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ABSTRACT

Nickel ions which are commonly found in the wastewater discharge of a variety of
industries pose serious threats to ecosystems and human health if their concentrations
exceed permissible limits. Activated carbon adsorption is typically employed in the
treatment of wastewater to remove heavy metal contaminants such as nickel from
water. However, the cost of activated carbon itself is high. Longan peel was
proposed as a low-cost biosorbent substitute to activated carbon. The present study
focuses on investigating and comparing the efficiency of both these adsorbents in
removing nickel (I1) ions from aqueous solutions. Operating parameters which are
initial nickel concentration, adsorbent dosage, and pH were examined to analyse the
effects that they have on the removal of nickel ions. Based on Box-Behnken design
of experiments, reduced cubic models were proposed to correlate the three
independent variables for maximum removal efficiencies at optimum conditions. The
maximum removal efficiency of nickel (II) by longan peel biosorbent was
determined to be 47.64 % at optimal parameters: initial nickel concentration of
180.17 mg/L, biosorbent dosage of 9.708g, and pH 5.346. Optimal conditions for
activated carbon were found to be initial nickel concentration of 11.94 mg/L,
biosorbent dosage of 7.585 g, and pH 7.999, which resulted in a maximum removal
efficiency of 97.85 %. Langmuir isotherm and Freundlich isotherm models exhibited
the best fits for the equilibrium data for longan peel and activated carbon respectively.
Despite the potential that longan peel biosorbent has shown in removing nickel ions
from contaminated water, its performance pales in comparison to activated carbon
and other low-cost biosorbents. Several suggestions were made to help overcome the
shortcomings that the longan peel biosorbent has in terms of its adsorption capacity.
In addition, recommendations for future research related to increasing the feasibility
of adopting longan peel biosorbent in actual wastewater treatment plants were also

presented.
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CHAPTER 1

INTRODUCTION

1.1 General Introduction

The pollution of water is the consequence of the presence of physical, chemical, or
biological components that diminish the condition of water bodies. Contaminated
water may be regarded as unfit for drinking by humans, but still serve other roles
such as the habitat of aquatic organisms, irrigation of crops, or be used for
recreational purposes. Although natural events are known to cause water pollution,
anthropogenic sources of pollution are the focus of many research topics (Schweitzer
and Noblet, 2017).

Heavy metal contaminants in water occur naturally but they can become
enriched through their extraction or use in industries to the point that they
compromise water quality or stop adhering to safe drinking water regulations. Based
on the analysis of industrial effluents, the most common heavy metal pollutants are
nickel, lead, copper, mercury, zinc, cadmium, and chromium (Bahadir et al., 2007).
Besides being highly toxic for living organisms, they accumulate in the food chain
and persist in nature which makes them significant threats to both the environment
and the welfare of the public.

Heavy metals are an integral part of many industries such as mining, smelters,
surface finishing, textile, electroplating, aerospace, and various others where they are
used extensively as compounds and as alloys in numerous applications. However,
problems arise when these industries discharge substantial amounts of wastewater
into the surface water and groundwater. As a result of the release of wastewater
containing raw materials, the heavy metals disperse into water bodies and cause
highly critical environmental problems through disruption of the ecosystem (Gurel,
2017).

Based on these reasons, removing and recovering the heavy metals contained
within the wastewater is crucial from an economic and environmental standpoint. As
such, several treatment techniques were developed in the past few years to facilitate
the reduction of the quantity of these unwanted pollutants from aqueous solutions.
These techniques are split into three categories which are chemical, physical, and

biological. Among the removal techniques, chemical precipitation, electrochemical



process, ion exchange, membrane filtration, coagulation with flocculation, and
adsorption have risen in prominence as they have shown promising results and
potential of being implemented in real-scale applications. By evaluating each of the
methods, it is apparent that they all have their own set of advantages and drawbacks.
Among these methods, the use of activated carbon for adsorption has gained a
reputation of being highly efficient and effective as well as displaying an ability to
simultaneously remove both metal and organic contaminants. However, it also
exhibits disadvantages such as the high treatment cost of pollutants that are adsorbed
by the activated carbon after the adsorption process (Wang, Lu and Li, 2016).
Besides that, the treatment of large volumes of wastewater produced through
adsorption incurs excessive expenditures. Consequently, there has been an influx in
the interest of finding an economically-feasible, environmentally-safe, and effective
substitute to activated carbon. Through the investigation of many researchers, waste
biomass has demonstrated superior properties of adsorption when compared to using

industrial or mineral waste (Ahmaruzzaman, 2011).

1.2 Importance of the Study

The present study evaluates the viability of longan peels as a biosorbent in removing
excessive amounts of nickel ions contained in wastewater. The performance of
longan peels in the batch adsorption tests will help in determining the potential of
longan peels biosorbent when compared to activated carbon which has already
established itself to be an adsorbent effective at adsorbing nickel ions. The results
may serve as a starting point for research to be organised in the future to find a way
to implement longan peels as a biosorbent for large scale treatment of nickel removal.
If successful, this technique will give tremendous prospects in developing countries
where the resources are scarce and where utilisation of lower-cost removal
techniques can help lessen the financial impacts of wastewater treatment.
Furthermore, the use of waste biomass such as the peels of fruits is an excellent way

to help alleviate the ongoing waste management crisis.

1.3 Problem Statement
Nickel ions are commonly found in the wastewater discharge of various types of

industries and have proven to be toxic at even low concentrations for humans to



drink as well as being a detrimental habitat for the living organisms present in the
aqueous environment.

Standard A for the wastewater discharges that are upstream of raw water
intake is 0.20 mg/L whereas Standard B for discharges that are downstream of raw
water intake is 1.0 mg/L. These standards are set by Environmental Quality
(Industrial Effluents) Regulations 2009 to determine the permissible nickel
concentrations in wastewater effluent of industries (Department of Environment,
2010). The repercussions for parties found guilty of violating this regulation as
enforced by Environmental Quality Act 1974 include a fine that does not exceed a
sum of RM 100,000 or sentencing to a prison term that does not exceed five years or
to both and to a fine that does not exceed RM 100,000 a day for each day that the
contravention is continued after being served the notice by the Director General that
requires the party to halt the act (Department of Environment, 2009).

Conventional methods used in wastewater treatment plants to reduce levels of
nickel each have their setbacks. Activated carbon adsorption has emerged as a very
efficient technique owing to its high efficiency and simplicity of process design
(Papageorgiou et al., 2009). However, its applicability is hindered by the high cost of
the activated carbon itself.

In light of this, there is a need to develop an economical and commercially
viable method for the removal of nickel in wastewater while also taking into

consideration its performance, cost, design, and operation.

1.4 Aim and Objectives
The ultimate purpose of the current research is to review the practicality of using
longan peels as a biosorbent in removing nickel ion contaminants from aqueous
solutions. The present study aims to accomplish the following objectives:
(1) To investigate the removal efficiency and adsorption uptake of nickel
ions using longan peel biosorbent.
(i) To investigate the effects of initial concentration, adsorbent dosage,
and pH on the adsorption performance of the longan peels.
(iii)  To compare the performance of longan peel biosorbent and

commercial activated carbon in the removal of nickel from water.



1.5 Scope of the Study

The present study encompasses the procedure for carrying out the batch adsorption
studies, characterisation of longan peel biosorbent and activated carbon, analysis of
the experimental data based on the design of experiments by response surface
methodology (RSM), and optimisation to maximise the removal efficiencies. Nickel
ions were chosen for the study as it is one of the most prevalent heavy metal
contaminants that are present in the wastewater discharge of various industries.
Longan peels were selected as the biosorbent as they are readily available, cheap, and
under-researched in this field of study. The parameters that affect adsorption
performance which are initial concentration, pH, and adsorbent dosage were chosen

to be investigated.

1.6 Outline of the Report
The study covers four main chapters:

Q) Chapter 1 introduces the background, importance, aim, problem
statements, and the overall scope of the study.

(i) Chapter 2 covers the literature review of journal articles, books, and
web resources on the topics related to this study. Its subtopics include
the introduction to nickel ion and the purpose of its removal from
wastewater, the conventional methods of cationic removal,
description of the adsorption and biosorption processes, biosorbents
studied in previous research, as well as the theories underlying
adsorption isotherm and response surface methodology (RSM).

(i)  Chapter 3 outlines the materials, chemicals, and equipment involved
to carry out the experiments, the process flow of the experiments, the
parameters to be investigated in the batch adsorption studies, the
generation of the design matrix for response surface methodology, the
descriptions of the analytical method as well as the method to
investigate the best-fitting adsorption isotherm.

(iv)  Chapter 4 involves the analysis of FTIR spectra of both adsorbents,
models fitting, the interpretation of ANOVA of the models, study of
the effects of the individual parameter and their combined effects via

RSM, optimisation of parameters for maximum removal efficiency,



(v)

and determining the feasibility of longan peel biosorbents in
wastewater treatment plants.

Chapter 5 highlights the significant findings in the study, the
conclusion of the results, and several proposed recommendations to

improve future research in this area of study.



CHAPTER 2

LITERATURE REVIEW

2.1 General Introduction to Nickel lon

Nickel is the 28™ element of the periodic table where it is a member of the iron group
of transitional metals and can exist as oxidation states from +1 to +4. Under typical
environmental conditions, nickel typically exists in the oxidation state of Ni(ll),
whereby nickel is in the +2 valence state (Cempel and Nikel, 2006). When in neutral
water, nickel (I1) ions are present as the greenish hexahydrated [Ni(H20)6]*" ions
(Savolainen, 1996). Nickel exhibits corrosion-resistant properties towards alkali,
water, and air, but is extremely soluble in dilute oxidising acids. The physical

properties of nickel are tabulated in Table 2.1.

Table 2.1: Physical Properties of Nickel (Royal Society of Chemistry, 2019)

Physical Property Value
Atomic number 28
Relative atomic mass 58.693
Density (g/cm?) 8.90
Boiling point (°C) 2913
Melting point (°C) 1455

Some of the applications of nickel in the industry are in nickel electroplating,
battery manufacturing, copper sulfate production, leather tanning, dyeing operation,
paint formulation, ceramic and porcelain enamelling, and steam-electric power plants
(Gupta, Rastogi and Nayak, 2010). The nickel concentrations of the industrial
effluents differ vastly from one industry to another as depicted in Table 2.2.



Table 2.2: Concentration of Nickel (1) lon in Wastewater of Various Industries

Source Industry Nickel Reference

Concentration

(mg/L)
Ambattur Industrial Estate, Chennai, India Electroplating 132.0 (Sivakumar et al., 2018)
Sigma Electroplating Industry, India Electroplating 5.820 (Husain et al., 2014)
Unspecified metal finishing factory, Yalova, Turkey Metal plating 248.0 - 282.0 (Kabdasli et al., 2009)
Unspecified nickel plating plant in Taiwan Nickel plating plant 2900 (Shih, Lin and Huang, 2013)
Selected companies in Lagos, Nigeria Paint manufacturing BDL -1.900 (Aniyikaiye et al., 2019)
Survey by U.S. Environmental Protection Agency Battery manufacturing 2.493 (Ruckelshaus, Ravan and Johnson, 1984)
Houjing Plating Industry Park, Zhejiang Province Electroplating 238.0 - 300.0 (Porex Corporation, 2013)
Unspecified electroplating factory in Thailand Electroplating 96.10 (Srisuwan and Thongchai, 2002)
Industrial effluents from Haryana and Chandigarh Electroplating 72.00 - 243.0 (Singh and Ram, 2016)
Four unspecified electroplating sites from Agra city Electroplating 5.640 - 27.00 (Singh and Verghese, 2006)

Unspecified gold mine in Finnish Lapland Gold mining 0.03700 - 0.06800 (Palmer, Ronkanen and Klgve, 2015)




2.2 Purpose of Nickel lon Removal in Wastewater

Besides being non-biodegradable, nickel is known to exhibit hazardous effects on
human beings and other living organisms at even minuscule amounts. The ability of
nickel to undergo redox cycling between Ni?* and Ni®* is one of the attributes that
contribute to its toxicity (Savolainen, 1996).

One of the major routes of human exposure to nickel is absorption via direct
skin contact where it has the potential to cause skin dermatitis. Previous reports
suggest that certain nickel compounds like nickel carbonyl are also rapidly absorbed
into the skin and discovered to be lethal to humans at exposure levels of 30 ppm for
30 minutes (Vieira et al., 2010). Furthermore, serious health impacts such as
gastrointestinal discomfort, lung and kidney damage, renal edema, and pulmonary
fibrosis are caused by prolonged exposure to excessive doses of nickel
(Pahlavanzadeh et al., 2010). Apart from that, past studies have reported on the
ability of nickel to traverse the human placental barrier and reach the foetus, whereby
it can cause tetragenesis or embryotoxicity (Chen and Lin, 1998).

The International Agency for Research on Cancer (IARC) in 1990
determined that compounds of nickel belong to Group 1 which is the carcinogenic
category while metallic nickel is placed in Group 2B as possibly carcinogenic to
humans. However, there is a lack of evidence of the correlation between oral
exposure to nickel and carcinogenic risk (World Health Organization, 2005).

Environmental Quality (Industrial Effluents) Regulations 2009 set nickel
concentrations of 0.20 mg/L as Standard A for the discharges of wastewater that are
upstream of the intake of raw water and 1.0 mg/L as Standard B for the discharges
that are downstream of the intake of raw water (Department of Environment, 2010).
Besides, the National Water Quality Standards for Malaysia has taken the various
health impacts caused by nickel into account and established the maximum
permissible concentration of nickel according to their uses as shown in Table 2.3.
Consequently, it is extremely important to carry out the treatment of industrial
effluents contaminated by excessive amounts of nickel ions before they are

discharged into the environment.



Table 2.3: Maximum Allowable Limit of Nickel Concentrations in Water Bodies
(Water Environment Partnership in Asia, 2006)

Water Uses Maximum Permissible
Class Limit of Nickel (mg/L)
I Natural environment conservation. Completely absent or

Water supply without any necessary  present at natural levels
treatment.
Fishery consisting of highly sensitive aquatic
organisms.
A Water supply treated conventionally. 0.05

Fishery consisting of sensitive aquatic

organisms.

IIB  Recreational use where contact with the body 0.05
may occur.

i Water supply with the need for large scale 0.90

treatment required.
Fishery consisting of common commercial
value and tolerant aquatic organisms.
Source of water for livestock.
v Irrigation 0.20

2.3 Conventional Methods of Cationic Removal

Over the years, the research and development field specialising in wastewater
treatment has seen an influx of studies to effectively remove heavy metal
contaminants from wastewater. As a result, many new methods such as membrane
filtration, chemical precipitation, electrochemical process, coagulation-flocculation,

and ion exchange have emerged and been the subject of continuous investigation.

2.3.1  Membrane Filtration

By employing the use of a membrane, a concentration or pressure gradient acts as the
driving force to facilitate the mechanical and chemical screening of undesired
macromolecules and particles in the wastewater (Benjamin and Lawler, 2013).



2.3.1.1 Process Description

Membrane filtration is a gentle, physical separation operation where the emulsion of
contaminants is neither thermally nor chemically altered. Based on the criteria for
separation of compounds such as particle size and polarity, the membranes have the
capacity to hold specific substances back while the others selectively pass through
the membrane. The driving forces that enable the mass flow of the particles through
the membrane are the gradients of pressure or concentration between both sides of
the membrane (Graff, 2012). A typical scheme showing the utilisation of membrane

filtration in wastewater treatment is depicted in Figure 2.1.

Feed
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Figure 2.1: Scheme of Membrane Separation Process in Wastewater Treatment
(Graff, 2012)

Oil drain +—
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2.3.1.2 Disadvantages

The capital costs for membrane-based technology can be considered as exorbitant
compared to the other conventional systems. Besides that, the current level of
expertise of plant operators may not be up to par with the level required to handle
this technology. Furthermore, the replacement costs of the fouled membrane are high
and therefore require appropriate budgeting. Another underlying issue with
membrane filtration is the disposal of the concentrate and waste streams (Mazille and
Spuhler, 2019).
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2.3.2  Chemical Precipitation
Another effective removal method of heavy metals from wastewater is by chemical
precipitation. Many industries employ its use as it involves relatively low capital

costs and is easy to operate (Yadav, Gupta and Sharma, 2019).

2.3.2.1 Process Description

Chemical precipitation process is commonly employed to eliminate undesirable
heavy metals, hardness, and phosphorus from water. By adding a reagent through the
mixing and dosing system as shown in Figure 2.2, the ionic equilibrium of the
metallic ions and certain anions are altered to form precipitation that is insoluble in
the water. These precipitates can then be easily removed by subsequent solids
separation processes such as filtration, sedimentation, or coagulation. Preceding
chemical precipitation, a chemical reduction process can be introduced to facilitate in
changing the metal ions to a more easily precipitated form (Wang et al., 2005).

j ’—> effluent

influent chemicals
mixing and dosing system

Figure 2.2: Method Diagram for Chemical Precipitation Process (EMIS, 2010a)

2.3.2.2 Disadvantages

A large quantity of reagent is usually needed due to the requirement of 1:1 cation to
reagent ratio in the chemical precipitation process. This translates into additional
costs for operation since reagents such as barium sulphate are quite expensive.
Besides that, large amounts of sludge are produced through this process. For sludge
that can be precipitated as a useful by-product, typical problems encountered include
its high processing and treatment costs. This is because the sludge is regarded as a
dangerous waste due to its high content of heavy metals (EMIS, 2010a).
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2.3.3  Electrochemical Process
The major methods for electrochemical treatment of wastewater include the use of

electrocoagulation, electroflotation, and electrooxidation.

2.3.3.1 Process Description

An electrochemical treatment unit comprises of cathodes and anodes installed
parallel to each other. By switching on the electric power, the anode material is
oxidized while the elemental metals of the cathode undergo reduction reactions.
Based on the conditions imposed on the system, further reactions may occur and
require the removal of the various contaminants in water through either
electrocoagulation, electroflotation, and/or electrooxidation mechanisms (National
Programme on Technology Enhanced Learning (NPTEL), 2019). A schematic
diagram showing the use of an electrochemical process to treat the wastewater
produced by the sugar industry is portrayed in Figure 2.3.

DC Power Electrochemical

.
\ - W Supply ™ Reagtor
Sugar Industry Wastewater ] &’ &3 :}gi tator

\"Tlres

Trea(;\d Water

Sludge

Magnetic Stirrer

Figure 2.3: Diagram of the Electrochemical Process in the Treatment of Wastewater
from the Sugar Industry (Sahu et al., 2017)

2.3.3.2 Disadvantages

The regular replacement of the ‘sacrificial electrodes’ that are dissolved into the
wastewater streams for the redox reaction process is a major limitation of this
removal technique. Besides that, this method may not be economically viable in
developing countries with limited access to electricity. There is also a loss of
efficiency of the electrochemical unit due to the impermeable oxide film that forms
on the cathode. Furthermore, the wastewater suspension must possess high

conductivity for an effective separation to occur (Joseph, 2013).
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2.3.4  Coagulation-Flocculation Process
Wastewater treatment is also extensively carried out by the process of coagulation

which is immediately followed by flocculation.

2.3.4.1 Process Description

Coagulation involves adding a coagulant to the water to destabilize the colloids and
suspensions through the neutralisation of charges. The destabilisation process will
cause the polluting matter to bunch together. Subsequent to the coagulation process,
flocculation takes place where it involves adding polymers to physically agglomerate
the small and destabilized particles into larger sized clumps to ease the process of
separating them from the water (Butani and Mane, 2017). The combined

coagulation-flocculation process is depicted in Figure 2.4.

Coagulant Flacculant Destabilized
Isdustrial Wastewater Particles
Wastewater

/ Treated
! I I'l".las-tvawatar

—

D o8

Wastewator
ludge

Coagulation Flocculation Em:limu:rmlti{:nrlS

Figure 2.4: The Coagulation-Flocculation Processes for the Treatment of Industrial
Wastewater (Teh et al., 2016).

2.3.4.2 Disadvantages

The major drawback of this method is its high operating costs as there are instances
where substantial amounts of coagulants and flocculants are required to meet the
desired levels of separation. Another point of consideration is the escalating costs of
the external processing of the physiochemical sludge formed, especially during the
handling of wastewater of considerable volumes. Besides that, the selection of the
dosage of chemicals for the process to function effectively is not that straightforward

since wastewater has a composition that largely varies (EMIS, 2010b).



13

2.3.5 lon Exchange
Besides being used in separation processes in areas such as food processing, medical
research, chemical synthesis, agriculture, and mining, the ion exchange process is

extensively used in water and wastewater treatment (Cobzaru and Inglezakis, 2015).

2.3.5.1 Process Description

A reversible chemical reaction takes place whereby the targeted ions contained in the
wastewater solution is interchanged with an identically charged group of ionic
species situated within the immobile acid or base exchange resins. Therefore, the
contaminant ions will accumulate on the resin whereas the less harmful ions
belonging to the resin are released to substitute the absence of the contaminants in
the solution. A strong base or strong acid regenerant is used to discharge target ions
to allow for the regeneration of the exchange capacity of the resin so that it may be
reused on more of the original solution (Chen et al., 2006). The operating principles

underlying the ion exchange mechanism is depicted in Figure 2.5.
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Figure 2.5: Operating Scheme of lon Exchange Process (Home Water Purification
Systems, 2019)

2.3.5.2 Disadvantages
There is a reduction in the exchange capacity of the resins due to the quick fouling or
pollution by suspended material pollution and microbiology like bacteria that forms a

layer of film on the resin. Furthermore, there are uneconomically high operating
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costs involved in the disposal of the regeneration fluid after its use as it forms a

major concentrate flow (EMIS, 2019).

2.3.6

The principal characteristics and disadvantages of each of the conventional treatment

Summary of Conventional Treatment Methods

methods are tabulated in Table 2.4.

Table 2.4: Main Characteristics and Disadvantages of the Conventional Removal
Methods of Heavy Metal from Wastewater

Treatment Main Characteristics Disadvantages
Method
Chemical Formation and separation of e High volumes of sludge

precipitation insoluble precipitation produced

o High sludge treatment costs

Electrochemical Involves the use of e Involves constant

process electrolysis replacement of the sacrificial
anodes
e Formation of impermeable
oxide film on cathode
hinders efficiency
Coagulation- Adding of coagulants to e High consumption of
flocculation destabilise  particles and chemicals
process flocculants to agglomerate e Large volume of sludge

lon Exchange

the particles.

Involves an immobile acid or

base exchange resins

generation

Rapid fouling of resin by
organic matter
High

regeneration fluid

disposal cost of

24 Adsorption

Taking the disadvantages associated with each of the conventional methods

discussed in Section 2.3 into consideration, the adsorption process has seen a rise in
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popularity amongst researchers. This is because the process is easy and effective to
set up whilst also involving the least amount of capital and operating costs

particularly if regeneration of the adsorbent is performed in the system.

2.4.1  Process Description

Adsorption involves the transfer of particles (adsorbate) from a liquid or gas and the
forming of a superficial monolayer of the particles onto the surface of an adsorbent
(Crawford and Quinn, 2017). This adsorption process as shown in Figure 2.6
involves three main steps:

(1) The first step is a process known as film diffusion. The target
molecule traverses across the bulk fluid to the exterior of the
adsorbent particle by first diffusing through the film of solvent
surrounding the adsorbent.

(i) The next step is known as pore diffusion. The adsorbate molecule will
move to an adsorption site located inside of the pore of the adsorbent.

(iii)  The final step is where the actual adsorption occurs. The adsorbate
particles attach to the active sites of the adsorbent to form a single

monolayer of the molecules.

Adsorption Mechanism
Step 1: Diffusion to Step 2: Migration into Step 3: Monolayer
Adsorbent Surface Pores of Adsorbent Buildup of Adsorbate

Contaminant Molecules
0 ° seye, .., ...'.A/
x M -'-,:.0:’. srge Vaselose Laslolt wos A .., Feor,

A% S UL AL
.

Figure 2.6: The Three Main Steps of the Adsorption Mechanism (Subbareddy, 2015)
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Adsorption is categorised as either a chemical or physical process. The
physical adsorption process is reversible and is mainly driven by van der Waals
forces. It occurs primarily when the interparticle interaction forces between the
adsorbent and solute are more significant than the forces that exist between the
solvent and the solute. In contrast, chemical adsorption comprises of a chemical
reaction taking place between the adsorbent particles and the adsorbate surface.
Chemical adsorption is irreversible most of the times and is stronger than its physical

counterpart (Hung et al., 2006).

2.4.2  Advantages

One of the plus points of the adsorption process is its flexible operation which will
assist in the yield of high-quality treated effluents. Besides that, as mentioned in
Section 2.4.1, the adsorption process is sometimes reversible which means that an
appropriate desorption process can be incorporated into the process for the
regeneration of the adsorbents (Fu and Wang, 2011). Furthermore, adsorption has
advantages over the other water treatment methods which include a simpler design
and lower investments involved with regards to the initial costs and size of land area
required (Rashed, 2013).

2.5 The Use of Activated Carbon in Adsorption Process

Although there are numerous materials that can be employed in the process of
adsorption, activated carbon in powdered and granular form are by far the most
commonly utilised adsorbents in treating domestic and industrial wastewater. The
wide applicability of activated carbon for treating wastewater is mainly due to its
large microporous and mesoporous volumes that result in high surface areas, their
non-polar character, and economic viability (Rashed, 2013).

Activated carbon adsorption takes place in conjunction with activated sludge
treatment in an aeration tank. Activated carbon is dosed in the tank depending on the
required amount needed to reduce the level of water pollution. The recycling of
activated carbon takes place with the activated sludge but fresh activated carbon
needs to be continuously added to the system. Figure 2.7 illustrates the schematic

representation of the process of activated carbon treatment.
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b——————Return activated sludge (RAS)
[ ,  Carbon
regeneration

Figure 2.7: Schematic Representation of Activated Carbon Treatment (Jafarinejad,
2017)

2.5.1 Disadvantages of Activated Carbon

Activated carbon production is energy-intensive and commercially-expensive as it
involves high temperatures during the pyrolysis and activation stages of the process
(Ceyhan et al., 2013). Besides that, the continuously depleting source of coal-based
activated carbon will also result in the rise of prices of this adsorbent (Fu and Wang,
2011).

Furthermore, in some adsorption systems, the adsorbent regeneration may not
prove to be economically viable, so the activated carbon must be destroyed in an
incinerator where its emissions to the atmosphere may pose environmental risks
(EMIS, 2010a).

In addition, skilled labour is occasionally required during the monitoring of
the removal performance over time of the activated carbon involved in the point-of-
entry (POE) or point-of-use (POU) equipment units (Mazille and Spuhle, 2019).

2.6 Biosorption and its Mechanism
Based on the drawbacks of the general adsorption process, the need for a more
economical, easily available, and environment-friendly adsorbent to sequester heavy
metal ions from industry effluents has given rise to the field of biosorption.

Based predominantly on passive transport mechanisms, biosorption is a
simple, physicochemical process. It involves the rapid and reversible process of

binding the metallic ions (biosorbates) from the bulk fluid onto the functional groups



18

located on the cellular surface structure of an adsorbent of biological origin
(biosorbent) (Ozer, Ozer and Ekiz, 2005).

The binding of these ions can occur through a single mechanism or by a
sequence of several processes. The forces governing the adhesion of the ions can be
physical by means of van der Waals forces or electrostatic interactions. Conversely,
the nature of the forces can be chemical by means of the ionic exchange of protons or
metal cations bounded to the surface. The other biosorption pathways include
chelation, complexation, precipitation, and adsorption. To facilitate in the binding
process, the biosorbents comprise of functional or chemical groups like phosphate,
amino, carboxylate, hydroxyl, and sulphate which permit the attraction and
sequestering of these metal ions (Crist et al., 1981).

As discussed in Section 2.4.1, a consensus by researchers is reached where
three steps occurring consecutively describe the adsorption process most accurately
(Al-Duri, 1996). These principles of adsorption can be adapted for the biosorption of
metal ions by a biosorbent particle acting as an individual cell as illustrated in Figure
2.8 and they are described in the following primary steps (Abbas et al., 2014):

(1) External mass transfer of metallic ions from the bulk fluid to the

liquid film surface of the biosorbent cell.

(i) The ionic transport of the particles from the film of boundary liquid to
the biosorbent cell surface.

(i)  The movement of the heavy metal from the surface of the cell to the
binding active sites located within the cell through either physical
adsorption, complexation, or surface precipitation.

(iv)  The interactions that occur between the heavy metal particles and the

active binding sites.
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Figure 2.8: Schematic Diagram of the Biosorption Mechanism of Heavy Metals
(Abbas et al., 2014)

The external diffusion and adsorption processes occur rapidly and are,
therefore, not the rate-limiting steps of biosorption. Alternatively, it is well
established that the rate-limiting step is actually the intra-particular diffusion which
can be modelled using the Weber and Moris equation (Papirio et al., 2017).

When the metallic ion concentration of the bulk fluid no longer varies with
time, adsorption equilibrium is said to be achieved. The factors that will influence the
time necessary to achieve adsorption equilibrium are the particle size and diffusivity
coefficients of the metal ions (Padmavathy, 2008).

2.6.1 Advantages

The important advantage of utilising biosorption as a removal technique of heavy
metals in wastewater is its cost-effectiveness as the adsorbent materials are being
produced from naturally-accessible and renewable waste products (Foo et al., 2012).
It also shows great potential to be commercialised as it involves low capital and
operational costs. There is also a lack of need for additional nutrient supply and
highly-priced reagents that contribute to space and disposal problems (Abbas et al.,
2014).

Besides that, biosorption is a simple operation as it only involves a single-
stage process. Furthermore, biosorption possesses high removal rates as it involves
rapid kinetics and is extremely selective in removing the desired heavy metals. From
an environmental standpoint, the biosorption process produces only small quantities

of sludge and does not cause an increase in the chemical oxygen demand (COD) of
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water. The biosorption process also has regeneration capabilities due to the
reversibility of the process (Kanamarlapudi, Chintalpudi and Muddada, 2018). The
lack of the aforementioned advantages is the huge limitation that hinders most of the
conventional removal techniques mentioned in Section 2.3.

Other advantages such as it does not promote any undesired cellular growth,
does not impose any toxic effects, and is not restricted by any metabolic pathways
make it a very suitable candidate for wastewater treatment (Kanamarlapudi,
Chintalpudi and Muddada, 2018).

2.6.2  Factors Affecting Biosorption Mechanism

There are many factors that play a role in the rate of metallic uptake onto the biomass
surface which will ultimately determine the overall biosorption efficiency. The
mechanisms of biosorption of metals are controlled and characterized by the
following key factors:

(i) The chemical properties, stereochemistry characteristics, and
coordination behaviour of the metal ions such as their molecular
weights, oxidation numbers, and ionic radii of the targeted metal
species (Kanamarlapudi, Chintalpudi and Muddada, 2018).

(i) The structure or nature of the biomass (Abbas et al., 2014).

(iii)  Functional groups present on the binding site.

(iv)  The parameters like the initial pH of the solution, the operating
temperature, initial concentration of the metallic ions, the dosage and
size of the biomass, as well as the presence of other coexisting metallic
ions (Papirio et al., 2017).

(V) The number of binding sites available on the biosorbent.

For the scope of the current study, more emphasis will be placed on the effect

that parameters have on the metallic uptake of the biosorbent.

2.6.3  Limitations of Biosorption

Although biosorbents have the advantages of being widely soured and low cost as
well as offering rapid adsorption, they are limited to small-scale applications as the
research on the subject is still in the theoretical and experimental stages. There are

also challenges associated with separating the biosorbents from the solution after
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adsorption (Fu and Wang, 2011). Despite the existence of commercialised
biosorbents to sequester metallic ions from aqueous solutions, none of them have

been applied in any industrial facility to date (Park, Yun and Park, 2010).

2.6.4  Biosorbents used in Nickel Removal

Biosorbents are typically sourced from either living or dead biomass. Biosorbents
that are typically used include plant-based materials, microorganisms, wastes
generated by agriculture or industrial processes, biopolymers, and many more
(Kanamarlapudi, Chintalpudi and Muddada, 2018).

There is a large collection of research studies that have either been reported
or are currently being conducted on the biosorption of nickel. Biomasses of various
types have displayed good results for the removal of nickel which means the process
of biosorption has a high potential of being applied in large-scale wastewater
treatment. Sorted according to categories, the nickel uptake capacities (q) of some of
the biosorbents studied in previous research along with their respective operating pH,
temperature (T), initial nickel concentration (C,), biosorbent dosage (m), and contact

time are outlined in Table 2.5.



Table 2.5: Nickel Uptake Capacities of Biosorbents at their Respective Experimental Operating Conditions

Category Biosorbent pH T Co m Time q Reference
(°C) (mg/L) (g/L) (min) (mg/g)
Bacteria  Streptomyces coelicolor 8.00 25.00 150.0 1.000 5.00 11.1  (Oztiirk, Artan and Ayar, 2004)
Streptomyces rimosus 500 25.00 500.0 3.000 120.0 32.60 (Selatniaetal., 2004)
Bacillus laterosporus 5,00 25.00 50.00 4.000 120.0 44.44 (Kulkarni, Shetty and Srinikethan, 2014)
Fungi Aspergillus niger 6.25 25.00 30.00 2980 240.0 4.820 (Amini, Younesi and Bahramifar, 2009)
Dried R. oligosporus 500 30.00 100.0 1.000 360.0 116.0 (Ozsoy and van Leeuwen, 2012)
Polyporous versicolor ~ 5.00 35.00 400.0 0.600 120.0 57.00 (Dilek, Erbay and Yetis, 2002)
Algae Mixture of three algae 7.00 25.00 35.00 5.000 120.00 9.848 (Mohammed etal., 2019)
Enteromorpha sp. 479 25.00 100.0 1.000 70.00 250.0 (Tolian, Jafariand Zarei, 2015)
Marine macroalgae 5.00 30.00 500.0 5.000 120 181.2 (Kalyani, Srinivasa Rao and Krishnaiah, 2004)
Agricultural Modified plantain peel  4.36 25.00 120.0 8.200 - 77.52 (Garba, Ugbaga and Abdullahi, 2016)
Waste Lychee seeds 750 25.00 750.00 1.000 7200 66.62 (Flores-Garnicaetal., 2013)




2.6.5  Factors Affecting Biosorption

As Table 2.5 has shown, the influence that certain factors have on the performance of
a biosorbent in the removal of cationic contaminants from water should be taken into
consideration. Past studies have shown that the temperature and the pH of the
aqueous media directly affect the biosorption process. Additionally, the effectiveness
of a biosorbent is heavily influenced by biosorbent dosage and initial concentration
of the heavy metal. The current study will emphasise on the effects that initial nickel
concentration, pH, and biosorbent dosage have on the results obtained from the

biosorption studies.

2.6.5.1 Effect of Initial Nickel Concentration

The mass transfer resistance between the liquid film surface of the biosorbent cell
and the bulk fluid is overcome by the driving force provided by the initial nickel ion
concentration. Furthermore, there are more nickel ions available for biosorption at
higher concentrations (Flores-Garnica et al., 2013).

Using Phaseolus vulgarism L. immobilized on silica gel, Akar et al. (2009)
found that with increasing concentrations from 75 to 300 mg/L, the nickel uptake
also rises as a result of a growing driving force. The surface of the biosorbent had
active sites that interacted with the nickel ions present in the aqueous media which
improved the capacity for biosorption. Beyond 300 mg/L, the nickel uptake was
found to be relatively constant at 90.44 mg/g (Akar et al., 2009).

2.6.5.2 Effect of Biosorbent Dosage
Biosorbent dosage quantifies the number of binding sites available to bind with metal
ions (Montazer-Rahmati et al., 2011). This parameter also gives an estimation of the
cost of adsorbent per unit volume of the aqueous solution.

In a study of biosorption using protonated rice bran by Zafar, Nadeem and
Hanif (2007), nickel uptake was 106.8 mg/g with a low dosage of 0.05 g but only an
adsorption of 26.1 mg/g was achieved with a higher dosage of 0.25 g. The reduction
in nickel uptake at high dosage is due to the decrease in nickel quantities adsorbed
onto the unit mass of an adsorbent (Montazer-Rahmati et al., 2011). On the contrary,
increasing the dosage of the biosorbent results in an increase in its removal efficiency
as there are more adsorption sites present for adsorption.
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2.6.5.3 Effect of pH

The pH of a solution determines the speciation of the metal ions that are present in
the aqueous phase as well as the dissociation of functional sites that are active on the
biosorbent surface (Srivastava, Agrawal and Mondal, 2015). As ion exchange
between nickel ions and counter-ions on negatively-charged ionic groups is the
dominant removal mechanism, the increase in competition between the protons and
metal ions for binding sites will occur at low pH values. Conversely, the surface
becomes negatively charged as well as the freeing up of functional active sites such
as hydroxyl, carboxyl, and amino groups occurs when the pH of the aqueous
environment is higher than the isoelectric point. This will enable the electrostatic
attraction between the nickel ions and binding sites (Popuri et al., 2009). However,
nickel ions can precipitate as hydroxides at higher pH values which will also hinder
the biosorption process (Christoforidis et al., 2015).

Based on biosorption studies carried out on raw and pre-treated Oedogonium
hatei in the pH range of 2.2 to 7.0, the nickel uptakes of both biosorbents were
negligible between the pH of 2.0 to 4.0 whereas it increased in the range between 4.0
to 5.0. However, the uptake decreased beyond a pH of 5.0 (Gupta, Rastogi and
Nayak, 2010).

Referring to the compilation of literature data shown in Table 2.5, it was
concluded that the optimum pH range that facilitates in removing nickel is from 4.36
to 8.00 depending on the type of biosorbent (Giirel, 2017),

2.6.6  Fruit Peel Waste as a Biosorbent

The tropical climate of Malaysia promotes the diversity of the agro-industry through
the cultivation of a wide range of crops. The growth of the industry has led to the
increased levels of harvesting, handling, consumption, and the inevitable biomass
generation of the products of agriculture (Pathak, Mandavgane and Kulkarni, 2017).
In the present day, fruit peel waste is gaining in popularity in its use as a biosorbent
because of its easier accessibility compared to other sources of biomass (Duru and
Duru, 2017). Furthermore, it exhibits high potential as a biosorbent due to the
presence of large porous structure and high fixed carbon content (Bhatnagar and
Minocha, 2010).
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2.6.6.1 Background of Longan Fruit and its Potential as a Biosorbent
Dimocarpus longan commonly referred to as longan, is part of the Sapindaceae
family of flowering plants. Longan which is an economically important subtropical
and tropical plant is widely grown in regions such as Taiwan, China, and Southeast
Asian countries like Malaysia, Thailand, Vietnam, and the Philippines (Tseng et al.,
2013). Besides that, the longan crops are also grown in other areas like Queensland
and New South Wales in Australia as well as California and Florida in the United
States (Rangkadilok et al., 2007).

These sweet and juicy fruits are popular among people from all over the
world, leading to its high growth in market demand (Tang et al., 2019). Longans are
mostly consumed as fresh fruits where their pulp is the only edible part. The fruit
peel and seed of the longan fruit are typically discarded as agricultural and domestic
waste which contributes in the long run towards the concerning solid waste disposal
problem at a larger scale. This is because these fruit peels and seeds are disposed
without any plan of practical reuse annually (Li and Tao, 2016).

Owing to its extensive availability and environmental benignity, the longan
fruit peel has the prospects to be a reliable biosorbent in the removal of contaminants
in wastewater (Wang et al., 2016).

Furthermore, the peel of this fruit is known to be composed of high contents
of lignin, hemicellulose, and cellulose. Cellulose is a type of polysaccharide that can
contain hundreds to several thousands of D-glucose units that are f-linked to each
other to form linear chains, which contribute towards its sorption properties. Its
surface structure also contains functional groups such as phenolic, methoxyl,
carbonyl, and carboxyl that will enhance its intrinsic affinity towards heavy metals

ions contained within aqueous solutions (Huang, Li and Li, 2010).

2.6.6.2 Longan Biosorbent in Past Research
To the author’s knowledge, only a handful of work has been dedicated to
investigating the potential of longan as a biosorbent in wastewater treatment.
Previous studies include the work of Wang et al. (2016) that reported 141.04 mg/g as
the maximum adsorption capacity of longan peel in the treatment of aqueous
solutions contaminated by methylene blue.

Another study using longan peel as a biosorbent to remove lead and mercury

ions had shown impressive removal efficiencies of 92.1 and 99.1 % respectively. The
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batch adsorption tests were conducted with a dosage of 300 mg of longan peel in 25
ml of 20 mg/L initial ion concentration for two hours at 20 °C (Huang, Li and Li,
2010).

Research has also been done using the column method where the
performance of longan peels and seeds in removing copper (I1) ions contained within
aqueous solutions were evaluated. The biosorption capacities for peel and seed were
7.513 mg/g and 3.734 mg/g respectively for optimised conditions of pH 3, biosorbent
dosage of 0.5 g, and particle size of 250 um (Kurniawati et al., 2016).

The use of longan peels in removing methylene blue and basic magenta dyes
from synthetic solutions was also the subject of past research. Increasing trends of
adsorption capacity were observed with an increase of initial pH from 2.2 to 5.5, a
decrease of biosorbent dosage, and a decrease in particle size (Li and Tao, 2016).

None of the reviewed articles involved the use of longan peels as a biosorbent
to remove nickel ions present in aqueous solutions. Furthermore, response surface
methodology was not a tool employed in the analysis of experimental data by any of
the past studies. To fill this research gap, the present study investigated the
performance of longan peels in its natural form with regards to its efficiency in
removing nickel ion contaminants from aqueous solutions. The adsorption
performance of activated carbon was evaluated simultaneously to determine the
applicability of substituting activated carbon with longan peels in an actual
wastewater treatment plant. In addition, optimisation of the initial nickel
concentration, biosorbent dosage, and pH to yield the maximum removal efficiency

of longan peels was determined by use of response surface methodology.

2.7 Modelling of Adsorption Isotherms

The quantitative knowledge of the interaction between the adsorbent and the
adsorbate, the affinity of the adsorbents at the equilibrium stage, the properties of the
surface, as well as the mechanism of the process can be deduced from the physical,
chemical, and mathematical considerations of the adsorption isotherm (Sohbatzadeh
et al., 2016). The strategies involved in implementing an adsorption system into an
actual wastewater treatment plant can be based on the evaluations of the equilibrium
data. Two of the most widely-used adsorption isotherms, namely the Langmuir and
Freundlich equations were applied in the modelling of the adsorption equilibrium.
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2.7.1  Langmuir Isotherm
Proposed in 1932 by Irving Langmuir, the Langmuir adsorption model is based on
the following assumptions (Bushra, Ahmed and Shahadat, 2017):
(i) The adsorbent surface has active sites that are all identical to each
other.
(i) The adsorption process will only take place on the specific and finite
number of active sites that are confined to the adsorbent surface.
(ili)  There are no lateral interactive effects that occur among the adjacent
adsorbed molecules.
(iv) A single layer of adsorbed molecules is formed on the adsorbent

surface.

Based on the aforementioned assumptions, Langmuir adsorption model in its
non-linear form is shown to be as Equation 2.1 (Liu et al., 2019):

— qmK1Ce (21)

€ 14K.C,

where

q. is the adsorption capacity of the adsorbent at equilibrium conditions, mg/g,
g 1S the adsorption capacity required to form a monolayer, mg/g,

K; is the free energy of adsorption constant,

C, is the concentration of the adsorbate in the fluid achieved at equilibrium, mg/L.

Furthermore, the dimensionless constant associated with the Langmuir
isotherm known as the separation factor, R, is essential to provide a better
description of the favourability of adsorption. It can be evaluated by using Equation
2.2.

1
T 1+KLC,

(2.2)

R,

where
C, is the concentration of the adsorbate particles present in the bulk fluid before

adsorption, mg/L.
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2.7.2  Freundlich Isotherm
The first-ever isotherm to represent the adsorption process of a solute from a solution
to a surface of a solid was proposed by Freundlich in 1906 and was presented as an
empirical equation. The applicability of the model extends towards multilayer, non-
ideal adsorption on heterogeneous surfaces of adsorbents (Liu et al., 2019).

In terms of adsorbate concentration, the linearised Freundlich model can be
described using Equation 2.3 (Sahu and Singh, 2019).

de = Kr Cel/n (2-3)

where
K is the constant that correlates to the relative adsorbent adsorption capacity, mg/g,

1/n is the measure of the adsorption intensity of the adsorbate.

The n value serves as an indicator of the degree of surface heterogeneity and
the distribution of the adsorbed particles on the adsorbent surface (Kegili and
Hussain, 2018). Favourable adsorption of the adsorbate on the adsorbent surface is
related to n values ranging from 1 to 10. Strong forces of adsorption within a system
are indicated by high fractional values of 1/n. The magnitude of this fraction also

suggests the capacity of the adsorbent-adsorbate system (Liu et al., 2019).

2.8 Response Surface Methodology (RSM)

Established by Box and Wilson in the early 1950s, response surface methodology
(RSM) is a common tool used in ascertaining the optimal conditions of a process
through the design of experiments. The input variables which can be controlled are
the independent factors whereas the resulting outputs are the response variables.

2.8.1  Regression Analysis
In order to approximate stochastic models, RSM features a compilation of statistical
and mathematical techniques that make use of regression analysis based on low-

degree polynomials as shown in Equation 2.4.
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Y=f(X1,X2,X3,...,Xk)+€ (24)

where

Y is the experimental response value,

f is the function of cross-product of the polynomial terms,
X1, X5, X3, ..., X are the input variable values,

e is the error term.

The second-order quadratic model as shown in Equation 2.5 is the more
commonly used form of the polynomial function. The first summation in the
equation is the linear part, the second summation is the quadratic part, and the third
summation is the product of the variables in pairs. Regression analysis is utilised to
compute the coefficient of the offset term (b,), linear terms (b;), and interaction
effects (b; and b;;) (Lorza et al., 2018).

Y =bo+ Xy b Xi+ Xiy by X X Y by X X+ e (25)

2.8.2  Optimisation Based on Desirability Function

The numerical optimisation approach involves determining one point or more that
achieves the objective of the function (Lin et al., 2018). The goals set for each of the
factors and the response can be either to maximise, minimise, target, or set the value
to be within a certain range. Furthermore, the response can be set as none while the
factor can be set to be a specific value. Each of the factors and response must have a
minimum and maximum level specified for them.

The shape of the desirability function is adjusted based on the weight that is
allocated to each goal. The overall desirability function is a combination of all the
goals. Desirability is described as an objective function that can hold values ranging
from zero when the parameters are outside of the limits to one when the parameters
achieve the goal. For the current study, the aim of optimisation is to maximise the
removal performance of the adsorbent. The goal seeking function of the program
starts at a random starting point and then moves up the steepest slope to a maximum

value. Due to the various combination of goals in the overall desirability function



30

and the response surfaces curvature, two or more maximum points can be determined
(Sadhukhan, Mondal and Chattoraj, 2016).

2.8.3  Response Surface

The response surface (RS) represents the graphical illustration of the response of the
independent factors. These graphs ease in the visualisation of the response
behaviours with every factor level and with a combination of the factors (Pelegri and
Tekkam, 2003). It is useful in ascertaining the influence that the various factors have
on the system and the interaction effects that occur between them through the
analysis of the response values in the experimental design (Liu et al., 2016).

2.8.4  Analysis of Variance (ANOVA)

Assuming that the precision of the model is high, the Prob. > F or p-value which is
the probability of obtaining a result that equals or exceeds the observed values can be
calculated by analysis of variance (ANOVA). When there are no terms in the model
that exceeds the level of significance of o« = 0.05 and the Prob. value is bigger than

the F-value, the model is deemed to be acceptable at a confidence interval of (1-).

2.8.5  Advantages of RSM

One of the major merits of using RSM is the fewer number of experiments that are
required to interpret the factors. Whenever laboratory studies are upscaled to fit into
an industrial system, the costs for the chemical materials, time, energy, and labour
are expected to be lessened through the use of RSM. Furthermore, the RSM approach
allows for a more comprehensive study of subjects that are insufficiently-researched
and have a lack of data (Ozturk et al., 2017). RSM also finds usefulness in
identifying and evaluating the interactive effects between all the variables
responsible for adsorption to augment the adsorption isotherms studies (Oghenejoboh,
2018).



CHAPTER 3

METHODOLOGY AND WORK PLAN

3.1

Chemical Reagents and Materials

The chemical reagents and materials utilised throughout the duration of carrying out

the experiments along with their respective purposes are listed in Table 3.1.

Table 3.1: Chemical Reagents and Materials Utilised

Chemical Reagents /Materials

Purpose

Waste peels of longan

Commercial activated carbon

Nickel nitrate, Ni (NO3)2 crystals
Filter paper

Hydrochloric acid, HCI fuming 37 %
solution

Sodium hydroxide, NaOH pellets

65 % nitric acid solution

Biosorbent
Adsorbent

Preparation of nickel stock solution

Filtration of the samples after the batch

adsorption test

Diluted in water for acidic pH
adjustment
Dissolved and diluted in water for

alkaline pH adjustment
Diluted for preparation of calibration
standards and samples for ICP-OES

analysis

3.2 Equipment Involved

The instruments involved along with their respective functions have been

summarised in Table 3.2.



Table 3.2: Equipment Involved and their Purpose in the Study
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Equipment

Purpose

Oven

Food processor

Mechanical grinder

300-micron mesh
Inductively coupled plasma optical
emission spectrophotometer (ICP-

OES)

Shaking incubator

Fourier Transform Infrared (FTIR)

Spectrometer

Analytical balance

pH meter

Drying of the waste peels

Grinding the waste peels to smaller
pieces

Pulverising the waste peels after drying
Sieve the grounded waste peels to finer
particle sizes

Determining the concentration of nickel
in the aqueous solutions after the batch
adsorption tests

To provide the desired temperature and
agitation speed required for the batch
test

Analysing the functional groups present
on the biosorbent and activated carbon
surface

To measure the desired biosorbent and
activated carbon dosages

Measurement of the pH during pH

adjustment

3.3 Flowchart of Work Plan

The flowchart for the work plan is shown in Figure 3.1. The first steps include the

preparation of the longan peel biosorbent, the activated carbon, and the nickel stock

solution. The surface of the biosorbent and activated carbon were characterised using

FTIR. Both the biosorbent and the activated carbon were subjected to batch

adsorption studies in which the parameters namely, initial nickel concentrations,

dosage, and pH were manipulated based on the design matrix. The most suitable

adsorption isotherm for both longan peel and activated carbon were carried out based

on the optimised initial nickel concentration, pH and adsorbent dosage.



Preparation of longan peel
biosorbent and activated carbon

Preparation of diluted sodium hydroxide
(NaOH) and hydrochloric acid (HCI) solutions

\ 4

Characterisation of adsorbents
before and after adsorption

Batch Adsorption Tests

Preparation of nickel stock

solution

A4

Y

e Effect of initial nickel concentrations
o Effect of pH
o Effect of dosage

Parameter Studies

Optimisation of Conditions

2

Preparation of 1 % nitric acid

\ 4
Analytical Method using ICP-OES

Vv

Adsorption Isotherm

Response Surface Methodology

Figure 3.1: Overall Experiment Flowchart

Dilution to obtain desired nickel

concentrations
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3.4 Preparation of Longan Peel

The longan fruits were purchased from a nearby market. The waste peels of the
longan fruits were collected and ground into smaller pieces using a food processor.
The peels as shown in Figure 3.2 were then washed repeatedly using water to remove
any traces of dirt and residues while the excess water was drained away. After that,
the peels then underwent a drying process overnight in a convection oven at about
80 °C as illustrated in Figure 3.3 to reduce their moisture content and achieve a
constant weight. Next, the dried fruit peels were pulverized using a mechanical
grinder shown in Figure 3.4 and then passed through a 300-micron mesh as depicted

in Figure 3.5 to create the final applicable biosorbent.

Fne o B S |

Figure 3.3: Longan Peels Dried Overnight at 80 °C
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Figure 3.4: Grinder to Pulverise the Longan Peels into Finer Particle Sizes

Figure 3.5: Use of a 300-micron Mesh to Sieve the Longan Peels

35 Preparation of Activated Carbon

Activated charcoal powder of ~100 particle size intended for use in research and
development (R&D) was supplied by Sigma Aldrich. The powder has a relative
density of 1.8-2.1 g/cm?® and is insoluble in water to permit the adsorption of water-
soluble adsorbates onto its surface.
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3.6 Preparation of Nickel Stock Solution
The synthetic nickel (I1) solution was prepared by dissolving 3.113 g of nickel nitrate

crystals in distilled water to produce a 1000 mg/L nickel stock solution.

3.7 Characterisation using Fourier Transform Infrared (FTIR)
Spectroscopy

The FTIR analyses were conducted on the adsorbents as shown in Figure 3.6 before

and after the batch adsorption tests to determine which functional groups are present

on the surfaces of the longan peel biosorbent and the commercial activated carbon.

Figure 3.6: FTIR Analysis of Adsorbent

3.8 Response Surface Methodology (RSM) Modelling
The combined effect of the three design variables, namely initial nickel concentration
(A), adsorbent dosage (B), and pH (C) on the percentage nickel removal was
modelled by applying RSM, using Box-Behnken design (BBD) as a basis.

The BBD-proposed matrix for the experimental design as tabulated in Table
3.3 was generated by Design Expert 11.0 after the range of each independent variable
was inputted into the software. The chosen range for the initial nickel concentration
(10 mg/L to 300 mg/L) is based on the nickel concentrations in industrial effluents
from Table 2.2 whereas the pH range of 2 to 8 was selected to understand the effects

that acid and basic conditions have on adsorption performance. On the other hand,
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the range of adsorbent dosage which is between 1 g to 10 g is slightly larger than the
values reported in past literature to ensure that equilibrium conditions were achieved
within the contact time of three hours. The design matrix in Table 3.3 was generated
and the experimental runs were randomly performed to ensure that the effect of
unexplained variability were minimized. The design matrix consists of 17

experimental runs with the inclusion of five replications of the central points.

Table 3.3: Box-Behnken Design Matrix of Independent Variables

Run Factors

Order A: Initial Nickel B: Adsorbent C: pH
Concentration (mg/L) Dosage (9)

1 10.00 10.00 5.000
2 155.0 5.500 5.000
3 155.0 5.500 5.000
4 300.0 5.500 2.000
5 155.0 1.000 8.000
6 155.0 10.00 2.000
7 155.0 1.000 2.000
8 300.0 1.000 5.000
9 155.0 5.500 5.000
10 300.0 5.500 8.000
11 155.0 5.500 5.000
12 10.00 1.000 5.000
13 300.0 10.00 5.000
14 10.00 5.500 8.000
15 155.0 5.500 5.000
16 155.0 10.00 8.000
17 10.00 5.500 2.000

3.9 Batch Adsorption Studies

The adsorption of nickel by the longan fruit peel and activated carbon were studied
by batch method at a fixed temperature of 25 °C. 250 mL conical flasks were used to
contain 100 ml of Ni (1) solutions with concentrations of either 10, 155, or 300 mg/L.

Using the nickel stock solution, simple dilution was conducted to prepare the desired
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concentrations of the nickel solution. These solutions were dosed with adsorbents of
either 1.0, 5.5, or 10.0 g which were measured using an analytical balance. The
adsorption was conducted for three hours in a shaking incubator at a constant speed
of agitation of 180 rpm.

The adjustments for the initial pH values of either pH 2, 5, or 8 were done by
using sodium hydroxide or hydrochloric acid solutions wherever necessary. 500 ml
of diluted HCI solution was prepared by diluting about 4 ml of HCI fuming 37 % in
distilled water. On the other hand, 500 ml of dilute NaOH solution was made by
dissolving about 2 g of NaOH pellets in distilled water. Using a glass dropper,
appropriate additions of NaOH and HCI solutions to the nickel solution were done to

obtain the desired initial pH as measured by a pH meter.

3.10  Analytical Method

50 mL solutions of a blank and five calibration standards with nickel concentrations
of 5 to 30 mg/L were prepared to plot the calibration curve for ICP-OES analysis.
Furthermore, quality control tests were also performed on a blank and a 25 mg/L
sample to ensure that the calibration standards and instrument performance were at
acceptable levels. Based on the calibration curve illustrated in Figure 3.7, the
coefficient of determination or R? value is 0.999944 which signifies that the curve
fits the calibration points well and can, therefore, be utilised to evaluate the unknown
concentrations of the nickel ions in the filtered samples obtained from batch

adsorption tests.

w
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0.0 ' 7 cdonc(mg/ll) '30.0
Calib Eq'n: Lin, Calc Int
Corr Coeff: 0.999944

Figure 3.7: Calibration Curve for ICP-OES Analysis of Nickel (I1) lons



39

At the conclusion of every run of the batch tests, the samples were first
filtered using filter papers and then with syringe filters to ensure that the filtrates
were completely free from any adsorbent residue. They were then stored in
centrifuge tubes and then diluted 1:10 in 1 % nitric acid solution to ensure that the
calibration standards and samples have a matching matrix. The analysis was
performed using the emission line of 231.604 nm.

Using the results obtained from ICP-OES analysis, the nickel uptake by the
longan peel biosorbent and the commercial activated carbon (q; in mg/g) were

computed using Equation 3.1.

= G (3.1)

t m

where

C, is the nickel ions concentration in the solution at the beginning of the batch
adsorption test, mg/L,

Cr is the nickel ions concentration in the solution at the end of the batch adsorption
test, mg/L,

I is the total volume of the aqueous solution in the conical flask, L,

m is the dosage of the biosorbent or activated carbon, g.

Besides, the removal efficiencies of nickel ions by the longan peel biosorbent

and the activated carbon were also calculated using Equation 3.2:
. (Co=Cy)
Removal ef ficiency (%) = — X 100 % (3.2)

3.11  Adsorption Isotherm

Preparation of a series of 100 ml volume of solutions containing nickel ion
concentrations that range from 10 to 300 mg/L was carried out. Using these solutions,
the batch adsorption tests will be conducted at the optimised pH and adsorbent
dosage as determined by RSM to verify the validity of the Freundlich and Langmuir

isotherms. After the elapsed time, the nickel ion content of the solutions was



40
measured using ICP-OES and the uptake of nickel ions at equilibrium, g, was

calculated based on Equation 3.3 which is a slight modification of Equation 3.1.

q — (CO_Ce)V (33)

e m

where
C, is the nickel ions concentration in the solution at equilibrium state, mg/L.



CHAPTER 4

RESULTS AND DISCUSSION

4.1 Characterisation Studies

The Fourier-transform infrared spectroscopy (FTIR) spectra of the longan peel
biosorbent and activated carbon were analysed to establish which functional groups
were associated with the adsorption process. The peaks in the longan peel biosorbent
spectra were compared with the FTIR absorbance bands of spectra obtained from
various biomass study. For the case of activated carbon, the peaks were compared
with the “IR Spectrum Table and Chart” provided by Sigma-Aldrich (2020).

411 FTIR Spectra of Longan Peel

Figure 4.1 shows the stacked FTIR spectra of longan peel before and after the
biosorption process. Before biosorption, it was observed that there is a significant
and broad peak at 3290 cm™ which matches with stretching vibrations of —OH. The
adsorption peak at 2918 cm™ may be correlated with a series of C—H vibrations in
either the functional groups of —-CH>— or —CHz (Wang et al., 2016). Furthermore, the
characteristic peak that was observed at 1609 cm™ may be assigned to vibrations
from an aromatic ring with stretching from a C=0O group. Additionally, the
wavenumber 1316 cm™ has a peak that might correspond to —CH,— wagging. Besides,
the peaks at 1230 cm™ can be associated with C-C with C-O stretching whereas the
peak at 1019 cm™ most likely corresponds to C=C, C—C-0, and C—O stretching.

The spectrum after biosorption has similar peaks to the ones observed before
biosorption. After biosorption, the further broadening of the peak associated with the
stretching vibrations of —OH at 3323 cm™ may be due to the water molecules being
adsorbed onto the surface of the longan peel. The other aforementioned peaks have
slightly lower transmittance, indicating that the nickel ions may have form bonds
with the functional groups and cause changes in the intensity of those peaks.

Based on Table 4.1, it is observed that a significant portion of the functional
groups observed in the spectra involve the oxygen atom. According to Huang, Li and
Li (2010), these groups are the sites where adsorption of heavy metal ions mainly
occurs as they own lone pairs of electrons that can effectively interact with metal

ions for metal-complex formation. All the functional groups in Table 4.1 belong to
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the polymer groups of cellulose, hemicellulose, and lignin. These polymers are
known to enhance the ability of a structure to extract ions of heavy metals from
aqueous solutions (Huang, Li and Li, 2010).

Table 4.1: Polymer Groups Associated with FTIR Absorbance Bands (Xu et al., 2013)

Wavelength/ cm-! Functional group Chemical Structure
3290 —OH stretching Lignin
2918 C—H stretching Lignin
1609 c-C vibrations in Lignin
aromatic ring and C=0
stretching
1316 —CHa— wagging Hemicellulose, cellulose
1230 C-O with C-C stretching Lignin
1019 C=C, C-C-0O, and C-O Cellulose, hemicellulose,

stretching lignin
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412 FTIR Spectra of Activated Carbon

In both the spectra before and after adsorption by activated carbon shown in Figure
4.2, the presence of noise is observed for wavenumbers in the range of 4000 cm™ to
3400 cm™. The noise can be attributed to the water vapour absorption from the
atmosphere (Shimadzu Corporation, 2020). Therefore, the peaks in this region are
ignored from the analysis of the spectra.

Before adsorption, the bands observed at 2993 and 2897 cm™ indicate the
existence of asymmetric and symmetric stretching by methylene groups respectively
that are associated with aliphatic compounds (Bouhamed et al., 2014). However,
these peaks were not present after the adsorption of Ni (I1). The bands at 1561 to
1460 cm™ can be attributed to asymmetric C—H aliphatic bending (Cuhadaroglu and
Uygun, 2008).

Besides, a series of weak peaks centered on 1063 cm™ indicates the presence
of —CO bonds associated with organic acids, ether, esters, and phenols (Alcaraz et al.,
2018). The disappearances of these peaks in the spectra after adsorption suggests that
the aforementioned functional groups play some role in the adsorption of nickel ions
from the solution.

After adsorption, there is a presence of a strong and wide peak at the 3400
cmt to 3000 cm region, indicating —OH stretching of the hydroxyl functional group
and possible chemisorption of water. The asymmetry of this particular band at a
lower wavenumber region of 1200 cm™ to 1000 cm™ hints at the existence of strong
hydrogen bonds (Dantas et al., 2010). The significant shift of the entire spectra to
lower transmittance values after adsorption is a possible indicator that weak or
broken absorption bands such as the —OH and —CO due to nickel ions bonding with
the carbonyl groups could not be illustrated by the spectrum (Moyo et al., 2016).
Table 4.2 summarises the functional groups associated with the peaks that were
present in the activated carbon FTIR spectra before and after nickel adsorption took

place.
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Table 4.2: Principal Bands Ascribed to Activated Carbon Before and After Nickel

Adsorption
Wavelength/ Functional group Before After
cm? adsorption adsorption
3400 - 3000 —OH stretching v
2993 Asymmetric C—H stretching v
2897 Symmetric C—H stretching v
1561 - 1460 Asymmetric C—H bending v v
1200 - 1000 —OH stretching v

1063 CO honds v
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4.2 Modelling of Responses

4.2.1  Insertion of Data into Design Matrix

The three-factor, three-level Box-Behnken design combined with response surface
modelling was chosen as a means to investigate the influence that the three
independent variables, namely initial nickel concentration (A), adsorbent dosage (B),
and pH (C) have on the removal efficiency of the nickel ions. Table 4.3 compares the
adsorption uptake and removal efficiencies of longan peels and activated carbon at
the experimental conditions set by the Box-Behnken design.

Runs 2, 3, 9, 11, and 15 constitute the five center points in the design matrix
that are used to detect the presence of a possible curvature in the response. From
Table 4.3, it is observed that the nickel adsorption uptake and removal efficiencies at
these center points for both adsorbents are close to each other which indicates that
the experimental data consists of replicable results.

The adsorption uptake and removal efficiency by activated carbon are higher
than longan peel biosorbent for all the experimental runs except Run 8. As activated
carbon has been established as a well-known adsorbent used in wastewater treatment,
its higher performance in the nickel ions adsorption from the prepared solutions
compared to a novel biosorbent sourced from longan waste peels was expected. The
primary hypothesised reason for the high removal efficiency by activated carbon is
due to its much larger internal surface area that was generated through a process of
activation. Its Brunauer, Emmett and Teller (BET) surface area typically ranges
between 500 to 1500 m?/g while longan peel powder is reported by Chowdhury et al.
(2018) to only have a BET surface area of 3.02 m?/g. Besides its large surface area,
its microporous ability and the chemical complexity of its external area greatly
enhances its adsorption capabilities (Ahmad and Azam, 2019).

It was determined after a trial-and-error process that it is more suitable to
perform model fitting based on the response of removal efficiencies rather than the

adsorption uptakes.



Table 4.3: Adsorption Uptake and Removal Efficiencies of Longan Peel Biosorbent (Longan) and Activated Carbon (AC)

Run A B C Adsorption Uptake (mg/g) Removal Efficiency (%)
Coded Actual Coded Actual Coded Actual Longan AC Longan AC
1 -1.000 10.00 1.000 10.00 0.000 5.000 0.05050 0.08350 36.59 93.19
2 0.000 155.0 0.000 5.500 0.000 5.000 1.090 1.522 37.82 56.04
3 0.000 155.0 0.000 5.500 0.000 5.000 1.024 1.483 35.88 54.58
4 1.000 300.0 0.000 5.500 -1.000 2.000 1.269 2.265 27.20 41.71
5 0.000 155.0 -1.000 1.000 1.000 8.000 2.930 4.660 20.10 29.64
6 0.000 155.0 1.000 10.00 -1.000 2.000 0.5279 0.9230 37.63 71.11
7 0.000 155.0 -1.000 1.000 -1.000 2.000 0.8300 3.743 7.192 23.23
8 1.000 300.0 -1.000 1.000 0.000 5.000 8.020 6.860 26.69 23.07
9 0.000 155.0 0.000 5.500 0.000 5.000 0.7718 1.513 37.04 55.69
10 1.000 300.0 0.000 5.500 1.000 8.000 1.118 1.671 26.86 40.50
11 0.000 155.0 0.000 5.500 0.000 5.000 1.059 1.607 39.84 59.16
12 -1.000 10.00 -1.000 1.000 0.000 5.000 0.5390 0.6570 38.47 60.72
13 1.000 300.0 1.000 10.00 0.000 5.000 1.301 2.048 43.31 63.11
14 -1.000 10.00 0.000 5.500 1.000 8.000 0.09873 0.1602 37.37 93.92
15 0.000 155.0 0.000 5.500 0.000 5.000 1.265 1.345 39.21 54.69
16 0.000 155.0 1.000 10.00 1.000 8.000 0.4020 0.9371 39.49 74.26
17 -1.000 10.00 0.000 5.500 -1.000 2.000 0.03891 0.1633 25.36 86.43
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4.2.2  Fitting of Model and ANOVA

The removal efficiency values for longan peel and activated carbon were both fitted
to reduced cubic models. Analysis of variance (ANOVA) as shown in Table 4.4 and
Table 4.5 were performed on the longan peel and activated carbon models
respectively. Furthermore, the significance of each of the models was evaluated
using lack-of-fit tests.

Table 4.4: ANOVA and Fit Statistics Results for Longan Peel Model

Source Sumof df Mean F- p-value  Characteristics
Squares Square value
Model 1352.67 10 135.27 61.89 <0.0001 Significant
A 23.59 1 23.59 10.79 0.0167 Significant
B 620.69 1 620.69 284.01 <0.0001 Significant
C 87.36 1  87.36 39.97 0.0007 Significant
AB 85.55 1 8555 39.14 0.0008 Significant
AC 38.20 1 38.20 17.48 0.0058 Significant
BC 30.48 1 3048 13.94 0.0097 Significant
A? 2.07 1 2.07 0.9462  0.3683 Not significant
B2 24.14 1 2414 11.04 0.0159 Significant
c? 377.15 1 37715 17257 <0.0001 Significant
A’B 153.87 1 153.87 70.41 0.0002 Significant
Residual 13.11 6 2.19
Lack of Fit 2.82 2 1.41 0.5476  0.6163 Not significant
Fit Statistics
R? 0.9904
Adjusted R? 0.9744
Predicted R? 0.9057
Adequate Precision 29.6673
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Table 4.5: ANOVA and Fit Statistics Results for Activated Carbon Model

Source Sumof df Mean F- p-value Characteristics
Squares Square  value
Model 7626.87 10 762.69 286.71 <0.0001 Significant
A 2407.67 1  2407.67 905.09 <0.0001 Significant
B 213865 1  2138.65 803.96 <0.0001 Significant
C 31.37 1 31.37 11.79 0.0139 Significant
AB 14.32 1 14.32 5.38 0.0595  Slightly significant
AC 18.95 1 18.95 7.12 0.0371 Significant
BC 2.67 1 2.67 1.00 0.3551 Not significant
A2 423,51 1 42351 159.20 <0.0001 Significant
B2 155.44 1 155.44 58.43 0.0003 Significant
A2B 49.91 1 49.91 18.76 0.0049 Significant
AB? 115.60 1 115.60 43.45 0.0006 Significant
Residual 15.96 6 2.66
Lack of Fit 2.11 2 1.06 0.3052  0.7528 Not significant
Fit Statistics
R? 0.9979
Adjusted R? 0.9944
Predicted R? 0.9850
Adequate Precision 54.6573

As demonstrated in Table 4.4 and Table 4.5, the longan peel and activated
carbon models which have F-values which are 61.89 and 286.71 respectively, also
have p-values that are less than 0.05. This verifies that both the models are
significant. From Table 4.4, the initial nickel concentration, adsorbent dosage, and
pH terms (A, B, and C), as well as the interaction effects shown by the AB, AC, BC,
B2, C?, A2B terms of the longan peel model, are significant as they have p-values
which are less than 0.05 while the A2 term is insignificant as its p-value is larger than
0.1. Based on the same reasoning, the A, B, C, AC, A?, B? A2B, AB? produce
appreciable effects on the removal efficiency of activated carbon while the BC term
does not.

The test for lack-of-fit of the longan peel model shows an F-value of 0.5476

that is insignificant as its p-value is 0.6163 which is more than 0.05. The same can be
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said for the activated carbon model which its lack of fit test showed an F-value of
0.3052 with a p-value of 0.7528. Both the models are valid to be analysed further as
they showed non-significant lack-of-fit.

The adequate precision for the longan peel and activated carbon model are
29.6673 and 54.6573 respectively. As both these values are greater than four, this is
an indication that the models have strong enough signals for optimisation to be

carried out.

4.2.3  Model Equations
Equation 4.1 and Equation 4.2 in terms of coded values model the removal efficiency
by longan and activated carbon respectively. These equations demonstrate the effects

of the three parameters as well as their interactions with each other on the response.

Removal Ef ficiency of Longan Peel (%) = 37.9595 — 1.7172A +
12.4568B + 3.30448C + 4.6246AB — 3.09037AC — 2.76024BC +
0.7008054% — 2.39421B? — 9.46429C? — 8.77139A%B 4.1)

Removal Ef ficiency of Activated Carbon (%) = 55.8521 - 24.534A4 +
23.1228B + 1.98027C + 1.89177AB - 2.17641AC - 0.817081BC +
10.01542% - 6.06754B%- 4.99547A%B + 7.60249AB% (4.2)

The terms with a positive sign indicate a synergistic impact on the response
while an antagonistic impact is represented by terms with a negative sign (Alkhatib,
Muyibi and Amode, 2011). Therefore, as adsorbent dosage and pH rises, the removal
efficiency by longan peel and activated carbon is expected to also increase. On the
contrary, the removal efficiencies of both adsorbents are predicted to drop as the
initial nickel concentration increases. The explanation of the behaviour of the
adsorption process due to the parameters will go into further detail in Section 4.3.

The R? value or the coefficient of determination is another indication of the
degree of fit of the data. An R?value of at least 0.8 shows an acceptable goodness of
fit for the model (Joglekar and May, 1987). Table 4.4 and Table 4.5 show the R?, the
adjusted R?, and the predicted R? values for the longan peel and activated carbon
models. Based on the tabulated values which are well over 0.8, the studied response

model can be used to explain the adsorption results accurately.
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4.2.4  Model Accuracy Check

4.2.4.1 Plots of Predicted versus Actual Results

The precision of the model can be assessed by comparing the actual removal
efficiencies determined experimentally with the predicted results generated by the
model. Figure 4.3 (a) and (b) demonstrate the linear relationship between the
predicted and actual removal efficiencies by longan peel and activated carbon
respectively. As highlighted in Table 4.4 and Table 4.5, the predicted R? values for
both models are close to the R? value which means that the removal efficiencies
determined experimentally are well in line with values that were predicted with the

model equation.
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Figure 4.3: Plot of Predicted versus Actual Removal Efficiencies of a) Longan Peels
b) Activated Carbon

The difference between actual and predicted results may have been attributed
to the common experimental errors that take place during the conducting of the
experiments such as parallax error when reading the measurement graduations on
instruments like the measuring cylinders and volumetric flasks. Besides, random
errors also occur due to fluctuation in the readings of the pH meter and analytical
balance. These two sources of errors may have resulted in the creation of inaccurate
conditions for the experiments to take place. Furthermore, control experiments such
as blanks with adsorbents and solutions which are adsorbent-free under the same

experimental conditions were not conducted to determine if glassware sorption or if
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metal precipitation takes place. In addition, only the initial pH was adjusted for each
run while the more accurate step would be to constantly maintain the pH of the
solution at a certain value through the addition of buffer solutions or acid/alkalis

during the entirety of the adsorption experiment (Park, Yun and Park, 2010).

4.2.4.2 Normal Probability Plot of Residuals

Figure 4.4 (a) and (b) represent the normal plot of residuals for the longan peel and
the activated carbon models respectively where normal probability is plotted against
internally studentized residuals. These plots show that response transformations were
not necessary as the criteria of assuming normality was met due to the approximation

of the plots along the plotted straight lines.
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Figure 4.4: Normal Probability Plot of Residuals for the a) Longan Peel Model b)
Activated Carbon Model

Residuals versus the predicted removal efficiency values by longan peel and
activated carbon were plotted in Figure 4.5 (a) and (b) respectively. The plotted
points are a random scatter which is another indication that response values from

both models do not require any transformation (Stat-Ease Inc., 2020).
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Figure 4.5: Plot of Residuals versus Predicted Removal Efficiencies by a) Longan
Peel b) Activated Carbon

4.3 Results Analysis via Response Surface Methodology

The extent to which each of the parameters affects the removal efficiencies can be
determined through perturbation plots. By default, the middle points of design space
which are coded as zero levels (initial nickel concentration of 155 mg/L, adsorbent
dosage of 5.5 g, and pH 5) were set as the reference points for each of the factors
(Stat-Ease Inc., 2020).

To study the interacting effects between the three parameters, the response
surface plots of removal efficiencies of the adsorbents versus the significant variables
for each pair of factors at the center point of the remaining factor were plotted. The
interacting effects that exist between the variables can be evaluated based on the
curvature of the plots (Bagheri et al., 2019).

By utilizing the “Optimization” feature on Design Expert, the experimental
results were optimised using a desirability function approach to recommend the
optimal conditions for each adsorbent. To validate the optimisation results, the
optimum conditions were recreated in the laboratory and the batch adsorption tests

were conducted.
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4.3.1 Longan Peel Biosorbent

4.3.1.1 Single Factor Analysis

As depicted in Figure 4.6, the removal efficiency of longan peels was observed to
decrease steadily with a rise in initial nickel concentration. On the contrary, an
upward trend for removal efficiency is depicted by the perturbation plot when the
longan peel biosorbent dosage increases. An increase in removal efficiency was a
result of the pH increase up to a certain point and then the efficiency drops beyond

that point.
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Figure 4.6: Perturbation Plot of Initial Nickel Concentration, Biosorbent Dosage, pH

for Longan Peel Biosorbent Model.

4.3.1.2 Interaction between Initial Nickel Concentration and Biosorbent

Dosage
Figure 4.7 shows the interacting effects between initial nickel concentration and the
biosorbent dosage in removing nickel ions from the aqueous solutions at a pH of 5.
Based on the interacting effects between these two parameters, the maximum
removal efficiency is 48.28 % at an initial nickel concentration of 181.1 mg/L with
10 g of longan peel biosorbent dosage.

At any initial nickel concentration, the removal efficiency shows an
increasing trend when the longan peel biosorbent dosage increases. This is supported
by the fact that increasing the dosage of the biosorbent means that there is more
surface area available for the nickel ion to be adsorbed. By the same token,

increasing the initial nickel concentration does not yield higher removal efficiencies
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unless it is accompanied by a higher amount of biosorbent dosage. This can be
explained by the excess of nickel ions in the bulk fluid in comparison to the number

of active sites present on the surface of the biosorbent (Biswas et al., 2019).
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Figure 4.7: Effect of Initial Nickel Concentration and Longan Peel Biosorbent
Dosage on Removal Efficiency (a) 3D response surface and (b) contour
plot of the predicted removal efficiency.

4.3.1.3 Interaction between Initial Nickel Concentration and pH

Figure 4.8 shows the interacting effects between initial nickel concentration and the
pH of the aqueous solution when the biosorbent dosage has been fixed at a center
point of 5.5 g. The maximum removal efficiency of 41.46 % is achieved when the
aqueous solution has an initial nickel concentration of 10 mg/L and pH of 6.031.

At all initial nickel concentrations, the removal efficiency of longan peels
was observed to increase when the pH increases from an acidic pH 2.00 to the
slightly acidic range of pH 5.00 to 6.00. At lower pH values, the active sites present
on the surface of the biosorbent may become protonated which causes electrostatic
repulsion between the positive charges of the ligand on the surfaces of the longan
peel and nickel cations. There is also competition between the nickel ions and the
protons (H* and H3O" ions) to occupy the available adsorption sites (Ouyang et al.,
2019). By increasing in the pH of the solution, the surface charge of the longan peel
biosorbent becomes more negative. Consequently, there will be less electrostatic
repulsions that exist between the nickel cations and the negatively-charged surface of

the biosorbent as well as less competition between the protons and cations for the
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same functional groups (Guo et al., 2018). However, the removal efficiency values
start to decrease when the solution pH is either neutral or slightly basic. This is due
to the simultaneous occurrence of the formation of insoluble nickel hydroxides and
the biosorption of nickel with the former being favoured over the latter (Guo et al.,
2018).

Removal Efficiency (%)

Removal Efficiency (%)

10 68 126 184 242 300

A: Initial Nickel Concentration (mg/L)

(b)

Figure 4.8: Effect of Initial Nickel Concentration and pH of Solution on Removal

Efficiency (a) 3D Response Surface and (b) Contour Plot of the

Predicted Removal Efficiency by Longan Peel Biosorbent.

4.3.1.4 Interaction between Biosorbent Dosage and pH

Based on Figure 4.9, when the initial nickel concentration is fixed at a center point of
155 mg/L, increased removal efficiencies are achieved when the longan peel
biosorbent dosage is at its highest and when the pH is in the slightly acidic range of
pH 5.00 to 6.00. More specifically, the maximum removal efficiency is 48.03 %
when the biosorbent dosage is 10.00 g and the pH is 5.080. As highlighted previously,
the increased dosage means more active sites for biosorption to take place whereas
the slightly acidic pH range results in a more negative surface charge to facilitate in
the biosorption of the positive nickel ions onto the surface.
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Figure 4.9: Effect of Longan Peel Biosorbent Dosage and pH on Removal Efficiency
(@) 3D Response Surface and (b) Contour Plot of the Predicted Removal
Efficiency.

4.3.1.5 Optimisation

The removal efficiency of longan peel predicted at optimal conditions which is
4764 % is tabulated along with the actual removal efficiency achieved
experimentally in Table 4.6. There was a discrepancy of 4.658 % between the
predicted and actual removal efficiency. As the values are within the acceptable
margin of error, this serves as another indicator that the predicted and experimental
values are in agreement, further proving that the longan peel biosorbent model is
valid.

Table 4.6: Optimum Conditions for Biosorption and The Percentage Difference

between Actual and Maximum Removal Efficiencies by Longan Peel

Biosorbent
Initial Nickel Biosorbent  pH Maximum Actual %
Concentration Dosage Removal Removal  Difference
(mg/L) (9) Efficiency Efficiency

(%) (%)

180.17 9.708 5.346 47.64 45.42 4.658
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4.3.2  Activated Carbon

4.3.2.1 Single Factor Analysis

According to Figure 4.10, the initial nickel concentration has an inverse relationship
with removal efficiency. Similar to the trend observed for the longan biosorbent
dosage, when the activated carbon dosage increases, the removal efficiency increased
sharply. An upward trend is also illustrated by the perturbation plot of the pH factor.
However, the effect of pH is much smaller in comparison with the effect of adsorbent
dosage.
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Figure 4.10: Perturbation Plot of Initial Nickel Concentration, Adsorbent Dosage, pH
for Activated Carbon Model

4.3.2.2 Interaction between Initial Nickel Concentration and Adsorbent Dosage
Based on Figure 4.11, the highest removal efficiency of 95.22 % is determined to be
at a nickel ion concentration of 10.00 mg/L and adsorbent dosage of 8.187 g. By
increasing the dosage of the activated carbon, higher removal efficiencies were
observed across all initial nickel concentrations. The higher adsorbent dosages yield
a large availability of surface area and active sites to increase the efficiency of
adsorbing nickel cations present in the aqueous solution. When the dosage of
activated carbon is low, there is a higher ratio of the nickel ions in comparison with
the vacant sites available on the activated carbon surface. As a result, the removal

efficiency is lowered.
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There is a small region in the lower range of initial nickel concentrations
where increasing the adsorbent dosage beyond a certain point results in lower
removal efficiencies. This could be due to the adsorption sites that remain
unsaturated as their number exceeds the number of nickel ions present in the low
concentration bulk solution (Javanbakht and Ghoreishi, 2017). Consequently, the
total surface area of the adsorbent is smaller and the path length for diffusion is
longer (Shukla et al., 2002).

On the other hand, the removal efficiency decreases at larger initial nickel
concentrations due to adsorption sites being saturated with the nickel ions. With
lower concentrations, the ratio of the nickel ions to the adsorption sites is lower

resulting in higher removal efficiencies.
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Figure 4.11: Effect of Initial Nickel Concentration and Activated Carbon Dosage on

Removal Efficiency (a) 3D Response Surface and (b) Contour Plot of
the Predicted Removal Efficiency.

4.3.2.3 Interaction between Initial Nickel Concentration and pH

From Figure 4.12, an increasing trend in the removal efficiency is apparent when the
pH increases from 2 to 8 at lower initial nickel concentrations. This may be a result
of the functional groups on the activated carbon surface being protonated at lower pH
values, resulting in a surface positive charge. This will result in the existence of
significant repulsive forces between the nickel ions and the activated carbon that
prevent adsorption from taking place efficiently. At higher pH values, the adsorption

sites which are the OH and COOH functional groups are deprotonated which allow
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hydrogen bonding and/or electrostatic interaction to be involved as the removal
mechanisms in the adsorption process (Bagheri et al., 2019).

At higher initial nickel concentrations, the removal efficiency is low and
fluctuates between constant values despite an increase in pH of the solution. Similar
to the experimental runs associated with the longan peel biosorbent, the low removal
efficiencies may be attributed nickel ions in the bulk solution that are in excess of the
active sites that are present on the adsorbent surface (Biswas et al., 2019). Taking
both these parameters into account, the highest removal efficiency of 94.56 % is

achieved at an initial nickel concentration of 10 mg/L and a solution pH of 8.00.
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Figure 4.12: Effect of Initial Nickel Concentration and pH of Solution on Removal
Efficiency (a) 3D Response Surface and (b) Contour Plot of the
Predicted Removal Efficiency by Activated Carbon.

4.3.2.4 Interaction between Adsorbent Dosage and pH

Based on Figure 4.13, the removal efficiency increases with higher activated carbon
dosages. The pH of the solution does not produce any noticeable effect on the
removal efficiency for any amount of dosage. This suggests that the dosage of
activated carbon has a more significant impact on the efficiency of activated carbon
in removing nickel ions from the solution compared to pH. Overall, it is also evident
that none of the interactions between these two parameters produce a removal
efficiency that exceeds 75 %, which is well below the maximum that was achieved
by the interacting effects between the other combination of terms. This corroborates
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with the ANOVA results for the activated carbon model made in Table 4.5 that
showed that the BC term is not significant.
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Figure 4.13: Effect of Activated Carbon Dosage and pH on Removal Efficiency (a)

3D Response Surface and (b) Contour Plot of the Predicted Removal

Efficiency.

4.3.2.5 Optimisation

Optimisation of the parameters in the activated carbon model yields a maximum
removal efficiency of activated carbon which is 97.85 %. The actual removal
efficiency obtained through the recreation of the optimum conditions is shown in
Table 4.7. There was only a slight difference of 1.079 % between the predicted and
actual removal efficiency by activated carbon. The closeness of the two values is
further proof that the activated carbon model is valid.

Table 4.7: Optimum Conditions for Adsorption and The Percentage Difference

between Actual and Maximum Removal Efficiencies of Activated

Carbon
Initial Nickel Adsorbent  pH Optimal Actual %
Concentration Dosage Removal Removal Difference
(mg/L) (0) Efficiency Efficiency

(%) (%)

11.94 7.585 7.999 97.85 96.79 1.079
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4.4 Adsorption Isotherm

The quantitative relationship between nickel concentration and the adsorption
process was established by linear mathematical models proposed by Langmuir and
Freundlich. The batch adsorption experiments to verify the adsorption isotherm
relationship were conducted with a contact time of three hours, a stirring speed of
180 rpm, and at the optimal conditions specified in Table 4.6 and Table 4.7 for

longan peel and activated carbon respectively.

441  Langmuir Isotherm
Figure 4.14 and Figure 4.15 depict the linear plots of Langmuir isotherm for longan

peel biosorbent and activated carbon respectively.
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Figure 4.15: Plot of Langmuir Isotherm for Adsorption of Ni?* by Activated Carbon
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4.4.2  Freundlich Isotherm
Figure 4.16 and Figure 4.17 depict the linear plots of Langmuir isotherm for longan

peel biosorbent and activated carbon respectively.
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Figure 4.16: Freundlich Isotherm Plot for Biosorption of Ni?* by Longan Peel

Biosorbent
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Figure 4.17: Freundlich Isotherm Plot for Adsorption of Ni%* by Activated Carbon

4.4.3  Summary of Adsorption Isotherm Parameters

The relevant constants and correlation coefficient, R of each model for both types of
adsorbents are summarised Table 4.8. The equilibrium data for both the adsorbents
were fitted well by both the Freundlich and Langmuir isotherm models as the R?
values for all four plots are above 0.9. Nevertheless, the best fitting models for

longan peel and activated carbon were Langmuir isotherm and Freundlich isotherm
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respectively as they rendered the highest correlation coefficient values for each
model. This means that biosorption by longan peel predominantly involves an ion
exchange mechanism while the primary removal mechanism by activated carbon is
through adsorption-complexation (Bulut and Tez, 2007).

The Freundlich intensity parameter, 1/n is more than 1 for the longan peel
biosorbent (1.092) and less than 1 for activated carbon (0.3896). As stated by Ali et
al. (2016), a value of 1/n which is below 1 is an indicator of normal adsorption
whereas a value between 1 to 10 is a measure of favourable adsorption. This
corroborates with the experimental results inputted into the design matrix as shown
in Table 4.3 which shows that activated carbon had much higher removal efficiencies
and nickel adsorption uptakes compared to the longan peel biosorbent.

The equilibrium data for adsorption by activated carbon was described
slightly inadequate by Langmuir isotherm as evidenced by its lower R? value of
0.9240 whereas the longan peel fared better with an R? value of 0.9989. One of the
assumptions for this isotherm was that all the active sites on the adsorbent surface
should have equal affinities towards the nickel ions and adsorption is only confined
to a monolayer surface. Another assumption is that the total quantity of active sites
present on the adsorbent surface should not be exceeded by the number of adsorbate
species. There is also the assumption of a finite number of identical binding sites and
an absence of lateral interactive effects between the adsorbed species (Kowanga et al.,
2016). It is theorised that none of these assumptions are applicable for activated
carbon, thus explaining its lower R? value and therefore its supposedly smaller gm
value. Therefore, the Freundlich model which takes multilayer adsorption and
surface roughness into consideration describes the equilibrium data of activated
carbon adsorption better.

The maximum adsorption capacities, gm of longan peel biosorbent and
activated carbon were 1.404 and 0.6297 mg/g respectively which are significantly
lower than the reported values of previously-studied biosorbents in Table 2.5. The
current adsorption isotherm study involves 97.08 g/L of longan peel biosorbent
dosage and 75.85 g/L of activated carbon dosage while the values tabulated in Table
2.5 were in the range of 0.6 to 8.2 g/L. As uptake rate has an inverse relationship
with adsorbent dosage, the higher dosages used in the current study results in lower
adsorption capacities.
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Furthermore, the separation factor, R. determined from the Langmuir model
which gives insight into the nature of adsorption was also evaluated. The R. values
of longan peel and activated carbon were between 0 to 1 (0.9787 and 0.1151

respectively) which indicates a favourable adsorption process (Kowanga et al., 2016).

Table 4.8: Constant for Langmuir and Freundlich Isotherm for Ni adsorption by

Longan Peel Biosorbent and Activated Carbon

Isotherm  Parameter Adsorbent
Longan Peel Biosorbent Activated Carbon
Langmuir R? 0.9989 0.9240
KL (L/mg) 4.350%x107 1.531
gm (MQ/Q) 1.404 0.6297
RL 0.9787 0.1155
Freundlich R2 0.9941 0.9993
1/n 1.092 0.3896
Kr 5.453x10°3 0.2277
4.5 Feasibility of Longan Peel Biosorbent in Nickel lon Removal from
Wastewater

The longan peel is also assessed based on its suitability in being applied in the

industrial scale.

451 Comparisons with Adsorbents

A side-by-side comparison of the performance of longan peels biosorbent with the
other biosorbents that have been studied previously is necessary to determine the
extent of its potential. Table 4.9 lists the maximum removal efficiency of the
biosorbents achieved at optimum conditions reported in past studies as well as the
longan peel and activated carbon studied in the current research. It is evident that
longan peels have a much lower removal efficiency compared to the other tabulated
biosorbents.

The lower performance of longan peels in the removal of nickel could be due
to a lack of surface oxidation, surface treatment, or functionalization on the surface
of this biosorbent. On the contrary, the watermelon rind was activated with zinc
chloride and the plantain peels were modified using 5 % NaOH. Chemical activation
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increases the number of binding sites that are accessible for interaction and allows
for new functional groups formation, resulting in improvements with the adsorption
capacity of the biosorbents (Oghenejoboh, 2018).

On the other hand, the cell walls of bacterial biosorbents like Aspergillus
niger as well as algae such as Hypnea valentiae and Enteromorpha sp. consist of
functional groups that include phosphonate, amino, hydroxyl, and carboxyl which are
responsible for the nickel ions chemisorption. The phosphonate and amine groups
were not detected by the longan peel FTIR spectrum in Figure 4.1 which may have

contributed to the lower adsorption performance of longan peels.

45.2  Application in Wastewater Treatment Industry
The viability of using longan peel biosorbent as a substitute of powdered activated
carbon dosed in aeration tanks for wastewater treatment such as the system shown in
Figure 2.7 is also investigated. Based on the compilation of data from literature
studies shown in Table 2.2, most industrial plants produce effluents with nickel
concentrations between 1 to 300 mg/L. Depending on the location of wastewater
discharge, the biosorption of nickel in wastewater would need to adhere to standards
A and B set by Environmental Quality Regulations 2009 which are 0.20 mg/L and
1.0 mg/L respectively.

For the current system, the longan peel biosorbent was determined to adsorb
a single adsorbate which is nickel most optimally at a pH of 5.436. However,
industrial effluents consist of different concentrations of multiple coexisting metals
at varying pH that can impair the performance of the biosorbent. Furthermore, the
current laboratory study was conducted at an agitation speed of 180 rpm but the
process is much more rapid in the industrial scale which could result in the surface of
the biosorbent being saturated too quickly. Besides, wastewater treatment plants treat
large cubic meters of water per day so contact times are often reduced to facilitate a
fast and continuous treatment process. Therefore, the adsorption capacity of the
longan peel biosorbent may be even lower in practice. Taking these factors into
consideration, it is highly unlikely that biosorption by longan peel in its current form
even with multiple biosorption cycles would be able to achieve standards A or B for

industrial discharge.
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Table 4.9: Optimum Conditions and Maximum Ni (1) Removal Efficiencies of Various Biosorbents

Biosorbent Optimum Conditions Maximum Ni Reference

Dosage  Initial Nickel pH (1) Removal

(@  Concentration Efficiency (%)
(mg/L)

Immobilized mixture of custard apple 10.00 100.0 5.60 96.41 (Saravanan, Senthil Kumar and Preetha,
seeds and Aspergillus niger 2016)
Activated carbon from watermelon rind ~ 5.000 100.0 6.69 97.00 (Oghenejoboh, 2018)
Modified plantain peel 0.820 120.0 4.36 94.88 (Garba, Ugbaga and Abdullahi, 2016)
Enteromorpha sp. 0.100 100.0 4.79 87.16 (Tolian, Jafari and Zarei, 2015)
Hypnea valentiae 1.275 100.0 5.10 91.97 (Shukla et al., 2002)
Regenerated cellulose 0.400 32.50 6.40 98.00 (Davarnejad, Moraveji and Havaie, 2018)
Saccharum bengalense plant 0.500 50.00 5.00 87.60 (Din and Mirza, 2013)
Aspergillus niger 0.2980 30.00 6.25 70.30 (Amini, Younesi and Bahramifar, 2009)
Longan peel 9.708 180.17 5.346 47.64 Present study

Commercial activated carbon 7.585 11.94 7.999 97.85 Present study




CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

With the aid of Box-Behnken designs, three parameters which are initial nickel
concentration, adsorbent dosage, and pH were optimised to maximise the nickel
removal efficiency of two adsorbents namely, longan peel biosorbent and activated
carbon. The effectiveness of using statistical design of experiments and RSM to
study the interacting effects of the parameters is validated by the good agreement
between the experimental and predicted values as well as the statistically significant
models and insignificant lack-of-fit tests obtained from the ANOVA results.

Based on to the perturbation plots, it was determined that the removal
efficiency of longan peel biosorbent and activated carbon decreases as the initial
nickel concentration increases. Upward trends of removal efficiencies were observed
for both types of adsorbents when the adsorbent dosages increase. The highest
removal efficiencies of longan peel biosorbent were obtained when the pH is slightly
acidic whereas basic pH range enhances the removal efficiency of activated carbon.

Based on optimisation by the desirability function approach, the maximum
removal efficiency of longan peel is 47.64 % when the initial nickel concentration is
180.17 mg/L, the biosorbent dosage is 9.708 g, and the pH is 5.346. In comparison,
the activated carbon has a much higher maximum removal efficiency of 97.85 %
with optimised initial nickel concentration, adsorbent dosage, and pH of 11.94 mg/L,
7.585 g, and 7.999 respectively.

The best fitted models based on the equilibrium data obtained for longan peel
biosorbent and activated carbon were determined to be the Langmuir isotherm and
Freundlich isotherm model respectively.

Longan peel biosorbent did not achieve as high removal efficiencies as other
reported biosorbents and commercial activated carbon. The lack of chemical
activation or modification on the surface of the biosorbent and the absence of certain
functional groups were the reasons cited for its underwhelming performance. The
scale-up of the current longan peel biosorbent system cannot be readily applied in the
actual wastewater treatment plant due to its inadequate removal efficiency as well as

several field-based factors that may hinder its performance. Overall, the research
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showed that there is potential for longan peel to be utilised as a biosorbent for the
removal of nickel ions from aqueous solutions. However, there are several areas of
improvement that can be explored to enhance the feasibility of adopting longan peel

biosorption on an industrial scale.

5.2 Recommendations for Future Research

Several suggestions are proposed to improve the understanding of the biosorption
mechanisms of longan peels in removing nickel contaminants. Besides,
recommendations are made to help enhance the competitiveness of longan peel
among the other low-cost biosorbents as well as increasing its potential as a possible
replacement of activated carbon as an adsorbent in actual wastewater treatment
plants. The recommendations are as follows:

(1) Performance of kinetic studies to provide information on the rates of
biosorbate uptake of the longan peel biosorbent and on the rate-
controlling steps involved in biosorption such as intraparticle mass
transfer, external mass transfer, and biosorptive reactions.

(i) Conducting surface area, porosimetry, particle size, hardness, and
surface activity measurements to evaluate the characteristics of the
longan peel surface that are crucial to the biosorption process.

(iii))  Chemical activation of the surface of the longan peel to increase the
number of active sites available for biosorption.

(iv)  Performance of adsorption tests on industrial effluent which consists
of coexisting pollutants including nickel to understand the potential of
longan peel as a biosorbent for general purpose.

(V) Conduct desorption studies to determine a suitable desorbing agent
that can help both in the recovery of adsorbed nickel ions and in the
regeneration of the longan peel biosorbent.

(vi)  Investigation of the adsorption performance of the longan peel
biosorbent via a continuous mode of operation using an up-flow
packed bed column reactor to better simulate the conditions of an

actual wastewater treatment plant
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