal of heavy metals from waters has
aroused research interest into the investigation of low cost alternatives to the
commercially available activated carbon. As a result of this, there is need to explore
all possible agro-based inexpensive adsorbents and study their feasibility for heavy
metal removal in wastewater (Renge and Khedkar, 2012).
Natural materials are considered one of the sources for low cost sorbent, but for a
natural material to be suitable as a low-cost sorbent it must be locally and easily
available in large quantities; should not be expensive and be of little or no economic
value (Mohan and Pittman, 2007).
The above definition described the leaves of the Delonix regia tree very well as it is
the most abundant part of the tree that also require little or no processing before it can
be used for investigation. Other parts of the tree such as the bark or the seeds could
also be explored but for some contingencies involved during processing; for instance,
if the bark is used for investigation and found to be very efficient, that will result in
the death of the tree itself because so many trees have to be exposed as they are stiped
off their barks before enough quantity could be obtained. As for the seeds, they are
enclosed in very tough skin coat that require great efforts to split open or possibly
applying great heat to turn the seed coat into carbonaceous material before it can be
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used. Thus, as far as the definition for low cost adsorbent is concerned, the leave of
the tree is the best choice to consider. There has been no reported research on the
leaves of the Delonix regia except in Orthodox medicine where it was reported to
have glucose lowering capacity (Modi et al., 2016, Rahman et al., 2011).
Research had been done on the use of tree leaves but the major focus is on organic
with very few reports on the use of plants leaves as adsorbents for inorganic
pollutants. SHARMA and Imran (2011) reported that Mango leave powder was used
for the removal of Rhodamine B dye and removal efficiency of 77% was recorded in
45 mins contact time.
Dried pandanus leaves were used as activated carbon to remove Congo red, Malachite
green and Rhodamine B dyes from solutions. The result showed that over 60% of each
type of dye could be removed by Pandanus leaves depending on the operating
temperature (Hema and Arivoli, 2007). Acid carbonized Phoenix Sylvestric leaves
was reported by Arivoli and Henkuzhali (2008) to remove about 90% of Rhodamine B
from solution at 60oC.
Saha and Saha (2014) reported the efficiency of using mango leaves for the removal
of Cr (VI) from solution while the use of Mango bark and Neem bark for the removal
of mercury (II), chromium (III) and cadmium (II) was reported by Tiwari et al. (1999).
Commercially available tea leaves were reported to have adsorption capacities of 0.4,
0.3 and 0.2 mmol/g for Pb, Cd and Zn respectively (Tee and Khan, 1988).
My work in this chapter continues the investigation of agricultural waste with focus
on the less fibrous part by studying/ investigating the adsorption capacities of powder
made from Delonix regia leaves for the sorption of lead, nickel, copper, cadmium and
cobalt from aqueous solutions. It will also include:
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(a) the determination of some basic parameters such as the pH, ionic strength, contact
time and initial concentration of heavy metal at which Delonix regia leaves could be
used efficiently for the removal of heavy metals from polluted water;
(b) determining the kinetic and Isotherm constants of the adsorption process;
(c) investigate recovery capabilities of the bound metals from the spent biomass using
various concentrations of nitric acid.

4.2

Methods

The experimental procedure used in this chapter of the work is in Section 3.2. The
difference is that for this chapter dried and grounded leaves of Delonix regia was used
as the adsorbent.
4.3

Results and Discussion

4.3.1 The effect of pH on Adsorption
In adsorption processes the pH of a solution also referred to as its hydrogen ion
concentration, is considered as one of the most important parameters that influence the
adsorption behaviour of metal ions in aqueous solutions. It affects the solubility of the
metal ions in solution, replaces some of the positive ions found in the active sites and
affects the degree of ionization of the adsorbate during the reaction (Pehlivan et al.,
2012, Saifuddin and Kumaran, 2005). The plot in Figure 4.1 is the result obtained
from the effect of pH on the adsorption process using Delonix regia leaves.
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Figure 4-1: The effect of pH on the adsorption of Pb, Ni, Cu, Cd and Co by Delonix
regia leaves{pH: 1-8; contact time: 300 mins; metal ions concentration:100ppm;
adsorbate volume:20mls; biosorbent dose: 0.5g, shaking rate:18rpm; temp:21oC ±2}

From this it is seen that the uptake of lead increased steadily to pH 3 after which it
fairly constant to pH 7 where 2.9 mg/g uptake was achieved. pH 5, the point at which
the maximum observed uptake of 2.9 was recorded was used as the experimental pH
for other experiments. pH 5.0 was reported by Pehlivan et al. (2012) as the uptake pH
for lead using sugar beet pulp and some other reports also have similar results for
sorption of lead on bulrush biomass (Schoenoplectus californicus) (Bueno et al., 2008,
Saeed et al., 2002).
Nickel had a maximum adsorption of 1.1 mg/g at pH 5, before attaining this value its
uptake values had increased from 0.2 to 0.7 mg/g at pH 4. Decrease in uptake were
observed at pH 6 and 7 respectively. In 2005, Saeed et al. reported optimum nickel
sorption at pH 6 for its sorption on crop milling waste (black gram husk) (Saeed et al.,
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2005), while a pH of 5 was reported for natural neem sawdust and almond husk
(Hasar, 2003, Rao et al., 2007).
The uptake value obtained for the sorption of copper gradually increased throughout
the experimental pH values considered. Though increases were recorded at pH 6 and 7
but visible precipitate had already been formed in the experimental set up at these pH
values. Thus pH 5 was taken as the pH for other studies. Some studies reported
optimum pH values of 5.0 and 5.8 for the uptake of copper from solutions using
modified jute fibres; a composite from egg shell and chitosan (Anantha and Kota,
2016, Shukla and Pai, 2005, Witek-Krowiak et al., 2011).
A series of uptake values from 0.8 mg/g, to 1.8 mg/g were obtained for cadmium
within the experimental pH values of 1 to 7 considered in this work. pH 5 was set as
the working pH. Cadmium was reported to have a maximum uptake at pH 5 on crop
milling waste and sugar beet pulp (Pehlivan et al., 2012, Saeed et al., 2005) and pH 6
on mushrooms (Vimala and Das, 2009).
The uptake recorded for cobalt at various investigated pH increased from pH 1
through 7. For the purpose of this study, pH 5 was chosen as the working pH for
subsequent experiments with cobalt. Cobalt was reported to have a maximum uptake
at pH 5 for its sorption on Amaranthus hydridus wastes (Egila et al., 2010) and pH 8
unto activated bentonite (Al-Shahrani, 2014).
In the low pH values (1-3) adsorption sites are more protonated and they are less
attractive against various cationic forms of metals i.e. electrostatic repulsion will be
high. Electrostatic repulsion decreases with increasing pH due to a reduction of
positive charge density on the sorption edges thus resulting in an increase in metal
biosorption (Ajmal et al., 2000, Sari et al., 2009). At pH values higher than 7, the

90

quantity of metallic ions taken up was decreased due to the formation of soluble
complexes of the metal ions and their competition with the active sites. Moderate
adsorption for Pb, Cu and Cd even at low pH is an indication that the Delonix regia
leaves could be useful in the treatment of mine acid drainage and tailings and some
related industries as the pH of the wastes generated from these sectors is in the low pH
range.
4.3.2 The Effect of Interaction time on Adsorption by Delonix regia leaves
The investigation of the interaction time shown in Figure 4.2 is an important aspect to
consider when designing an industrial reactor because of the economy of operation
and for gaining insights into the kinetics involved during the sorption process.
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Figure 4-2: The effect of interaction time on the adsorption of Pb, Ni, Cu, Cd and Co
by Delonix regia leaves {pH: 5; contact time: 1- 300 mins.; adsorbate concentration:
100ppm; adsorbate volume: 20mls; biosorbent dose: 5mg; shaking rate: 18rpm; temp.:
21±2oC
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The study began with a 1-minute contact time for all the metals considered, at which
the uptake recoded for lead, nickel, copper, cadmium and cobalt were 2.7 mg/g, 0.6,
0.5, 1.3 and 2.7 mg/g respectively.
The uptake for lead increased from the start of the study and above 90% adsorption
was recorded at 30 minutes contact time before a continuous decrease was observed
over the remaining time frame of the experiment. The uptake of nickel by the leaves
of Delonix regia throughout the experimental contact time was between 16 to 23%
sorption.
After the initial value of 0.5 mg/g at 1-minute contact with the Delonix regia leaves
powder, the uptake of copper by the adsorbent increased gradually to 51% at 60
minutes contact time between the adsorbent and copper solution after which sharp
decrease were recorded.
Cadmium and cobalt have a percentage uptake of 69% and 51% respectively at 30
minutes of contact with the adsorbent. The uptake rate for all the investigated metals
was rapid within the first 15 minutes of contact, after which it began to decrease. This
is probably due to larger surface area of the leaves being available at the beginning for
the adsorption of metal ions. Though an experimental time of 30 minutes was chosen
in this study for easy set-up, the actual equilibrium time was 15 minutes. The results
obtained in this study are close to the reports in a study on activated carbon from cow
waste by (Elaigwu et al. (2009) where equilibrium time of 80 minutes for lead and 60
minutes for cadmium respectively were reported.
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4.3.2.1 Kinetic modelling in a batch system
The study of reaction kinetics gives an insight into the reaction mechanisms i.e. the
sequence of bond making and bond breaking steps in chemical reactions. When the
biomass is employed as a free suspension in a well-agitated batch system, all binding
sites are made readily available for metal uptake so the effect of external film
diffusion on sorption rate can be assumed not significant and ignored in any
engineering analysis (McKay et al., 1999), thus external film diffusion is not
considered as a necessary mechanism in an agitated system. In order to investigate the
mechanism of sorption and potential rate controlling steps such as mass transport and
chemical reaction processes, kinetic models have been used to test experimental data
obtained from interaction time experiments. Experimental data obtained from an
interaction time study was found to obey the pseudo-second order kinetic model and
thus was reported in this work in Figure 4.3.
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Figure 4-3: Pseudo- second order kinetics study of the adsorption of Pb, Ni, Cu, Cd
and Co by Delonix regia leaves {pH: 5; contact time: 1-300 mins.; adsorbate
concentration: 100ppm; adsorbate volume: 20mls; biosorbent dose: 5mg; shaking rate:
18rpm; temp.: 21±2oC.
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The pseudo-second-order equation is based on the sorption capacity of the solid phase,
pseudo-second order model predicts the behaviour over the whole range of adsorption
and is in agreement with an adsorption mechanism being the rate controlling step. If
the rate of sorption is a second-order mechanism, the pseudo second-order
chemisorption kinetic rate equations are expressed in equations 4.1 to 4.4:
𝑑𝑄𝑡

= 𝑘2,𝑎𝑑 (𝑄𝑒𝑞 − 𝑄𝑡 )²…………………………………Equation 4-1

𝑑𝑡

where k2,ad is the rate constant of second-order adsorption (g mg−1 min−1). For the
boundary conditions t=0 to t=t and Qt=0 to Qt=Qe; the integrated form of the
equation becomes
1
(𝑄𝑒𝑞

=
−𝑄 )
𝑡

1
𝑄𝑒𝑞

+ 𝑘2,𝑎𝑑 ………………………………Equation 4-2

which is the integrated rate law for a second-order reaction. This equation can be
rearranged to obtain

Qt =

t
1
( k2ad Qeq ²)

+

t
t
Qeq

……………………………. Equation 4-3

which has a linear form
𝑡
𝑄𝑡

=𝑘

1
2,𝑎𝑑 𝑄𝑒𝑞

+
²

1
𝑄𝑒𝑞 𝑡

……………………………. Equation 4-4

If second-order kinetics are applicable, the plot of t/Qt against t should give a linear
relationship, from which Qeq and k2,ad can be determined from the slope and intercept
of the plot (Ho and McKay, 1999b, Ho and McKay, 1999c, Ho and McKay, 1999a,
McKay et al., 1999). From Figure 4.3, a straight line shows the applicability of this

95

model. Table 4.1 show the correlation factor R2, second order rate constant k2,ad and
adsorption capacity Qe for each metal.

Table 4-1: Adsorption parameters obtained from the second order kinetics model
for the sorption of metals unto D.regia leaves.
Metals

Qeq (mg/g)

k2,ad (g/mg/min)

R2

Lead

2.8

-7.5

0.9997

Nickel

0.7

-0.25

0.9958

Copper

0.8

-0.09

0.9373

Cadmium

1.6

-1.28

0.9988

Cobalt

2.6

-0.22

0.9692

4.3.3 Effect of initial metal concentration on adsorption
The initial concentration of the metal in solution is an essential force that is required
to overcome mass transfer resistance of the metals between the aqueous and solid
phases. The result shown in Figure 4.4 is from the experiment of using different
concentrations of adsorbate with fixed mass of adsorbent.
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Figure 4-4: The effect of initial concentration on the adsorption of Pb, Ni ,Cu, Cd and
Co by Delonix regia leaves {pH: 5; contact time: 30 mins.; adsorbate concentration:
1-1000ppm; adsorbate volume: 20mls; biosorbent dose: 5mg; shaking rate: 18rpm;
temp.: 21±2oC.

This result showed that the uptake of each of the metals by Delonix regia leaves was
increasing with increase in adsorbate concentration.
Higher concentration of metals result in an increased concentration gradient which
probably result in higher degree of interaction between the metals and the sorption
sites of the adsorbent, resulting in a higher uptake of the metals (Zhang and Wang,
2015). Although there was increase in uptake with increase in initial metal
concentration, the increase in percentage sorption was gradually reduced showing that
the sorption sites on the adsorbent were saturated.

4.3.3.1 Equilibrium Modelling for batch adsorption system
Equilibrium data, commonly known as the equilibrium sorption isotherm is
fundamentally important in the design of sorption systems and provide information on
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the capacity of the adsorbent or the amount required to remove a unit mass of
pollutant under the system conditions (Aksu and İşoğlu, 2005). It is described by
sorption isotherm characterized by certain constants whose values express the surface
properties and affinity of the sorbent. Also, equilibrium relationships between sorbent
and sorbate are described by sorption isotherms, usually as the ratio between the
quantity sorbed and that remaining in solution at fixed temperature at equilibrium (ElBayaa et al., 2009). The Langmuir and Freundlich equations are in common use for
describing adsorption isotherms at a constant temperature for water and wastewater
treatment applications.
In order to determine the isotherm parameters for the adsorption of the investigated
metals onto Delonix regia leaves powder, data obtained from the effect of
concentration shown in Figure 4.4 where various concentrations (1, 5,10, 20, 50, 100,
200, 500 and 1000ppm) of the metal solutions were contacted with the adsorbent, was
used for the isotherm modelling. The data obtained fitted well to the Freundlich
Isotherm as shown in Figure 4.5 and Table 4.2.
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Figure 4-5: Plot of Freundlich Isotherm for the adsorption of Pb, Ni, Cu, Cd and Co
by Delonix regia leaves{pH: 5; contact time: 30 mins.; adsorbate concentration: 11000ppm; adsorbate volume: 20mls; biosorbent dose: 5mg; shaking rate: 18rpm;
temp.: 21±2oC.

The Freundlich isotherm is an empirical equation employed to describe heterogeneous
systems (Özcan and Özcan, 2004). The Freundlich equation is expressed in equations
4.5 and 4.6:
𝑄𝑒 = 𝐾𝐹𝐶𝑒 1/𝑛 (non- linear form) ……………………………… Equation 4-5
1

𝐿𝑜𝑔 𝑄𝑒 = 𝐿𝑜𝑔 𝐾𝐹 + 𝑛 𝐿𝑜𝑔 𝐶𝑒 (linear form) ……………………. Equation 4-6
where KF and n are Freundlich constants with KF (mg/g (L/mg)1/n) the adsorption
capacity of the sorbent and n giving an indication of how favourable the adsorption
process is. The magnitude of the exponent, 1/n, gives an indication of the favourability
of adsorption. Values of n > 1 represent favourable adsorption condition (Ho and
McKay, 1998, Poots et al., 1978). To determine the constants KF and n, the linear
form of the equation (equation 4.6) may be used to produce a graph of Log(Qe)
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against Log(Ce) (shown in Figure 4.5) from which the values of KF and n are
calculated from the intercept and slope of the plot.
Table 4-2: Adsorption parameters for Freundlich Isotherm describing the
sorption of Pb, Ni, Cu, Cd and Co unto Delonix regia leaves
Metals

KF

n

R2

Lead

0.14

0.9251

0.976

Nickel

0.03

1.3326

0.9748

Copper

0.07

1.2299

0.9937

Cadmium

0.06

1.2370

0.9966

Cobalt

0.02

0.9980

0.9847

4.3.4 Adsorption capacity study
The experimental adsorption capacity for Delonix regia leaves are 10.3 mg Pb/g; 10.3
mg Ni/g; for copper it was 9.2 mg/g; 8.4 mg Cd/g and 10.3 mg Co/g.
The adsorption capacity of Delonix regia leaves was investigated by carrying out
seven cycles in this adsorption experiment. At the first cycle, 7.6mg/g of lead was
taken up by the adsorbent, during the second cycle the uptake value increased to
10.3mg/g after which it decreased to the seventh cycle. The adsorption capacity study
in the case of nickel began with an uptake of 1.7mg/g at the first cycle and increased
to 10.3 at the second cycle, and after the second cycle a fluctuating pattern was
observed for the rest of the cycles. The uptake for copper in the second cycle was 9.2
mg/g, a value equivalent to 72% sorption and just like the cycles for lead metals it
decreased at the third cycle. Recorded uptake values were 4.7 and 8.4 mg/g cadmium
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in the first and second cycles, decrease in uptake was recorded from the third cycle to
the end while for cobalt, an uptake of 2.2, 9.4 and 10.3 mg/g were obtained in the first,
second and third cycles respectively with a reduction to 6.3 at the fourth cycle.
Similar work carried out using different low cost adsorbents such as Sugar cane
bagasse, Flax, Spruce were reported to have a capacity of 0.3 mg/g, 5.5 and 1.3 mg/g
respectively for the sorption of copper at pH 5.5 (Demirbas, 2008); using Corncobs for
the removal of lead from solution had a capacity of 8.3 mg Pb/g while Rubber leaves
powder had a capacity of 47.7 mg/g for the sorption of lead (Ibrahim et al., 2010); Jute
fibre had 3.37 mg/g capacity for the sorption of nickel (Shukla and Pai, 2005); water
treated orange peels have sorption capacities of 2.3 mg Pb/g, 1.7 mg Ni/g, 1.4 mg
Cu/g and 1.0 mg Co/g (Annadurai et al., 2003). Delonix regia leaves performed better
than some of the unmodified agricultural wastes in the sorption the targeted heavy
metals and could thus be used for removing them from waste water.
Delonix regia leaves being an agricultural material that is widely available in the
tropical parts of the world and is considered as a waste because it has no economic
value, will be a viable option especially for Nigeria where wastewater treatment is
neglected because of associated cost.
4.3.5 Effect of Ionic Strength
The effect of the presence of electrolytes on the uptake of the metals was investigated
using different concentrations of sodium ions. The result shown in Fig. 4.6 revealed
that the presence of sodium ions reduced the uptake of lead, nickel, copper, cadmium
and cobalt.
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Figure 4-6: The effect of ionic strength on the adsorption of Pb, Ni, Cu, Cd and Co by
Delonix regia leaves {pH: 5; contact time: 30 mins.; adsorbate concentration:
100ppm; adsorbate volume: 20mls; biosorbent dose: 5mg; shaking rate: 18rpm; temp.:
21±2oC

Generally, decrease in uptake with increasing concentration of the electrolytes was
observed for all investigated metals. The plots showed that the uptake values
decreased with increase in ionic strength of the salt solutions for the five metal ions
under study. The ionic strength of a solution which is a measure of the total
concentrations of electrolytes in the solution is a main characteristic of solutions with
dissolved ions; it affects important properties of the solution. Increase in ionic strength
leads to apparent decrease in dissociation constant which result in a decrease in
observed capacity. The presence of multivalent ions in solution strongly increase the
ionic strength of the solution and thus leads to a reduction in capacity. The ionic
strength of the solution containing a mixture of the electrolyte and the different metal
ions are different following the order: Ni>Co>Cd=Cu=Pb. The difference in the effect
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of ionic strength on the metals could be attributed to the properties of ions (cations
and anions) of the metal salts.
A corresponding decrease in metal ions uptake with increasing ionic strength can also
be attributed to decreasing activity of metal ions in solution.
4.3.6 Effect of Biosorbent Dose
Result of the experiment to determine the effect of the adsorbent dose on the sorption
is shown in Figure 4.7. This experiment was conducted to investigate what happens to
sorption capacity of Delonix regia pods by changing the amount of the adsorbent used
in the experiment while other factors were kept constant.
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Figure 4-7: The effect of biosorbent dose on the adsorption of Pb, Ni, Cu, Cd and Co
by Delonix regia leaves {pH: 5; contact time: 30 mins.; adsorbate concentration:
100ppm; adsorbate volume: 20mls; biosorbent dose: 0.25- 1.0mg; shaking rate:
18rpm; temp.: 21±2oC.
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It revealed that there was gradual increase in amount of lead, nickel, copper, cadmium
and cobalt adsorbed with increasing mass of grounded Delonix regia leaves from 0.25,
0.5, 0.75 and 1.0g. This observation can be attributed to be as a result of the increase
in available adsorption site with increase in biosorbent dose. The effect of adsorbent
dose on the uptake of lead and cadmium was similar as there was small increase in the
uptake throughout the entire range of the doses investigated. Copper exhibited a slight
increase in uptake from 2.6 to 2.9 mg/g when the dose was increased from 0.5 to
0.75g. The trend observed in nickel and cobalt also looked similar in that they both
showed an increase in uptake as should be expected when the dose was increased for
all the dosages considered. The increase in uptake observed for the metals, lead,
nickel, copper, cadmium and cobalt, with increasing adsorbent dose can be due to the
availability of free adsorption sites for the metals uptake.
4.3.7 Recovery of metals
The results of the metal recovery experiment are presented in Figure 4.8.
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Figure 4-8: Recovery study of Pb, Ni, Cu, Cd and Co adsorbed on Delonix regia
leaves {pH:5; contact time: 30 mins.; adsorbate concentration: 100ppm; adsorbate
volume: 20mls; biosorbent dose: 5mg; shaking rate: 18rpm; temp.: 21±2oC
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The result showed that with 1.0 M HNO3 less than 65% of the adsorbed metals on the
adsorbent could be removed. A decrease was observed in the percentage of metals
recovered with lower concentrations of the acid. Thus, the reusability of the adsorbent
would not be economical since metal recovery from it might not really be a success at
low acid concentrations.
4.3.8 Comparison of the adsorption study on Delonix regia pods and leaves powder
Comparison of the adsorption results obtained from the powder of Delonix regai pods
and leaves showed that at pH 1 a certain degree between 16% to 27% sorption onto
the pods was noticed for some metals (Pb, Ni and Cu); and at pH 2 and 3 the pod
powder was effective to adsorb all studied metals; at pH 3 above 70% sorption was
recorded except for nickel which has 52% uptake, whereas with the leaves, lower
uptake was observed at these pH values for the studied metals; at pH 3, less than 60%
uptake was observed except for lead that recorded 87% uptake at pH 3. At the
optimum pH in this study, a decrease in maximum uptake by 4% Pb, 38% Ni, 34%
Cu, 23% Cd and 48% Co was recorded in the leaves compared with the pods.
Fast metal uptake was observed in both materials, but the pod powder was able to
adsorb efficiently within wider concentration ranges depending on the metal
considered (500 ppm for lead, 400 ppm for nickel, copper and cadmium; and 100 ppm
for cobalt). The leaves powder was effective only within a limited concentration range
of less than 50ppm; outside this concentration the leave was no longer effective
especially for lead and nickel sorption. The capacity results shown below suggest
leave powder is better for the sorption of Ni, Cd and Co. The capacity obtained for the
pods varied greatly from metals to metals (30.3mgPb/g, 6.0mgNi/g, 8.9mgCu/g,
6.4mgCd/g, 6.9mgCo/g) while in the leaves the capacity was confined to a certain
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range of values (10.3mgPb/g, 10.3mgNi/g, 9.2mgCu/g, 8.4mgCd/g, 10.3mgCo/g).
Delonix regia pods powder is better for Pb; and both materials have the same capacity
for Cu. Ionic strength effects on the sorption ability of both materials followed the
same trend, but sorption of metals onto the pods showing better overall performance.
The recovery experiment for all the studied metals however revealed that more than
60% of adsorbed metal ions on the pods can be recovered with low concentration of
acid whereas the leaves was able to retain the adsorbed metals onto it as there was
virtually no recovery of metals at low acid concentrations and less than 50% recovery
was achieved with 1M nitric acid (highest concentration used for recovery in this
work) expect in the case of lead.

4.4

Conclusion

pH which is defined as the concentration of hydrogen ions in solution is an important
factor in adsorption as it affects the solubility of metal ions in solutions. The
adsorption of lead, nickel, copper cadmium and cobalt onto D.regia leaves powder
depends on the prevailing pH of the solution. Maximum lead, nickel, copper,
cadmium and cobalt uptakes were observed at pH 5.
Metal uptake per time was seen to increase within the first thirty minutes of contact
except for copper where increase in uptake was observed up to sixty minutes contact
time. The noticed increased in copper uptake at sixty minutes is probably due to an
error because the increase uptake at 60 minutes and the decrease afterwards were too
significant as shown in Figure 4.2. Thus, thirty minutes experimental contact time was
used for all the metals in this study. The kinetics of metal sorption unto D.regia leaves
powder was best fitted to the second order rate equation having R2 greater than 0.93
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for each of the studied metals. The rate constants for each metal show the relative
quickness of the process to approach equilibration with lead being in the first position;
the order followed is Pb>Cd>Ni>Co>Cu.
Data obtained from concentration study fitted well with the Freundlich isotherm with
R2 greater than 0.97 for all studied metals. The favourability of the sorption was
evaluated from the value a constant, n, which was calculated from the slope of the plot
of Log Qe against Log Ce.

The obtained n values showed the process to be

favourable with experimental adsorption capacity of 10.3mgPb/g; 10.3mgNi/g;
9.2mgCu/g; 8.4mgCd/g and 10.3mgCo/g of Delonix regia leaves powder.
Generally, a decrease in metal uptake was observed when the ionic strength of
solution was increased. Gradual increase in metal uptake was noticed as D.regia
leaves dose was increased. The recovery study showed that less than 60% of adsorbed
metals could be recovered by contacting the used D.regia leaves with high
concentration of acid.
In conclusion, when the result obtained in the sorption study with the leaves were
compared with that from the pods, the performance of the pods at different pH, wider
concentration and different ionic strength conditions were better than those of the
leaves and also the used pods powder have the possibility of reusage. The pods would
be a better adsorbent for removing heavy metals from aqueous solution.
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Chapter 5.

Investigation of the potential of using Delonix regia pods and

Biochar for remediating contaminated soils
5.1

Introduction

Contamination of soil by heavy metals have become an issue of global environmental
concern in recent years (Zhang et al., 2013) due to waste emissions from industrial
production, mining activities, wastewater irrigation and inadequate management of
pesticides and chemicals in agricultural production. All these activities have led to
increasingly more contaminated soils worldwide. Generally, metal pollutants in the
soils are a threat to ecosystems, agricultural production, and human health. In 2012,
(Petruzzelli) reported that soil contamination has been identified as an important issue
for action in the European Community strategy for soil protection because it is
estimated that 3.5 million sites in industrial and mine sites, landfills, energy
production plants, and agricultural land in Europe are potentially contaminated.
Pollutants (heavy metals) have to be in the soluble form before they can be available
for uptake by plants. These soluble metal ions present in soil solution have different
rate of exchange. Their availability to plants and soil dwelling organisms is controlled
by physical, chemical and biological processes and interactions between them. The
process of sorption of heavy metals in soil and their bioavailability is dependent on
many soil properties such as: granulometric composition, organic matter content,
occurrence and form of cations, pH value, sorption capacity, nutrients (macro and
micro) (Fijałkowski et al., 2012) .
Soil remediation technologies are of special attention since conventional soil
reclamation practices, i.e., landfilling and excavation, are often very expensive and
environmentally unpractical, as compared to alternative options. Soil amendment
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based technologies, such as soil immobilization/solidification, are cost effective and
less environmentally disruptive (Kumpiene et al., 2008, Mulligan et al., 2001). Unlike
organic pollutants which can be degraded, heavy metals impair their toxicity and
mobility by triggering the important immobilization process, i.e., (ad)sorption,
precipitation, complexation, and redox reactions, in the process of soil remediation
(Adriano et al., 2004). In addition, biological and chemical stabilization of toxic heavy
metals using organic (i.e., biosolids) and inorganic amendments (i.e., phosphate
compounds and lime) are suitable options to minimize metal bioavailability (Park et
al., 2011). In the urban environment, as more localized toxic heavy metals are found,
the process of metal stabilization including chemical washing and phytoextraction
have been applied for remediation. However, when phytoextraction is ineffective,
alternate options, i.e., in-situ immobilization, are considered as an important part of
environmental management. Both organic and inorganic soil amendments are
components of remediation techniques applied to manage contaminated soils.
Immobilization of toxic heavy metals can be achieved mainly through precipitation,
complexation and adsorption, reactions which result in the redistribution of metals
from solution phase to solid phase, thus reducing their transport and bioavailability in
the soil (Bolan et al., 2003, Porter et al., 2004). A crucial point to consider in the
immobilization of heavy metals, Pb, Cd, and Cu, in contaminated soils depends upon
the local availability and financial implications of soil amendments.
Metals form both soluble and insoluble complexes with organic constituents in soil
with the mechanisms involve specially depending on the type of the organic matter.
The organic constituents in soil have a great affiliation to metal cations due to the
existence of functional groups or ligands which can form chelates with metals. The
alcoholic, phenolic, carbonyl, and carboxyl functional groups dissociate due to
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increasing pH, thus enhancing ligand ion affinity towards metal cations (Mortensen,
1963).
Various methods, as discussed in Chapter two, have been used to remediate
contaminated soils. Biochar can potentially be used to reduce the bioavailable and
leachability of heavy metals in soils through adsorption and other physicochemical
reactions. It has been proved by many studies that the application of biochar to soils
lead to an observed decrease in metal uptake by plants because there is a reduction in
the concentration of heavy metals in soil and /or water (Tang et al., 2013). Research
was conducted by Karami et al. (2011) on regulating the mobility of Cu and Pb and
their subsequent uptake by plants from the soil revealed that the addition of both
biochar and compost reduced the levels of both metals in the shoot of ryegrass. A
similar reduction in bioavailability of several heavy metals (Zn, Ni, Cd and Pb) was
reported by (Méndez et al., 2012).
Biochar has been shown to behave as an efficient sorbent for various contaminants,
either organic or inorganic, due to its large surface area and special structure (Tang et
al., 2013). The work of Cao et al. (2015), where he produced biochar from dairy
manure, reported that biochar has an appreciable capacity for Pb and atrazine sorption
from aqueous solution, with removal as high as 100% for Pb while atrazine removal
was 77%. The incorporation of biochar into soil was investigated by Jiang et al.
(2012) and the report showed that the acid extractable Cu and Pb decreased by 19.7 100% and 18.8 – 77% respectively with the increase in dose of biochar amendment.
The aim of this chapter is to investigate the effectiveness of both Delonix regia and
commercially available biochar for remediation of contaminated soils.
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The chapter’s objectives were set to reveal the effect of soil pH, organic matter, the
initial metal concentrations and the aging on the remediation using biochar and
Delonix regia.
5.2

Materials and Methods

5.2.1 Materials
Metal salts of copper chloride dihydrate, cadmium and lead nitrate were used to
prepare the metal solution for contaminating the soils.
The s particulate form of Humic acid HA, was added to the soils in order to study the
effect of organic matter on the removal efficiency of the metals by each of the
treatment materials.
Sodium acetate, Ammonium acetate, and Methylated spirit were employed for the
determination of the soils’ CEC.
Calgon solution was used in the particle size analysis.
Calcium Chloride salt was used to prepare the solution for the exchangeable metal
content in the soils.
Biochar from Bodfari Environmental, UK and Delonix regia pods were used for the
remediation treatment.
Tropical soil from Nigeria was used as the soil samples for this work.
5.2.2 Methods
5.2.2.1 Soil sampling, amendments and treatments
Soil samples were collected from the field at a depth of 0-20cm from three different
locations in Nigeria in October 2016.
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The maps showing the geographical location of the collection sites are shown in
Figures 5.1. Ekiti and Ijero soils were collected at location on Longitude 4.65 and
Latitude 7.53. Ife soils were collected at locations on Longitude 4.57 and latitude 7.47.
Ilesha soils were collected at points on longitude 5.07 and latitude 7.81. The sampling
was done in transient (0m, 2m, 4m, 10m and 50m) at each of the locations and
collected soils were air dried at room temperature, passed through a 2mm mesh sieve
and stored in air tight plastic containers before being shipped to the United Kingdom.
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Figure 5-1: Maps showing the location of soil sample collection in Nigeria (a) Ilesha
and Ife; (b) Ijero
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The soils collected in transient at each location was thoroughly mixed together before
they were amended with metals to mimic soil contamination. Certain soil properties
such as pH, organic matter, particle size, cation exchange capacity, extractable metal
content were investigated for each of the soil samples. For each of the soil to be used,
two sets of 1500g was measured out and spiked with two different concentration of
the metals solutions at a ratio of 10ml:100g to get the final metal concentration of 100
mg Pb/kg, 100 mg Cu/kg, 5 mg Cd/kg; 300 mg Pb/kg, 300 mg Cu/kg and 15 mg
Cd/kg in the soils.
The metal solution was added to soil drop by drop and thoroughly mixed together to
prevent (local) high concentration in some portion of the soil due to inadequate
mixing. The soils were then left for 7 days before treatment with Delonix regia or
biochar. At the end of the incubation periods, each soil was divided into three parts of
approximately 500g each and two parts were treated with either 2% biochar or powder
obtained from Delonix regia pods and while the third part without any treatment was
used as control samples. After the treatments were applied, each of the samples were
watered every four days to 10% of its water holding capacity in Table 5.1.

5.2.2.2 pH adjustment
In order to cover a wider pH range than what was obtained originally in the soil
samples, two soils were treated with 1% Nitric acid to adjust their pH before their
amendment were done. After 3 days of pH adjustment, pH 3.34 and 4.31 were
recorded for the soils.
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5.2.2.3 Organic matter adjustment
The collected soils were all very low in organic matter content, to investigate the
effect of organic matter in the remediation process, the chosen soils were treated with
humic acid at 2% (w/w). Humic acid (30.44g) was dissolved in 150mls of milli-Q
water and kept for three days before it was applied to 1500g of soil. Two soils of
different pH (4 and 6) were used for this purpose.

5.2.2.4 Measurements of soil organic matter, pH and CEC
The organic matter (%OM) of the soils were measured as loss on ignition by weighing
2g of air dried soil in a pre-weighed crucible and oven dried at 105oC for 2hours
before it was transferred into the muffle furnace where it was heated at 400 oC
overnight. The samples were then cooled in a desiccator and weighed. The %OM was
estimated as the mass difference between the initial and final sample weights divided
by the initial sample weight multiplied by 100%.
Milli-Q water of 20 ml was added to 10g of air dried soil in 50ml polyethylene
beakers. The mixture was stirred vigorously for 5 minutes on a magnetic stirrer and
then allowed to settle for 1hour. The pH values were measured using a pH meter,
model PHM 220, calibrated with buffers pH 4.0 and 7.0.
In order to determine the cation exchange capacity (CEC) of the soils, 4g of air-dried
soils were weighed into centrifuge tubes and 30 mls of 1M sodium acetate solution
was added. The mixtures were shaken for 10 minutes on an end-over-end shaker and
centrifuged at 3000 revolution per minute for 5 minutes. The supernatants were
discarded, the process was repeated one more time after which 30mls of 30%
methylated spirit (IMS) was added (twice) to the residue in the tube to wash off any
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unattached Na. The tubes were shaken for 5minutes, centrifuges and the IMS
decanted. The attached sodium is leached off the soil by adding 30 ml of neutral 1M
ammonium acetate to the residue in the tube, the tubes were shaken again for 10
minutes and centrifuged at 3000 rpm for 5minutes. The supernatants were filtered into
100ml volumetric flask and made up to the mark with 1M ammonium acetate. The
solutions were used to determine the CEC using Corning 140 Flame photometer at
compressor pressure 11psi (Lu, 2000).

5.2.2.5 Exchangeable metal content
Determination of the exchangeable metal content in the soils was done by using
0.01M CaCl2 solution. For this procedure, 20 mls of 0.01M CaCl2 was added to 2g of
soil in centrifuge tubes and shaken on a shaker for 3 hours. The tubes were centrifuged
at 4500 revolution per minute for 5 minutes. Then a 1.5 ml aliquot was pipetted into
clean centrifuge tubes and centrifuged again at 6000 revolution per minute for 5
minutes. Finally, an aliquot was diluted a thousand times with 0.1M HNO3 and the
metal concentrations were analysed by ICP-MS.

5.2.2.6 Maximum water holding capacity
Plant pots were filled with 20g soil and watered until the water starts to drip from the
bottom of the pot. The pots were covered and left to stand for 24 hours after which
certain quantity (10g) were weighed into crucibles with known weight. The crucibles
and contents were oven dried at 105oC for 24 hours, allowed to cool and the dried
weight of the soil samples were used to calculate the % maximum water holding
capacity (equation 5.1) for each soil samples.
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% 𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑤𝑎𝑡𝑒𝑟 ℎ𝑜𝑙𝑑𝑖𝑛𝑔 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 =

( 𝑤𝑒𝑡 𝑤𝑒𝑖𝑔ℎ𝑡−𝑑𝑟𝑦 𝑤𝑒𝑖𝑔ℎ𝑡)
𝑑𝑟𝑦 𝑤𝑒𝑖𝑔ℎ𝑡

∗ 100%.....

Equation 5-1

5.2.2.7 Particle size analysis
Soil of 20 g was weighed and mixed thoroughly with 200 ml of a solution containing
100 ml of 10% Calgon solution and 100 ml MQ water. The suspension was
transferred into a 1000 ml measuring cylinder and made up to the mark with MQ
water. The suspension was left to settle at room temperature and then stirred
thoroughly with a plunger; at the end of the last stroke of the plunger the hydrometer
was gently lower down into the suspension and timing began. At 32 seconds, a density
reading (in g/cm3) was recorded and at 8 hours another reading was taken without
disturbing the system by stirring.
After the 8 hours reading was recorded, the supernatant clay suspension was gently
poured off and the soil sludge made up to the mark with MQ water. The suspension
was stirred and allowed to settle for 32 seconds and the suspension decanted off again.
The process was repeated three times in all to ensure that all the silt and clay particles
were removed from the cylinder leaving the sand portion. The remaining sand was
transferred into a pre-weighed 200 ml beaker, oven dried at 105oC for 48 hours and
weighed; the difference in weight is the sand fraction of the soil. Density
measurements were converted to weights and from these, the soil fractions were
calculated as follows:
Silt: Density reading at 32 seconds (g/cm3) - density reading at 8 hours (g/cm3);
Clay: Density reading at 8 hours (g/cm3);
Sand: Difference in measured weighed.
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The soil fractions were converted to soil texture using a soil triangle that was
generated by the Soil Survey of England and Wales Classification.

5.3

Results and Discussion

5.3.1 Soil properties
The texture of the soils is similar as they were collected from the same region. They
are all low in organic matter. All soils have pH values are below 7 and three of them
are below or close to 5.5.
The pH range of all the soil samples in this work is slightly acidic (5.20 to 6.72)
probably because of the mining activities undertaken on the soil. The more organic
matter a soil has, the more functional groups available for complexation with heavy
metals and thus more retention. The organic matter of the soil in this study are
extremely low in the range of 0.02 to 0.03%, this might be because of land use. The
sampling locations are areas where illegal mining operations are carried out and there
is no agricultural activities or vegetation cover on the top soil.
The CEC of any soil assist in explaining its retention capacity for many metals. The
more the CEC the more the available sites for exchange. CEC of the soils in this work
are generally poor with values from 1.43 to 25.22 me/100g soil. Ilesha soil has 25.22
me/100g soil as CEC probably because the location was used for cocoa planting
before the miners discovered gold in the soil.
The soil particle analysis revealed that about 58.2 to 64.72% of the soil particle size
are sand. This have a direct impact on the low water holding capacity of the soil
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samples, it is within 24.34 and 36.02%, soils having more particle sizes in the silt and
clay portion have higher water holding capacity.
Extractable metal ions: The Extractable metal ions concentration of the soils are low
(with the exception of cadmium in Ijero and Ekiti soils) due to leaching from the
topsoil. It is expected of any soil possessing the above properties to have low
extractable metal concentration. Shown in Table 5.1 are the properties of the soils.
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Table 5-1: Properties of tropical soils used in this study

Soil
Samples

Longitude Latitude

pH

% OM

Particle size

IJERO
ILESHA

5.0742
4.65

7.8139
7.5333

5.20
6.72

0.018
0.033

Sand
64.72
59.62

Silt
17.5
12.5

Clay
17.78
27.88

EKITI

5.0742

7.8139

5.40

0.026

58.2

15

26.8

IFE

4.5667

7.4667

5.65

0.018

61.94

10

28.06
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Texture
Sandy loam
Loamy sand
Sandy clay
loam
sandy clay
loam

CEC
(me/100g
soil

Extractable
Water H. Metal
Content
Capacity (mg/kg)

1.43
25.22

24.34
32.73

10.65

36.02

15.27

31.93

Cd

Cu

Pb

15.3
1.9
5.3

BDL 52.6
BDL 5.3
BDL 71.3

1.3

BDL 2.1

5.3.2 Aging effect on remediation
The concentration of metals obtained after analysis with the ICP-MS was used to
calculate the efficiency of each of the treatment types shown in equation 5.2 on each
sampling day during the incubation period.
𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 𝑜𝑓 𝑜𝑓 𝑟𝑒𝑚𝑜𝑣𝑎𝑙 𝑏𝑦 𝑒𝑎𝑐ℎ 𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 =

𝐶𝑎
⁄𝐶 ……………………….. ………………..Equation
𝑐

5-2

where Ca is the difference available concentration between the control samples and the
treated samples while Cc is the available concentration in the control sample.
As much as possible, laboratory tests should mimic the most realistic situation, but
freshly spiked soils do not allow the equilibration time that is required to resemble
common field situation, thus aging is an important issue to consider in the assessment
of metal-contaminated soils so that the result obtained could be more realistic (Lanno
et al., 2004).
Five soil samples were studied to investigate the effect of aging on each of the
remediation efficiency of each of the treatment materials; the results obtained are
shown in Figure 5.2(a-e).
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Ijero, pH 5
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Figure 5-2(a-e): Effect of contaminant aging on the efficiency of 2% (w/w) Biochar
and 2% (w/w) Delonix regia for the removal of copper, lead and cadmium from soils
contaminated with Cu, Cd and Pb by for the incubation period.

The result for Ekiti soil with pH 3.4 shown in Figure 5.2a revealed that the removal
efficiency recorded for copper and lead with both biochar and Delonix regia
treatments were increasing as the treatment days (aging) increased, although biochar
efficiency almost doubles the values for Delonix regia. The efficiency of the soil
treated with Delonix regia did not change significantly for copper and lead until the
twenty first day. This means that the adsorption of metals onto the soil solid phase was
getting stronger with aging and it is easier and more efficient to remove them from the
soil solution to reduce the available concentration of metals.
Cadmium immobilization efficiency was constant for both treatment irrespective of
the sampling day and the values for both treatments were 87 to 90% and 85 to 88% for
biochar and Delonix regia respectively.
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Copper and lead removal by Delonix regia was moderate (50%) and increased with
aging. The removal efficiency of the biochar treatment for copper and lead was high
(>80%) from the start and on the increase as the aging of the treatment increased on
Ilesha soil with pH 4 as seen in Figure 5.2(b), the removal efficiency of cadmium was
high from the start of the experiment and remained unaffected with aging irrespective
of the treatment used. A similar observation that aging had no effect on the
availability of cadmium has also been reported (de Barros Amorim et al., 2005). In
Figure 5.2(c) is the result showing the aging effect of treatment types on Ijero soil (pH
5), the efficiency for all metals was increasing with age of treatment for both types of
treatment except for cadmium on Delonix regia which remained unchanged with
aging period; cadmium on biochar which increased for the first three sampling days
and then remained constant.
On Ife soil shown in Figure 5.2(d), there was slight increase in the removal efficiency
for copper with aging on Delonix regia while no significant increase was noticed until
(day 10) for copper on biochar treatments. Aging effect showed that no increase was
observed for cadmium on both Delonix regia and biochar treatments whereas, in the
case of lead, significant increase occurred from the first sampling day and all through
the experiment for both treatment types. On Ilesha soil, the efficiency of both
treatments increased on day 21 of treatment for the immobilization of copper and lead
but for cadmium slight increase was observed from (day 10) when biochar was
applied whereas aging had no effect on the removal efficiency of cadmium when
Delonix regia was used as treatment as revealed in Figure 5.2e.
The results obtained from this work revealed that the efficiency of removal of Delonix
regia for copper and lead was moderate (about 60%) and on the increase with aging
while copper and lead removal efficiency was very high (above 90%) and increased
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with aging on biochar amended soils whereas aging had no effect on the removal
efficiency of cadmium on both treatment types. The study showed that more metals
were being adsorbed onto the treatment materials as incubation period is increased.
Biochar is more effective than Delonix regia but they could both be used on soils
contaminated with these metals.
Overall, the above results have shown that in the soils amended with biochar and
D.regia the efficiency of removing available metal fractions increased with aging for
copper and lead whereas with cadmium efficiency of removal was constant. These
indicate that it is more efficient and effective to remediate contaminated soils after a
few weeks of the incident occurred rather than treating the soils immediately.
5.3.3 Effect of different concentrations of metal ions
The effect of different concentration of contaminants on the treatment were studied
using two different concentrations (a low concentration of 100 mg/kg of lead and
copper; 5mgCd/100kg which is the maximum allowable limits for the metals in
agricultural soils and a high concentration of 300 mg/kg of lead and copper;
15mgCd/100kg, i.e. three times the allowable limits). Three sets of soil samples (Ijero,
Ife and Ilesha soils with approximate pH 5, 6 and 7 respectively) were contaminated
with these different concentrations. The results obtained from the study of different
concentration of metal on removal efficiency is presented in Figure 5.3 to Figure 5.
The result obtained in this study for Ijero soils are presented in Figure 5.3 (a-b).
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Figure 5-3 (a-b): Effect of heavy metal concentration on the efficiency of 2% (w/w)
Biochar and 2% (w/w) Delonix regia for the removal of Cu, Cd and Pb from soils
contaminated with Cu, Cd and Pb for the incubation period (a): low concentration of
contaminants (b): high concentration of contaminants.

The results for Ijero soil in Figure 5.3 showed high efficiency for biochar on all the
metals investigated throughout all the aging periods. The efficiency determined at
both the high and the low concentrations were similar. The results indicate that
biochar is a very efficient material for removing metals.
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The case was different for the extractable metal when Delonix regia was used. A
reduction in efficiency was observed in the soil with high concentrations of the metals
than in the soils with low concentrations, with the exception of copper. In soil with
high concentration, a significantly high efficiency of copper removal by Delonix regia
was observed, though this might be due to experimental error. The observed reduction
in efficiency with high concentration for lead and cadmium might be due to
insufficient strong sorption sites on the Delonix regia.
The results obtained on Ilesha soil are shown in Figure 5.4 (a-b).
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Figure 5-4(a-b): Effect of heavy metal concentrations on the efficiency of 2% (w/w)
Biochar and 2% (w/w) Delonix regia for the removal of Cu, Cd and Pb from soils
contaminated with Cu, Cd and Pb for the incubation period (a): low concentration of
contaminants (b): high concentration of contaminants.

The efficiency for copper and lead removal by Delonix regia was slightly higher in
soil with the high metals concentration than in the soil with low concentration. For
cadmium, the treatment was more effective in soil with low metal concentration and it
could be explained by the high CEC of the Ilesha soil.
The initial concentrations of the copper and lead had no appreciable effect on their
removal efficiency when biochar was applied as treatment to the soils; cadmium
removal efficiency by biochar was greater in soil with low initial concentration.
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For Ife soils, the result of the study of the effect of different initial concentration of
metal is presented in Figure 5. (a-b).
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Figure 5-5(a-b): Effect of heavy metal concentrations on the efficiency of 2% (w/w)
Biochar and 2% (w/w) Delonix regia for the removal of Cu, Cd and Pb from soils
contaminated with Cu, Cd and Pb for the incubation period. (a): low concentration of
contaminants (b): high concentration of contaminants.

For Ife soil with Delonix regia treatment, all the metals showed higher removal
efficiency when the contamination level was lower (Figure 5.5). For biochar
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treatment, initial concentration did not affect the removal efficiency significantly for
all metals.
Removal efficiency of Delonix regia for all the metals varied from soil to soil when
different concentrations were used; but generally average higher removal efficiency of
70% was recorded in the low level contaminated soils while 50% was achieved in the
highly contaminated soils. Concentration difference had no effect on the removal
efficiency of all investigated metals in biochar treated soils except in Ilesha soil where
cadmium removal efficiency was favoured by 15% in the sample with low
contaminant level. Biochar efficiency of removal is not affected by increasing the
concentration of studied pollutants; thus, it would be suitable to use in both low and
highly metal contaminated soils but the use of Delonix regia would be restricted to
soils contaminated with low level of contaminants.
In the three sets of soils used in this study, different trend was observed in the
efficiency of the applied treatments in low and high concentration owing to different
properties of individual soil. Basically, remediation of soil treated with D.regia gave
better efficiency in the low contaminated soils while with biochar amendment
pollutants concentration have no significant effect on treatment effectiveness.
5.3.4 Effect of soil pH on remediation process
The pH of a soil is a singular measurement that can give many information that can be
used to determine the characteristics of a soil. From soil pH values, an estimation can
be made of the toxicity of some elements and the availability of essential nutrients in
soils based on the knowledge of their relationship with pH (Thomas, 1996). Effect of
soil pH on heavy metal removal are presented in Figure 5.6 to 5.11. The effect of soil
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pH on removal efficiency of heavy metals by Delonix regia from polluted soils are
shown in Figure 5.5.
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Figure 5-6: Effect of soil pH on the removal efficiency of Cu using 2% (w/w)
Delonix regia in soils contaminated with Cu, Cd and Pb for the aging time up to 42
days.

At pH 4 and 5, moderate removal of about 65% extractable copper was achieved at
day 1 of the contamination showing the least removal percentage. More than 70% of
the labile copper was removed by Delonix regia throughout the entire period at pH 6
and 7. Increase in soil pH to 7 resulted in increased percentage removal of copper to
80%. The low sorption observed at pH 3 was due to proton competition for active sites
(Rieuwerts et al., 2006); meaning that an increase in hydrogen ion concentration
affects the mobilization intensity of heavy metals. Mobility of metallic elements in
soils with neutral or alkaline pH is much lower than in highly acidic soils. It’s been
reported that the mobility of metals in soils with low pH decreases in the order: Cd>
Ni> Zn> Mn> Cu> Pb (Fijałkowski et al., 2012).
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The result in Figure 5.6 represented the removal efficiency of biochar for copper. It
showed that all the soils treated with biochar, irrespective of the pH values, had high
sorption for copper with the removal efficiency greater than 70% for all aging period
up to 42 days.
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Figure 5-7: Effect of soil pH on the removal efficiency of Cu using 2% (w/w)
Biochar in soils contaminated with Cu, Cd and Pb for the aging time up to 42 days.

Soil pH values seemed not to have significant impact on the efficiency of biochar
treatment because the use of biochar as amendment increased the pH of each of the
soil samples by a factor; thus, the pH 3 was invariably at pH 4 because of the addition
of biochar.
The removal efficiency of cadmium by Delonix regia from contaminated soils
presented in Figure 5.8 revealed that Delonix regia is able to remove cadmium
irrespective of the soil pH.
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Figure 5-8: Effect of soil pH on the removal efficiency of Cd using 2% (w/w)
Delonix regia in soils contaminated with Cu, Cd and Pb for the aging time up to 42
days.

The removal efficiency was higher than 80% even at day 1 of the soil contamination.
There was a slight increase with time. It was reported by Kabata-Pendias (2004) that
metal bioavailability is reduced in neutral soil. The high removal efficiency for Cd at
pH 7 observed in Figure 5.8 above, >95% at day 1, indicates that its bioavailability is
reduced significantly under the treatment.
The results for the effect of pH on the removal efficiency of cadmium using biochar is
shown in Figure 5.9.
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Figure 5-9: Effect of soil pH on the removal efficiency of Cd using 2% (w/w)
Biochar in soils contaminated with Cu, Cd and Pb for the aging time up to 42 days.

The results in Figure 5.9 for the removal efficiency of cadmium by biochar showed
high removal efficiency of > 86% for all soil pH considered, with nearly 100%
removal for soil pH greater than 5. The result presented in Figure 5.10 represent the
effect of pH on the removal efficiency of lead using Delonix regia.
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Figure 5-10: Effect of soil pH on the removal efficiency of Pb using 2% (w/w)
Delonix regia in soils contaminated with Cu, Cd and Pb for the aging time up to 42
days.

Removal efficiency of lead by Delonix regia on varying soil pH shown in Figure 5.9
was moderate. Average highest percentage removal throughout the incubation period
was observed at soil pH 5.
The effect of soil pH on the removal efficiency of lead using biochar is presented in
Figure 5.10.
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Figure 5-11: Effect of soil pH on the removal efficiency of Pb using 2% (w/w)
hardwood biochar in soils contaminated with Cu, Cd and Pb for the aging time up to
42 days.

High removal efficiency of greater than 80% for Pb by biochar treatment in all tested
soil pH values and throughout the aging period was observed (Figure 5.11). Similar to
results obtained for Delonix regia, the best removal efficiency was obtained at soil pH
5.
The sorption of Cu, Cd and Pb were dependent on the soil pH. Lower sorption and
consequently lower removal efficiency were observed in soils with low pH when
Delonix regia was used. Addition of D.regia did not change the pH of the soil.
However, in the case of biochar treated soils, all the soil pH values were increased by
one unit. This increase in pH and stronger binding properties of biochar resulted in
higher sorption of Cu, Cd and Pb in all soils treated with biochar. Consequently, high
metal removal efficiency was observed for all the soils samples studied. Increasing
soil pH resulted in increased Cd and Pb adsorption was also reported by Appel and
Ma (2002).
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Delonix regia removal efficiency for lead was moderate (50%) and on the increase
with pH increase; best average removal of (65%) is at pH 5; the efficiency of copper
removal by Delonix regia increased gradually up to 80% with increase in soil pH to 7;
for cadmium an average of 90% removal efficiency was recorded and Delonix regia
seemed effective irrespective of pH. Biochar removal efficiency (average of 80% and
95%) for lead and copper respectively was high and increased with pH. Soil pH has no
significant effect on the removal efficiency of cadmium in biochar amended soil. An
increase in soil pH caused a resulting increase in the removal efficiency of the
treatments for copper and lead. Delonix regia is better suited to soil pH of 5 to 7.
Biochar efficiency of removal is not significantly affected by soil pH and will thus be
a good treatment to use on any polluted soil without pH restraint especially in the
highly acidic soil contaminated by heavy metal wastes.
5.3.5 Effect of organic matters on remediation process
The results obtained when efficiency of both types of treatment was investigated with
the addition of humic acid particles as organic matter are represented in Figures 5.12
and 5.13.
This experiment was done using Ekiti and Ilesha soils at pH 4 and 6 respectively. The
results of the effect of soil organic matter on the removal efficiency of metals by
biochar and Delonix regia in Ekiti soils at different aging period is presented in Figure
5.12(a-b).
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Figure 5-12(a-b): Effect of organic matter on the removal efficiency by 2% (w/w)
Biochar and 2% (w/w) Delonix regia for Cu, Cd and Pb from soils contaminated for
different aging period, (a): Ekiti soil without organic matter (b): Ekiti soil with organic
matter.

As shown in Figures 5.12(a-b), the presence of organic matter in Ekiti soil increased
the removal efficiency of Delonix regia for the remediation of copper and lead in all
of the aging period, but its efficiency for the removal of cadmium was unaffected. Ma
et al. (1983) reported that soils with high pH and high organic matter were able to
retain more lead than those possessing lower values in these properties. When Ekiti
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soil was amended with biochar, the removal efficiency was reduced for all the metals
studied except for cadmium. This is probably due to i) organic ligands from humic
acids preventing sorption of metals onto the soils or/and biochar and ii) the pH of the
soil decreased after the addition of humic acid.
The results in Figure 5.13(a-b) are for Ilesha soil treated with humic acid particles to
show the effect of organic matter on the removal efficiency of metals by biochar or
Delonix regia from contaminated soils.
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Figure 5-13(a-b): Effect of soil organic matter on the removal efficiency by 2%
(w/w) Biochar and 2% (w/w) Delonix regia for Cu, Cd and Pb from contaminated soil
of different aging period. (a) Ilesha soil without organic matter (b): Ilesha soil with
organic matter.
140

The results of soil organic matter effect on the removal efficiency of metals by biochar
or Delonix regia from contaminated soils using Ilesha soil presented in Figure 5.13(ab) showed that similar results and similar trends as for Ekiti soil were observed, which
further confirmed the finding of reduced removal efficiency of metals in the presence
of high OM represented by humic acids.
The presence of added organic matter to the soils increased the removal efficiency of
Delonix regia for copper and lead from 50% to 70% copper and 45% to 70% lead in
Ekiti soil; the presence of organic matter did not affect the removal efficiency of
cadmium in this soil; while in Ilesha soil treated with Delonix regia, the sample
without added organic matter have moderate efficiency (an average of 50%) of
removal for lead and a slight increase to 55% when organic matter was added.
Higher % removal for copper and cadmium (75% copper and 90% cadmium) were
recorded in the soil without organic matter added and in the soil with organic matter
removal efficiency of (58% copper and 86% cadmium) were recorded. For Ijero and
Ilesha biochar amended soils, higher % removal efficiency was recorded for all metals
in all the soils without added organic matter. The presence of OM enhanced the
removal ability of Delonix regia for the metals; the Delonix regia material could be
useful as treatment in soils rich in organic matter especially agricultural soils
contaminated with low levels of contaminants; the opposite was observed in biochar
treated soils, increased removal efficiency was recorded in soils without added organic
matter. It thus can mean that biochar can be useful in removing metals from weathered
and exposed soils.

141

5.4

Conclusion

Generally, from this chapter, Delonix regia removal efficiency was better at pH 5, in
soils with added organic matter and at low pollutants concentration; its efficiency
increased with aging and soil pH while for biochar, increasing aging time and soil pH
increased the removal efficiency, efficiency is the same at both concentrations, but the
influence of organic matter decreased its removal efficiency.
The removal efficiency of both types of treatment increased with aging, that is more
metal were being adsorbed onto them as incubation period prolonged and they could
both be used on soils contaminated with these metals although biochar is more
effective than Delonix regia.
The studied concentration levels had no impact on the removal efficiency of biochar
for all the considered metals, biochar would be suitable to use in both low and highly
metal contaminated soils but Delonix regia would be considered a choice in soils
contaminated with low level of contaminants.
Soil pH affected the removal efficiency of both treatment types except for cadmium
where soil pH had no effect. Increasing soil pH within the range studied increased the
removal efficiency of the treatments for copper and lead. Delonix regia is better suited
to soil pH of 5 for lead; neutral pH for copper. Biochar has high removal efficiency at
pH range between 3.40 and 6.72 and will thus be a good treatment to use on any
polluted soil without pH restraint especially in the highly acidic soil contaminated by
heavy metal wastes.
The presence of OM enhanced the removal ability of Delonix regia for the metals
when soil properties such as CEC are too low; the Delonix regia material could be
useful as treatment in soils rich in organic matter; the opposite was observed in
142

biochar treated soils, increased removal efficiency was recorded in soils without added
organic matter. It thus can mean that biochar can be useful in removing metals from
weathered and exposed soils like some in the mining areas.
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Chapter 6.

Assessment of metal availability and kinetics of resupply in

remediated soils using DGT technique and DIFS model
6.1

Introduction

Soils serve as the major reservoir for heavy metals released into the environment as a
result of human activities (Wuana and Okieimen, 2011). Their total concentration
persist in soils for a very long time after they are introduced because they cannot be
degraded by microorganisms (Adriano, 2001); though the chemical forms and
bioavailability may change. Measurements of the total metal contents, after aqua
regia digestion, of polluted soils are necessary to determine the potential risk of the
soils, but only the soluble, exchangeable and chelated metal species in soils are the
fractions available to plants (Kabata-Pendias, 1993). Limited methods are available
that give information on the dynamics and mobility of heavy metals. Most of the
efforts have been made on establishing correlations between metal fractions in soils
and plant uptake (Alvarez et al., 2006) without great success.
The use of selective chemical extractions (single and sequential methods) is the usual
approach for understanding the interaction of heavy metals with soil and sediments
components, or for assessing heavy metals mobility and availability to plants (Beckett,
1989, Das et al., 1995). Single extraction procedures are utilised to evaluate the
exchangeable fraction of metals in soils while sequential extraction are employed to
assess the association of metals with different solid-phase components in sediments
(Sahuquillo et al., 2003). Sahuquillo et al. (2003) reported considerable extraction of
the most mobile elements (cadmium and zinc) with the use of CaCl2, copper and lead
showed higher extraction values with EDTA; while EDTA and acetic acid metal
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extractability were reported to provide more information on the complexation and
acidification processes.
Bakircioglu et al. (2011) compared the extractability of copper, manganese, nickel,
lead and zinc in soils by both single and sequential extraction with (HCl, EDTA,
DTPA, CaCl2 and H2O) and found the extraction capacity of the analysed metals to be
in the order: HCl>EDTA>DPTA>CaCl2>H2O. On using simple correlation analyses,
the result indicated that the extractable lead and nickel of soils by HCl, EDTA and
DTPA were significantly correlated with the metal contents of wheat grains. For
CaCl2, H2O and BCR extraction procedures there was a relatively poor correlation
between the extractable metals of soils and the metal contents of wheat grains.
Under field-like conditions, Hooda et al. (1997) compared four extractants (DPTA,
EDTA-(Na)2, NH4NO3 and CaCl2) in 13 soils on which wheat, carrots and spinach
were grown to maturity. A comparison of cadmium, copper, nickel, lead and zinc
contents in the edible portions of the plants and soil by all tests performed were found
to be well correlated; the best predictor test was reported to vary across the metals and
plants species studied.
Another approach to assessing the available metal in soil is through the direct and
independent measurement of soil solution concentration since plants take up nutrient
and contaminants mainly from the soil solution. The use of total dissolved metals in
soils has gained recognition as a means of assessing bioavailability and toxicity of
metals in soils because plants can only take up dissolved metals in the soil solution.
In an experiment performed by Pavan et al. (1982) to investigate the presence of
available Al on growth and mineral nutrition of coffee seedlings, soil solution
chemical composition data was inputted in a computer program which chemically
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speciated Al in the soil solution. The result obtained from the shoot and root
correlated with KCl-exchangeable Al of soil.
All the measurements used in these reported works do not account for the ability of
the soil to replenish solution after the extraction of metal; to be able to account for the
dynamics of the soil/solute system, the diffusive gradients in thin films technique was
proposed (Davlson and Zhang, 1994). The DGT has been developed to measure
supply fluxes of metals in sediments (Zhang et al., 1995) and it has proven to be a
very promising tool to assess both the kinetics of resupply and the bioavailability of
metals to plants (Zhang et al., 2001).
Any method to be used to assess the availability of heavy metals should ideally be
applicable with minimum disturbance of the soil without disrupting the physicalchemical equilibrium between the solid and solution phases (Zhang et al., 1998). The
DGT technique is suitable in this regard because it allows in-situ determination of
metal concentration to be carried out without disrupting the system (Zhang et al.,
1998). Thus, DGT can be used as a powerful tool for assessing bioavailability of
metals in soils , taking into account metal concentration in soil solution and the solid
phase and at the same time providing useful information on the kinetics of release
from the solid phase to solution (Gu et al., 2017). Bioavailability rather than total
concentration of metal was used by Gu et al. (2017) to investigate the biological
responses of Eisenia fetida to cadmium in soil. Concentrations of cadmium in soil
solution, by CaCl2 extraction and DGT measurement were carried out. Result obtained
revealed DGT measurement to be a better index than soil total concentration in
predicting the accumulation of Cd in earthworms.
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Guan et al. (2017) employed the DGT technique in the assessment of the desorption of
bisphenols (an organic contaminant), from soil and reported that based on the labile
partition coefficient (Kd), most of the bisphenols in the soil could participate in the
labile exchange (that is be released to the solution). They noted that, though the rate of
bisphenol release was relatively slow, soils with more binding sites (due to the
presence of higher DOM and CEC) could resupply bisphenols at a higher rate.
Song et al. (2018) assessed the environmental risks arising from pollution by using
DGT measurement and sequential extraction procedures to quantify the labile pools of
copper, iron, manganese and nickel in soils obtained from a site committed to
industrial sludge treatment.
According to Zhang et al. (2001), it was concluded that DGT measurement could
serve as a quantitative measure of bioavailable metals in soils. Copper measurements
were obtained from DGT, soil solution concentration, by EDTA extraction and free
Cu(II) activity in soil solution in 29 different soils and a comparison to its
concentrations in the plant material of Lepidium heterophyllum grown on same soils
were made. Results obtained from plant concentrations were linearly related and
highly correlated to copper concentration from DGT measurements but were more
scattered and nonlinear compared to free Cu2+ activity, EDTA extraction or soil
solution concentrations.
Aim and Objectives
In this chapter the aim is to carry out the risk assessment of soils, contaminated with
lead, copper and cadmium, by using diffusive gradient in thin films technique before
and after remediating the soils with biochar and Delonix regia material.
In achieving the aim, the following objectives were set:
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(1) To assess the availability of metals in remediated soils through soil solution
concentration Css and DGT measured labile concentration CDGT.
(2) To investigate the resupply of heavy metals from the solid phase to soil solution
using index of resupply, R values, and coefficient of distribution of the labile pool, Kd
values.
(3) To assess the kinetics of resupply by response time, Tc and rate of desorption, k-1;
and
(4) To assess aging effect on index of resupply, R values, coefficient of distribution of
the labile pool, Kd values and response time, Tc.

6.2

Materials and Methods

6.2.1 Materials
Acrylamide solution (40%) and DGT gel cross-linker (2%) were used to prepare gel
solutions used for both the resin gels and the diffusive gels.
Ammonium persulphate (10%, 0.1 g in 1 g of water) (prepared daily) as initiator and
N,N,N’N’-Tetramethylethylenediamine (TEMED), 99% as catalyst were used in gel
preparation.
Ion-exchange resin (Chelex-100 mesh) was used to make the binding gel for the DGT
device.
DGT moulds supplied by DGT Research Limited (Lancaster, UK), glass plates and
spacers for setting up the DGT devices and making gels of the desired thicknesses.
Metal salts of copper chloride dihydrate, cadmium and lead nitrate, solutions prepared
from these salts were used to (contaminate) spike the soils.
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Tropical soils were used as samples for the remediation study.
Biochar from Bodfari Environmental, UK and Delonix regia pods are the materials
added to the contaminated soils to immobilize the heavy metals.
Nitric Acid BDH Aristar Ultra was used for the elution of metals from the binding gel.
6.2.2 Methods
6.2.2.1 Chelex resins gels and diffusive gels for DGT Devices
All experimental apparatuses and DGT plastic moulds were acid washed in 10% nitric
acid overnight and rinse properly with MQ water before use. The Chelex binding layer
(Chelex-100, Bio Rad) and diffusive gels were soaked in 0.1M NaNO3 solution before
use while the filter membranes were soaked in MQ.

6.2.2.2 Preparation of gel solution
Gel solution of 100 ml was made by mixing 15 ml DGT gel cross-linker (measure by
weighing 15 gram of the solution) and 47.5 ml MQ water (or deionised water)
together in a clean plastic bottle (or beaker). The mixture was shaken and then 37.5 ml
acrylamide solution (40%) was added. It was ensured that the gel solution is well
mixed by adequate shaking before storing in the refrigerator for usage.

6.2.2.3 Diffusive gel preparation
An acid washed spacer of thickness 0.5mm was placed round three of the four edges
of acid washed glass plates and clipped together with plastic clips, the glass plates
were set in such a way that 1mm overlap of the edges were left without the spacer.
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Gel solution of 10 ml was pipetted into a plastic container and 70 µl of ammonium
persulphate solution followed by 25 µl of TEMED solution were added. The solution
was mixed very well. The solution was pipetted in a smooth controlled fashion
between two glass plates.
The assembly was left at about 42~46oC for at least 1 hour until the gel had
completely set and then prized opened. The gel was washed in ~1 litre of MQ water
(or deionised water) first and then changed to another litre of MQ for hydration. After
a few hours, the change was carried out again, total number of change water was
between 3-4 times for 24 hours hydration. The gel was stored in 0.01M NaNO3
solution until needed (Pelcová et al., 2014, Zhang and Davison, 1999).

6.2.2.4 Resin Gel Preparation
Chelex-100 mesh was soaked in MQ for at least one hour, the excess water was
decanted off afterwards. Acid washed plates and spacers of thickness 0.25mm were
set and clipped in such a way to permit easier pipetting of the gel solution.
Soaked Chelex resins (4g) was weighed into a plastic container into which 10ml of gel
solution was added and the mixture was thoroughly mixed. 60 µl of ammonium
persulphate solution and 15µl of TEMED were added afterwards and mixed
vigorously ensuring that the resin beads were suspended in the mixture. This was
pipetted in a smooth controlled fashion between the two glass plates and maintained at
about 42 ~ 46oC for at least 1 hour until the gel is completely set. The resin will settle
on one side of the gel by gravity if laid flat during setting. After the gel has set the
assembly was prized opened and the Chelex gel was hydrated in MQ water. The water

150

was changed 1~2 times, it was then stored in 0.01M NaNO3 solution (Pelcová et al.,
2014, Zhang and Davison, 1999).

6.2.2.5 Testing DGT Device Performance
The gels and filter membrane were arranged on the moulding base by placing the
Chelex gel on the base first and ensuring the resin side is faced up. Then the diffusive
gel was placed on top of the Chelex gel followed by the filter membrane. Carefully the
cap was fittedensuring it is horizontal. Then an even force was applied to press it
down to the bottom of the base.
An immersion solution containing 0.01M NaNO3 with 10 ppb of Cd made by mixing
2 L of MQ water and 20 ml of 1M NaNO3 solution and spiked an appropriate amount
of Cd standard solution was poured into a 3L plastic container. The testing DGT units
were placed in the immersion solution making sure the plane of the filter is vertical,
parallel to the container walls and facing towards the centre of the container. The time
and solution temperature were noted down, and the solution was well stirred for 4
hours.
An aliquot of the immersion solution was taken for analysis at the beginning of the
experiment, temperatures and samples of the immersion solution were once again
taken for analysis at 2 and 4 hours. The DGT units were taken out of the solution and
the surface was rinsed with MQ water, the resin gels were retrieved after deployment
by inserting a screw driver into the grove in the cap and twisting it. The Chelex resin
gels were placed singly in clean 1.5ml centrifuge tubes and 1ml of 1M HNO3 solution
was added ensuring the resin gel is fully immersed in the HNO3 solution overnight
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before analysis. An aliquot was pipetted from the sample and diluted 10 times with
MQ water before analysis by ICP-MS.

6.2.2.6 Soil amendment and treatment
The detailed procedure is explained in section 5.2.2.1, the same soil samples that were
used in chapter 5 are the soil samples used in this chapter because this chapter focuses
on the assessment of the contaminated soils that were treated with biochar and
Delonix regia.

6.2.2.7 DGT deployment and retrieval
For the deployment of DGT devices, 100g soil samples were weighed into clean
plastic beakers, and mixed with milli-Q water to get a soil moisture content of about
80% maximum water holding capacity of the soil. The amount of MQ water added to
each soil sample of control, biochar and Delonix regia is shown in Table 6.1.
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Table 6-1: Water added to Biochar and Delonix regia treated and untreated soils
for DGT measurement
Amount of MQ water (mls)/100g soil
Soil

Control

Biochar

Delonix regia

Ijero

36

39

39

Ilesha

40

40

42

Ife

46

44

45

Ekiti OM

22 / 72g soil

24

23/72

Ilesha OM

20/72

21

22/72

Ekiti pH 4

38

40

42

The well mixed soils were left to equilibrate for 24 hours before they were divided
into three clean pots. The DGT devices which have been smeared with some of the
soil sample were gently pushed into the surface of the soil slurry ensuring that the
filter on the window had good contact with the soil. The whole set up were placed in
containers where it could be covered with foil paper to prevent loss of water due to
evaporation. Deployment were carried out on day 5, day 21 and day 42 of the soil
aging; each deployment was done for 24 hours taking note of the average temperature
during the deployment period. At the end of the deployment time, the devices were
retrieved from the soils and rinsed with MQ water to remove any soil particles from
its surface. The devices were opened and with the aid of tweezers the Chelex binding
layers were removed and transferred into clean 1.5ml centrifuge tubes. 1ml of 1M
HNO3 was pipetted into the centrifuge tubes for the elution of metals from the binding
gels, elution was done for a minimum period of 24 hours after which the samples were
diluted and analysed with the ICP-MS.
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6.2.2.8 Soil solutions
Immediately after the retrieval of the binding layers from each of the deployed DGT
devices, the remaining soils were transferred into 50ml centrifuge tubes and
centrifuged at 3000 revolution per minute for 10 minutes in order to complete the soil
solutions extraction process. A 1ml aliquot was taken from these and centrifuged
further at 6000 rpm for 5minutes. Dilution was done with 0.1M HNO3 before ICP-MS
analysis.

6.2.2.9 Calculation of DGT measured concentration, CDGT
The DGT measurement gives the time-integrated concentrations of pollutants over the
period of deployment. From the concentration (Ce) obtained after analysing the elution
sample with ICP-MS, mass (M) can be calculated from equation 6.1.

𝑀=

𝐶𝑒 (𝑉𝑎𝑐𝑖𝑑 + 𝑉𝑔𝑒𝑙 )
⁄𝑓𝑒…………………….Equation 6-1

Where fe is an elution factor of 0.8 (80% of the analyte bound to the binding layer is
eluted), Vacid is the volume of 1M HNO3 used in eluting the metal from the resin gel,
Vgel is the volume of the gel. The DGT measured time-integrated interfacial
concentration, CDGT, can be calculated from equation 6.2
𝐶𝐷𝐺𝑇 =

𝑀∆𝑔
𝐷𝐴𝑡

……………………………………Equation 6-2

Where g is the diffusive layer thickness (filter paper and diffusive gel), D is the
diffusion coefficient, t is the deployment time and A is the area of the device exposed
to the soil solution (Davlson and Zhang, 1994).
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6.2.2.10 Calculation of Index of resupply, R value
The ratio of DGT-measured analyte concentrations (CDGT) to the independently
measured soil solution concentration (Csoln) referred to as R value, represented in
equation 6.3 is an indication of the ability of the solid phase to resupply the analyte to
soil solution, it has values between 0 to 1.
𝐶

𝑅 = 𝐶𝐷𝐺𝑇 ……………………….Equation 6-3
𝑠𝑜𝑙𝑛

R value close to 1 implies a very rapid resupply of the analyte from soil particles to
soil solution but when the R value is less than 0.1, it indicates very little resupply of
the analyte (Harper et al., 2000). The R value is used as a measure of the depletion of
soil solution concentration at the DGT-medium interface (Ernstberger et al., 2002,
Zhang et al., 2006).

6.2.2.11 Calculation of the Distribution Coefficient Kd
The distribution coefficient Kd as estimated in equation 6.4 is the ratio of the
concentration of the labile analyte associated with the solid phase to the concentration
in soil solution (Lehto et al., 2008). It represents a labile pool size, the adsorbed
species that can be available for DGT measurement (Di Bonito et al., 2008, Harper et
al., 2000).
𝐶

𝐾𝑑 = 𝐶 𝑠𝑜𝑙𝑖𝑑 𝑝ℎ𝑎𝑠𝑒 ………………………..Equation 6-4
𝑠𝑜𝑖𝑙 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛

When Kd value is high, it means that the metal specie has been retained by the solid
phase through adsorption, whereas when it is low, it implies that high amount of the
metal specie is occurring in soil solution.
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6.2.2.12 Introduction to DIFS model
A numerical model, DGT-Induced Flux in Sediments and soils (DIFS) was developed
to interpret further the DGT measurements and to obtain labile pool size and kinetic
information of exchange processes (Harper et al., 1998).
It makes use of the distribution coefficient (Kd) and R value to determine or estimate
the response time of the system to perturbation (Tc), and the dissociation rate constant
(k-1). (Harper et al., 2000, Harper et al., 1998).
The response time Tc can be expressed as the inverse of the dissociation rate constants
showed in equation 6.5 (Harper et al., 2000).
𝑇𝑐 = 𝑘

1
1 +𝑘−1

………………………… Equation 6-5

It can be obtained from the DFIS model if R and Kd are known. The relationship
between R, Kd and Tc can be quantified by the DIFS model if the input parameters of
particle concentration (Pc), soil porosity (Φ), and the diffusion coefficients of the
metals in the soil (Ds) shown in equations 6.6 to 6.8 are supplied (Boulding, 1996,
Harper et al., 1998).
𝑚

𝑃𝑐 = 𝑉 …………………………Equation 6-6
𝑑𝑝

𝛷 = (𝑃𝑐+𝑑𝑝)…………………………. Equation 6-7
𝐷𝑠 = 𝐷𝑜⁄(1 − 𝑙𝑛(𝛷 2 ))…………………………………..Equation 6-8
With m being the total mass of soil particles; V is the porewater volume in a given
volume of total soil; Do is the diffusion coefficient in water and dp is the density of
the soil.
The dissociation rate constant k-1 is estimated by using the equation 6.9 (Harper et al.,
2000)
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𝑘−1 = 1⁄((1 + 𝐾 𝑃 )𝑇 )………………………………..Equation 6-9
𝑑 𝑐 𝑐

6.3

Results and Discussion

6.3.1 Metal concentration available in Soil Solutions
Plants obtain nutrients and also invariably take up whatever ions (including heavy
metals) that dissolved from the solid phase to the soil solution (Rieuwerts et al., 1998,
Violante et al., 2010). In order to assess the available metal concentration present in
soil solution, the steps listed in section 6.2.2.8 were carried out and the results are
presented in Figure 6.1a-c.
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Figure 6-1 (a-c): Determination of total dissolved concentrations of Cu, Cd and Pb in
soil solutions of some soils treated and untreated with 2% (w/w) Biochar and 2%
(w/w) Delonix regia.
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From this figure, all the control soils have the highest soil solution concentration of
individual metal (Pb, Cu and Cd). In the biochar treated soils, no observable
concentration of these metals was determined in the soil solution samples, except in
the soils that were amended with humic acid particles. Similar report that OM makes
copper available in form accessible to plants was given by Arán et al. (2016). The
values obtained for cadmium in most soils were below the detection limit of the ICPMS (X Series II) but there was an increase in the Cd soil solution concentration in
biochar treated sample of Ekiti pH 4 soil as Cd can transform from the immobile form
(carbonates or iron or manganese oxide bound form) to an easily available or
exchangeable form at low pH (Li et al., 2014a, Xian and Shokohifard, 1989).
The presence of organic particles (humic particles) in the soils increased the soil
solution concentration of all studied metals, notwithstanding the treatment and soil
type. Some studies have shown that biochar rich in dissolve organic carbon are able to
increase copper mobility in soil (Beesley et al., 2010, Park et al., 2011). The use of
D.regia also resulted in a reduction in Css for all metals; although the Css for D.regia
treated soil samples were higher than the biochar treated soils because the ability of
different solid phases for retention of ions differs (Martínez and McBride, 1999).
Cadmium Css was highest in soil at low pH, Gramlich et al. (2018) reported high Cd
availability in alluvial soil with low pH. The marked difference in Css between Ijero
and Ife soils (with similar soil pH and organic matter but different CEC) might be as a
result of the CEC difference.
6.3.2 DGT measured labile concentration (CDGT)
The DGT measurement, CDGT, gives the time-integrated labile concentrations of
pollutants over the period of deployment. The result obtained are shown in Figure 6.2
below:
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Figure 6-2 (a-c): Determination of CDGT-labile Cu, Cd and Pb in some soils
remediated with 2% (w/w) Biochar and 2% (w/w) Delonix regia with 42 days
incubation period.
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The concentration of metals measured by the DGT devices (CDGT) were highest in all
control soil samples. On biochar treated soils the CDGT were extremely low (below
detection limit of machine in some samples). In Ekiti soil with humic particles, C DGT
of lead on biochar remediated soil presented in Figure 6.2(a) was higher than in its
counterpart (Ijero) soil without humic particles while for control and Delonix regia
treated soils, the opposite was evident. Generally, lead CDGT in biochar treated soils
were the lowest, D.regia treated soils have intermediate CDGT between the control and
the biochar treated soils.
Ijero soil was observed to have higher CDGT of copper than Ife soil. The addition of
organic matter to Ilesha and Ekiti soils led to an increase in copper CDGT in soils with
biochar amendment but the presence of organic matter caused a decrease in copper
CDGT in control and D.regia treated soils. Uchimiya et al. (2010) reported that when
organic matters have high carboxyl functional groups, they can mobilize copper
retained by alkaline soils. This might be responsible for the increase copper CDGT in
these OM rich soils when treated with biochar.
Experimental error might be the reason for the result obtained for the Cadmium CDGT
measured in Ilesha soil (with organic matter) which was higher than in corresponding
soils without added organic matter.
Ekiti OM soils (soils with similar properties with Ijero except in CEC values), have
lower Cd CDGT than Ijero soils without added organic matter; it might be because of
the higher CEC in Ekiti soil and the sorptive ability of humic particles for metals
(Cambier et al., 2014).
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6.3.3 The index of resupply, R
The ratio of DGT-measured analyte concentrations (CDGT) to the independently
measured soil solution concentration (Csoln) referred to as R value (Equation 6.10) is
an indication of the ability of the solid phase to resupply the analyte to soil solution.
The closer the value of the resupply index, R to unity, the rapid the resupply of the
metal from the solid phase to solution, Tables 6.2 to 6.5 represented the obtained R
values for the study.
𝐶

𝑅 = 𝐶𝐷𝐺𝑇 …………….. Equation 6-10
𝑠𝑜𝑙𝑛

Across all the soils, the average resupply of lead from the solid phase to soil solution
is highest in the control soil of most samples (except in Ijero). The control samples
were able to resupply each of the metals studied moderately back to soil solution. R
values obtained for the resupply of metals in the treated samples did not follow a
regular pattern, in Ijero soil for instance, the resupply of lead in biochar treated soil
was higher than D.regia treated soil but in Ilesha soil, the opposite was observed in
the treated soils.
Table 6-2: R values for Ijero soil with and without biochar and Delonix regia
treatment
Cu (R ) value

Cd (R) value

Pb (R) value

Soil

Day

Con

Bio

De

Con

Bio

De

Con

Bio

De

Ijero

5

0.09

0.80

0.22

0.09 BDL

0.12

0.07

0.66

0.27

21

0.13

0.58

0.18

0.12 BDL

0.12

0.13

0.39

0.21

42

0.14

BDL

0.21

0.1 BDL

0.12

0.14

0.83

0.26

Average

0.12

0.69

0.21

0.10 BDL

0.12

0.11

0.63

0.25
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Table 6-3: R values for Ilesha soil with and without biochar and Delonix regia
treatment
Cu (R ) value

Cd (R) value

Pb (R) value

Soil

Day

Con

Bio

De

Con

Bio

De

Con

Bio

De

Ilesha

5

0.50

0.58

0.35

0.32

BDL

0.36

0.33

0.20

0.33

21

0.41

BDL

0.81

0.52

BDL

0.58

0.47

0.13

0.26

42

0.99

BDL

0.46

1.09

BDL

0.63

0.42

0.15

0.33

Average

0.63

0.58

0.54

0.42

BDL

0.52

0.40

0.16

0.31

Table 6-4: R values for Ife soil with and without biochar and Delonix regia
treatment
Cu (R) value

Cd (R) value

Pb (R) value

Soil Day

Con

Bio

De

Con

Bio

De

Con

Bio

De

Ife

5

0.29

0.86

0.53

0.17

BDL

0.19

0.39

0.16

1.13

21

0.39

0.76

0.56

0.20

BDL

0.27

0.51

0.08

1.32

42

0.33

0.81

0.47

0.18

BDL

0.23

0.44

0.16

1.86

Average

0.34

0.81

0.52

0.18

BDL

0.23

0.45

0.13

error

Table 6-5: R values for Ekiti OM soil with and without biochar and Delonix regia
treatment
Cu (R) value

Cd (R) value

Pb (R) value

Soil

Day

Con

Bio

De

Con

Bio

De

Con

Bio

De

Ekiti

5

0.02

0.02

0.02

0.03

0.03

0.03

0.01

0.01

0.01

OM

21

0.04

0.03

0.04

0.03

0.05

0.04

0.01

0.01

0.01

42

0.04

0.03

0.04

0.04

0.04

0.04

0.02

0.02

0.02

Average 0.03

0.03

0.03

0.03

0.04

0.04

0.01

0.01

0.01
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Table 6-6: R values for Ilesha OM soil with and without biochar and Delonix
regia treatment
Cu (R) value
Soil

Day

Cd (R) value

Pb (R) value

Con

Bio

De

Con

Bio

De

Con

Bio

De

Ilesha 5

0.02

0.01

0.02

0.01

0.01

0.01

0.003

0.002

0.003

OM

21

0.03

0.02

0.02

0.02

0.01

0.02

0.004

0.004

0.006

42

0.02

0.02

0.02

0.03

0.02

0.03

0.006

0.003

0.007

Average 0.02

0.02

0.02

0.02

0.01

0.02

0.004

0.003

0.005

Table 6-7: R values for Ekiti pH4 soil with and without biochar and Delonix regia
treatment
Cu (R) value

Cd (R) value

Pb (R) value

Soils Day

Con

Bio

De

Con

Bio

De

Con

Bio

De

Ekiti

5

0.18

0.72

0.28

0.06

0.35

0.07

0.11

1.47

0.17

pH 4

21

0.16

0.68

0.19

0.09

0.46

0.11

0.15

4.39

0.24

42

0.18

0.64

0.23

0.07

0.4

0.11

0.09

1.87

0.02

Average

0.17

0.68

0.23

0.07

0.40

0.10

0.12

error

0.14

The resupply of copper from soil solid phase was highest (between 0.56 and 0.80) in
the biochar treated soils, followed by D.regia and the soil with the lowest resupply
(0.18 and 0.40) was the control soil. This indicate that the buffering capacity of the
biochar treated soils for the copper is high and copper in the solid phase could be
resupplied to the solution fastest in bio-treated soils than those with D.regia treatment
or control soils where the soil buffering capacity is poor.
Cd soil solution concentrations were below the detection limit and so its resupply in
these soils could not be estimated.
164

The resupply of cadmium in D.regia treated soils (between 0.16 and 0.60) were
greater than in all the corresponding control soils (between 0.06 and 0.52). It can be
concluded from the result that the index of metal resupply is generally higher in all
biochar amended soils except in OM soils.
In all the soils to which organic matter were added, resupply of metal was very low as
seen in the relatively low R values (0.02 and 0.03). The resupply of Pb, Cu and Cd
from solid phase to solution was very low in all organic matter amended soils, this
might be due to the conversion of organic complexes into stable form for binding
metals (Martínez and McBride, 1999).
6.3.4 Labile pool size of Kd values
The distribution coefficient Kd shown in equation 6.11 is a ratio used to express the
relation between the concentration of the labile metal associated with the solid phase
to the concentration in soil solution (Lehto et al., 2008). It is an indication of the labile
pool size of the metal that can be available for DGT measurement (Di Bonito et al.,
2008, Harper et al., 2000).
𝐶

𝐾𝑑 = 𝐶 𝑠𝑜𝑙𝑖𝑑 𝑝ℎ𝑎𝑠𝑒 ……………………………………….Equation 6-11
𝑠𝑜𝑖𝑙 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛

The Csolid phase is the concentration of each metal obtained by extraction with 0.01M
CaCl2 while the Csoil solution is the concentration of the metal in soil solution obtained
by centrifugation. Methods for the extraction and soil solution are in section 5.2.2.5
and 6.2.2.8 respectively.
The DIFS model was applied to the obtained (R) values (Tables 6.2 to 6.7) in order to
determine Kd values and Tc; it is assumed that the Kd calculated by CaCl2 extraction
is close to labile Kd that can be obtained by DFIS.
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The results obtained for the coefficient of distribution of the labile pool, Kd values for
Cu,

Cd

and

Pb

in

this

study
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are

presented

in

Figure
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Figure 6-3: Kd values for Cu, Cd and Pb selected soils with and without Biochar and Delonix regia treatment.
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When Kd value is high, it means that the metal species has been retained by the solid
phase through adsorption. Whereas when it is low, it implies that high amount of the
metal species are partitioning into soil solution.
Biochar treated soils have the highest Kd values in all the soil types irrespective of
metals. The Kd values obtained from biochar treated soils for each metal was (Pb was
at least 700 times more; Cu was at least 2400 times more; Cd was at least 200 times
more) than the Kd in the Delonix regia treated and the control samples.
This means that a large proportion of metals in the biochar treated soils are in the soil
solid phase and can be redistributed to soil solution. In all the soils, Kd for the metals
in the D.regia treated soil was next in value to the biochar treated soil while the
control soil sample had the least value. Thus the labile pool size of metals (Pb, Cu and
Cd) that can be resupplied to soil solution from the soil solid phase in this work
follows this order: Bio-treated soils > D.regia treated soils > control soil samples. In
soils amended with humic particles, a considerable labile pool size was obtained for
the studied metals; Lead labile pool size was found to be the largest followed by
cadmium and lastly copper. Across all soils samples Kd values for lead was the
highest while the lowest value was obtained by cadmium. Although the spiked
concentration of cadmium was the least at the onset of the study, but this observation
might be because lead is able to form many complexes with ligands on the humic acid
functional groups and thus be made resident in the solid phase more than cadmium.
6.3.5 Response time (Tc) and resupply rate constant (k-1)
The response time to depletion for the system; Tc is an indication of the time needed
for the disequilibria of labile metals induced by DGT to revert to 63% of the
equilibrium value (Guan et al., 2017). From Table 6.8, the result for lead Tc in the
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control samples of (Ijero and Ekiti pH 4) and biochar treated samples of (Ilesha and
Ife) have the highest value. Tc value of 23600s in Ijero control sample and 9505s in
Ilesha biochar treated soil. It is observed that soil with high and moderate CEC (Ilesha
and Ife) have highest response times when biochar treatment is used while those soils
with low CEC (Ijero) have the highest Tc in control samples. When humic particles
were added to Ekiti and Ilesha soils, response time of higher magnitude (107s) were
observed and this value remained the same for the control samples, biochar- and
Delonix regia-treated soils. The values of response time for all studied metals in
majority of D.regia treated soils were generally between the values obtained for
control and biochar amended soils.
The average Tc for copper and cadmium in biochar amended soil were the lowest
(copper has Tc of 200s while cadmium has 0.001s on Ijero soil). From these results,
the rate at which biochar treated soil is able to resupply the metals bound to its solid
phase is very fast. The control soil samples have high Tc values (6330s for copper on
Ijero and 4176s for cadmium on the same soil) which means it will take longer time
before metals can be resupplied from its solid phase to solution. Tc in Delonix regia
treated soil is intermediate between control samples and biochar treated soil samples.
Although biochar treated soils have large coefficient of distribution for each of the
metals, but it also has the fastest resupply, thus, from the kinetic point of view
remediation of heavy metal contaminated soils with biochar will be considered
ineffective. The response time of Delonix regia treated soils is faster than those
obtained for the control soils; and it might not be a good choice for remediation as
well.
The result also showed the trend below for the response time of each metals in the
soils:
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Pb Tc: Ife<Ijero<Ilesha<Ekiti Ph4<Ilesha OM=Ekiti OM soils;
Cu Tc: Ekiti Ph4<Ijero<Ife<Ilesha<Ilesha OM=Ekiti OM soils;
Cd Tc: Ife<Ijero<Ekiti Ph4<Ilesha OM=Ekiti OM. Cd in Ilesha soil is below detection
limit.
From the trend, it could be said that the response time in organic matter rich soils is
very low for all metals and in all soil samples since humic particles could act as
adsorbent and increase the binding and sorption ability of the soils. Ilesha soil has the
next slower response time probably because it has higher CEC value than other soils;
it means it has higher sorption or ability to hold metal to itself than soils with lower
CEC. Ife, Ijero and Ekiti pH 4 soils have the fastest response time depending on the
metal considered, may be because these soils have low or moderate CEC, low pH, and
poor organic matter content (humic acid was not added to them) and (the low clay
content in Ijero soil); these properties must have contributed to the fast response time
in these soils. Low pH enhances metal mobility in soil (Ekiti pH 4 soil); Low CEC
and low clay content reduces the sorptive ability of soil for metals (Ijero and Ife soils).
Ijero and Ekiti soils were collected in the same region and the soils have similar
properties except for the difference in CEC.
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Table 6-8: Response time, Tc, (s) values obtained for Cu, Cd and Pb in selected
soils with and without Biochar and Delonix regia treatment
Ijero

Ekit with OM
Day 5

Cu

Cd

Pb

Cu

Cd

Pb

Control

1.38*104

0.40

2.36*104

1.0*107

1.0*107

1.00*107

2% Bio

63

BDL

286.8

1.0*107

1.0*107

1.00*107

2% De

1476

1.45*103

701.5

1.0*107

1.0*107

1.00*107

Day 21
Control

6330

0.001

5046

9.44*105

1.0*107

1.00*107

2% Bio

199.9

BDL

589.7

1.0*107

1.90*105

1.00*107

2% De

3182

3649

1.69*103

1.0*107

2.76*105

1.00*107

Day 42
Control

6023

4176

4220

3.11*106

3.69*105

2% Bio

BDL

BDL

86.07

1.0*107

1.0*107

1.00*107

2% De

1965

2885

9.98*102

1.0*107

1.98*105

1.00*107

Ife

1.00*107

Ekiti @ pH4
Day 5

Control

701.9

1.52

345

1852

3.32*104

6439

2% Bio

30.03

BDL

5401

53.91

32.15

BDL

2% De

124.1

230.6

0.02

732.4

2.38*104

2981

Day 21
Control

289.4

326.6

184.8

4378

1.04*104

4270

2% Bio

589.5

BDL

3.34*104

91.11

0.04

BDL

2% De

149.6

2.67

0.03

3039

4999

1367
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Day 42

Control

651.2

158.2

291.3

2810

2.68*104

1.59*104

2% Bio

31.3

BDL

6978

96.98

96.79

18.56

2% De

283.1

0.02

BDL

1773

6397

1.0*107

Ilesha

Ilesha with OM
Day 5

Control

210

6.24*102

4318

5.03*102

1.0*107

1.00*107

2% Bio

133.1

BDL

2037

1.51*10-1

1.0*107

1.00*107

2% De

628.1

470.3

626.2

1.66*10-1

1.0*107

1.00*107

Day 21
Control

450.4

1.32*102

285.3

1.0*107

1.0*107

1.00*107

2% Bio

BDL

BDL

9505

1.0*107

1.0*107

1.00*107

2% De

111.7

0.043

2212

1.0*107

6.23*102

1.00*107

Day 42
Control

BDL

BDL

283.3

1.0*107

1.0*107

1.00*107

2% Bio

BDL

DBL

4930

1.0*107

1.0*107

1.00*107

2% De

BDL

52.84

1043

1.0*107

1.0*107

1.00*107

The desorption or resupply rate constant k-1 was calculated from Tc, Pc and Kd using
Equation 6.9. The values obtained for all studied soils samples (before and after
remediation with 2% biochar and 2% Delonix regia) are shown in Table 6.9.
Generally, the highest values of Tc produce minimum values of k-1. The desorption
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rate constant for lead in the Ijero remediated soils showed that biochar treated soils
have the least values except in Ijero and Ekiti pH 4 soils.
Table 6-9: Dissociation rate constant, k-1 estimated for Pb, Cu and Cd on control
and soil samples remediated with 2% (w/w) Biochar and 2% (w/w) Delonix regia
Metal/soil
k-1 value in Ijero soil
Control
Biochar
Delonix regia
k-1 value in Ilesha
soil
Control
Biochar
Delonix regia
k-1 value in Ife soil
Control
Biochar
Delonix regia
k-1 value in Ekiti OM
Control
Biochar
Delonix regia

Pb

Cu

Cd

1.7e-07
1.63e-07
2.85e-06

3.40e-06
1.85e01
3.37e-06

5.33e+01
2.74e-02
4.37e-05

6.29e-08
3.54e-09
2.27e-08

2.81e-01
2.16e-01
1.44e-01

8.55e-03
9.27e-01
1.76e-02

3.35e-06
4.63e-09
2.41e+00

1.44e-05
1.23e-06
8.83e-06

1.64e-02
2.77e-02
9.51e-01

2.8e-09
2.06e-09
2.13e-09

1.91e-08
2.94e-09
3.61e-09

3.07e-08
4.21e-08
8.15e-08

1.81e-09
1.52e-09
2.29e-09

4.04e-05
1.32e-01
1.26e-01

7.25e-09
4.39e-09
4.08e-05

1.1e-06
1.46e-01
2.06e-06

5.96e-06
1.51e-06
5.33e-06

1.01e-05
6.36e-02
1.77e-05

k-1 value in Ilesha OM

Control
Biochar
Delonix regia
k-1 value in Ekiti pH 4

Control
Biochar
Delonix regia

Soil with highest k-1 is quick to release metal bound to it and the one with lowest k-1
signifies the stronger the material retains the metal, and therefore the slower the
desorption will occur.
The desorption rate constants for lead were highest in the control samples of Ilesha
and Ekiti OM while D.regia had highest k-1 values in Ijero, Ife and Ilesha OM soils,
biochar had highest k-1 value in Ekiti pH 4 soil. For Copper: control samples had
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highest in Ilesha, Ife, Ekiti OM, and Ekiti pH 4 soils while biochar recorded the
highest k-1 in Ijero and Ilesha OM soils.
In the case of cadmium, Delonix regia had highest value on Ife, Ekiti OM and Ilesha
OM soils while Ilesha and Ekiti pH 4 soil have highest k-1 for Cd in biochar treated
soils. The only soil with highest Cd k-1 in control sample is the Ijero soil.
Generally, the desorption rate constants for lead and copper before remediation were
higher than those calculated from at least one of the treated soil samples but for
cadmium, the desorption rate constant was in most soils the lowest before remediation
was carried out.
Lead k-1 was higher in biochar treated soils than in D.regia treated soils in all soil
samples used in this study except Ekiti pH 4 indicating that the desorption of lead
from biochar treated soils is slower than in the D.regia treated soils; making biochar
treatment more effective than D.regia material for lead removal. The Pb k-1 obtained
for D.regia treatment appeared to the highest.
The un-remediated soils (except Ijero and Ilesha OM) have the highest k-1 for copper.
The effectiveness of remediation treatment based on the values of k-1 cannot be
predicted precisely because the trend obtained for both treatment types were
fluctuating, although D.regia treatment seemed more effective in most of the soils.
The desorption of copper occurs slower in the treated soils than in the un-remediated
soils. The desorption rate constant for cadmium is lowest before remediation was
carried out on the contaminated soils. Though from this, it means the treatments were
not effective for cadmium removal from resupply point of view, but biochar treatment
was more effective than D.regia treatment.

176

6.3.6 Assessing aging effect on R, Kd Tc
No generalized trend can be drawn out on the effect of aging on R values for the
studied metals. The pattern observed was fluctuating with increase in aging time. It is
only in the organic matter amended soil that the R values remained unchanged for
each metal with aging.
The Kd values for all the metals in all soils and treatment types were increasing with
the aging time.
Response time, Tc for all the metals decreased with aging in most of the control soil
samples. Aging increased the response time for copper and lead on biochar treated
soils, but decreased Cd Tc was observed with aging in biochar treated soils. The
pattern observed for copper and lead Tc on D.regia treated soils were increased Tc
with aging, cadmium decreased with aging. Aging had no effect on the Tc of any
metal in the OM soils irrespective of the treatment applied.

6.4

Conclusion

This chapter focussed on the assessment of the remediation treatment of contaminated
soils by biochar and D.regia using the DGT technique and kinetic modelling by 1DDIFS. It showed generally that each of the treatments have remarkable reducing
effects on the available concentration of the studied metals in contaminated soils.
Reduction in Css and CDGT concentrations for treated soil samples is in this order:
Bio-treated soils < D. regia treated soils< control samples. That is the available metal
concentration in both treated soils were reduced compared with the control samples;
an evidence of the good remediation that was achieved by each treatment. In organic
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rich soil, the presence of humic particles in the soils increased the soil solution
concentration of all studied metals, practically, this might mean that remediation of
organic matter rich soil will not yield good result. R values obtained for the resupply
of metals in the treated samples did not follow a regular pattern.
The labile pool size (Kd) of metals (Pb, Cu and Cd) that can be resupplied to soil
solution from the soil solid phase is in this order: Bio-treated soils > D.regia treated
soils > Control soil samples. In soils amended with humic particles, very small labile
pool size was obtained for the studied metals. Lead labile pool size was found to be
the largest followed by cadmium and lastly is copper.
The response time (Tc) values followed the order: Control samples > D.regia treated
soil > biochar treated soils. This depict that the resupply of available metal
concentration back into the soil solution will be fastest in the biochar treated soils and
slowest in the control soil. From this, it could be concluded that the contaminated soils
are better left un-remediated if treated soils will release available metal at a rate that is
faster than in untreated soils; this might likely be linked to the source of the soil. In
majority of the soils, the trend in magnitude obtained for the Tc values are the same
obtained for the desorption rate constant, k-1, a further confirmation that the control
soils release available metal to soil solution much slower than the treated soils.
The values obtained for k-1 showed that biochar treatment is effective for lead
removal, both treatment types (biochar and D.regia) are effective for copper while
none of the two treatments used in this work is effective for the removal of cadmium.
Aging effect on the Kd values for all the metals in all soils and treatment types were
increasing with the aging time. That means that the labile pool size available for
resupplying metals to soil solution is increasing with aging time. In the biochar and
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Delonix regia treated soils, Tc increased with aging and D.regia have the higher
value.
In the OM soils, Tc values were the same for each metal throughout the incubation
period. The resupply rate in the control soils were reducing with aging but in the
treated soils, it was increasing. It means that bonded metal fractions are released from
the soil. The resupply is slower in D.regia treated soils than biochar treated soils. The
resupply of lead is the faster, than cadmium and the slowest was copper.

179

Chapter 7.
7.1

Conclusion and Recommendations

General Conclusions

The systematic investigation carried out in this study has provided detailed
information on the adsorption characteristics of Delonix regia, for heavy metals in
solution with elevated concentrations, the potential of using Delonix regia for
remediation of contaminated soils and the assessment of available metals in soils
using DGT technique. The work on investigating adsorption characteristics revealed
that adsorption of metals onto Delonix regia is pH-dependent and the optimum pH for
maximum adsorption unto Delonix regia pods powder is 4,5,4,6 and 4 for lead, nickel,
copper, cadmium and cobalt, respectively, while for the leaves an optimum pH of 5
was recorded for all the metals. The optimum contact time was thirty minutes. Kinetic
modelling for lead, nickel, copper, cadmium and cobalt showed that second order
kinetic model is applicable. The study also showed that the adsorption is dependent on
the initial metal concentration with Langmuir and Freundlich Isotherms being the
applicable isotherms for the sorption processes in D.regia pods while Freundlich is the
only applicable isotherm for sorption of the metals unto the leaves. The maximum
capacity of Delonix regia pod powder is 31.2mgPb/g; 5.9mgNi/g; 9.1mgCu/g;
6.5mgCd/g and 5.8mgCo/g while the leaves powder has 10.3mgPb/g; 10.3mgNi/g;
9.2mgCu/g; 8.4mgCd/g and 10.3mgCo/g.
The results of these two chapters suggest that Delonix regia pods and leaves powder
could be used as adsorbent to remove heavy metal from low pH waste stream within a
very short time of 30 minutes. The pods powder has high capacity for lead; both the
leaves and the pod powder could be used to remove copper; while cobalt, nickel and
cadmium removal are better with the leave powder. Moderate uptake of 60% in 0.05M
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ionic strength solution showed that the adsorbents could be used effectively in water
with lower ionic strength.
When using Delonix regia and biochar to remove metals from contaminated soils, the
removal efficiency of both type of treatment increased with aging of the
contamination. Although both materials could be used on soils contaminated with
these metals, biochar is more effective than Delonix regia.
The initial concentration of metals had no effect on the removal efficiency of biochar
treated soils and thus, biochar would be suitable to use in both low and highly metal
contaminated soils but Delonix regia will perform better in soils contaminated with
low level of contaminants.
Soil pH affected the removal efficiency of both treatment types except for cadmium.
Biochar has high removal efficiency (> 70%) at pH 3 to 7 investigated in this work
and will thus be a good treatment to use on any polluted soil without pH restraint
especially in the highly acidic soil contaminated by heavy metal wastes.
The presence of OM enhanced the removal ability of Delonix regia for the metals
when soil properties such as CEC are too low; the Delonix regia material could be
useful as treatment in soils rich in organic matter; the opposite was observed in
biochar treated soils, increased removal efficiency was recorded in soils without added
organic matter. The results indicate that biochar can be useful in removing metals
from weathered and exposed soils like some in the mining areas.
The assessment of the remediation effectiveness by biochar and D.regia using the
DGT technique and DFIS modelling showed that each of the treatment types has
remarkable effects on the available concentration of the studied metals in
contaminated soils.
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Soil solution concentration of metals in the soils has the order of Bio-treated soils < D.
regia treated soils < control samples. Removal of heavy metals from organic rich soil,
required great caution and a good understanding because the presence of organic
particles (humic particles) in the soils increased the soil solution concentration of all
studied metals, notwithstanding the treatment and soil, practically, this might mean
that remediation of organic matter rich soil will not yield good result.
DGT measured labile concentrations of copper, cadmium and lead were higher in all
soils without treatment (control samples) than in the corresponding treated soils. Soil
properties such as CEC played a crucial role in immobilizing of metals. Soils treated
with biochar have the lowest labile concentrations of metals. The same trend in soil
solution was observed.
No clear conclusion can be drawn on the assessment of resupply of metals from soil
solid phase based on R values. The R values obtained for the biochar treated soils
were higher than obtained in the control and Delonix regia treated soils; the R in
D.regia soils were also higher than in the control samples. This means that the
resupply of metal is higher in the treated soils than in the control and that the
remediated soils are able to resupply the bond metal and make it available over time.
This is a serious issue to critically consider in the application of treatment to soils for
remediation purposes.
The labile pool size of metals, Kd, (Pb, Cu and Cd) that can be resupplied to soil
solution from the soil solid phase follows the order of Bio-treated soils > D.regia
treated soils > Control soil samples. All biochar treated soils have very large Kd
values that is, the metals in biochar treated soils are present and bound in the solid
phase and are part of the available pool of metal for subsequent transfer to soil
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solution. Kd values for D.regia treated soils stand between the values obtained for
control and biochar samples. In soils amended with humic particles, small labile pool
size was obtained for the studied metals. The labile pool size of lead was found to be
the largest followed by cadmium and lastly is copper, but in all other soils lead labile
pool size is followed by copper and lastly cadmium. Soil organic matter are able to
initiate a release of bound cadmium into soil solution.
The response time, Tc, has an order of Control samples > D.regia treated soil >
biochar treated soils. This depict that the resupply of available metal concentration
into the soil solution will be fastest in the biochar treated soils and slowest in the
control soil. It indicates that the remediation by biochar may not be a good choice if
treated soils end up creating more harm by releasing available metal at a rate that is
faster than in untreated soils. The values obtained for k-1 showed that biochar
treatment is effective for lead removal, both treatment types (biochar and D.regia) are
effective for copper while none of the two treatments used in this work is effective for
the removal of cadmium.
The labile pool size (Kd) for all the studied metals in all soils and treatment types
increased with the aging time; most significantly in the biochar treated soils. The
index of resupply (R), in the control soils were reducing with aging but in the treated
soils, it was increasing. The resupply was slower in D.regia treated soils than biochar
treated soils. In the OM soils, treatment types and aging had no effect on metal
resupply. The resupply of lead is the faster, then cadmium and the slowest was copper.
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7.2

Recommendations for future work

This work focussed on the single metal system but for future work, the binary and
possibly multi-metals systems should be investigated and adsorption with Delonix
regia on industrial effluents should be considered. Effects of different particle sizes
should be studied to ascertain the capacity of Delonix regia in removing heavy metals
when the particle sizes vary. Adsorption experiments using continuous flow incolumn systems should be designed as the adsorbent could be a viable option as a biofilter in industrial effluents treatment.
Means of recovering (either by electro-recovery or bio-hydrometallurgy) the
remaining adsorbed metal on the adsorbent after desorption should be carefully
investigated before eventual disposal.
Possible cheap modification, to enhance performance, of D.regia pods should be
considered. Examples include the conversion of pods to biochar to be used for
adsorption, rather than using the unmodified form.
Different application rates of treatment for the remediation of contaminated soils
should be looked into as this will give a better picture of the efficiency of the applied
treatment; also, long-term remediation processes to monitor the resupply of heavy
metals and the efficiency of each treatment on the long run should also be considered
and investigated.
Evaluation of the effect of biochar on soil pH in a long-term study should be
investigated, to give insight into how long the effect of pH in soil can last after
biochar application.
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In depth study on the effect of organic matter, Delonix regia and biochar in soil
remediation should be investigated and detailed study should be engaged to ascertain
the trend of Index of resupply, R, with aging during soil remediation exercise.
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