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Abstract

Heavy metals present in industrial wastewater play a major role in the degradation of
surface water quality and can cause significant human and ecosystem health impacts.
Chemical characteristics of heavy metals allow them to persist in the environment, in
most instances only changing from one chemical state to another. This eventually leads
to their accumulation in the food chain. Therefore, an efficient and cost effective
treatment method is required for the removal of heavy metals from industrial
wastewater before being discharged into the environment. Among the available
treatment techniques, sorption, utilising agricultural waste is generally considered as
an effective, economic and eco-friendly treatment option. Treatment efficiency of

biosorbents primarily depends on the physico-chemical properties of the material.

Accurately predicting the performance of biosorbents is important for developing
biosorbent based treatment methods. Sorption performance mainly depends on
material physico-chemical properties and experimental conditions applied to the
system. Although the influence of experimental conditions on sorption efficiency is
generally understood, the influence of physico-chemical properties of biosorbents has
neither been systematically investigated, nor quantitatively assessed. This limits the

use of biomaterials for water treatment using sorption.

The innovative outcome of the present study is the approach developed to assess the
sorption performance of biosorbents using sorbent physico-chemical properties in
both, batch and continuous fixed bed columns. This enabled the quantification of
sorption capacity, sorption kinetics and continuous fixed bed column breakthrough
time using physico-chemical properties of the sorbent used. The study outcomes can
also be used to assess the ability of different sorbents to remove heavy metals and
provide the means to select sorbents with higher sorption efficiency in relation to a
specific heavy metal species via the analysis of sorbent physico-chemical properties.
Furthermore, the relative importance of each physico-chemical property in influencing

the sorption performance can be identified.

In order to develop the data matrix for the analysis, two biosorbents with distinct
physico-chemical properties were mixed in specific weight ratios to obtain several

combinations of physiochemical properties. This method was used to manipulate the
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inherent properties of the biosorbents using mixtures to obtain a series of samples with
significant variations in their physico-chemical properties. Pb?*, Cd*" and Cu?* were
selected for this study since these are commonly present in wastewater from textile
and dye manufacturing industries. Physico-chemical properties were quantified while
batch and column sorption experiments were used to generate data for the investigation
of the influence of these physico-chemical properties on sorption capacity, rate of
sorption and the performance of a continuous fixed bed sorption column. Mathematical
models were developed to predict the influence of physico-chemical properties on
sorption capacity and the sorption rate using Partial least square regression with k —
fold cross validation. As the next step, an empirical equation was developed to estimate
the breakthrough time of a continuous fixed bed sorbent column using parameters from

the batch sorption studies.

Though a range of physico-chemical properties influence Cu?*, Cd** and Pb?* sorption,
their degree of importance was not equal. As identified in the current study, the key
physico-chemical properties governing the sorption capacity of the selected
biosorbents for all the three metal cations, are acidic surface functional groups
followed by zeta potential. Among the acidic surface functional groups, Carboxylic
plays a relatively prominent role in the sorption of Cu?* and Pb?" while lactonic are
more important in providing binding sites to Cd?*. Mathematical models developed to
quantify the maximum sorption by biosorbents of Cu?*, Cd?>* and Pb** were found to

be reliable as indicated by the high coefficient of determination values.

Influence of physico-chemical properties of sorbents on sorption kinetics was assessed
using the pseudo second order kinetic constant. The present study developed predictive
models to estimate pseudo second order kinetic rate constant values for the sorption of
Cu?*, Cd?" and Pb?". The models were found to be reliable with the capacity to estimate
the kinetic constant using sorbent physico-chemical parameters and initial metal ion
concentration. Acidic surface functional groups were found to exert the highest
influence while a high specific surface area with micropore structures was seen to
reduce sorption rates as metals need time to diffuse into intraparticle structures to find

active sites.

It was found that breakthrough time for a sorbent in a column system can be predicted
using the initial sorption rate in a batch system, with high predictability. Generally, a

column is operated in an entirely different way when compared to a batch study.
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Hence, predicting breakthrough time based on the initial sorption rate can be used for
the preliminary estimation for the designing of a laboratory column. Mathematical
simulations developed to understand sorption in a column systems gave higher values
for breakthrough time for Cu?* and Cd?*, while the simulated value for Pb?" was found
to be lower than the experimental value. The simulation provided a relationship to
correlate the results obtained from batch experiments to continuous fixed bed columns.
The simulation needs further refinements to enhance the accuracy of the prediction of
breakthrough time of a continuous fixed bed sorbent column using batch experiment

equations and physico-chemical properties of the sorbent.

The outcomes of the study created new knowledge to enable the prediction of the
performance of a sorbent in terms of heavy metal removal by using its physico-
chemical properties. Such predictions would aid in creating treatment methods by

modifying locally available biosorbents for enhancing the sorption performance.
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CHAPTER 1: INTRODUCTION

1.1 BACKGROUND

With the onset of industrialisation, mankind has witnessed development and prosperity
as well as numerous environmental issues. One of such impacts is visible in the form
of water pollution. Water quality refers to the physical, chemical, biological and
aesthetic characteristics of water. It is a measure of the condition of water relative to
the requirements of one or more biotic species or to any human need or purpose.
Contaminants generated from industrial wastewater have the capacity to alter receiving
water quality with respect to its suitability for human use. Heavy metals present in
wastewater play a major role in the degradation of surface water quality and can cause
significant health impacts (Terry and Stone 2002; Satarug and Moore 2004; Ziyath et
al. 2011).

Chemical characteristics of heavy metals allow them to persist in the environment, in
most instances only changing from one chemical state to another. This eventually leads
to their accumulation in the food chain (Wang and Chen 2009). Their resistance to
degradation and ensuing persistence in various water bodies ensures that even when
present in dilute, almost untraceable quantities, their concentrations may eventually
rise to significant levels through natural processes such as bioaccumulation and
biomagnification, allowing them to exert relevant toxic effects on organisms (Wang

and Chen 2009).

In light of these facts, an efficient treatment method is required for removal of heavy
metals in industrial wastewater before being discharged into the environment. Among
the available treatment techniques, sorption is generally considered as an effective,
economic and eco-friendly treatment technique but these properties would depend on
the sorbent used (Fu and Wang 2011). Low-cost sorbents with metal-binding
capacities are increasingly being utilised for this purpose. Utilisation of low-cost
biosorbents with high metal-binding capacities has been studied widely (Babel and
Kurniawan 2004; Gautam et al. 2014). These include a variety of biomaterials such as
microalgae (Pereira et al. 2013), bacteria species (Xu et al. 2017), fungal species (Igbal
and Edyvean 2005), sawdust (Ofomaja 2010) and plant materials (Dubey and Shiwani

2012). Use of different biosorbents from agricultural waste such as walnut shells
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(Najam and Andrabi 2016), potato peel (Guechi and Hamdaoui 2016), rice straw
(Amer et al. 2017), sesame (Cheraghi et al. 2015) and tea waste (Wan et al. 2014) in
both, original and modified forms, is an important research focus (Hansen et al. 2010).
Such studies have commonly emphasized the possibility of overcoming disposal issues

associated with these agricultural waste materials by utilising them as biosorbents.

1.2 RESEARCH PROBLEM

It is commonly known that the effectiveness of heavy metal removal using biosorbents
strongly depends on the physico-chemical properties of the material (Anastopoulos et
al. 2013b; Han et al. 2013; Gupta and Sen 2017). Even though the influence of
biosorbent properties on heavy metal removal is noted, the relationship between these
properties and the sorption behaviour is not clearly known. Understanding these
properties and the manner in which they influence sorption behaviour is important in
selecting biomaterials and in designing biosorption based treatment systems for heavy

metal removal from industrial wastewater.

Predicting the capacities and rates of heavy metal removal by various biosorbents are
the decisive factors which determine the effectiveness of the sorption process. A large
quantum of research has been conducted using different biosorbents to assess their
heavy metal removal capacity. In many cases, sorption capacities of different
biosorbents in their original forms or treated forms have been investigated for heavy
metal removal efficacy. However, quantitative investigations have not been
undertaken to any great depth for describing how the physico-chemical properties such
as specific surface area, pore size, surface charges and functional groups of the material
affect its sorption efficiency. Such studies would guide as to which of the parameters
exert significant influence on the sorption capacity and rate, in order to improve
sorption efficiency. Therefore, understanding the relationships between material
properties, sorption capacity and kinetics and incorporating those into existing
fundamental concepts is important to enhance performance of biosorbents. This

knowledge can be further developed to remove heavy metals in industrial wastewater.

Current research addressed this knowledge gap by investigating the research question:
‘How to predict the sorption performance of biosorbents in terms of heavy metal

removal, based on physico-chemical properties of a biosorbent?’
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1.3 RESEARCH HYPOTHESES

In order to respond to the above research question, the research study was undertaken

based on the following hypotheses:

e Performance of biosorbents can be predicted using sorption capacity and
sorption kinetics.
e Physico-chemical properties of sorbents exert a significant influence on

sorption capacity and kinetics.

1.4 AIMS AND OBJECTIVES
Aims

e To investigate the influence of physico-chemical properties of biosorbents on
heavy metal sorption capacity.

e To define the sorption kinetics of biosorbents based on the identified influential
physico-chemical properties.

e Investigating the approach for transferring research data between batch and

column studies.

The primary objective was to predict the sorption performance to replicate sorption
mechanisms with respect to the physico-chemical properties of biosorbents, in order

to guide effective heavy metal removal from polluted water.
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1.5 RESEARCH SCOPE

The scope of this research study was as follows.

e This research focused on three heavy metals that are commonly found in
industrial wastewater. Other metals and pollutants such as hydrocarbons,
nutrients and microbial substances were not investigated.

e The research was confined to laboratory studies using metal solutions prepared
by dissolving the metal nitrates in deionised water. The study did not use actual
industrial wastewater.

e The study focused on the influence of physico-chemical properties of the
sorbents on heavy metal sorption. Influence of different experimental
conditions of the systems was not considered.

e Only two biomaterials were selected for the research. Their physico-chemical
properties were manipulated by mixing them in different weight ratios to suit
the research requirements. However, the knowledge created by this research
study is generic and applicable to other biomaterials.

e The study focus was on developing predictive models to investigate the
sorption mechanism and to assist the real world application of sorbents in terms
of physico-chemical properties of the material. Recovery of heavy metals or

life cycle analysis of the technology was not investigated.

1.6 SIGNIFICANCE AND CONTRIBUTION TO THE KNOWLEDGE

This research study created new knowledge based on the quantitative analysis of metal
sorption performance of biosorbents in heavy metal removal. The study outcomes
provide an in-depth understanding of the influence of sorbent physico-chemical
properties on metal sorption capacity and kinetics and hence, offers insights to the role
of individual physico-chemical properties on sorption performance. Moreover, the
relationship between individual physico-chemical properties of a sorbent and its
sorption performance could be clearly defined. The knowledge created can be utilised
to enhance the use of biosorbents for the removal of heavy metals by modifying their

physico-chemical properties in order to enhance sorption performance.

The innovative outcome of the research study is the approach developed to assess the

sorption performance using sorbent physico-chemical properties. The study identified
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the relative importance of each physico-chemical property for determining the capacity
and kinetics of metal sorption by a biosorbent. This knowledge can be utilised to
predict and quantify the sorption performance based on the physico-chemical
properties of the sorbent. This would enable assessment of the ability of different
sorbents to remove heavy metals and would provide the means to select sorbents with
relatively high sorption performance in relation to a specific heavy metal species via
the analysis of sorbent physico-chemical properties. Suitability of a sorbent for
pollutant removal is usually assessed via sorption equilibrium and sorption kinetics
using batch studies. Then, fixed bed column studies are undertaken to evaluate the
suitability of the sorbent by analysing the breakthrough and exhaustion points. This
study provides a relationship between these two systems which could serve as an initial
estimation of the breakthrough time of a continuous fixed bed column system using
sorption parameters obtained in batch studies. These findings will provide guidance
for the design of sorbent systems using biosorbents for the removal of heavy metals in

wastewater.

1.7 THESIS OUTLINE

This thesis contains ten chapters. Chapter 1 introduces the study providing details of
the research problem, hypothesis, aims and objectives, scope of the study and the
significance of the research. Chapter 2 and 3 discuss the outcomes of the critical review
of literature. Chapter 2 includes the chemistry of metal cations in aqueous solutions
and the available treatment methods including sorption. Chapter 3 discusses sorbents,
use of agricultural waste as sorbents and the use of batch and column sorption

experiments for analysing sorbent performance.

The design of the research study including the experimental procedures and data
analysis is discussed in Chapter 4. Chapter 5 discusses the procedure adopted for
selecting two agricultural waste materials for preparing the samples for the study.
Chapter 6 describes the laboratory test methods used to analyse physico-chemical
properties of the biosorbents. Laboratory analysis conducted to generate sorption
capacities and kinetic constant values are discussed along with column sorption

experiments, quality control and quality assurance procedures adopted.

Chapter 7-9 discusses the key findings of this study. Chapter 7 discusses the influence

of physico-chemical properties on sorption capacity. Chapter 8 explains the influence
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of physico-chemical properties on sorption kinetics using the kinetic constant. Chapter
9 presents relationships to transfer experiment data between batch and column studies.
Finally, the conclusions derived from the study, practical applications of the research

and recommendations for future research are presented in Chapter 10.
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CHAPTER 2: HEAVY METALS IN AQUEOUS
SOLUTIONS AND REMOVAL

2.1 INTRODUCTION

The discovery of heavy metals underneath the surface of the earth along with their
excavation, extraction and utilization as resources to fulfil human needs was a pivotal
step in the development of human technology and culture. The term ‘heavy metal’ is
generally reserved for metals whose density exceeds 5 gem3. Human exposure to
heavy metals has also risen dramatically due to an exponential increase of their usage
in several industrial, agricultural, domestic and technological applications (Bradl

2002).

Considering their impact on human health and the ecosystem, the removal of heavy
metals from water and particularly industrial wastewater is imperative. Various
treatment methods have been developed and used for removing heavy metals from
wastewater including coagulation-flocculation (Semerjian and Ayoub 2003; Ayoub et
al. 2001), chemical precipitation (Fu and Wang 2011), floatation and electrochemical
processes (Kurniawan et al. 2006; Belkacem et al. 2008), adsorption (Ajmal et al.
1998; Minceva, Taparcevska, et al. 2008), ion exchange (Sapari et al. 1996) and
membrane filtration (Mavrov et al. 2003). Use of advanced technologies for
wastewater treatment however, appears to be limited, especially in developing
countries owing to their high cost and low feasibility for smaller-scale applications.
Treatment methods based on adsorption on the other hand, have assumed the role of
alternative treatment techniques for wastewater laden with heavy metals (Ziyath et al.
2011; Barakat and Kumar 2015). Detailed investigations into feasible treatment
methods to remove heavy metals from industrial wastewater requires a fundamental
knowledge of the chemistry of metals in aqueous solutions. The critical review of
literature below discusses the health effects of heavy metals, their chemistry and
significance in aqueous solutions along with the treatment options for heavy metals in

industrial wastewater.
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2.2 IMPACT OF HEAVY METALS ON HUMAN HEALTH

Heavy metals exert detrimental effects on human health in several ways and
carcinogenicity is one of them. Carcinogens are classified by various scientific
committees and also by regulatory agencies. The latter classifications usually depend
on national policies (Beyersmann and Hartwig 2008). The International Agency for
Research on Cancer (IARC) categorises carcinogens into several groups. Their
classification is based on carcinogenic hazard and Group 1 includes metals/metal
compounds which are described as “carcinogenic to humans”. Group 2A includes
those that are “probably carcinogenic to humans” while Group 2B and Group 3 are
mentioned as “possibly carcinogenic to humans” and “not classifiable as to its

carcinogenicity to humans” respectively.

Apart from carcinomas, heavy metals are known to cause other health issues as well.
Studies on large populations who have been exposed to high concentrations of arsenic
in their drinking water have shown that these people display various clinical conditions
including diseases in heart and blood vessels, developmental anomalies, neurological
disorders, diabetes mellitus, loss of hearing, liver diseases and blood disorders
(Tchounwou et al. 2004; Year 2013; Centeno et al. 2002). Research has also shown
significantly high mortality rates for carcinomas of the skin, liver, bladder and kidney

with arsenic pollution in many regions around the world (Tchounwou et al. 2004).

Heavy metals also exhibit multiple oxidation-reduction products depending on the
number of electrons removed or added to the valence shell, and the resulting oxidation-
reduction products are either in cationic or anionic forms (Sparks 2003). Oxidation-
reduction reactions have been identified as a crucial factor which determines the

bioavailability of heavy metals in the environment

Many researchers have published studies where the adverse effects of lead on human
population, both, paediatric and adult, are described. For the paediatric population,
these include relationships between lead levels in blood and reduced hearing acuity,
handicap in speech and language, retardation of growth, anti-social and/or delinquent
behaviour, reduced attention span, delayed or compromised neurobehavioral
development, lower 1Q levels and diminished intelligence (Kaul et al. 1999; Factor-

Litvak et al. 1998; Amodio-Cocchieri 1996). As for adults, decreased sperm count in
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men and spontaneous abortions in women have been linked to high levels of lead
exposure (Hertz-Picciotto 2000; Apostoli et al. 1998). In addition, Cadmium acts as a
human carcinogen and is linked to kidney damage and renal disorders. Copper causes
liver damage, Wilson disease and insomnia. Nickel is linked to dermatitis, nausea and
chronic asthma while being a human carcinogen. Zinc can cause depression, lethargy
and certain neurological signs (Babel and Kurniawan 2003).Various industries
generate and discharge wastewater containing a range of heavy metals into the
environment. Hence, industrial wastewater acts as a key source of heavy metal
contamination of the environment. Therefore, significant attention should be given to
treating heavy metals in industrial wastewater (Sorme and Lagerkvist 2002; Wang et

al. 2016).
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2.3 HEAVY METALS IN INDUSTRIAL WASTEWATER

A number of industries produce and release wastewater containing a variety of
different heavy metals into the environment. For example, industries such as textile,
dye manufacturing, mining, tanning and electroplating are identified as sources of
heavy metals (CEA 2015). Another industrial example is electroplating and metal
surface treatment works which generate significant amounts of wastewater containing
metal ions such as cadmium, zinc, lead, chromium, nickel, copper, vanadium,
platinum, silver and titanium. Activities that yield these contaminants include
electroplating work, electroless deposition works, conversion coating techniques,
anodizing cleaning methods, milling and etching. Printed circuit board production is
also identified as a major source of heavy metal contaminants. Sn, Pb and Ni solder
plates are the most widely used resistant overplates. Another example is wood
processing industry where chromated copper-arsenate wood treatment produces waste
materials containing arsenic. Types of heavy metals generated by major industrial
settings are summarized in Table 2.1. Section 2.4 describes the chemical behaviour of
metals in solutions and Section 2.5 outlines various treatment options for heavy metal

contaminated wastewater.
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Table 2.1 Heavy metals found in major industries (CEA 2015)

Industry Cd Cr Cu Fe Hg Mn Pb Ni Sn Zn
Pulp, papermills, paperboard,

building paper, board mills X X X X X X
Organic chemicals,

petrochemicals X X X X X X X
Alkalis, chlorine, inorganic

chemicals X X X X X X X
Fertilizers X X X X X X X X
Petroleum refining X X X X X X X
Basic steel works foundries X X X X X X X X X
Basic non-ferrous metals works,

foundries X X X X X X
Motor vehicles, aircraft plating,

finishing X X X X X

Flat glass, cement, asbestos

products, etc. X

Textile mill products X

Leather tanning, finishing X

Steam generation power plants X X
Dye manufacturing X

Metal plating X X X X
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2.4 CHEMISTRY OF METALS IN AQUEOUS SOLUTIONS

Detailed investigation into feasible treatment methods to remove heavy metals from
industrial wastewater requires a fundamental knowledge of the chemistry of metals in
aqueous solutions. Thus, it is imperative to understand how the water molecules
interact with metal cations. Water molecules are negatively polarised due to the
difference in electronegativity between hydrogen and oxygen atoms in the molecule
as shown in Figure 2.1. When dissolved in water, metal cations are attracted to water
molecules due to this polarity. Apart from that, industrial wastewater contains
numerous other ions and molecules which can contribute in various competitive

interactions between themselves or with water molecules (Tunell and Lim 2006).

Slightly negative end
(pole)

L)

2
Slightly positve end

(pole)

Figure 2.1 Polarised water molecule

The interaction of water molecules with metal cations leads to the formation of inner
and outer sphere complexes. Negatively polarised oxygen atoms in water molecules
can attract metal cations and form an inner sphere aqua complex as illustrated in Figure
2.2. Six water molecules are often found bound to metals forming [M(H20)e]**, where
M is a metal cation (Marcus 1988). The number of water molecules found in the metal
complex is determined by the solution concentration and ionic size (Ruthven 1984;

Tunell and Lim 2006).
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Figure 2.2 Inner sphere and outer sphere aqua metal complex; M is a metal ion
(Adapted from Marcus 1988)

However, depending on the chemical composition of the solution, thermodynamically
preferred alternative anions such as chlorides (CI") and iodides (I") may replace one or
more of these water molecules. More complex ligands such as dicarboxylic acids could
also replace water molecules in the same way. Such replacements can change the
chemical structure of the complex for example, to [M(H20)sCI]'* from [M(H20)¢]**
(Ahmadi et al. 2009). Whilst anions such as Cl- and I can bind directly to metal ions
in proportion to their respective charges, more complex molecules such as dicarboxylic
acids have several potential binding sites in a single molecule and form rings around
the metal ion. This is illustrated in Figure 2.3 and the process is called ‘chelation’
(Norkus et al. 2003). The capacity for such interactions with metal ions is influenced
by factors such as the ionic radius of the metal ions and the chemical composition of

the solution (Ahmadi et al. 2009).
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Figure 2.3 Dicarboxylic-metal ion chelate; R can be a hydrocarbon chain (Adapted
from Marcus 1988)

A metal cation can be present in different ionic forms depending on solution pH (Bradl
2004). For example, chromium cation (Cr3*) changes from predominantly free Cr3*
ion at pH 1 to [CrOH]?*', [Cr(OH)2]* and [Cr(OH)3]° as pH increases and reaches
anionic [Cr(OH)]* at pH 11. Similarly, lead cation (Pb%') changes to anionic
[Pb(OH)3] at pH 11. Changes in the chemical form of metal cations have a significant
influence on their interaction with other molecules and binding sites. Furthermore,
water molecules in the inner sphere complex develop hydrogen bonds with water
molecules in the bulk solution. This leads to the formation of the outer sphere complex
as illustrated in Figure 2.2 (Hancock and Martell 1996). Consequently, the behaviour
of metals in aqueous medium exerts considerable influence on the metal removal

techniques, especially when chemical treatment techniques are considered.

2.5 TREATMENT OPTIONS FOR HEAVY METAL CONTAMINATED
WASTEWATER

As explained in the Section 2.1, many treatment options have been developed for the
treatment of wastewater containing heavy metals. The following discussion outlines
various treatment techniques, which have been investigated for the removal of
dissolved metals, primarily from industrial wastewater. The applicability of these

methods along with their advantages and disadvantages are also discussed.

2.5.1 Physico-chemical methods

Physical separation techniques are mainly applicable to particulate forms of various
metals or discrete particles. Physical separation usually includes mechanical screening,
hydrodynamic clarification, gravity concentration, flotation, magnetic separation,
electrostatic separation and attrition scrubbing (Dermont et al. 2008). Conventional

chemical methods for removing heavy metals from water bodies include processes
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such as chemical precipitation, flotation, adsorption, ion exchange and electrochemical
deposition. There are several factors that can limit the applicability and reduce the
effectiveness of such chemical processes. These include higher content of clay, calcite,

iron, calcium, anions and higher buffering capacity (Fu and Wang 2011).

2.5.2 Chemical Precipitation

Chemical precipitation is a popular method for heavy metal removal from inorganic
effluent in various industries, mainly due to its simple operation and low capital cost.
The conventional chemical precipitation processes employed usually end up producing
insoluble precipitates of heavy metals as hydroxides, sulfides, carbonates and
phosphates. The precipitation process generates very fine particles and methods such
as chemical precipitation, coagulation and flocculation processes are used to increase
their particle size in order to remove them as sludge. This however, leads to extra
operational cost for sludge disposal. The most commonly used precipitation technique
is hydroxide treatment due to its relative simplicity and low cost (Fu and Wang 2011;

Ku and Jung 2001).

2.5.3 Electrochemical Treatments

Electrolytic recovery is one of the technologies used to remove metals from
wastewater. This process employs electricity to pass a current through an aqueous
solution using a cathode plate and an insoluble anode. The purpose is to precipitate the
heavy metals in a weak acidic or neutralized catholyte as hydroxides. Electrochemical
treatment of wastewater involves electro-deposition, electrocoagulation, electro-
flotation and electro-oxidation (Shim et al. 2014). Electrocoagulation is the most
commonly employed method and it aims to achieve precipitation of metal ions by
hydroxide formation to facilitate removal (Mollah et al. 2001). The coagulant is
generated by electrolytic oxidation of a suitable anode material. Metal ions are
removed from wastewater by allowing them to react with anions in the effluent.
Chemical precipitation requires a considerable amount of chemicals in order to convert
metals to an acceptable form for removal. Other disadvantages include higher volumes
of sludge formation, slower processing, poor settling, aggregation of metal precipitates
and certain long-term environmental impacts caused by sludge disposal (Aziz et al.
2008).
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2.5.4 Ion Exchange

Ion exchange works by attracting soluble metal ions from the liquid phase to the solid
phase. This method is commonly employed in water treatment as it is cost-effective.
Ion exchange process normally involves low-cost materials and efficient operations. It
is known to be very effective for removing heavy metals from aqueous solutions,
especially when the concentration of heavy metals remains low. Cations or anions
containing ion exchangers are employed to remove metal ions in the solution. Water
insoluble, solid, synthetic ion exchange resins are an example. These have the capacity
to replace positively or negatively charged ions from an electrolyte solution by
releasing other ions with the same charges into the solution in equivalent amounts.
This way, positively charged ions in cationic resins such as hydrogen and sodium ions
are exchanged with positively charged ions in solutions such as nickel, copper and
zinc. Similarly, the negative ions in the resins such as hydroxyl and chloride ions can
be replaced by similar ions such as chromate, sulfate, nitrate, cyanide and dissolved

organic carbon (Dizge et al. 2009; Hamdaoui 2009).

2.5.5 Membrane Filtration

Membrane filtration is an area of interest in the treatment of inorganic effluent.
However, high operational cost due to membrane fouling is a notable disadvantage.
This method has the capacity to remove various suspended solids, organic compounds
and inorganic contaminants like heavy metals. Depending on the size of the
particle/particles to be retained, numerous membrane filtration methods such as
ultrafiltration, nanofiltration and reverse osmosis can be employed for heavy metal
removal from wastewater. Ultrafiltration employs permeable membranes to separate
heavy metals, macromolecules and various suspended solids from inorganic solutions
on the basis of the pore size and molecular weight of the compounds (Shon et al. 2004).
Depending on the membrane characteristics and operating conditions, ultrafiltration
can be highly effective. It requires a lower driving force and a smaller space owing to
its higher packing density. Polymer-supported ultrafiltration technique is a relatively
newer technique with advantages like low-energy requirements, fast reaction kinetics
and higher selectivity. Another technique referred to as complexation-ultrafiltration is
considered to be an alternative to methods based on precipitation and ion exchange. It
has a higher separation selectivity (Petrov and Nenov 2004; Trivunac et al. 2012).

Reverse osmosis is a separation process involving diffuse mechanisms. It uses pressure
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to force a solution through a semipermeable membrane which ends up retaining the
solute on one side and allows the solvent to pass to the other side. This technique can
remove a variety of molecules, ions and bacteria from various solutions and has

industrial applications (Chen et al. 2007).

2.5.6 Electrodialysis

In electrodialysis, ionized metal species in a solution are passed through an ion
exchange membrane by applying an electric potential. The membranes are thin sheets
with either anionic or cationic characteristics. When a solution containing ionic species
passes through the cell compartments, the anions migrate toward the anode and the
cations toward the cathode, thereby, crossing the anion exchange and cation-exchange
membranes (Chen et al. 2007). This method has high separation selectivity and can
produce a highly concentrated stream for the recovery process. Valuable metals such
as Cr and Cu can be recovered this way. Significant disadvantages are the higher
energy requirement, need for membranes replacement, careful operation, a clean feed

and periodic maintenance. The corrosion process also leads to higher cost (Kurniawan

et al. 2006).

2.5.7 Photocatalysis

The photocatalysis method has received attention in recent years. Photocatalytic
process is conducted by the aqueous suspension of semiconductors. When the
semiconductor-electrolyte interface is illuminated, electron-hole pairs (e/h*) are
formed in the conduction and the valence band of the semiconductor, respectively,
provided that the energy of light used is higher than the semiconductor band gap
(Herrmann 1999). These charge carriers migrate to the semiconductor surface and are
capable of reducing or oxidizing certain species in the solution having suitable redox
potential. The common semiconductors used are, TiO», ZnO, CeO,, CdS and ZnS,
whereas TiO; is established as the most efficient (Zhang and Itoh 2006). This method
requires effective trapping of e/h* to avoid recombination. OH- are commonly used
for trapping h* while adsorbed oxygen species are used for the trapping of e~. These
processes generate hydroxyl radicals and superoxide species, respectively. Removal
of these becomes a problem and is a disadvantage of the method. Photocatalysis has
been studied for the removal of Cu(Il), CN-, Cr(Ill) and Cr(VI). This method has the

capacity to remove metals and organic pollutants simultaneously and the by-products
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are considered to be less harmful when compared with other methods. However, the
application of this method is limited and the process takes a longer duration of time

(Barakat et al. 2004; Kajitvichyanukul et al. 2005).

2.5.8 Sorption

Sorption is a general term used to encompass any physical or chemical process that
retains the ‘sorbates’ on the surface of a ‘sorbent’ (Del Campillo et al. 1999). It is one
of the popular methods for treating wastewater that has received much attention in
research literature. The most general definition describes sorption as an enrichment of
chemical species from a fluid phase on the surface of a liquid or a solid. Various
materials ranging from agricultural wastes (Ajmal et al. 1998; Garg et al. 2008) to
commercial sorbents (Geng-Fuhrman et al. 2007; Minceva, Fajgar, et al. 2008) have

been investigated for the removal of metals from water.

The main advantages of the sorption technique include its effectiveness over a wide
range of metal concentrations and the simplicity of its application (Minceva,
Taparcevska, et al. 2008). However, capital cost and regeneration cost can limit the
use of some of the sorbents for water treatment in instances where large quantities of
sorbents are required to treat large volumes of water (Kesraoui-Ouki et al. 1994). For
example, use of activated carbon may not be economically viable for the removal of
metals in drinking water due to its high capital and regeneration cost (Minceva,
Taparcevska, et al. 2008). However, many low-cost natural sorbents such as zeolite,
clay and biomass generally known as biosorbents (Wang and Chen 2009) can be used
for the sorption of metals (Bailey et al. 1999; Kurniawan et al. 2006). Several reviews
published on the usage of low-cost sorbents for the removal of metal ions in water
have highlighted the significant potential that low cost sorbent materials have in water
treatment (Bailey et al. 1999; Babel and Kurniawan 2003; Dabrowski et al. 2004;
Demirbas 2008; Kurniawan et al. 2006; Wang and Chen 2009; Ngah and Hanafiah
2008).

The disposal of sorbents after treatment is also of concern as the sorbents will contain
metal ions in high concentrations. Some studies have noted that successful
regeneration is feasible, during which the metal ions are released back to a chemical
reagent such as ammonium acetate (Baran et al. 2007; Yu et al. 2001). The quantity of

chemical reagent required for such a process is noted to be significantly low.
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Consequently, if the metal is economically valuable, they can be recovered from the

chemical reagent that contains the concentrated metals using chemical precipitation.

However, the major drawback in the sorption technique is the preferential removal of
certain metal ions over the others, resulting in poor removal of less preferred metal
ions. For example, Holan and Volesky (1995) reported that fungal biomass show high
affinity to adsorb Pb over Cd and Ni. This results in moderate sorption of Cd and poor
sorption of Ni since the most active sites are occupied by Pb (Holan and Volesky
1995). Wang and Chen (2009) produced the following affinity series for metal sorption
by biosorbents based on a number of research studies: Cd > Co > Cr> Fe > Ni> Pb >
Hg > Zn. This highlights that sorption of Cd is most preferred by biosorbents, whilst
poor removal of Hg and Zn can be expected (Wang and Chen 2009). When the water
source is a multi-component system consisting of various pollutants including diverse
species of metal ions, the preferential sorption of sorbents can result in inadequate
removal of certain metal ions. Consequently, the treated water will require additional

treatment for the removal of these metal ions, which will incur additional cost.

Special attention should be given to the usage of the term ‘sorption’. This term
comprises both, absorption and adsorption. The more common term, absorption is
defined as the transfer of a substance from one bulk phase into another bulk phase. In
this case, the substance is enriched within the receiving phase and not only on its
surface. The dissolution of various gases in liquids is a typical example of absorption.
The term adsorption describes the enrichment of adsorbates on the surface of an
adsorbent. In theories related to adsorption, basic terms depicted in Figure 2.4 are used.
The solid material that provides the surface for the adsorption process is referred to as
the adsorbent while the species that will be subjected to the process of sorption are
called sorbate. It should be noted that adsorbed species can also be released from the
surface and transferred back into the liquid phase. This reverse process is known as

desorption.
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Figure 2.4 Basic terminology used in sorption theories (Adapted from worch 2012)

In certain natural systems, some materials with a complex structure can bind
substances from the aqueous phase to their surfaces (adsorption), but also into the
interior of the material (absorption). A typical example of such complex binding
mechanisms would be the uptake of organic solutes by certain soils and sediments. In
cases like these, it is difficult to distinguish between adsorption and absorption. Hence,
the more general term, ‘sorption’ is preferred. The mechanisms employed by sorbent
materials are complex and are often found operating in combination in the removal of
metals in water (Panayotova 2001; Erdem et al. 2004). There are two main types of
surface retention mechanisms reported in the literature and the most common

processes are adsorption and ion exchange.

2.6 ADSORPTION AND ION EXCHANGE

2.6.1 Adsorption

As indicated in Section 2.5, adsorption describes the enrichment of adsorbates on the
surface of an adsorbent. The primary difference between ion exchange and adsorption
mechanisms is that there is no exchange of ions involved in the adsorption mechanism
(Kammerer et al. 2010). Depending on the manner adsorbates are bound to a surface,
two types of mechanisms are identified; monolayer adsorption and multilayer
adsorption. In monolayer adsorption, all the adsorbate molecules are adsorbed to the
surface. In multilayer type, adsorption can accommodate more than one layer of
adsorbate molecules although not all adsorbate molecules are in contact with the
adsorbent surface (Figure 2.5b and 2.5¢). The adsorption capacity of a material is
denoted as the measure of the quantity of adsorbate adsorbed per unit mass of the

adsorbent (Inglezakis and Poulopoulos 2006).
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Figure 2.5 Schematic representation of adsorption: (a) Typical adsorption process; (b)
Monolayer adsorption; (¢) Multilayer adsorption

Adsorption can generally be classified as physisorption or chemisorption depending
on the characteristics of the bonding between metal cations and the adsorbent active
sites (Inglezakis and Poulopoulos 2006). Although this distinction is conceptually
useful, many intermediate cases exist and classifying a particular system
unequivocally is not always possible (Ruthven 1984). Characteristics of these two
types of adsorption are listed in Table 2.2. Accordingly, sorbents which have high
capability for performing chemisorption are more favourable to metal removal as the

sorption is more stable. However, the process takes a long time to establish.
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Table 2.2 Characteristics of Physisorption and Chemisorption (Ruthven 1984)

Physisorption Chemisorption

Lower heat of adsorption (less than 2 or 3 Higher heat of adsorption (more than 2 or 3

times latent heat of evaporation) times latent heat of evaporation)
Monolayer or multilayer adsorption Monolayer adsorption
No dissociation of adsorbed species Dissociation can happen

Significant at relatively low temperatures  Possible over a wide range of temperature
Rapid, non-activated and reversible Activated, may be slow and irreversible

No electron transfer although polarization Electron transfer happens leading to
of sorbate can happen formation of bonds between sorbate and

surface

a. Physisorption

During physisorption, dipole interaction is developed when metal cations approach the
negative sites of adsorbents. This causes a relatively weak van der Waals attractive
force to be developed between outer sphere of metal cations and the adsorbent
framework (Inglezakis and Poulopoulos 2006). Therefore, physisorption is an outer
sphere complexation process and strong chemical bonds are not formed since electron
transfer does not occur between molecules. As such, physisorption causes only a very
small change in enthalpy during the adsorption of metals. Hence, heat of adsorption
for the physisorption mechanism is typically 20 - 40 kJ/mol (Inglezakis and
Poulopoulos 2006). The adsorption activation energy (E) for the physisorption
mechanism is typically less than 8 kJ/mol (Uluozlu et al. 2008).

The attraction is not fixed to a specific site and the adsorbate is relatively free to move
on the surface. The strength of physisorption largely depends on the strength of dipole
interaction. Though dipole interaction is stable at low temperatures, increase in the
temperature weakens the interaction, which causes desorption of metal ions (Murzin

and Salmi 2005). The interaction is stronger when the molecules are closer to each
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other. Physisorption of metal ions by adsorbent materials depends on the charge

densities of the metal ions (Erdem et al. 2004).

Charge density of an ion is given as follows:

Charge density = % Equation 2.1

r

where Q is the amount of electric charge of the cation and r is the ionic radius (Basso

et al. 2002). Charge densities of selected metal ions are given in Table 2.3.

Table 2.3 Charge densities of common metal ions (Basso et al. 2002)

Metal Charge density / (10-'°C/m)
b 8.6
cd 9.8
7n 34
Ni 22
Cu 10.1
Cr 14.8

Cations with high charge densities have a strong cationic field. Therefore, their
interaction with an anionic field of adsorbents is stronger than those of cations with
low charge densities (Eisenman 1962). Consequently, the physisorption force is
stronger for cations with high charge densities. Multilayer formation (Figure 2.6) is
possible during physisorption since physisorbed cations can form hydrogen bonding

with water molecules in bulk solution (Nagao 1971).
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Figure 2.6 Schematic diagram of a multilayer formation in the external surface of an

adsorbent (+ denotes metal cations)

b. Chemisorption
Chemisorption is an inner sphere complexation phenomenon, in which metal ions
participate in the exchange of electrons with the active sites that are present on the
external surface or inside the pores of the adsorbent. This results in the formation of a
strong metal-ligand complex. As an example, the metal-hydroxide complexation is

illustrated in Figure 2.7.

& Adsorbent OH

Figure 2.7 Chemisorption of metal ions with hydroxyl functional groups on the
external surface (+ denotes metal cations)

Unlike physisorption, the chemisorption mechanism has to overcome an activation
energy barrier. Therefore, significant enthalpy change is observed during the
chemisorption process. Heat of adsorption in the case of chemisorption is high,
typically in the range of 40-800 kJ/mol (Haque and Sexton 1968; Inglezakis and
Poulopoulos 20006).
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In the case of physisorption, the distance between metal cations and the surface of
sorbents is longer. In contrast, chemisorption bonds are formed close to the surface of
the sorbent (Murzin and Salmi 2005). Metal ions strongly interact with the surface of
the sorbent, which prevents hydrogen bond formation with other molecules in the bulk
solution. Therefore, a monolayer can be formed during chemisorption as illustrated in

Figure 2.8.

L
o2 s

Figure 2.8 Schematic diagram of a monolayer formation on the external surface of

adsorbent (+ denotes metal cations)

Desorption of chemisorbed metal ions from the sorbent framework is difficult due to
the strong bond that is formed. In contrast, metal cations adsorbed via physisorption
can be easily desorbed by means of chemical agents such as ammonium acetate.
Therefore, desorption studies with ammonium acetate have been used effectively to
distinguish the contribution of chemisorption to the overall removal of metals

(Mozgawa and Bajda 2005).

The chemisorption process is commonly explained using the Lewis Hard Soft Acid
Base (HSAB) theory which is a concept introduced by Pearson (1968), to explain the
stability of metal complexes and the mechanisms of their reactions. This theory is
widely used to understand the chemical reaction between cations and anions in a
qualitative context. Any molecule that has the ability to accept electrons is called a
‘Lewis acid’ while the molecule that donates the electrons is called ‘Lewis base’.
According to these definitions, metal cations act as Lewis acids whereas ligands are
Lewis bases. HSAB theory classifies metal ions and ligands into hard, intermediate

and soft categories as listed in Table 2.4.
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‘Hard” and ‘soft’ are relative terms and the corresponding acids or bases are
distinguished based on their properties including electronegativity, polarizability and
ionic size (Pearson 1968). For example, a base with low electronegativity is regarded
as a ‘soft” species, which prefers to bond with a soft cation. The characteristics of hard,
intermediate and soft categories of ions and ligands are listed in Table 2.5 (Miessler et
al. 2013). According to HSAB theory, hard acids generally prefer to bind to hard bases,

and soft acids prefer to bind to soft bases.

Table 2.5 Characteristics of hard, intermediate and soft categories of ions and ligands

Type of Acid/Base Characteristics

Hard acids * Atomic centres with small ionic radii (<90 pm).
* High positive charge.
* Empty orbitals in their valence shells.
* Low electronegativity (0.7-1.6) and low electron
affinity.
* Likely to be strongly solvated.
Soft acids * Large radii (>90 pm).
* Low or partial positive charge.
* Completely filled orbitals in their valence shells.
* Intermediate electronegativity (1.9-2.5)
Hard bases * Small radii (around 120pm) & highly solvated.
* Electronegative atomic centres (3.0-4.0).
* Weakly polarizable.
* Difficult to be oxidized.
Soft bases * Large atoms (>170 pm) with intermediate
electronegativity (2.5-3.0).
* High polarizability

* Easily undergoes oxidation.

However, the main limitation of HSAB theory is that it is qualitative and the
comparison of the ‘hardness’ or ‘softness’ of two acids or bases is not possible. For

example, though Na* and K* are hard acids, the relative hardness of one over the other

Chapter 2: Heavy metals in Aqueous solutions and Removal 27



is not readily discernible. For this purpose, Parr and Pearson (1983) proposed a
property called ‘absolute hardness (n)’ based on the ionisation potential (I) and

electron affinity (A) of a species‘s’ as shown below.

Ns = %(Is —Aq) Equation 2.2
Where:
n -absolute hardness
I -ionisation potential
A -electron affinity

The absolute hardness () can be used to compare the hardness of two metals where
the metal ion with a higher n value is relatively harder (Parr and Pearson 1983).
Klopman (1968) observed that ‘softness’ is correlated to the tendency of an acid or
base to form covalent bonding, while ‘hardness’ is associated with the tendency of an
acid or base to participate in ionic bonding (Klopman 1968). Based on this concept,
Hancock and Marsicano (1978) proposed equation 2.3 for predicting the chemical
hardness of acids and bases (H) based on the tendency of a metal ion or a ligand to

form ionic (E) or covalent bonds (C).
E .
H= C Equation 2.3

Where:

H- Chemical hardness of acids and bases
E -Tendency of a metal ion or ligand to form ionic bonds

C- Tendency of a metal ion or ligand to form covalent bonds

The above parameter (H) provides a reasonable estimation of hardness for metal acids
(Hancock and Marsicano 1978). Thus, parameter ‘H’ can be used for comparing the
relative hardness or softness of different metal ions. The affinity for metal ions when
physisorption mechanism is in operation is primarily influenced by the charge
densities, whilst chemical hardness of metals governs the affinity for the chemisorption

mechanism.

Chemisorption and ion-exchange are two primary processes in relation to outer sphere

and inner-sphere surface complexation (Chorover and Brusseau 2008). Past
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researchers have pointed out that ion-exchange is neither a bond nor an adsorption
process (Farquhar et al. 1997). However, in most research literature, ion-exchange is
referred to as non-specific adsorption or an electrostatic sorption process, which
involves weak electrostatic bonds associated with the outer-sphere complexation
(Bradl 2004; Inglezakis and Poulopoulos 2006; McBride 1994; Sparks 2003; Polcaro
et al. 2003). Therefore, in this research study, ion-exchange was considered as an

outer-sphere complexation process and was considered for sorption.

2.6.2 Ion exchange

Ion exchange is not considered as a strict chemical reaction. It is a re-distribution of
ions between solid and liquid phases (Inglezakis and Poulopoulos 2006). Several
synthetic cation exchange resins that contain H" ions that can be exchanged for metal
cations have been investigated for their efficiencies in removing dissolved metal
cations (Sapari et al. 1996; Rengaraj et al. 2003). Cation exchange resins exchange H*

with metal ions in the solution as follows:
R-H+M" <«—» R-M+H"
Where R--H" is an ion exchange resin and M* is a metal ion.

The ion exchange process is driven by the Le Chatelier's principle and depends on the
physical and chemical conditions prevailing in the system. Le Chatelier's principle
states that if an equilibrium system is disturbed by a change in conditions such as
concentration, the equilibrium will shift to counteract the effect of such a disturbance.
Introduction of a sorbent into a metal solution divides the system into solid and liquid
phases. The solid phase contains exchangeable cations such as H3O", Na*, Ca’" and
K" at higher concentrations whilst metal ions are found in higher concentrations in the
liquid phase. This uneven distribution of ions between solid and liquid phases disturbs
the equilibrium of the system (De Villiers et al. 1997). Therefore, according to the Le
Chatelier’s principle, some exchangeable cations will move into the solution, whilst
some metal ions will be transferred to the sorbent to restore the system back to
equilibrium. The amount of exchangeable cations and metal ions which engage in the
exchange process is influenced by a temperature dependent equilibrium constant.
Furthermore, metals subjected to ion exchange can be desorbed back to the bulk
solution depending on the physical and chemical conditions of the system such as pH

and temperature (Murzin and Salmi 2005). Consequently, sorbents can be regenerated
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in a controlled environment by providing favourable physico-chemical conditions for

the desorption of metals, which can eventually be safely disposed.

The tendency of a metal ion in a multi metal system for participating in exchange
depends on the strength of interaction between the specific metal ion and water
molecules (Colella 1996). The strength of interaction is dependent on the hydration
energy, which is defined as the energy released when one mole of a substance is
dissolved into solution (Dimitriu et al. 2007). In other words, it is the energy released
due to the formation of aqua metal complexes during the dissolution of a metal ion in
water. Some metals release more energy during the formation of aqua complexes.
Hence, they have high hydration energy. As a result, more energy is required to detach
water molecules from the metal cations in order to facilitate bonding with the active
sites in sorbents. As such, metals with high hydration energy will stay in solution
instead of detaching the water molecules and being exchanged for cations in sorbents
(Eisenbud et al. 1962). Consequently, metals with low hydration energy are preferred
for participation in the ion exchange process. Hydration energy values of selected

metal ions are given in Table 2.6 (Marcus 1991).

Table 2.6 Hydration energy of common metal ions

Metal Hydration energy/ (kJ/mol)
Pb -1425
Cd -1755
Zn -1955
Ni -1980
Cu -2010
Cr -4010

Based on the hydration energy, it can be concluded that the affinity of metals for ion
exchange should ideally follow the order Pb > Cd > Zn > Ni > Cu > Cr. Hence, poor
preference of sorbents in relation to some metals such as Cu and Cr is a major problem
encountered when using ion exchange mechanism for the removal of metals from a

multi metal system.

A major drawback in using biosorbents for wastewater treatment is the selectivity of

certain metal ions over others, which results in poor removal of less preferred metals.

30 Chapter 2: Heavy metals in Aqueous solutions and Removal



Industrial wastewater is a multi-component system consisting of different metal ions
and organic pollutants. Therefore, the selectivity of biosorbents needs to be taken into
consideration in order to enhance the treatment efficacy. This has been investigated by
using a mixture of sorbents to ensure similar affinity for the sorption of all metals
(Ziyath et al. 2011) or by using a sequence of adsorbents with different affinities.
Hence, a fundamental understanding of sorption science is essential for achieving
improved treatment efficiencies. The next chapter focuses on further details on

sorption, various sorbents, parameters influencing the process and sorption modelling.

2.7 SUMMARY OF KEY FINDINGS

Heavy metals exert detrimental effects on human health and the environment.
Dissolved forms of heavy metals are more hazardous than their particulate forms due
to their ready bioavailability to organisms. The interaction of water molecules with
metal cations leads to the formation of inner and outer sphere complexes. Negatively
polarised oxygen atoms in water molecules can attract metal cations and form an inner
sphere aqua complex. This behaviour of metals in aqueous medium exerts a
considerable influence on treatment techniques, especially when chemical treatment
techniques are considered. Among the different available treatment techniques,
sorption is generally considered as an effective technique over a wide range of metal
ions. Regarding metal ion removal by a specific material, it is difficult to distinguish

the contribution of adsorption, absorption and ion exchange.

Sorption performance of biosorbents depends on the physico-chemical properties.
Even though the influence of biosorbent physico-chemical properties on sorption
performance is noted, the possibility of developing a quantitative relationship between
material physico-chemical properties and their sorption performance was not explored
in past studies. The present study aims at bridging this knowledge gap by developing
a quantitative model of the relationship between physico-chemical properties of
biosorbents and their sorption performance. The knowledge created can be utilised to
enhance the use of biosorbents for the removal of heavy metals by modifying their

physico-chemical properties in order to enhance sorption performance.
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CHAPTER 3: ROLE OF SORBENTS IN HEAVY
METAL REMOVAL

3.1 BACKGROUND

As discussed in the Section 2.6, the term ‘sorption’ comprises three different processes
(adsorption, absorption and ion exchange) and distinguishing between these three or
quantifying the contribution of each process to the overall process of sorption is
difficult. There is no consensus in research literature regarding how these three
processes can be distinguished in a practical setting. It is also evident that most
researchers use the term ‘sorption’ even for studies where only the adsorption process

is under investigation. Hence, the term ‘sorption’ is used in the present study.

In Chapter 2, it was concluded that sorption is a preferred technique for the removal
of dissolved metal ions from industrial wastewater, due to better cost and
environmental benefits, when other commonly available techniques (such as chemical
precipitation and membrane filtration) are considered. However, the efficiency of the
sorption system depends on the sorbent material/materials used and the selective
sorption of metal ions was identified as the key issue to be addressed in order to utilise
the sorption process for the treatment of metals in industrial wastewater. Hence,
selection of an appropriate sorbent is crucial for the removal of metal ions using
sorption. For these reasons, a fundamental knowledge regarding the different sorption
processes, sorption capacities of various sorbents and the factors influencing the
efficiency of sorption is essential to develop approaches for enhancing the sorption of

dissolved metal ions.

This chapter aims to discuss different types of sorbents and sorption systems available,
their applicability, sorption modelling and the influential parameters in the sorption

process. Special emphasis is given to the use of biosorbents for heavy metal removal.

3.2 LOW-COST SORBENTS FOR HEAVY METAL REMOVAL

Identification and assessment of low-cost sorbents with metal-binding capacities has
attracted much attention in recent years (Ziyath et al. 2011; Leung et al. 2000). A
variety of sorbents including those of biological, organic or mineral origins, feedstock,

polymeric materials (synthetic polymers) and industrial by-products have been
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investigated for this purpose (Kurniawan et al. 2006). While various low-cost sorbents
derived from above sources are being developed and applied for the removal of heavy
metals from contaminated wastewater, the efficiency of such treatments depends
mainly on the characteristics of sorbent/sorbents (Stoica et al. 2012). Commonly
investigated low- cost sorbents and their applications as found in literature, are briefly

discussed below.

3.2.1 Clay and minerals

Clay, a fine, natural, raw material, is found abundantly on the terrestrial surface and is
composed mainly of silica, alumina, water and weathered rock. Clay also has a number
of physical properties such as plasticity, ability to shrink under fire or under air-drying,
fineness of grain, rigidity and cohesion (Kennedy 1990; Das and Sobhan 2013;
McConnell et al. 2013). Based on multiple properties, clays are extensively divided
into groups. Accordingly, kaolinite, montmorillonite and illite are the primary clay
materials and almost all clays are composed of one or more of these three types (Grim
1962; Murray 2006). Most of the clay minerals are negatively charged and possess
higher cation exchange capacities, small particle sizes with complex porous structures
yielding high surface area and pore volume, allowing them to effectively adsorb
various metal cations from solutions. This metal sorption involves a number of
complex mechanisms such as direct bonding with the surface of clay minerals, surface
complexation and ion exchange (Churchman et al. 2006). Utilization of both, natural
and treated/modified clay types as potential biosorbents in the removal of various
heavy metal ions from aqueous solutions have been studied extensively. Natural clay
was assessed for the removal of Cu?* from Cachaga where the calculations of sorption
kinetics displayed pseudo-second-order behaviour (Zacaroni et al. 2015). Similar
studies for arsenic (Bentahar et al. 2016), Cd**, Pb*" and Cr®" (Khan and Singh 2010)
are available. Thermally treated clay samples have also been investigated for the

removal of Cd** (Rao and Kashifuddin 2016).

3.2.2. Industrial waste and sludge

Industrial wastes investigated for their sorption properties include fly ash, steel and
aluminium industry wastes, fertilizer industry wastes, leather and paper industry
wastes. Blast furnace slag, sludge and dust are the commonly utilised steel industry

wastes for sorption studies (Worch 2012; Hegazi 2013). Aluminium industry generates
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red mud as a waste material which is formed during production and is a popular subject
for sorption studies. Fertilizer industry also produces a variety of by-products and
some have been subjected to sorption studies such as carbonaceous sorbent prepared
from carbon slurry (De Gisi et al. 2016). For heavy metal removal via sorption, basic
oxygen furnace slag, black liquor, blast furnace slag, brick powder, fly ash in raw form
as well as in chemically treated forms, hydrated cements, iron complexed leather
industry waste materials, marble powder, red mud and certain solid waste from leather
industry have been mentioned in research literature. The heavy metals whose removal
investigated include Cu?*, Pb%*, Zn?*, As**, Cd**, Cr3*, As>", Fe?", Ni*" and Cr¢" (De
Gisi et al. 2016).

3.2.3. Polymers and Resins

Selective sorption techniques with the utilization of chelating resins has received
considerable interest from the scientific community over the past decade. The
advantages of such methods include simplicity, high efficiency and low cost. Processes
employed include ion exchange, physical sorption and chelation (Deepatana and Valix
2006; Shukla et al. 2006; Pramanik et al. 2004). Researchers have utilised various
methods for the production of such chelating resins. The polymerization of
conventional chelating monomers is one such method. Such monomers include acrylic
acid, methacrylic acid and vinylpyridine (Li et al. 2002; Dakova et al. 2007; Liu et al.
2005). Another method is grafting low-molecular weight ligands one after the other
onto prepared synthetic polymers using techniques such as functionalization reactions
(Atia et al. 2005; Donia et al. 2006; Navarro et al. 2001). However, the high cost of
production of polymeric materials (compared to the cost of activated carbons) and the
necessity for extractive regeneration by solvents make polymeric sorbents less suitable
for treatment of large amounts of water with complex compositions such as
wastewater. For this reason, polymeric sorbents are used for the recycling of valuable

chemicals from process wastewater.

3.2.4 Biomaterials

The number of low-cost biomaterials investigated for their sorption abilities remains
very high. They can be classified as; agricultural and household by-products, industrial
by-products, sludge, soil and ore materials and novel low-cost sorbents (Ali et al.

2012). Some of these by-products are known to pose a number of disposal problems

Chapter 3: Role of Sorbents in Heavy Metal Removal 35



due to their high volumes, various toxicities and physical properties (i.e. petroleum
industrial waste materials, scrap tyres, rice husk). Using these waste as low-cost
sorbents provides certain means to mitigate such problems. In general, biomaterials in
their raw form can be subjected to various modifications to yield desirable physico-
chemical properties. These properties include specific surface area, pore-size
distribution, pore volume and the presence of surface functional groups. Such
techniques of modification involve modification of chemical, physical and biological
characteristics, whereas modification with chemical compounds has been used more
frequently. Such chemical compounds include organic and mineral acids (HCI, HNO3,
H>S0s4, acetic acid, citric acid and formic acid), bases and basic solutions (NaOH,
Na>COs, Ca(OH)2 and CaCly), oxidizing agents (H>O; and KoMnQO4) and several other
mineral and organic chemical compounds such as formaldehyde, glutaraldehyde,

CH;0H, polyethyleneimine and epichlorohydrin (De Gisi et al. 2016).

As for agricultural solid waste materials, they are mostly derived from low-cost and
readily available sources. It should also be noted that agricultural and household waste
materials have been investigated by many researchers for their abilities to remove
various pollutant forms via sorption. A wide variety of agricultural solid waste
materials have been investigated for the sorption of various dyes and heavy metals
from solutions. The main components of these agricultural waste materials were
hemicellulose, lignin, lipids, proteins, sugars, water, hydrocarbons and starch. They
typically have numerous functional groups with potential sorption capacities for
various pollutants (De Gisi et al. 2016). Agricultural waste materials are employed for
sorption in both, the natural and modified forms. When used in the natural form, the
material is commonly washed, ground and sieved until it reaches the desired particle
size, before being used in sorption studies. Section 3.4 describes the usage of
agricultural waste in heavy metal removal. Such studies have commonly emphasised
the possibility of overcoming disposal issues associated with the specific agricultural

waste materials by utilising them as biosorbents.

3.3 AGRICULTURAL WASTE IN HEAVY METAL SORPTION

Researchers have highlighted the significant potential in the use of agricultural waste
for the removal of metal ions from wastewater (Gupta et al. 2009; Wang and Chen

2009). Those studies have investigated the sorption capacities of biosorbents from
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agricultural wastes. Some of these studies have used biosorbents in their natural form
while others have used them after modifications using physical and/or chemical
treatments designed to increase their sorption capabilities. It has been noted that the
efficiency of the sorbent in question depends on the sorption capacity, affinity and
physico-chemical nature of the material used. A great number of such studies have

focused on the removal of Cadmium, Lead and Copper using agricultural waste.

For Lead removal, black gram husk, flowers of Humulus lupulus, tea waste, coffee
waste and water hyacinth have been investigated. Efficiency values ranging from 70%
to 98% have been reported (Ahluwalia and Goyal 2005; Igbal et al. 2002; Wan et al.
2014; Gardea-Torresdey et al. 2002). Other studies have investigated Pinus sylvestries
(Taty-Costodes et al. 2003) and rubber wood saw dust (Raji et al. 1997) for this
purpose and demonstrated efficiency values ranging from 85% to 90%. Modifying
these materials aiming to increase their performance have failed to yield satisfactory

results. All of these studies generally reported an optimum pH range of 5-6.

As for Cadmium removal, hazelnut shells, peanut hulls, walnut shells and green
coconut shells have managed to yield significant results (Johns et al. 1998; Kurniawan
et al. 2006). Experimenting on activated carbon from bagasse pith, coir pith, peanut
shells and dates has given removal efficiency values ranging from 50% to 98% (Gupta
et al. 2001; Kadirvelu et al. 2001; Kannan and Rengasamy 2005; Krishnan and
Anirudhan 2003; Mohan and Singh 2002). Chemically treating agricultural waste
materials have interested researchers. Biosorbents such as base treated rice husk,
treated juniper fibres, modified peanut shells, succinic anhydride treated sugarcane and
corncob modified with citric acid have been investigated in various studies (Karnitz Jr
et al. 2007; Min et al. 2004). Most of these studies have demonstrated that agricultural
waste either in natural form or modified form is highly efficient in removing cadmium

ions.

Studies focused on Copper ion removal using saw dust (Ajmal et al. 1998; Larous et
al. 2005) have reported high efficiency rates. Basci et al. (2003) concluded that wheat
shells and carbonized coir pith have high efficiency values for sequestering copper
(Basci et al. 2004). Ajmal et al. (2005) and Palma et al. (2003) used Mustard oil cakes
and modified bark of Pinus radiata which yielded similar results (Ajmal et al. 2005;
Palma et al. 2003; Ajmal et al. 1998). Table 3.1 summarises the heavy metal sorption

capacities reported for different biosorbents by a range of studies.
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Table 3.1 highlights the variation in sorption capacities obtained by different studies
even for the same material at different experimental conditions. This is mainly due to
the influence of experiential conditions such as pH, temperature and initial metal ion
concentration on the sorption capacity of a sorbent. High variability in sorption
capacity is evident when different biosorbents are used under the same experimental
conditions (Hansen et al. 2010; Dai et al. 2018). Similar observations have been made
when the same biosorbent from different batches were used under the same
experimental conditions (Amarasinghe and Williams 2007; Wan et al. 2014). This
variation is attributed to the high variability of the physical and chemical
configurations within the material. However, similar sorption capacity values can be
obtained if the studies were conducted under similar experimental conditions and for
the same batch of a biosorbent (Wang and Chen 2009). This is a limitation in the use
of biosorption as a potential wastewater treatment technique as the ultimate removal
efficiency relies on the properties of the material. Hence, it is important to understand
the influence of physico-chemical properties of the biosorbent on sorption capacity.
Relationships between the sorption capacity of a sorbent and the experimental
conditions has been extensively studied (Chuah et al. 2005; Hansen et al. 2010; Wang
and Chen 2009) by varying the experiential conditions using a single batch of
biosorbent. However, studies that adequately explain the relationship between
physico-chemical properties of the biosorbent and the sorption capacity are limited as
it is a challenge to investigate the influence of each parameter separately.
Understanding the influence of physico-chemical properties on sorption is imperative
as that knowledge can be used to enhance the sorption capacity of a material by
changing the material properties. Furthermore, it is important to gain an in-depth

understanding of the significant properties that contribute to sorption.

3.4 INFLUENTIAL PARAMETERS

In reviewing available information from literature, probable influential parameters of
biosorbents for heavy metal sorption can be discussed under two categories;
experimental conditions and properties of biosorbents. pH of the solution, sorbent
dose, agitation rate, contact time of the sorbent are the significant experimental
conditions that influence heavy metal sorption (Wan et al. 2014; Xue et al. 2012).

Influential properties of a biosorbent include particle size, specific surface area (SSA),
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pore size (Dong et al. 1984; Jain and Ram 1997; Johnston and Johnston 1996) and

surface functional groups (Fan et al. 2018).

3.4.1 Experimental conditions
a. Solution pH

The proton activity in an aqueous solution is commonly expressed as pH which serves
as a measure of the acidity or alkalinity of the solution. Both, solids and heavy metals
have chemical characteristics that are affected by the concentration of hydrogen ions
(H) in the solution. As an example, surface functional groups in solids are directly
influenced by the H* or OH- ions (solution pH) in the surrounding solution (Bernardin
Jr 1985). At low pH values, these sites develop positive charges due to the sorption of
protons. As the pH value increases, these sites develop a neutral charge and ultimately
reach a negative charge. Therefore, the extent of sorption at a given pH varies among
the metal elements. Furthermore, pH influences the sorption mechanism (van der

Linden et al. 2009).

For example, oxidic and carbonaceous sorbents possess functional groups on their
surface that can be protonated or deprotonated. As a consequence, the surface of such
sorbents is typically positively charged at low pH values and negatively charged at
high pH values. The pH value at which the sum of positive charges equals the sum of
negative charges is referred to as point of zero charge (Worch 2012). Although it is
assumed that the surface charge has no influence on the sorption of neutral adsorbates,
charged species can be influenced by additional attraction or repulsion forces. In pH
ranges where the adsorbate species have the same charge as the surface, the sorption
is relatively weak, not only as a result of the higher polarity of the charged adsorbate
species, but also due to additional repulsion forces. Under certain conditions, pH
ranges exist where the adsorbate species and the sorbent surface show opposite charges
and consequently, attraction forces occur. Since these attraction forces act in addition
to the van der Waals forces, a sorption maximum can often be observed in these pH

ranges (van der Linden et al. 2009; Gupta and Sen 2017).

Metal precipitation is most sensitive to the pH of the solution (Bradl 2004).
Precipitation is mainly a function of the pH and relative quantities of metal ions present
in the solution. Metals may precipitate on the surface of solids particles as oxides,

hydroxides, carbonates, sulphides or phosphates. Different metal elements have
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different threshold pH values for initiating precipitation (Adriano 2001). In their
studies using tea waste, Amarasinghe and Willams (2007) and Wang et al. (2014)
noted that Pb?*, Cd?** and Cu?* sorption increases with the pH and a pH value of 4-5
range is most favourable. These observations emphasize that at low pH, the surface of
the sorbent is surrounded by hydrogen ions (H*) which prevent the metal ions from
approaching the binding sites on the sorbent. As such, pH of the solution is a
significant parameter influencing its metal removal properties and should be

controlled.

b. Sorbent dose
Increasing sorbent dose increases the amount of available sorption sites. Therefore, in
theory, metal sorption must increase with increasing sorption dose. Furthermore, it was
proven in previous studies that metal sorption rate increases at high sorption doses.
This is attributed to the reduction in competition between metal ions due to the
availability of more sorption sites (Apiratikul and Pavasant 2008; Ismail et al. 2010;
Jamil et al. 2010).

c. Initial metal concentration of the solution
The initial concentration of metal ions is responsible for the important driving force
working to overcome the mass transfer resistance of metal ions between the aqueous
and solid phases (Malkoc and Nuhoglu 2005). Research studies report conflicting
observations regarding the effects of initial concentration on the removal of metals.
When the initial metal concentration of the solution is increased at a constant sorbent

dose, documented observations include;

1. Decrease in the percentage uptake of metal ions (Hui et al. 2005; Ibrahim et
al. 2010; Wang et al. 2006).

2. Increase in sorption capacity for up to a certain initial metal concentration,
above which there is only a slight increase in sorption or no sorption
(Kocaoba et al. 2007; Oren and Kaya 2006).

In experimental studies to evaluate the influence of initial metal concentration on
sorption, the number of available sorption sites is fixed by keeping the sorbent dose
constant. When the initial metal concentration is raised, the active sites available for
the sorption of metal ions can become insufficient. This is the reason for the first
category of observations mentioned above. In the case of the second type of

observations given above, sorbent could have been exhausted since the active sites
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were occupied by ions. Therefore, a significant increase in metal removal was not

observed beyond a certain initial metal concentration.

3.4.2 Properties of biosorbent

a. Particle size

Researchers have identified particle size as an important physical property of
biosorbents, which can influence sorption efficiency. Past researchers have noted the
increase in heavy metal sorption with the decrease in particle size of biosorbents
(Chuabh et al. 2005; Serencam et al. 2008; Wan et al. 2014). As an example, in a study
carried out by Wan et al. (2014) using tea waste, it was found that the efficiency in
the removal of Pb(IIl), Cd(II) and Cu(Il) increased with the decrease in the material
particle size. Similar results were obtained in a research study carried out by
Amarasinghe et al. (2007) using tea waste which was compatible with those of similar
studies conducted using different biosorbents such as tea waste and rice husk
(Amarasinghe and Williams 2007; Chuah et al. 2005; Serencam et al. 2008; Wan et al.
2014).

However, the effect of material particle size on sorption is better described using clay
and soil particles than by the use of biosorbents. Herngren et al. (2006) carried out a
study on heavy metal concentrations in five different particle size ranges in urban
stormwater runoff. They found that most of the heavy metals were adsorbed to
particles below 150pum and the maximum concentration was found in the size range of
0.45 - 75um (Herngren et al. 2006). A similar behaviour was reported by Birch and
Scollen (2003), who demonstrated that the highest metals concentration is in the
fraction smaller than 62um (Birch and Scollen 2003). Most importantly, the particle
size was shown to determine the mobility of associated pollutants (Deletic and Orr
2005). Liet al. (2006) summarised the data in the literature on metal concentrations as
a function of different particle sizes and showed that the concentration increases with
decreasing particle size (Li et al. 2006). Similarly, based on a detailed study of the
sorption of metal ions in sediments, Jain and Ram (1997) and Gunawardena et al.
(2011) found that there is a decrease in sorption with the increase in particle size
(Gunawardana et al. 2011; Jain and Ram 1997). The above findings confirm that the

particle size has a significant influence on sorption capacity.
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b. Specific Surface Area
Specific surface area (SSA) is measured as the surface area per unit mass, assuming a
constant particle density and is expressed as m?/g (Filep 1999; White 2006). Increase
in SSA increases the sorption ability of particles by providing a large interface for the
metal elements to interact with the particle surface (White 2006). Researchers have
noted that SSA increases with decreasing particle size (Amarasinghe and Williams
2007). For a given material, higher surface area can provide more binding sites for

metal removal and thereby, increase the sorption capacity.

SSA of a given biomaterial varies with the particle size. However, SSA varies among
different soil constituents depending on the differences in the mineralogy and particle
size distribution (Cerato and Lutenegger 2002). It has been proven in past research
studies that soil mineralogy has a significant effect on specific surface area (Sparks
2003). In literature, the influence of specific surface area on sorption is mostly
explored in studies on soil and clay. The number of studies that have investigated the

influence of specific surface area on sorption using biosorbents is very limited.

Fine clay particles have the highest SSA values among other mineral constituents of
solids, where different pollutants physically and chemically bind to clay particles.
Depending on the clay type, such as swelling or non-swelling, SSA values can also
change. As an example, swelling clays such as montmorillonite have the highest SSA
values while kaolinite which is a type of non-swelling clay, has low SSA values
(Sparks 2003). Many sorbents found to have high surface areas are known to be
porous. With such materials, it is often useful to differentiate the external and internal
surfaces. The external surface is generally regarded as the envelope surrounding the
discrete particles or agglomerates. It is accepted that the external surface area should
be defined to include all the prominences plus the surface areas of any cracks which
are wider than they are deep. Consequently, the internal surface includes the walls of
all cracks, pores and cavities which are deeper than they are wide and are accessible
(Sing 1985). Porous sorbents typically have internal surface areas that exceed the
external surface areas many times over. Specially, engineered sorbents are known to
have extremely large internal surface areas where nearly the whole sorption capacity

is provided by the internal surface area.

In the past, two common approaches have primarily been used to determine specific

surface areas of clays and soil. The first is the measurement of external surface area
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by the sorption of nitrogen at low temperatures (77K). In this method, the surface area
is calculated from sorption isotherm data aided by the application of BET theory
(Brunauer et al. 1938). This method is referred to as the BET method and the internal
surface area determined is frequently referred to as the BET surface area. The BET
model is based on the assumption of a multilayer sorption to a nonporous sorbent with
energetically homogeneous surface without lateral interactions between the adsorbed
molecules. However, the equations derived under these observations are often used to

determine the internal surface of porous sorbents as well.

The second method is the measurement of total surface area of expanding clays by the
sorption of polar liquids whose inner surfaces are inaccessible to nitrogen. The
porosity in a biosorbent is considered negligible and biosorbents that have not
undergone any treatment or activation are not defined as porous material (Tran et al.
2016). Hence, the specific surface area of biosorbents can be explained and analysed
from gas sorption-desorption isotherms measured using a sorptometer. This method
has been widely used by past researchers to obtain the specific surface area of

biosorbents.

c. Surface Functional groups
Sorption behaviour of carbon materials is decisively influenced by surface oxides
bound in the form of various functional groups. The most common surface functional
groups in organic matter are; -COOH (carboxyl), -OH (hydroxyl), -C¢Hs-OH
(phenolic), -NH> (amino) and -NH (imino) compounds which are capable of binding
cations (Filep 1999; Stevenson 1976). Among these, metals are mainly bound to the -
COOH and -OH groups due to ionization of these groups. Thus, these groups can form
stable complexes with positively charged heavy metal cations. Furthermore, the main
functional groups facilitating metal uptake to algal biomass have been identified as
sulfonates, carboxyl, and hydroxyl. These are mainly from polysaccharidic materials
which happens to form most of the algal biomass surface wall (Davis et al. 2003; Naja
et al. 2010; Schiewer and Volesky 1996). Surface oxides on a carbon surface can be
acidic or basic. Hence, the functional groups can be quantified using titration methods
(Boehm 1994). However, the acidity between each functional group should be
sufficiently large to differentiate them by titration. FTIR spectroscopy is another

method used to identify the functional groups which assigns sorption bands based on
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the experience of molecular organic compounds (Fanning and Vannice 1993; Sellitti

et al. 1990). This method can only be used for identification and not for quantification.

d. Poresize
Most of the engineered sorbents with large internal surface areas possess a large
number of different pores with different shapes and sizes. The definitions by the
International Union of Pure and Applied Chemistry (IUPAC) identifies three different
types of pores: macropores (sizes above 25 nm), mesopores (sizes within 1 nm-25 nm)
and micropores (sizes below 1 nm). The macropores and the mesopores are mainly
relevant to mass transfer into the interior of the sorbent particles, whereas the
micropore volume primarily determines the size of the internal surface and therefore,
the sorbent capacity. Generally, the internal surface area increases with increasing
micropore volume (Sing 1985). In principle, the higher the micropore volume, the
larger the amount of adsorbate that can be adsorbed. However, it has to be considered
that in the case of very fine pores and large adsorbate molecules, there may be a
limitation in the extent of sorption by size exclusion. Such size exclusion can be found
for instance, in the case of sorption of high-molecular-weight natural organic matter

to microporous sorbents (Wu et al. 2009).

Although pore size analysis is important for both sorption kinetics studies and sorption
equilibrium studies, it is not a simple matter and involves several key issues. All pore-
size analyses are based on models that are subject to certain simplifications and
restricted validations. Additionally, there is no single method that can be used for all
ranges of pore sizes while the measurement procedures and the data analysis involved
are considered complex and tedious. Since the shapes of the pores are typically
irregular, simplifying assumptions in view of the pore geometry are commonly made.

Finally, the results of different methods are often not comparable (Sing 1985).

The removal of metals using sorbents is a complex chemical process which is
influenced by the experimental conditions and properties of the sorbent. Influence of
all these properties has to be understood in order to design a proper treatment system
for industrial wastewater. Apart from that, knowledge in relation to the isotherm and
kinetics of the mechanisms employed by sorbents for the removal of metal ions is
useful for understanding the sorption system and in controlling the sorption process.

Consequently, it is essential to model the isotherm, kinetics and thermodynamics of
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the sorption processes and, for this purpose, fundamental knowledge on various

modelling approaches available is imperative.

3.5 SORPTION MODELLING

Sorption modelling is important to understand performance and mechanisms of

sorption. Two approaches are generally used for modelling a sorption system

(Pagnanelli et al. 2002):
i Mechanistic approach.
ii. Empirical approach.

In the mechanistic approach, models are derived to represent the system behaviour
based purely on scientific theories while in the empirical approach, models are derived
from systems based on experimental data (Volesky 2003). However, real world
systems are generally too complex to be represented by theoretical models alone.
Though empirical models can provide real time information about a system, the details
barely provide any physical meaning unless interpreted using established theories
(Wang and Chen 2009). Hence, modelling a system requires a combination of both,
mechanistic and empirical approaches, to complement each other (Nestorov et al.

1999).

3.5.1 Isothermal modelling

Isotherm models are used to describe the equilibrium of ions between solid and
solution phases. In this regard, sorption isotherm models can be used to calculate the
maximum sorption capacity of a sorbent and to establish the affinity series. Isotherm
models are widely used in sorption studies and are derived based on the assumption
that the equilibrium sorption behaviour depends only on the temperature of the system.
Consequently, the temperature of the system is maintained constant. In contrast, in
most experimental studies, pH of the system is not controlled (Erdem et al. 2004; Ho
and McKay 2002), even though the equilibrium behaviour depends on the pH of the
system (Bosma and Wesselingh 1998). Hence, it is important to consider controlling

the pH of the systems in sorption experiments.

Various isotherm models have been developed for different sorption scenarios. Among

them, Langmuir and Freundlich models are widely used to determine whether the
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sorption is of monolayer or multilayer nature. This is useful to predict the type of

sorption mechanisms involved.

a. Langmuir isotherm model

Langmuir isotherm model is developed for an ideal homogeneous sorption scenario.
Homogeneous sorption occurs if sorption sites of a sorbent are identical and
equivalent. Thus, every sorption site in the sorbent has an equal affinity to adsorb metal
ions (Kundu and Gupta 2006). Langmuir isotherm model also assumes that there is no
further interaction or migration between adsorbed metal ions (Vijayaraghavan et al.
2006). Therefore, a rigid layer having the thickness of only one molecule (a
monolayer) is formed during ideal Langmuir sorption. Additionally, no further
sorption or desorption occurs once all sorption sites are occupied by metal ions.
Langmuir isotherm equation is given as (Langmuir 1916):
_ AmKaCe

1+ K,Ce

Where C. and Q. are equilibrium metal concentration in the solution (mg/L) and

Qe Equation 3.1

equilibrium sorption capacity (mg/g) respectively. qm (mg/g) and K, (L/mg) are
Langmuir constants related to maximum sorption capacity and energy of sorption (or

affinity term) respectively.

The following linearised form of Langmuir isotherm is often used in sorption studies:

Ce_ 1, Ce

— = — Equation 3.2
Qe dmKa dm 1

b. Freundlich isotherm model

Freundlich isotherm characterises a more complex scenario than the Langmuir
isotherm. The scenario is that sorption sites are heterogeneous, which means they are
not identical and equivalent. Thus, the sorption sites have different degrees of affinity
for the sorption of metal ions in such a way that stronger sorption sites are occupied
first by metal ions and sorption continues until the weakest site is occupied. In
Freundlich sorption scenario, formation of multilayer sorption is possible since
adsorbed metal ions can attract other molecules from the bulk solution. Freundlich

isotherm model is governed by the following Equation 3.3 (Freundlich 1906):

logQ. = logKg + %logCe Equation 3.3
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Where Kk is Freundlich constant (mg/g) and n is Freundlich exponent.

The Krconstant is an indicator of sorption capacity, while n is the indicator of intensity
of the reaction. The n value can be used to predict the nature of the interaction between
the metal ion and the sorbent (Foo and Hameed 2010). When the ‘n’ value is greater
than 1, it implies that the sorption of metal ions is modified in a way that the metal
sorption capacity of sorbents is increased such as by revealing previously inaccessible
active sites (Jiang et al. 2002). In contrast, an n value of less than 1 indicates that the
bonds between active sites and metal ions are weak. Consequently, metal ions prefer
to form hydrogen bonds with already adsorbed metals instead of bonding with the
active sites of sorbents. Therefore, an n value less than 1 corresponds to physisorption

or ion exchange (Rengaraj et al. 2001).

3.5.2. Kinetic Modelling

Sorption kinetics describes the mobility of a metal ion in the bulk solution until it is
immobilised by the active sites of the sorbent material. Several mathematical models
have been proposed to describe data obtained from sorption experiments. They are
generally classified as sorption reaction models and sorption diffusion models (Qiu et
al. 2009).While both, sorption diffusion models and sorption reaction models are
applied for the purpose of describing the kinetic process of sorption, they are
fundamentally different. Sorption diffusion models are developed based on three
consecutive steps as explained by Lazaridis and Asouhidou (2003). These three steps

are illustrated in Figure 3.1 (Lazaridis and Asouhidou 2003).

1. External diffusion - diffusion across the liquid film

2. Internal diffusion or intra-particle diffusion- diffusion along the pore walls
of the sorbent

3. Mass action -sorption and desorption between the adsorbate and active sites

of the sorbent.
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Figure 3.1 Schematic diagram illustrating the external diffusion, internal diffusion and

mass action (red and blue circles denote the metal ion and the arrows indicate the

diffusion directions)

Considering the use of sorption diffusion models in kinetic modelling, Weber-Morris
model (Weber 1963) is the method widely used to describe the intraparticle diffusion.
It has been found that in many sorption studies, solute uptake varies proportionally
with t2 rather than with contact time t (Alkan et al. 2007). Internal diffusion can be
accelerated by changing the physico-chemical properties of biosorbents. This will

enhance the sorption process and reduce the time taken for the process to occur.

Sorption reaction models are derived from chemical reaction kinetics and are based on
the complete process of sorption without considering the intermediate steps mentioned
above (Qiu et al. 2009). Pseudo first order model proposed by Lagergren (1898) and
pseudo second order model proposed by Ho and McKay (1998) are the commonly
used sorption reaction models to simulate sorption kinetics data (Ho and McKay 1999;
Lagergren 1898). These sorption reaction models are widely used in the field of
sorption using biosorbents (Largitte and Pasquier 2016). These two models were
assessed for their suitability for experimental data and one was selected as the best fit

model based on the difference in the correlation coefficient.
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a. Pseudo first order model

The generic form of Pseudo first order model is illustrated in Equation 3.4.

d .
Qe _ Kk;(qe — q¢) Equation 3.4

dt
Where ki (min') is the pseudo first order rate constant for the model, gcand q;(mg/g)

are the sorption capacities at equilibrium and time t, respectively.

Integrating Equation 3.4 with the boundary layer conditions (t= 0, q¢=0) and (t =t, q¢
= q) gives:
In(ge — q¢) = Inge — k;t Equation. 3.5

The metal binding rate can be found from the slope of the plot of In(qge - qs) vs. t. Pseudo
first order model has been widely used to describe metal sorption to biosorbents, such
as: removal of Cu(II), Ni(Il) and Cd(II) using biochar (Xue et al. 2012); and removal
of Zn using tea waste (Wasewar et al. 2008). Ho et al. (1998) pointed out that the
equilibrium sorption capacity must be known to fit the pseudo first order model to
experimental data. Ho et al. (1998) described the model as complex since it is difficult
to find the accurate equilibrium sorption capacity if chemisorption, which is generally
slow, is involved in metal sorption. In such cases, complex trial and error analysis is

required (Ho and McKay 1998).

b. Pseudo second order model

Therefore, Ho et al. (1998) proposed pseudo second order model given by Equation
3.6:

d
s L k,(qe — qp)? Equation. 3.6

dt

Where k> (gmg'min-!) is the pseudo second order reaction rate constant. e and q;

(mg/g) are the sorption capacities at equilibrium and time t, respectively.
Integrating Equation 3.6 with the boundary conditions (t =0, q:= 0) and (t=t, q: = qy)

gives:

1 1
= 4 kot Equation 3.7
(Qe—90) Qe 1
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The linearised form of the equation is:

t 1 1 .
@ = K, q2 + q—t Equation 3.8
e e

From the slope and intercept of t/q; vs. t plot, the pseudo second order metal binding
rate can be calculated and the equilibrium sorption capacity is not required to fit the
experiment data. In addition, Ho et al. (1998) concluded that the pseudo second order
model describes the metal binding process better than the pseudo first order model
after testing both models using data available in research literature. However it should
be noted that the necessity for equilibrium sorption capacity to fit the experimental
data with the pseudo first order model can be avoided by rearranging Equation 3.5 as

shown in Equation 3.9 and undertaking non-linear regression.

qe = qe(1 — ek Equation 3.9

Wan et al. (2014) used the pseudo second order model to simulate the kinetic process
of sorption of Cu?*, Pb?** and Cd?* to tea waste. Furthermore, kinetic data on Cu?" and
Pb?* sorption to tea waste, untreated rice straw and sodium hydroxide treated rice straw
was best described by pseudo second order equations (Amarasinghe and Williams
2007; Brahmaiah et al. 2015; Wan et al. 2014). According to past research conducted
on biochar and biomaterials, pseudo second order kinetic model was considered as the
best suited model to describe the sorption kinetics of biosorbents (Kwak et al. 2019;

Cherdchoo et al. 2019).

Many experiential studies have revealed that ki and k> is dependent on experimental
conditions of the system. ko is usually dependent on the initial solution concentration,
pH and agitation rate of the system (Khamizov et al. 2018). Since ki and ko are
interpreted as time scaling factors, ki and kz decrease with increasing initial metal ion
concentration. At higher initial ion concentrations, a longer time is taken to reach
equilibrium (Plazinski et al. 2009). It is necessary to fit both models with the
experimental data and the model that best fits the experimental data can be used to
determine the metal binding rate. According to published literature, pseudo first order
model does not describe the kinetic data equally well as the pseudo second order model

for many sorbents, confirming the superiority of the latter model over the former one
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(Plazinski et al. 2009). However, Simonin (2016) suggested that using data close to or
at equilibrium to test the suitability of pseudo first and second order models, can cause
methodical bias. This methodical bias unfairly promotes the pseudo second order
kinetic model as the best model. Hence, it was recommended to use sufficiently large
amount of data including data far from the equilibrium to assess the suitability of these

two models for different sorbents.

According to the past studies, ki and k> varies with experimental conditions such as
pH, agitation rate and initial metal ion concentrations (Neris et al. 2019; Gupta and
Sen 2017). Similarly, ki and k» varies from sorbent to sorbent due to the influence of
material physico-chemical properties. The influence of material physico-chemical
properties on internal diffusion and on the speed of the reactions has not been
investigated widely and quantifications of such influence have not been analysed. This
understanding is important as it can be used to enhance the sorption process. Sorption
is usually analysed by batch systems and column systems. Batch systems are known
as static systems while column systems are considered to be dynamic systems capable

of offering real world simulations.

3.6 BATCH SORPTION AND COLUMN SORPTION SYSTEMS

In sorption, the interface could be liquid—liquid, liquid—solid, gas—liquid or gas—solid.
Among these, liquid—solid sorption is the most common interface when the process of
sorption is applied to treatment of solutions such as water or wastewater. Additionally,
there are various techniques by which, the contact between the adsorbate and the
sorbent is maintained. These can be broadly classified as batch sorption systems and

column sorption systems (Kafshgari et al. 2013; Miralles et al. 2010).

3.6.1 Batch sorption systems

In batch sorption systems, both the sorbent and adsorbate are thoroughly mixed in
diluted solutions at constant volumes. It is easy to setup and maintain such a system in
addition to being economical. This method is commonly used in sorption studies.
However, it is not commonly found in industrial applications. Batch experiments are
known as static systems. They are conducted by mixing a certain amount of solid
material into solutions having specific concentrations of contaminants with a specific

solid/liquid ratio. These mixtures are commonly stirred or shaken during the whole
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reaction time (Wang and Chen 2009). This approach has the advantage that it does not
require much laboratory space while all the variables under investigation could easily
be obtained. Additionally, batch sorption tests easily provide information on sorption
equilibrium characteristics and sorption kinetics. However, the batch approach is
under criticism due to the fact that results obtained from a batch study do not correlate
well with those observed in the field or at industrial scale. This discrepancy is caused
by the fact that the operational conditions of the batch system are different from those
at field scale (Amarasinghe and Williams 2007). Therefore, the results obtained from
batch studies are not usually applied to situations at field scale. Instead, researchers
usually rely on data obtained from column operations for designing industrial sorption

systems.

3.6.2 Column sorption systems

There are several types of column sorption systems available and these are, continuous
moving bed sorption, continuous fixed bed sorption (which can be upflow or
downflow), continuous fluidise bed sorption and pulsed bed sorption (Worch 2012).
Each of these techniques possesses certain advantages and disadvantages. A brief

description of each system is given below with pros and cons.

a.  Continuous fixed-bed sorption
In fixed-bed systems, the adsorbate is allowed to flow through a bed of sorbent (or
sorbents) continuously at a constant rate. Similar to batch systems, this method is also
economical and relatively easy to maintain (Miralles et al. 2010). It can be used for a
relatively high quantity of wastewater having a high concentration of contaminants.
One of the main advantages of this system is that the adsorbate is continuously in
contact with a given quantity of fresh sorbents (Monash and Pugazhenthi 2010).
Known problems associated with this system include sorbent attrition, feed

channelling and non-uniform flow of sorbent particles (Patel 2019; Atar et al. 2012).

b.  Continuous moving bed sorption

Continuous moving bed sorption system is considered as a steady-state system where
both the sorbent and the adsorbate are in continuous motion. This method is complex
and costly when compared with other systems. This is due to the fact that the sorbent
is continuously replaced while the fresh sorbent is constantly in contact with the

adsorbate. Additionally, a large volume of sorbent is required to maintain such a
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system and to achieve adequate sorption. It is essential to maintain a continuous

regeneration of sorbent and a large sorbent storage (Patel 2019; Worch 2012).

c.  Continuous fluidised bed sorption
In this method, the adsorbate is in contact with a fluidized bed of sorbent. The flow

could either be sufficient or insufficient. As in the previous method, this technique is
also complex and costly. It is applicable for a large quantity of wastewater having a
higher pollution load. This method is applicable for industrial purposes as it allows
rapid mixing of the sorbent and the adsorbate. The flow of adsorbate can be maintained
continuously with proper control mechanisms. Among the disadvantages associated
are the inability to measure the flow of adsorbate, leading to high deviations from the
intended outcome with plug flow, bubbling or feed channelling. These can cause
insufficient contact between the sorbent and the adsorbate. Additionally, the rapid
mixing associated with this method leads to non-uniform residence time (Cavalcante

Jr 2000; EPA 1983).

d. Pulsed bed sorption
In pulsed bed sorption, a portion of the exhausted sorbent is periodically withdrawn
from one end of the column, usually from the bottom while adding fresh sorbent at the
other end. Hence, a column is operated in a semi-continuous counter current way. Such
a system could also be designed as a multi-column system with two or more columns
placed in a series. Each time an exhausted bed is removed for regeneration, a fresh bed
can be introduced at the downstream end of the multicolumn system. This method is
not very costly and easy to setup. An automatic control system can also be designed
for such a system. An additional advantage is the low volume of sorbent needed. The
utilization of sorbent is considered efficient as it can be sent for regeneration as soon
as the sorbent is exhausted. This method is used for handling a relatively small quantity

of wastewater having a low pollution load (Worch 2012; Patel 2019) .

3.7 USE OF FIXED BED COLUMNS IN SORPTION

As explained in Section 3.6.1, although batch systems are very useful in a laboratory
setup, they do not provide an adequate understanding on the practical application in
real world conditions. Additionally, since these systems are not capable of handling a
large wastewater volume, they are not employed in industrial applications. The column

setup however, is capable of handling a large volume of wastewater and is commonly
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used in industrial applications (Patel 2019; Miralles et al. 2010). The column system
also offers a better simulation of the real world and the data obtained from these

systems is essential for designing industrial type sorption systems.

3.7.1. Properties of fixed bed column sorption systems

Sorption in a fixed bed system is considered to be a process depending mainly on time
and distance (Patel and Vashi 2015). During the sorption process, each sorbent particle
in the bed accumulates adsorbate from the solution until equilibrium is reached (Patel
2019). This equilibration process continues sequentially, layer by layer, from the
column inlet to the column outlet. However, due to the slow sorption kinetics, no sharp
boundary is observed between the loaded and the unloaded sorbent layers. Instead of
such a sharp boundary, the equilibration takes place in a more or less broader zone of
the sorbent bed, named as the mass transfer zone (MTZ) (Marsh and Rodriguez-
Reinoso 2006). When single-solute sorption is considered, three different zones within

the sorbent bed can be identified at a given time. These are illustrated in Figure 3.2.
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Figure 3.2 Concentration profile during single-solute sorption in a fixed bed adsorber
system of height h.

In the first zone between the adsorber inlet and the MTZ, the sorbent is already loaded
with the adsorbate, which is in equilibrium with the inlet concentration (co). The
available sorption capacity in this zone is zero and no more transfer takes place from
the liquid phase to the sorbent particles. Hence, the concentration in the liquid phase
is constant and equals co. In the second zone (MTZ), the transfer from the liquid phase

to the solid phase continues to take place. Due to the mass transfer from the liquid to
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the solid phase, the concentration in this zone decreases from ¢ = co to ¢ = 0, and the
adsorbed amount increases. The shape and the length of the MTZ depend on the
sorption rate and the shape of the equilibrium curve. The sorbent in the third zone is
maintained free of adsorbate. The fluid-phase concentration in this zone is c=0 (Worch

2012; Chen et al. 2012).

During the sorption process, the MTZ travels through the adsorber with a velocity that
is considerably slower than the water velocity. The stronger the sorption of the
adsorbate, the greater the difference between the MTZ velocity and the water velocity.
As long as the MTZ has not reached the adsorber outlet, the outlet concentration is
maintained at c=0. The adsorbate appears in the adsorber outlet for the first time when
the MTZ reaches the end of the adsorber bed. This time is referred to as breakthrough
time. Once the breakthrough time is reached, the concentration in the adsorber outlet
increases due to the progress of sorption in the MTZ and the related decrease in the
remaining sorbent capacity. If the entire MTZ has left the adsorber, the outlet
concentration equals co. At this point, all sorbent particles in the fixed bed are saturated
to the equilibrium loading and no more adsorbate uptake takes place. The related time

is referred to as the saturation time (Worch 2012; Patel 2019).

The concentration versus time curve, which is measureable at the adsorber outlet, is
referred to as the breakthrough curve (BTC). The properties and the performance of a
fixed-bed column system is commonly assessed via breakthrough curves. The BTC is
considered to be a mirror of the MTZ and is therefore affected by the same factors
such as sorption rate and the shape of the equilibrium curve (Aziz et al. 2014). The
mechanism of this sorption is described based on different phenomena such as axial
dispersion, film diffusion resistance, intraparticle diffusion resistance (in both pore and
surface diffusion) and sorption equilibrium with the sorbent (Kafshgari et al. 2013;
Miralles et al. 2010). The position of the BTC on the time axis depends on the traveling
velocity of the MTZ, which in turn depends on the flow velocity and on the strength
of sorption. For a given flow velocity, how late the breakthrough occurs depends on
how adsorbable the solute is. The relationship between the movement of the MTZ and
the development of the BTC is schematically shown in Figure 3.3. The spreading of
the MTZ is mainly determined by the mass transfer resistance. In principle, dispersion
also leads to a spreading of the MTZ, but this effect is usually negligible under the
typical conditions of engineered fixed bed systems (Worch 2012; Chen et al. 2012).
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In the limiting case of infinitely fast mass transfer processes and the absence of
dispersion, the length of the MTZ reduces to zero and the sigmoid shaped BTC
becomes a concentration step. The concentration step is referred to as ideal BTC, and
the time after that the concentration step occurs is termed ideal breakthrough time
(Aziz et al. 2014). Each real BTC can be approximated by a related ideal BTC (Worch
2012; Marsh and Rodriguez-Reinoso 2006).
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Figure 3.3 Diagrammatic representation of the fixed-bed sorption process. MTZ mass

transfer zone, FC fresh column, SC saturated column adopted from Worch 2012.

In Figure 3.3, the concentration of the adsorbate at the outlet is depicted as C. Cy is the
mitial concentration and C;, C2, C3 and Cs4 are adsorbate concentrations at different
stages. At the initial stage, C is zero and therefore, the ratio of effluent to initial
concentration (C/Cy) is zero. As the sorption process progresses, the upper layers of
sorbent become increasingly saturated with the continuous influx of the aqueous
solution into the column and the sorption process becomes less efficient (Worch 2012).
The primary sorption zone is progressively shifted down into the area with fresh
sorbent in the column. Meanwhile, increasing amounts of adsorbate is seen to be
escaping as effluent and is indicated in Figure 3.3 as points C1/Co, C2/Co, C3/Co and
C4/Co. The downward displacement of the primary sorption zone depends on the initial

concentration as well as the influx of the influent (Abdolali et al. 2017). However, the
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influence of the former is seen to be more prominent than that of the latter. When the
point Csis reached, the column is completely saturated and the sorbent is exhausted
after which, sorption ceases. At this point, the ratio of C/Co is 1 (Chen et al. 2012).
Process parameters related to fixed bed sorption systems influence breakthrough and

exhaust points in a fixed-bed column system (Abdolali et al. 2017).

The important process parameters related to fixed-bed sorption systems include the
initial adsorbate concentration, the flow rate of adsorbate in the column, bed height of
the column, pH of the adsorbate, particle size of the sorbent and temperature of the
column system. All these parameters play a vital role in the evaluation of the efficiency
of the system and influence the breakthrough and exhaust points (Mohan and
Sreelakshmi 2008). Breakthrough and exhaust points play an important role in
analysing the performance of individual sorbents in fixed bed columns. Hence, the
influence of these parameters has to be minimised or controlled by keeping them equal
for all the sorbents under investigation, when designing fixed bed columns to evaluate

the performance of sorbents.

3.7.2 Influence of the process parameters on breakthrough and exhaust points

A brief description is provided how the process parameters influence breakthrough and
exhaust points in a fixed-bed column system. From these process parameters, initial
adsorbate concentration, flow rate and bed height are the most commonly investigated

parameters in the literature.

a. Initial sorbate concentration
Both, the breakthrough and exhaustion points are seen to appear early when the
influent concentration is increased. The breakpoint time decreases with increased inlet
concentration. The initial sorption is rapid due to the availability of a higher number
of vacant sites for the process to occur. Thereafter, increasing the initial adsorbate
concentration results in creating a greater driving force to overcome mass-transfer
resistance in the liquid phase. This results in the quicker exhaustion of sites. The
volume of effluent that can be processed also decreases (Moyo et al. 2017; Saravanan

et al. 2018).
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b. Flow rate of sorbate

The time taken for saturation to occur is increased significantly when the flow rate is
decreased. Conversely, breakthrough points generally appear early when the flow rate
is high. This happens because an increase in the flow rate increases the amount of
adsorbate adsorbed into a unit of bed height in the MTZ. This leads to an increase in
the rate of mass transfer and causes quicker saturation (Lopez-Cervantes et al. 2018).
Additionally, when the flow rate is low, the adsorbate has more time to be in contact
with the sorbent, leading to higher removal of adsorbate in the columns (Ahmed and

Hameed 2018; Sheng et al. 2018).

c. Bed height of column
Breakthrough time and exhaustion time decreases when the bed depth is increased.
The volume of effluent that can be subjected to treatment can be improved by
increasing the bed depth. These observations are explained by the increase in surface
area and the number of binding sites available for the process of sorption. The time
available for the interaction to take place also increases when BTC is increased (Fat’hi

et al. 2014; Teutscherova et al. 2018).

d. pH of sorbate
There are instances in literature where the optimal sorption was detected under an
acidic pH and vice versa. The relationship between pH and the sorbent properties
depends on the nature of the sorbent and the adsorbate (Ahmed and Hameed 2018;
Banerjee and Chattopadhyaya 2017).

e. Particle size of sorbent
When the particle size of the sorbent is increased, breakthrough and exhaustion times
are delayed. While higher particle sizes are favourable to achieve better sorption
capacities, a moderate flow rate is preferable for a better sorption. Since sorption is a
surface phenomenon, the sorption capacity is expected to be proportionate to the
specific surface area. However, literature indicates that smaller particles tend to
develop high-pressure drops in fixed-bed column systems. Furthermore, a very small

particle size seems to cause more problems associated with solid—liquid separation

with the sorbent (Unger et al. 2008; Zou et al. 2013).
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f.  Temperature (T)
When the temperature of the column system is elevated, breakthrough and exhaustion
times are reduced. However, sorption capacity also decreases with higher
temperatures. This is attributed to higher operating temperatures favouring the
diffusion of the adsorbate into the sorbent causing low breakthrough and exhaustion
times. Additionally, less amounts of adsorbate are needed to achieve the maximum
sorption capacities at higher sorption temperatures. This observation indicates an
exothermic process in action. For industrial applications, room temperature is
considered to be the preferred temperature considering the cost of heating the system

(Girish and Ramachandra Murty 2014; Ye et al. 2018).

3.7.3. Sorption models for column study

Mathematical models developed for the analysis of fixed-bed column systems make
use of parameters such as sorbent capacity, operating life span and regeneration time
for making predictions. These models serve to provide insight into the mechanisms
behind the process. Axial dispersion, external film resistance and intraparticle
diffusion resistance are the key factors influencing the process. Hence, the
mathematical correlations developed for sorption in fixed-bed column systems are
based on various assumptions regarding axial dispersion, external mass transfer,

intraparticle diffusion and nonlinear isotherms.

A number of mathematical models have been developed in the past for the evaluation
of efficiency and applicability of the fixed-bed column models for practical
application. The Thomas model, bed depth service time model, the Adams and Bohart
model, the Yoon—Nelson model, the Clark model, the Wolborska model and the
modified dose response model are the most commonly used mathematical models
employed to assess the column behaviour of fixed-bed column systems (Abdolali et
al. 2017; Patel 2019). Among these, the Thomas model has gained much popularity
and commonly found in literature. This model is constructed on the assumption of
Langmuir kinetics of sorption—desorption that driving forces follow second-order
reversible reaction kinetics with no axial dispersion. The model determines maximum

solid-phase concentration of adsorbate on sorbent and the rate constant.

The bed depth service time model is developed based on Bohart and Adams quasi-

chemical rate law. It describes the relationship between bed depth and service time in
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terms of process concentrations and sorption parameters. The model is based on the
hypothesis that the sorption rate is maintained by the surface reaction between
adsorbate and the unused capacity of the sorbent. The rationale for this model is that
since it takes time to achieve equilibrium in the column, the rate of the sorption process
is directly proportional to the fraction of sorption capacity remaining in the system

(Ngah et al. 2012).

The Adam—Bohart model was developed by investigating the relationship between
Cy/C, and time in a gas—charcoal sorption system. The equation is observed to be useful
in analysing other continuous sorption systems. It proposes that the rate of sorption
depends on the concentration of the sorbent and residual capacity of sorption (Dorado
et al. 2014). Yoon—Nelson model is a relatively simple model which does not depend
on the properties of adsorbate, type of the sorbent and any physical features of the
sorption bed. The Clark model is based on two assumptions: (1) column sorption is a
mass-transfer process with combination of Freundlich isotherm; and (2) behaviour of
flow in a column is of piston type. Wolborska model investigated the relationship that
describes the concentration distribution in a fixed-bed system for the low-
concentration range of the breakthrough curve. Another relatively simple
mathematical model used to describe the fixed-bed column sorption data is the
modified dose response model. This model can reduce the error resulting from the use
of the Thomas model predominantly at lower or higher time periods of the

breakthrough curve (Biswas and Mishra 2015; Lee et al. 2015).

3.7.4. Fixed-bed systems in heavy metal removal

Various studies have attempted heavy metal removal using sorption via fixed-bed
systems. Du et al. (2014) used synthetic sorbents, namely, polyacrylonitrile—
potassium cobalt hexacyanoferrates and polyacrylonitrile—potassium nickel
hexacyanoferrates for the sorption of cesium. The bed depth service time model and
the Thomas model were employed to analyse the experimental data and the model
parameters were evaluated (Du et al. 2014). Tomas and Adam Bohart models were
used to analyse sorption data in relation to arsenite and arsenate. The synthesized
sorbents were Ni and MgO metal oxides while carbon nanotube were used as the
column system with microwave-assistance (Ali 2018). He et al. (2018) employed a
new 3D yttrium-based graphene oxide—sodium alginate hydrogel for the removal of

fluoride via a fixed-bed system where the Thomas model was used for the analysis.
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Zaini et al. (2018) used vertical column experiments utilizing sugarcane bagasse for
the removal of manganese (II). Recepoglu et al. (2018) synthesised a new chelating
sorbent and used it for the removal of boron. Yoon—Nelson model, Thomas model and

modified dose response model were employed for the data analysis.

Studies that focus on the comparison of batch and column treatment systems are
available. The study by Khan and Rao (2017) focused on the sorption of nickel(Il) and
copper(IT) using chemically modified Cucurbita moschata and it was found that
column treatment is more feasible than the batch process. In the study by Abdolali et
al. (2017), chemically modified multi-metal-binding biosorbent was packed in fixed-
bed columns and were used for the sorption of cadmium(Il), copper(Il), lead(Il) and
zinc(Il) from aqueous solutions. Thomas, Yoon—Nelson and modified dose response
models were utilized for the analysis. Vilvanathan and Shanthakumar (2018)
performed column sorption tests for nickel and cobalt removal from aqueous solutions
using the raw and biochar forms of tectona grandis. Applied models were Adam—
Bohart, Thomas and Yoon—Nelson. Table 3.2 lists various fixed-bed column studies
on heavy metal removal found in research literature along with the maximum sorption

capacities obtained using the Thomas model.

Even though there are studies which have investigated the metal sorption capacities in
batch and column systems separately as two systems, linkage between the parameters
of the two systems for a particular biosorbent has not been investigated. Predicting the
sorption parameters of a sorbent in a fixed bed column (which replicates the actual
industrial application), using batch sorption parameters would be useful for designing

a fixed column sorption system.
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3.9 SUMMARY OF KEY FINDINGS

Agricultural waste has drawn much attention as potential biosorbents for the removal
of heavy metals from aqueous solutions such as industrial wastewater. However, the
efficiency of such treatment depends primarily on the sorbent/sorbents used. Due to
the heterogeneity of the material, a range of sorption capacities have been reported in
different studies even for the same material. This acts as an impediment for the use of
biosorbents as a potential wastewater treatment technique as the ultimate removal

efficiency relies on the properties of the material.

There are several influential parameters related to the sorption process. These include,
experimental conditions such as solution pH, sorbent dose and initial metal
concentration of the solution. Properties of biosorbents such as particle size, specific
surface area and surface functional groups also affect sorption. An appreciable number
of studies are available to describe the influence of experimental conditions on
sorption. However, investigations on the influence of physico-chemical properties of

biosorbents on the process of sorption are limited.

Sorption of metal ions is a complex process involving various mechanisms operating
in parallel. Where sorption is concerned, sorption modelling is essential to understand
the performance and the mechanisms involved. Both, the mechanistic approach and
the empirical approach are used for modelling a sorption system and generally, a
combination of the two is used. Isotherm models are used to describe the equilibrium
of ions between solid and solution phases and various such models have been
developed for different sorption scenarios. Among them, Langmuir and Freundlich
models are widely used to assess whether the sorption is of monolayer or multilayer

nature.

Sorption reaction models and sorption diffusion models are mathematical models
proposed to describe the data obtained from the sorption experiments. Pseudo first
order model and pseudo second order model are the two commonly used sorption
reaction models for the simulation of sorption kinetics data. Weber-Morris model is
the commonly used sorption diffusion model. The knowledge of metal sorption
kinetics is important to enhance the overall metal removal process. Hence,

comprehensive investigations are needed to understand the influence of the material
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physico-chemical properties on metal removal rate so that this knowledge could be

incorporated in a sorption kinetic model.

Sorption analyses are widely carried out using batch and fixed bed column systems.
Batch systems are widely used to investigate the sorption capacities of different
materials. However, fixed bed columns offer better simulation of the real world
application of sorbents. Operating a column is not always feasible in order to study
the sorption process due to space and time constraints. Hence, it is necessary to
establish a robust relationship using batch sorption systems in order to predict the

performance of the same materials in a fixed bed sorption system.
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CHAPTER 4: RESEARCH DESIGN AND
METHODS

4.1 BACKGROUND

Heavy metals entrained in various water bodies in the environment can adversely
affect the quality of water and can impose significant risks to human health. Therefore,
the need of effective and environmentally friendly treatment methods is imperative.
Sorption using agricultural waste has been identified as one such method and as
discussed in Chapter 3, surface physico-chemical properties of biosorbents play an
important role in determining their sorption capacities and sorption kinetics.
Therefore, new knowledge needs to be created to understand the relative influence of
individual physico-chemical properties on the performance of sorbents. Quantification
of such influence is imperative for creating specific biosorbents in order to enhance
the sorption performance. Accordingly, a robust methodology was formulated to
generate data sets on metal sorption capacity, kinetics, continuous fixed bed column

breakthrough time and influential biosorbent physico-chemical properties.

This chapter describes the research design and methods adopted to accomplish the
aims and objectives of the research study. The research design includes the overall
strategy that was implemented in order to effectively address the research problem.
Research methods describe the procedures used for the implementation of the research
design and for the quantification of the various parameters needed for the envisaged

analysis undertaken.

4.2 RESEARCH DESIGN

The key steps of the research design were:
a. Critical review of research literature
b. Selection of metal cations for sorption experiments
c. Data generation
d. Biosorbent selection

e. Data analyses
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4.2.1 Critical review of research literature

The critical review of research literature primarily focused on the following key areas:

Sources of heavy metals and how they pollute water bodies;

Health hazards associated with heavy metals;

Methods employed for the removal of heavy metals from water along with their
advantages and disadvantages;

Different types of low-cost biosorbents described in research literature and
their metal sorption abilities;

Physico-chemical properties and other factors that influence the sorption
ability of biosorbents;

Usage of different models to describe the sorption kinetics of biosorbents;
Usage of batch sorption systems and fixed bed column systems for heavy metal
sorption, their advantages and disadvantages;

Using batch and column analysis to understand metal sorption mechanisms;
Laboratory test methods used for the determination of physico-chemical
properties of biosorbents and metals;

Data analyses techniques.

One of the key objectives of the literature review was to explore the existing

knowledge gaps in relation to the above areas and their significance.

4.2.2 Selection of metal cations for sorption

The research study focused on a developing country as a case study where currently,

the treatment of industrial wastewater is a challenge. A case study permits

confirmation of new knowledge based on experimental results. Hence, a pilot study

was conducted to assess the species of heavy metals commonly released from

industrial wastewater. Furthermore, previous studies on wastewater characterisation in

the country were also taken into consideration.
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4.2.3 Data generation

Data generation was designed to:

e Understand how the physico-chemical properties of biosorbents affect
sorption capacities and sorption kinetics of common metal ions in industrial
wastewater.

e Investigate the relationship between batch and column sorption of sorbents.

As explained in Section 4.2.1, the selection of key physico-chemical properties for the
study was based on a critical review of research literature. Specific surface area,
average pore size, pore volume, surface functional groups and material zeta potential
are the inherent properties of biosorbents that can be quantified and are recognised as
varying from material to material (Naja et al. 2010; Schiewer and Volesky 1996).
Hence, these parameters were chosen to be analysed and to be quantified in order to
understand their influence on heavy metal sorption capacity and sorption kinetics of
biomaterials. Generally, to determine the influence of a particular parameter,
researchers had varied that particular parameter while the other parameters were kept
constant. However, it was difficult to design the experiment as such in order to
understand the impact of individual physico-chemical parameters on sorption as these
parameters are inherent properties of the material and therefore, cannot be altered
individually. Hence, it was necessary to manipulate the inherent properties of the
material so that the variation in physico-chemical properties among the samples was
significant. It was decided to generate samples with distinct physico-chemical

properties using this approach.

Once the samples with distinct physico-chemical properties were generated, material
characterisation was undertaken in order to quantify the physico-chemical properties
of the biosorbents. Batch sorption experiments and column sorption experiments were
conducted as the next steps in data generation. Accordingly, data generation consisted
of three steps; material characterisation, batch sorption experiments and column

sorption experiments.

4.2.4 Biosorbent selection
Based on the review of literature, five low-cost and locally available biosorbents from
agricultural waste with metal removal capabilities were initially selected. Since the

metal removal performance of a biosorbent depends highly on experimental
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conditions, calculation and comparison of metal removal performance of the five
biosorbents was needed to be done under similar experimental conditions.
Accordingly, preliminary sorption experiments were set up under similar experimental
conditions (pH, temperature, biosorbent dose and initial metal concentration) to obtain
the sorption capacities for the selected metal ions. Sorption capacity (or loading) is
defined as the amount of adsorbate taken up by the sorbent per unit mass (or volume)
of the sorbent (Saeid Mokhatab et al. 2015). Out of these five biosorbents, two
biosorbents were selected for sample generation based on these preliminary sorption
experiments. Further details regarding this selection of biosorbents are given in

Chapter 5.

4.2.5 Data analysis

Results derived from the laboratory experiments were analysed in three different steps
to achieve the aims and objectives of the study. A schematic representation of the data
analysis is shown in Figure 4.1. Firstly, the influence of different physico-chemical
properties was analysed to identify the importance of each property for determining
the sorption capacity of a biosorbent. Secondly, the influence of physico-chemical
properties on sorption kinetics was analysed. This was further extended to predict the
sorption kinetics of biosorbents using their physico-chemical properties. In the third
stage, relationships between batch and column sorption systems were analysed to
understand the correlation between these systems and to develop a relationship in order
to predict column performance using batch sorption parameters for a particular

biosorbent.

76 Chapter 4: Research Design and Methods



Batch sorption

experiments 1
Sorption capacities at different Material
concentrations characterisation

\4 A4

Obtain maximum sorption capacity Quantify physico-chemical properties Stage 1
using equilibrium curves l of biosorbents
Influence of physico-chemical properties
of biosorbents on metal sorption capacity.
Aim 1
.| Equilibrium sorption time 1
Calculate kinetic constant (metal
binding rate constant)
v Objective
Relationship between physico-chemical Predict the sorption
properties and sorption kinetic constant performance with Stage 2
respect to the
physico-chemical

properties of
biosorbents in order
to guide effective

J, heavy metal removal

Refine kinetic model to predict metal
binding rate

Define sorption kinetics for biosorbents
based on the influencing physico-chemical
characteristics

Aim 2 v

Column sorption

experiments

Obtain breakthrough
curves

l

Obtain breakthrough time

l

Correlation between batch and column
experiment results

'

Approach for transferring research data between batch and

Stage 3

column studies.

Aim 3

Figure 4.1 Design of data analysis methodology
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4.3 RESEARCH METHODS

4.3.1 Selection of heavy metal ions

Sri Lanka was selected as the case study as it is a developing country where industrial
wastewater treatment is a high priority and a challenge. Wastewater samples from five
industrial outlets including discharges from an industrial zone were collected and
tested for heavy metals that are commonly present in wastewater. Accordingly, Pb?",
Cu?* and Cd?** were the selected heavy metals for the study as their concentrations in
wastewater exceeded the stipulated discharge limits. Details of the analysis and the

results are given in Section 5.2.

4.3.2 Preparation of metal solutions for sorption studies

Metal solutions containing the selected metal ions were prepared by dissolving the
corresponding metal nitrate in deionised water. These solutions were used for the
sorption studies. Metal nitrates were used as nitrate anions do not hydrolyse metals nor
form metal-anion complexes (Peri¢ et al. 2004; Ziyath et al. 2011). As such, nitrate

anions do not interfere with the metal sorption processes of biomaterials.

4.3.3 Generation of biosorbent samples

Out of the five biosorbents selected from the preliminary experiments, two materials
with distinct physico-chemical properties were selected to prepare material mixtures
via a multi criteria analytical protocol developed using the decision making method;
PROMETHEE (Preference Ranking Organisation Method for Enrichment
Evaluations). Accordingly, the two selected biosorbents were tea factory waste (TFW)
and coconut shell biochar (CSB). Further details of this selection process is given in
Chapter 5. The two selected biosorbents were mixed in specific weight ratios to obtain
several combinations of mixtures with diverse physiochemical properties as given in
Table 4.1. The objective of this exercise was to manipulate the inherent properties of
biosorbents as mentioned in Section 4.2.4 and to obtain a series of samples with
significant variations in physico-chemical properties. Accordingly, 21 biosorbent
samples were obtained. An ANOVA was performed to investigate if there was a
statistically significant difference in terms of physiochemical properties among the
samples. The results indicated that the variations of different physico-chemical

properties among the 21 mixtures were significant (p<0.05) except for zeta potential.
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The ANOVA results are provided in Table 4.2. Hence, these samples were considered

as twenty one separate biosorbents (henceforth referred as biosorbent samples).

Table 4.1 Weight percentage of selected biosorbents used to generate mixtures

Sample Weight % of CSB* Weight % of TFW*
1 100 0
2 95 5
3 90 10
4 85 15
5 80 20
6 75 25
7 70 30
8 65 35
9 60 40
10 55 45
11 50 50
12 45 55
13 40 60
14 35 65
15 30 70
16 25 75
17 20 80
18 15 85
19 10 90
20 5 95
21 0 100

* Biosorbents selected from preliminary experiments (Details of selection is given in

Chapter 5)
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Table 4.2 Significance of p values obtained by ANOVA for each variable in the

material mixtures

Significance of P value obtained by

Variable

ANOVA
SSA < 0.001
PS < 0.005
PV < 0.001
7P >0.5
TAG <0.001
TBG < 0.005

4.3.4 Laboratory investigations of samples

Laboratory experiments were conducted for the prepared mixtures (biosorbent
samples) to quantify their physico-chemical properties, sorption capacities and kinetic
constants. Fixed bed column systems were also prepared from these samples and the
basic readings of such systems such as breakthrough times (the time taken for the
adsorbate to appears in the adsorber outlet for the first time in a column system, as

explained in details in Section 3.7) and sorption capacities were assessed.

a. Physico-chemical properties
Samples were quantified using the physico-chemical properties mentioned in Section
4.2.4. Parameters used for the characterisation along with the test methods employed
are given in Table 4.3. Detailed descriptions of the analysis undertaken and laboratory

instruments used are given in Chapter 6.
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Table 4.3 Physico-chemical parameters for the characterisation of biosorbents

Parameter Test method

Specific surface area Brunauer—Emmett—Teller (BET)
method

Pore size BJH adsorption (Barrett, Joyner, and

Pore Volume Halenda, 1951)

Zeta potential Zetasizer of Malvern Instruments

Concentrations of surface functional Boehm titration (Boehm,1994)

groups

b. Surface Morphology
Surface characteristics and morphology of biosorbents are important parameters
(Gundogdu et al. 2013) that can be used to interpret the sorption behaviour of
biosorbents. Hence, the parameters given in Table 4.3 were used for further assessment
of the material surface and the sorption behaviour. The respective test methods used
are also included in Table 4.4. Detailed descriptions of the analysis undertaken and

laboratory instruments used are given in Chapter 6.

Table 4.4 Parameters used for material surface interpretation

Parameter Test method

Surface Morphology Scanning Electron Microscopy (SEM)

Surface functional groups Fourier transform infrared spectroscopy (FT-IR)
Background Metal Atomic Absorption Spectrometry
Concentration

c. Batch sorption experiments

Batch sorption experiments were conducted to determine the sorption capacities of
TFW, CSB and the mixtures (biosorbent samples) for each metal ion (Cu?*, Pb%" and
Cd?*") by adding a known quantity of the biosorbent to a known volume of solution
containing heavy metal ions. Details of the batch sorption experiments are given in
Section 6.10. The quantity adsorbed and the percentage removal (sorption capacity) of

metal ions was calculated using equation 4.1 and 4.2, respectively:
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q.=V(Ce — C,)/m Equation 4.1
Sorption capacity = 100{(C, — C,)|C,} Equation 4.2

Where q. (mg/g) is the quantity of metal ions adsorbed per unit mass of sorbent, C,
(mg/L) is the initial metal ion concentration, C. (mg/L) is the equilibrium metal ion
concentration in the solution, V (L) is the volume of solution used and m (g) is the

mass of the sorbent.

According to past research, metal binding process of the majority of biosorbents are
well described by pseudo second order kinetic model (Dudu et al. 2015). Furthermore,
previous research on the two selected biosorbents (TFW and CSB) also confirms that
their reaction rate is best explained by pseudo second order kinetics (Wan et al. 2014;
Amarasinghe and Williams 2007). Ho et al. (1998) concluded that pseudo second order
model describes the metal binding process better than the pseudo first order model
after testing both models using data available in research literature. Hence, pseudo
second order model given by equation 4.3 was used for the analysis. Linearised form
of the models is given in equation 4.4. From the slope and intercept of t/Q; vs. t plot,

the pseudo second order metal binding rate was calculated.

% — kZ(Qe _ Qt)z Equation 4.3

Where k> (g.mg 'min-!) is the pseudo second order reaction rate. Q. and Q;(mg/g) are

the sorption capacities at equilibrium and time t respectively.

Qit = Kle% + Qiet Equation 4.4

d. Column experiments
The industrial application of the relationships were tested using fixed bed columns
setup established in the laboratory. Columns with an internal diameter of 5.6 cm were
filled up to 30 cm using a biosorbent sample, maintaining a constant porosity. Wet
filling was undertaken in order to avoid air trapping during the filling process. Metal
ion solutions containing 200 mg/L of Cu?*, Cd?*, and Pb?" were fed to the column at a
constant flow rate from the bottom of the column. Solution leaving the system from
the top was collected at frequent time intervals and analysed for the breakthrough time.
Parameters of the fixed bed columns are described in Table 4.5. Detailed description

of column systems is given in Section 6.11.
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Table 4.5 Parameters for column setup

Parameter Value
Flow rate 10 mL/min
Porosity 50%
Height of the total column 35cm

Height of the packing (biosorbent) 30 cm

Inner diameter 5.6 cm

4.4 DATA ANALYSIS TECHNIQUES

In order to achieve the aims and objectives of the study, it was necessary to use robust
data analysis techniques and tools. The selected data analysis methods needed to have
the capacity to handle large databases and to assess relationships between variables
and objects. Therefore, the selection of appropriate data analyses techniques was
imperative. The discussion below describes the various descriptive and multivariate
statistical methods and statistical principles employed in this study to meet the
stipulated requirements. Data analysis methods used in the study are illustrated in

Figure 4.1.

4.4.1. Descriptive statistical operations

Basic statistical operations, such as mean (Equation 4.5) and standard deviation
(Equation 4.6) are frequently used to assess the correlations between variables. They
are considered to be univariate statistical methods that depicts the general distribution
of a dataset made of a single variable. Mean is the mathematical average of the data
set having a single variable, whereas standard deviation is a statistic that measures the
dispersion of a dataset relative to its mean. It is calculated as the square root of the

variance and provides an indication of the error margin in the measurement.

y= % Equation 4.5

84 Chapter 4: Research Design and Methods



SD = /(yl;%)z Equation 4.6

Where ¥ is the mean of the data, yi is the i data point, N is the number of samples and

SD is the standard deviation.

Using graphs to present data variation is very useful in distinguishing different trends
and patterns. They can also help in identifying the nature and degree of correlation
between different variables. Graphs were used in the study to represent the key

physico-chemical properties of different material mixtures.

4.4.2 Pearson correlation analysis

The Pearson product moment correlation coefficient (PPMCC) is a measure of the
strength and direction of a linear association between two variables. PPMCC can take
a range of values from +1 to -1 while a value of 0 indicates that there is no association
between the two variables. A value greater than 0 indicates a positive association and

a value less than 0 indicates a negative association.

PPMCC was used in the present study in the form of correlation matrices, for
quantifying the linear relationships of variables. For example, it was helpful in
identifying the associations between physico-chemical properties of the samples. A
correlation matrix is a table showing correlation coefficient values between sets of
variables. Each random variable in the table is correlated with each of the other
variables in the table. The diagonal of the table is always a set of ones, as the
correlation between a variable and itself is always one. Research literature
recommends using a correlation matrix to confirm the correlations visually evident in
a Principal Component Analysis (PCA) biplot (Miguntanna, Goonetilleke, et al. 2010).
Therefore, correlation matrices were used to achieve Aim 1 of the study as illustrated

in Figure 4.1.

PPMCC is an indicator of the strength of the relationship. The significance of this
relationship is expressed in probability levels: p (e.g., significant at p =0.05). This
indicates how unlikely a given correlation coefficient, r, will occur given there is no
relationship. It should be noted that in theory, calculation of PPMCC involves several
assumptions. The variables should be measured at the interval or ratio level (i.e., they

should be continuous variables) and there should be a linear relationship between the
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variables. It is also assumed that there are no significant outliers. The variables should
also be approximately normally distributed. In practice however, some of the

assumptions may not be met by certain datasets (Puth et al. 2014).

In order to increase the accuracy of Pearson correlation analysis, it is recommended to
perform a permutation test. In the present study, for each significantly correlating pair,
correlation coefficient value and p value were reassessed by running a permutation test
for Pearson's product-moment correlation (10000 permutations for each test). A
permutation test builds sampling distribution by resampling the observed data which
is highly useful in increasing the accuracy of correlation analysis when the number of

samples is relatively small (Onder et al. 2003).

4.4.3 Variance inflation factors

Standard errors, and hence the variances of the estimated coefficients are inflated when
multicollinearity exists. A variance inflation factor (VIF) quantifies how much the
variance is inflated due to multicollinearity. In order to do this, VIF uses the variables
in the least squares regression analysis. Variables having VIF values above 10 could
have an adverse impact on statistical modelling outcomes (O’brien 2007) and
therefore, such variables were identified and removed in the present study before

creating mathematical models.

4.4.4 Mahalanobis distance

As a pre-treatment of data, detection of outliers was carried out using a multivariate
model approach with calculation of Mahalanobis distance (Mahalanobis 1936). The
Mahalanobis distance measures the distance between a specific data point and the
mean of a multidimensional data distribution in units of standard deviations. It is a
unitless and scale-invariant measurement, frequently used to detect outliers in the
development of linear regression models. 0.95 was considered as the cut-off value for
the present study. Those objects scoring higher values were excluded from the
subsequent regression modelling. For example, Mahalanobis distance was employed
to remove outliers when building mathematical models to depict the relationship
between material physico-chemical properties and pseudo second order kinetic

constant.
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4.4.5 Multivariate analysis techniques

Commonly used multivariate statistical methods were utilized for the study. These
were, Principal Component Analysis (PCA), Generalized Linear Regression (GLR)
and Partial Least Square Regression (PLS). These methods are advantageous in
identifying correlations between variables and objects in large datasets. A brief

description of each of these methods is given below.

a. Principal component Analysis (PCA)

Principal Component Analysis (PCA) is one of the most frequently used multivariate
statistical technique and an established method of pattern recognition in large datasets.
PCA was used in many past studies related to biosorption. For example, Milojkovi¢ et
al. (2016) investigated sorption characteristics of lead, copper, cadmium, nickel and
zinc ions with the compost of ‘Myriophyllum spicatum’. PCA was applied for the
analysis and differentiation of samples. Pine bark was used for biosorbent treatment of
five different landfill leachates (Ribé et al. 2012) and PCA was used as a multivariate
analysis technique for the recognition of patterns. Activated carbon derived from
Pistacia khinjuk was investigated for the sorption of methylene blue and PCA was
used for the initial analysis of data (Ghaedi et al. 2013).

PCA is a data analysis technique commonly employed to reduce the dimensionality of
large sets of data and to streamline the representation of the data field in question. It
produces a set of hypothetical, orthogonal variables known as principal components
(PCs), of which the first few are capable of representing most of the variation denoted
in the original data matrix. This simplifies the data analysis process, makes the
interpretation of data more meaningful and allows easy visualisation of

multidimensional data sets (Raychaudhuri et al. 1999).

In a typical PCA, the first principal component carries the highest variance in the
respective data matrix. The second PC has the second highest variance and the other
PCs have decreasing order of variance, while all PCs amount to the total variance. In
other words, the first few PCs carry most of the variance found in the original data
matrix and the analysis of the first few PCs can be used to interpret most of the useful

information available in the original dataset.

In order to determine how many principal components should be retained, a number

of different approaches are discussed in literature (Jolliffe 2011). One method is to
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select a desired cumulative percentage of total variation that the selected PCs
contribute. For example, if the desired cumulative percentage of total variation is 80%,
the smallest number of PCs for which this chosen percentage is exceeded should be
selected. The Scree plot method is more common and it involves plotting the
eigenvalues in descending order and visually examining for a “big gap” or an “clbow”
in such a graph. The component number defining an ‘elbow’ in the graph is then taken
to be the number of components to be retained. For PCA, eigenvectors and eigenvalues
exist in pairs where each eigenvector has a corresponding eigenvalue. An eigenvector
defines a direction in the multidimensional data space and an eigenvalue is a number
representing how much variance of data there is in that direction. While these two
methods are commonly used, there are other statistical calculations used for
determining as to how many PCs should be retained. These include various sequential

tests and resample methods (Zhu and Ghodsi 2006).

One important advantage of PCA is the ability to present the outcomes graphically.
PCA biplots are frequently used for this purpose. They represent the relationships
between variables, relationships between objects and relationships between objects
and variables. In PCA biplots, the loading of each variable is graphically represented
as a vector while objects are depicted as data points. Vectors with acute angles and
those close to each other are strongly correlated while the vectors with obtuse angles
are weakly correlated. Vectors which are at right angles to each other represent
variables which are not correlated, whereas clustering of objects indicates that they are

of similar characteristics.

Pre-treatment of data is a common technique used prior to PCA. Different variables
could be of different scales and this could affect the outcome of PCA. Pre-treatment
of data is designed to eliminate this occurrence. Mean centring and standardising are
the commonly used methods for data pre-treatment (Abdi and Williams 2010a). The
combination of both these methods is commonly referred to as ‘auto scaling’ and this
method is carried out by default by many software solutions available for PCA (Bro
and Smilde 2003). In the present study, principal component analysis was performed
to identify relationships between material physico-chemical properties, heavy metal
sorption capacities and kinetic constants of biosorbent samples (biosorbent samples)

as illustrated in Figure 4.1
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b. Generalized Linear Regression (GLR)
Generalized Linear Regression (GLR), is a multivariate technique for analysing
correlation between one or more dependent variables (responses) and independent
variables (predictors). It models the relationship between the responses and predictors
by fitting a linear equation to the observed data. Depending on the algorithm
employed, the choice of predictive variables is undertaken using an automatic
procedure. Variable selection methods such as Stepwise Regression and Elastic Net
(Enet) are commonly used to select a subset of the original set of variables in order to
build the model. Enet is a ‘penalized regression method’ or ‘shrinkage method’ (Wang,
Park, Carriere, et al. 2010) that can shrink the coefficients of redundant variables
exactly to zero (Zou and Hastie 2005b), thereby employing a selection of variables as
an integral feature. It has the ability to overcome the limitations of the other popular
methods such as Ridge regression and Lasso regression (Ter Braak 2009). GLR with
Enet was employed in the present study in order to construct mathematical models for
the prediction of sorption capacities of biosorbents using their physico-chemical
parameters (Aim 1 Figure 4.3). In the analysis for understanding the relationship
between column performance and batch sorption parameters (Aim 3), GLR was used
again. Since Enet has the ability to select variables, it was also used for the

identification of the most important variables in the models.

c. Partial least squares regression (PLS)
Partial least squares regression (PLS) was employed to formulate mathematical
models in order to understand the relationships between the independent variables and
kinetic constant for Pb%*, Cd*>* and Cu?*. PLS is a popular multivariate data analytical
technique with a combination of features from PCA and multiple linear regression. It
aims to predict dependent variables (responses) from independent variables
(predictors) by the extraction of a set of orthogonal factors called latent variables
having the best predictive power (Abdi and Williams 2010b). The efficiency and
accuracy of the predictions obtained is commonly evaluated with cross-validation
techniques such as bootstrapping and repeated k-fold cross validation. The latter was
employed for the current study. PLS was used for building mathematical models in
order to predict sorption capacities and kinetic constants of biosorbent samples using
physico-chemical parameters to achieve Aims 1 and 2 (Figure 4.3). R software (Ver.

3.5.1) with R Studio was employed as the statistical tool for the data analysis.
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Figure 4.2 Summary of the data analysis methods used in the study
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4.5 SUMMARY

This chapter has explained the research design, methods and data analysis techniques
used to achieve the aims and objectives of the study. Research design of the study
primarily focused on critical review of literature, selection of heavy metals, data

generation, biosorbents selection and data analysis.

Pb2*, Cu?" and Cd?" were selected for the analysis and metal solutions were prepared.
From the five biosorbents initially selected via the preliminary experiments, two
materials with distinct physico-chemical properties were selected to prepare material
mixtures. The two selected biosorbents were mixed in specific weight ratios to obtain
several combinations of mixtures with diverse physiochemical properties creating
twenty one different mixtures. Laboratory experiments were conducted to quantify the
physico-chemical properties and surface morphology. Sorption capacity and kinetics
data was obtained using batch sorption experiments. Fixed bed columns were used to

analyse the breakthrough values.

Finally, the various descriptive and multivariate statistical methods along with
statistical principles employed in this study were described. Multivariate statistical
methods used in this study were Principal Component Analysis, Generalized Linear

Regression and Partial Least Square Regression.

Chapter 4: Research Design and Methods 93



This page intentionally left blank.

94

Chapter 4: Research Design and Methods



CHAPTER 5: PRELIMINARY EXPERIMENTS

5.1 INTRODUCTION

This chapter describes the procedure undertaken for the selection of heavy metals and
biosorbents. As described in Section 2.3, industrial wastewater contains high amounts
of heavy metals. Hence, it is necessary to identify the metals that are present in

industrial wastewater which exceed the specified discharge limits.

Biosorbents were selected in order to prepare the biosorbent samples used for building
the data matrix with different physico-chemical properties as independent variables.
As explained in Section 4.2.5, two biosorbents with distinct physico-chemical
properties needed to be selected for the preparation of the samples by mixing them in
different weight ratios. Various low-cost agricultural wastes (Ajmal et al. 1998; Garg
et al. 2008) have been investigated for the removal of metals from industrial
wastewater. Most of these sorbent materials generally exhibit high metal sorption
capacities indicating that they can be utilized for the removal of metal ions from
polluted waters, such as industrial wastewater and stormwater runoff (Wan et al. 2014;
Cherdchoo et al. 2019). However, the effectiveness of a sorbent in removing metals is
dependent on the physical and chemical properties of the solution (Section 3.5). For
an example, a material that is efficient in high pH solutions may not be equally
effective in removing metals from a low pH system. Therefore, it is important to
identify the materials that are effective for a particular system. This is generally
achieved using batch sorption experiments in which, the sorbent is introduced to a
solution that has similar properties as the polluted water. Furthermore, to compare the
sorption capacities of different materials, it is important to maintain the same
experimental conditions such as pH, agitation rate, sorbent dose and the sorbate

concentration.

Several past studies have compared the performance of various sorbent materials in
removing metal ions from water with varying degrees of success. This chapter initially
provides a critical overview of such studies and evaluation methods adopted. Then, it
explains the initial selection of biosorbents based on the existing knowledge followed
by a secondary selection based on metal sorption capacities and physico-chemical

properties, using a multi criteria decision making tool. As a result of the secondary
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selection, two biosorbents with distinct physico-chemical properties having the ability
to remove heavy metals were selected to prepare the samples for generating the data

base.

5.2 SELECTION OF HEAVY METALS FOR THE ANALYSIS

A pilot study was conducted in Sri Lanka to identify the heavy metals commonly found
in industrial wastewater discharge which exceed the specified limits. As a significant
number of industries in Sri Lanka are dye and textile-based industries (CEA 2017),
five such outlets were selected for the pilot study. Samples 1 and 2 were taken from
textile industry outlets, Samples 3 and 4 were from wastewater discharging points of
dye manufacturing industries and Sample 5 was taken from the outlet of the treatment
plant at Katunayake Industrial Zone. Water samples were analysed for heavy metals

and pH. Results obtained from the analysis are given in Table 5.1

Table 5.1 Comparison of heavy metals present in industrial wastewater in Sri Lanka

with industrial effluent discharging standards

Discharge

Sample Sample Sample Sample Sample Limits
Parameter

1 2 3 4 5 BOL, Sri
Lanka/ppm

Cu?* 3.70 3.50 0.70 0.84 4.52 3.0
Cd* 0.26 0.21 0.25 0.56 0.37 0.1
Pb>* 1.68 2.10 1.10 1.80 0.90 0.1
Cr¥* 0.20 0.40 0.20 0.10 0.30 0.5
Zn?* <0.20 <0.20 <0.20 0.21 2.10 2.0
Ni?* 0.50 0.5 <0.50 0.50 <0.50 3.0
pH 6.0 6.5 5.9 5.5 54 6.0-8.5

According to the outcomes of the analysis, Cu?", Pb?>" and Cd?* concentrations in the
effluent from the industrial wastewater was higher than the discharge limits specified
by the Board of investment (BOI), Sri Lanka. Accordingly, these three metal cations

were selected for the study.
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5.3 OVERVIEW OF PAST STUDIES ON SORBENT SELECTION

Metal removal performance of sorbent materials is generally evaluated in a single
sorbent-single metal solution system using sorption capacity at high and low
concentrations (Chuah et al. 2005; Joseph et al. 2019). Comparative studies with the
aim of evaluating the performance of various sorbents in removing metals from single
and multi-metal solutions are limited. Amarasinghe and Williams (2007) used Pb and
Cu sorption capacities of tea waste and activated carbon under similar experimental
conditions in order to investigate the sorption performance of tea waste. A study was
undertaken by Geng-Fuhrman et al. (2007) in which, the performance of eleven
different sorbents were assessed for the simultaneous removal of As, Cd, Cr, Cu, Ni
and Zn from stormwater. Then the sorbents were ranked based on the value of the

distribution coefficient (Kq) as given in Equation 5.1:

Q. Equation 5.1

K

In this study, both Q. and C. were determined from sorption experiments conducted
under similar experimental conditions. Sorbents having high average Kq values were
considered as efficient for the removal of metals. Accordingly, sorption capacities
under similar experimental conditions, at low and high concentrations of initial metal
ion solutions and distribution coefficients, were used to evaluate and compare the

sorption performance of different sorbents.

Multi-Criteria Decision Making (MCDM) methods have been applied in research
studies in order to assist decision making when dealing with multivariate problems.
These methods involve the ranking of objects from best to worst, based on the
preference of variables (Behzadian et al. 2010). Different MCDM methods are
reported in research literature such as ELECTRE, SMART, PROMETHEE and GAIA,
which have different decision-making abilities (Behzadian et al. 2010; Keller et al.
1991; Khalil et al. 2004). Among them, PROMETHEE (Preference Ranking
Organization Method for Enrichment Evaluation) and GAIA (Graphical Analysis for
Interactive Assistance) are recognised as the most effective decision making methods

compared to other MCDM methods (Keller et al. 1991; Khalil et al. 2004).

Kokot et al. (1992) used PROMETHEE for selecting suitable microwave digestion
methods for solids, whilst Khalil et al. (2004) applied the technique for selecting
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appropriate sites for sewage effluent renovation. The latter is one of the earliest use of
PROMETHEE in the field of environmental engineering (Behzadian et al. 2010).
Furthermore, Carmody et al. (2007) used PROMETHEE to compare various potential
sorbent materials for cleaning oil spills. It is interesting to note that in the study by
Carmody et al. (2007), non-technical qualitative criteria, such as ease of use and
biodegradability were introduced into the analysis along with conventional technical
criteria, such as sorption and retention capacities. Importantly, in the approach by
Carmody et al. (2007), the data matrix was expanded stepwise, i.e. by adding one
criterion at a time, which was helpful in extracting information on the influence of
each criterion in ranking the sorbents. Such an approach could be particularly useful
in multi-disciplinary forums, where an immediate response regarding the influence of

a particular criterion in decision making is of interest.

5.4 INITIAL SELECTION OF BIOSORBENTS

Based on the review of literature (Section 3.4), considering their sorption affinity for
the selected metals (Cu?*, Pb%*, Cd?>"), five low-cost and locally available biosorbents
originating from agricultural waste were initially selected (Table 5.1). Special
consideration was given to the possibility of mitigating any disposal problems
associated with these materials by using them as biosorbents. The selected five
biosorbents and their sorption capacities are given in Table 5.2. The sources of these
biosorbents are listed in Table 5.3. Physical appearances of these biosorbents are

illustrated in Figure 5.1.
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Table 5.2 Biosorbents and their sorption capacities

Sorbent Sorption capacity Initial metal Reference
Cu?* Pb?* Cd* ion
mg/g mg/g mg/g concentration
Coconut shell 7.2 4.7 Kulunivan
biochar 2014;
13.26 3.36 Paranavithana

et al. (2016

Coir pith 2.2 4.04 Kulkarni 2013

Rice husk 3.89 42 1.0 gL Sobhawardali
etal. 2013

Rice straw 13.84 25-350 mg/mL. Ding et al
2012

Tea Factory 21.02 33.49 16.87 Wan 2014;

waste 48.0 65.0 1.0 gL Amarasinghe
and Williams
2007

Table 5.3 Source of biosorbents

Biosorbent Source

Coconut shell biochar Haycarb PLC, Sri Lanka

Coir pith Local market, Sri Lanka

Rice husk Rice mill, Sri Lanka

Rice straw Harvested from paddy fields, Sri Lanka

Tea factory waste Mid country tea, Sri Lanka
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Figure 5.1 Biosorbents: (a) Coconut shell biochar; (b) Coir pith; (¢) Rice husk;
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Rice straw; (e) Tea factory waste

The five biosorbents selected (Table 5.3) were prepared for preliminary experiments

samples were used for

5.4. After preparation,

according to the methods given in Table

analysing the sorption capacities of these biosorbents.
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Table 5.4 Preparation of the biosorbents

Biosorbent Preparation for the experiment

Rice straw Cut to small pieces, washed with distilled water, oven dried for 24
hours and ground to small particle using a ball mill and sieved.

Rice husk Washed with distilled water, oven dried for 24 hours and ground
into small particle using a ball mill and sieved.

Tea factory Cut to small pieces, washed with distilled water, oven dried for 24

waste hours and ground into smaller particles using a ball mill and sieved.

Coir pith Washed with distilled water, oven dried for 24 hours and ground
into small particles using a ball mill and sieved.

Coconut shell Washed with distilled water, oven dried for 24 hours and ground

biochar into small particle using ball mill and sieved.

5.5 SECONDARY SELECTION OF BIOSORBENTS

Biosorbents selected initially were subjected to batch experiments with high (100
mg/L) and low concentrations (10 mg/L) of each metal ion separately. At lower
concentrations of sorbate, most of the sorbents indicate high sorption capacities as
there are sufficient amounts of binding sites on their surfaces. Sorbent saturation
occurs at high initial sorbate concentrations. Hence, most of the past studies have
analysed the sorption capacities of sorbents at both high and low concentrations (Wan
etal. 2014; Najam and Andrabi 2016). Biosorbents with the highest sorption capacities
for each metal were selected from batch screening and were subjected to further

selection based on their physico-chemical properties.

5.5.1 Sorption capacity

A metal stock solution (with a concentration of 1 g/L) of Pb>" was prepared and diluted
to 100 mg/L and 10 mg/L. Exactly 5 g of biosorbents were used for the experiments.
Solution pH was kept at 5.5+0.5 and the system was agitated at 150 rpm. Volume of
the solution was kept at 1000 mL. The same experiment was repeated for both Cu?*
and Cd?". Details of batch experiments are given in Section 6.8. Particle size used for
the experiments was 125um-150 pm. Results obtained for the two concentrations for

different biosorbents are given in Figure 5.2.
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Accordingly, tea factory waste, coconut shell biochar and rice husk yielded the highest
sorption capacities for Pb?*, Cu?* and Cd?" in single metal solutions. Results show
similar variations in both, high and low concentrations. Hence, these three biosorbents
were selected for further investigations conducted by quantifying their physico-

chemical properties.
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Figure 5.2 Sorption capacity of the biosorbents (a) sorption capacity of Pb?" (b) sorption capacity of Cu?* (¢) sorption capacity of Cd*" in high
metal concentrations (d) sorption capacity of Pb* (e) sorption capacity of Cu?" (f) sorption capacity of Cd*" in low metal concentrations
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5.5.2 Material characterisation

The three selected biosorbents (coconut shell biochar, tea factory waste and rice husk)
were investigated for their physico-chemical properties that were measured
quantitatively. Several studies have reported that physico-chemical characteristics
such as specific surface area (SSA), pore size (PS), pore volume (PV), zeta potential
(ZP) and surface functional groups play a critical role in the metal sorption capacity of
a biosorbent (Anastopoulos et al. 2013a; Albadarin et al. 2014). Accordingly, SSA,
PS, PV and ZP were investigated. As for surface functional groups, total acidic groups
(TAG) and total basic groups (TBG) were included as they are considered the most
commonly found surface functional groups in biosorbents (Fan et al. 2018). Details on
quantification experiments are given in Chapter 6. Results obtained from the

experiments are given in the Table 5.5.

Table 5.5 Quantification of the physico-chemical properties of selected sorbents

Material SSA PS PV Zeta TAG TBG
m¥/g A0 m¥/g potential mmol/g mmol/g
mV

Tea factory 1 42 .98 0.0009 -48.54 291 0.65
waste

Rice husk  1.72 48.32 0.0093 -21.00 1.48 0.92
Coconut 202 31.80 0.0096 -40.21 0.65 2.09
shell

biochar

The two materials demonstrating the highest degree of variability in terms of physico-
chemical properties were selected for preparing material mixtures as explained in
Section 4.3. A multi criteria analytical protocol developed using the decision making
method PROMETHEE was used for this purpose. Multi criteria decision making
(MCDM) methods are employed to aid the decision making process when multi
variable problems are involved. Among the various MCDM methods, PROMETHEE
was used for this study as it is regarded as a more sophisticated technique (Brans et al.
1986; Keller et al. 1991). Selecting only two materials to prepare material mixtures
with different weight ratios was considered to be adequate to achieve the envisaged

study aims and objectives.
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5.5 PROMETHEE

PROMETHEE is a non-parametric data analysis method (i.e. mean and standard
deviation are not used) that quantifies the degree of preference of one object to another
for each variable in a data matrix (Behzadian et al. 2010; Macharis et al. 2004).
Therefore, it can provide useful information related to ranking and pattern recognition.
It is also known as an outranking method. Outranking methods are based on a familiar
way of thinking where, instead of trying to define what solution is good and what
solution is bad, comparison of one solution to another is undertaken. Outranking
methods do not require the decision-maker to define what is good or what is bad.
Instead, they use the results of the pairwise comparison of the actions to build a relative

ranking of the actions from the best to the worst.

There are two different PROMETHEE rankings. PROMETHEE I is a partial ranking.
Therefore, all the actions are not necessarily compared and the ranking can include
incomparability. PROMETHEE 1I is a complete ranking where all the actions are
compared and no incomparability is seen in the ranking. In order to implement
PROMETHEE analysis, several additional parameters such as preferred ranking order,
weighting, preference function and threshold need to be preselected by the decision-

maker (Mareschal 2013).

5.5.1 Preferred ranking order
Two ranking orders, maximised and minimised can be specified depending on the
preference criterion (variable or parameter). Accordingly, objects are either top-down

or bottom-up in ranking order.

5.5.2 Criteria Weighting

The weights of the criteria are essential parameters to reflect the priorities of the
decision-maker. The importance of one criterion over another criterion is measured so
that the decision-maker is able to weigh each criterion as equally important or most
important to least important. The weights are non-negative numbers representing the
relative importance of the criteria. In PROMETHEE they are defined independently
from the scale of measurement of the criteria. More important criteria have larger

weights while less important ones have smaller weights. It should be noted that

106 Chapter 5: Preliminary Experiments



assigning weights to the criteria is not straightforward. It involves the priorities and

perceptions of the decision-maker (Mareschal 2013).

5.5.3 Preference function and Threshold

PROMETHEE makes no assumption as to what is good or what is bad. It is based on
the pairwise comparison of the actions. Therefore, the deviation between the
evaluations of two actions on a particular criterion has to be modelled. For small
deviations, either a weak preference or no preference at all is expected. For larger

deviations, larger preference levels are expected.

With PROMETHEE, preference levels are measured on a scale from 0 to 1 where 0
stands for no preference at all while 1 means a full preference. The deviation has to be
translated to such a preference degree between 0 and 1. That is the purpose of the
preference function. It mathematically determines the selectivity of an object relative
to others. PROMETHEE requires to associate a preference function to each criterion
in order to model the way the decision-maker perceives the measurement scale of the
criterion. There are six different types of preference functions available in Visual

PROMETHEE software and these are given in Table 5.6.

The Usual preference function is a simple function with no threshold. It can be the
right choice for a criterion with few very different evaluations. The U-shape preference
function introduces the notion of an indifference threshold (called Q threshold). The
V-shape preference function is a special case of the linear preference function where
the Q indifference threshold is equal to 0. It is considered suited to quantitative criteria
when even small deviations should be accounted for. The Level preference function is
better suited to qualitative criteria when the decision-maker wants to modulate the
preference degree according to the deviation between evaluation levels. The Linear
preference is the best choice for quantitative criteria when a Q indifference threshold
is preferred. The Gaussian preference function is an alternative to the linear preference.

It is seldom used (Mareschal 2013).

5.5.4 Q, P and S thresholds

Depending on the type of preference function that has been selected, up to two
thresholds have to be assessed. These are Q (the indifference threshold), P (the
preference threshold) and S (the Gaussian threshold). The Q indifference threshold is

the largest deviation that is considered as negligible by the decision-maker. Preference
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threshold is the smallest deviation that is considered as sufficient to generate a full
preference. The S Gaussian threshold correspond to the inflection point of the
Gaussian curve. It is thus, a deviation for which the preference degree is equal to 0.39
and it sits between a Q and a P value. It is also more difficult to assess (Mareschal

2013).

Table 5.6 Preference functions for PROMETHEE analysis (Brans et al. 1986).

Preference function Shape of the graph!
Linear P
1
X1 X2 X
V-shape .P
1
X1 X
Level p
1 —
0.5 |
X1 X2 X
U-shape p
1
X1 X
Usual
P
1
X
Gaussian
P
1
X
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5.5.5 PROMETHEE analysis

PROMETHEE was used in the study to rank the three biosorbents selected in order to
identify the two biosorbents with the highest variation in physico-chemical properties.
The three biosorbents (coconut shell biochar, tea factory waste and rice husk) were
evaluated on the basis of 6 criteria; Specific surface area (SSA), pore size (PS), pore
volume (PV), zeta potential (ZP), total acidic groups and total basic groups.
PROMETHEE II Complete Ranking was employed. PROMETHEE analysis requires
the assignment of three modelling parameters for each criterion: a ranking sense, a
preference function and a weighting. A weight of 1 was selected for all criteria in order
to ensure all variables were given the same importance in the analysis. The ranking
sense and preference function assigned for each criterion are given in the Table 5.7.
Table 5.8 gives the ranking results for the three materials. Tea factory waste and
coconut shell biochar were selected for the rest of the study for the preparation of
material mixtures given in Table 4.3 (Section 4.3) as the variability of physico-

chemical parameters was highest between them.

Table 5.7 Ranking sense and preference function assigned for each criterion

SSA PV PS 7p TAG TBG
Function Linear  Linear Linear Linear Linear Linear
Min/Max Max Max Max Max Max Max
Weight 1 1 1 1 1 1
Unit mi/g cm’/g A° mV mmol/g  mmol/g
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Table 5.8 PROMTHEE II complete ranking results for the three materials

Material 0 Rank
Coconut shell biochar 0.0389 1
Rice husk 0.0328 2
Tea factory waste 0. 0275 3

5.6 SUMMARY

Samples taken from five industrial outlets were analysed for heavy metals. According
to the results of the analysis, Cu?*, Pb 2* and Cd** were selected for the study as the
concentration of these three metals in discharged wastewater exceeded the discharge
limits specified in the country. Five biosorbents originating from agricultural waste
were selected initially considering their availability and sorption capacity based on
published literature. Three biosorbents (coconut shell biochar, rice husk and tea factory
waste) were selected for the next screening process based on their sorption capacities.
A MCDM method, PROMETTHEE was used to identify the biosorbents with distinct
physico-chemical properties based on the results of the analysis of quantitative
parameters of the above three biosorbents. Accordingly, coconut shell biochar and tea
factory waste were ranked 1 and 3, which indicated the highest difference among the
three based on the physico-chemical properties considered. Thus, tea factory waste and
coconut shell biochar were selected to prepare mixtures in order to generate sorbent

samples for the study.
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CHAPTER 6: LABORATORY TEST METHODS
AND CALIBRATIONS

6.1 BACKGROUND

The purpose of this chapter is to describe all the laboratory experiments conducted for
the generation of data. These included instrumental analysis and titrimetric analysis
that were conducted to quantify the physico-chemical properties of the selected
biosorbents, batch experiment procedures and column experiments to generate
sorption data. Furthermore, quality control and quality analysis procedures used are
explained. Table 6.1 summarises the specific parameters measured during the study

and the instruments/test methods applied for the measurements.

Table 6.1 Specific parameters measured and the instruments/test methods used

Parameter

Test method or Instrument

Specific surface area, pore volume

and pore size

Zeta Potential

Quantify surface functional groups;

total acidic groups (carboxylic,

hydroxyl and lactonic) and total basic

groups

Surface morphology

Surface functional groups

pH

Metal Concentration

Nitrogen gas adsorption isotherms using
ASAP 2020 (Micrometrics Instrument
Co.)

Malvern Zetasizer Nano ZS

Boehm titration method

Tescan mira3 FEG-SEM field emission

scanning Electron Microscope

Thermo Scientific Nicolet S10 FTIR

spectrometer
TPS AQUA-pH-mV-Temperature meter

Atomic Absorption Spectrometry
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6.2 MATERIAL SURFACE AREA

The specific surface area, pore volume and pore size of the samples were measured by
the analysis of nitrogen gas adsorption isotherms at 77 K using ASAP 2020 instrument
from Micrometrics Instrument Co., USA (Figure 6.1). ASAP stands for Accelerated
Surface Area and Porosimetry System and the instrument uses multiple gas sorption

techniques for the measurements.

Mixing of CSB and TFW was done after degassing the two biosorbents separately.
Degassing was done at 200 °C and 60 °C, respectively, for 48 hours. These
temperatures were selected by analysing differential scanning calorimetry (DSC) of
CSB and TFW. DCS curves for CSB and TFW are given in Figure Al.1 in Appendix
Al. According to the analysis, 208.3 °C and 63.7 °C were the maximum temperatures
that can be applied without degrading the CSC and TFW samples, respectively.
Mixtures were prepared using degassed TFW and CSB according to the weight
percentages given in Table 3.2. The mixtures were then degassed again for 24 hours
at 60 °C prior to the sorption studies. Total specific surface area (SSA) was assessed
using multipoint Brunauer—Emmett—Teller method (Brunauer et al. 1938). Volume of
pores was measured using ‘Barrett-Joyner-Halenda’ (BJH method) via desorption
isotherm (Barrett et al. 1951). The relative pressure used was 0.99. Data processing

was done using Microactive 2 software.

The ASAP 2020 uses two independent vacuum systems, one for sample analysis and
one for sample preparation. This allows preparation and analysis to proceed
concurrently. A two-station intelligent degas system is also incorporated into the
instrument for fully automated degassing with controlled heating profiles. The degas
systems are equipped with isothermal jackets. An analysis Dewar is available for
condensing excess moisture in the centre. The glass sampling tube (Figure 6.1a)
contained a seal frit (Figure 6.1¢) and a glass rod (Figure 6.1b) in order to fill the excess
void spaces when used for analysis. This instrument is capable of analysing surface
area and porosity characteristics of powder or solids. The pore size range of the
instrument is from 3.5 to 5000 A. Having two independent systems avoids the

possibility of cross-contamination between the degassing and analysis manifolds.

Accuracy of instruments was checked with standard reference materials in order to

avoid/minimise instrumental error. For ASAP 2020, after analysing 10 samples,
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carbon black was used as the reference material to check the accuracy of the results by
comparing single point specific surface area values with multi point specific surface

area values.

(@ (b) ()

Figure 6.1 BET specific surface area analysis (a) glass sampling tube (b) glass rod (c)
seal frit (d) ASAP 2020 instrument

6.3 ZETA POTENTIAL

Zeta Potential (ZP) is the electric potential at the shear plane of a particle. It is the
scientific term for electrokinetic potential in colloidal dispersions. Particles within a
colloidal dispersion carry different charges that contribute to the net charge of a
particle. As illustrated in Figure 6.2, each particle is surrounded by oppositely charged
ions in a layer called a fixed or stern layer. Beyond the stern layer, there are both
positive and negative ions gathered in a cloud of charges. This ‘diffuse’ layer together
with the stern layer form the electrical double layer at the particle-liquid interface. The
ions within the ‘diffuse’ layer move about freely becoming less and less further away

from the particle and eventually reduces to zero. The boundary of the stern plane and
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the diffuse region is known as the slipping plane or the shear plane. The electric

potential at the shear plane is called Zeta Potential.
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Figure 6.2 Electrical double layer around a nanoparticle and the concept of Zeta

potential (Marchese et al. 2008).

The ZP of particles is determined by measuring their velocities while they are moving
due to electrophoresis. Particles and molecules that have a zeta potential will migrate
towards an electrode if an adequate field is applied. The speed the particles movement
is proportional to the field strength and its zeta potential. When the field strength is
known, Laser Doppler electrophoresis is used to measure the speed of movement and

established models are utilized to calculate the zeta potential.
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As identified by the past researchers, zeta potential is an important chemical property
of a particle that indicates the surface charge and explains stability of a particle in a
solution. For the current study, Malvern Zetasizer Nano ZS was used for the analysis
of ZP values. The instrument uses a technique called phase analysis light scattering
(PALS) to improve the sensitivity and accuracy of the measurements. Since PALS
only provides a mean zeta potential value, a patented technology called ‘M3-PALS
multi-frequency measurement’ is used to determine the mean and distribution during

the same measurement.

At first, a solution with a pH of 5 was prepared by mixing 0.01 M HNOs3 and 0.01
NaOH in deionised water. Samples were then dissolved in this solution and were kept
for 30 minutes to settle. About 0.75 mL of the sample was then injected into a capillary
cell (Figure 6.3 a) without trapping air bubbles inside. After injecting the sample, the
capillary cell was kept inside the cell chamber of the instrument where a voltage was
applied to the gold plated electrodes beside it. After three complete runs, the average

zeta potential of the sample was displayed by the zetasizer software.

@ (b)
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Figure 6.3 Zeta potential analysis (a) capillary cell (b) Malvern Zetasizer Nano ZS

For quality control, each reusable capillary cell was renewed after being used for 10-
15 times. Accuracy of the instrument was checked using standard reference materials

in order to avoid/minimise instrumental error. Zeta potential transfer standard was run
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whenever a new cell was used and always after 10 sample runs. Result of the

instrument was checked with zeta potential value of the standard (42 mV+4.2 mV).

6.4 SURFACE FUNCTIONAL GROUPS

Several types of functional groups are available in a sorbent material and they are
commonly found in acidic form due to the complexation with H ion. For example,
carboxylic functional groups are found as carboxylic acid. The negativity of the
functional groups present in sorbents can attract metal cations and adsorb them via
physisorption or chemisorption mechanisms. For example, a carboxylic functional
group (COOH") can attract a metal ion (M™) via physisorption (COO-H*-M"") or
chemisorption (COO-M™), depending on the characteristics of the bonding.
Spectroscopic techniques can be used to identify available functional groups.
However, these techniques quantify all the functional groups available in the sorbent
instead of considering only the ones that can participate in the sorption process. Hence,
in this study, acid-base titration method was used to determine the types of negative

sites in the structure of the sorbents and to quantify them.

The functional groups present in biosorbents can be broadly classified into carboxylic
(-COOH), hydroxyl (-OH) and lactonic (-COO) groups (Basso et al. 2002). These
groups can be quantified using Boehm titration technique (Boehm 1994). The
technique uses three bases, namely, sodium hydroxide (NaOH), sodium carbonate
(Na2CO3) and sodium bicarbonate (NaHCO3) to quantify the acidic groups by means
of back-titration. NaHCOj can neutralise the acids having acid dissociation constant
(pKa) values less than 6.37. Hence, it can only neutralise the carboxylic acidic group.
In contrast, both carboxylic and lactonic groups can be neutralised by Na>COs due to
its ability to neutralise acids with pKa values less than 10.25. NaOH can neutralise
acids with pKa values less than 15.74. Thus, it can neutralise the carboxylic, hydroxyl
and lactonic groups (Laszl6 et al. 2002). Accordingly, 0.5 g of sample was equilibrated
with 50 mL of 0.1 M NaOH, 0.2 M Na,CO; and 0.1 M NaHCOj separately at a constant
temperature water bath for five days. Thereafter, 10 mL from the final solution was

withdrawn and was titrated with 0.1 M of hydrochloric acid (HCI) to quantify the
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excess basic compounds in the solution. The quantities of carboxylic, hydroxyl and

lactonic sites were estimated based on the titration (Figure 6.4) data.

Figure 6.4 Quantification of active sites: titration setup

6.5 SCANNING ELECTRON MICROSCOPIC ANALYSIS

The Tescan mira3 FEG-SEM field emission scanning Electron Microscope (Figure
6.5) was used to study the surface morphology of TFW and CSB samples. This version
of scanning electron microscope is suitable to study the surface characteristics of
biomaterials at a micrometre or a nanometre scale. The SEM features a high-brightness
Schottky emitter allowing the generation of high-resolution images with low noise and
resolutions down to 1 nm. The utilization of Beam Deceleration Technology (BDT)

allows enhanced resolutions at low beam voltages.

The samples were rigidly mounted on to carbon tapes pasted on stainless steel
specimen stubs. In order to obtain good quality images, they were coated with thin
layers of gold under vacuum conditions in an environment set with an argon ionization
chamber (Figure 6.5 c¢). The SE detector operating under 2.5 kV together with a
working distance of 8 mm was used for surface property investigations according to
the methods given in literature (Nautiyal et al. 2016). The scan speed used was 8

together with line averaging 11, in order to obtain scanned images of good quality.
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Sampling
chamber

Figure 6.5 Scanning electron microscopic analysis (a) SEM specimen mounts and
carbon tabs (b) Tescan mira3 FEG-SEM (c¢) Inside of the sampling chamber

6.6 FOURIER TRANSFORM INFRARED SPECTROSCOPY (FTIR)
ANALYSIS

Infrared spectroscopy is based on molecular vibrations caused by the oscillation of
molecular dipoles. Bonds have characteristic vibrations depending on the atoms in the
bond, the number of bonds and the orientation of those bonds with respect to the rest

of the molecule. Thus, different molecules have specific spectra that can be captured
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for distinguishing products or for identifying unknown substances. Analysis was
carried out using Thermo Scientific Nicolet S10 FTIR spectrometer (Figure 6.6). This
instrument is designed for spectroscopy elemental isotope analysis utilized for
materials identification and verification. It uses a Potassium bromide (KBr) mid-
infrared optimized beam splitter with Germanium (Ge) coating. Helium-Neon laser in

which, a mixture of helium and neon gas is used as a gain medium is also employed.

In order to obtain homogenous samples, KBr pellets were prepared. Before the
preparation of pellets, KBr was dried at 100 °C in an oven for 1 hour and was
transferred into a mortar. Samples were added with a weight percentage of about 0.2
to 1 followed by mixing and grinding. These mixtures were then filled into stainless
steel sample holders. Spectra were captured in the spectral range of 4000 - 525 cm’!
using 64 scans at a resolution of 4 cm-! according to the method discussed in literature
(Liu et al. 2010; Ruiz-Fuertes et al. 2010). This combination of operational conditions
is suitable for biomaterials. The background spectra was set to correct the adsorption
spectra of samples and was subtracted from the FTIR spectrum. Captured FTIR spectra
were interpreted using Galactic 187 Industries Corporation GRAMs32 software
package (Salem, NH, USA). The final FTIR spectra was normalised according to its
distinct peaks. Surface functional groups present such as hydroxyl (-OH), carbonyl (-
CO) and carboxylic (-COOH) on material surface were studied based on the
normalized distinct peaks of the FTIR spectra.

The instrument comes with a powerful analytical program called OMNIC Specta™
which gives unparalleled access to spectral interpretation tools. The OMNIC interface
allows assigning functional groups, searching against libraries and to perform deeper

analysis such as analysis of mixtures against a library of over 9000 compounds.
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Figure 6.6 Thermo Scientific Nicolet S10 FTIR spectrometer

6.7 pH

pH is a measure of acidic or alkaline nature of a solution and it is calculated based on

the concentration of H* ions according to the following equation:
pH = —log;,[H*] Equation 6.1

where [H*] denotes the concentration of H" ions.

Metal removal mechanism is dependent on the pH of the solution (Section 3.5.1).
Additionally, pH controls metal speciation, which has an influence on the interaction
of metal ions with the active sites of a biosorbent as discussed in Section 3.5.1.
Therefore, controlling the pH of the solution is crucial in sorption studies. A pH probe
(Model: TPS 1J44) attached to a combined pH/EC meter (Model: TPS AQUA-pH-mV-
Temperature meter) was used for pH measurements (Figure 6.7). This instrument is an
economical waterproof pH meter with pH, mV and Temperature readouts with an
accuracy of +/-0.01 for pH value. The calibrated pH/EC meter was immersed in the

solution to record its pH.

The operation of the equipment involves two steps; calibration and verification. For
calibration, two-point calibration technique was followed. Standard solutions of pH
6.8 and pH 4 were used for this purpose. The pH probe was thoroughly rinsed with
deionised water and was blot dried before being immersed in the pH 6.8 solution for

calibration. The second calibration of the probe was done with the pH 4 solution using
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the same technique. For verification, the pH meter was checked with the pH 6.8
standard solution to ensure its performance after every ten measurements. The probe

was re-calibrated if a significant variation (£10%) in pH was detected.

— ~—

Figure 6.7 pH probe and pH/EC meter

6.8 ATOMIC ABSORPTION SPECTROMETRY

Atomic absorption spectrometry (AAS) is an analytical technique that measures the
concentrations of elements. Atomic absorption is so sensitive that it can measure down
to parts per billion of a gram in a sample. The technique makes use of the wavelengths
of light specifically absorbed by an element. These wavelengths correspond to the
energy needed to promote electrons from one energy level to a higher energy level.
Background metal concentrations (Pb%*, Cu?* and Cd?*) of biosorbents, Pb%*, Cu?* and
Cd?* concentrations of samples obtained from batch and column experiments were
determined using an Atomic absorption spectrometer (Thermo Scientific, iCE 3500)
(Figure 6.8). This section describes the principles of the equipment, calibration of the

instrument and analysis of the concentrations.
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Figure 6.8 Atomic absorption spectrometer

6.8.1 Principles of the instrument

Atoms of different elements absorb characteristic wavelengths of light. Analysing a
sample to see if it contains a particular element involves using light from the same
element. For example with lead, a lamp containing lead emits light from excited lead
atoms that produce the right mix of wavelengths to be absorbed by any lead atoms
from the sample. In AAS, the sample is atomized (converted to free atoms in the
vapour state) and a beam of electromagnetic radiation emitted from excited lead atoms
is passed through this vaporised sample. Some of the radiation is absorbed by the lead
atoms in the sample. The greater the number of atoms there is in the vapour, the more
radiation is absorbed. The amount of light absorbed is proportional to the number of
lead atoms. A calibration curve is constructed by running several samples of known
lead concentrations under the same conditions as the unknown sample. The amount
the standard absorbs is compared with the calibration curve and this enables the

calculation of the lead concentration in the unknown sample.

6.8.2 Calibration
Fitness of the standard curve was verified using standard solutions having known
concentrations of Pb?*, Cu?* and Cd?*. These calibration curves (Figure 6.9a and 6.9b)

were used to determine the unknown concentration of the metal in the samples.
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Absorbance
Absorbance

Concentration mg/L Concentration mg/L

Figure 6.9 (a) Calibration curve with known concentration (b) determine

concentration of the sample using calibration curve

6.8.3 Analysis

The instrument was loaded with the element specific program and a suitable lamp was
selected. Fitness of the standard curve was verified using a series of reference
standards of the element. Samples were filtered and fed into the instrument.
Absorbance of the samples were measured and recorded in the instrument.
Concentrations of the samples were displayed on the computer attached to the
instrument. This was done in triplicate and the average value was considered for the

data analysis.

6.9 BATCH SORPTION EXPERIMENTS

Batch sorption experiments were conducted for the twenty one samples in order to

obtain sorption capacities and equilibrium sorption times of the samples.

6.9.1 Determination of sorption capacity

Batch experiments were conducted to determine sorption capacities of the samples
(biosorbent samples) for each metal ion by adding 3.0 g of biosorbent to 1000 mL of
solution containing heavy metal ions at a pH range of 5.5+0.5 (adjusted by using 0.1M
NaOH or HNO3). The concentrations of Pb>*, Cd** and Cu?* were set at a range of
2—-300 mg/L. The equilibrium time was 24 h and the experiments were conducted using
a magnetic stirrer at 150 rpm (Figure 6.10). Samples of the solutions were taken out

and analysed for the concentration of the heavy metal using Atomic absorption
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spectrometer. Each experiment was performed in duplicate and the mean value was

determined.

Solution containing six
different initial metal ion
concentrations

‘ Biosorbent

Multi point magnetic
stirrer

Figure 6.10 Batch experimental set up (shaking samples at 150 rpm)

6.9.2 Kinetic studies

Volumetric flasks containing 1000 mL of metal solution and the biosorbent sample (3
g/L of dose) were agitated using a magnetic stirrer at 150 rpm at a constant room
temperature (22+1 °C). The experiment was conducted for 24 hours. 5 mL of the
sample was withdrawn after 5, 10, 20, 40, 60, 120, 180, 270, 360 and 1500 minutes
and was diluted to 25 mL. The samples were then filtered through 0.45 pm glass fibre
membrane filters and acidified with HNOs. They were stored in plastic vials until AAS

analysis. Additionally, pH of the solution was measured at the end of each experiment.

6.10 CONTINUOUS FIXED BED COLUMN EXPERIMENTS

Continuous fixed bed column experiments were conducted to determine the fixed bed
breakthrough curves (BTCs) experimentally. Continuous fixed bed columns were used
as they offer better simulation of real world application. These experiments were
conducted for 21 samples for the three heavy metals (Cu?*, Cd**, and Pb?) at 200 mg/L

initial heavy metal ion concentration.
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6.10.1 Preparation of the experimental set up

Fixed bed columns were fabricated using perspex to minimise wall effects which could
interfere with the shape of the BTC (Worch 2012). The design of the single fixed
column is given in Figure 6.11. Total length of the column was 35 ¢cm and the internal
diameters of the column was 5.6 cm. The column was filed up to 30 cm using the
sample, maintaining porosity at 50%. A tightly packed column can cease the flow of
the solution and a loosely packed columns can result in channelling within the column
resulting in creating more accelerated pathways within the column (Worch 2012). At
both ends of the column, two gravel layers of about 2.5 cm were provided. This helps
to disperse the input solution across the column evenly and allows better migration
through the column (Rodrigues et al. 2012). Between the sorbent layer and the gravel
layer, a wire mesh was inserted. Wet packing was conducted in order to avoid air

trapping and channelling within the column.

Outlet

T

e Top cap

Gravel layer
Sorbent
30 cm 35 ¢cm
‘Wire mesh
-
Bottom cap

Inlet

Figure 6.11 Schematic of a column design

Columns were filled with deionised water (Patel and Vashi 2015; Chatterjee et al.
2018). Bulk density of the sample was determined using Equation 6.1. Particle density
of the sample was measured using a pycnometer. Values obtained for particle density
for the twenty one samples are given in Appendix Al.

g=1-2 Equation 6.2
Pp
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Where @ is porosity, py is bulk density and pj is particle density.

pPp = Equation 6.3

SI=

Where W is the weight of the sample and V is the volume.

Using Equation 6.2, weight of the sample for a unit length (w) was calculated. The
column was graduated for 2 cm. After fitting the bottom cap, the gravel layer and the
wire mesh, the column was filled with deionised water. Then, the first 2 cm length of
the column was filled with ‘W’ amount of the sample as shown in Figure 6.12. This
was continued up to the 32.5 cm of the column (total height of the column was 35 cm
and the packing length of the sample was 30 cm). Excess deionised water on top of the
packed (sample) column was removed. A wire mesh, layer of gravel and end cap was

mserted.

Column filled with
deionised water

Packing material
(sorbent sample)

Figure 6.12 Wet packing of a column

The experiential setup contained a Perspex sorption column, a solution reservoir for
the continuous supply of the sample, a peristaltic pump to regulate the inflow and a
sampling point as shown in Figure 6.13. The flow was directed from the bottom to the
top of the column (up flow). This was done to avoid channelling and to ensure a

uniform streaming (Rodrigues et al. 2012). Deionised water was first sent through the
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column for about 1 hour for the column to settle as mentioned in past research studies

(Mohan and Sreelakshmi 2008; Abdolali et al. 2017).

Ta— Outlet

—Sorption column

Peristaltic pump

‘ Solution reservoir
L J

Figure 6.13 Schematic of the column setup for breakthrough curve determination

?.q-__ Inlet

6.10.2 Determining the breakthrough time

Metal solutions containing 200 mg/L of Cu?*, Cd?*, and Pb?*" were fed to the columns
(Figure 6.14) at a constant flow rate of 20 mL/min from the bottom. Solution leaving
the system from the top was collected at frequent time intervals up to the column
exhaust point (mentioned in Section 3.9) and these samples were analysed using AAS.
According to theory (Worch 2012), the ideal column exhaustion occurs at the point
where C/Cyis equal to 1.0. However, according to the observations from past studies,
this point cannot be obtained practically (Miralles et al. 2010; Abdolali et al. 2017).
Hence, the point where C/Copis equal to 0.8 was considered as the exhaustion point for
this study. Porosity of the column was measured once again after the experiment before

unpacking the column.
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Figure 6.14 Experimental setup for determination of breakthrough curve

6.11 QUALITY CONTROL AND QUALITY ASSURANCE

Standard quality control (QC) and quality assurance (QA) procedures were followed
throughout the laboratory experiments to ensure the reliability and accuracy of the
laboratory tests and the results obtained. Accordingly, certified reference materials,
field blanks, laboratory reagent blanks, calibration standards, internal standards and
analysis replications were used where appropriate. A comprehensive description of the

QC/QA procedures adopted is given below.

As the first step, all laboratory glassware and plasticware, including polypropylene
digestion tubes and centrifuge tubes were soaked in a HNO3 bath (10% v/v) overnight,
followed by rinsing three times with deionised water. Furthermore, analytical grade
quality chemicals and double-distilled deionised water were used to prepare all
chemical solutions and for the dilutions. Each measurement in titrations and heavy
metal analysis was undertaken in triplicate and the mean values were accepted if the
error was within £10%. As explained in Sections 6.2 and 6.3, accuracy of instruments
was checked with standard reference materials in order to avoid/minimise instrumental

CITor.
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6.12 SUMMARY

Laboratory analysis was conducted to identify the physico-chemical properties of
samples both, qualitatively and quantitatively. Batch sorption and column experiments
were conducted to obtain sorption capacities of samples and to generate kinetic data.
Standard QC/QA procedures were followed to ensure the reliability and accuracy of

the laboratory tests and the results.
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CHAPTER 7: INFLUENCE OF PHYSICO-
CHEMICAL PROPERTIES ON
SORPTION CAPACITY

7.1 INTRODUCTION

This chapter focuses on assessing the influence of physico-chemical properties of
biosorbents on their capacity for the sorption of Cu?’, Pb?" and Cd**. A number of
studies have investigated heavy metal removal capacities of different biosorbents (Fu
and Wang 2011; Cherdchoo et al. 2019) and suggested that material surface physico-
chemical properties such as specific surface area (SSA), pore size (PS), pore volume
(PV), zeta potential (ZP) and surface functional groups play a critical role in metal
sorption capacity (Anastopoulos et al. 2013a; Han et al. 2013; Gupta and Sen 2017).
However, the mathematical relationship between these parameters and the sorption
capacity of a sorbent has not been investigated. Investigation of such relationships will
provide guidance as to which of the parameters should be modified for improving
sorption capacity, thereby optimising the sorption process. This knowledge will also
serve to improve strategies for the design and development of heavy metal treatment
systems based on sorption. Furthermore, such mathematical relationships will help in
understanding the relative importance of each physico-chemical property in dictating
the sorption capacity, thereby aiding the implementation of treatment methods
targeting specific metal species. There are two terms frequently used to explain the
sorption capacity for a given sorbent. The first one is the maximum sorption capacity
(qm) when the sorbent has become saturated. This value is usually expressed as the
sorption capacity of the sorbent. The second term, equilibrium sorption capacity (qe)
corresponds to a specific experimental condition. Moreover, it tends to change with

experimental conditions.

Firstly, variations of physico-chemical properties among the samples were assessed
using the data obtained from the laboratory experiments (Section 3.1). Maximum
sorption capacities for the three metal cations were obtained using relevant equilibrium
curves. The raw data matrix was generated using the data as explained in Section 4.3
and a number of multivariate data analysis techniques were employed to analyse the
data. Figure 7.1 outlines the statistical approach adopted for the analysis with the

objectives of each step. The final step of the data analysis was aimed at generating
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predictive models to calculate sorption capacities for the three divalent heavy metals

using the physico-chemical properties of the selected biosorbents.

7P

Physico-chemical
properties
TAG, TBG, SSA, PV, PS§,

Maximum sorption capacity (qm)
of heavy metals
Cu?t, Cd?*, Pb?*

\4

Principal Component analysis

Understand the relationships

l

between variables

Pearson correlation analysis

Confirm the observations of

l

Multicollinearity analysis

l

PCA

Elimination of interrelated
variables

Generalized Linear Regression (Elastic Net)

Analysing the relative

importance of each
variable

Equilibrium sorption capacity
(qe) of heavy metals
Cu?t, Cd*", Pb2*

Partial least square regression

Predict qc using physico-
chemcial proeprties of the

sorbent

Figure 7.1 Statistical approach adopted in the analysis

7.2 INVESTIGATION OF PHYSICO-CHEMICAL PROPERTIES

The physico-chemical properties quantified for the analysis were specific surface area

(SSA), pore size (PS), pore volume (PV), zeta potential (ZP) and surface functional

groups. Surface functional groups were measured as total acidic groups (TAG) and

total basic groups (TBG). Further, TAG was divided into carboxylic, phenolic and

lactonic group (Basso et al. 2002). SEM and FT-IR analysis were used for further

investigation of the surface characteristics of the samples.
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7.2.1 Specific surface area

Specific surface area (SSA) of solids is considered as a measurement of a particle’s
ability to retain pollutants on its surface (Jain and Ram 1997) and plays an important
role in defining the sorption of pollutants and in describing surface dependent sorption
behaviour. Brunauer—Emmett—Teller (BET) theory explains the physical sorption of
gas molecules on a solid surface (Brunauer et al. 1938) and is widely employed as the
basis for the measurement of specific surface area of biosorbents. This method, known

as the BET N gas sorption method, was employed for the present study.

Figure 7.2 illustrates the results of the analysis. BET specific surface area (hereafter
referred to as SSA) of the twenty one samples (as mentioned in the Section 5.2) ranges
between 0.2 and 200 m?/g. Sample 1 (100% CSB) shows the highest SSA and the
readings gradually decrease to that of sample 21 (100% TFW) which is the lowest
value for SSA. This is mainly due to the mix proportions. SSA is high when the
proportion of CSB is high within the mixture.
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Figure 7.2 Specific surface area variation of samples
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7.2.2 Pore volume

For the present study, pore volume was calculated using the BJH method via
desorption isotherm as described above. The results of the analysis (Figure 7.3) show
that BJH pore volume (henceforth referred to as PV) of the twenty one samples (as
mentioned in the Section 5.2) ranges between 0.0009 cm?3/g and 0.0107 cm?/g. Sample
9 (60% CSB: 40% TFW) shows the highest PV while sample 21 (100% TFW) shows
the lowest value. No clear pattern is visible as in the case of SSA.

Pore volume
0.012

0.010 -

0.008 -

PV - cm?/g

0.004

0.002

0.000 -

12 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21
Weight % of CSB 100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 5 0
Weight % of TW 0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100

Sample

Figure 7.3 Variation of pore volume

7.2.3 Pore size

For the present study, pore size calculation was done using the Barrett-Joyner-Halenda
(BJH) method via desorption isotherm (Barrett et al. 1951). This technique was
originally developed to deal with relatively coarse, porous adsorbents having a wide
range of pore sizes capable of engaging molecules of many different sizes. However,
the BJH method is considered to be applicable to porous solids of any nature. The
method was developed based on the analysis of the relationship between nitrogen
desorption isotherms at liquid nitrogen temperatures and the distribution of pore
volume and area with respect to pore radius. Past researchers have made the

assumption that equilibrium between the gas phase and the adsorbed phase during
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desorption is determined by two mechanisms, namely, physical sorption on the pore

walls and capillary condensation (Thommes et al. 2015).

Figure 7.4 depicts the results of the analysis. BJH pore size (henceforth referred to as
PS) of the twenty one samples (as mentioned in the Section 5.2) ranges between 26.4
A and 54.87 A. Sample 14 (35% CSB:65% TFW) shows the highest PS while sample
9 (60% CSB:40% TFW) shows the lowest value. No clear pattern is visible as in the
case of SSA. However, for most of the time the samples that have high PV have shown
lower values for PS. PS was calculated using Equation 7.1 based on the assumption

that all the pores presented are cylindrical.
PS=4V/A Equation 7.1

Where V is the volume of pores and A is cumulative surface area of pores.
Accordingly, if the number of smaller pores are high within a unit mass of a sorbent,

it gives a higher volume and area, but a lower value for PS.
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Figure 7.4 Pore size variation of the samples.

7.2.4 Surface functional groups
Sorption behaviour of carbon materials is strongly influenced by surface oxides bound

in the form of various functional groups. As discussed in Section 3.4.2, surface oxides
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on a carbon surface can be acidic or basic. These functional groups can be quantified
as total acidic and total basic groups using titration methods (Boehm et al. 1964).
Carboxylic, phenolic and lactonic groups can be considered as the major acidic
functional groups that affect the sorption of cations to the surface of materials (Basso
et al. 2002). Concentration of these three can be quantified using titrations (Boehm et
al. 1964). However, the acidity between each functional group should be sufficiently
large to differentiate them by titration. FT-IR spectroscopy is another method used to
identify the functional groups which assigns sorption bands based on molecular
organic compounds (Sellitti et al. 1990; Fanning and Vannice 1993). This method can
only be used for identification and not for quantification. Figure 7.5 depicts the
variation of acidic surface functional groups observed among the 21 samples.
Carboxylic group is the main contributor to TAG readings. The highest TAG reading
was seen in sample 21 (100% TFW), whereas the lowest value belonged to sample 3
(90% CSB:10% TFW). Surface of TFW contains lignin, cellulose and hemicellulose
which have carboxylic and lactonic groups (Wan 2014). According to Fahmi et al.
(2018), biochar can also contain functional groups within their inner pores. However,
functional groups on biochar surface is low according to published literature

(Paranavithana et al. 2016).
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Figure 7.5 Variation of acidic surface functional groups

Figure 7.6 shows the variation of basic surface functional groups seen among the
twenty one samples. The highest TBG reading was seen in sample 7 (70% CSB:30%
TFW), whereas the lowest value belonged to sample 11 (50% CSB: 50% TFW).
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Figure 7.6 Variation of basic surface functional groups

7.2.5 Zeta potential

Zeta Potential is the electric potential at the shear plane of a particle. In a colloidal
dispersion where particles have different charges that contribute to the net charge of
the sorbents. Each particle is surrounded by the stern layer having oppositely charged
ions (Figure 6.7 in Section 6.5). Beyond this stern layer lies a diffuse (shear) layer with
both positive and negative ions. These two layers form the electrical double layer at
the particle-liquid interface and the potential at the boundary of the stern plane and the
shear plane is known as the zeta potential. This value of surface charge is important
for understanding and predicting interactions between particles in suspension. For this
study, zeta potential was measured according to the principle of laser doppler
electrophoresis, maintaining the solution pH at 5, using the Malvern zetasizer nano as

described in Section 6.3.

Figure 7.7 depicts the values obtained from the analysis. The values range between
37.98 mV and 52.67 mV. Sample 9 (60% CSB:40% TFW) recorded the highest value,
whilst sample 14 (35% CSB: 65% TFW) had the lowest. ZP of the two Sorbents used

for the preparation of samples were 40 mV and 49.5 mV and the difference is very
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narrow. Hence, the mixtures possibly cannot possess a wider range of ZP as in the case

of SSA.
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Figure 7.7 Variation of zeta potential

7.2.6 SEM Analysis

SEM images are used for visualising the surface structure of materials. SEM image of
sample 1 which contains 100% coconut shell biochar illustrated a porous structure.
This explains the highest SSA obtained for sample 1 in BET analysis. SEM image of
sample 21 which is 100% tea factory waste, did not show any porous structure and
channels within the surface. According to the images, the surface is rough with indents
and protrusions. Figure 7.8 gives selected SEM images of coconut shell biochar and
tea waste. Pores of coconut shell biochar are displayed. According to Figure 7.8 (d), it
is observed that TFW does not have a porous structure. This explains the lower SSA

value observed for TFW in Figure 2.2.
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Figure 7.8 SEM images of (a) CSB (b) Pores of CSB (¢) TFW (d) Surface of TFW

7.2.7 FT-IR analysis

Sorption of a material is generally described by the morphology of the material and
the chemical nature of its surface (Xu et al. 2017). Many heteroatoms exist as single
atoms or as functional groups and among them and oxygen, is the dominant
heteroatom. Carbon —oxygen (C-O) surface compounds are important in the surface
reactions of materials (Gundogdu et al. 2013). FT-IR spectra were used to determine
the functional groups present on the material surface and how material mixing affects
the chemical nature of the mixtures. Figure 7.9 shows the FT-IR spectra for sample 1
(100% CSB), sample 21 (100% TFW), sample 6 (75% CSB:25% TFW), sample 11
(50% CSB:50% TFW) and sample 16 (25% CSB:75% TFW). FT-IR analysis of the
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remainder are not presented as the discrimination among the spectra was not

significant.

CSB (Figure 7.9(a)) has one broad peak at 1450-1500 cm! due to C=C stretching. The
broad adsorption peak around 3291 cm! in Figure 7.9 (d) and (e) corresponds to the
O-H stretching, due to inter molecular hydrogen bonding of polymeric compounds
such as alcohols, phenols and carboxylic acid, and thus, shows the presence of free
hydroxyl groups on the adsorbent surface (Gnanasambandam and Proctor 2000). The
peak at 1700 cm! in Figure (c¢), (d) and (e) corresponds to C=0 stretching due to
carboxylic acid. It is evident that the availability of the functional groups increases
when the contribution of TFW is increased. According to Figure 7.5, samples having
higher TFW percentages have higher amounts of acidic surface functional groups.
However, samples 8, 9 and10 which did not contain high amounts of TFW, also

demonstrated higher amounts of acidic surface functional groups.
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Figure 7.9 FT-IR spectra for: (a) sample 1 (100% CSB); (b) sample 6
(25%TFW:75%CSB); (¢) sample 11 (50%:TFW:50%:CSB); (d) sample 16
(75%:TFW :25%:CSB) and (e) sample 21 (100% TFW)
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7.3 DETERMINATION OF MAXIMUM SORPTION CAPACITY

Maximum sorption capacity can be obtained through calculations/mathematical
modelling using isotherms or by using equilibrium sorption capacities at different
conditions. In most of the past studies, Langmuir isotherm (as given in Section 3.5.1)
was employed to determine the qm value (Xu et al. 2017; Cherdchoo et al. 2019; Gupta
and Sen 2017). This method is suitable when the initial metal ion concentrations of the
solutions used for the study remain low and cannot achieve saturation of the sorbent.
Furthermore, Langmuir isotherm was developed for an ideal homogeneous sorption
where all the sorption sites in the sorbents are considered identical and are equivalent.
In the case of this study where sorbent samples were mixtures of two different
biosorbents, it was not appropriate to consider all the sorbent sites as equal.
Furthermore, in this study, solutions of both low and high concentration were used to
determine sorption capacities. At high initial ion concentrations, sorbents become
saturated and it was possible to determine qm using equilibrium curves. Hence,
Langmuir isotherm was not used in this study to determine qm. For each of the twenty
one biosorbent samples, qm values for the three metal cations were determined using
equilibrium curves. All the experimental conditions except the initial metal ion
concentration of the solution, were kept unchanged as mentioned in Section 6.9.1.
Sorption capacities for each metal ion at six different initial metal ion concentrations

were calculated using Equation 3.1 given in Section 3.5.

Sorption capacity of biosorbents increases with increasing initial concentration of the
metal solutions when other parameters of the system are kept constant. However, due
to the limitation of available active sites of biosorbents, sorption capacity will plateau,
where an increase in the initial concentration will not result in an increase in sorption
capacity. The sorption capacity at plateau is considered as the maximum sorption
capacity of a particular biosorbent and could be determined using the relevant
equilibrium curve. A similar approach was used by Bo et al. (2016) for the

determination of maximum sorption capacity.
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Determination of maximum Pb?* sorption capacity of biosorbent sample 1 using the
equilibrium curve is described below. Figure 7.10 shows the variation of sorption
capacity determined for Pb?* at initial concentrations of 2 mg/L, 10 mg/L, 50 mg/L,
100 mg/L, 200 mg/L and 300 mg/L. The value gradually increased to 30.12 mg and
levelled off. This value of 30.12 mg/g was taken as the maximum Pb2?* sorption
capacity of biosorbent sample 1. The process was repeated for the rest of the 20
biosorbent samples (given in Section 4.3.2), for all three metal ions (Cu?*, Pb*" and
Cd?"). Sorption capacities for the 21 samples, at 6 different initial metal ion

concentrations, for the three metal ions are given in Appendix A2.

35

Adsorption Capacity mg
= N N [¥%)
(5] o (5] o
L
®
¢

-
o

v

0 50 100 150 200 250 300
Initial Concentration mg/L.

Figure 7.10 Variation of sorption capacity determined for Pb?" at six different initial
concentrations: 2 mg/L, 10 mg/L, 50 mg/L, 100 mg/L, 200 mg/L and 300 mg/L

Figure 7.11 depicts the maximum sorption capacity values calculated for all the
samples. For Pb%*' and Cd?*', the highest values were recorded for sample 9
(60%TFW:40%CSB) whereas sample 8 (65%TFW:35%CSB) recorded the highest for
Cu?*. The lowest value for Cd?" was for sample 14 (35%TFW:65%CSB). For Pb>" and
Cu?', the lowest values were recorded for samples 17 (20%TFW:80%CSB) and 1
(100%TFW), respectively. Table 7.1 gives the highest and lowest sorption capacities

derived for Cu?*, Pb?" and Cd?*" from the analysis.
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Table 7.1 Highest and lowest adoption capacities derived from the analysis

Metal Ion Lowest Sorption capacity mg/g Highest sorption capacity mg/g

Pb>* 30.12 47.73
Cd2 9.26 19.32
Cu?* 19.12 33.8
50
a5
2040
_EUZS
.é:- 30
525
E 20
5-15
_"3: 10
5
o

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21

Weight % of CSB 100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 W0 5§ ]
Weight % of TW 0 5 10 15 20 25 30 35 40 45 S50 55 60 65 70 75 80 85 90 95 100

Sample mCu =Cd mPh

Figure 7.11 Variation of maximum metal sorption capacities for the samples

7.4 QUALITATIVE RELATIONSHIPS BETWEEN PHYSICO-CHEMICAL
PROPERTIES OF BIOSORBENTS AND MAXIMUM SORPTION
CAPACITY

The raw data matrix consisted of twelve variables and twenty-one objects (twenty-one
biosorbent mixtures) (Section 5.2). The variables were the maximum sorption
capacities for Pb?" (qm(pb)), Cd?** (qm(Cd)), and Cu** (qm(Cu)), SSA, PS, PV, ZP, TAG
and TBG. Since TAG can be quantified as carboxylic, phenolic and lactonic groups
(Basso et al. 2002), individual concentrations of the three acidic surface functional

groups were also considered separately along with TAG, as variables.

Principal Component analysis (PCA) was undertaken as the first step for assessing and

visualising the projection of variables. Data used for PCA was subjected to pre-
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treatment (Einax et al. 1998). The variables in the data matrix were mean centred and
standardised (auto scaled) in order to ensure these had equal weights in the analysis
(Ku et al. 1995). The resulting biplots helped to visualize the interdependencies among
the variables in the data matrix as described in Section 4.1. The first two PCs accounted
for 83.7% of the total variability while PC3 represented only 5.7%. It was also noted
that only the first two PCs had eigenvalues greater than one (6.976 and 3.068,
respectively), whereas PC3 had a low eigenvalue (0.687). When the eigenvalue is less
than one, the factor in question is considered to account for low variability than does
a single variable (Abdi and Williams 2010a). For these reasons, only the first two PCs,
in the biplot (Figure 7.12) were considered in the analysis.

Research literature recommends using a correlation matrix to confirm the correlations
visually evident in a PCA biplot (Miguntanna, Egodawatta, et al. 2010). Pearson
correlation analysis in the form of the correlation matrix (compiled using the raw data
matrix) depicting Pearson product-moment correlation coefficient (PPMCC) values
calculated for each pair of variables is given in Table 7.2. Each variable is correlated
with the rest of the variables in the table providing an understanding of the highest
correlation. PPMCC is a measure of the strength and direction of association that exists
between two variables measured at an interval scale. PPMCC is defined as the
covariance of the two variables divided by the product of their standard deviations. It
has a value between +1 and —1. +1 implies total positive linear correlation while 0
implies nonlinear correlation and —1 refers to total negative linear correlation (Bruce
and Bruce 2017). The assumptions involved in the analysis of PPMCC and other
details are provided in Section 4.4. Statistical inference based on Pearson's correlation

coefficient often involves running a permutation test (resampling test).
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Figure 7.12 PCA biplot consisting of physico-chemical properties and sorption
capacities of biosorbent mixtures (a) three acidic functional groups together as TAG

(b) Carboxilic, Lactonic and Phenolic separately

Note: SSA specific surface area, PV pore volume, PS pore size, ZP zeta potential,
TAG total acidic group and TBG total basic group, Cu gm of Cu?*, Cd gm of Cd**, Pb
gm of Pb?")
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The PCA biplot (Figure 7.12) illustrates that the angles between the vectors
corresponding to carboxylic, phenolic, lactonic, TAG, Cd, Cu and Pb are acute
suggesting a strong correlation between acidic surface functional groups and metal
sorption capacity. This is confirmed by the significant positive correlation coefficient
(p<0.05) as evident in Table 7.2. According to Wang et al. (2007a), functional groups
could participate in sorption through electrostatic interaction or exchange of electrons
to form complexes. Hence, a biosorbent with high total acidic surface functional
groups is capable of cation sorption resulting in high sorption capacity (Fan et al.
2018). In contrast, TBG has a negative correlation with metal sorption capacity as
indicated by the PCA biplot. This suggests that electrostatic repulsion caused by these
basic functional groups weakens the sorption forces of positively charged metal ions
(Jacobasch etal. 1998). Therefore, materials with high TBG could have lower sorption

capacity for positively charged metals.

Vectors related to carboxylic, phenolic, lactonic concentrations, separately and
cumulatively as TAG, show acute angles with ZP, indicating strong positive
correlations among these parameters. This implies that these acidic functional groups
can be ionised into negative ions, resulting in negative zeta potential (Wang et al.
2007). ZP shows a strong correlation with metal sorption capacity and this observation
is confirmed by the correlation matrix (PPMCC values above 0.8 with p<0.0005). This
could be attributed to the contribution of ZP to the process of physisorption. During
physisorption, dipole interactions are developed when metal cations approach the
negative sites of sorbents, allowing a relatively weak Van der Waals attractive force
to develop between the outer sphere of metal cations and the sorbent framework
(Inglezakis and Poulopoulos 2006). Zeta potential provides an indication of surface
negativity, which is favourable for cation sorption. High ZP value is favourable for
attraction between the negatively charged biosorbent surface and cations. The strong
attraction draws cations towards the biosorbent surface and increases the dispersion
forces between the surface and cations. Jacobasch et al. (1998) noted that Van der
Waals forces can be assessed by zeta potential measurements. This suggests that
physisorption yields a higher contribution to the sorption process in materials with

high zeta potential.
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Amarasinghe and Williams (2007) found that metal sorption capacity increases with
SSA when the SSA of a material is increased by reducing the particle size. This is
because, the increase in SSA leads to an increase in the contact area between the
biosorbent and metal cations. However, Han et al. (2013) and (Agrafioti et al. 2013)
reported that materials with high surface functional group densities, i.e. the quantity of
the functional groups per unit area, demonstrate high sorption capacity even when their
SSA values are low. Further, Bradl (2004) also noted that the influence of SSA on
sorption capacity should be understood in the context of the density of surface
functional groups. Similarly, according to PCA (Figure 7.12) and the correlation
matrix (Table 7.2), SSA does not have a significant correlation with the metal sorption
capacity, whereas a strong correlation was observed between metal sorption capacity
and the functional groups. This highlights the influence of surface functional group

density on metal sorption capacity.

According to Table 7.2, PS has high negative correlation with PV (PPMCC= -0.788,
p<0.0005) and SSA (PPMCC= 0.717, p<0.0005). For this study, PS assessment was
done via BJH Desorption method (Barrett et al. 1951), which calculates PS as a
function of PV and BJH Desorption cumulative surface area. While the surface area
values obtained from BJH Desorption method is different from SSA values obtained
for this study (using BET method (Brunauer et al. 1938)) for the same material, they
are closely related. This explains the correlations detected in relation to PV, PS and
SSA. However, the direction of the relationship between PS and PV for a particular
surface mainly depends on its pore distribution (Bose et al. 2003). Pore size
distribution provides the information on relative abundance of each pore size in a given
volume. If the volume contains a large number of small pores, it gives a high value for

PV.

Quality of representation of each variable on the two PCs was calculated via the
squared cosine (cos2) value (Krzanowski 1979), which indicates the contribution of a
component to the squared distance of the observation to the origin. Calculation of cos2
is a direct function of many statistical software packages. While it is possible to assess
the quality of representation of each variable in a PCA biplot visually, such an analysis
is highly subjective. Calculation of squared cosine values are useful as such
calculations are objective and indicate numerical values that can be compared with

others. Further details on the calculation of cos2 including the R software code are
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given in Appendix A3. Individual cos2 values are given in Table 7.3. Cos2 for PC1
was the highest in TAG followed by ZP, while cos2 for PC2 was the highest in SSA
followed by PS and PV.

Cos2 values of variables together with factor scores of observations can be used to
describe visual observations of the PCA biplot. Factor scores can be interpreted
geometrically as the projections of the observations on the principal components. It
was noted that PC1 discriminates the samples based on acidic functional groups since
the 11 samples with the highest TAG also had positive factor scores on PC1 (Figure
7.5). On the other hand, PC2 demonstrates a clear discrimination based on SSA as
samples 1 to 11 with the highest SSA values scored the lowest factor scores on PC2
(Figure 7.2).

Table 7.3 cos2 values for PC1 and PC2.

Variable cos2 for PC1 | Variable cos2 for PC2
TAG 0.9068 SSA 0.8150
ZP 0.7091 PS 0.7765
SSA 0.4609 PV 0.7116
PS 0.2076 ZP 0.1140
PV 0.0884 TBG 0.0882
TBG 0.0017 TAG 0.0515

The clustering seen with the first five samples having lower PC1 and PC2 factor scores
can be explained by cos2 values of variables where TAG and SSA have the highest
cos2 for PC1 and PC2, respectively. Figures 7.2 and 7.5 indicate that the first five
samples have the lowest TAG values (resulting in low PC1 factor scores) coupled with
the highest SSA values (resulting in low PC2 factor scores). Samples 8, 9, 10 and 11
with high PC1 factor scores and low PC2 scores are also clustered together. These four
samples have a relatively higher capacity for metal sorption (Figure 7.11), suggesting
that samples with high PC1 factor scores and low PC2 factor scores would have a
relatively higher sorption capacity. According to the physico-chemical analysis in

Section 7.2, samples 8, 9, 10 and 11 show relatively higher pore volume (Figure 7.3)
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and lower pore size (Figure 7.4). Acidic functional groups present in these four
samples are high according to Figure 7.5 and show lower values for total basic groups.
Zeta potential of these four samples are also higher than most of the other samples.
These observations imply that changes in physico-chemical properties have the ability
to change the sorption capacity of the sorbent. An increase of some variables can
increase the sorption capacity, whereas an increase of some parameters results in the
decrease of the sorption capacity. Hence, it is important to understand the relative
importance of each parameter in determining the sorption capacity of a sorbent.
Furthermore, it is also necessary to understand the individual influence exerted
quantitatively by each physico-chemical property on sorption capacity of a particular

sorbent.

7.5 QUANTITATIVE ANALYSIS OF THE INFLUENCE OF PHYSICO-
CHEMICAL PROPERTIES ON MAXIMUM SORPTION CAPACITY

Generalized Linear Regression (GLR) was employed to model the relationship
between the dependent variables and independent variables by fitting a linear equation
to the observed data. As explained in Section 4.1, the choice of predictive variables for
the modelling can be carried out by an automatic procedure depending on the method
(algorithm) employed. The Elastic net (Enet) algorithm aims to shrink the coefficients
of redundant variables exactly to zero (Zou and Hastie 2005a), thereby employing a
selection of variables as an integral feature. Enet is therefore, considered as a
‘shrinkage method’(Wang, Park and Carriere 2010) with the ability to overcome
limitations of other popular methods such as ridge regression and Lasso regression

(Ter Braak 2009).

Analysis of multicollinearity of the independent variables was done as the next step.
Both, the correlation matrix and variance inflation factors (VIFs) calculation were
employed for this purpose. VIF quantifies the severity of multicollinearity in an
ordinary least squares regression analysis by estimating how much the variance of a

regression coefficient is inflated due to multicollinearity in the model.

The correlation matrix illustrated high correlation between PV and SSA as well as
between PV and PS. Since PS was also calculated using PV (Section 3.1), PV was
excluded to reduce the multicollinearity for the subsequent statistical modelling. When

all the independent variables were considered for the calculation of VIFs, R software
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detected an error caused by ‘perfect multicollinearity’. This was caused by the fact that
TAG is equal to the sum of carboxylic, phenolic and lactonic values. Therefore, the
‘perfect multicollinearity’ detected by the statistical software could be removed either
by using TAG to represent carboxylic, phenolic and lactonic (Method 1) or by using
them separately (Method 2). Calculation of VIFs was done using both these

approaches and the results are given in Table 7.4.

VIFs were below 10 for the other variables, suggesting that variable selection could be
done as per Method 1 or Method 2. Since TAG value can be obtained using a single
titration, TAG was retained (Method 1) for the initial modelling, while the three

surface acidic groups were excluded.

Table 7.4 Variance inflation factors (VIFs) of the independent variables.

Method 1: TAG was used to represent Method 2: carboxylic, phenolic and

acidic surface functional groups lactonic groups were considered separately
Variable VIF Variable VIF
SSA 8.683927 SSA 7.074937
PS 7.697411 PS 8.018565
PV 3.525524 PV 3.849023
7P 3.668455 7P 3.990223
TAG 4.079687 carboxylic 8.190078
TBG 2.608812 phenolic 9.011234
lactonic 4.660444
TBG 3.156745

7.5.1 Relative importance of physico-chemical properties on sorption

Mathematical regression models were developed to define the influence of physico-
chemical parameters on sorption capacity using generalised linear regression using the
Enet method for the three metal ions. Repeated k-fold cross validation (k=10, repeated
10 times) was used as the resampling method and Enet algorithm was employed via R

software for the regression. The codes used for the analysis are given in Appendix A3.
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Table 7.5 provides a summary of the three regression models for Cu?*, Cd** and Pb>"
sorption. The Enet algorithm selects the optimal model using Root Mean Squared
Error (RMSE) to determine the optimal values for the two parameters referred to as
‘lambda’ and ‘alpha’. Lambda is a penalization parameter while alpha sets the ratio
between L1 and L2 regularizations. Further details of these parameters and the
regression method is given in Section 4.1. RMSE value represents the square root of
the variance of residuals and indicates how close the observed measurements are to
the predicted values. Relevant RMSE values and regression coefficients for each

model are given in Table 7.5 (p<0.001 for all regression coefficients).

Table 7.5 Regression coefficients and model parameters

Dependent TAG VA 4 TBG PS SSA RMSE R
variable squared
qm(Pb) 98.824  72.609 44789 0 0.1092 2.7591 0.9906
qm(Cu) 103.127 98.858 7.5709 0 0.8308 2.2503 0.9842
qm(Cd) 79.683 34720 1.4538 0.5371 0.2603 1.2081 0.9831

According to the model parameters (Table 7.5), the influence of different physico-
chemical properties of the materials on sorption capacity is comparable for Pb?*, Cu**
and Cd*'. In all three cases, the influence of TAG is the highest followed by that of
ZP, while the influence of TBG, P S and SSA is much smaller. The sorbates considered
in this study are heavy metals and the ionic radius are 113 pm, 95 pm and 73 pm for
Pb?*, Cu?" and Cd?*, respectively. These values are very low compared to the size of
the pores as shown in Figure 7.4. Hence, the size of the pores does not have a clear
impact on sorption. This suggests that ion exchange and chemisorption are the
important mechanisms in metal sorption by biosorbents, where the acidic functional
groups bind with metal cations via coordination and chelation (Lourie and Gjengedal
2011), with physisorption playing a lesser role. A relatively high influence of ZP
despite the limited variation among samples (Section 5.2 and Figure 7.7) highlights
the prominent role of ZP in metal sorption. Similar results were obtained by Li et al.

(2003), for sorption of Cd?** and by Dai (1994), for the sorption of cationic dyes.
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Physisorption of metal ions by sorbent materials depends on the charge densities of
the metal ions (Erdem et al. 2004). Cations with high charge densities have a strong
cationic field. Therefore, their interaction with an anionic field of sorbents is stronger
compared to cations of low charge densities (Eisenman 1962). Consequently, the
physisorption force is stronger for cations with high charge densities. Hence, the
relatively higher influence of ZP on Cu?* sorption compared to Cd*"and Pb>" could be
attributed to the higher charge density of Cu?*. Considering the sorption of Pb*" and
Cu?", the five parameters follow the same order of importance while the coefficient of
PS was set to zero by the Enet algorithm. The same coefficient was low for Cd*" as
well, implying that the influence of PS on metal sorption is low. This study outcomes
implies that increasing acidic functional groups and/or ZP of biosorbents will result in
enhancing the sorption capacity for Pb?*, Cu?>" and Cd?*. This knowledge is essential
for undertaking modifications to existing biosorbents for enhancing their sorption
capacity. Furthermore, available data in literature as well as future studies on key
physico-chemical properties such as TAG and ZP of biosorbents, can be used to predict
their sorption capacities when designing biosorbent based industrial wastewater
treatment systems. Since the influence of different physico-chemical properties of the
materials on sorption capacity is comparable for all three selected metal ions, it is
possible that other metal ions would yield similar results. This could serve as a topic

for future research.

7.5.2 Individual influence of acidic functional groups on sorption

As an extension to the final step of the data analysis, mathematical models given in
Table 7.5 were re-created after substituting individual values of carboxylic, phenolic
and lactonic for TAG (Method 2 of variable selection in Section 7.4). This was done
in order to investigate the influence of individual acidic functional group on metal
sorption. Table 7.6 indicates the regression coefficients of acidic functional groups
obtained from the analysis (p<0.001 for all regression coefficients). Based on the
regression coefficients given in Table 7.6, carboxylic group had a higher influence on
Cu?" and Pb?* sorption followed by phenolic and lactonic groups. This is compatible
with the observation described by Neris et al. (2019) on the sorption of metal cations
to modified water hyacinth fibres. For Cd?*, lactonic group had a higher influence
followed by carboxylic and phenolic groups. These observations can be explained by

Lewis Hard Soft Acid Base (HSAB) theory (Pearson 1968). As Cu®" and Pb** can be
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considered as hard acids, they generally prefer to bind to hard bases such as carboxylic

and phenolic groups.

Table 7.6 Regression coefficients of acidic functional groups

Dependent Carboxylic Phenolic Lactonic
variable

qm(Pb) 28.3657 16.3951 11.2503
qm(Cu) 23.4117 15.4223 10.2314
qm(Cd) 14.2123 10.2378 19.2528

7.6 PREDICTING THE EQUILIBRIUM SORPTION CAPACITY

Maximum sorption capacity of a sorbent can be obtained using equilibrium curves as
explained in Section 7.3. Maximum sorption capacity is the sorption capacity that can
be recorded for a particular sorbent when it becomes saturated and serves as an initial
indicator to understand the effectiveness and the performance of a sorbent under any
experimental condition. Equilibrium sorption capacity (qc) is the amount sorbed at
equilibrium, for a particular initial ion concentration. However, this value changes with
the initial concentration of the solution (when all the other conditions are kept
constant) and reaches a plateau, which is the maximum sorption capacity of the sorbent
under investigation. Equilibrium sorption capacity is an important parameter that can
be used to assess the sorption efficiency of a sorbent at given conditions (especially at
a given initial solution concentration). As qm is obtained at saturation, experimental
conditions do not have an influence on gm. It is dependent on sorbent physico-chemical
properties and can be predicted using these physico-chemical properties (Pathirana et
al. 2019). Even though qe changes with the initial metal ion concentration, it is also
important to assess the sorption efficiency of a sorbent at a given initial ion
concentration. Hence, developing a mathematical model using physico-chemical

properties and initial ion concentration to predict qe is also important.
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Partial least squares regression (PLS) was employed to formulate mathematical
models to understand the relationships between the physico-chemical properties, metal
concentrations and qe of Pb?*, Cd** and Cu?*. PLS is a popular multivariate data
analytical technique with a combination of features from PCA and multiple linear
regression. It aims to predict dependent variables (responses) from independent
variables (predictors) by the extraction of a set of orthogonal factors called latent
variables having the best predictive powers (Abdi and Williams 2010b). The efficiency
and accuracy of the predictions obtained is commonly evaluated with cross-validation
techniques such as bootstrapping and repeated k-fold cross validation. For the present
study, repeated k-fold cross validation was utilized for extracting the optimal number
of components to be retained in PLS models. For model development, the six data
matrices (six initial metal ion concentrations) were combined to form a single data
matrix (Appendix A2). The initial metal ion concentration was considered as a separate
numerical variable and accordingly, seven independent variables were available for

each of the metal cations.

It was decided to develop one model for each metal ion (Pb?", Cd** and Cu?").
Repeated k-fold cross-validation was employed with k=5 (100 repeats) for extracting
the optimal number of components to be retained for each PLS model. Lowest root
mean square error (RMSE) was the criteria used for the determination of the optimal
number of components to be retained. Table 7.7 illustrates the model coefficients
obtained for the three initial models. The R-squared values were above 0.6 for all the
models with the highest being 0.646. This implies an acceptable level of fit for a
mathematical model regarding a complex natural system. Therefore, the outcomes of

PLS was considered reliable.
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Table 7.7 Regression parameters and coefficients for prediction of qe using physico-

chemical properties and initial metal ion concentration

qe(Pb) qe(Cu) qe(Cd)
Intercept -2.299 -1.612 1.738
SSA 0.0025 0.0027 -1.4383e-03
PS -0.110 -0.079 -0.080
PV 156.2 78.9 -103.3
ZP 0.341 0.280 1.712e-01
TBG -0.046 -0.046 -0.363
TAG 1.60 1.12 0.99
Concentration 0.103 0.066 0.032
R-squared 0.6460 0.6047 0.6278

Note: Units used for each of the variables are as follows SSA = m?/g, TAG = mmol/g,
TBG = mmol/g, PS= A, PV = cm®/g, ZP = mV, concentration = mg/L, qe= mg/g

7.7 SUMMARY OF KEY FINDINGS

The aim of this chapter was to mathematically quantify the influence of surface
physico-chemical properties of biosorbents on heavy metal sorption and to identify the
relative importance of each physico-chemical property on sorption capacity for Cu?",
Cd?** and Pb?". Though various physico-chemical properties could influence Cu?*,
Cd?" and Pb?* sorption, they do not equally contribute or are equally important for

sorption. The main conclusions derived from the study were:

e Mixing sorbents can give higher performance compared to individual sorbents
in terms of sorption capacity. Physical and chemical changes occurring with
the sorbents during the mixing process changes the physico-chemical
properties either by increasing or decreasing the values compared to the

original sorbents used.
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The key physico-chemical property governing the sorption capacity of
biosorbents for all the three metal cations are the acidic surface functional
groups. Among these, carboxylic group play a relatively prominent role in the
sorption of Cu?* and Pb?* which are hard acids, while lactonic groups are more
important in providing binding sites to Cd?*, which is a soft acid.

Van der Waals forces can be assessed by zeta potential measurements. During
physisorption, dipole interactions are developed when metal cations approach
the negative sites of sorbents, allowing a relatively weak Van der Waals
attractive force. Hence, zeta potential of biosorbents can be used for assessing
the physisorption of these three metal cations.

Though sorption is a surface phenomenon, specific surface area alone does not
exert a prominent influence on the sorption of Cu?*, Cd?* and Pb?*, if materials
with different functional group densities and same particle size are used.
Importance of each physico-chemical property on sorption was assessed based
on the regression coefficients. Identifying as to which of the physico-chemical
properties should be manipulated to achieve higher sorption of these three
metal ions would aid in planning treatment methods to modify locally
available biosorbents.

Equilibrium sorption capacity of a metal can be predicted using sorbent’s

physico-chemical properties and initial metal ion concentration of the solution.
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CHAPTER 8: INFLUENCE OF PHYSICO-
CHEMICAL PROPERTIES ON SORPTION
KINETICS

8.1 INTRODUCTION

Heavy metal sorption capacities of various biosorbents have been assessed based on
their equilibrium capacity and reaction kinetics in past studies (Ho and McKay 1998).
Equilibrium studies deal with the final state of a system, while kinetics characterises
sorption uptake with respect to time. These two types of studies are imperative as they
provide insights into the mechanisms and reaction pathways. In Chapter 7, the
influence of physico-chemical properties of biosorbents on sorption capacity was
described. This chapter describes the influence of physico-chemical properties of

biosorbents on sorption rate.

According to current knowledge on sorption kinetic modelling, these are generally
classified as sorption reaction models and sorption diffusion models (Qiu et al. 2009).
While both types of models are applied for the purpose of describing the sorption
kinetics process, they are fundamentally different. A detailed description of these
models was given in Section 3.4. The most commonly used models for simulating
sorption kinetics data are the pseudo first order model proposed by Lagergren (1898)
and the pseudo second order model proposed by Ho and McKay (1998), both of which
are sorption reaction models (Simonin 2016). In some of these studies, kinetic models
have been compared with regard to their ability in predicting the behaviour of
experimental data (Dai et al. 2018; Iftekhar et al. 2018). More often, formulae such as
pseudo first order and second order equations are applied to correlate kinetic data
obtained for different biosorbents, followed by using equations of best fit to verify the
mechanism (Cherdchoo et al. 2019). The two kinetic rate constants ki and k> in these
two models are calculated and the rate constant of the best fitted model is generally
used to determine initial sorption rate of biosorbents (Amarasinghe and Williams
2007). Furthermore, variation of the kinetic constants under different experimental
conditions such as pH, temperature, adsorbent dose and concentration of the initial
metal solution have been investigated and mathematical formulae have been developed

to replicate such variations (Plazinski et al. 2009).
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However, mathematical relationships have not been defined to describe how the
variation of physico-chemical properties such as specific surface area, total acidic
groups, total basic groups, zeta potential, pore volume and pore size (Section 7.1)
could influence the kinetic rate constants. Such knowledge would facilitate the
optimization of sorption mechanism pathways while guiding as to which of the
parameters should be manipulated for exerting greater influence on the sorption rate,
thereby improving the sorption process. Therefore, identifying mathematical
relationships between material properties and kinetic rate constants is critical for the
effective design and development of heavy metal removal systems based on sorption

(Thompson et al. 2001).

The aim of this chapter is to present predictive models to determine the kinetic rate
constants for the three selected divalent heavy metals using physico-chemical
properties of the selected biosorbents. This would permit modifying physico-chemical
properties of biosorbents for creating and optimizing biosorbent mixtures with

enhanced sorption characteristics.

8.2 DETERMINING RATE CONSTANTS

According to the equations given in Section 4.3, ki and k> values for the 21 samples
(Section 5.2) at initial metal concentrations of 200 mg/L, 100 mg/L, 50 mg/L and 25
mg/L were calculated. Both, pseudo first and second order models fit the experimental
data well since the R-squared values are above 0.80 in almost all the cases. However,
the pseudo second order model demonstrated better fit for all the four initial metal
concentration as the R? values were above 0.90 in all the cases. Furthermore, according
to past research, metal binding processes of the majority of the biosorbents were well
described by the pseudo second order kinetic model (Dudu et al. 2015; Cherdchoo et
al. 2019). Ho et al. (1998) concluded that the pseudo second order model describes the
metal binding process better than the pseudo first order model after testing both models
using data available in research literature. Hence, pseudo second order kinetic constant
(k2) was used for further analysis. Figures 8.1 illustrates the pseudo second order metal
binding rate constant values (k2) obtained for the twenty one samples generated, for
the four initial metal ion concentrations. ko values for the samples are given in Table

A2.5 in Appendix A2.
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Table 8.1 Comparison of k» for Pb2*, Cu?* and Cd?* for different initial metal ion

concentrations

Initial metal concentration

Sample 200 mg/L 100 mg/L 50 mg/L 25 mg/L

1 Pb>Cd>Cu Pb>Cd>Cu Pb>Cu>Cd Pb>Cu>Cd
2 Pb>Cd>Cu Pb>Cu>Cd Pb>Cu>Cd Pb>Cu>Cd
3 Pb>Cu>Cd Pb>Cd>Cu Pb>Cu>Cd Pb>Cu>Cd
4 Pb>Cd>Cu Pb>Cu>Cd Pb>Cu>Cd Pb>Cu>Cd
5 Pb>Cd>Cu Pb>Cu>Cd Pb>Cu>Cd Pb>Cu>Cd
6 Pb>Cu>Cd Pb>Cu>Cd Pb>Cu>Cd Pb>Cu>Cd
7 Pb>Cu>Cd Pb>Cu>Cd Pb>Cu>Cd Pb>Cu>Cd
8 Pb>Cu>Cd Pb>Cu>Cd Pb>Cu>Cd Pb>Cu>Cd
9 Pb>Cd>Cu Pb>Cu>Cd Pb>Cu>Cd Pb>Cu>Cd
10 Pb>Cd>Cu Pb>Cu>Cd Pb>Cu>Cd Pb>Cu>Cd
11 Pb>Cu>Cd Pb>Cu>Cd Pb>Cu>Cd Pb>Cu>Cd
12 Pb>Cd>Cu Pb>Cu>Cd Pb>Cu>Cd Pb>Cu>Cd
13 Pb > Cd>Cu Pb>Cu>Cd Pb>Cu>Cd Pb>Cu>Cd
14 Pb>Cd>Cu Pb>Cd>Cu Cu>Cd>Pb Pb>Cu>Cd
15 Pb>Cu>Cd Pb>Cu>Cd Pb>Cu>Cd Pb>Cu>Cd
16 Pb>Cu>Cd Pb>Cu>Cd Pb>Cu>Cd Pb>Cu>Cd
17 Pb>Cd>Cu Pb>Cu>Cd Pb>Cu>Cd Pb>Cd>Cu
18 Pb>Cd>Cu Pb>Cu>Cd Pb>Cu>Cd Pb>Cu>Cd
19 Pb>Cd>Cu Pb>Cu>Cd Pb>Cu>Cd Pb>Cu>Cd
20 Pb>Cu>Cd Pb>Cu>Cd Pb>Cu>Cd Pb>Cu>Cd
21 Pb>Cd>Cu Pb>Cu>Cd Pb>Cu>Cd Pb>Cu>Cd
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Rate series shown in Table 8.1 was derived for metal binding rate constants based on
the ko values. According to Figure 8.1 and Table 8.2, except for a few instances, ko for
Pb?* remained the highest followed by the k» values for Cu?* and Cd**. Wan et al.
(2014) had found similar observations for these metals using tea waste as the adsorbent
suggesting that k» for a given initial metal ion concentration in monometal systems
follows the order of Pb?*" >Cu?* >Cd>". It was noted that according to Section 7.3,
sorption capacity also follows the same order (Pb?" >Cu?* >Cd?*"). Figures 8.1 (a) and
(b) for the two initial metal ion concentration ranges 25 mg/L and 50 mg/L, show that
Pb?* recorded the highest kinetic rate constant values for all the samples except for
sample 14. From Figures 8.1 (c) and (d) for the initial metal ion concentration ranges
100 mg/L and 200 mg/L, respectively, Pb?* recorded the highest kinetic rate constant
values for all the samples. In this analysis, the rate for the metals were analysed in
terms of their mass (mg/g/min). Considering the molar mass of these three metal ions,
Pb has the highest molar mass of 207g/mol. Molar mass of Cu and Cd is 63.5 mg/mol
and 112 mg/mol, respectively. Accordingly, in the case of Pb, even if a smaller number

of molecules are sorbed, the collective mass of Pb sorbed shows a relatively high value.

Figure 8.2 shows the variation of k> at different initial metal ion concentrations for
Pb?*, Cu?" and Cd?*, separately. It can be observed that k> values for Pb?*, Cu®* and
Cd*" in most instances, decrease when the initial concentration of the solution is
increased. Amarasinghe and Williams (2007) and Ebrahimian Pirbazari et al. (2014)
reported similar observations in their analysis of k, for different series of initial ion

concentrations using biosorbents.

According to the pseudo second order model explained by Ho and McKay (1998) as
illustrated in Equation 4.2 in Section 4.4, the initial sorption rate (h) of each biosorbent

sample (expressed in mg g~! min™!), is calculated when t approaches zero.

h = k,q2 Equation 8.1
Where k; is pseudo second order kinetic constant and qe is equilibrium sorption
capacity.

Accordingly, it was observed that in all the instances, initial sorption rate (h) increased
when the initial ion concentration was increased. At high concentrations, the difference
between the metal ion concentration on the solid liquid interface and the metal ion

concentration outside of the solution, which is the driving force for sorption, is high.
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Thus, higher initial sorption rates are discernible at higher initial metal ion
concentrations. According to past studies, a sorbent with higher initial sorption rate
generally showed higher sorption affinity (Amarasinghe and Williams 2007). This is
important in multi-metal systems in order to understand the affinities of different metal
ions. Furthermore, higher the initial rate of sorption, higher the amount of metals that

can be removed by sorption.
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8.3. QUALITATIVE RELATIONSHIPS BETWEEN PHYSICO-CHEMICAL
PROPERTIES OF BIOSORBENTS AND PSEUDO SECOND ORDER
KINETIC CONSTANTS (k2)

Four raw data matrices were generated for the statistical analysis. Each raw data matrix
consisted of 21 biosorbent mixtures (objects) and 9 variables, i.e. pseudo second order
rate constants (k») for Pb%*, Cd?* and Cu?*, SSA, PS, PV, ZP, TAG and TBG. Since
four different initial concentrations (200 mg/L, 100 mg/L, 50 mg/L and 25 mg/L) were
used, four data matrices with a total of 84 objects were generated. The values of

physico-chemical properties obtained for the 21 samples are given in Section 7.2.

Principal component analysis (PCA) was applied for each of the four solution
concentrations separately. Data used for PCA was mean centered and standardised
(auto scaled) in order to ensure that all the variables had equal weights in the analysis
(Settle et al. 2007). Details of PCA is given in Section 4.3.3. The resulting biplots for
each data matrix are given in Figures 8.3. The outcomes of the four biplots are
comparable with similar relationships between vectors, suggesting that the initial
concentration of metal ions do not exert a significant influence on the nature of the

relationships between the variables.
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Chapter 8: Influence of Physico-chemical Properties on Sorption Kinetics 169



The biplot depicted in Figure 8.3 (a) for 25 mg/L initial concentration shows that PC1
and PC2 collectively explain 86.1% of the total variance in the data matrix. The
corresponding values for biplots for 50 mg/L, 100 mg/L and 200 mg/L are 84.8%,
85.5%, and 83.6%, respectively. Since these values were high, the outcomes from the

biplots were considered reliable.

As illustrated in Figure 8.3 (a), vectors related to variables Pb2*, Cd** and Cu?" are
acute, implying the similarity of reaction mechanisms related to the three metals. The
high correlation between the vectors corresponding to the variables Pb%*, Cd?*, Cu?",
TAG and ZP implied by the acute angles suggests that the acidic functional groups
acts as binding sites to immobilise these heavy metals either through electrostatic
interactions or through exchange of electrons to form complexes (Wang et al. 2007).
Therefore, it can be concluded that metal sorption reaction rates increase with
increasing concentrations of acidic functional groups. When the concentration of
acidic functional groups is high in a material, the competition between ions for active
sites decreases and the rate of sorption increases. Zeta potential provides an indication
of surface negativity, which is important for cation sorption. A high ZP value is
favourable for the attraction between the negatively charged biosorbent surface and

cations (Jacobasch et al. 1998).

TBG shows obtuse angles with vectors related to Pb?", Cd*" and Cu?*, implying
significant inverse correlations. This suggests that electrostatic repulsion caused by
these basic functional groups weakens the sorption forces of positively charged metal
ions and negatively affects the rate of the reaction. SSA also shows obtuse angles with
vectors related to Pb?*, Cd?>* and Cu?", suggesting strong negative correlations. This
indicates that high SSA could reduce sorption rates. Since high surface area is
generally due to the micropore structure (Largitte and Pasquier 2016), the metals may
take some time to diffuse inside the intraparticle structures and get adsorbed to the

active sites, resulting in slower rates.

Vectors related to PS and PV do not have a significant correlation with reaction rates.
PV demonstrates a high correlation with SSA as the angles between the corresponding
vectors are acute. This could be due to the fact that surface area values can also be
obtained from the method known as BJH Desorption cumulative surface area (Barrett
et al. 1951). The surface area values obtained from this method are closely related to

SSA values used in the study (via the BET method). However, BJH Desorption
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cumulative surface area values can also be expressed as a function of PS and PV,
causing the high correlation observed. An obtuse angle is seen between PS and PV,
implying a negative relationship. The direction of the relationship between PS and PV
is governed by the nature of pore distribution on the surface (Bose et al. 2003). No

significant clustering of objects is evident in any of the biplots.

8.4 MATHEMATICAL REPLICATION OF SORPTION KINETICS

Mathematical replication of sorption kinetics was performed to facilitate the prediction
of ko. Such predictions are essential for estimating the rate of metal sorption in
designing biosorbent treatment systems. Before this step, multicollinearity analysis of
the independent variables was done using variance inflation factor (VIF) calculation
with the objective of eliminating variables which are highly correlated with each other.
VIF uses the variables for least squares regression analysis to quantify the severity of
multicollinearity by estimating how much the variance of a regression coefficient is
inflated. Including variables with VIF values above 10 in statistical modelling could
have an adverse impact on the results (O’brien 2007). VIF values were found to be

below 10 for all the independent variables.

As the next step, detection of outliers was carried out using a multivariate modelling
approach with the calculation of Mahalanobis distance (Mahalanobis 1936), which
measures the distance between a specific data point and the mean of a
multidimensional data distribution in units of standard deviation. The distance
approaches zero when the specific data point comes closer to the mean of the
distribution in question and grows when the data point moves away from the mean of
the distribution along each principal component axis. It is a unitless and scale-invariant
measurement which takes into account the correlations of the data set and is frequently
used to detect outliers in the development of linear regression models. 0.95 was
considered as the threshold value for the present study. Objects scoring higher values
were excluded from the subsequent modelling. Figure 8.4 indicates that objects 82 and
84 (sample number 19 and 21 for 200 mg/L initial concentration) was above the

threshold value. These were excluded from the subsequent statistical modelling.
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Figure 8.4 Mahalanobis distance values scored by individual objects. Threshold value
(straight horizontal line) at 0.95

8.4.1. Initial and subsequent model development

Partial least squares regression (PLS) was employed to formulate mathematical
models to understand the relationships between the independent variables and k» of
Pb?*, Cd** and Cu?*. PLS is a popular multivariate data analytical technique with a
combination of features from PCA and multiple linear regression. It aims to predict
dependent variables (responses) from independent variables (predictors) by the
extraction of a set of orthogonal factors called latent variables having the best
predictive powers (Abdi and Williams 2010b). The efficiency and accuracy of the
predictions obtained is commonly evaluated with cross-validation techniques such as
bootstrapping and repeated k-fold cross validation. For the present study, repeated k-
fold cross validation was utilized for extracting the optimal number of components to

be retained in the PLS models.

Once the appropriate number of components to be retained was chosen, PLS models
were developed. Assessment of statistical significance of the explanatory variables
along with uncertainty quantification was carried out as the next step using non-
parametric bootstrap resampling of the regression coefficients (Section 8.4.2).

Variables with lower levels of statistical significance in terms of model contribution
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were removed and subsequent PLS modelling was done with the remaining
parameters. After that, quantification of uncertainty was repeated using the same
bootstrap validation to detect any possible improvements. R software (Ver. 3.5.1) with
RStudio was employed for the data analysis and the specific packages with codes are
given in the Appendix A3. Figure 8.5 outlines the main steps of the statistical analysis

employed.
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For the initial model development, the four data matrices were combined to form a
single data matrix consisting of 82 (with two objects removed as discussed above)
objects on which, PLS was performed. The initial metal ion concentration was
considered as a separate numerical variable. Accordingly, seven independent variables

were available for each of the metal cations.

It was decided to develop one model for each metal ion (Pb?", Cd?>* and Cu?").
Repeated k-fold cross-validation was employed with k=5 (100 repeats) for extracting
the optimal number of components to be retained for each PLS model. Lowest root
mean square error (RMSE) was the criteria used for the determination of the optimal
number of components to be retained. Orthogonal scores algorithm (the NIPALS
algorithm) was used for fitting the data. RMSE, R-squared (R?) and mean absolute
error (MAE) were the parameters used for the comparison of the models. Table 8.2

illustrates the model factors obtained for the three initial models.

Table 8.2 PLS regression parameters for the initial models to predict k>

Rate Number of
constant Components RMSE R-squared MAE

ka(Pb?) 2 0.02369 0.615574  0.02016
kao(Cd?) 3 0.01568 0.595517  0.01238
ka(Cu?") 3 0.02046 0.522029  0.01642

The R? values ranged between 0.522 and 0.616 and these were comparatively low
values. One possible reason for this could be the influence of the initial metal ion
concentration. To investigate this possibility further, it was decided to group the
objects based on the initial concentration of metal ions and plot them on a single PCA
scatterplot to see if there was a significant difference in object distribution in the
multivariate space. The grouping of the objects was carried out based on the initial
concentration of metal ions where objects with initial concentrations of 200 mg/L and
100 mg/L were grouped as ‘high concentration’, while those with 50 mg/L and 25
mg/L were grouped as ‘low concentration’. The resulting scatterplot is shown in Figure
8.6.
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Figure 8.6 Biplot of PCA with individual objects grouped into high (200 mg/L and
100 mg/L) and low (50 mg/L and 25 mg/L) initial concentrations.

Figure 8.6 shows that the variation of data is different for the two groups with higher
scattering of objects visible in the lower initial concentrations group. This implies that
the samples display different behaviour in terms of sorption kinetics when different
initial concentrations are used. Rate constant is related to the rate of sorption according
to Equation 4.3. Variation of equilibrium sorption capacity at higher concentrations is
low as the sorbent is approaching saturation (Worch 2012). Hence, the rates of sorption
at higher concentrations do not show much variation among the different
concentrations. However, at lower concentrations, as the sorbent is not completely
exhausted with active sites still available, the influence of concentration on sorption
would be high. Therefore, developing two separate predictive models for these two
groups of objects could yield better predictability and greater accuracy. Based on this
assumption, subsequent model development was carried out by applying PLS
separately for high and low initial concentrations of each metal ion. Accordingly, six
new PLS models were developed using the same statistical principles as before and

the model results are given in Table 8.3.
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Table 8.3 PLS regression parameters for the subsequent models of k»

Rate Concentration Number of RMSE R- MAE
constant Components squared

ko(Pb?*)  Low 3 0.0147 0.8418  0.0122
High 3 0.0025 0.8988  0.0022
k2(Cd*") Low 4 0.0100 0.8477  0.0085
High 4 0.0012 0.8105  0.0010
ko(Cu?) Low 3 0.0157 0.7885  0.0130
High 3 0.0022 0.8111  0.0016

R2, RMSE and MAE values were used to compare these six models with the previous
three models given in Table 8.2. R? values of all the six models were above 0.788
implying relatively high accuracy. Both, RMSE and MAE values showed significant
improvements, which shows that the models are reliable. Since the scattering of data
is lower for the high initial concentration group (Figure 8.6), the three models built for
the high initial concentration group were seen to be having better RMSE and MAE

values compared to those built for the low initial concentration group.

Although the initial objective was to develop a single predictive model for each of the
metal ions, the improvement in model parameters evident in Table 8.3 justified
developing two models for each metal ion based on the initial concentration; one for
initial concentrations below 100 mg/L and the another for concentrations between 100
mg/L and 200 mg/L. As the next step, the statistical significance of the explanatory

variables was assessed along with the uncertainty analysis.

8.4.2. Uncertainty quantification and final model development

Generally, two types of uncertainties can influence the outcomes of modelling any
physical process. These are the uncertainty inherent to the processes in question and
uncertainty in process modelling (Loucks and Van Beek 2017; Wijesiri et al. 2016;
Zoppou 2001). Uncertainty arising from the intrinsic variability of the process is
known as aleatory uncertainty (Der Kiureghian and Ditlevsen 2009) and cannot be

reduced or eliminated due to its intrinsic nature (Ross et al. 2009). Modelling
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uncertainty (epistemic uncertainty) arises from a variety of sources such as simplified
or inaccurately conceptualised models, model structural deficiencies, input data and
calibration data (Hofer et al. 2002). Modelling uncertainty is generally attributed to

limited data and the knowledge regarding the process under investigation.

Modelling uncertainty can be expressed via confidence intervals, the width of which
increases with increasing uncertainty. For the present study, only the modelling
uncertainty was assessed via confidence interval estimation. The bootstrap resampling
proposed by Efron (1979) was employed for this purpose where the distribution of a
given statistic is inferred from the available data by generating many samples from the
original sample using Monte Carlo simulations (Efron 1979). Among several bootstrap
methods, non-parametric resampling was the method utilized for the present study. In
non-parametric resampling, the bootstrap samples are constructed using resampling
with replacement from the original sample (Efron and Tibshirani 1986). This method
allows effective utilization of a limited number of samples to estimate the confidence
interval of uncertainty without further sampling or the necessity of the assumption of

normality (Carpenter and Bithell 2000).

After the bootstrap samples are obtained, a number of techniques exist for constructing
confidence intervals from them. Among these are the percentile bootstrap, the bias-
corrected bootstrap, the bias-corrected and accelerated (BCa) bootstrap and the
standard (normal) bootstrap (Carpenter and Bithell 2000). In order to improve the
coverage accuracy of the confidence intervals, BCa intervals, proposed in Efron and
Tibshirani (1993) were used for the study. BCa confidence intervals are considered to
be highly accurate as they automatically take into account the shape (in terms of

skewness and kurtosis) and the bias of the distribution (Efron and Tibshirani 1993).

Accordingly, non-parametric bootstrapping was performed (1000 permutations) on
standardised regression coefficients of the six models and 95% BCa confidence
intervals were plotted. Figures 8.7, 8.8 and 8.9 illustrates the BCa confidence intervals
in continuous lines for the high initial concentrations group. The figures for the low

initial concentrations group are Figures 8.10, 8.11 and 8.12.
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Figure 8.8 95% Confidence intervals for standardised regression coefficients of the
models built for Cd?* in high initial concentrations; when all variables were used for

modelling (continuous line) and when PV and TBG were removed (dotted line)
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Figure 8.9 95% Confidence intervals for standardised regression coefficients of the
models built for Cu?" in high initial concentrations; when all variables were used for

modelling (continuous line) and when PV and TBG were removed (dotted line)

04

0.2

H —_— —— BCa
i !
N 4 4

02 00
1
1

04

-0.6

-
I
I
i
I
H
—_

-08

-1.0

T T T T T T T
SSA PS PV ZP TAG TBG Concentration
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models built for Pb?"in low initial concentrations; when all variables were used for

modelling (continuous line) and when PV and TBG were removed (dotted line)
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The 95% BCa confidence intervals for all six models indicated that the significance of
PV and TBG as independent variables was close to zero in influencing model
outcomes. Therefore, the coefficients related to PV and TBG were not considered to
be statistically significant and these two variables were removed from the final

modelling.

The final six PLS models were constructed accordingly with the remaining five
parameters using the same statistical principles as before. Their BCa confidence
intervals were plotted again as explained above in order to investigate any
improvement in modelling uncertainty. Figures 8.7, 8.8 and 8.9 illustrate the BCa
confidence intervals of the high initial concentration group in dotted lines. Figures
8.10, 8.11 and 8.12 shows the BCa confidence intervals of the low initial concentration
group in dotted lines. Table 8.4 gives the factors for the final models. Regression

coefficients of the final models are provided in Table 8.5.

Table 8.4 PLS regression parameters of the final models to predict k>

g)a;:tant Concentration ggﬁll:z:‘len(t): RMSE :tl-uared MAE
kao(Pb?") Low 2 0.0141 0.8546 0.0116
High 2 0.0025 0.9038 0.0021
ko(Cd?) Low 4 0.0096 0.8554 0.0082
High 4 0.0013 0.8158 0.0009
ka(Cu?") Low 2 0.0153 0.7987 0.0126
High 2 0.0022 0.8220 0.0016
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R?, RMSE and MAE values were used to compare the models in Tables 8.3 and 8.4.
The final six models showed minor improvements in all the model parameters when
compared with the previous six models. Since the improvements were slight, the
Akaike’s Information Criterion (AIC) was used as evidence in selecting the best
models. AIC is an estimate of model parsimony which aims to resolve the trade-off
between model fit and model complexity, to achieve the best predictive ability. The
model with the lowest AIC is considered to be the most parsimonious while an
improvement of greater than 2 is considered significant (Anderson et al. 1998;
Burnham and Anderson 2004). Table 8.6 gives the AIC values for the 12 models and
the models with PV and TBG removed.

Table 8.6 Akaike’s Information Criterion (AIC) of the models developed to predict

k> using physico-chemical properties and metal ion concentration

AIC
Rate constant  Concentration With All independent ~ After removing
variables PV and TBG

Low 42.80 35.92
kao(Pb%")

High 26.14 19.12

Low 49.19 38.60
ka(Cd?")

High 58.27 46.19

Low 54.67 49.21
ko(Cu?") )

High 65.37 50.21

A similar comparison was made between 95% BCa confidence intervals of the
regression coefficients between the models. Figures 8.7 to 8.12 allow visual
comparison between BCa confidence intervals of the regression coefficients for all the
models. The removal of PV and TBG as independent variables had resulted in
narrowing of the confidence intervals obtained for the new models implying a
reduction in modelling uncertainty. Confidence intervals of some of the variables had
shifted slightly further from zero implying an increase in statistical significance of the

relevant coefficients.

Although the improvements in model factors (Tables 8.4 and 8.5) were too low to be

considered statistically significant, it was possible to build the final six models with a
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lesser number of variables with improved modelling uncertainty. Therefore, it was
concluded that the final models with only five independent variables had higher
precision and better predictability. It was also concluded that the inclusion of PV and
TBG as variables was not necessary to build PLS prediction models for kinetic rate
constants. Since the sample size was relatively small, only internal validation of the
models was done. However, external validation of these models could assess their
generalisability and this could serve as a topic for future research. Codes and packages

used for the calculations are provided in Appendix A3.

8.5. SUMMARY OF KEY FINDINGS

The study was conducted to develop predictive models to estimate pseudo second
order kinetic rate constants (k) for three divalent heavy metals (Pb%*, Cd*" and Cu?")
using surface physico-chemical properties of biosorbent mixtures of tea factory waste
and coconut shell biochar. These mixtures contained sufficient variability of physico-
chemical properties to consider them as different biosorbents. The study outcomes
confirmed that:

e Reaction mechanisms explained by the kinetics related to Pb?*, Cd** and Cu?*
have similar relationships to physico-chemical properties of biosorbents. The
nature of these relationships remained unchanged within the range of initial
metal ion concentration analysed.

e The above observation suggests that the proposed equations can be used to
design and optimise mixtures of biosorbents to remove the three metal cations.

e Acidic surface functional groups can increase reaction rates. Among other
physico-chemical properties, its influence is prominent in relation to sorption
mechanisms.

e High specific surface area with micropore structures can reduce the sorption
rate as metals need to diffuse into intraparticle structures to meet active sites.

e Reliability and accuracy of the predictive models are significantly improved
when separate models are developed for two ranges of initial metal ion
concentrations; 0 mg/L - 100 mg/L and 100 mg/L - 200 mg/L.

e Pore volume and total basic groups as independent variables did not contribute

significantly to the development of the predictive models.
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CHAPTER 9: TRANSFERABILITY OF DATA
BETWEEN BATCH AND COLUMN
STUDIES

9.1 INTRODUCTION

Effectiveness of a sorbent for the removal of heavy metals is primarily assessed by
sorption capacity and sorption kinetics, which mainly depend on the material physico-
chemical properties. Hence, the investigation of the influence of sorbent physico-
chemical properties on sorption capacity and kinetics is imperative to understand the
effectiveness of a sorbent. Chapter 7 discussed the influence of sorbent physico-
chemical properties on sorption capacity of biosorbents where the variation of physico-
chemical properties was achieved using twenty one biosorbent samples. Chapter 8
investigated the influence of physico-chemical properties of biosorbents on sorption
kinetics utilizing the pseudo second order kinetic model. Outcomes of Chapter 7 and
8 provided an improved understanding of the influence of sorbent physico-chemical
properties on sorption capacity and sorption kinetics. The analysis undertaken in
Chapters 7 and 8 was based on batch experiments which is commonly used to analyse
the efficiency of sorbents in adsorbing a sorbate. However, it is noted that laboratory
columns are widely used for investigating industrial applications of sorbents since
industrial-scale sorption columns can be designed by scaling up the designed
laboratory columns. As discussed in Section 3.7.1, continuous fixed bed columns were
used in this study to replicate the practical application of an adsorption system

(henceforth referred as column/s).

As discussed in Section 3.7.1, during the sorption process, the mass transfer zone
(MTZ) is gradually displaced along the column. As long as MTZ does not reach the
column outlet, the outlet concentration (C) is maintained at Zero (C=0). The adsorbate
appears in the column outlet for the first time when the MTZ reaches the end of the
sorbent bed. The time taken for this to happen is referred to as breakthrough time (BT).
Determination of experimental breakthrough curve and identification of BT in a
laboratory setting is necessary to verify the applicability of the chosen sorption system
(Patel 2019). This approach requires a considerable amount of laboratory space and
time. In order to calculate an accurate value for BT, running several trials based on the

particular sorbate and sorbent system is essential. The batch approach, on the other
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hand, does not require much laboratory space and can easily provide information on

sorption equilibrium characteristics and sorption kinetics.

The aim of this chapter was to identify the batch sorption parameters that has the
capacity to generate an acceptable relationship with BT in a column sorption setting
and to present predictive models to calculate column BT for the three selected divalent
heavy metals. These mathematical models can be used to predict laboratory BT values
using parameters obtained via batch experiments. This exercise is useful as BT values,
which are used for the design of industrial sorption columns, can be estimated using
batch studies consuming fewer laboratory resources. This can be considered as a

preliminary step for the design of industrial-scale columns.

9.2 DETERMINING BREAKTHROUGH TIME

Determination of the breakthrough time using breakthrough curve (time vs outlet
concentration) for Pb?" for sample 1 is shown in Figure 9.1. Time when the outlet
concentration of Pb?", Cu?* and Cd?*' reached 0.1 Co (Cp is the initial metal ion
concentration) was considered as the breakthrough time for the analysis (Bulgariu and
Bulgariu 2013). BT values obtained for the twenty-one biosorbent samples generated
for the column experimental setup explained in Section 4.3.3, for the sorption of Pb",

Cu?* and Cd?* at 200 mg/L initial metal ion concentration are given in Table 9.1.
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Figure 9.1 Determination of breakthrough point for Pb2*at 200 mg/L for sample 1

Table 9.1 Breakthrough time obtained from column experiments for Pb>*, Cu?* and

Cd?*at 200 mg/L initial metal ion concentration

Breakthrough time, min

Sample BT(Pb) BT (Cu) BT (Cd)

1 1220 560 410
2 1290 620 420
3 1070 760 420
4 1510 1060 450
5 1350 660 420
6 1850 1180 430
7 1900 1280 420
8 1850 1600 450
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Breakthrough time, min

Sample BT(Pb) BT (Cu) BT (Cd)

9 2540 1560 490
10 2170 1420 450
11 2110 1480 470
12 1750 1260 450
13 1650 700 400
14 1410 780 410
15 1630 1120 430
16 1950 1340 430
17 1520 580 420
18 1680 840 450
19 1870 600 430
20 1700 910 440
21 1820 1300 480

9.3 PREDICTING THE BREAKTHROUGH TIME USING BATCH
PARAMETERS.

In order to transfer experimental data from a batch system to a column sorption system,
it is imperative to identify the batch system parameters that can be used to predict the

experimental BT of a sorbent.

9.3.1 Identifying relevant parameters generated through batch experiments

Sorption capacity of a sorbent at a given concentration is assessed using the
equilibrium sorption capacity (qe). This parameter is expressed by the amount of
sorbate sorbed into a unit mass of a sorbent at a given initial ion concentration (Section

7.3). As explained in Section 3.4, q. for a given sorbent varies with experimental
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conditions such as pH, sorbent dose, agitation rate and initial metal ion concentration.
Even though g increases with increasing initial metal ion concentration, it eventually
reaches equilibrium where all the available binding sites on the surface are saturated.
It is evident from past research that materials with high sorption capacity show longer
BT when used in column systems (Amarasinghe and Williams 2007; Chatterjee et al.

2018).

In addition to the sorption capacity, another important parameter that can be obtained
using batch sorption experiments which can be used to describe a sorbent, is the kinetic
constant. As explained in research literature, pseudo second order kinetic constant (k)
calculated from the pseudo second order kinetic model (Ho and McKay 1998), best
describes the kinetics of various biosorbents (Wan et al. 2014; Gautam et al. 2014).
Hence, ko was also considered as a potential parameter for the prediction of
experimental BT. Extensive use of pseudo second order model has revealed that k»
depends on the experimental conditions of the system (Plazinski et al. 2009). Similar
to qe, ko also varies with the initial ion concentration. According to a significant
number of research studies, k> decreases with the increasing initial ion concentration
(Sadhasivam et al. 2007; Nandi et al. 2009). At a higher initial ion concentration, g is

observed to be high and it usually takes a longer time to reach equilibrium.

According to the pseudo second order model explained by Ho and McKay (1998) as
illustrated in Equation 4.2 in Section 4.4, the initial sorption rate (h) of biosorbent

samples (expressed in mg ¢! min™!), was calculated at t = 0.
h = k,q? Equation 9.1

Where k; is pseudo second order kinetic constant and g is equilibrium sorption

capacity.

Accordingly, it was observed that in all instances, the initial sorption rate (h) increased
when the initial ion concentration was increased (Amarasinghe and Williams 2007).
As h is related to both, k; and qe, h was also considered for the prediction of

experimental BT.
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9.3.2 Development of a mathematical model for the prediction of experimental
BT

Three data matrices were generated with each having the experimental BT as the
dependent variable. The independent variables were qe, k2 and h for the three metal
ions separately as given in Appendix A2. Therefore, three mathematical models, based
on the three relationships under investigation (BT vs qe, BT vs ko, BT vs h), were
developed for each metal ion. Since only one independent variable was utilised for
each model, simple linear regression was employed. Repeated k-fold cross validation
was used as the validation method with k=10 and 100 repeats. Table 9.2 summarises

the parameters of the mathematical models created for the prediction of BT.
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Table 9.2 Parameters of the models developed for the prediction of BT

Multiple Adjusted F- p value
Metal Relationship R-squared R-squared statistic (X 108)

Pb* BT and qe 0.7608 0.7482 60.44 25.580
BT and k» 0.6526 0.6344 35.7 947.300
BT and h 0.8095 0.7994 80.71 2.871

Cd?* BT and qe 0.7027 0.6871 4491 209.100
BT and k> 0.6905 0.6742 42.39 308.700
BT and h 0.8161 0.8064 84.32 2.041

Cu? BT and qe 0.8795 0.8732 138.7 0.035
BT and k2 0.8729 0.8662 130.5 0.059
BT and h 0.9453 0.9424 328.2 0.000

For each metal ion, parameters were compared between the three models developed
for the prediction of BT. When the model parameters were considered, the models
developed for the prediction of BT of samples using h proved to be more effective
according to the multiple and adjusted R-squared values shown in Table 9.2. The three
models developed for Pb?*, Cu?" and Cd?" using h, yielded higher multiple R-squared
and adjusted R-squared values indicating good fit. F-statistic was also used for the
comparison of the models. The F-test of overall significance indicates if the linear
regression model in question, can provide a better fit for the data than a model that
contains no independent variables. If the p-value for the F-test is less than the
significance level, the sample data provides sufficient evidence to conclude that the
regression model fits the data better than a model with no independent variables. Table
9.2 indicates that F-statistic values were highest for the models built for the prediction

of BT using h.

During the sorption process, sorption capacity remains unchanged when the

equilibrium is reached. BT is the time taken for the bed to become saturated. If the
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sorption rate is high, the bed will be saturated relatively faster (Worch 2012).
Therefore, k; is a factor which determines BT. If the equilibrium capacity is high, it
takes longer to be saturated (Worch 2012; Patel 2019). Hence, the equilibrium capacity
is also a factor which determines BT. Since, h is connected to both the parameters, h

is able to describe BT well.

Regression plots were constructed for the models indicting their 95% prediction
intervals and 95% confidence intervals. These plots were used for the visual
comparison of the three models built for each of the metal ions. A prediction interval
indicates a rage of values that is likely to contain the value of a single new prediction
for the model while confidence interval indicates a range of values containing the
population mean. Figure 9.2 to 9.10 depict the 95% prediction intervals and 95%
confidence intervals for the simple linear regression analysis. For each of the three
metal ions, the model developed for BT using h shows narrower prediction intervals
and narrower 95% confidence intervals when compared to the other two models. This

indicates better prediction ability of the models developed using h as the independent

variable.
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Figure 9.2 (a) Prediction interval and (b) 95% confidence interval of the linear
regression model developed for the relationship between BT and- q. for Pb2*at 200

mg/L initial concentration
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regression model developed for the relationship between BT and h for Pb?*
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Improved model parameters as shown in Table 9.2 together with narrower prediction
intervals and confidence intervals justify the selection of the three models which aim

to predict BT using h. The models for the three metals are given below.
BTpb)-8.8362756+0.011520 h
BTcw-7.5995997+0.013293 h

BT - 13.858733+0.034916 h

Accordingly, h calculated using k> and qe, generated from batch experiments, can be
used to predict experimental BT values of a column system based on the same sorbent.
Hence, a batch experiment conducted under similar solution conditions such as initial
ion concentration and pH can be used to predict the experimental BT of a column
system with the same initial solution concentration and pH. However, this prediction
is only valid for the experimental conditions explained in Section 4.3.3 for batch and
column experiments. This provides an initial approximation of the column
breakthrough point using batch sorption and thus can be used for assessing the

feasibility of a potential laboratory column.

9.4 SIMULATION OF SORPTION IN COLUMNS USING MODELS FROM
BATCH EXPERIMENT

As discussed in Chapters 8 and 9, ge and ko of a sorbent exerts a significant influence
on column BT. In Chapter 7, models to estimate q. with respect to a sorbents’ physico-
chemical properties and initial metal ion concentrations were presented. Chapter 8
introduces models to predict k, using physico-chemical properties of sorbents and
initial metal ion concentrations. These two types of models and existing equations in
published literature (Ho and McKay 1999) can be used to predict sorption
characteristics of sorbent mixtures. In this study, two types of models developed in
Chapter 7 and Chapter 8 and other equations as presented in literature, were used to

simulate metal ion sorption characteristics of experimental columns.

9.4.1 Design of the simulation
For the simulation, material packed in an experimental column was considered as a
series of 30 connected elements of sorbent materials as illustrated in Figure 9.11. In

other words, a 30cm long column was treated as a collection of thirty material
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elements, each having a height of lcm. Inflow concentration of the metals to a
particular element was denoted as (Cin) while the outflow concentration was denoted
as (Cow). Cin for the first element is the concentration of the solution feeding the
column. Each element has an input (Cin) and output (Cout). Outflow concentration from
the element below was considered as the inflow concentration to the element above.

Cout from the 30%™ element was considered as the outflow concentration from the

column (Table 9.3).

For the convenience of simulation, a new variable (8qaq ) was introduced to denote the
amount sorbed during the given time interval (8t) and was calculated using Equations

9.1 and 9.2. The Simulation was conducted in 5 min intervals.

According to the pseudo second order model presented by Ho et al. (1998), the rate of

sorption at time (t) can be expressed using Equation 9.1.

% =Kk,(qe — qp)? Equation 9.1

Where k» (min'!) is the pseudo second order reaction rate. qe and q; (mg/g) are the

sorption capacities at equilibrium and time t, respectively.
dqad was calculated using Equation 9.1 ,

8qaa = k2(qe — q0)? St Equation 9.2

At t=0, g= 0, gt increases with increasing time and qim) = qt(n-5) Tqad(n-5)

Cou Was calculated using Equations 9.4- 9.6

q=V(C;—C,)/m Equation 9.3
Equation 9.3 was re-arranged to express Ci as

Ce =Co—(qe * %) Equation 9.4

Where q: (mg/g) is the quantity of metal ions adsorbed per unit mass of sorbent, C,
(mg/L) is the initial metal ion concentration, C (mg/L) is the metal ion concentration
in the solution at time t, V (L) is the volume of solution used and m (g) is the mass of

the sorbent.

Accordingly, Cou Was calculated using Equation 9.4

Cout = Ci — (qaa * %) Equation 9.5
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Cou at t=n of the first element is Cin. For the second element at t=n+5, the simulation

model was developed using Microsoft XL software as illustrated in Figure 9.12.

COUt
30
Element 2
Cin)= Cout(1)
Cout(l)
2
Element 1
S——
1
Ci Cin1)

Figure 9.11 Design of the column simulation using elements
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Figure 9.12 Simulation of sorption process

9.4.2 Comparison of outputs
The flow exiting the last element (element 30) was plotted with time and was compared
with the breakthrough curve obtained from the laboratory experiments. The

comparison for the three metal cations, for sample 1 (100% CSB) is given in Figure

9.13.
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Figure 9.13 Comparison of breakthrough curves obtained from the simulation and

the laboratory experiment (a) Pb2" (b) Cu?* (¢) Cd** for sample 1 (100% CSB)

According to Figure 9.13, experimental BT of Pb was achieved earlier than the
calculated BT. In the case of Cu and Cd, calculated BT is greater than the experimental
BT. It is evident that there are differences in the sorption behaviour of batch and
column systems. Hence, bridging those two systems and to use batch relationships to
predict column parameters is a challenge. Even though the simulation and
experimental data did not exactly fit, the simulation explains the behaviour of the
breakthrough curve. As explained above, qe and k; for the simulation were calculated
using the predicative models developed using sorbent physico-chemical properties and
metal ion concentrations. Goodness of fit of those developed models are between 60%-
63% and 79%-90% for qe and k> respectively. Therefore, it is likely that the prediction
errors of those two parameters were included in the simulation. Furthermore, as ge and
k> depend on initial metal concentrations, variation in initial concentration within the
column would have an influence on these two parameters. Hence, a calibration
coefficient is needed to be introduced to relate the models developed using batch
experiment data for simulating column behaviour. This is an issue that merits further

investigations.
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9.5 SUMMARY OF KEY FINDINGS

Determination of breakthrough curve and identification of breakthrough time in a
laboratory setting is necessary to assess the industrial applicability of the chosen
sorbate and sorbent system. Accordingly, predictive models were developed to
understand the breakthrough time of a column using batch sorption parameters. For
each metal ion, prediction models were generated using equilibrium sorption capacity,
pseudo second order kinetic constant and initial sorption rate. Among these
parameters, it was noted that the breakthrough time can be predicted using initial

sorption rate, with a high predictability.

A column is operated in an entirely different scenario to a batch study. Breakthrough
time of a column depends on several parameters such as bed depth, cross sectional
area, porosity of the packing medium and flow rate. This limits the generation of a
direct correlation between the two systems. However, breakthrough time is linked to
the sorption efficiency of the sorbent. Hence, predicting the breakthrough value using
initial sorption rate can be used as a preliminary estimation for the design of a
laboratory column. However, this cannot be used as an absolute method to avoid

column studies.

A simulation model was developed using Microsoft XL software to simulate sorption
in a column using relationships developed from this study and published literature.
Breakthrough curves obtained from experiment and simulation did not exactly fit. A
calibration coefficient needs to be introduced to relate models developed using batch
experimental data to simulate column behaviour. This is an important area for further

research.
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CHAPTER 10: CONCLUSIONS AND
RECOMMENDATIONS FOR
FUTURE RESEARCH

10.1 CONCLUSIONS

Utilising agricultural waste materials as sorbents to remove heavy metals from
industrial wastewater has the capacity to mitigate disposal problems associated with
these materials. However, the performance of these sorbents mainly depends on the
material physico-chemical properties. Therefore, optimising sorbents to increase the
sorption performance remains a challenge. Performance of a sorbent is determined by
its sorption capacity and sorption kinetics. This research study investigated the
influence of material physico-chemical properties such as specific surface area, acidic
surface functional groups, basic surface functional groups, pore size, pore volume and
zeta potential on sorption capacity (maximum and equilibrium) and sorption kinetics
specifically in terms of the pseudo second order kinetic model which explains the
kinetics of biosorbents in most instances. This in turn provides new knowledge on the
relationship between material physico-chemical properties and its sorption

performance.

Analysis of the performance of sorbents under investigation was undertaken using a
series of batch sorption experiments to determine the sorption capacity at equilibrium
and the kinetics. Continuous fixed bed column experiments, which reflect the real-
world application of the sorbents, were used to understand the behaviour of potential
industrial-scale sorbent columns utilising the sorbents in question. As these two types
of experiments are used separately to describe a particular sorbent —sorbate system, it
was important to develop a relationship which could aid in combining those two types
of experiments for achieving an effective design for an industrial-scale continuous

fixed bed column.

10.1.1 Influence of physico-chemical properties on sorption capacity

Physico-chemical properties of biosorbents influence the maximum sorption capacity
and equilibrium sorption capacity of heavy metals. Though various physico-chemical
properties could influence Cu?*, Cd*" and Pb?" sorption, they do not equally contribute

or are equally important for the process of sorption. As identified in the current study:
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e The key physico-chemical property governing the sorption capacity of the
selected biosorbents for all the three metal cations is the acidic surface
functional groups. Among different acidic surface functional groups,
carboxylic groups play a relatively prominent role in the sorption of Cu?*and
Pb?" which are hard acids, while laconic groups are more important in
providing binding sites to Cd?*, which is a soft acid.

e Though sorption is a surface phenomenon, specific surface area alone does not
exert a prominent influence on the sorption of Cu?*, Cd** and Pb?". A strong
correlation was observed between metal sorption capacity and the functional
groups. This highlights the influence of surface functional group density on

metal sorption capacity.

This study provided new knowledge on the influence of individual physico-chemical
properties on both, maximum and equilibrium sorption capacity of the selected
sorbents. Accordingly, a predictive model was developed to calculate the maximum
and equilibrium sorption capacities of a biosorbent when the relevant physico-
chemical properties are known. Similarly, the change in sorption capacity when an

individual physico-chemical property is changed can also be determined.

10.1.2 Influence of physico-chemical properties on sorption Kinetics

Influence of physico-chemical properties of sorbents on sorption kinetics was assessed
using the pseudo second order kinetic constant. This study developed predictive
models to estimate the pseudo second order kinetic rate constant (k») for three divalent
heavy metals (Pb?*, Cd** and Cu?"), using surface physico-chemical properties of
biosorbent mixtures made from tea factory waste and coconut shell biochar. These
mixtures were found to demonstrate sufficient variability of physico-chemical
properties in order to consider them as different biosorbents. According to the study

outcomes:

e The relationship between material physico-chemical properties and the kinetic
constants for Pb?*, Cd** and Cu?' are comparable: The nature of these
relationships remained unchanged within the ranges of initial metal ion

concentrations under investigation.
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e Acidic surface functional groups has the ability to increase reaction rates.
Among the physico-chemical properties investigated, its influence is
prominent on sorption mechanisms.

e High specific surface area with micropore structures can reduce the sorption
rate as metals need to diffuse into the intraparticle structures for binding to
active sites.

e Pore volume and total basic groups as independent variables did not contribute

significantly to the development of predictive models.

The study generated new knowledge on how individual physico-chemical properties
influence the rate of sorption of biosorbents. This in turn, provides new knowledge to
guide how an individual or a suite of physico-chemical properties should be changed

in order to enhance the speed of reaction.

The new knowledge created as discussed in this section and in Section 10.1.1, provides
a quantitative approach to assess the sorption performance of a sorbent in terms of
heavy metal removal. Furthermore, it allows comparisons among different sorbents in

terms of their performance.

10.1.3 Transferability of research data between batch and column studies

Batch experiments are used to determine the efficiency of sorbents by analysing their
equilibrium and kinetics while columns are used to simulate the real world applications
of using these sorbents in pollutant removal. Breakthrough time of a column system is
an important parameter that expresses the life of the sorbent column. This parameter
is important in designing industrial-scale sorbent columns. Breakthrough time of a
column system varies with the sorbent used. Hence, sorption capacity and the rate of
sorption of a particular sorbent has an influence on the breakthrough time determined
for that sorbent in a column system. Hence, for each metal ion, predictive models were
generated to estimate the column breakthrough time using parameters such as
equilibrium sorption capacity, pseudo second order kinetic constant and initial sorption
rate. Among these models, it was noted that breakthrough time of a sorbent in a column
system can be predicted by the initial sorption rate of the same sorbent in a batch
system, with higher predictability. A column is operated in an entirely different
scenario to a batch study. Hence, predicting breakthrough value using initial sorption

rate can be used as a preliminary estimation to design a laboratory column. However,
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this cannot be used as an absolute method to avoid undertaking a column study. The
present study is an initial attempt to understand the relationship between these two

systems and to contribute to bridging the current knowledge gap.

10.2 PRACTICAL APPLICATION OF RESEARCH OUTCOMES

Agricultural waste generation is a critical problem in developing countries. Use of
these waste materials for alternative purposes will mitigate the accumulation of
agricultural waste. Use of agricultural waste for the removal of pollutants in industrial
wastewater is one such option. However, the use of agricultural waste as biosorbents
for the removal of pollutants remains a challenge due to the high variability and the

unpredictability of their sorption capacities.

The sorption capacity of a biosorbent primarily depends on physico-chemical
properties of the sorbent. Furthermore, optimising the use of these biosorbents is not
straightforward as the influence of sorbent physico-chemical properties on sorption
capacity has not been scientifically investigated in-depth. Hence, a comprehensive
analysis aimed at understanding the influence of physico-chemical properties on the
removal of pollutants using biosorbents was considered to be important. Practical

applications of the study outcomes are illustrated in Figure 10.1.

210 Chapter 10: Conclusions and Recommendations for Future Research



Use of agriculture waste to remove heavy metals

¥

| 1. Prediction of metal sorption performance

Challenges 2. Optimisation of sorbent
Knowledge I

created Quantitative understanding of the influence of individual

physico-chemical properties on metal sorption performance
of biosorbents to replicate sorption process
|
| | |

Influence of Influence of Transfer research data between
physico-chemical physico-chemical | | batch and column studies
properties on properties on incorporating sorbents physico-
sorption capacity sorption kinetics chemical properties

Outcomes ‘

Identify sorbents that can efficiently remove Cu?*, Cd?" and Pb?" based on their
physico-chemical properties.

Identify the relative importance of individual physico-chemical property in
determining the maximum sorption capacity of a given biosorbent.

Predict the sorption capacity and sorption kinetic constants of sorbents using
their physico-chemical properties and concentrations of metal solutions used
with the aid of mathematical equations.

Simulate the breakthrough times of sorbent columns using sorbent physico-
chemical properties coupled with parameters obtained from batch sorption

studies.

Practical Applications ‘

Making decisions on modifying physico-chemical properties of biosorbents
with the aim of increasing their sorption performance for heavy metals.
Planning to design fixed bed sorption columns using biosorbents for treating
heavy metals in industrial wastewater.

Provide an alternative use for certain agricultural wastes.

Figure 10.1 Schematic representation of the potential application of research

outcomes
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10.3 RECOMMENDATIONS FOR FUTURE RESEARCH

This research study created new knowledge by investigating the influence of physico-

chemical properties on sorption. The study outcomes can enhance the use of

biosorbents for the removal of heavy metals in industrial wastewater. This study also

identified specific areas to serve as topics for future research.

The systems investigated in this study were well controlled single metal systems.
As industrial wastewater comprises of a range of metal ions, it is necessary to
incorporate the influence of other metals on sorption of a particular metal ion.
Hence, investigations are necessary to understand the competition among
different metal ions in controlled multi-metal systems. Furthermore, this study
should be extended by using actual industrial wastewater to understand the

applicability of the findings in a system where a range of pollutants are present.

Since the influence of different physico-chemical properties of the materials on
sorption capacity is comparable for all the three selected metal ions, it is possible
that other metal ions would yield similar results. This could be investigated in
future research as it is important to understand the influence of material physico-
chemical properties of sorbents on common metals which are present in industrial
wastewater. Such studies will aid in further understanding the nature of the

influence exerted by physico-chemical properties on metal sorption.

In this research, simpler forms of relationships were developed to predict column
breakthrough time using initial sorption rate of the sorbent. This should serve as
a preliminary estimation that could be useful for column design rather than an
absolute method to avoid undertaking column studies. Hence, a proper simulation
of actual column performance needs to be modelled using column parameters
such as flow rate, porosity and bed volume along with the parameters obtained

from batch experiments.

Sorbent regeneration needs to be investigated in order to understand the potential
for reusing sorbents and safe disposal of the sorbent. This should also go in hand
with a recovery method in order to recover commercially valuable metals that
have undergone sorption. Further, the environmental and techno- economic

analysis of such a method has to be assessed for implementation.
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Table A1.1 Particle density of biosorbent samples calculated using Picnometer

Sample No. Particle density,
g/cm’
1 1.97
2 1.93
3 1.77
4 1.69
5 1.62
6 1.57
7 1.53
8 1.51
9 1.45
10 1.42
11 1.38
12 1.31
13 1.22
14 1.19
15 1.16
16 1.10
17 1.04
18 1.01
19 0.91
20 0.88
21 0.86
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APPENDIX A2

Data generated from laboratory analysis of the twenty one

biosorbent samples used in the batch and column studies
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Table A2.2 Sorption capacities obtained from batch experiments for Pb 2" for the
different biosorbents samples

Sample Sorption Capacity mg/L
No 10 100 200 300
2 mg/L | mg/L 50 mg/L | mg/L mg/L mg/L
1 1.34 8.73 20.34| 2896| 30.12| 30.12
2 1.53 9.18 21.16 | 29.88| 3224 | 3224
3 1.67 8.00 19.98 | 28.70 | 31.06| 31.06
4 2.00 | 10.00 23.03| 32.75| 34.11] 34.11
5 1.98 9.70 21.68 | 30.54| 32.76| 32.76
6 2.00 | 10.00 29.13| 36.85| 40.21| 40.21
7 2.00 | 10.00 27.84 | 36.56| 3892 | 38.92
8 2.00 | 10.00 3273 | 41.45] 43.81| 43.81
9 2.00 | 10.00 36.65| 4537 | 47.73| 47.73
10 2.00 | 10.00 3491 | 43.63| 46.19| 46.19
11 2.00 | 10.00 3224 | 4096 | 4332 | 4332
12 2.00 | 10.00 2534 34.06| 3642| 3642
13 2.00 | 10.00 2243 | 31.15| 33.51] 33.51
14 2.00 | 10.00 21.89 | 3091 33.27 | 33.27
15 2.00 | 10.00 2496 | 33.68| 36.04| 36.04
16 2.00 | 10.00 29.83 | 37.75| 39.11| 39.11
17 2.00 7.97 19.15| 27.87| 30.23| 30.23
18 2.00 | 10.00 25.09 | 33.51| 3587| 3587
19 1.48 8.92 20.50 | 29.22| 31.58] 31.58
20 2.00 | 10.00 2526 | 3398| 36.34| 36.34
21 2.00 | 10.00 26.74| 36.46| 38.82| 38.82
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Table A2.3 Sorption capacities obtained from batch experiments for Cu?" for the
different biosorbents samples

Sample Sorption capapcity , mg/g
No 2 10 50 100 200 300
mg/L |mg/L | mg/lL | mgL mg/L mg/L
1| 1.76 8.02 | 14.33 19.07 19.12 19.12
2| 1.62 940 | 15.78 20.45 21.67 21.67
31 2.00| 10.00| 17.69 22.56 23.10 23.10
4| 2.00| 10.00| 18.98 23.65 25.67 25.67
51 2.00 9.82| 16.20 20.87 22.43 22.43
6| 2.00| 10.00| 19.88 24.55 26.11 26.11
71 2.00| 10.00| 21.74 26.39 27.95 27.95
8| 2.00| 10.00| 27.57 32.24 33.80 33.80
9| 2.00| 10.00| 27.11 31.78 33.34 33.34
10| 2.00| 10.00 | 25.18 29.55 31.11 31.11
11| 2.00| 10.00| 24.09 28.76 30.32 30.32
12| 2.00| 10.00| 21.07 25.74 27.30 27.30
13| 2.00| 10.00| 16.42 21.09 22.65 22.65
14| 2.00| 10.00| 16.93 21.60 23.16 23.16
15| 2.00| 10.00| 19.53 24.20 25.76 25.76
16| 2.00| 10.00| 22.33 27.00 28.56 28.56
17| 2.00 8.11| 14.49 19.16 20.72 20.72
18| 2.00| 10.00| 17.91 22.98 24.54 24.54
19| 2.00 937 | 14.75 20.42 21.98 21.98
20| 2.00| 10.00| 18.81 23.48 25.04 25.04
21| 2.00| 10.00 | 21.98 26.65 28.21 28.21
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Table A2.4 Sorption capacities obtained from batch experiments for Cd** for the
different biosorbents samples

Sample Sorption capacity , mg/g
No 2 10 50 100 200 300
mg/L | mg/lL | mg/L | mg/L mg/L mg/L
1| 1.56 3.90 5.39 9.02 9.89 9.89
2| 1.22 5.57 7.26 9.89 11.76 11.76
3] 196 6.61 8.80 11.73 12.60 12.60
41 2.00 7.38 9.50 12.43 13.30 13.30
51 2.00 6.88 9.07 12.33 12.87 12.87
6| 2.00 9.24| 10.13 14.36 15.23 15.23
71 2.00 890 | 11.09 13.02 14.89 14.89
8] 2.00| 10.00| 12.85 15.78 16.65 16.65
9| 2.00| 10.00| 14.99 18.45 19.32 19.32
10| 2.00| 10.00| 13.26 16.19 17.06 17.06
11| 2.00| 10.00| 12.96 15.69 16.76 16.76
12| 2.00 8.01 10.20 13.13 14.00 14.00
13| 2.00 491 7.10 10.03 10.90 10.90
14| 2.00 3.57 5.46 8.39 9.26 9.26
15| 2.00 7.01 9.20 12.13 13.00 13.00
16 | 2.00 6.81 9.00 11.43 12.80 12.80
17 | 2.00 5.77 7.96 10.89 11.76 11.76
18 | 2.00 7.69 | 10.18 13.11 13.98 13.98
19 | 2.00 946 | 11.65 14.58 15.45 15.45
20| 2.00| 10.00| 13.09 16.02 16.89 16.89
21| 2.00| 10.00| 13.67 16.12 17.50 17.50
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Table A2.5 Pseudo second order kinetic constants (k;) obtained from batch
experiments for Pd?*, Cu?* and Cd?*

Pseudo second order kinetic constant g/mg/min
Sample | Metal 200 mg/L 100 mg/L 50 mg/L 25 mg/L
ion
K> R? K R? K R? K R?
1 Pb 0.0059 0.9960 | 0.0137 | 0.9980 | 0.0219 | 0.9930 | 0.0454 | 0.9940
Cu 0.0021 0.9520 | 0.0024 | 0.9880 | 0.0054 | 0.9460 | 0.0112 | 0.9690
Cd 0.0029 0.9940 | 0.0027 | 0.9710 | 0.0052 | 0.9510 | 0.0093 | 0.9470
2 Pb 0.0069 0.9900 | 0.0150 | 0.9750 | 0.0329 | 0.9810 | 0.0739 | 0.9900
Cu 0.0032 0.9700 | 0.0072 | 0.9720 | 0.0089 | 0.9910 | 0.0412 | 0.9580
Cd 0.0035 0.9580 | 0.0053 | 0.9690 | 0.0094 | 0.9880 | 0.0168 | 0.9630
3 Pb 0.0057 0.9630 | 0.0172 | 0.9740 | 0.0220 | 0.9890 | 0.0456 | 0.9830
Cu 0.0049 0.9700 | 0.0024 | 0.9790 | 0.0144 | 0.9830 | 0.0359 | 0.9790
Cd 0.0045 0.9980 | 0.0049 | 0.9800 | 0.0157 | 0.9790 | 0.0287 | 0.9930
4 Pb 0.0076 0.9810 | 0.0160 | 0.9960 | 0.0403 | 0.9740 | 0.0929 | 0.9920
Cu 0.0039 0.9960 | 0.0105 | 0.9870 | 0.0114 | 0.9850 | 0.0276 | 0.9840
Cd 0.0062 0.9880 | 0.0041 | 0.9830 | 0.0122 | 0.9930 | 0.0222 | 0.9750
5 Pb 0.0063 0.9520 | 0.0154 | 0.9860 | 0.0264 | 0.9800 | 0.0570 | 0.9840
Cu 0.0030 0.9940 | 0.0044 | 0.9930 | 0.0082 | 0.9880 | 0.0189 | 0.9560
Cd 0.0037 0.9930 | 0.0038 | 0.9890 | 0.0105 | 0.9750 | 0.0186 | 0.9080
6 Pb 0.0076 0.9990 | 0.0209 | 0.9810 | 0.0405 | 0.9920 | 0.0935 | 0.9790
Cu 0.0084 0.9550 | 0.0106 | 0.9700 | 0.0260 | 0.9930 | 0.0619 | 0.9820
Cd 0.0066 0.9810 | 0.0072 | 0.9900 | 0.0265 | 0.9790 | 0.0493 | 0.9900
7 Pb 0.0078 0.9950 | 0.0190 | 0.9670 | 0.0422 | 0.9900 | 0.0979 | 0.9890
Cu 0.0062 0.9940 | 0.0113 | 0.9910 | 0.0189 | 0.9820 | 0.0666 | 0.9860
Cd 0.0053 0.9860 | 0.0059 | 0.9820 | 0.0285 | 0.9920 | 0.0529 | 0.9830
8 Pb 0.0088 0.9780 | 0.0272 | 0.9890 | 0.0535 | 0.9870 | 0.1269 | 0.9790
Cu 0.0127 0.9730 | 0.0162 | 0.9860 | 0.0401 | 0.9960 | 0.0971 | 0.9930
Cd 0.0086 0.9530 | 0.0111 | 0.9870 | 0.0450 | 0.9690 | 0.0843 | 0.9920
9 Pb 0.0092 0.9980 | 0.0278 | 0.9840 | 0.0583 | 0.9540 | 0.1394 | 0.9840
Cu 0.0134 0.9950 | 0.0184 | 0.9930 | 0.0423 | 0.9230 | 0.1124 | 0.9750
Cd 0.0095 0.9880 | 0.0114 | 0.9830 | 0.0476 | 0.9740 | 0.0891 | 0.9320
10 Pb 0.0090 0.9710 | 0.0268 | 0.9740 | 0.0557 | 0.9650 | 0.1327 | 0.9690
Cu 0.0129 0.9910 | 0.0172 | 0.9790 | 0.0408 | 0.9500 | 0.1084 | 0.9850
Cd 0.0093 0.9940 | 0.0108 | 0.9800 | 0.0459 | 0.9490 | 0.0859 | 0.9930
11 Pb 0.0081 0.9400 | 0.0231 | 0.9720 | 0.0463 | 0.9820 | 0.1082 | 0.9800
Cu 0.0100 0.9700 | 0.0131 | 0.9920 | 0.0312 | 0.9860 | 0.0820 | 0.9860
Cd 0.0076 0.9620 | 0.0089 | 0.9690 | 0.0330 | 0.9230 | 0.0615 | 0.9750
12 Pb 0.0080 0.9350 | 0.0186 | 0.9850 | 0.0447 | 0.9470 | 0.1043 | 0.9810
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Pseudo second order kinetic constant g/mg/min
Sample | Metal 200 mg/L 100 mg/L 50 mg/L 25 mg/L
ion
K, R? K> R? K> R? K> R?
Cu 0.0059 | 0.9810 | 0.0124 | 0.9860 | 0.0179 | 0.9800 | 0.0733 | 0.9720
Cd 0.0070 | 0.9900 | 0.0057 | 0.9700 | 0.0313 | 0.9740 | 0.0583 | 0.9740
13 Pb 0.0065 | 0.9730 | 0.0139 | 0.9750 | 0.0288 | 0.9640 | 0.0632 | 0.9790
Cu 0.0023 | 0.9430 | 0.0054 | 0.9960 | 0.0060 | 0.9820 | 0.0299 | 0.9830
Cd 0.0041 0.9830 | 0.0043 | 0.9810 | 0.0132 | 0.9860 | 0.0241 | 0.9810
14 Pb 0.0059 | 0.9940 | 0.0137 | 0.9670 | 0.0219 | 0.9840 | 0.0454 | 0.9860
Cu 0.0077 | 0.8990 | 0.0024 | 0.9910 | 0.0236 | 0.9830 | 0.0112 | 0.9840
Cd 0.0062 | 0.9690 | 0.0027 | 0.9860 | 0.0262 | 0.9810 | 0.0487 | 0.9790
15 Pb 0.0081 0.9470 | 0.0232 | 0.9930 | 0.0465 | 0.9860 | 0.1088 | 0.9810
Cu 0.0065 | 0.9850 | 0.0132 | 0.9830 | 0.0199 | 0.9840 | 0.0510 | 0.9830
Cd 0.0055 | 0.9640 | 0.0062 | 0.9850 | 0.0220 | 0.9790 | 0.0407 | 0.9930
16 Pb 0.0077 | 0.9880 | 0.0240 | 0.9750 | 0.0419 | 0.9810 | 0.0971 | 0.9630
Cu 0.0102 | 0.9890 | 0.0112 | 0.9930 | 0.0319 | 0.9830 | 0.0837 | 0.9960
Cd 0.0065 | 0.9340 | 0.0091 | 0.9740 | 0.0357 | 0.9930 | 0.0665 | 0.9930
17 Pb 0.0070 | 0.9940 | 0.0169 | 0.9960 | 0.0344 | 0.9630 | 0.0777 | 0.9860
Cu 0.0046 | 0.8940 | 0.0079 | 0.9800 | 0.0135 | 0.9920 | 0.0335 | 0.9920
Cd 0.0052 | 0.9650 | 0.0057 | 0.9840 | 0.0196 | 0.9870 | 0.0362 | 0.9870
18 Pb 0.0084 | 0.9120 | 0.0257 | 0.9920 | 0.0498 | 0.9810 | 0.1173 | 0.9810
Cu 0.0115 | 0.9490 | 0.0146 | 0.9810 | 0.0360 | 0.9930 | 0.0870 | 0.9930
Cd 0.0085 | 0.9960 | 0.0094 | 0.9870 | 0.0370 | 0.9910 | 0.0691 | 0.9750
19 Pb 0.0089 | 0.8690 | 0.0265 | 0.9790 | 0.0549 | 0.9860 | 0.1305 | 0.9860
Cu 0.0032 | 0.9650 | 0.0169 | 0.9820 | 0.0091 | 0.9930 | 0.1009 | 0.9790
Cd 0.0036 | 0.9570 | 0.0036 | 0.9900 | 0.0428 | 0.9830 | 0.0801 | 0.9850
20 Pb 0.0078 | 0.9900 | 0.0219 | 0.9890 | 0.0430 | 0.9850 | 0.0999 | 0.9920
Cu 0.0113 | 0.9710 | 0.0117 | 0.9860 | 0.0355 | 0.9750 | 0.0687 | 0.9900
Cd 0.0067 | 0.9600 | 0.0100 | 0.9720 | 0.0398 | 0.9930 | 0.0546 | 0.9860
21 Pb 0.0093 | 0.9400 | 0.0281 | 0.9690 | 0.0591 | 0.9740 | 0.1414 | 0.9880
Cu 0.0134 | 0.9710 | 0.0187 | 0.9690 | 0.0423 | 0.9960 | 0.1124 | 0.9910
Cd 0.0096 | 0.9930 | 0.0116 | 0.9840 | 0.0476 | 0.9850 | 0.0891 | 0.9750
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APPENDIX A3

Packages, libraries and R studio codes used for the data

analysis
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1. Packages and Libraries used for statistical analysis using R studio.

The following packages and Libraries were loaded.

library(devtools)
library(caret)
library(factoextra)
library(elasticnet)
library(glmnet)
library(VIF)
library(fmsb)
library(tidyverse)
library(plyr)
library(scales)
library(grid)
library(RVAideMemoire)

2. Codes used for statistical analysis using R studio.

# Loading Libraries for analysis
library(devtools)

library(caret)
library(factoextra)
library(elasticnet)
library(glmnet)

library(VIF)

library(fmsb)

library(tidyverse)

# datamatrix is the original data matrix.
# DataPbAll is a data matrix created by removing Cu and Cd adsorption data from the

original data matrix.
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# DataCuAll is a data matrix created by removing Pb and Cd adsorption data from the
original data matrix.
# DataCdAll is a data matrix created by removing Pb and Cu adsorption data from the

original data matrix.

# Prepare the correlation matrix

correlationmatrix <- cor(datamatrix)

# summarize the correlation matrix

print(correlationMatrix)

# Permutation test for PPMCC. Example:- PPMCC between PV and SSA is tested with
10000

# Resamples.

x<-datamatrix$PV

y<-datamatrix§SSA

perm.cor.test(x, y, nperm = 10000, progress = TRUE)

# Prepare PCA analysis

pcatest1 <- prcomp(datamatrix,
center = TRUE,
scale. = TRUE)

# Print and summarize output
print(pcatestl)

summary(pcatest1)

# Attributes of PCA test
res.var <-get pca var(pcatestl)
res.var$coord

res.var$contrib

# Obtain cos2 values for the variables

res.var$cos2
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# Print the biplot for PCA

fviz_pca_biplot(pcl,
pointsize = 2,
col.var="dark blue",

repel = TRUE)

# Assessing VIF of variables was done using the following codes. Model 1 is a linear
model where PDb is the dependent variable. Cu or Cd can also be used as the dependent

variable and the VIF values will be the same.

modell <- Im(Pb~., data=DataPbAll)

car::vif(modell)

#Checking for aliased coefficients

alias(modell)

# Building models with Enet using glmnet package.
# DataCuSel = A data matrix created by removing following from the original data
matrix; Pb, Cd, Carboxylic, Phenolic, Lactonic, PV.
# DataPbSel = A data matrix created by removing following from the original data
matrix; Cu, Cd, Carboxylic, Phenolic, Lactonic, PV.
# DataCdSel = A data matrix created by removing following from the original data

matrix; Pb, Cu, Carboxylic, Phenolic, Lactonic, PV.

# Defining repeated k-fold cross validation (k=10, repeats=10).
fitControl <- trainControl(method = 'repeatedcv’,

number = 10,

repeats=10,

search = "grid")

# Building model for Cu.
model.Cu <- caret::train(Cu~ .,

data = DataCuSel,
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method="glmnet",
trControl = fitControl,
tuneLength = 20)

# Printing the model.
summary(model.Cu)

print(model.Cu)

# Attributes for final model
model.Cu$finalModel
model.Cu$bestTune

model.Cu$coefhames

# Coefficients when lambda is set to the optimal value

FinModCu <- model.Cu$finalModel

coef(FinModCu, s=model.Cu$finalModel$lambdaOpt)

model.Cu$finalModel$lambdaOpt

# Defining and summarize importance of variables

impCu <- varlmp(model.Cu, scale=FALSE)

print(impCu)

# Building model for Cd.

model.Cd <- caret::train(Cd~ .,
data = DataCdSel,
method="glmnet",
trControl = fitControl,
tuneLength = 20)

# Printing the model.
summary(model.Cd)

print(model.Cd)

# Attributes for final model
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model.Cd$finalModel
model.Cd$bestTune

model.Cd$coefnames

# Coefficients when lambda is set to the optimal value
FinModCd <- model.Cd$finalModel

coef(FinModCd, s=model.Cd$finalModel$lambdaOpt)
model.Cd$finalModel$lambdaOpt

# Defining and summarize importance of variables
impCd <- varlmp(model.Cd, scale=FALSE)
print(impCd)

# Building model for Pb.

model.Pb <- caret::train(Pb~ .,
data = DataPbSel,
method="glmnet",
trControl = fitControl,
tuneLength = 20)

# Printing the model.
summary(model.Pb)
print(model.Pb)

# Attributes for final model
model.Pb$finalModel
model. Pb$bestTune

model.Pb$coefnames

# Coefficients when lambda is set to the optimal value
FinModPb <- model.Pb$finalModel

coef(FinModPb, s=model.Pb$finalModel$lambdaOpt)
model.Pb$finalModel$lambdaOpt
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# Defining and summarize importance of variables
impPb <- varImp(model.Pb, scale=FALSE)
print(impPb)

PLS to develop models for sorption capacity and kinetic constants

# Building PLS Models

# Database = ModPbl

library(caret)

library(plsR glm)

# Calculate optimal number of components

set.seed(123)

modelplsPbA<-cv.plsR glm(Pb~.,data=ModPb1,nt=5,K=5,NK=100,random=TRUE,
verbose = FALSE)

res.modelplsPbA=cvtable(summary(modelplsPbA))

plot(res.modelplsPbA)

summary(modelplsPbA)

# Apply the optimal number of components to build PLS model
modelplsPbA 1<-plsR glm(Pb~.,data=ModPb1,nt=2,pvals.expli=TRUE)
modelplsPbAl

# Plot confidance intervals

set.seed(123)
modelplsPbA1.bootYX1=bootpls(modelplsPbA1,R=1000,verbose=FALSE)
boxplots.bootpls(modelplsPbA1.bootYX1,indice=2:8)

temp.ci=confints.bootpls(modelplsPbA1l.bootY X1,indice=2:8)
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plots.confints.bootpls(temp.ci,typeIC="BCa",
collC=c("blue","blue","blue","blue"),

legendpos ="topright")

Develop relation with column breakthrough time with kinetic constant, sorption

capacity and initial sorption rate

Building simple linear regression models

# database = Pb200

library(caret)

control <- trainControl(method = "repeatedcv",
number = 5,

repeats = 5)

model Im <- train(K2 ~ BT, data = Pb200, method='lm’,
trControl = control, tuneLength = 10)

summary(model Im§$finalModel)

# Plotting Confidance intervals and Prediction intervals side bay side
pred <- predict(model Im, Pb200)
pred <- data.frame(pred = pred, BT = Pb200$BT)

library(ggplot2)

ggplot(data = pred)+
geom_line(aes(x = BT, y = pred))+
geom_point(data = Pb200, aes(x=BT, y = K2))

pred <- predict(model Im$finalModel, Pb200, se.fit = TRUE, interval =
"prediction")
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pred <- data.frame(pred = pred$fit[,1], BT = Pb200$BT, Iwr = pred$fit[,2], upr =
pred$fit[,3])

pred int <- ggplot(data = pred)+
geom _line(aes(x = BT, y = pred))+
geom_point(data = Pb200, aes(x = BT, y = K2)) +

geom_ribbon(aes(ymin = Iwr, ymax = upr, x = BT), alpha = 0.2)

pred <- predict(model Im$finalModel, Pb200, se.fit = TRUE, interval =
"confidence")

pred <- data.frame(pred = pred$fit[,1], BT = Pb200$BT, lwr = pred$fit[,2], upr =
pred$fit[,3])

pred conf <- ggplot(data = pred)+
geom_line(aes(x = BT, y = pred))+
geom_point(data = Pb200, aes(x = BT, y = K2)) +

geom_ribbon(aes(ymin = lwr, ymax = upr, x = BT), alpha = 0.2)

library(cowplot)
plot_grid(pred int, pred_conf)
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APPENDIX A4

Statistical analysis outputs
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Figure A4. 1 PCA Scree plots for physico-chemcial properties and maximum

sorption capapcity. (a) Total acidic group as single variable (b) Carboxylic,

Lactonic and phenolic seperatly.

Note: These figures correspond to 7.12 in  Section 7.4 of Chapter 7
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(c) Scree Plot (d) Scree Plot
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Figure A4.2 PCA Scree plots for physico-chemcial properties and k> (a) 200 mg/L

(b) 100 mg/L (c) 50 mg/L (d) 25 mg/
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Figure A4.3 Final predictive model for k> — Pb?* (low concentration). Observation
numbers 1-21 represent samples with a concentration of 50mg/L and observation

numbers 22-42 represent samples with a concentration of 25mg/L
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Figure A4.4 Final predictive model for k> — Pb?* (high concentration). Observation
numbers 1-21 represent samples with a concentration of 200mg/L and observation

numbers 22-42 represent samples with a concentration of 100mg/L
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Figure A4.5 Final predictive model for ko — Cu?* (low concentration). Observation
numbers 1-21 represent samples with a concentration of 50mg/L and observation

numbers 22-42 represent samples with a concentration of 25mg/L
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Figure A4.6 Final predictive model for k> — Cu?* (high concentration). Observation
numbers 1-21 represent samples with a concentration of 200mg/L and observation

numbers 22-42 represent samples with a concentration of 100mg/L
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Figure A4.7 Final predictive model for k> — Cd?* (low concentration). Observation
numbers 1-21 represent samples with a concentration of 50mg/L and observation

numbers 22-42 represent samples with a concentration of 25mg/L
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Figure A4.8 Final predictive model for k» — Cd?" (high concentration). Observation
numbers 1-21 represent samples with a concentration of 200mg/L and observation

numbers 22-42 represent samples with a concentration of 100mg/L
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