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ABSTRACT

Heavy metal pollution in water has been a growing concern over
the years and is under strict regulations from legislative bodies.
Adsorption is an efficient and cost-effective way of metal
removal from polluted water. Therefore, industries are seeking
cheaper, environmentally friendly, easily accessible and
efficient adsorbents for treating their effluents of heavy metals
before disposal into surface waters. Activated carbon, the most
popular commercial adsorbent, has become more expensive
due to increasing demand, high cost of production and
regeneration. Natural zeolites are not commercially available in
most parts of the world while synthetic zeolites, produced from
chemical precursors, are also expensive. Fly-ash derived
zeolites provide a cheaper alternative as they can be

synthesized from a waste product.

Initial research on fly-ash derived zeolite (Sodium P/
Gismondine) NaP1 has highlighted the potential for heavy metal
removal from wastewater under different conditions without a
clear understanding of the metal uptake mechanism and within
industrial conditions (i.e. pelleting, multi-element adsorption
with pellets and regeneration). Hence, there is limited

information to adapt this material for industrial wastewater
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treatment. This research aims to provide a thorough
understanding of the characteristics of fly-ash derived NaP1 to

harness its potential use in industrial wastewater treatment.

Results from this study indicate metal uptake capacities of NaP1
for zinc (34 mg/g) and lead (192 mg/g) were higher than other
fly-ash derived NaP1l, commercial activated carbon and
clinoptilolite. In competitive adsorption, the metal selectivity for
NaP1 followed the order Pb2*>Cu2*>Zn2*, while multi-element
removal efficiency was identified in the order NaP1 powder >

NaP1 pellet > commercial 3A pellet.

Langmuir model and pseudo-second order kinetic model fitted
best for all elements. The rate of metal uptake was fast and
occurred in 15 min for all metals in contact with powder. The
rate-determining step is controlled by diffusion of hydrated
metals through microporous channels of NaPl. Copper
regeneration from NaP1 was best achieved using Na and K salts
at pH 5 and 22 £ 2 °C. NaCl and KCI solutions produced ~ 30%
copper regeneration (representing 2.6 mg/g NaP1) while copper
recovery with regeneration solutions was in the order

Kt>Nat>H*.

Page 2 of 313



Heavy metal removal from water/wastewater using fly-ash derived zeolites

After pelleting without binder, adsorption experiments showed
a type II isotherm with an H3 hysteresis loop, indicating the
presence of unrestricted monolayer — multilayer adsorption. The
mean pore diameter for NaP1l pellet was 14.3 £ 0.275 nm
compared to 10.95 £ 0.069 nm for powder NaP1. However, BET

area of NaP1 pellets was 28% lower than the powder form.

This research has demonstrated the viability of NaP1 for heavy
metal removal from wastewater. Fly-ash waste from coal power
plants could be sourced in creating zeolite NaP1l instead of
dumping them into landfills and enhancing secondary pollution.
Secondly, NaP1 can be converted into pellets without a binder
for industrial use since it displays quick kinetics of 15 mins for
metal uptake. Furthermore, NaP1 works efficiently at pH 5 and

can be regenerated easily with eluents such as NaCl and KCI.
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List of Chemicals

Zinc nitrate

Zn(NO3):

Cadmium nitrate Cd(NO3)2.4H20

Lead nitrate Pb(NO3)2
Copper nitrate Cu(NOs3)2.2.5H20
Nitric acid HNO3

Sodium Hydroxide NaOH

Hydrochloric acid HCI

Sodium chloride NaCl

List of Acronyms

CFA
NaP1
UKEA
USEPA
Zn

Cd

Pb

Cu

Na

Coal fly-ash

Sodium P (Gismondine)

United Kingdom Environmental Agency

United States Environmental Protection Agency
Zinc

Cadmium

Lead

Copper

Potassium

Sodium

Hydrogen
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SEM Scanning Electronic Microscope

XRD X-Ray Diffraction

XRF X-Ray Fluorescence

ICP - MS Inductively Coupled Plasma Mass Spectrometry

AAS Atomic Absorption Spectrometry/Spectroscopy

WHO World Health Organisation

EU European Union

EQS Environmental Quality Standard

EC European Commission

AWWA American Water Works Association

SiO4 Silicon oxide

AlO4 Aluminium oxide

CEC Cation Exchange Capacity

ISRIC International Soil reference and Information Centre

List of Units

m?/g square meter per gram surface area

cm3/g cubic centimetre per gram Pore volume

nm nanometre Pore diameter

mg/g milligram per gram adsorptive
capacity

g/cm?3 grams per cubic centimetre  Density

ppt parts per trillion concentration

ppb Parts per billion concentration

m/gl Milligram per litre Concentration
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micro g/I
Mg/l

MPa

h

ml

L

°C

M

pm

rpm
min
Hg/g
mg

g/l

Microgram per litre
Microgram per litre
Mega Pascal

Hour

millilitre

Litre

degree Celsius
Molar

micrometre

rotations per minute
minute

microgram per gram
milligrams

grams per litre

List of Symbols

Concentration
Concentration
Pressure
Time

volume
volume
Temperature
concentration

size/
diameter/length

speed

Time
weight/weight
weight

solid to liquid
ratio

ge adsorbate adsorbed per unit mass of adsorbent at
equilibrium

gt adsorbate adsorbed per unit mass of adsorbent at time

(t)

Ki  First order constant

K> Second order constant

B  Desorption coefficient

a Initial adsorption rate

Kre  Freundlich constant
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Ce Concentration of solute in solution
dm Maximum adsorptive capacity

b Langmuir constant
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1 Introduction

1.1 Background

Heavy metals as water pollutants have received great attention
for several decades owing to their carcinogenic and toxic
properties. They are also known to accumulate in tissues along
the food chain and be fatal in high concentrations. The United
Nation’s 2020 goal, target 6.3 for sustainable development has
outlined the need for an environmentally sound means of
managing chemicals while reducing their wastes released into
the environment to minimize their adverse impact on nature
(U.N. 2020). This cannot be achieved without international

frameworks.

In this regard, their control and disposal in the environment, as
a result of anthropogenic activities, is under control by various
bodies such as the Urban Wastewater Treatment Directive
(91/271/EEC), Water Framework Directive (2000/60/EC), Fish
Directive (2006/44/EC) and Environmental Quality Standards
(2008/EC). Over 30 heavy metals have been investigated and
defined with maximum allowable limits in water with some
classified as priority metals (Gardener et al., 2013). These
metals are copper, lead and zinc (Wuana and Okieimen, 2011).

These were identified through a UK programme for chemical
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investigations (CIP) project reported by Gardener et al. (2013)
as exceeding their allowable limit in industrial wastewater

effluents (UK).

To work towards the United Nation’s 2030 target of improving
water quality by reducing pollution, minimizing the release of
hazardous chemicals and halving the proportion of untreated
water, industrial wastewater effluents as a major point source
of heavy metal pollution in water bodies globally (Fergusson,
1990; Bradl, 2005) has come under scrutiny. Several industries
such as electroplating, steel, mines, pharmaceuticals, paint,
textile, etc. are known to use large volumes of water and
produce effluents containing these heavy metals (Lokhande et
al., 2011; Tchounwou et al., 2012). With industrialization on the
rise worldwide, heavy metal pollution is bound to be on the
ascendency in both developed and developing countries
(Bazrafshan et al, 2015). Hence, there is the need to seek eco-
friendly (Dixit et al., 2015), sustainable, cost effective and
efficient means of eliminating pollution (Pap et al., 2016;
Kluc¢akova and Pavlikova, 2017) while building capacity within

an economy through industrialization.
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Adsorption is preferred to other metal removal technologies
such as reverse osmosis, electrolysis, ultrafiltration, filtration,
coagulation and sedimentation (Barakat, 2011; Lakherwal,
2014; Gunatilake, 2015). Adsorption is a more efficient and
cost-effective way of metal removal from large volumes of
wastewater with low concentrations (Peri¢ et al., 2004) of
metals and affordable by underdeveloped and developing
countries (Tripathi and Ranjan, 2015). However in recent years,
activated carbon, which is the most widely used commercial
adsorbent for heavy metal removal (Bhatnagar, 2012; Zwain et
al., 2014) has become more expensive (Panday et al., 1985;
Nsami and Mbadcam, 2013) due to its increasing demand, high

cost of production and regeneration (Erdem et al., 2004).

Hence, a lot of focus is given to the development of low cost,
environmentally friendly and effective adsorbents for water and
wastewater treatment industries (Babel and Kurniawan, 2003;
Hegazi, 2013; Tripathi and Ranjan, 2015). Currently,
adsorbents under development are from seashells, agricultural
wastes, fishbone, char, zeolites, clay, chitosan, lignin and

cellulose (Yu and Han, 2015; Tarachand et al., 2016).
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Amongst these adsorbents, zeolites are well-known for their
high adsorption and ion-exchange capabilities as one of the
oldest adsorbents in history (Margeta et al., 2013). Existing as
both natural and synthetic products, they have been used in
petroleum refinery, water softening, heavy metal removal, and
separation of gases, radioactive substance management,
desiccants, insulated glass windows, dehumidifiers and many
more applications (Sherman, 1999; Li et al., 2017). Large
deposits of natural zeolites are not available in most countries
to support commercial purposes (Geological Survey (US), 2015)
requiring the synthesis of zeolites from chemical precursors
such as alumina, silica and alkali earth metals (Otieno et al.,

2019).

Since their development, synthetic zeolites have been preferred
over natural zeolites for industrial purposes due to their higher
ion-exchange capacity, tuneable and amenable properties,
higher purity and thermal stability (Li et al., 2017). However,
synthetic zeolites are also becoming more expensive due to the
increasing demand, requiring cheaper precursors to promote
sustainability (Gougazeh and Buhi, 2014). Fly-ash from coal
combustion in power plants contains high amounts of quartz
and mullite, composed of necessary precursors for the synthesis

of zeolites (Yan et al., 2018). Thus, it is seen as a possible lower
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cost alternative for preparing synthetic zeolites, recycling waste
from coal fly-ash and recycling pollutants from water to

reinforce sustainability.

Reports from Chunfeng et al. (2009) and Shumba et al. (2011)
indicate an estimated 300 million tonnes increase in fly-ash
worldwide every 3 years and predicts further increases in the
coming years. The traditional use of fly-ash has mostly been in
concrete and cement production (Thomas, 2007), representing
about 48% of the total amount, while most of the fly-ash is
disposed-off via landfill (Brannvall and Kumpiene, 2016). This
practice is also under examination as environmental concerns
for leachates have increased (Tiwari et al., 2015). Hence, some
researchers proposed fly-ash as a cheap resource for developing
commercial synthetic zeolites (Querol et al., 2002; Malik and
Thapliyal, 2009), and a solution to fly-ash disposal with
stringent conditions (Querol et al., 2002; Ahmaruzzaman,
2010). The recycling of fly-ash into zeolites is also in line with
the United Nations’ 2030 target of substantially increasing
recycling and safe reuse globally. This is a likely source of

revenue for countries generating fly-ash as a waste product.

Currently, there are several fly-ash derived zeolites such as X,
A, chabazite, sodalite and NaP1, similar to synthetic zeolites.

Zeolite X and A are mostly used in industry and in high demand
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due to their uniform pore structure and larger pore size
compared to NaP1 (Alvarez-Ayuso et al., 2003), sodalite and
chabazite. However, fly-ash derived zeolites X and A are more
expensive to synthesize compared to NaP1l, through the
conventional hydrothermal synthesis process as they require
large quantities of raw materials (aluminate, silicon and NaOH)
and a 2-step process (Hollman et al., 1999). Whereas fly-ash
derived NaP1 can be produced with a high yield (45 - 75%)
compared to fly-ash derived zeolites X and A (16 - 18%) in a
one step process using less amount of raw materials (Moreno et
al., 2001a; Moreno et al., 2000b; Querol et al., 2001; Querol et
al., 2002). Thus, fly-ash derived NaP1 is preferable due to its
high vyield, cost and duration of production and ease of

preparation.

NaP1l has been tested for removal of heavy metals (Pb, Cu, Zn,
Ni, Cd and Mn) in acid mine water by Moreno et al. (2001),
Querol et al. (2002) and Prasad & Mortimer (2011),
electroplating wastewater by Steenbruggen and Hollman
(1998), Juan et al. (2002) and Alvarez-Ayuso et al. (2003), and
clean water matrix by Lee et al. (2000), Wang et al. (2006),
Nascimento et al. (2009). These studies limit the scope of NaP1
applications in industry as removal conditions (i.e. pH,

temperature and concentration of metals) considered were
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either narrow to a localized wastewater (target specific) or not
relevant to industrial conditions. In addition, current research
on NaP1 does not present a clear distinction of the metal uptake
mechanism (i.e. ion exchange / adsorption / precipitation) at
relevant industrial conditions providing limited information to
adopt NaP1l for industrial application. Steenbruggen and
Hollman (1998) and Alvarez-Ayuso et al. (2003) suggested the
possibility of metal recovery from NaP1 without demonstrating
how this can be achieved. Thus, research on NaPl1l has only
remained at lab-scale without scale-up and no current

information for industrial implementation.

All these works compared NaP1 to either natural clinoptilolite,
other synthetic zeolites or commercial synthetic zeolites (A, X
and NaP1) of the same kind with others testing NaP1 against
clean water matrix, acid mine wastewater and electroplating
wastewater. Furthermore, all except Steenbruggen and Hollman
(1998) performed batch experiments, which exclude the use of
pellets as in continuous treatment systems employed in
industry. Although Moreno et al. (2001), Querol et al. (2002),
Alvarez-Ayuso et al. (2003) and Prasad and Mortimer (2010) all
studied the removal of metals from industrial effluents with
multi-element systems, none of these works looked into the

interactions and cause of removal between these elements
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during an adsorption process. Also, none of these studies
focused on regeneration of NaP1 after use, scale-up of the lab-
scale experiments and costing involved in implementing this

adsorbent on industrial scale.

Pelleting of well-known zeolites such as ZSM-5, Y, X and A have
been studied by several researchers, with only one resource so
far, available for NaP1 contributed by Rongsayamanont and
Sopajaree (2007). Their study used bentonite as a binder and
polyvinyl alcohol as a pore forming agent to create disc-shaped
pellets of 70 mm diameter and 40 mm thickness through a

hydraulic press.

Clearly, there is limited information in the literature to work
towards the sustainable goals of reducing metal pollution into
our environment through the recycling of fly-ash waste into a
useful adsorbent NaP1. This research attempts to fill the gap
within this area to inform on the complete study of NaP1 for

heavy metal removal in industry.
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1.2 Aim and objectives

Aim

The aim of the research is to provide a thorough understanding

of the uptake mechanism and regeneration potential of zeolite

NaP1 for removal of mixed heavy metals (e.g. lead, copper and

zinc) from water. Achieving this aim will contribute towards

developing a continuous adsorption/desorption process for

water and wastewater using NaP1.

Objectives

Determine the selectivity, kinetics and adsorptive
capacity of NaP1 for copper, lead and zinc in a single and
multi-element matrix with batch experiments.

Identify a suitable pH working condition for effective
metal removal.

Determine the mechanism of heavy metal uptake for
NaP1 from synthetic wastewater solutions using
adsorption isotherm.

Determine suitable regeneration conditions for metal
recovery from NaP1. Characterize the regenerated sample
to have a clear understanding of regeneration process.
Characterize NaP1 powder and pellet

Compare heavy metal removal performance of NaP1

pellets to commercial adsorbents.
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1.3 Novelty of research

e Accounting for the effect of leaching and precipitation in
adsorption experiments with fly-ash NaP1.

e Determine suitable regeneration conditions for metal
recovery from NaP1 through a regeneration study.

e Assessing the evidence of NaP1 dealumination using XRD
and XRF scans.

e Prepare NaP1 pellets from powder without a binder.

e Testing NaP1 pellet for multi-element adsorption.

1.4 Structure of thesis

Chapter 1 has provided a background to this study, the aim and

objectives, novelty and structure of this thesis.

Chapter 2 is the literature review section which includes: an
introduction to heavy metals, current legislation, heavy metals
of interest, heavy metal removal technologies, adsorption as the
selected technology, zeolites, conventional zeolite synthesis
process, adsorption theory, adsorption kinetics and isotherm,
which have been presented in this research. Further information
on the initial research on fly-ash zeolite NaP1l including
pelleting, regeneration and multi-element adsorption are

covered in this section.
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Chapter 3 describes the materials and chemicals used in the
preparation of solution, characterization and pelleting and
regeneration process. It further expands on the procedures
used in characterizing the adsorbent material, pelleting,
adsorption and regeneration processes, giving working

parameters and conditions of experiments.

Chapter 4 focuses on zeolite characterization using Scanning
Electron Microscope (SEM), X-Ray Diffraction (XRD) and X-Ray
Fluorescence (XRF) analysis with the aim of demonstrating the

presence of NaP1 after synthesis in comparison to fly-ash.

Chapter 5 demonstrates the robustness and reliability of
experiments used in presenting findings from this study. Control
experiments were used to test for leaching and precipitation at
different experimental conditions, influence of syringe filter on
experiments, calibration solutions wused and Ilimit of
quantification/detection of ICP-MS (identify whether it was fit

for purpose).

Chapter 6 focuses on adsorption experiments of copper, zinc
and lead while assessing the kinetics, isotherms and ion

selectivity of the respective metals with zeolite NaP1. Finally,
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this section tests for the suitable pH of multi-element adsorption

with NaP1.

Chapter 7 describes a preliminary baseline regeneration study
to serve as a foundation for the final test. The purpose was to
feed relevant information from this test into the final stage of
metal regeneration. The parameters of interest in the
preliminary regeneration test were the effect of time, pH and
concentration of solution. These were latter used with selected

reagents to obtain maximum regeneration.

Chapter 8 aims to convert NaP1 powder into pellets while testing
it for lead and multi-element adsorption. NaP1l pellet was
characterized by Nitrogen adsorption to identify surface area,
pore volume and nature of pores. Comparisons were drawn with
a commercial 3A pellet while a mole-based adsorption values
were used to identify trends and competition in multi-element

adsorption.

Chapter 9 summarizes the findings and future work relevant for

the progression of this study.
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2 Literature review

2.1 Introduction to heavy metals

Heavy metals including metalloids form a part of the earth’s
crust and an integral part of the natural environment (Yadav et
al., 2019). They are found in mineral-rich ores within the
lithosphere, in the oceans and water bodies including in the air,
bound in different compounds of sulphides, oxides, and other
metal salts (Verma and Kaur, 2016). However, their
concentration varies from place to place within the earth’s crust
depending on the composition of the existing parent material

(Furness, 2018).

Heavy metals are naturally released into the environment
through volcanic activities and its resulting dust particles,
weathering of rocks, erosion from soils, forest fires,
biodegradation of plants and animals and dried water droplets
from the oceans (Tchounwou et al., 2012). On the other hand,
anthropogenic sources of emission into the environment are
mainly through industrial activities (Velea et al., 2009). These
industries include the alloy, chemical, leather tanning, paint,
glass, pulp and paper mills, textile dying and printing, chemical

fertilizer, petroleum refining, coal burning, metallurgy, mining
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and ore processing and electroplating (Kabir et al., 2012; Jiao

et al., 2015).

Some metals are useful to the existence of plant, animal,
aquatic and human life while others are not (Izah et al., 2016).
These useful metals play an important role in biochemical and
physiological functions of life (Spears and Engle, 2016) within
the ecosystem but are required in relatively small
concentrations thus they are classified as trace/essential
elements or micronutrients (Rattanachaiwong and Singer,
2019). The absence of these micronutrients is also bound to
generate deficiencies and malfunctions in plant, animal, and
human life. Examples of these heavy metals are cobalt (Co),
copper (Cu), chromium (Cr), iron (Fe), magnesium (Mg),
manganese (Mn), molybdenum (Mo), nickel (Ni), selenium (Se)

and zinc (Zn) (Tchounwou et al., 2012).

Human exposure to these elements could be via inhalation of
metal dust particles in the air, drinking contaminated water and
beverages, oral ingestion of food (plant and animals) with high
levels of these metals and physical contact with the skin (Hou
et al., 2019; Rovira and Domingo, 2019). Heavy metals are
soluble in water (Beochat et al., 2016) and can be absorbed into
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living cells including aquatic organisms (Li and Tao, 2015). They
are persistent in the environment and non-degradable in nature
(Wingenfelder et al., 2005; Lakherwal, 2014). Thus, they tend
to bio-accumulate (Sousa et al., 2010) in living tissues,
becoming magnified in higher tropics of the food chain and
consequently toxic to living organisms (Kragovi¢ et al., 2013;
Tripathi and Ranjan, 2015). Thus, their release into the aquatic
environment requires monitoring and control by regulations and

legislations.

2.2 Legislation

Extensive and on-going research on existent and emerging
pollutants (Awasthi et al., 2016; Huber et al., 2016; Cunha et
al., 2018; Jeevanantham et al., 2019) have increased the
awareness and further understanding of their hazards on the
flora and fauna in the environment (Chibuike and Obiora, 2014;
Uaf et al., 2017). Thus, placing a demand on the constant
update and improvement of the current legislation governing
the water treatment industries. As a result, growing legislations
such as the EU Water framework directive, Groundwater
Directive, and Urban wastewater directive have become
stringent to ensure that industries help improve the quality of

water bodies by regulating their effluents discharged into the
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aquatic environment (Rule et al., 2006; Gardener et al., 2012;
Gardener et al.,, 2013). This task performed by regulatory
bodies has ensured a consistent review in the interest of
establishing well-defined pollution control measures across the

sub-region within their jurisdictions.

At present, more than 30 substances that previously had not
been the focus of detailed monitoring and control have well-
defined concentration limits used to assess water quality (EQS-
EC, 2008). These substances/chemicals and heavy metals are
responsible for endocrine disruption in fishes and fatal,
carcinogenic and toxic even in the microgram concentration
range, respectively. Therefore, current Water Framework
Directive of water pollutants by Environmental Quality
standards limits the presence of pollutants in effluents
discharged to the environment between ppt (Buisson et al.,
1984; W.H.O, 2003) and sub-ppb (1 nanogram - 0.1 micro G/I)

(Environment Agency, 2011).

Previously, the solution to reducing pollutant concentration in
final wastewater effluent has been through dilution with
receiving waters, which has not proven effective in today’s
conditions with some elements (Gardener et al., 2012).
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Following this, the UK Industry initiated a programme for
chemical investigations (CIP) as part of the UK National
Environment programme in 2012 under the supervision of UK
Water Research Institute (UKWRI). The CIP was initiated to
access the compliance of risk and to respond by formulating
appropriate pollution control measures. The CIP was conducted
in three phases by Gardener and co-workers (Gardener et al.,

2012; Gardener et al., 2013) given below:

1. Investigations to assess risk from chemicals:
Assessment of final effluents from 162 wastewater
treatment works from England, Scotland and Wales to
determine the concentration of chemicals discharged to
receiving waters and their compliance with identified
quality criteria.

2. Investigations to assess wastewater treatment works
performance:

Assessments of 28 wastewater treatment works to
evaluate the treatment performance across primary,
secondary and some tertiary treatment processes.

3. Source investigations: Assessments of nine urban
catchment sources of the CIP specified chemicals

discharged into sewers.
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Gardener et al. (2013), reported chemical substances that have
become a priority based on their concentration limit exceeding
the required standard from over 50% of the wastewater
treatment works. Amongst the heavy metals zinc, nickel, copper

and lead were identified as exceeding their limits.

2.3 Heavy metals of interest in this study

Zinc, copper and lead are amongst the most widely researched
heavy metals due to their toxicity and prevalence in the
environment (Bhateria and Singh, 2019). Apart from zinc and
copper, these metals are enlisted as priority substances under
the environmental quality standards reference of toxic
substances (EQS-EC, 2008; W.H.O, 2011). They exist as both
dissolved and undissolved solids in water bodies with the former
requiring advanced methods of treatment other than filtration.
Knowledge of the toxicity and effects of these metals would help
appreciate the need to control their concentration into surface

waters.

2.3.1 Copper
Copper is noted as one of the essential heavy metals in the

environment and primarily used as a metal or an alloy (Bhateria
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and Singh, 2019). It is useful to plants, animals and most
importantly humans (Appenroth, 2010; Mamtani et al., 2011).
It is required in the human body to create red blood cells, helps
in iron absorption, protects the cells and DNA from damage by
free radicals and helps the body to maintain a healthy immune

and nerve cell system (Mamtani et al., 2011).

However, it can be toxic in excessive doses within the human
body with adverse effects. The allowable limit for copper in
drinking water is 2 mg/l (W.H.O, 2004; Ongen et al., 2008) and
higher doses have resulted in gastrointestinal distress, nausea,
vomiting and abdominal pain as immediate responses (National
Research Council (US), 2000). Furthermore, long exposure to
excessive levels has been responsible for liver and kidney
damage, fibrosis, anaemia, immune-toxicity, cancer and even
death (Lewinsky, 2007). The maximum copper concentration
permissible in industrial effluent discharge set by the USEPA is

0.25 mg/l (Tran et al., 2017).

2.3.2 Zinc

Zinc is one of the essential elements required by the body,
plants, animals and micro-organisms in their daily metabolism
(Jeejeebhoy, 2009; Fallah et al., 2018). The industries

responsible for zinc emission into the environment are enlisted
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as chemical, fertilizer, pesticide (Wu, 2017), mining, metal
purifying, and steel manufacturing, coal burning and

incineration sites (Zhang et al., 2011b).

The current maximum allowable zinc in drinking water and
effluent discharge are set at 3 mg/l (W.H.O., 2008; Bhardwaj
et al., 2019) and 0.80 mg/I, respectively (Tran et al., 2017). In
aquatic organisms, a combination of high zinc concentration
with pH and hardness of the water is noticed to increase fish
mortality (Giardina et al., 2009; Hogstrand, 2011). In humans,
taking large doses of zinc for a short time causes vomiting,
cramps and nausea (Plum et al., 2010), whiles anaemia,
pancreas damage and a decrease in the level of high-density
lipoprotein (HDL) cholesterol are the results of a long-term
exposure (Roney et al., 2006). High concentrations of zinc are
stored in the bones, muscles, liver, kidney, endocrine glands

and hair (Plum et al., 2010).

2.3.3 Lead

The industrial activities responsible for lead pollution are
mining, smelting activities, gasoline, explosives and municipal
sewage sludge (Sharma and Dubey, 2005). The allowable
drinking water quality standard for lead is set at 10 pg/I by the

World Health Organisation (2008) and 6.0 ug/L for effluent
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discharge into surface waters (Tran et al., 2017). Excessive lead
in plants strongly inhibits seed germination, root elongation,
seedling development, plant growth, transpiration, chlorophyll
production, and water and protein content (Pourrut et al.,
2011). Exposure to fish causes death (Lee et al., 2019) while
its accumulation in shellfish produces lethal and chronic effects
even at 0.29 ppm (Anyanwu et al.,, 2018). Furthermore,
exposure to humans has harmful effects on the central nervous
system, reproductive system, kidney and is identified a

carcinogen (Flora et al., 2012).

2.4 Heavy metal removal technologies

Chemical precipitation, ion exchange, membrane filtration,
electrochemical method, adsorption, coagulation, and flotation
are examples of technologies currently available for heavy
metal removal from wastewater (Bisht et al., 2017). The choice
of a treatment technology is based on factors such as cost and
ease of operation, amount of energy required, hazards and
waste management after treatment, the content of influent and
final concentration of effluent required, environmental concerns
and sustainability of treatment techniques (Crini and Lichtfouse,

2019).
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2.4.1 Chemical precipitation

Chemical precipitation is one of the most widely used and
effective ways for heavy metal removal (Dahman 2017; Ahuja,
2018). The process is easy to operate, safe and requires
inexpensive equipment (Yadav et al., 2019). Lime and
limestone treatment are the traditional precipitant often used in
the industrial heavy metal removal (Rao et al., 2017) because
of its abundant availability in many countries; it is efficient in
solutions with less complex compounds and in instances where,
economic recovery is not required (Zueva, 2018). The
precipitates are then removed from the water by sedimentation
and/or filtration for discharge or reuse (Fu and Wang, 2011).
Major drawbacks with this process are the use of large
quantities of chemicals, slow metal precipitation, poor settling,
and excess sludge generation (Ojovan and Lee, 2014), which
requires extra treatment and thus additional operational cost
for disposal (Dutta and Sharma, 2019). There are also stringent
regulations with sludge disposal since sludge contains heavy
metals that could be leached into the environment again

(Kurniawan et al., 2006, Aziz et al., 2008).
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2.4.2 Ion exchange

Polymeric resins have been tested for heavy metal removal from
water (Sapari et al., 1996; Rengaraj et al., 2003; Gode and
Pehlivan, 2005). These resins are made-up of high molecular
weight polyelectrolytes with mobile ions, which are
exchangeable with ions of similar charges from the surrounding
medium (Cheremisinoff, 2017). This technology is applied in the
petroleum, chemical and water softening industries
(Cheremisinoff, 2017). Regeneration and recovery of valuable
heavy metals (Dabrowski et al., 2004) are possible. Low running
cost and low energy requirement are the advantages of the
method. However, high capital cost is needed for the process
(Wang et al., 2009). The competition of the cations with the
presence of multiple heavy metals makes the ion exchange
difficult. In addition, resins can be fouled easily by components
such as proteins, cellulose, living cells (bacteria), soil particles,
Iron (III) ions and chlorine, when dealing with concentrated
solutions. Therefore, the lifetime is reduced whilst resins
generally have a long lifespan when maintained well (Kurniawan

et al., 2006; Esmaeili and Foroutan, 2015).
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2.4.3 Electrochemical methods

Electrochemical methods have been an improvement to already
existing treatment methods such as coagulation, flocculation,
flotation and the use of membranes. Electrical current is the
dominant feature with the introduction of anodes and cathodes
in these methods (Khattab et al., 2013). Electrochemical
methods are more efficient compared to their conventional
counterparts (coagulation, flocculation, and flotation)
(Bazrafshan et al., 2015), reducing the volume of sludge
created, the volume of chemicals used and enhancing the
conventional methods by more than 10% with the ability to
recover valuable metals easily. However, they require electrical
energy, which could be very expensive and a huge start-up
capital limiting its wide application in industry (Crini and
Lichtfouse, 2018). Examples of these methods are
electrocoagulation/electro-flocculation, electro-floatation,
electro-oxidation and electrodialysis. Electrocoagulation is
currently used in treating industrial wastewater from pulp and
paper industries in North America, mining and metal-plating
industries in South America and Europe (Joffe and Knieper,

2000).

2.4.4 Membrane separation
Membranes are semipermeable barriers, which control the rate
of movement of molecules between two phases (Geankoplis,
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2003). The types of membrane filtration employed in industry
are ultrafiltration, nanofiltration and reverse osmosis depending
on the particle size desired to be retained. These can be used in
separating bacteria, viruses, microbes and macromolecules and
further in removing dissolved salts and ions as in the case of
nanofiltration and reverse osmosis (Gupta and Ali, 2013).
Ultrafiltration membranes can separate heavy metals from
wastewater and have gained attention due to their high
efficiency, easy operation and space saving advantages (Fu and
Wang, 2011). This technology is defined as a pressure or
vacuum driven separation process in which particulate matter
larger than 1 um is rejected by a non-fibrous engineered barrier

primarily through a size-exclusion mechanism (USEPA, 2003).

The major drawbacks with membrane technology are fouling,
high operational cost resulting from fouling, biodegradation of
some membrane materials and high-energy consumption in the

case of reverse osmosis (Crini and Lichtfouse, 2018).

2.4.5 Adsorption

Adsorption has become a potential and viable alternative in
wastewater treatment because it facilitates the removal or
minimizing of heavy metal concentration even at very low
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concentrations such as 0.2 mg/l (Margeta et al., 2013; Czikkely
et al., 2018). It is a relatively cheaper process with the
availability of raw materials (Rashed, 2013). The materials used
are environmental-friendly with the possibility of effective
regeneration and efficient treatment obtained (Zhang and
Wang, 2011). Considering these properties, it accommodates
the use of waste products, which are affordable across all
economies, ranging from developed to underdeveloped
countries (Abas et al., 2013). In addition, the raw materials
used in the process could be tailored from the most abundant,
easily accessible and obtainable products within that community
and do not require the exportation of foreign materials,
encouraging sustainability. Therefore, the adsorption treatment
design and materials could be easily modelled to suit a location,
making the process more convenient and applicable within
different regions. Compared to other treatment methods,
adsorption has become far more attractive and preferred to its
counterparts (Margeta et al., 2013). Hence, it becomes the

focus of this research.

2.5 Adsorbents

Over the years, adsorbents have emerged to meet the growing

demand of cheaper and more effective techniques. Reviews in
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this field have focused on properties defining the adsorbent
materials such as chitin, cellulose (O’Connell et al., 2008),
carbonaceous content, lignin, alumina, and silica, as a means of
selecting and testing new adsorbents in the works of Pollard et
al. (1992); Babel and Kurniawan, (2003); Hernandez-Ramirez
and Holmes, (2008); Mohan and Pittman, (2007); Ngah and
Hanafiah, (2008); Ali et al. (2012); Abas et al. (2013); Lim and
Aris, (2014); Inyang et al. (2016); Malik et al. (2017); Dehariya

and Lal, (2018).

Commercial adsorbents currently used in the wastewater
treatment industry are activated carbon (De Gisi et al., 2016)
and natural zeolites (Margeta et al., 2013). Activated carbon is
the most widely used around the world due to its high porosity
from micro to macroporous structures to trap low molecular
weight chemicals (Hernandez-Ramirez and Holmes, 2007).
Natural zeolite such as clinoptilolite is also being utilized
commercially in areas of application other than water treatment
as it is the most naturally abundant zeolite with large pore size

and good ion-selectivity properties (Dyer et al., 2018).
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2.5.1 Zeolites

Zeolites are porous inorganic crystalline structures formed by
tetrahedral components of silicate (SiO4) and aluminate (AlO4)
units connected through oxygen atoms. These alumino-silicate
units present the possibility of forming a vast number of infinite
lattice structures with different crystalline frameworks. The
frameworks developed are composed of molecular pores with
different geometries and dimensions, allowing the zeolite to be
used as a molecular sieve depending on the molecule’s shape

and size (Hernandez-Ramirez and Holmes, 2007).

A lot of attention has been given to zeolites because of their
useful properties: high thermal, mechanical and chemical
resistance, high internal surface areas and molecular size pores,
making them attractive for various applications such as gas and
molecular separation, adsorption, ion exchange and catalysis
(Perego and Millini, 2013). Naturally occurring zeolites were first
discovered in the eighteenth century; nevertheless, it was the
1940s before synthetic species of zeolites were first created,
some of them having no natural counterparts (Breck 1973;
Cejka et al., 2007). Héller and Wirsching (1985), were amongst
early researchers of zeolite synthesis from fly-ash and this was

due to their observation of close compositional similarity of coal
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fly-ash to volcanic material, a precursor of natural zeolite

(Ahmaruzzaman, 2009).

Among all the studied natural zeolites, clinoptilolite was shown
to have the highest selectivity for heavy metals of interest
(Kesraoui-Ouki et al., 1994; Hernandez-Ramirez and Holmes,
2007). Clinoptilolite, chabazite, philipsite and mordenite have
been used or tested in research for heavy metal removal.
Campbell et al. (2018), tested natural zeolites such as analcime,
stilbite, laumonites, clinoptilolite, chabazite, philipsite and
mordenite, for mercury removal. They identified the following
order of preference of zeolite for mercury cations ANA > CHA >
STI > HEU > PHI > LAU >> MOR. Dal Bosco et al. (2005)
showed the removal of Cr (III), Mn (II), Cd (II) and Ni (II) with
scolecite and reported adsorptive capacity of 14.47 mg/g, 2.25
mg/g, 2.53 mg/g and 2.88 mg/g, respectively. Ibrahim et al.
(2002) investigated the removal of Cu (II), Cr (III) and Fe (II)
with a chabazite-phillipsite and obtained adsorptive capacity of

23.51 mg/g, 13.24 mg/g and 3.55 mg/g, respectively.

The advantages of zeolites over resins and activated carbon are
their ion selective capacity, their low cost and abundant
availability in nature (Margeta et al., 2013). Although activated

carbon is a competitive and effective adsorbent for trace
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quantity removal of heavy metals from wastewater, the high
cost of production, laborious operational methods and
regeneration of spent carbon (Crini et al., 2018) makes the use

of zeolites a more attractive adsorbent (Margeta et al., 2013).

Synthetic zeolites

Synthetic zeolites have gained a lot of attention over the years
due to their attractive properties as a possible replacement for
current adsorbents in industry (Jha and Singh, 2016). They
perform better than natural zeolites with high sorption capacity,
amenable and tuneable properties, thermal stability and purity
yield through conventional synthesis. Conventional zeolite
synthesis has reproduced synthetic zeolites with similar
properties, structure and framework like natural zeolites with
more than 10 times sorption capacity (Alvarez-Ayuso et al.,
2003), while some novel synthetic structures are yet to be
identified in the current natural zeolite database (Sherman,
1999). Synthetic zeolites can be made from cheap raw materials
containing precursors similar to natural zeolites and one major
material is coal fly-ash; waste obtained from coal power

generation plants.
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Zeolite A, X, and P are examples of potential fly-ash derived
zeolites from the conventional fly-ash synthesis process.
Although zeolite A and X are commercially preferred due to their
large pore size and high cation exchange capacity, their
syntheses require a lot of raw materials whereas the resulting
yield is low (between 16 and 18%). However, the yield of
Zeolite P is 5 times higher than both zeolite A and X; obtained
from a simple synthesis method requiring a few synthesis steps
and less amounts of raw materials (Moreno et al., 2001a;

Moreno et al., 2001b; Querol et al., 2001; Querol et al., 2002).

Despite these desirable properties, the potential of synthetic
zeolites is yet to be fully explored in the water and wastewater
treatment industry. Zeolite NaP1l amongst other synthetic
zeolites is the most generated from the simple conventional
synthesis method, yet its use has been limited to the detergent
manufacturing industry (Cardoso et al., 2015; Sharma et al.,
2016). None the less, fly-ash derived zeolite NaP1 may display
different characteristics to its synthetic counterparts produced

from chemical synthesis (Dubey, Goyal and Mishra, 2013).

Page 48 of 313



Heavy metal removal from water/wastewater using fly-ash derived zeolites

Figure 2.1: Structure of zeolite NaP1 adopted from Structure

Commission of International Zeolite Association (2017)

Figure 2.1 shows the 3-dimensional structure of the NaP1
zeolite. NaP1 is the synthetic form of the gismondine-type
zeolite. The crystal structure is made up of 2 dimensional pore
system 8-member oxygen ringed channels (0.31 x 0.44 mm)
and (0.26 x 0.49 mm) in the [100] and [010] direction
respectively (Sharma et al., 2016) connected by a double
crankshaft chain made up of four rings. The effective pore size

of NaP1 is ~ 2.9 A (Alvarez-Ayuso et al., 2003).

2.5.2 Coal fly-ash as reactant during zeolite synthesis

Coal fly-ash is a by-product obtained from the coal combustion
plants as a result of burning finely ground coal in a boiler to
produce electricity (Shumba et al., 2011). Over the past

decade, the production of coal fly-ash from power plants has
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increased by a great margin following the increasing demand
for power from globalization, rapid industrialization and
population increase. Reports from Chunfeng et al. (2009) and
Shumba et al. (2011) mentioned an estimated 300 million
tonnes with future predictions of an increase over the years. An
update from Yao et al. (2015) has reported 750 million tonnes
in 2015 with consequential increase to follow from global energy
demands on coal (Gollakota et al., 2019). One of the major
drawbacks of fly-ash is the enriched content of potentially toxic
trace elements (Ahmaruzzaman, 2009). Therefore, coal fly-ash
is considered as an environmental pollutant and requires care
in its disposal and treatment. There is the need for fly-ash
recycling and utilization in order to reduce the volumes of these

potential hazards released into the environment.

The traditional use of fly-ash has mostly been in concrete and
cement production with most of the fly-ash disposed as landfill,
a practice which is of great environmental concern (Praharaj et
al., 2002). However, new areas have been exploited since only
about 25% of the total fly-ash is consumed globally (Hosseini
et al., 2018). On that note, many researchers have suggested
the possibility of utilizing fly-ash in various sectors and purposes

including synthesis of zeolites (Querol et al., 2002).
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Coal fly-ash zeolite synthesis

The conventional fly-ash zeolite synthesis process is done with
coal fly-ash in place of synthetic sodium silicate and sodium
aluminate and can be achieved through 3 phases. This is due to
the rich content of these precursors in coal fly-ash. Hence, coal
fly-ash is well mixed with hydroxide solution with the aid of a
stirrer in a Teflon vessel. The hydroxide solution is often
prepared by dissolving potassium or sodium hydroxide pellets
in distilled water. The mixing phase is followed by an incubation
phase, where, the mixture is kept at temperatures between 90
to 150 °C for a period of 8-24 h (Steenbruggen and Hollman,
1998; Shaobin and Peng, 2010). Based on the required target
zeolite, reactions below 100 °C are heated with a thermostatic
bath using a closed Teflon vessel while reactions above 100 °C
are heated in an oven using steel bombs (Steenbruggen and

Hollman, 1998).

This is followed by a cooling and filtration phase to obtain the
solid particles from the mixture (Igbal et al., 2019). These solid
particles are later dried in the oven over a period. It is
noteworthy that the experimental parameters during this

synthesis process are varied to produce different types of

Page 51 of 313



Heavy metal removal from water/wastewater using fly-ash derived zeolites

zeolites and is the main highlight of coal fly-ash research today.
These include type of hydroxide solution, hydroxide
concentration, solid/liquid ratio (S/L), temperature and

incubation time (ISRIC, 1992; Cardoso et al., 2015).

The activation solution used in zeolite synthesis is either NaOH
or KOH, but most studies have proven that NaOH produces
better results with a higher conversion efficiency and yield over
KOH (Querol et al., 2001). The concentration of activation
solution adopted has been 2 - 3 M and a solid to liquid ratio of
1-20 ml activation solution for each gram of fly-ash (Hollman et
al., 1999, Franus et al., 2014, Igbal et al., 2019). The
temperature of crystallization and duration of crystallization

(activation time) both affect the kind of zeolites formed.

Temperature ranges between 105 and 150 °C are employed for
NaP1 synthesis with a relatively short activation time, whereas
low temperatures ranging between 60 and 90 °C with a longer
activation time are used for X and A synthesis (Moreno et al.,
2001a; Moreno et al., 2001b; Querol et al., 2001; Querol et al.,
2002; Hui et al., 2005). Different zeolite phases such as
Faujasite, Herschelite, Linde F, K-Chabazite, Phillipsite/KM-
zeolite, Analcime, Morednite and many others can be obtained
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by varying the parameters of the conventional treatment
process (Querol et al., 2001; Querol et al., 2002). However, this

is a field that is yet to be fully explored.

2.6 Research on fly-ash zeolite NaP1

Over the past 20 years, a limited number of studies have
demonstrated the use of synthetic NaP1 for clean water and
wastewater treatment on lab-scale and this section seeks to

inform on current research in this area.

Steenbruggen and Hollman (1998) tested synthetic zeolite NaP1
with clean water matrix (multi-element solution) comprising Ba,
Cd, Co, Cu, Ni, Zn and Pb with effluent from a wastewater
treatment plant using both batch and column studies. Their
study did not state the conditions of the experiments and did
not quantify removal efficiency of the material. They also
indicated that the results may be influenced by precipitation
since the experiments were performed within pH range of 8 -
10 without adjustment. Steenbruggen and Hollman (1998),
reported sorption selectivity of NaPl1l in the order
Ba>Cu>Cd=Zn>Co>Ni while showing how zeolite synthesis had

improved the cation exchange capacity from 0.02 to 2.4 meq/g.
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Lee et al. (2000) demonstrated the superiority of synthetic NaP1
to synthetic counterparts’ cancrinite, analcime, sodalite, natural
faujasite and fly-ash in this study with batch experiments. Their
experiments focused on metal removal (Pb%*, Cu?*, Zn?* and
Cd?*) from clean water matrix of equal molar initial
concentration (0.1 mM) with 0.1 g adsorbent at 25 °C.
Although, there was no mention of initial pH and pH adjustment,
results indicate 98, 89, 85 and 65% removal of Pb2*, Cu?*, Cd2*
and Zn2*, respectively for NaP1. The adsorptive capacity of all
the other adsorbents for Pb%* were determined by Langmuir
isotherm as a means of assessing superiority amongst the
adsorbents in the of order; NaPl1 > faujasite > sodalite >
analcime > cancrinite > fly-ash with the following values 1.29,

1.23, 0.80, 0.75, 0.54, 0.19 mmol/g, respectively.

Moreno et al. (2001a) was amongst the first to investigate the
decontamination of acid mine wastewater (multi-element
solution) with synthetic NaP1 and compared its performance to
a blend of commercial synthetic 4A and NaP1 through batch
studies. The acid mine wastewater with initial pH of 2.5 was
treated with 5-30 g/l zeolite dose for 1 hour without pH

adjustment. Concentration of metals were reduced from Cu (3
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mg/l), Zn (174 mg/l), Pb (1,516 pg/l) and Ni (443 pg/l) to Cu
(< 0.1 mg/l), Zn (81 mg/l), Pb (< 0.1 pg/l) and Ni (315 ug/l)
using 10 g/l solid/liquid ratio at pH 5.4. Their study further
reported 96% removal efficiency for the same initial
concentrations of Cu, Pb and Zn with commercial synthetic 4A
except nickel, which produced 35% removal with 10 g/I
solid/liquid ratio at pH 6.5. They later used a composite 80/20%
blend of NaP1/4A to reduce leaching from NaP1, while obtaining
metal reduction to Cu (0.5 mg/Il), Zn (141 mg/l), Pb (< 0.1 ug/l)
and Ni (373 pg/l) from the same metal concentrations with a

solid/liquid ratio of 5 g/l at pH 5.1.

Moreno et al. (2001b) compared the performance of synthetic
NaP1 with a blend of synthetic 4A-X zeolite for the treatment of
an acid mine wastewater laden with several metals (multi-
element solution) including Cu (3 mg/l), Zn (174 mg/l), Pb
(1,516 pg/l) and Ni (443 ug/l) with batch experiments. Their
study demonstrated an increase in pH from 2.5to 7.1 as a result
of the increase in zeolite mass (5 - 30 g/1). Zeolite 4A-X reduced
initial metal concentrations to copper (0.3 mg/l), zinc (33 mg/l),
lead (< 0.1 pg/l) and nickel (241 pg/l) when 10 g/l zeolite dose
was used at pH 5. The zeolite 4A-X blend from Moreno at al.

(2001b) performed better than NaP1 from Moreno at al.
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(2001a) with zinc and nickel removal, while NaP1 performed
better than zeolite 4A-X blend in copper removal. Both zeolites
obtained 100% removal for lead. This could be due to the larger
pore size of both 4A-X (4.1 A - 7.3 A) compared to NaP1 (2.9
A). Juan et al. (2002) used NaPl as a cation exchanger
comparing it to a commercial exchanger (Amberlite IRC-50) for
the removal of cations present in sewage through column
studies. NaPl1 displayed superiority in producing a higher
retention of 0.7 meqg/g, 1.16 meq/g, 1.45 meq/g and 1.57
meq/g for NHs*, Pb%*, Zn2* and Cr3+, respectively, at pH 5.
Pitcher et al. (2004) also demonstrated the use of another type
of zeolite P (MAP), known as maximum aluminium P with Si/Al
ratio < 1, for metal removal from motorway stormwater. They
achieved above 91% removal of Cd?*, Pb2*, Cu?* and Zn?*
through batch studies with initial concentrations of 25, 50, 250

and 500 ug/l, respectively without pH adjustment.

Alvarez-Ayuso et al. (2003) later studied the sorption behaviour
of synthetic NaPl in comparison with natural clinoptilolite
through batch experiments for the removal of Cr, Ni, Zn, Cu and
Cd from metal electroplating wastewater. They employed metal
concentration of 10 - 200 mg/I with a solid/liquid ratio of 2.5 -

10 g/l at varied pH 3 - 6 for 6 h with pH adjustment. They
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reported the sorption capacity of NaP1 to be 10 times that of
clinoptilolite. They further tested the treatment of nickel,
chromium and acid zinc electroplating effluents at pH 6 for zinc
and 4 for both chromium and nickel at solid/liquid ratio of 2.5
g/l. They obtained 66%, 86% and 91% removal for Zn, Ni and
Cr, respectively, from initial concentrations of 138 mg/I, 50 mg/I

and 108 mg/Il in the same order.

Wang et al. (2006) demonstrated the best conditions for zeolite
NaP1 synthesis with their research and further tested the zeolite
for dye and metal removal (Cu and Ni) using single element
clean water matrix. Wang et al. (2006) reported 90% and 70%
removal for nickel and copper at 30 °C and pH 6.2, which
dropped to 45% and 22%, respectively, when initial
concentration was increased from 50 - 150 mg/l. They also
reported 10% increase in copper removal when the temperature
was increased from 30 °C to 40 °C; indicating the effect of
temperature on copper adsorption. However, this was not the
case with nickel. One parameter worth noting in their study was
240 hours contact time, which is the longest compared to other
experiments, but this could be explained by the low solid to

liquid ratio used (0.5 g/I).
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Nascimento et al. (2009) also investigated the adsorption
properties of fly-ash synthesized zeolite comprising zeolitic
phases of zeolite A, cubic analcime, philipsite, hydroxycancrinite
and zeolite P for the removal of Pb2*, Cu2*, Zn2* and Mn2* from
synthetic single element solutions of concentration 100 - 3000
mg/l at 25 °C. The pH of the solutions was maintained between
4 and 5 to prevent cation precipitation. Their study showed 99%
removal of Cu?* and 85% of Mn2* for 100 mg/| concentration of
each element. Although, further details were not provided on
the adsorption of Pb2* and Zn?*, their study concludes with a
metal selectivity in the order: Pb > Cu > Mn > Zn using the
magnitude of adsorptive capacity obtained from Langmuir

isotherm.

Finally, Prasad & Mortimer (2011) investigated NaP1,
synthesised using various fly-ash samples in treating acid mine
wastewater from two sources. Sorption efficiencies of both
NaP1l and their fly-ash sources were evaluated for Pb, Zn, Cu
and Ni removal with concentrations of 10 ug/Il, 647 ug/l, 53 pg/I
and 520 ug/l, respectively (multi-element solution). Batch
experiments were conducted using max solid to liquid ratio of

40 g/l at pH=4.6 without adjustment. The removal efficiency
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was reported as 100% Pb, 98.8% Zn, 85.6% Cu and 48.3% Ni

within an hour for the NaP1.

It is noteworthy that fly-ash derived zeolites differ in properties
based on their parent source material and the process of
synthesis. With regards fly-ash source, the Si/Al ratio is known
to contribute to the cation exchange capacity, thermal stability,
hydrophobicity and catalytic activity of the zeolite (Sherman,
1999) and would play a vital role in metal uptake. Thus, a lower
Si/Al ratio is known to increase metal uptake properties while a
high Si/Al ratio is known to increase the thermal stability and
hydrophobicity. This variation is likely to influence comparisons

between different studies.

2.7 Pelleting

Unlike granules or pellets, powders are difficult to handle in the
water treatment (Pizzi, 2010). They pose both operational and
health risks. Using fine powder adsorbents in treating large
volumes of water causes an extra challenge of ensuring the
treated effluent is devoid of the spent adsorbent that will reduce

the quality of treatment. In addition, regeneration and reuse of
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spent powder will be unachievable since there is no guarantee
of recovering such adsorbents after treatment (Bhatnagar,

2012).

Current commercial treatment methods tend to favour fixed bed
process of water treatment rather than the batch process due
to the advantages it presents (Patel, 2019). During this process,
the adsorbents are packed in columns or towers, where, flow of
the influent across the bed of adsorbent produces the desired
treatment (Yang et al., 2015). Hence, using powder adsorbents
will generate a high pressure drop (Yue et al., 2013) causing
channelling of the influent, resulting in treatment failure (Akhtar
et al., 2014; Moo-Young, 2019). Fine powder is a respiratory
health hazard and can cause occupational asthma and skin
irritation (Mapp et al., 2005). They can also act as a source of
fuel in the case of a fire and cause ready explosions (Cloney and
Snoeys, 2019). Therefore, there is the need to convert powders

into desirable forms (Yue et al., 2013).

Pellets have been designed through 3 common processes such
as extrusion to form cylindrical shapes, granulation to form
spherical shapes and the combination of extrusion followed by
rolling to form spheres (Ruthven, 1984 and Oliviera de
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Magalhdes, 2018). One common feature amongst these three
processes is the addition of a clay binder such as bentonite,
attapulgite, aluminas and kaolin, which helps bring the

powdered particles together (Bingre et al., 2018).

Clay binders are generally known to improve the thermal
stability, mechanical and structural properties of adsorbents
(Whiting et al., 2016). However, these binders can also
influence the adsorptive or catalytic properties of the adsorbent
by changing the surface properties of the zeolite (Kleynhans et
al., 2012). They can also contribute to clogging of the
micropores (Akhtar et al., 2014; Hernando et al., 2019) of the
zeolite while creating meso and macropores (Jasra et al., 2003).
Thus, some researchers have resorted to developing binder-less
pellets (Gleichmann et al., 2016) with binders that could be
burnt-out or transformed into the final zeolite material through
calcination (Pavlov et al., 2009; Schumann et al., 2012; Fawaz

et al., 2018; Sun et al., 2018).

Commercially used zeolite pellets such as Y and X have been
studied for the removal of methane, nitrogen, oxygen (Jasra et
al., 2003), 3A for ethanol removal (Shukla et al., 2019), 13X
and 4A for propylene and propane removal (Da Silva and
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Rodrigues, 1999), 13X and 5A for carbon dioxide removal
(Onyestyak et al., 1995). Thus, current research on the
application of zeolite pellets have been directed towards either
gas separation or the selective adsorption of molecules which
were difficult to separate (eg. Olefin and paraffin). This is largely
due to the selective adsorption nature of zeolites. While, there
are limited resources available for zeolite NaPl pellet,
Rongsayamanont and Sopajaree (2007) identified to be early
researchers in NaP1 pelleting. Rongsayamanont and Sopajaree
(2007) used bentonite as a binder and polyvinyl alcohol as a
pore forming agent to create disc shaped NaP1 pellets of 70 mm
diameter and 40 mm thickness through a hydraulic press.
Despite this, their study did not demonstrate the use of the

designed pellet in any adsorption process.

In conclusion, there has been lots of work done in using
commercial zeolite pellets A, NaX and NaY, ZSM-5 for selective
adsorption/ separation of gases or molecules, which are difficult
to separate. However, little attention has been paid to heavy
metal removal with NaP1 pellets. This can be attested with the

limited research produced in this direction.
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2.8 Regeneration of adsorbent

Many studies showed suitable adsorbents for heavy metal
removal but with little focus on the management of spent
adsorbents (Bhatnagar and Minocha, 2006; Verbinnen et al.,
2015; Lata et al., 2015). Disposal of spent adsorbents in the
environment is considered as a secondary source of pollution,
which consequently nullifies the aim of metal removal (Lata et
al., 2015). Thus, effective regeneration/metal recovery and
adsorbent reuse/recycle are considered essential qualities of a
suitable commercial adsorbent. Ali et al. (2012), described
these qualities as controlling factors for the cost of water
treatment technology. Similarly, in a review conducted on the
recovery of metals from adsorbents, Lata et al. (2015) identified
various adsorbents such as activated carbon, activated alumina,
silica gel, basic yttrium carbonate, metal loaded coral limestone,
hematite, feldspar and hydrous zirconium oxide developed by
researchers for heavy metal removal. These adsorbents were
however deemed unsuitable for developing countries because
of high cost, low removal efficiency and loss during

regeneration.

In previous works, Mishra (2014) enlisted criteria presented by

Muraleedharan et al. (1991) governing the choice of a suitable
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economical adsorbent. Although they focused on bio-sorbents,
these are applicable to adsorbents in general. These criteria
include: (i) The adsorbent should be cheap and reusable, (ii)
Metal uptake and recovery should be efficient and rapid and (iii)
Regeneration of metals should preferably be metal-selective

and economical feasible.

Arguably, there is a strong correlation between economical
adsorbents with reusable properties and metal recovery.
However, Mishra (2014) pointed out that a biosorbent can be
termed economical when a suitable eluent is used for
regeneration. In addition, Das (2010) mentioned that a
successful regeneration process requires the proper selection of
regeneration solution, which depends strongly on the adsorbent
and mechanism of sorption. It can therefore be inferred that the
economic viability of an adsorbent, of which regeneration plays
a significant role, is not solely dependent on the adsorbent but
also the recovery eluent. Thus, there is a need to identify an
eluent, which does not destroy the adsorbent through the
regeneration process but is efficient, cost effective, and eco-

friendly (Das, 2010).
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Katsou et al. (2011) studied the regeneration of clinoptilolite
laden with lead and zinc from clean water matrix and
wastewater. Their study obtained more than 99.5% desorption
efficiency with 3 M KClI for lead (23 mg/g) and 98.5% desorption
for zinc (13 mg/g) with 1 M KCI. These were achieved after over
9 and 4 successive regeneration cycles for lead and zinc
respectively within 20 hours. Xu et al. (2012) later studied the
regeneration of zinc-laden clinoptilolite with NaCl solutions of
different properties (concentrations, pH and adsorbent-
regenerant ratio). Their findings indicate zinc desorption of 0.44
g/kg of clinoptilolite when 20 g/l NaCl was used at pH 3 for 1 h
with 10 g regenerant per sorbent ratio. Lata et al. (2015) has
provided an extensive review on heavy metal regeneration with
different low-cost adsorbents but failed to present any account

of fly-ash derived zeolites.

There is evidently limited research concerning the regeneration
of zeolite NaP1 in literature. Deng and Ge (2014), demonstrated
99% copper regeneration from NaP1 zeolite laden with 150 mg/I
using 0.1 M NaOH solution. Prasad et al. (2013) used 0.1 M NaCl
solution to recover 75% and 88% of CaCOs and calcium,
respectively, from NaP1 laden with concentrations 404 mg/I and

111 mg/l, respectively in 1 hour. Both works used different

Page 65 of 313



Heavy metal removal from water/wastewater using fly-ash derived zeolites

regeneration solutions (base and salt) to obtain results from
NaP1 with an underlining difference in adsorbent material;
indicating the need to identify a regeneration solution/eluent
suitable for this NaP1l. This study emulates the regeneration
works of Katsou et al. (2011) in identifying the potential of NaP1
using regeneration solutions of different electrolytes (i.e. acid,
base and salt) with different conditions. Hence, regeneration will

be studied as a result of lack of knowledge in this area.

2.8.1 Chemical stability of adsorbent

Stability of any adsorbent is an important property to be
investigated as it indicates the capability and limitations of the
adsorbent under various industrial conditions (Majchrzak-
Kuceba et al., 2019). Especially for synthetic adsorbents, there
is @ need to inform properties and working limits to determine
suitable areas of application e.g., adsorption and catalysis.
Parameters often tested are thermal stability and chemical
stability (Shen et al., 2011; Moradi et al., 2019) in solution.
Thermal stability tested by thermogravimetry (Madden and
Curtin, 2016), differential thermal analysis and differential
scanning calorimetry could provide useful information on
dehydration, dehydroxylation and decarbonisation occurring in

zeolites. It can also provide details of the quantity of organic
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molecules within the pores and cavities of the adsorbent when
organic substances are used in the synthesis of adsorbent
material (Musyoka et al., 2015). Shevade and Ford (2004),
tested the stability of zeolite NY6 for arsenate removal in
solutions over a pH range of (2-13.2). Their XRD pattern
showed zeolite NY6 to be unstable at pH 13.2 whilst working

well within the range of 2-12.

In addition, Cruciani (2006) established a correlation between
stability index and Si/Al ratio of natural zeolites with the
conclusion that the latter had an influence on their stability.
Their research, which compared the thermal stability of different
types of zeolites with XRD studies, showed that zeolites with
Si/Al < 1.28 are unstable, Si/Al > 3.80 are very stable and
stability of zeolites with 3.80 < Si/Al > 1.28 cannot be
determined from Si/Al ratio. Cruciani (2006) also determined
that molecular sieve effects are enhanced in the
dehydrated/calcined state and at relatively high temperatures.
Thus, the understanding of the zeolite behaviour upon heating
is of importance since there is a direct impact on sorptive and
catalytic properties. Most zeolites may be dehydrated to some
degree without major alteration of their crystal structure. They

may subsequently be rehydrated from surrounding vapour while
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others undergo irreversible structural changes and suffer total

structural collapse when completely dehydrated (Breck, 1973).

2.9 Experimental conditions for metal removal via
adsorption

2.9.1 Heavy metal concentration

Most research on adsorption have focused on using adsorbents
to solve point-source pollution from industries within localised
areas. Hence, concentration ranges selected for laboratory scale
experiments are designed to suit specific places of interest. This
limits the direct application of adsorbents on a broader scale to
other industries without further laboratory tests. Although
heavy metal concentrations from industries differ from place to
place, in order to propose a product for commercial viability,
there is a need to test the adsorbents across a range of existing

industrial concentrations around the world.

Table 2.1, summarizes industrial wastewater concentrations
from different parts of the world with varied heavy metal
concentrations including copper: 5.19 - 1500 mg/I, zinc: 1.98
- 972 mg/l and lead: 0.005 - 709 mg/I. High end concentrations
of metals from industrial effluents were obtained from metal
electroplating industries in India and Turkey (Kadirvelu et al.,
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2001; Kul and Oskay, 2015; Ghorpade and Ahammed, 2017),
while low end concentrations were noted from Canada and
Malaysia (Da’'na and Sayari, 2012; Rahman et al., 2016).
Concentrations of metals in this study were selected for both
adsorption kinetic and isotherm experiment considering these

industrial circumstances.

Again, concentrations were selected to account for possible
fluctuations that may increase concentrations during industrial
capacity expansion or change in industrial operations
(considering a worst-case scenario). On the other hand, the
high-end concentration for all metals; copper, zinc and lead with
extreme values (1500, 972 and 709 mg/Il, respectively) were
discarded for kinetic experiments and considered as outliers
since they negatively influenced the selection process. They
were treated as extraordinary circumstances spiking the
concentration range. Hence, the second highest concentration
of metals; lead, copper and zinc (55, 98 mg/l and 168 mg/I
respectively) were used for adsorption kinetic experiments
while the high-end concentration values were still utilized in

adsorption isotherm experiments.
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Table 2.1: Concentration of copper, zinc and lead in wastewater from various countries and industries.

. Copper Zinc Lead
Location Industry (mg/1) (mg/l) (mg/l) References
Copper
India Electroplating 2.1 126 - - Kadirvelu et al., 2001
Radiator
India manufacturing 1.45 - - 709 Kadirvelu et al., 2001
China Electroplating 2.2 57.81 14.75 - Wei et al., 2013
India Electroplating 5.6 12.94 Husain et al., 2014
Electroplating
Tunisia wastewater n/a 33 41 Adhoum et al., 2004
Iran Battery making 5.6 n/a 55.5 Malakootian et al., 2011
Iran Electroplating 6 41 Malakootian et al., 2011
Iran Copper industries 5.8 57 Malakootian et al., 2011
Canada Electroplating n/a 25.9 17.5 0.6 Da’na and Sayari, 2012
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Table 2.1: ......... continued.
. Copper Zinc Lead
Location Industry pH (mg/l) (mg/l) (mg/l) References
Serbia and Electroplating n/a 18.9 76.3 Sciban et al., 2007
Montenegro
China Clean water matrix 5.5 30 Zhu et al., 2009
25 -
Turkey Clean water matrix 4 250 Aksu and Isoglu, 2005
Leeds Clean water matrix 5-6 50 - n/a 50 - 200 Amarasinghe and
200 Williams, 2007
China Electroplating 5-14 1.98 -
13.8 Xu et al., 2015
Nigeria Electroplating n/a 43.5 17.4 0.005 E. Bernard et al., 2013
India Electroplating 1499 972 26.1 Ghorpade and Ahammed,
0.66 2018
Turkey Electroplating 1.6 1527 689 Kul and Oskay, 2015
Malaysia Electroplating 4 5.19 75.9 0.013 Rahman et al., 2016
Nigeria Electroplating 0.83 97.57 167.6 4.94 Bankole et al., 2019

*Clean water matrix, also known as Laboratory prepared solution/ synthetic wastewater
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2.9.2 Adsorbent mass

Adsorbent mass has been studied by many researchers as
another influential parameter in the adsorption process of heavy
metals. Rightly so, the concept of varying adsorbent mass can
be described by the principle of collision, where, an increase in
the number of adsorbent particles produces an effective
increase in particle collision and increases the number of
adsorptive surfaces for adsorbates. This increases the chances
of adsorbent/adsorbate interaction and consequently increasing
the adsorbate uptake. Reviewing several articles, the mass of
different adsorbents has been varied based on the required
uptake target of the adsorbent and how effective it has been
within its optimal operating conditions such as pH, temperature

and influent characteristics.

Sprynskyy et al. (2006) researched the removal of 20 mg/I each
(lead, copper and nickel) with 0.5 g clinoptilolite in 200 ml
aqueous solution. Zanin et al. (2017), also used the same mass
(0.5 g) of clinoptilolite for the removal of 10 mg/l each (Iron,
chromium and copper) in 100 ml solution. Tarek et al. (2010)
studied the removal of 20 mg/l each (cadmium, copper, lead,
zinc and nickel) with 0.8 g of zeolite A and X in 100 ml solution.
Finally, Kocaoba et al. (2006) identified the optimum

clinoptilolite amount for the removal of 100 mg/l each

Page 72 of 313



Heavy metal removal from water/wastewater using fly-ash derived zeolites

(cadmium, copper and nickel) in 100 ml solution was 0.8 g. In
all these studies, it was observed that > 80% metal removal
was obtained (with 5-8 g adsorbent per litre of solution) and
further increase in the adsorbent mass beyond this point did not
cause a drastic change in the metal removal percentage.
Varying the adsorbent mass together with other parameters is

one way of effectively using the adsorbent material.

2.9.3 pH

pH is known from various studies as one of the determinants of
adsorption and has a significant influence on adsorbent
performance and solubility of the metals. Dean et al. (1972)
published pH values of precipitation for heavy metals while
studying heavy metal removal from wastewater, as shown in
Table 2.2. They indicated the appropriate pH for dilute
concentrations of metals and above this, precipitation of metal

hydroxides was encouraged.
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Table 2.2: Precipitation pH of metals adopted from Dean et al.

(1972).
Metal Precipitation Metal Precipitation
ion pH ion pH
Fe3+ >2.0 Na2z* >6.7
Al3+ >4.1 Cd?+ >6.7
Cr3+ >5.3 Zn2* >7.0
Cu?t >5.3 Hg2* >7.3
Fe2+ >5.5 Mn2+ >8.5
Pb2* >6.0 Co?* >6.9

On the other hand, several studies have used pH 5 or 6 (Moreno
et al., 2001; Querol et al., 2002; Alvarez-Ayuso et al., 2003;
Wang et al., 2005; Amarasinghe and Williams, 2007; Kocaoba
et al., 2007; Wang et al., 2008; Zhu et al., 2009; Motsi et al.,
2009; Krobba et al., 2012) for copper adsorption studies while
others have used 3.5 - 4 (Aksu and Isoglu, 2005; Nascimento
et al., 2009). Kumar et al. (2007) removed nickel from aqueous
solution with Zeolite NaX at pH 5, while Qiu and Zheng (2009)
employed pH 6 for the removal of lead, copper, nickel and zinc
with a cancrinite type zeolite. Nibou et al. (2010) studied zinc
removal on zeolite NaX and NaA at pH 6 while Rao et al. (2006)
identified pH 6.5 to be optimal for zinc removal with zeolite 4A

and 13X.
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However, the choice of pH depends on the adsorbent,
concentration of metal, solubility and type of metal to be tested.
Consequently, identifying the best pH would be aimed at
obtaining optimal metal removal without the effect of

precipitation and leaching.

2.9.4 Solubility of metal ions

Factors affecting solubility of heavy metals at 20 £ 2 °C are pH
and concentration of metal ions in water. Metal salts dissolved
in water dissociate to form constituent cations and anions,
following the hydration of the metal ions. These metal ions form
metal complexes with ligands (e.g. water molecules) through
coordinate bonds. The result is the formation of hexaaquo
complex ions with an octahedral shape of water molecules

bonded to it (Krezela and Maret, 2016).

However, hydroxides of these metal ions (which are insoluble in
water) can form within certain pH and concentration range.
Figure 2.2 is a theoretical solubility plot of dissolved copper
concentration and pH indicating that copper concentration
within 0.001 - 100 mg/l is soluble at a pH range between 2 and
5.5, whereas the higher-end of the same concentration range
(10 - 100 mg/l) is likely to initiate copper hydroxide
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precipitating above pH 5.5. Concentrations above 100 mg/I are
needed to be assessed for possible precipitates through further

tests.

Theoretical Solubility of
Copper Hydroxide vs. pH

Concentration
Dissolved Metal

100
mg/L

10

0.1 7E

0.01

0.001

Figure 2.2: Theoretical solubility of copper hydroxide (Cushnie,
1985).

Unlike copper, zinc concentration ranging between 0.1 and 100
mg/l remain soluble in water within pH 2 and 7 after which zinc
hydroxide precipitates are likely to be formed (Figure 2.3).
Similarly, solubility of lower range zinc concentrations 0.001 -
0.1 mg/l is observed not to be affected by pH at 20 £ 2 °C.
Thus, there is no possible zinc hydroxide precipitation from pH
2 to 12 with low concentrations of zinc (0.001 - 0.1 mg/I) at 20
+ 2 °C.
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Theoretical Solubility of
Zinc Hydroxide vs. pH

Concentration
Dissolved Metal 1 = T |
100 e fe e s D
mg/L
10 —F
: i H | 1 i E
f . | + 03
: . Actual Concentration -
; | Zinc I Zin - ]
0.01 = ! - . -+
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pH

Figure 2.3: Theoretical solubility of zinc hydroxide (Cushnie,
1985).

Lead ions amongst the selected metals display the widest range
of concentration and pH for its solubility in water at 20 £ 2 °C
(Figure 2.4). The possibility of lead hydroxides forming is
predicted over a narrow pH range between 8 and 10.5 for
concentrations within 10 to 100 mg/l. In view of these
observations, Lee et al. (2000) employed a metal concentration
of 20 - 400 mg/l at 20 £ 2 °C for lead, zinc and copper
solutions. Wang et al. (2006) used 50 - 150 mg/l concentration
solutions of copper at pH 6.2. Moreno et al. (2002) also used
0.24, 0.316, 36 and 54 mg/l concentration solutions of lead,
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nickel, copper and zinc, respectively in adsorption experiments

at pH 5.5.

Theoretical Solubility of
Concentration Lead Hydroxide vs. pH
Dissolved Metal | 1 1 1 N : ]

100 iR B BE B il i
mg/L | ' L :
io .- ~+

Figure 2.4: Theoretical solubility of lead hydroxide (Cushnie,
1985).

Although, the theoretical solubility graphs presented in this
literature (Figures 2.2, 2.3 and 2.4) are informative, they are
also limited to a concentration range 0.001 - 100 mg/l and
would not inform the extent of metal hydroxide precipitation at
higher concentrations (100 - 3000 mg/l). Hence, a control
experiment would be used to investigate precipitation at high

end concentrations employed in this research.
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Nibou et al. (2010) treated 80 - 100 mg/l Zn from industrial
wastewater from Algeria with zeolite NaA and NaX. Ismail
(2010) tested zeolite X calcined from kaolin for the removal of
500 mg/I synthetic zinc solution. Rao et al. (2006) studied the
removal of (25 -100 mg/l) aqueous cadmium and zinc synthetic
solutions with zeolite 4A, 13X and bentonite. Apiratikul and
Pavasant (2008) researched the removal of copper, cadmium
and lead from 0 - 500 mg/l aqueous synthetic solution using
zeolite X like Ismail (2014). These are similar concentration
ranges employed in metal removal with these zeolites but
possible varying solid/liquid ratio. However, they have one thing

in common and this was the absence of precipitation check.

2.9.5 Multi-element clean water matrix

In the past, research on heavy metal adsorption from
wastewater has mainly focused on single element adsorption
systems (Rinaudo and Goycoolea, 2019). This was done with
the aim of understanding the relationship between metal-
adsorbent properties for various elements towards scale-up and
industrial applications (Liu et al., 2008). However, real-world
effluents contain a mixture of metals instead of single elements

(Yaseen and Scholz, 2019). Therefore, there is a need to test
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the interaction of these elements (Pb, Zn and Cu) with the
adsorbent in a mixed system (Ouyang et al., 2019).

Batch equilibrium studies provide information as to the total
capacity of a sorbent for a metal(s) in single element or multi-
element systems (Patel, 2019). Additionally, isotherm
constants, necessary in the mathematical modelling of sorption
systems, may be obtained from representing equilibrium data

as isotherm plots (Allen and Brown, 1995).

Multi-element adsorption studies should follow an accurate
determination of equilibrium for single element adsorption
systems, where, the elements are in their pure form. This helps
to form a basis of comparison for multi-component systems.
Multi-element equilibrium studies could be either through mass
(weight) basis or mole (molar) basis (Ting and Teo, 1994;
Bouhamed et al., 2015 and Jain et al., 2016). A mass-based
equilibrium study gives a universal (real world) means of
quantifying the metals, while a mole-based study presents a
measure of the total number of ions adsorbed by the adsorbent.
Mole-based quantification is an indication of the total number of
sites available within the adsorbent. Hence, the mole-based
measurement is preferred to the mass-based since it is more
accurate in determining competition between multi-component

metal mixtures (Allen and Brown, 1995). Multi-element
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adsorption systems are complex to interpret because of the
possible competition between existing metals/ions in the
system and interaction between the solute and adsorbent
surface (Neris et al., 2019). Other complexities arise from
several factors that could potentially explain the behaviour of a
multi-component adsorption system with the difficulty of
pinpointing which factors are directly responsible (Gao et al.,

2009).

These factors including electronegativity, ionic radius, solution
pH, hydration capacity, adsorbent nature and capacity (Nguyen
et al., 2015), would be taken into consideration during the
multi-element study. As seen from Table 2.3, there has been
less work done on the multi-component adsorption for NaP1 in
comparison to other zeolites. Fly-ash zeolites 4A (Hui et al.,
2005), Cancrinite (Qiu and Zheng, 2009), fly-ash zeolite (Visa
et al., 2012) and Linde F (Cheng et al., 2018) have been tested
for multi-component adsorption of heavy metals without a
comparison to single-component adsorption, with the exception

of Jha et al. (2008 and 2009) for fly-ash X.

Motsi et al. (2009), Hamdache et al. (2019) and Li et al. (2019)
all focused on multi-component adsorption of metals on natural

zeolites; bentonite, clinoptilolilte and NaCl-modified
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clinoptilolite respectively in comparison to single-component
adsorption. Lead, zinc and copper have been metals of focus
from Table 2.3. Adsorption capacity values have been reported
in mg/g for most studies except for Lee et al. (2000), Jha et al.

(2008 and 2009) and Qiu and Zheng (2009) in mmol/g.
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Adsorptive Adsorptive

Surface Conc Conc capacit capacit 2n S/l Si/Al
Zeolite Metal area . . pacity pacity order pH Temp ratio ' Time Reference
(m2/g) (mg/1) (mg/l) single Multi (mg/g) (a/1) ratio
(mg/9) (mg/g)
Cu 0.1mM 73.5
NaP1 Pb ) “or 0.1- 267.2 266.4 i i »s ] 1o _ Leeetal,
Zn 20mg/| 2.0mM 1.29mmol 65.8 2000
Cd 117.6
Cu 50.5 Alvarez-
Zn 32.6 Ayuso et
NaP1 Ni 27.7 10-200 100 20.1 - - 4-6 - 2.5 1.7 6 h al., 2003
Cr 43.6
Cd 50.8
Cu 76.9 Nascimento
Zn 100 - 59.2 24 h etal., 2009
NaP1 Pb - 100 3000 194.7 - - 4-5 25 10 1.00
Mn 60.4
Ni 500  20-500 1.20 0.721 1.12 Jha etal.,
cd 500 1.44 mmol/g 1.08 ©8 24 2008
Fly-ash X 67 ) 0.131 ) - 25 2 2 Jha et al.,
Cu 500 100- 1.72 2.508 1.67 75 2009
Pb 1000 2000 2.65 ) 1.23 )
3.165
ob 2.130 Qiu and
| " Cu 0 ;13’180I 272 Zheng 2009
Fly-as . 5-4 .081 7
Cancrinite Ni 278 mmol ) 1.532 ) 6.0 25 0.5 1 h
Co
Zn 1.242
1.154
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Table 2.3: ............ continued.

Adsorptive Adsorptive

Surface . - 2nd s/I -
Zeolite Metal area Conc Conc caPamty capaa_ty order pH Temp ratio S'/.AI Time Ref
(m2/g) (mM9/) (mg/l)  single Multi (mg/g) (g/1) Fatio
(mg/g) (mg/g)
Fly-ash Pb 1350 2.009* 2500 20 - Visa et al.,
zeolite Zn 37.97 - 350 - 13.387 18.87 6.6 25 5 2.4 1.5h 2012
Cd 700 28.089 30.21
Cu 10 - 58.48 58.82 33.33 Hamdache
Bentonite Zn - 2 mmol 1000 49.02 19.53 6.060 5 20 3 4.8 24 h etal., 2019
Ni 31.74 6.56 1.338
Fe3+ 400 3.4 3.2 Motsi et al.,
. T Cu 120 40, 2.7 1.3 2009
Clinoptilolite Mn 15.88 20 120 5.7 0.8 - 3.5 - 37 5.36 6 h
Zn 20 2.3 0.7
Co 13.72 5.50 Hui et al.,
Cr 50 - 41.61 56.47 2005
Fly-ash 4A Cu 54.82 100 300 - 50.45 72.73 4 25 5 1.32 4 h
Ni 8.96 4.95
Zn 30.80 20.10
Fly-ash Ni 7.51 8.757
Linde F Cd 20.5 21.59 Cheng et
Cu - 100 400 - 17.52 1831 © 2 2 - 8h a1, 2018
Pb 45.1 46.51
NacCl- Zn 28.12 3.60 28.98
modified Cd 10 - 37.30 23.10 38.80 Li et al.,
Clinoptilolite  Cu - 400 2500 29.20 13.60  29.96 > 2 10 536 4h 559
Pb 45.30 44.40 177.6
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All the works from Table 2.3, reported similar working
parameters with a few distinctions. The adsorption temperature
was between 20 - 25 degrees Celsius while pH was maintained
between 4 - 6 except Motsi et al. (2009) and Jha et al. (2008)
and Jha et al. (2009) being the only two to use pH 3.5 and 7.5
respectively. Again, all fly-ash zeolites from Table 2.3 showed
an Si/Al ratio between 1 - 2.4 while natural zeolites (bentonite

and clinoptilolite) were in the range of 4.8 - 5.36.

However, the solid to liquid ratio of fly-ash derived zeolites
employed in the adsorption experiments were low in the region
of 0.5 - 10 g/L, while that of natural zeolites was between 3 -
37. Clinoptilolite by Motsi et al. (2009) used the most adsorbent
per liquid ratio (37) while bentonite used the Ileast

adsorbent/liquid ratio (3) in Hamdache et al. (2019).

Fly-ash zeolite cancrinite used the lowest solid/liquid ratio 0.5
while clinoptilolite used 37 and this could be due to the large
difference in surface area. Hence, fly-ash cancrinite with the
largest surface area 278 m2/g compared to clinoptilolite with
the least surface area 15.6 m?/g may be partly responsible for
the difference in solid/liquid ratio requirement. However, the
effect of using a low solid/ratio is noticed in the contact time,

where, Qiu and Zheng (2009) used the longest contact period
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recorded from literature compared to its counterparts (Table
2.3). Maximum contact periods for all other experiments were
in the range of 1.5 to 24 h while concentration range varied for

metals between 10 - 3000 mg/I across all experiments.

Li et al. (2019) investigated the sorption behaviour of synthetic
clinoptilolite with multi-component aqueous solution containing
400 mg/Il each of lead, zinc, copper and cadmium with 10 g/I
solid to liquid ratio. Their study obtained an adsorption capacity
of 31.47 mg/g (zinc), 181.8 mg/g (lead), 44.64 mg/g
(cadmium), and 33.76 mg/g (copper) at pH 5 and 25 °C from

Table 2.3.

In comparison to single element adsorption by clinoptilolite
under the same conditions, Li et al. (2019) reported a lower
adsorptive capacity for multi-component uptake than single
component uptake for all elements except lead. Lead was the
only element with the same adsorptive capacity both in the
single and multi-component adsorption, thus not influenced by
the competition posed by other ions in the multi-component
solution (Table 2.3). Their work presented metal selectivity in
the order Pb2* > Cd2* > Cu?* > Zn?2*. Metal selectivity from

multi-component systems with other natural zeolites (Bentonite
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and Clinoptilolite) followed a similar pattern; Cu?* > Zn?* > Ni?*
(Hamdache et al., 2019) and Fe3* > Cu?* > Mn2* > Zn?* (Motsi

et al., 2009) respectively.

Similar to natural zeolites, fly-ash derived zeolites NaP1 by Lee
et al. (2000); Pb%* > Cd?* > Cu?* > Zn?*, Alvarez-Ayuso et al.
(2003); Cd?* > Cu?* > Cr3* > Zn2* > Ni?* and Nascimento et
al. (2009); Pb2* > Cu?* > Mn?* > Zn?* demonstrated a similar
order of metal selectivity to Li et al. (2019) for metals in single-
component adsorption systems and multi-component
adsorption by Hui et al. (2005) with fly-ash 4A; Cu?* > Cr3* >
Zn%* > Co?* > Ni?* and Cheng et al. (2018) with fly-ash Linde

F; Pb2+* > Cd?* > Cu?* > Ni2*,

In contrast, Jha et al. (2008) and Jha et al. (2009) identified a
different order of selectivity in both single: Pb2* > Cu?* > Cd?*
> Ni?* and multi-component system: Pb%* > Cu?* > Ni?* > Cd?*
with fly-ash zeolite X. Reports from Jha et al. (2009) indicate
the order of metal selectivity in multi-component systems was
similar to Qiu and Zheng (2009), with fly-ash cancrinite
demonstrating that the order of selectivity was dependent on a

number of factors including the metals in competition within the
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multi-component system, pH, type of adsorbent surface and

pore size of adsorbents.

2.10 Adsorption theory

Adsorption is the surface phenomenon, which can be expressed
as the increase in concentration of a component at the surface
of another material from two mediums. This is due to the
unbalanced forces of attraction which atoms are subjected to,
normal to the surface plane within a solid or liquid medium.
Thus, the adsorption process occurs between two components;
the adsorbent and the adsorbate. The adsorbent is described as
the component with the surface producing the attractive forces
and the adsorbate refers to the components whose atoms are

being attracted to that surface (Noll, 1991).

Adsorption can be classified into two main types;

e Physical adsorption (referred to as Physisorption)

e Chemical adsorption (referred to as Chemisorption)

Table 2.4 presents a summary of the differences between these
adsorption types comparing their properties. The occurrence of
either sorption phenomenon is dependent on the chemical

composition of the adsorbent surface and the interaction
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between the adsorbate under different conditions of pH and

temperature.

Table 2.4: Difference between Physisorption and
Chemisorption (Noll, 1991; Venables, 2000; Bhushan, 2012).

Properties Physisorption Chemisorption
Weak vans der
Bonds Waals forces of Covalent bonds
attraction
Irreversible or
Reversible or might require
Reactions desorption at large amount of
same temperature energy for
desorption
Activation Less activation High activation
energy energy energy
Occurs at low Occurs at high
Temperature
temperatures temperatures
Adsorb_ent Not site specific Is site specific
material

This research will identify the type of adsorption which occurs

between heavy metals and fly-ash derived zeolite.

2.10.1 Adsorption kinetics

The kinetic study of adsorption processes provides the efficiency
of the adsorption and the feasibility of scale-up operations
(Minceva et al., 2007). Both chemical and physical properties of
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an adsorbent affect the adsorption kinetics and overall, on the

adsorption mechanism. The adsorption or solute transfer

mechanism is generalized for most adsorbents and described in

four main steps (Montanher et al., 2007):

Boundary film migration of solute particles from aqueous
solution.

Movement of solute particles to the adsorbent surface
from the boundary film (external diffusion).

Movement of solute particles from the adsorbent surface
through the adsorbent pores to the intra-particle active
sites (intra-particle diffusion).

Attachment of solute particles on the active sites within

the adsorbent.

The adsorption kinetic data can be determined by using several

models namely: pseudo-first order reaction, pseudo-second

order reaction, Elovich, intra-particle diffusion plot, etc. These

will be used in this study.

Kinetic Models

The pseudo-first order kinetics based on Lagergren’s equation

is applicable only when the experimentally obtained equilibrium

concentration (ge) value is the same as that obtained from this
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model. On the other hand, second order kinetics is used when
the first order kinetics model is not applicable to systems. This
is observed by the discrepancy in experimentally obtained and
calculated qge values (Ho and McKay, 1999). The Elovich
equation describes second order kinetics for energetically
heterogeneous solid surfaces. A linear plot of these models is
produced using experimental data and constants obtained are
used in describing the adsorption mechanism. Table 2.5 shows
the equations adopted for the linear plot of each model stated
including the constants required to describe the kinetics of the

adsorption mechanism.

Regression coefficient (R?) of each linear plot is used to identify
the suitability of the model in describing the mass transfer
mechanism of the metal uptake phenomenon. Thus, R?
determined through method of least squares > 0.95 is
appropriate as it represents a confidence interval > 95% of

correlation to the experimental data.
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Table 2.5: Adsorption Kinetic models.

Kinetic models Equation Linear plot Rate References
Constant
Pseudo 1st order dq; Log (ge - qt) vs. t K1 Lagergren, 1898
T = K1 (e — a0
Pseudo 2" order dq; t/qevs t K> Blanchard et al., 1984;

Ho and McKay., 1995;
Kumar, 2007

Elovich

q: = BIn(aB) + BInt ge vs. In t a, B

Chien and Clayton, 1980;
Rudzinski and Panczyk, 2002;
Ho, 2006

Variables used:

e (e amount adsorbed per unit mass at equilibrium
e (t amount adsorbed per unit mass at any time t
e Kj is the first order constant of the reaction

e Kj is the second order constant of the reaction

e [ desorption coefficient

e a initial adsorption rate
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Pseudo-second order reaction kinetics helps to identify the
possible uptake mechanism and rate-limiting step of the metal
uptake process (mass transfer process). Kumar (2007)
compared pseudo-second order models proposed by Blanchard
et al. (1984) and Ho and McKay (2000). He concluded that both
models have similar ideas with different assumptions. Blanchard
et al. (1984) suggested an ion exchange mechanism to be
responsible for the uptake process while Ho and McKay
proposed monolayer coverage and chemical adsorption to be

responsible for the uptake process (Kumar, 2007).

Although, both models were developed based on heavy metal
uptake, they used different adsorbents. Blanchard et al. (1984)
was based on a natural zeolite (clinoptilolite) and Ho and McKay
(2000) was based on peat. These adsorbents had different
surface areas, functional groups and properties, displaying
metal removal mechanisms based on their characteristics. Thus,
the pseudo-second order reaction model could be either
describing chemisorption or ion exchange depending on the
adsorbent. However, in research today, many have had the
pitfall of concluding chemisorption without considering the

similarity of their material to that used in these models.
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2.10.2 Adsorption isotherm

Adsorption isotherms are mathematical expressions used in
linearizing complex functional models applied in describing an
adsorption process with the aim of explaining the phenomenon.
These linear expressions help in determining constants from the
slope and intercept of the equation, which is used in describing
the intensity of adsorption, adsorptive capacity, energy of
adsorption and other characteristics of the adsorption process.
The few widely used isotherms in describing characteristics of
adsorbent-adsorbate relationship at equilibrium are Freundlich,
Langmuir, Temkin, and Redlich-Peterson. Amongst these,

Freundlich and Langmuir are the most commonly used.

Freundlich isotherm is applied in describing the adsorption
phenomenon of heterogeneous adsorbents with multilayer

formation of single adsorbates on the adsorbent surface.

This model expresses that at a constant temperature, the
quantity of adsorbate uptake per mass of adsorbent (Qe) is a
logarithmic function of the residual concentration at phase
equilibrium (Ce). Thus, at low adsorbate concentrations, the
quantity of adsorbate uptake rises with an increase in solution
concentrations but approaches a constant value at larger

concentrations (Proctor and Toro-Vazquez, 1996).
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In view of this, the gradient of curve obtained is greater at low
concentrations of solute and reduces with an increase in
concentration. Freundlich isotherm, however, has no saturation
limit nor henry law limit and cannot be applied over an extensive

adsorbate concentration range. The Freundlich equation is

represented by equation in Table 2.6.

Table 2.6: Comparison of Langmuir and Freundlich adsorption

theory (Chung et al., 2015).

Properties Freundlich Langmuir
Adsorbent
Heterogeneous Homogenous (flat)
surface
Adsorption Multilayer Monolayer
Limit No saturation limit Saturation limit
Concentration _
! Low range Wide range
range
Equati : Ce ( . )+ Ce
quation _ = = — )+ =
Qe = Kp-Cem de  \b@m/  Gm
Linear plot Log Qe Vs. Log Ce Ce/Qe vs. Ce
Adsorptive
capacity K Qm
constants
n showing
favourable
isotherm, b showin
Isotherm heterogeneity and g :
T . adsorbent affinity
constants to distinguish
to metal

between
physisorption and
chemisorption
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In the equation, Kr is the constant of Freundlich isotherm
indicating the adsorption capacity of the adsorbent and 1/n is a
representation of the adsorption intensity between the
adsorbent and adsorbate molecules. A value of n between 1 and
10 is a suggestion of a favourable isotherm to the experiment
Desta (2013). Desta (2013), identified the n value to also
demonstrate the degree of nonlinearity between solution
concentration and adsorption. Such that an n = 1 depicts a
linear adsorption, n < 1 shows a chemisorption phenomenon

while n > 1 signifies a physisorption process.

Langmuir (1918) modelled his adsorption isotherm on the
kinetic principle stating that the adsorption rate is the same as
the desorption rate of molecules from a flat surface (Ismadji et
al., 2015). Langmuir’'s model helps in determining the affinity
of adsorbates to adsorbent and adsorptive capacity of the
adsorbent. It has a henry law limit, finite saturation limit and
can be used over a wide range of concentration (Soni, 2014).

The Langmuir isotherm model is based on the assumptions of a
fixed number of sites with no interaction between adsorbed
molecules (Ruthven, 1984) and these assumptions are
homogenous adsorbent surface, localized adsorption sites and

single molecular sites (Do, 1998).
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Langmuir isotherm, which assumes a monolayer adsorption on
the adsorbent surface, is expressed in Table 2.6 (Crittenden et

al., 2012; Chung et al., 2015).

Where, Ce in the equation is the adsorbate concentration in the
solution at equilibrium, ge is the amount of solute adsorbed per
unit mass of adsorbent, b is the constant of Langmuir isotherm
and gm is the maximum adsorptive capacity of the adsorbent at
equilibrium. The Langmuir constants (b) represents the affinity
of the adsorbent for the adsorbate and related to the energy of
sorption (enthalpy of hydration), while (gm) represents
maximum adsorptive capacity of the adsorbent. These
constants are determined from the intercept and slope of the
line respectively. The lower the value of b for an experiment,
the higher the affinity of the adsorbate towards the adsorbent,
while a higher value of adsorptive capacity implies high uptake

of the adsorbate by the adsorbent (Davis et al., 2003).
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2.10.3 BET and BJH Methods from Nitrogen adsorption

Determination of pore size distribution, surface area and pore
volume of adsorbents was based on the equilibrium between
gas molecules and solid particles through Van der Waals forces
of attraction (Bardestani et al., 2019). Gases such as argon (87
K) and nitrogen (77 K) of different molecular sizes are
commonly used to explore these properties of unknown
adsorbents, catalysts, resins and different types of porous
materials (Sotomayer et al., 2018). The Brunauer-Emmett-
Teller (BET) method is used to determine the surface area of a
material and is often described as an extension of the Langmuir

monolayer adsorption model to multilayers (Chen et al., 2017).

The BET theory assumes that gas molecules interact with the
adsorbent surface only in the vertical direction neglecting the
lateral interactions between adsorbed molecules. The second
assumption is that the adsorption energy is independent of the
adsorption sites as in Langmuir model (Bardestani et al., 2019).
The adsorption isotherm generated through the plot of volume
of gas adsorbed vs. relative pressure is used to determine the
surface area. The relative pressure (P/P,) region from 0.05 -
0.35 provides a linear region depending on the

adsorbate/adsorbent interaction (Ainscough et al., 1982),
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indicating monolayer adsorption and is used to obtain the sum

of the intercept and slope for surface area determination.

1
Wml - Bo+B1 (1)
_ Wm1 XN XA
SA = BT (2)

Equations 1 and 2 (Bardestani et al., 2019) are used in the
surface area determination. Where, Mass of Gas forming
monolayer (Wmi), intercept of the linear region (Bo), slope of the
linear region (B1), Surface area (SA), Cross-sectional area of
gas (A), Avogadro’s number (N), Molar mass of gas (M), sample
mass of adsorbent used (m). The BET theory is however not
applicable to micropores below <2 nm width over the linear
(P/P,) region from 0.05 - 0.35, where, nitrogen fills micropores

instead of multilayer adsorption (Rouquerol et al. 2007).

The Barrett, Joyner and Halenda method (BJH) helps in
determining the pore size distribution from the gas adsorption
isotherm based on two main assumptions (Bardestani et al.,
2019). The pores modelled are cylindrical in shape and the
adsorbed quantity of gas is the total of gases along the pore
walls and capillary condensation in mesopores (Kuila and

Prasad, 2013). Hence, BJH determines the change in thickness

Page 99 of 313



Heavy metal removal from water/wastewater using fly-ash derived zeolites

of adsorbed films in pores through the desorption process
(Roberts, 1967). A correlation between the pore volume and
radius from the BJH theory is used to determine the pore size
distribution in an iterative method by the computer with
Equation 3 (Barrett et al., 1951). This is because, numerous
numbers of pores (n) are expected to be present within a porous
material and this would be arduous task to accomplish

manually.

Von = R 8V = Ry Bty Tj=1 (2) 4p) 3)
J

Where, V, = pore volume, AV is the observed volume of the
desorbed gas, R is the pore radius, At is the thickness of the
physically adsorbed layer by amount, A, is the pore area, 7c is
the average capillary radius and 7, is the average pore radius

and n and j are the number of pores present in the adsorbent.
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3 Materials and method

3.1 Introduction

This chapter describes the materials and chemicals used in the
preparation of solutions, characterization and pelleting and
regeneration process. It further expounds on the procedures
used in characterizing the adsorbent material, pelleting,
adsorption and regeneration processes, giving working

parameters and conditions of the experiments.

3.2 Materials

Zeolite NaP1 was obtained from Lublin University of Technology,
Poland, synthesized from class F fly-ash obtained from a Polish
power plant with the following conditions: 20 kg of fly-ash, 12
kg NaOH, 90 L of distilled water, seeding temperature of 80 °C
for 36 h. Copper nitrate (98%), zinc nitrate (98%), lead nitrate
(98%), sodium chloride (99.5%) and sodium hydroxide pellets,
potassium chloride (99%), nitric acid (68%), hydrochloric acid
(37%) and ammonium acetate were obtained from Fisher
Scientific. Distilled water was obtained from Millipore Milli-Q

plus Water Purification System.
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3.3 Methods

3.3.1 Characterization of adsorbent

X-ray diffractometer (XRD)

A Bruker D8 Advance X-ray diffractometer (XRD) was used to
characterize the crystal structure of the powder samples before
and after regeneration. Wet zeolites after regeneration were
oven dried for 6 h at 50 °C before use in the XRD.
Approximately, 1 gram of powder was used on the sample stage
with a plexi-glass dome. Samples were measured with a 0.6 slit
for 2 h at temperature 25 + 2 °C. Samples were scanned
between 5° - 65° 26. Observations were made in increments of
0.05° in 2 s. Cu Ka radiation was used at 40 kV and 35 mA. EVA
Software was used to identify the minerals present in the

samples.

X-ray fluorescence analyser (XRF)

A Panalytical Epsilon 3XL model X-ray fluorescence analyser
(XRF) was used in determining both the qualitative and
quantitative elemental composition of the zeolite samples
before adsorption, spent zeolite after adsorption and after
regeneration. Powder samples were finely ground, placed in a

plastic cup to about 4.9 cm in depth and covered with a plastic
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film at the bottom (source of radiation). Approximately 5 g of
zeolite powder was used during measurements. Omnion
software was used for analysing oxides of elements present
within the sample. The data is obtained with constituents of the

sample presented in ppm (mg/g) of the sample.

Scanning electronic microscope (SEM)

A Philips XL30 tungsten filament was used in characterizing the
shape and size of the NaP1 formed in comparison to original fly-
ash. SEM was operated using an accelerating voltage of 15 kV
with spot size of 3 nm and 20000x magnification. NaP1 sample
was sprinkled on sample stubs with carbon adhesives using the
spatula and pressed slightly to settle. The sample stubs were
turned upside down with a gentle tap to remove loose NaP1.
The settled NaP1 on the sample stubs were then carbon coated
before being used in the SEM instrument. The Philips XL30
tungsten filament was vented with sample placed in position. X
and Y axis are set to zero while the position of the sample is
properly adjusted. The Z axis is finally set to 10 and the sample
door is held in place while a vacuum is created in the chamber
by clicking the pump button. The sample is identified on the
monitor, brightness and contrast are set while zooming in on

the sample until the sharpest focus is obtained. Final

Page 103 of 313



Heavy metal removal from water/wastewater using fly-ash derived zeolites

adjustments were made before saving the preferred image of

the sample.

Nitrogen adsorption/desorption isotherms

Surface area and pore size characterization of both NaP1
powder and pellet were performed using Micromeritics ASAP
2420 V2.09 with nitrogen adsorption at 77 K. Samples were
degassed in the chamber to remove any form of adsorbed gases
and water. Degassing begun by creating a vacuum over 30 mins
at an evacuation rate of 5.0 mmHg/s followed by both NaP1
powder and pellet samples of 0.28 grams being heated to 250
°C in increment of 10 °C for 15 h and finally purged with liquid
nitrogen at 77 K. Liquid nitrogen was released into the chamber
at 77 K during the adsorption process at a relative pressure of
0.010 (P/Po) with a gradual increment till 0.987 (P/Po) followed
by desorption phase over a 10 h period. Results from this
experiment were analysed mainly by the Brunauer, Emmett and
Teller (BET), Barrett, Joyner and Halenda (BJH) methods.
Surface area determination and monolayer removal capacity for
zeolite NaP1 were obtained by the BET method while pore size
distribution, micropore surface area and pore volume were

determined by the BJH method.
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3.3.2 Pelleting

Pelletizing is an important part of commercializing adsorbents.
While making them easy to handle in industry and safe for
transportation, they present an added advantage of reducing
pressure drop through a fixed bed column (Jasra et al., 2003).
Powdered adsorbents are shaped into bodies such as granules,
spheres, and extrudate prior to their use as adsorbents and
catalysts and would need high mechanical strength to withstand

repeated usage.

Prior to using the hydraulic press, the NaP1 powder was ground
in @ mortar to obtain a fine and smoothened powder. Samples
to be used during the pelleting process were weighed with a
weighing boat using a digital measuring scale. A Specac Atlas
15 Ton and 25 Ton hydraulic press was used in preparing disc
shaped tablets with the aid of applied pressure to powdered

NaP1 in a die assembly.
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Schematic showing operation
of the Cat. No. 104 KBr Die

Figure 3.1: Pelleting die assembly (image obtained from the
manual).

The pelleting die assembly is assembled initially with parts C, E,
and B, as in Figure 3.1 to form a cylinder body. The two dies
(D1: bottom and D2: top) are both wiped with industrial grade
methanol to remove any sticky substance/ organic matter or
fingerprints. The first die (D1) is placed with the polished side
up and with the use of a spatula, the zeolite powder is filled
through the bore of the cylinder. The sides of the cylinder were
tapped gently to have the powder evenly distributed across the

surface of the polished die (D1).

Following this, the second die (D2) is placed centrally down but
gently through the bore of the cylinder body with the polished
side down. This step was carefully done not to jam the pellet.
Finally, the plunger (A) was inserted into the cylinder body with

its non-chamfered edge end facing downwards. The die
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assembly is then sealed with an O-ring seal (E) around the

chamfered section of the plunger.

The final pelleting assembly is lifted gently and placed under the
hydraulic press, where, pressure will be applied to compress the
NaP1 powder. The hydraulic press is made up of a pressing side,
pressure gauge, lever and leadscrew as shown in Figure 3.2. A
10 mm pelleting die assembly was used in this research. The
die assembly was placed centrally into the pressing side, the
leadscrew is screwed down in place to hold the plunger while
the lever was used to apply pressure to the die assembly. All
safety guards on the press were closed, while load to the
plunger was applied for a period to produce the desired quality

of pellet sample.
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Figure 3.2: A picture of the hydraulic press.

The desired loading generated from the applied pressure is
observed using the loading/pressure gauge. This loading is then
allowed a suitable time before released by means of the loading
gauge screw. In producing the best NaP1 pellets, the following
parameters were varied and optimized:

¢ Amount of NaPl1 powder required to produce desired

pellets
¢ Amount of loading/pressure applied

e Loading pressure time
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All pelleting experiments were repeated 5x times to ascertain
results and conclusions drawn on the most suitable parameters.
The parameters tested and optimized were the amount of NaP1
powder (0.2 - 0.05 g) required to produce desired pellets,
amount of loading/pressure applied (3 - 5 tons) and loading
pressure time (1 - 10 min). The pellets produced were later
characterized for surface area, pore distribution and cation

exchange capacity.

3.3.3 Determination of metals in liquid samples

Metal concentrations in the liquid samples were measured by
iCAP QC Inductively Coupled Plasma (ICP) — Mass Spectrometry
(MS) incorporating Dionex ICS3000 High Performance Liquid
Chromatography (HPLC) and auto-sampler. Samples collected
during experiments were centrifuged using Hettich Rotofix 32A
benchtop centrifuge (at 4000 rpm for 6 mins), filtered with 0.2
and 0.45-micron Minisart syringe filters and stabilised with 2%
nitric acid before analyses. Calibration of the instrument was
performed prior to sample analysis with external calibration
standards between 0 - 100 pg/I for trace elements and 0 - 30
mg/| for alkali and alkali-earth metals. Although calibration of
ICP-MS is linear over 8 orders of magnitude, samples with metal

concentration above 60 mg/l and alkali-earth metal
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concentration (e.g., Na, Mg, K and Ca) above 200 mg/| required
dilution before testing for more accurate results. The volume of
solution required for testing was between 5 - 10 ml. Results
from sample concentration are presented by a spreadsheet with
standard deviation values of metal concentrations in ug/I (trace
elements) and mg/| (alkali and alkali-earth metals). Detection
limit for metals Cu (0.61 pg/l), Pb (0.98 pg/l) and Zn (2.1 ug/l)
were determined with calibration standards (0, 20, 40 and 100
Mg/l) during calibration. Four repetitions of calibration
experiments were performed, and the average presented with

standard deviations.

3.3.4 Control experiments

Leaching test

The test for leachate helps to determine whether the zeolite is
fit for purpose. Through this test, data on metals leached into
the treatment system can be quantified and compared against
water treatment standards to decide whether the proposed

zeolite NaP1 is useful for water treatment purposes.

Zeolite NaP1 was tested for leachates under the same
adsorption conditions to assess the possible elements released
into water during the experiments. Five grams of NaP1l was
mixed in 1 litre Milli-Q water at pH 3.5 and temperature 22 + 2
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°C for 3 hours. Sample (10 ml) was collected at time interval 0O,
15, 30, 60 and 180 min and filtered with a 0.2-micron syringe
filter for ICP-MS analyses. The experiment was repeated 3 times
and the average results were presented to identify possible

discrepancies.

Precipitation

The effect of precipitation was quantified by means of control
experiments and deducted from the resulting metal uptake
experiment. Precipitation of heavy metals was tested at pH (3.5,
6.5 and 10.5) through control experiments when a clean water
matrix was stirred without zeolite over the experiment contact
time. These are displayed on adsorption graphs in the results
chapter. However, the precipitation reported in the control
experiment was for multi-element adsorption pH study. Initial
metal concentration ~12.5 mg/I for each heavy metal making a
total of 37.5 mg/l at T= 20 £ 2 °C was used in this experiment
to determine the influence of pH on precipitation during multi-

element adsorption.
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Effect of syringe filters

Minisart syringe filters (0.45 and 0.2 uym) were tested as a
quality control measure to determine whether the syringe filters
contributed or removed metals from solution during the
experimental procedure. This was done to eliminate sources of
doubt and to ascertain that adsorption was only by means of
the zeolite. Thus, 10 ml samples were collected from 40 mg/I
copper solution with a syringe and filtered through 0.2 and 0.45
MM syringe filters. Three repetitions were made, and samples

were tested with ICP-MS.

Calibration and limits of detection/quantification

Instrument calibration was performed with 4 repetitions prior to
sample testing. External standards produced by PerkinElmer
were used with concentrations 0, 20, 40 and 100 pg/I. Ultrapure
Milli-Q water was used as a wash liquid before and after running
calibration standards to prevent contamination. Standards were
fed through an auto-sampling unit several times to obtain mean
values. Calibration results were presented as an excel data and
curve plotted. The limit of detection and limit of quantification
of target metals for ICP-MS were obtained from the standard
error of calibration curve (STEYX) and slope of calibration curve

(S). Thus, limit of detection (LOD) was calculated by
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3.3*(STEYX/S) and Ilimit of quantification (LOQ) by

10*(STEYX/S).

3.3.5 Adsorption

The pH for this research was determined after careful
consideration of the relationship between pH-metal
solubility/precipitation. The objective of this study is to ensure
that heavy metal removal was solely by adsorption/ion
exchange and not precipitation from clean water matrix.
Following this, X-ray fluorescence spectroscopy (XRF) was
performed to determine the constituents of zeolite NaP1. The
XRF results showed the presence of elements in different
quantities and was used to aid in the decision-making process.
Thus, pH 3.5 was selected as the starting point to prevent the
formation of metal hydroxides and consequent precipitation of
target metals (Cu, Pb and Zn) during adsorption from the clean

water matrix.

All glassware was first washed with laboratory grade-detergent
and rinsed with tap water. Afterwards, they were soaked in 20%
(v/v) nitric acid between 4 to 24 hours and rinsed with Milli-Q

water 3 times before use (EPA method 200.8). The Jenway 570
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pH meter with temperature correction function was used for pH

adjustment during experiments.

Based on concentrations selected from current literature for the
target metals, the following concentration ranges were chosen
to determine the adsorption isotherm of NaP1: copper; 50 -
1000 mg/I, zinc; 50 - 3500 mg/l and lead; 50 - 3500 mg/I.
Lead, copper and zinc concentrations selected for adsorption
kinetic experiment were set at 100, 150 and 250 mg/I
respectively. The aim was to consider possible increases in both
current and future concentrations of the wastewater effluents

published by Gardener et al. (2013).

A fixed mass of 5 g of zeolite NaP1 was mixed with 1 litre of
metal solution in a 2-litre beaker. The pH of the solutions was
maintained at a range of 3-4 using 68% HNO3 and 2% wt/v
NaOH solutions to prevent precipitation of copper ions at pH 5-
6 before adsorption. The solutions were mixed at 300 rpm up to
3 h, with a magnetic stirrer (IKA RH Basic 2) at 22 £ 2 °C.
Twelve ml sample was taken from the solution into centrifuge
tubes at time intervals of 0, 15, 30, 60- and 180-min. Samples
taken were filtered using the Minisart 0.2 um filters before ICP-

MS analyses. Two repeat experiments were conducted to

Page 114 of 313



Heavy metal removal from water/wastewater using fly-ash derived zeolites

observe errors associated in the experiment while a control
experiment was performed without zeolite in the same
conditions to account for the precipitation of metals. The total
sampling volume did not exceed 5 - 10% of the total solution
volume considering a confidence interval above 95 % for error

margins.

3.3.6 Single element adsorption isotherm

Batch experiments were performed by mixing a fixed mass of
zeolite (0.5 g), in 100 ml solutions of varied zinc, lead and
copper nitrate concentrations (50, 150, 250 and 500, 1000,
2500 and 3500 mg/l) in a single-element adsorption test. All
experiments were carried out at 22 = 2 °C and pH between 3
and 4. The experiments were terminated at 180 min (zinc) and
60 min (lead), because zeolite NaP1 had demonstrated a higher
affinity for lead than zinc. Samples were collected into 50 ml
centrifuge tubes for centrifugation at 4000 rpm for 8 min and
filtered using the Minisart 0.2 um syringe filters. High
concentration solutions were diluted with 1- and 10-ml
graduated pipettes or Pipetman P100 micro-pipette for ICP-MS
analyses. Experiments were repeated twice during the process.
A control experiment was performed with the same conditions

without zeolite to determine precipitation.
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3.3.7 Multi-element adsorption experiments

Multi-element control experiments were performed 3 times by
mixing 1 gram of zeolite NaP1 in 1 litre of multi-elements (12.5
mg/| each of Cu, Zn and Pb) at various pH (3.5, 6.5 and 10) and
22 £ 2 °C for 1 h. The control experiment was used to

investigate the effect of precipitation.

The adsorption experiments were performed by mixing 5 grams
of NaP1 powder, NaP1 pellet and commercial grade 3A zeolite
pellets at 300 rpm with a litre of 500 mg/l concentration of
multi-elements (Zn=250 mg/I, Cu=150 mg/l and Pb=100 mg/I)
at pH=5 for 3 h, 22 £ 2 °C. Ten ml of samples were collected
during the experiments at 0, 15, 30, 60, 180 min and analysed
with the ICP-MS. The mean results from triplicate experiments

with their standard deviations were presented.

3.3.8 Metal removal with NaP1 and 3A pellets (kinetics)

Five grams of NaP1 powder, NaP1 pellet and commercial grade
3A zeolite pellets were separately introduced into a litre of 90
mg/|l concentration lead solution, stirred at 300 rpm for 3 h at a
constant pH=5 and temperature=22 + 2 °C. Samples collected
from the experiments at 15, 30, 60 and 180 min were analysed

by ICP-MS. The experiment was repeated 3x with the mean and
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standard deviation calculated. A control experiment was also
performed under the same conditions without any zeolite to

determine precipitation.

3.3.9 Further leaching

Further leaching was also required under adsorption isotherm
experimental conditions, since they varied from the adsorption
kinetics conditions. Hence, 0.5 g NaP1 was mixed in 100 ml
Milli-Q water at pH 3.5, temperature 22 £ 2 °C for 60 and 180
minutes, respectively. The samples were collected into 50 ml
centrifuge tubes, centrifuged for 8 min at 4000 rpm and filtered

with 0.2-micron syringe filters for ICP analyses.

Leaching tests were also repeated using NaP1 powder, NaP1
pellet and commercial grade 3A zeolite pellets for comparison.
One gram (1 g) of each material was stirred in 1 litre of distilled
water at 300 rpm, at 22 £ 2 °C and pH 5. Samples collected
from the experiments at 15, 30, 60 and 180 min were analysed
by ICP-MS. The experiment was repeated 3x with the mean and

standard deviation calculated.
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3.4 Justification for experimental variables

Mass of zeolite: This study had a limited amount of synthesized
fly-ash NaP1 and had to be managed to obtain the required
results. This is because, the purity of synthetized zeolite varies
from batch to batch and could present inconsistencies in results
obtained. Hence, this posed a limitation in the number of
repeats and how much sample could be used to investigate
different properties. The mass of zeolite used was decided after
reviewing what had been used in literature for NaP1 adsorption
in connection to the available zeolite quantity. Hence, 5 grams
of zeolite was used for most experiments, while, a scale down
to 1 g and 0.5 g, were used when experiments required more
repeats. The number of repeats was mostly limited to 2
concordant results for experiments that required more zeolite
(eg. Adsorption kinetics and isotherm) and in cases where,
there were discrepancies, 3 repeats were required to affirm
these results. Concordant results in the range of < 5% relative
standard error were accepted in line with > 95 % confident limit

for results.

Temperature: The temperature of each experiment was
recorded as the room temperature when these experiments

were conducted (20 - 25 °C). This is in line with the expectation
of these zeolites will being used in natural conditions in industry.
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However, most experiments were at 22 £ 2 °C and it is
noteworthy that this range will have no significant impact on the

adsorption results.

Concentration: The concentrations of metals used in the
adsorption experiments were obtained from real-world
industrial wastewater (electroplating, acid mine, to mention a
few). The real-world metal concentrations were increased by 33
% to the nearest whole number, considering a possible influx in
present concentrations for adsorption experiments. However,
multi-element lab-synthesized water matrix and regeneration-
based copper adsorption concentrations were set below 50
mg/l, because all elements were best adsorbed at low
concentrations within that region from previous experiments

and the literature.

Contact times: Initial contact time for NaP1 adsorption chosen
after reviewing the literature was 3 hours. This was optimized
to 1 hour after fly-ash NaP1l demonstrated a quick Kkinetic.
Hence, this study used 1 hour for adsorption isotherm
experiments for all metals. Multi-element adsorption was
limited to 3 hours as the optimum contact time bearing in mind
the presence of competitive adsorption being a possible inhibitor

to maximum adsorption. Regeneration experiments were
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conducted within 6 - 24 hours and later optimized to the

optimum contact time (3 hours) after preliminary experiments.

3.5 Regeneration study

Prior to the regeneration study, the above adsorption
experiment was performed, and the spent adsorbent was used
for the regeneration study. A 1 | stock solution of 50 mg/I| copper
concentration was prepared in a volumetric flask using copper
nitrate. Zeolite sample (0.5 g) was mixed with 100 ml of 50
mg/|l copper solution in a 200 ml beaker for adsorption. The
mixture was stirred at 300 rpm for 1 h (equilibrium time) while
maintaining the pH at 3.5 with 68% HNOs and 1 M NaOH
solutions. After 1 h, the mixture was centrifuged at 4000 rpm
for 6 min to separate the liquid from the solid. The liquid was
filtered with Minisart 0.2 pm syringe filters for ICP analyses
while the solid sample was dried at 100 °C for 24 h, analysed

by XRD/XRF and used for regeneration experiments.

The regeneration study was performed with acid (HCI), base
(NaOH) and salts (NaCl and KCI) of varied concentrations (1 M,
3Mand 5M),atpH=1,3and 5for1 -48hat20x2°Cina
batch system. Experiments were conducted under the same

conditions, where, 0.5 g zeolite was mixed repeatedly in 100 ml
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regeneration solution at 300 rpm, 20 £ 2 °C, pH (1, 3.5 and 5)
and various times (e.g. 2 h, 6 h, 12 h etc.) till maximum (90-
100%) regeneration was obtained. Solid/liquid separation was
obtained through centrifugation at 4000 rpm for 6 minutes,
followed by filtration of liquid through 0.2 pm syringe filter for

ICP analysis.

3.6 Cation exchange capacity (CEC)

Zeolites have also been used in ion-exchange systems and it
would be vital to know the ion-exchange capacity of fly-ash
derived NaP1 in comparison to a commercial zeolite.

The cation exchange capacity of NaP1 powder, pellet and 3A
pellet was determined by means of ammonium acetate. One
molar ammonium acetate solution was prepared in a 1 litre
volumetric flask. A 100 ml of this solution was poured into a 200
ml beaker and stirred with 0.25 g of zeolite NaP1/3A for 24 h.
The solution was filtered with a 0.45-micron Minisart filter and
analysed by the ICP-MS. A sample of the ammonium acetate
solution was measured as a blank and compared to the results
from NaP1 powder and pellet and 3A pellet. Three replications
of the same experiment at 22 £ 2 °C with the mean and

standard deviations were calculated and presented.
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4 Zeolite characterization

4.1 Introduction

This chapter focuses on zeolite characterization using a
Scanning Electron Microscope (SEM), X-Ray Diffraction (XRD)
and X-Ray Fluorescence (XRF) analysis with the aim of
demonstrating the presence of NaPl after synthesis in

comparison to fly-ash.

4.2 SEM characterization

The SEM images of coal fly-ash prior to synthesis and after
synthesis are shown in Figure 4.1 and 4.2, respectively. As
mentioned earlier, coal fly-ash was synthesised by collaborators

from the Lublin University of Technology, Poland.

Acc.V SpotMagn Det WD }——— 2 um
150 kY 3.0 20000x SE 100
LR

Figure 4.1: SEM image of coal fly-ash at 2 microns.
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The SEM image of coal fly-ash (Figure 4.1) depicts smooth
spherical particles with sizes from 0.6 to 4 um before synthesis
such as the reports of Querol et al. (2007) and Wdowin et al.

(2014).

Figure 4.1, which agrees with works from Querol et al. (2007)
and Wdowin et al. (2014), depicts a different morphology to
that of the synthesized coal fly-ash observed in Figure 4.2. The
SEM image from synthesized NaP1 shows the agglomeration of
rectangular pieces (cubes) into a large structure (Figure 4.2).
The cubes of minimum 0.2 ym aggregated into larger pieces
greater than 2 uym (from 4.5 to 6 um), forming a rough
heterogeneous surface. Wdowin et al. (2014) describes this
appearance as lamellar aggregates of plate-like shapes as a

characteristic feature of NaP1.

Page 123 of 313



Heavy metal removal from water/wastewater using fly-ash derived zeolites
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Figure 4.2: SEM image of NaP1 zeolite.

4.3 XRD characterization

Coal fly-ash is generally known to be composed of
aluminosilicate glass, quartz, and mullite (Wdowin et al., 2014).
Figure 4.3 shows the XRD pattern of coal fly-ash. The pattern
indicates peaks for components within the substance reinforcing
the dominance of quartz at 20.8°, 26.6°, 50.2° and mullite at
16.5°, 26°, 26.2°, 31°, 33.2°, 35.4°, 40.8°, 42.6° and 60.7° 2
Theta(®). Quartz is noticed to display the highest peak at 26.6°

20 and closely followed by mullite at 26.2° 26 angles.
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Figure 4.3: XRD pattern of coal fly-ash.
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Figure 4.4: XRD pattern of zeolite NaP1 synthesized from coal fly-ash.
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Comparatively, the XRD pattern of zeolite NaP1 shown in Figure
4.4, indicates the dominant presence of P formed at 12.5°,
17.8°, 21.6°, 28.2°, 33.4°, 31° and 46° 26. The XRD pattern of
the synthesized zeolite shown in Figure 4.4 further indicates
very high peaks of a crystalline substance with chemical
composition equivalent to that of NaP1 with low peaks of mullite

and quartz.

4.4 XRF characterization

The percentage composition of zeolite NaP1 synthesized from
coal fly-ash is shown in Table 4.1. Quantitative analysis of
zeolite NaP1 from X-ray fluorescence showed ~44, 29 and 17%
of SiO2, Al203 and NazO, respectively, while oxides of Mg, Ca

and Fe accounted for ~7 - 8% of the remaining composition.

Table 4.1: Percentage composition of zeolite NaP1 obtained

from XRF using 5 g sample.

Percentage Composition

Compounds NaP1 (%)
Na.O 17.2
MgO 0.7
Al;0O3 29.0
SiO2 43.8
CaOo 2.9
Fe.0s 3.9
Other metals 2.5
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Silicon dioxide to aluminium oxide (SiO2/Al>03) ratio for NaP1
was calculated as 1.51. The SiO2/Al;0s3 ratio has been used as
a means of predicting zeolites with good sorption properties
(Ouki and Kavannagh, 1997). Generally, zeolites with low Si/Al
ratios indicate the potential of higher sorption and ion exchange
capability. This is due to the exchange of aluminium ions with

silicon ions providing a negative framework for that zeolite.

4.5 Chapter summary

SEM scans illustrate smooth spheres of fly-ash transformed into
cubes of 0.2 ym aggregated into larger pieces greater than 2
MM (from 4.5 to 6 ym) and forming a rough heterogeneous
surface after synthesis. XRD scans demonstrate the presence of
zeolite NaP1 crystals from mullite and quartz with peaks at
12.5°, 17.8°, 21.6°, 28.2° 33.4°, 31° and 46° 26 while XRF
scans demonstrated the composition of zeolite NaP1 with a 1.51
(Si02/Al>03) ratio. These showed evidence of the presence of

NaP1 from fly-ash.
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5 Control experiments

5.1 Introduction

The chapter demonstrates the reliability of experiments used to
derive the findings in this study. Control experiments were used
to test for leaching and precipitation under different
experimental conditions, influence of syringe filter on
experiments, calibration solutions wused and Ilimit of
quantification/detection of ICP-MS (identify whether it was fit

for purpose).

5.2 Leaching

The presence of leachates during batch adsorption experiments
were tested via mixing 5 g zeolite in 1 litre Milli-Q water for 3
hours (maximum adsorption period) at pH 3.5 and at 20 £ 2
°C. Samples (10 ml) taken at various times (0, 15, 30, 60 and
180 min) were filtered and analysed by ICP-MS. Compared to
other research with synthetic zeolites, limited investigation has
been done in the area of leachates (Lee et al., 2000; Moreno et
al., 2001; Querol et al., 2002; Alvarez-ayuso et al., 2003,
Prasad and Mortimer, 2010). This study helps to resolve
whether the synthetic material is fit for treatment purpose and

to help inform other areas of suitable applications.
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Figure 5.1: Cumulative concentrations of leached cations in
water after 3 h. Conditions: 5 g of NaP1 dissolved in 1 | Milli-Q
water at pH 3.5 and 20 + 2 °C. Values presented are the

mean of 3 repeat measurements and standard deviations.

From Figure 5.1, total leachate concentration of cations is
identified to increase within the first 15 minutes from 0.5 £ 0.1
mg/l to 305 £ 3.41 mg/Il. Further increase to 318 + 3.54 mg/I
was observed in 30 min with aluminium as the main contributor.
This may be due to the presence of extra framework aluminium.
The total concentration of leachates remained constant (318 +
3.57 mg/l) from 30 to 60 min, although for individual elements
such as Al3*, Ca2* and Mg?* an increase was recorded. However,
for Nat and Fe2?*, a decrease in concentration was observed

towards the end of the leaching process.
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Figure 5.2: Cumulative concentrations of leached target metal
ions in water after 3 h. Conditions: 5 g of NaP1 dissolved in 1 |
Milli-Q water at pH 3.5 and 20 £ 2 °C. Values presented are

the mean of 3 repeat measurements and standard deviations.

From Figure 5.2, concentration of target metal ions in ug/l (Cu,
Pb, and Zn) remained constant through the timeframe (30 -
180 min). An equilibrium in total leachate concentration was
reached from 30 to 60 min. At 180 min (see Figure 5.2), total
leachate concentration is observed to decrease by 4 mg/l. This
decrease is approximately 3% the total quantity of leachates
obtained and could be attributed to experimental error. A similar

leaching trend is observed for all metals over the experiment
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duration. However, zinc was easily released from zeolite NaP1
followed by copper and least of all, lead. This depicts how
strongly these metals are held to the surface of zeolite NaP1.
Hence, the affinity of these metals to NaP1 follows the order Pb

> Cu > Zn.

Elements such as Na, Al and Ca formed majority of these
leachates with 37.55%, 37.15% and 18.37% respectively by
mass percentage composition. Target metals (Cu, Zn and Pb)
formed the remaining 0.13%. Although the concentration of
target metals such as Cu and Zn were below their allowable
effluent discharge limit (0.25 mg/l and 0.8 mg/Il, respectively)
into water, other elements i.e. Al, Fe and Pb were above their
acceptable limits (200 pg/l for Al, 300 pg/l for Fe and 6.0 ug/I
for Pb). Thus, fly-ash zeolite NaPl1 can be pre-treated by
preliminary washing before being used for water treatment. In
addition, rinsing of fly-ash zeolite is known to reduce the
alkalinity and improve its ion exchange property (Ferrarini,

2016).

Finally, the composition of zeolite NaPl1l from previous XRF
analysis was identified to contain 153 mg Al per gram zeolite
and 93 mg Na per gram zeolite. Hence, the quantity of leachates
for Al and Na represent 15% Al and 25% Na, percentage mass

composition of 1 g zeolite NaP1l. Aluminium obtained from
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leaching may be extra framework material while Na could be

from residual NaOH used.

5.3 Precipitation

The effect of precipitation was quantified by means of control
experiments and deducted from the resulting metal uptake
experiment. Table 5.1 presents the mean of two repetitions
from the control experiment as evidence of precipitation in mass
percentage. To the best of my knowledge, there is no current
literature which has determined suitable pH for multi-element

removal while demonstrating the effect of precipitation.

Table 5.1: Precipitation of heavy metals obtained as a function
of pH (3.5, 6.5, 10.5) from control experiments when 1 litre
water matrix is stirred without zeolite for 1 h. Initial metal
concentration ~12.5 mg/I for each heavy metals making a
total of at 37.5 mg/l, T= 20 £ 2 °C.

pH Cu Zn Pb
(mg/l) (mg/l) (mg/l)

pH3.5att=0 11.4 13.1 12.4
t = 1h 11.2 13.0 12.3
pH6.5att=0 11.4 13.1 12.4
t = 1h 8.79 11.9 9.51

pH 10.5att =0 11.4 13.1 12.4
t = 1h 0.00448 0.0529 0.547
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The highest percentage of precipitation for all the metals (above
95%) is noticed at pH 10.5 due to an increase in metal
hydroxide formation. These metal hydroxides are not soluble in
solution above the following pH values (Cu= 5.3, Zn= 7, Pb= 6)
and begin to precipitate out of solution. Thus, the lowest heavy
metal removal of 1 mg/l was noticed at pH 10.5 mainly due to
precipitation of metals as the main phenomenon for metal
concentration reduction. This can be further emphasized by the
results from Table 5.1, indicating the quantity of metals at

different pH values (3.5, 6.5 and 10.5).

Metal precipitation by mass at pH 3.5 was below 3% the initial
quantity of metals for all target metals (Table 5.1). This can be
attributed to experimental errors and implying the absence of
precipitation at pH 3.5 as expected. Copper and lead amongst
the metals were observed to precipitate by 2.61 and 2.89 mg/I
respectively, representing approximately 23% of the starting
concentration at pH 6.5. Zinc precipitation recorded 1.2 mg/I
also representing 9.2% of the starting concentration at pH 6.5.
Copper and lead hydroxide formation/ precipitation begin from
pH > 5.3 and pH > 6 respectively while zinc hydroxide formation
begin beyond pH > 6.5. This explains why zinc precipitation was

least observed (< 10%) at pH 6.5.
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5.4 Adsorption in syringe filters

Table 5.2 displays results obtained from testing the influence of
syringe filters on adsorption experiments. Minisart syringe
filters of pore size 0.45 and 0.22 pym were tested with 40 mg/I

concentration of copper solution.

Table 5.2: Results obtained from testing 0.45 and 0.2 um

syringe filters with 40 mg/I| copper concentration.

Cu concentration Average Cu

Sample (mg/I) concentration
(mg/I1)
Initial sample 39.43
Filter (0.45 um)
sample 1 38.91
sample 2 38.90 38.9 + 0.011
sample 3 38.89
Filter (0.2 um)
sample 1 39.27
sample 2 39.43 39.4 £ 0.57
sample 3 39.43

Table 5.2 shows that 0.45 pum syringe filter produced an
average concentration of 38.9 £ 0.011 mg/I from 39.43 £ 0.57
mg/| starting concentration. An average quantity of 0.53 +
0.011 mg/l equivalent to 1.33% copper appeared to be lost
from samples filtered with 0.45 um syringe filter. This implies
that 0.45 pm syringe filter made-up of cellulose-acetate had

adsorbed ~ 1% of copper metals from the filtered solution.
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Weltje et al. (2003) studied the adsorption of metals on
membrane filters and identified free metal ions (K, Mn, Zn, Cu
and La) to bind onto cellulose-acetate filters through an
electrostatic bonding mechanism. However, samples filtered
with 0.22 um syringe filter produced on average 39.4 = 0.09
mg/|l for all triplicates with no identifiable losses in copper
concentration although it is also made of cellulose-acetate. This
may be the result of 0.45 um syringe filter having a larger
surface for attraction compare 0.22 pm syringe filter.
Nonetheless, both 0.45 and 0.22 um syringe filters display RSDs
less than 5% the initial concentration and could be used.
However, 0.22 pm syringe filter was used due to low volume

filtrates produced from the experiments.

5.5 Calibration and limits of detection for the ICP
Instrument

Table 5.3 presents the mean values and standard deviation for

external calibration standards used for ICP-MS calibration.

Instrument calibration was performed with four standard

solutions of concentration; <0, 20, 40 and 100 pg/l. Repetitions

were made 3 times prior to sample testing with fresh standards

(ISO 11095:1996).
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Table 5.3: Mean and standard deviation values of metals from ICP-MS calibration using four standard solutions of

concentration <0, 20, 40 and 100 pg/l and repeated 3 times.

Calibration

standards Cu Zn Pb
(ng/1) (ng/l) (ng/) (ng/l)
o 0.0079 0.0894 0.0027
20 20.29 + 0.55 21.09 + 0.54 20.47 £ 1.52
40 40.16 £ 0.59 40.25 + 0.64 40.26 + 1.88
100 99.88 + 0.29 99.68 + 0.30 99.80 + 1.05
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The instrument produced an average relative standard deviation
(RSD) of 2.8% for 20 pg/l calibration solution of Cu and Zn
except for Pb, which was highest at 7.5%. The RSD decreased
to 1% and 0.29% as the concentration of the calibration
solutions increased from 20 to 40 and from 40 to 100 pg/I,
respectively for Cu and Zn. A similar observation is made with
Pb, which decreased from 4.7% at 40 pg/l to 1% at 100 pg/I.
This is an indication of the difficulty observed in preparing
calibration standards of very low concentration in the pg/I
region as opposed to higher concentration and requires extra
care (Zougagh et al., 2012). It’s noteworthy that all RSD errors
were within 5% error margin except Pb concentration (20 pg/l)

where, the RSD was 7%.

Figure 5.3 gives a graphical representation of calibration
standards in obtaining a calibration for the metals using results
shown in Table 5.3. The coefficient of regression R? obtained
from the calibration results was 1 for all metals, depicting a well-
represented correlation between the prepared and measured

calibration standard solutions with ICP-MS.
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As mentioned earlier, ICP-MS has a dynamic range of 8 orders
of magnitude and a linear calibration across 10,000,000 units.
Hence, a calibration within the pg/l range could be applied in
measuring sample concentrations in the mg/l range. However,
when sample concentrations are likely to exceed 60 mg/Il for
heavy metal/trace elements, dilutions are required to have

more precise observations.

5.6 Limit of detection and quantification

Limit of detection (LoD) and limit of quantification (LoQ) were
determined based on the calibration curves in Figure 5.3. Table
5.4 shows results obtained for LoD, LoQ and data set used in
determining these parameters. LoD expresses the smallest
concentration of an analyte that can be reliably measured by an
analytic procedure (Rajakovic et al., 2012), while Armbruster
and Pry (2008) defined LoQ as the lowest concentration at which
the analyte can not only be reliably detected but at which some
predefined goals for bias and imprecision are met. LoD and LoQ
were calculated with equations (4) and (5) using calibration

data from Figure 5.3.

LoD = 3.3 % STEYX/S (4)

LoQ = 10 * STEYX/S (5)
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Where, STEYX known as standard error of the
regression/estimate is also referred to as standard deviation of
the calibration curve and S represents the slope of the

calibration curve.

Table 5.4: Limit of detection and limit of quantification for Cu,

Zn and Pb obtained from calibration curve parameters.

Cu Zn Pb
Parameters
(ug/l) (ug/1) (ng/l)
Equation of y = 0.9976x y =0.9927x vy = 0.9962x
line + 0.18 + 0.55 + 0.28
Coefficientof ., _ 10 R2=0.99 R2 = 1.0
regression
Slope (S) 0.998 0.993 0.996
STEYX =
VIZ(yi = )] 0.184 0.627 0.295
(n-2)
LoD 0.61 2.08 0.98
LoQ 1.84 6.31 2.96

The LoD and LoQ for copper was observed as the lowest with
zinc recording the highest in the order Zn > Pb > Cu. This
parameter is very important in asserting the presence of any
analyte in its lowest concentration detectable by the ICP-MS,
below which it can be concluded as not present, immeasurable

or undetected. This limit also informs on threshold for
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adsorption experiments indicating whether the instrument
would be suitable in obtaining expected metal reduction limits.
Compared to the acceptable effluent discharge limits of Pb: 6.0
Mg/l (Tran et al., 2017), Zn: 0.8 mg/l (Tran et al., 2017)
respectively and Cu: 0.25 mg/I (Tran et al., 2017), both LoD
and LoQ are above the required limits. Hence, this equipment
(ICP-MS) can be confidently used is monitoring metal
concentrations at levels lower than the acceptable effluent

discharge limits and suitable for the experiments.

5.7 Chapter summary

Both 0.45 and 0.22 um syringe filters display RSDs less than
5% the initial concentration and suitable to be used.
Precipitation of metals was least at pH 3.5 and more after pH
6.5 - 10. This implies that metal removal in solution can only
be due to adsorption within pH 3.5 - 6.5 for zeolite NaP1, after
which the effect of precipitation can be considered. Leaching
was prevalent at pH 3.5 while the ICP-MS could detect limits
lower the acceptable effluent discharge limit and affirmed as fit

for determining adsorption concentration.
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6 Adsorption experiments

6.1 Introduction

This chapter focuses on adsorption experiments of copper, zinc
and lead while assessing the kinetics, isotherms and ion
selectivity of the respective metals with zeolite NaP1. Finally,
this section tests for the suitable pH of multi-element adsorption

with NaP1.

6.2 Single element removal

6.2.1 Zinc removal

Zinc removal with control experiments was performed using 5
grams of zeolite NaP1 mixed with 1 litre of synthetic zinc nitrate
solutions of concentration 250 mg/l for ~ 3 hours at 20 £ 2 °C
with constant pH at 3.5. Experiments were repeated 3 times
and values presented in Figure 6.1 shows mean with standard
deviation for the observations. Figure 6.1 shows a steep decline
in concentration, which is observed within the first 15 min
followed by a steady decrease from 30 min till 180 min, where,
zinc concentration remained constant at 217 mg/l. This trend
indicates the saturation of available sites within the first 15 min,
followed by a slow diffusion of zinc ions through the pores of

zeolite NaP1 until saturation is achieved (Inglezakis et al., 2003;
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Sprynskyy et al., 2006; Amarasinghe and Williams, 2007; Motsi

et al., 2009).

In comparison, a control experiment without NaP1 performed
under the same conditions as the metal uptake experiment
(Figure 6.1), showed no decrease in zinc concentration over the
same period. A stable concentration of zinc (250.5 £ 3.6 mg/I)
was recorded throughout the metal uptake period (3 h) from
the control experiment. This demonstrated that the decrease in
zinc concentration obtained during the adsorption experiment
could only be due to the presence of zeolite NaP1l and not

precipitation.

Page 144 of 313



Heavy metal removal from water/wastewater using fly-ash derived zeolites

260

250 - N Control experiment

240 -

230 A

o

220 1 Metal uptake experiment

210 A

200

Concentration of zinc in solution (mg/I)

0 50 100 150 200

Time (min)

Figure 6.1: Decrease in zinc concentration in solution as a
function of time when 5 g adsorbent is used in 1 | solution and
compared to a control experiment at the same conditions
without zeolite. Initial zinc amount is 250 mg/I, pH=3.5, t=3 h
at 20 £ 2 °C. Values presented are mean with standard

deviation from 3 repetitions.

Figure 6.1 also indicates active available sites were occupied in
3 hours, after which further zinc uptake was not possible. The
difference in metal uptake at 60 min and 180 min was < 1 mg/I,
equivalent to 0.5% of the concentration at 60 min. Thus, this
difference can be attributed to experimental error and implying
maximum capacity of metal uptake occurred at 60 min instead

of 180 min. The total zinc uptake was 33.4 = 2.1 mg/l,
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approximately 14% of the overall starting concentration. The
isotherm of zinc was obtained in Figure 6.2 by stirring 5 grams
of zeolite NaPl1l with a range of aqueous zinc nitrate
concentrations (50 - 2500 mg/I) in 1 litre solution at a mixing

speed of 350 rpm for 3 h at pH 3.5 and 20 + 2 °C.

—o—Exp 1

—e—Exp 2

Mass of Zinc adsorbed per gram zeolite
(mg/g)

0 500 1000 1500 2000 2500

Equilibrium concentration (mg/I)

Figure 6.2: Amount of zinc adsorbed per gram of zeolite as a
function of equilibrium concentration of the zinc solution when
5 g adsorbent is stirred in 1 | solution at 300 rpm. Initial zinc
amount varied from: (50, 250, 500, 1000 and 2500 mg/l),
pH=3.5, t= 1 h at 20 £ 2 °C. The graphs presented are

resulting from 2 repetitions.
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Figure 6.2 shows the amount of zinc adsorbed per gram of
zeolite over the range of zinc concentrations for two repetitions.
Maximum uptake capacity obtained from the graph is 34.2 mg
zinc per gram zeolite from both experiments. Experiments 1 and
2 are observed to be similar in trend. An increase in initial
concentration from 50 mg/l - 600 mg/l increased the
concentration gradient of zinc ions towards available sites,
thereby increasing the uptake untill the point of saturation,
where, further concentration increase made no difference in
metal uptake (Arshadi et al., 2014). The shape of the isotherm
in Figure 6.2, based on Giles et al. (1974) isotherm
classification, with slope and curvature is identical to Langmuir
isotherm and Type 1 isotherm (Hinz, 2001). The adsorption
curve is characterised by a constant maximum sorption and a
convex shape. This indicates that the sorption affinity of the
isotherms increases with decreasing concentration (Hingz,

2001).

Thus, at lower concentrations, more zinc ions can be removed
from solution by NaP1. This property of NaP1 gives it an edge
over other technologies as most current techniques are unable
to reduce metal concentrations at very low concentrations in
large volumes of water (Lakherwal, 2014). However, Figure 6.2

also shows a reduction in adsorption capacity at zinc
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concentration of 2500 mg/I. This could be the result of possible
competition between hydrogen ions and influx (higher
concentration) of zinc ions present in solution at pH 3.5 (Reddy

et al., 1995).

In comparison to other studies, Lee et al. (2000) explored
synthetic NaPl1 for zinc removal from water matrix of
concentration (6.54 mg/Il) using 0.1 g zeolite in a litre of solution
at 25 °C. Although, there is no record of pH adjustment and
contact time, Lee et al. (2000) obtained 65.8 mg/g adsorptive
capacity (65 mg zinc /g zeolite) compared to 34.2 mg/g in this
study (50 mg zinc /g zeolite). Their result could be attributed to
the effect of undisclosed contact time, a combined effect of
precipitation and adsorption at an undisclosed pH, possibly
higher than the precipitation pH of zinc (precipitation starts at

7 for Zn, (Dean et al., 1972) in the absence of pH adjustment.

Zeolite NaP1 is known to increase OH" ions of an aqueous
solution. This is achieved by replacing H* ions with Na* ions,
which increases the pH of the solution (Alvarez-Ayuso et al.,
2003). Hence, zinc hydroxides are easily formed and may
precipitate at a pH higher than 7; reducing the zinc

concentration in solution. The resulting reduced metal
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concentration could inaccurately be attributed to metal uptake
of the adsorbent while neglecting the effect of precipitation.

In contrast, Querol et al. (2002), Moreno et al. (2001) and
Prasad and Mortimer (2010) tested synthetic NaP1l on zinc
removal from acid mine wastewater of concentration 0.65 mg/I,
54 mg/l and 174 mg/l, respectively. Contact time for all
experiments was reported as 1 h with initial pH values > 4.6,
5.5 and 2.5 - 5.5, respectively, without further pH adjustment
during the experiment. These experiments with mass of zinc to
zeolite ratio 0.02 mg/g, 1.8 mg/g and 5.8 mg/g, respectively,
all produced more than 94% removal efficiency for NaP1l. As
discussed earlier, the difference in removal efficiency > 94%
compared to this study (18.6 £ 0.8%) can be attributed to an
experiment without pH adjustment and the low zinc to zeolite
ratio in these works. A low zinc to zeolite ratio will increase the
available saturation sites of the adsorbent for a low quantity of
adsorbates. This would lead to a higher adsorptive capacity
while no pH adjustment is also known to increase metal

reduction in solution by precipitation above pH 7.

Finally, Alvarez-Ayuso et al. (2003) treated zinc from an
electroplating wastewater finishing effluent of concentration
125 mg/l at pH 6 in contact time (1 h) using 2.5 mg/I solid to

liquid ratio. They obtained 32.6 mg/g adsorptive capacity for
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synthetic NaP1l in a multi-element system compared to 34.2
mg/g in this study with the same zinc to zeolite ratio of 50 mg/g.
Adsorptive capacity of adsorbents are generally higher in single
element adsorption compared to multi-element due to metal
competition within the system (Mohan and Singh, 2002) and
one of the reasons for the higher adsorptive capacity observed

in this experiment over Alvarez-Ayuso et al. (2003).

The adsorptive capacity of fly-ash derived NaP1 in this study is
lower compared to works of Lee et al. (2000), Querol et al.
(2002), Moreno et al. (2001) and Prasad and Mortimer (2010),
as it produced an uptake capacity of 34.2 mg/g at pH 3.5,
eventhough these are not directly comparable for reasons
explained above. However, the adsorptive capacity of this study
is higher than in Alvarez-Ayuso et al. (2003), the only
comparable study so far with a different pH (3.5 in this study

and 6 in Alvarez-Ayuso et al. (2003).

6.2.2 Lead removal

Figure 6.3 shows the result of metal removal experiment with
initial lead concentration in solution of 100 mg/I over 90 min.
Experiments were repeated 3 times and values presented in

Figure 6.3 for the observations. Similar to zinc from Figure 6.1,
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NaP1l displayed the highest uptake within 15 min for lead,

indicating fast kinetics of the adsorbent.

[ Control experiment_
100 % = -
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(mg/l)
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Concentration of lead in solution
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Figure 6.3: Decrease in lead concentration as a function of
time (90 min) when 5 g adsorbent is used in 1 | solution.
Initial lead amount: (100 mg/l), pH= 3.5, t=1.5hat 20 £ 2
°C. Values presented are mean and standard deviation for the

observation of 3 repetitions.

In Figure 6.3, lead concentration from the metal uptake
experiment decreased to 4.21 = 0.16 mg/l from an initial
concentration of 100 £ 1.45 mg/l in 15 min. The concentration
remained constant at 4.11 £ 0.04 mg/Il in 30 min until the end
of the experiment (90 min). Optimum contact time, where,
saturation of the adsorbent seemed to have occurred for lead,

was after 15 min. The control experiment, which was 100 mg/I
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lead concentration without NaP1 was also conducted for 1.5 h,
at pH 3.5 and temperature of 20 £ 2 °C to validate the metal
uptake process. Lead concentration from the control experiment
remained constant throughout the experiment, compared to the
adsorption experiment in Figure 6.3, demonstrating that there

was no lead precipitation.

Similar to zinc experiments, lead ions in solution are also
attracted towards the NaP1 surface with a possible adsorption
mechanism, dictating uptake process over the entire period.
Metal attraction to the surface of NaP1l due to weak van der
Waals forces may be responsible for a fast metal uptake within
the first 15 min followed by further slow passage of lead ions
through the NaP1 micropores until available sites are occupied
(Inglezakis et al., 2002; Myroslav et al., 2006; Amarasinghe

and Williams, 2007; Motsi et al., 2009).

Equilibrium experiments conducted in Figure 6.4 were
conducted to determine the maximum lead uptake for fly-ash
derived zeolite NaP1. Lead solutions of concentration range (50
- 3500 mg/l) were mixed with 5 g of NaP1 in each solution
volume of 1 L, mixing speed of 300 rpm, pH 3.5 and at 20 £ 2

°C.
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Figure 6.4: Amount of lead adsorbed per gram zeolite as a
function of equilibrium concentration of the lead solution when
5 g adsorbent is stirred in 1 | solution at 300 rpm. Initial lead
amount varied from (50, 250, 500, 1000, 2500 and 3500
mg/l), pH= 3.5, t= 1h T= 20 £ 2 °C. The graphs presented

are resulting from two repetitions.

The experiments performed twice due to limited NaPl1l are
displayed in Figure 6.4. Equilibrium experiments 1 and 2 are
observed to be similar in trend with minimal differences from
Figure 6.4. Lead equilibrium with NaP1 produced maximum lead
uptake of 192 mg/g from both experiments. This is a reflection
of the maximum uptake capacity of NaP1l for lead, where,

available sites in NaP1 are occupied by lead (Nalaparaju et al.,
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2009) and further increase in concentration does not influence
metal uptake anymore. The shape of the isotherm seen in
Figure 6.4 is similar to the Langmuir and Type 1 isotherm, as
observed for zinc. However, the lead isotherm is relatively
steeper than zinc isotherm, showing a higher affinity of NaP1 to
lead than zinc at lower concentrations as demonstrated in other
works (Steenbruggen and Hollman, 1998; Lee et al., 2000;
Querol et al., 2002). This implies that lead ions would be
removed quicker from solution at lower concentrations
compared to zinc (Hinz, 2001). The percentage removal of lead
decreased by 2-5% as the initial lead concentration increased

by 50 mg/I over the range of experiments (50 — 3500 mg/l).

Nascimento et al. (2009) tested NaP1 for lead removal from
water matrix and reported an adsorptive capacity of 195 mg/g
compared to 192 mg/g achieved in this research. Their
experimental conditions were pH 4-5, at 25 °C, metal
concentration of 100 - 3000 mg/I and solid to liquid (S/L) ratio
of 10 g/l. The marginal increase in adsorptive capacity recorded
in their study could be the result of pH difference as the higher
pH value implies a reduced concentration of competitive H* ions
against metal ions. Also, they used a solid to liquid ratio, 2 times
more than what was used in this research indicating the use of

2 times more zeolite than what was used in this research. This
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implies that NaP1 used in this research is 2 times more efficient
than that used by Nascimento et al. (2009). As mentioned
earlier, zeolites with a lower Si/Al ratio are known to possess
better adsorption capacity than their counterparts with higher
Si/Al values. In this study, NaPl1l has a Si/Al ratio of 1.51,
compared to 2.32 from Nascimento et al. (2009). This could
also be another factor contributing to NaP1 from this study
demonstrating superiority over that from Nascimento et al.

(2009).

Lee et al. (2000) also studied the removal of lead from water
matrix obtaining an adsorptive capacity of 267 mg/g with 0.1 g
zeolite NaP1, concentration (20 - 400 mg/l), temperature 25 °C
without pH adjustment. Their study did not disclose the starting
pH nor the duration of the experiment and cannot be readily
compared with this research. Zeolite NaP1 increased the pH of
metal solution from 5 to 11 without pH adjustment (Moreno et
al. 2001). Increase in pH reduces heavy metal concentration by
precipitation, thus, pH adjustment is required to ensure that
heavy metal uptake is either by ion exchange or adsorption and

not precipitation.

Chaudhuri and Saminal (2011) and Rahman et al. (2016) tested

the removal of lead with commercial activated carbon at pH 5,
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concentration; 10 - 100 mg/l and 6 - 227 mg/Il respectively,
time; 2.5 h and 72 h respectively and S/L ratio; 4 and 2 g/I
respectively. Their results generated 7.5 and 23.4 mg/g
respectively, which were also low compared to 192 mg/g
obtained from this result. Arguably, zeolite NaP1 from this study
has proven to be superior compared to its counterparts from the
literature for lead removal. Although, these studies did not
provide BET areas to compare, available comparable attributes
such as Si/Al ratio, solid/liquid ratio, pH and concentration

range were used to reach this conclusion.

6.2.3 Copper removal

Copper uptake was also tested with NaPl1l.Two experiments
(control and metal uptake) were performed in triplicates. Both
experiments were conducted under the same experimental
conditions such as 150 mg/l copper amount used in 1 | solution
at pH 3.5 over 180 min at 20 £ 2 °C. The control experiment
was performed without NaP1, while, during the metal uptake
experiment, 5 g of NaP1l was used. The control experiment
(Figure 6.5) maintained a steady concentration (150 mg/l) as
the initial concentration without changing over the duration of
the experiment (3 h). This suggests, there was no precipation

of copper under these experimental conditions.
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Figure 6.5: Decrease in copper concentration as a function of
time when 5 g adsorbent is used in 1 | solution. Initial copper
amount= (150 mg/l), pH= 3.5, T= 20 £ 2 °C. Values
presented are mean and standard deviation for the

observation of 3 repetitions.

In contrast to the control experiment, copper concentration in
the metal uptake experiment dropped to 115 mg/l within the
first 15 min and remained constant till the end of the
experiment. This is 35 mg/| reduction in copper concentration.
The observation from Figure 6.5 is indicative of copper uptake
as a result of the presence of NaP1l. The selected equilibrium
time from the copper uptake experiment was 60 min to maintain
a consistent time with zinc and lead experiments in leading to

multi-element experiments and meaningful comparisons.
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The selected equilibrium time was used as the duration for the
equilibrium experiment observed in Figure 6.6. Equilibrium
experiments were performed to determine the maximum copper
uptake for NaP1. Copper solutions with a concentration range
of 80 - 1000 mg/l were mixed with 5 g of NaP1 in 1 | with mixing

speed of 300 rpm, at pH 3.5 and at 20 £ 2 °C.
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Figure 6.6: Amount of copper adsorbed per gram zeolite as a
function of equilibrium concentration of the copper solution
when 5 g adsorbent is stirred in 1 | solution at 300 rpm. Initial
copper amount varied in the range of 80, 120, 150, 500 and
1000 mg/l, pH= 3.5, t= 1 h, at 20 £ 2 °C. The data points

presented are resulted from 3 repetitions.
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NaP1l produced maximum copper uptake of 12 mg/g. This is
reflective of the maximum uptake capacity of NaP1 for copper.
In comparison to zinc and lead from previous experiments,
NaP1 produced the least up-take with copper. The shape of the
isotherm observed from Figure 6.6 is as the Type 1 Langmuir
isotherm, similar to the ones observed with zinc and lead
equilibrium experiments. However, the gentle slope depicting
the copper uptake interaction process, indicates a reduced
affinity of NaP1 for copper compared to lead and zinc. This can
be descriptive of a gradually controlled uptake mechanism
linked with the pore size of NaP1l versus the size of hydrated

copper ions in solution.

The maximum copper uptake capacity for NaP1 obtained from
this study differs from NaP1 of Nascimento et al. (2009): 76.9
mg/g, Alvarez-Ayuso et al. (2003): 50.5 mg/g, and Lee et al.
(2000): 73.5 mg/g. Copper uptake from this research produced
the lowest results of 12 mg/g. Nascimento et al. (2009) and
Alvarez-Ayuso et al. (2003) are the closest comparisons with
this research since they indicated all relevant working
parameters. Nascimento et al. (2009) tested NaP1 for copper
removal from wastewater matrix with the following parameters:
pH ranges 4 - 5, an experimental time of 2 h, a temperature of

25 °C, concentration range 100 - 3000 mg/l and solid to liquid
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ratio of 10 g/l. Their research employed longer contact time, a
higher pH and a higher solid to liquid ratio like Alvarez-Ayuso et
al. (2003). These factors respectively increase metal uptake.
The main difference between their research and this study is the
solid to liquid ratio. As mentioned earlier, a high solid to liquid
ratio implies increased material (available metal uptake sites)
with respect to adsorbate in solution increasing the amount of

metal uptake.

Secondly, high pH values imply a decrease in hydrogen ion
concentration, which tend to compete for metal uptake sites
while high pH above the solubility limit of target elements is also
known to increase the effect of precipitation. The parameters
are notably responsible for either increasing the metal uptake
process or erroneously distorting the actual uptake quantity.
Hence, it is no surprise to see NaP1 from this research produce
such low results for the uptake of copper under these

experimental conditions.

NaP1 has also demonstrated superior metal removal capabilities
(adsorptive capacity), in comparison to other commercial
adsorbents such as activated carbon and clinoptilolite. Table 6.1
shows a summary of adsorbents (commercial activated carbon

and Clinoptilolite) tested by researchers under the same
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conditions as NaP1, to produce metal removal capacity less than
10 mg/g for zinc and copper except lead in one case, 23 mg/qg.
This is a promising development to further display the potential
of NaPl1l as an alternative adsorbent in comparison to

counterparts from literature summarized in Table 6.1.

Page 161 of 313



Heavy metal removal from water/wastewater using fly-ash derived zeolites

Table 6.1: Summary of adsorbent performance of works adopted from Koshy and Singh (2016) and other studies.

_ . Lang. . S/L
F(')‘:i:iih S|IJ?alc1:;(e:s (mg7g) constant pH T(|:1)e Tzeon::;: ) (ﬁ?;;:l') ratio Reference
(1/mg) (g/1)
Cu 73.5 21.91
South Korea Lee et al.,
(NaP1) Pb 266.4 457.29 N/A N/A 25 20 - 400 0.1 2000
Zn 65.8 8.29
Cu 50.5 0.68
Alvarez-
Spain (NaP1) Zn 32.6 1.48 5 6 22 10 - 200 2.5 Ayuso et al.,
2003
Ni 20.1 1.06
Cu 76.9 0.0021
Brazil (NaP1) Zn 59.2 0.0009 ;
45 2 25 100-3000 10  NeSeimento
Pb 194.7 0.0014 et al.,
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Table 6.1: ..o, continued.
_ . Lang. . S/L
F(')‘:i:iih S|IJ?alc1:;(e:s (mg7g) constant pH T(|:1)e Tzeon::;: ) (ﬁ?;;:l') ratio Reference
(1/mg) (g/1)
Malavsia Chaudhuri
Y Pb 7.55 0.17 5 2.5 N/A 10 - 100 4 and Saminal,
(CAC)
2011
Germany Pb 23.42 0.02 Rahman et
(CAC) Ni 3.18 0.131 5 72 N/A 6 - 227 2 al., 2014
Turkey Cu 8.96 1160 Erdem et al.,
(Clinoptilolite) =7 8.75 850 6-7 55 30  100-400 20 2004
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Table 6.1: ..o, continued.
_ . Lang. . S/L
F(I)‘:i:if‘h S|IJ?alc1:;(e:s (mg7g) constant pH T(|:1)e Tzeon::;: ) (ﬁ?;;:l') ratio Reference
(1/mg) (g/1)
Cu 5.91 0.15
Spain Alvarez-
_=pain Zn 3.45 0.11 5 6 22 10 - 200 2.5  Ayuso et al.,
(Clinoptilolite)
2003
Ni 1.98 1.03
UK Cu 3.37 0.11 Motsi et al.,
(Clinoptilolite) 35 6 22 20 - 400 37 2009
P Zn 5.38 0.02
Cu 14.6 0.008 1 80 - 1000
Results —_— This
(NaP1) Zn 34.2 0.009 3.5 6 20 50 - 3500 5 Research
Pb 191.9 0.006 1 50 - 3500
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6.3 Single element adsorption kinetics

The kinetic results for all the metals showed a fast metal uptake
between the metals and NaP1l. More than 80% of the overall
uptake occurred within the first 15 min of the experimental
duration (Sanchez-Hernandez et al., 2018), while the remaining
uptake was slow and gradual until no further uptake. Lead
uptake was the highest as 96 mg/l representing 96% of the
starting concentration was removed in 30 minutes, followed by
copper with 35 mg/l in 15 min and finally zinc with 33 mg/I in
60 min. Zinc uptake took the longest time (1 h) and was chosen
as the equilibrium time for further equilibrium experiments. The
equilibrium time from time study (1 h) was the shortest
compared to other studies on NaP1; Alvarez-Ayuso et al. (2003)

- 6 h, Nascimento et al. (2009) - 2 h.

The fast metal uptake kinetic of NaP1 indicates a quick sorption
time and would be a useful property in industry since time is an
asset in process engineering. The shorter a process, the more
value it obtains as it is preferred to its longer counterparts (time
is money). Reducing the process time of any process, saves
money on labour cost, energy cost and wear of machines used.
This is one-way industries can save money while achieving their

intended targets. This phenomenon is the likely demonstration
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of competition between aqueous ions in solution and could be
explored in industry for selective metal removal. In further
analyses, the kinetic data was tested against the Lagergren’s
kinetic models (pseudo-first and second order models) to

further describe the uptake mechanism.

The pseudo-second order best fitted the kinetic data with a
strong correlation coefficient (R?) of 1 for Pb/Zn/Cu using NaP1
and emphasizing that it was most suitable in describing the
mass transfer phenomenon. The pseudo-second order model
identifies with a heterogenous surface and could either suggest
a chemisorption or an ion-exchange mechanism depending on
the functional group of the adsorbent (Blanchard et al., 1998;
Kumar, 2006). Physisorption is proposed by Blanchard et al.
(1984) with the use of clinoptilolite (natural zeolite), whereas
Ho and McKay’'s (2000) expression was derived assuming
chemisorption and monolayer coverage with peat (Kumar,

2006).

Compared to clinoptilolite and peat, fly-ash derived NaP1 closely
relates to clinoptilolite from the same functional group, thus
indicating physisorption as the main metal uptake mechanism.

Erdem et al. (2004) and Nascimento et al. (2009) also identified
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physisorption as the mechanism governing metal uptake using
the pseudo-second order kinetic model. The rate controlling
step is particle diffusion through the porous channel of fly-ash
derived NaPl1 (Erdem et al., 2004; Hendricks, 2016). Metal
cations are first attracted to the surface of the NaP1 through
weak Van der Waal's forces (electrostatic attraction) and diffuse
through the pores of NaP1l. Diffusion is fast (15 min) but
becomes slow (30 - 180 min) as metals move through the
porous structure since the pore dimensions are close to the
molecular size of the metals mentioned earlier (Erdem et al.,

2004).

6.4 Adsorption isotherms for single heavy metals

Data from the adsorption experiments were evaluated using
Langmuir and Freundlich Isotherm models to determine which
model best fits the experimental data in order to describe and
understand the uptake phenomenon. The Langmuir model,
which assumes a monolayer adsorption on the adsorbent
surface and expressed by a linear plot of Ce/Qe versus Ce is
displayed in Figure 6.7, where, C. is the adsorbate
concentration in the solution at equilibrium, ge is the amount of
solute adsorbed per unit mass of adsorbent, b is the constant

of Langmuir isotherm representing the affinity of the adsorbent
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to adsorbate and relates to sorption energy and gm is the
maximum sorption capacity of the adsorbent at equilibrium. The
constants b and gm are determined from the intercept and slope

of the line, respectively.

80

y = 0.0684x + 8.8779

70 R2 = 0.988 7
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Figure 6.7: Langmuir isotherm model for copper, zinc and lead
(with concentrations of 50, 150, 250, 150, 500, 1000, 2000
and 3500 mg/l) on zeolite NaP1 (dosage 5 g/l) at 20 £ 2 °C

and pH 3.5 at a constant stirring speed of 300 rpm.

The Langmuir model fitted well when tested with the sorption
data obtained for zinc, copper and lead experiments as R?2
values are ~ 0.99 in both cases, as shown in Figure 6.7. As seen

earlier, equilibrium plots for zinc (Fig. 6.2), lead (Fig. 6.4) and
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copper (Fig. 6.6) are like Type 1 isotherm for physical
adsorption classified by Brunauer et al. (1940). This isotherm is
used to describe microporous adsorbents with pore size ~ 0.29
nm (Sharma et al., 2016), not much greater than the molecular
diameter of the sorbate molecule (Pb= 0.266, Zn= 0.166, Cu=
0.164 nm). This is because the adsorbents have a definite
saturation limit corresponding to the complete filling of the

micro-pores (Ruthven, 1984).

However, the Type 1 isotherm is also obtained through the
Langmuir equation and often associated with physisorption than
chemisorption, where, adsorbate molecules are assumed to
occupy a fixed number of well-defined localized sites without
mobility and no interaction with neighbouring sites. The
Langmuir equation could also be applied to mobile physical
adsorption at relatively low coverage, where, adsorbate
molecules are localized due to saturation of the adsorbent
(Ruthven, 1984). Hence, Langmuir isotherm is further

emphasizing physisorption for fly-ash zeolite NaP1.
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Figure 6.8: Freundlich isotherm model for copper, zinc and
lead (with concentrations of 50, 150, 250, 150, 500, 1000,
2000 and 3500 mg/l) on zeolite NaP1 (dosage 5 g/l) at 20 =
2 °C and pH 3.5 at a constant stirring speed of 300 rpm.

However, Freundlich isotherm was also applied in describing
experimental results for Pb, Zn and Cu, which proved regression
coefficients of 0.94 and 0.88 and 0.90, respectively (Figure
6.8). Freundlich isotherm indicates a multilayer adsorption for
heterogeneous surface adsorbents and the existence of van der
Waals attractive forces between the surfaces involved. The
parameters determined from this isotherm; KF (the adsorptive
capacity) and n (degree of heterogeneity) are populated in
Table 6.2.
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Table 6.2: A comparison of NaP1 adsorptive capacities for heavy metals between Langmuir and Freundlich models.

Langmuir Freundlich
Element Adsorptive capacity Langmuir constant Adsorptive capacity Degree of
(ma/g) (b) R2 (mg/g) heterogeneity R2
(n)
Zinc 34.3 0.00906 0.986 2.41 2.70 0.878
Copper 14.6 0.00770 0.988 0.925 2.48 0.901
Lead 192 0.00636 0.991 21.1 3.72 0.941
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The adsorptive capacity and regression coefficient (R2) of
Freundlich compared to Langmuir is low for all metals from
Table 6.2. Hence, Langmuir model was preferred to Freundlich
model, in describing the adsorption isotherm while results from
Freundlich model complemented that of Langmuir model. First,
the degree of heterogeneity (n) shows the intensity of metal
uptake and how the surface of the adsorbent can be
distinguished into different patches with different sorption
energy levels (Dabrowski, 1998). The constant (n) also
indicated chemisorption or physisorption according to Desta
(2013). Thus, a larger (n > 1) value shows a more
heterogeneous system (Do, 1998) and a physisorption
mechanism (Desta, 2013). From the Table 6.2, it is observed
that the n value for all metal adsorption with NaP1 are greater
than 1. This supports the physisorption mechanism suggested
from the pseudo-second order kinetic reaction. The cause of
system heterogeneity is by complex porous structures made up

of micropores of different dimensions (Dabrowski, 1998).

From Table 6.2, lead adsorption demonstrated an n value of 3.7
indicating accessibility to nearly four different heterogeneous
surfaces due to the size of hydrated radius while zinc and copper
had access to 2.5. On average, all the elements had access to

~3 layer/patch sides/heterogeneous surfaces within the zeolite
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framework while ensuring a single layer Langmuir adsorption.
In industrial application, heterogeneous adsorbents with
different patches are made of different energy levels and these
energy levels are filled starting from the patches with the least
energy. Thus, patches last filled are the first to be desorbed
during desorption (Dabrowski, 1998). Similarly, ease of metal
uptake in a multi-element system would follow the order Pb >

Zn > Cu.

The Langmuir isotherm is proven to be the best model in
describing the adsorption phenomenon for all the elements as
it presents a regression coefficient R? approximately 1 and
higher than Freundlich (see Table 6.2). A regression coefficient
value of 0.95>R?>1 represents a 95 - 100% confidence interval
of the experimental data being described by the selected
isotherm, and a compromise (R? < 0.95) results in an inaccurate
description of the experimental data with the selected model
(Nascimento et al., 2009). Thus, a lower regression coefficient
(R2 < 0.95) results in a less accurate determination of
adsorptive capacity and sorption parameters. Nascimento et al.
(2009) used both the Langmuir and Freundlich isotherms in
describing the experimental data as the regression coefficient
for both models was above 0.91 for all metals. Alvarez-Ayuso

et al. (2003) described their experimental data with Langmuir
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as that produced R? values > 0.99 with no reference to
Freundlich. In contrast, works from Lee et al. (2000) fitted best
to Freundlich isotherm than the Langmuir with R? values > 0.82.
Al Lagtah et al. (2011) also used Langmuir model to identify
physisorption as the mechanism of metal uptake for Cd, Cu, Cr
and Zn for commercial activated carbon. Sugiarti et al., (2019)
reported Langmuir isotherm and physisorption (using Gibbs free
energy) of synthetic NaP1 from natural zeolite. This research
concludes on Langmuir model being the best isotherm to
describe the adsorption mechanism behind the metal uptake for
fly-ash derived NaP1 re-enforcing physisorption as the

mechanism.

6.5 Adsorption kinetic models

Adsorption data obtained from the experiments were evaluated
using Lagergren’s kinetic models in order to describe the
kinetics governing the uptake of heavy metals with zeolite
NaPl. From the models tested, pseudo-second order kinetics
best describes the heavy metal uptake process for all heavy
metals tested in this study and adsorbent-adsorbate
relationship as the regression coefficient R2 = 1 for all metals

presented in Table 6.3.
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Table 6.3: Regression coefficients obtained from the kinetic

models applied to the experimental adsorption data.

Lagergren’s Kinetic Regression Coefficients R2
models
Pb Cu Zn
Pseudo-first order 0.039 0.039 0.13
Pseudo-second order 1.0 1.0 0.99

Compared to the pseudo-second order, the first-order model
produced low regression coefficient values, as seen in Table 6.3,
when fitted to the experimental data. This is an indication of a
weak correlation between this model and the experimental data
and would not be suitable in describing the heavy metal uptake

process.
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6.6 Ion selectivity

Cation selectivity of an adsorbent can be influenced by
electrostatic attraction (influenced by hydrated radius), cation
charge, and enthalpy of hydration, sieve action, complex and
precipitate formation (Helfferich, 1962; Hendricks, 2016).
Among these properties, hydrated radius, enthalpy of hydration
and sieve action were selected to explain selectivity of fly-ash
derived NaP1. Effects of cation charge, complex and precipitate
formation were dismissed as all metals are divalent (same
charge) and experiments were performed at pH 3.5 to prevent
the influence of complex formation and precipitation. Maximum
sorption capacity (gm) calculated in Table 6.4 from the Langmuir

model follows this order of cation selectivity Pb%2+ > Zn2*+ > Cu?*.

Table 6.4: Parameters from the Langmuir isotherm model for

NaP1 and heavy metals under observation.

Maximum . .
Parameters . Langmuir Regression
sorption . .
. constant Coefficient,
Element capacity, Qm (b) R2
(mg/g)
Zinc 34.3 0.00906 0.986
Copper 14.6 0.00770 0.988
Lead 192 0.00636 0.991
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This order of metal selectivity is in line with Mohan and
Gandhinathi (2009) for fly-ash; Pb2* > Cd?* > Zn?* > Cu?* >
Mn2*+, However, it differs from the order of cation selectivity
proposed by Zamzow et al. (1990) and Erdem et al. (2004) for
natural clinoptilolite (Co2* > Cu?* > Zn?* > Mn?*), Hui et al.
(2005) for coal fly-ash and zeolite 4A (Cu?* > Cr3* > Zn2+ >
Co?* > Ni?*) according to the adsorption capacity. Again, this
differs from reports published by Steenbruggen and Hollman
(1998), Lee et al. (2000), Sprynskyy et al. (2006) and He et al.
(2015) who reported selectivity as Pb?* > Cu?* > Zn?* for fly-

ash derived NaP1.

The difference may arise from adsorbent properties such as
Si/Al ratio and experimental conditions e.g. pH and solid/liquid
ratio. The Langmuir constants (b) from Table 6.4 for these
elements also followed the order (Zn?* > Cu?* > Pb?*) in
magnitude. As mentioned earlier, a lower magnitude of
Langmuir constant (b) indicates a higher affinity of the
adsorbent for the metal. Thus, results of the Langmuir constant
(b) from this study will follow the order of Pb2* > Cu2* > Zn?*,
in line with Steenbruggen and Hollman (1998) and Lee et al.
(2000). Table 6.5 shows hydrated radius of metals in the order

of Pb2+ > Cu?* > Zn2?* in agreement with Langmuir constant (b),
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where, a lower Langmuir constant (b) indicates a higher affinity

to metals.

Table 6.5: Hydrated vs Un-hydrated radii of heavy metals.
Adopted from Ouki and Kavanagh (1997) and Oter and Ackay

(2007).

Hydrated Un- Enthalpy of Langmuir
Metal y R hydrated p_y 9

Radius Radius hydration constant

(nm) (nm) (kJ/mol) (b)

Zn 0.430 0.0830 -2050 0.00906
Cu 0.419 0.0820 -2100 0.00770
Pb 0.401 0.1320 -1480 0.00636

Thus, a smaller hydrated radius experiences a high electrostatic
force of attraction to the surface of the NaP1, explaining the
higher metal uptake and affinity of NaP1 for Pb2+* than the other
metals. This also implies that less energy is required to attract
Pb2+ than required to attract Cu2* and Zn2*. From Table 6.5, the
hydrated radius of Cu?* is lower than Zn?* and should be
preferred by NaP1 in the order (Cu2* > Zn?*) according to the
size of the hydrated radius. However, the experimental results
show otherwise (Zn2* > Cu?*) in order of metal uptake from
Table 6.4. This can be explained by the enthalpy of hydration

for these metals from Table 6.5.
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During metal uptake from NaP1, hydrated ions may need to lose
their water of hydration in order to diffuse through NaP1 pores
since their hydrated radii is closer to the pore dimensions (0.31
nm x 0.45 nm) and (0.28 nm x 0.48 nm) of the adsorbent
(Alvarez-Ayuso et al., 2003). Enthalpy of hydration (Table 6.5),
represents the affinity of metals to be in solution rather than
the solute phase. Hence, a low absolute value for enthalpy of
hydration indicates ease with which such cations will lose water
and return to the solute phase. This is evident in the order of
heavy metal affinity (Pb2* > Zn2* > Cu?*) observed in this

study.

Therefore, Zn?* is noticed to have a higher metal uptake than
Cu?* because, it can relatively return to the solute phase easier
than Cu2* with the ability to go through the NaP1 micropores.
In addition, Table 6.5 shows Pb2* with the smallest hydrated
radius (0.401 nm) and enthalpy of hydration (-1480 KJ/mol)
among the cations tested (Cu=0.419 nm, Zn= 0.430 nm).
Compared to NaP1 with pore dimensions (0.31 nm x 0.45 nm)
and (0.28 nm x 0.48 nm) and active pore channel ~ 0.29
nanometres (Sharma et al., 2016), it is most likely to be

preferred to its counterparts.
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Although, the un-hydrated radii of all the elements are below
the accessible channels and could get through the zeolite pores,
the metals do not exist as single elements in water but are
bound to water molecules as hexa-aqua complexes, thus
increasing their radii. Therefore, these metals would have to be
stripped of the water in order to pass through the narrow pores
of NaP1.In conclusion, agueous metal cations exist in water as

hydrated ions with radii larger than the pore size of NaP1.

The electrostatic forces of attraction between the surface of the
zeolite and hydrated cations are influenced by the sizes of the
heavy metals. Thus, smaller sized hydrated heavy metals are
most attracted to the surface of the zeolite. Hence, heavy
metals with a low enthalpy of hydration means they can easily
be stripped of water molecules and consequently removed by
NaP1l. Therefore, in describing the ion selectivity process
according to sorption capacity, Pb%2* > Zn2* > Cu?* is in line with
Hendricks (2016) and this is determined by the size of the
hydrated cation and its enthalpy of hydration, while Pb2*> Cu?+
> Zn%* is also in line with Zamzow et al. (1990), Erdem et al.
(2004), Hui et al. (2005), Steenbruggen and Hollman (1998)
and Lee et al. (2000) according to Langmuir constant (b) and
regression coefficient (R?) values obtained from the Langmuir

isotherm.
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6.7 pH determination for multi-element adsorption

Multi-element adsorption experiments were performed with 1 g
NaP1l, mixed in 1 litre of controlled laboratory solution
containing Pb= 11.4 mg/l, Cu= 11.5 mg/l and Zn= 13.3 mg/|
at pH 3.5 and 20 + 2 °C for 1 hour. Leaching experiments were
also performed for comparison by using 1 g NaP1l in 1 litre
distilled water at pH 3.5 in the presence and absence of heavy
metals. Sodium (Na), aluminium (Al) and calcium (Ca) were the
major contributors of the leachates with 37.6%, 37.2% and
18.7% respectively, as shown in Table 6.6. Potassium and
magnesium were also measured to contribute ~4.5% and

1.5%, respectively.

Table 6.6 shows that the quantity of cations released from the
leaching experiment (317.41 + 3.56 mg) was 3 times more than
the one obtained from the multi-element experiment (101.95 +
1.22 mg). This suggests more cations are released from fly-ash
zeolite NaP1 when in distilled water than in a concentrated
heavy metal solution. Thus, the presence of metals within the
laboratory multi-element matrix is apparently inhibiting the

release of cations by 1/3 of the original quantity.
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Table 6.6: Metal composition from leaching experiments with
and without heavy metals at pH 3.5. Conditions: 1 g NaP1
mixed in 1 litre of distilled water (leaching) and water matrix
(37.5 mg/I in total of Cu, Zn and Pb), time: 1 h and
temperature: 20 £ 2 °C.

Number of cations

N f i
umber of cations leaching in the

leaching without

Elements heavy metals presence of heavy
pH=3.5 (mg/1) metals (pH 3.5)
(mg/1)

Na 116 £ 2.14 34.8 £ 0.502

Mg 4.90 = 0.00387 2.12 £ 0.00816

K 14.3 £ 0.209 4.37 £ 0.00976

Ca 57.8 £ 0.595 18.6 £ 0.142

Al 122 £ 0.590 39.6 + 0.468

Fe 2.73 £ 0.0290 2.41 + 0.0910

Total 317 £ 3.56 102 £ 1.22

Although the quantity of cations in both experiments are
different, the proportion of these cations is closely related by a
factor of 3 (Table 6.6). This implies that the proportional
composition of these cations released from fly-ash zeolite NaP1

is constant irrespective of the quantity.

A reduction in cation concentration for Na, Ca, Mg and K was
observed in the presence of heavy metals. Iron amongst other

cations is noticed to be constant from both experiments and can
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be considered a leachate, as it is not influenced by the
presence/absence of heavy metals (see Table 6.6). Thus,
cations with concentrations influenced by the presence of heavy
metal from this observation can be considered as exchangeable
ions (i.e. Na, Ca, Mg and K) while those not influenced can be
classified as leachates (such as Fe). Aluminium concentration

can be considered as extra framework aluminium.

Table 6.7 summarizes the results obtained from multi-element
pH tests, to determine a suitable pH for metal uptake without
precipitation and leaching. The effect of precipitation was
measured by performing a control experiment under the same
conditions without a zeolite. Sodium amount in solutions
increased by 5 times at pH 6.5 and 10.5 compared to pH 3.5.
This may be partially due to the addition of NaOH during the pH

adjustment.
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Table 6.7: Elements leached during multi-element adsorptions at various pH values (10.5, 6.5 and 3.5).
Conditions: 1 g NaP1 mixed in 1 litre of water matrix (37.5 mg/I in total of Cu, Zn and Pb), time: 1 h and
temperature: 20 £ 2 °C.

Concentration of

Leachates heavy metals
adsorbed
pH Na Mg K Ca Al Fe Total removal
(mg/1) (mg/l) (mg/1) (mg/I) (mg/l) (mg/I) (mg/1)
176 + 0.383 = 3.72 £ 5.20 = 0.0160 £
. ) + 13. ) + 0.
10.5 3.893 0.0291 0.205 0.277 0.312 £ 13.2 1.43 0.983 £ 0.350
1.24 + 4,15 + 18.2 = 0.0957 + 0.0212 +
. + 6. 1 £ 3.
6.5 181 +6.95 0.0773 0.0136 1.16 0.0228 0.00701 19.1 % 3.34
34.8 £ 2.12 £ 4.37 * 18.6 = 2.40 £
. .6 £ 0. 3+ 0.
3.5 0.502 0.00816 0.00976 0.142 39.6 £ 0.468 0.910 16.3 £ 0.357
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Aluminium and iron are observed to be prevalent at pH 3.5
compared to other pH because they remain soluble at this pH
and begin to precipitate at higher pH (above 4). On the other
hand, potassium and calcium decreased by 5% and 2%,
respectively from pH 3.5 to 6.5 and further decreased by 15%
and 82% at pH 10.5, respectively. Potassium and calcium begin
to precipitate at high pH 14 and 12 (Neal and Stanger, 1984),
respectively. Thus, their reduced quantity at pH 10.5 in solution
is not resulting from precipitation but possibly due to the low
concentration of heavy metals in solution. Out of all the
leachates in solution, sodium, calcium, potassium and
magnesium are the possible exchangeable ions from the zeolite
with sodium being the dominant exchange ion. This section
signifies that fly-ash derived NaP1 has both ion exchange and
adsorption qualities and either of these properties can be

harnessed under specific pH conditions.

Multi-element and control experiments were performed 3 times
by mixing 1 gram of zeolite NaP1 in 1 litre of 37.5 mg/l multi-
elements (12.5 mg/l for each heavy metals) at various pH
values (3.5, 6.5 and 10) at 20 £ 2 °C for 1 h. The control
experiment was conducted with the same conditions but without

zeolite (Refer to Chapter 5.3).
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Figure 6.9 shows metal uptake of zeolite NaPl in a multi-
element-controlled laboratory solution as a function of pH and
in the absence of precipitation. At pH 3.5, where, the
concentration of H* ions is highest, a low lead uptake is noticed
as seen in Figure 6.9. However, at pH 10.5, where, the lowest
concentration of H* ions are present compared to pH 3.5 and

6.5, the uptake of lead is also lower than at 3.5 and 6.5.

Lead uptake was identified as the lowest amongst the metals at
pH 3.5 but the highest at both pH 6.5 and 10.5. Comparing
conditions of the experiments at pH 3.5, 6.5 and 10.5,
concentration of H* ions is the main separating factor. Although,
there is the possibility of metal competition (Faur-Brasquet et
al., 2002; Rao and Khatoon, 2017) at these pH values, the
uptake of lead is seen to be influenced by the increased
concentration of H* ions. Thus, lead ions are displaced by the
presence of hydroxonium ions in solution (Bhatnagar, 2012;

Surisetty et al., 2013).
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Figure 6.9: Metal uptake as a function of pH, when 1 g zeolite

is mixed in 1 litre solution for 1 h. Initial metal concentration=

12.5 mg/I for each heavy metals making a total of 37.5 mg/I
at T= 20 = 2 °C.

As mentioned earlier, pH > 6 favours the formation of lead
hydroxides and these hydroxides begin to precipitate with
increasing pH since they are insoluble at higher pH. Thus, more
than 95% lead is observed to have precipitated from the control
experiment at pH 11. Copper is noted to exhibit a similar trend
as lead but in a lower quantity at pH 6.5. Competition between
multi-elements may be the major factor determining metal
uptake at pH 6.5 in the presence of low H* ions. In this case,

the metal uptake in terms of magnitude follows the order; Pb2*
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> Cu?* > Zn?*, which is in line with the hydrated radius of the
metals (Steenbruggen and Hollman, 1998; Lee et al., 2000).
This implies that, the size of the metal ions (Pb: 0.401 nm, Cu:
0.419 nm, Zn: 0.430 nm) is influencing the metal uptake
process through NaP1 pore size (~ 0.29 nm) (Sharma et al.,
2016). Thus, the smaller the size of the metal, the higher its
affinity to NaP1 through the forces of attraction exerted by the
adsorbent. As a result, zinc is observed with the least metal
uptake since available sites are competitively occupied by lead

followed by copper at pH 6.5.

However, from Figure 6.9, zinc is seen to obtain its highest
metal uptake at pH 3.5 followed by a decrease in metal uptake
at pH 6.5 and 10.5. Hence, suitable pH for zinc in a multi-
element solution is 3.5 while that for lead and copper are 6.1
and 5.2, respectively. From Figure 6.9, pH 4.2 seemed to be a
point of intersection for lead, copper and zinc, where, an equal
amount of uptake is expected for all the metals and could be
used to adequately assess metal selectivity or remove these
metals in the presence of other substances (selective
adsorption). These pH values would be useful in selective metal
uptake of metals in an industrial effluent to achieve specific
metal concentration limits depending on the composition of that

solution.
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As expected, precipitation was most observed at pH 10.5 with
> 95% of Pb/Zn/Cu ions precipitating from the control
experiments while all the elements showed the least
precipitation at pH 3.5 (< 2.8%). However, at pH 6.5, both
copper and lead showed 23% precipitation while zinc showed
8.9%. This was because both lead and copper begin to form
hydroxides which are insoluble beyond pH 5.3 and 6 for copper
and lead respectively, while zinc beyond pH 7 (Escudero
Espinoza and Rao, 2017). On the other hand, leaching of metals
in NaP1 was observed to be lowest at pH 3.5 and 10.5 but

highest at pH 6.5.

Among the exchangeable elements, sodium (Na), aluminium
(Al) and potassium (K) recorded the highest concentrations of
181, 39 and 4 mg/I respectively. It was also interesting to note
that pH 6.5 recorded the highest multi-element uptake amongst
all three with 19 mg/l removal from 37.5 mg/l while pH 3.5
recorded the second highest 16 mg/l. Hence, a good
compromise between high multi-element uptake without the
effect of precipitation and reduced leachable/ exchangeable
elements was identified at pH 5. This is a significant finding

going forward for multi-element adsorption.
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6.8 Chapter summary

Metal adsorption with NaP1 was in the order of Pb (192 mg/qg)
> Zn (34 mg/g) > Cu (14 mg/g) through Langmuir isotherm
while adsorption also showed lead removal by fly-ash derived
NaP1l as the highest amongst all three metals tested in this
research, recording a maximum 96 £ 0.2 mg/l within 15 min.
Kinetics of metal removal with NaP1 was very fast for all metals
in the first 15 min, followed by a slow uptake afterwards till the
end of adsorption. Equilibrium contact time for NaP1 was 1 h.
The pseudo-second order kinetic model and Langmuir isotherm
were best fits for the adsorption mechanism of NaP1l with
metals. The rate determining step of the uptake mechanism was

the diffusion of metal ions through the pores of NaP1.

NaP1 is identified as a crystal structure with heterogenous
surface for physical multilayer adsorption of metals while ion
selectivity according to sorption capacity was in the order Pb2*
> Zn?* > Cu?*, in line with Hendricks (2016) and this is
determined by the size of the hydrated cation and its enthalpy

of hydration.

The suitable pH for zinc in a multi-element solution is 3.5 while
that for lead and copper are 6.1 and 5.5, respectively. However,

at pH 4.2, all metals are expected to be equally removed from
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solution. These pH values would be useful in selective metal
uptake of metals in an industrial effluent to achieve specific
metal concentration limits depending on the composition of that
solution. The available sites for multi-element heavy metals
irrespective of pH is ~ 16 mg/g zeolite at 20 £ 2 °Cin 1 h

(maximum contact time) without the influence of precipitation.
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7 Regeneration Study

7.1 Introduction

This section describes a preliminary baseline regeneration study
to serve as a foundation for the final test. The purpose was to
feed relevant information from this test into the final stage of
metal regeneration. The parameters of interest in the
preliminary regeneration tests were effect of time, pH and

concentration of solution.

7.2 Regeneration tests

Copper was selected for the preliminary regeneration tests as
its affinity towards NaP1 was between lead (highest affinity) and
zinc (lowest affinity). Hence, these preliminary results would not
be either over/under-estimating the potential of NaP1 for
regeneration. Removed copper was recovered using HCI, NaOH
and NaCl solutions from 0.5 g NaP1 loaded with 3 mg of copper,
with different concentrations (1 M, 3 M and 5 M) at different
pH=1, 3.5, 5 up to 24 h at 20 £ 2 °C in a batch system. The
regeneration agents were selected due to the ease of
accessibility on industrial scale and their history of being

efficient agents from previous research (Katsou et al., 2011).
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Table 7.1 outlines the conditions investigated for several

experiments.

Table 7.1: Parameters/conditions investigated during the

regeneration study of 0.5 g NaP1 loaded with 3 mg of copper.

Regen. Conc. pH Time pH adjustment
Soln. solution
3 M 5 24 h 1 M NaOH/ 37% HCI
NaCl 3 M 3.5 24 h 1 M NaOH/ 37% HCI
5M 3.5 24 h 1 M NaOH/ 37% HCI
1M 3.5 6 h 5 M NaOH/ 37% HCI
el 1M 1 6 h 5 M NaOH/ 37% HCI
NaOH 3M 3.5 6 h 1 M NaOH/ 37% HCI

Figure 7.1 displays the results from 1 M HCI regeneration of
copper at pH (1 and 3.5) for 6 h while Figure 7.2 shows the
results from 3 M NaCl regeneration at pH (3.5 and 5) for 24 h.
From Figure 7.1, maximum copper (0.12 mg / 3 mg) is
recovered in 1 h with 1 M HCI at both pH. pH change was noticed
not to have a significant influence on copper regeneration by 1
M HCI at pH 1 or 3.5. Both experiments are observed to show

the same trend over time.
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3 M NaCl regeneration was also tested for copper recovery from
Figure 7.2 at different pH (3.5 and 5). Results also demonstrate
0.3 mg copper recovered from spent zeolite NaP1 in 24 h. Unlike
HCI, regeneration with NaCl is slow and took 24 hours to attain
its maximum recovery potential of 0.31 mg copper. However,
50% of 0.31 mg copper recovery occurred within the first 2
hours with NaCl (both pH 3.5 and 5). Hence, both HCI and NaCl
were unable to produce above 10% copper recovery from 0.5 g
zeolite. The performance of 3 M NaCl remained the same when
compared at pH 3.5 and 5 (see Figure 7.2) like results from HCI
regeneration (Figure 7.1). Thus, pH had no significant effect on

the amount of copper recovered.
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1M HCL (PH 1)
4.7 4

1M HCL (PH 3.5)
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Figure 7.1: Amount of copper desorbed from 0.5 g NaP1
(loaded with ~3 mg copper) as a function of time. Conditions:
1 MHCI, pH1and 3.5, t=7 hat 20 £ 2 °C.
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Figure 7.2: Amount of copper desorbed from 0.5 g NaP1
(loaded with ~3 mg copper) as a function of time. Conditions:
3 M NaCl, pH 3.5 and 5, t= 24 h at 20 £ 2 °C.

3 M NaCl produced 10% copper recovery (equivalent to 0.30
mg copper) within these conditions as seen from Figure 7.2.
Figure 7.3 compares regeneration with 3 M NaOH and 5 M NaCl,
at pH 3.5. All these experiments were performed at temperature
20 £ 2 °C and contact time of 24 hours except for NaOH at 6 h.
However, an increase in NaCl concentration from 3 to 5 M
caused three times desorption (~ 1.0 mg) obtained for copper

within 24 h (Figure 7.3).
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This may be due to an increased concentration gradient created
in solution by the increase of initial Na* and compelling the
exchange of copper from the zeolite structure. Thus, a strong
ion exchange mechanism is witnessed as the main driving force
for desorption from these experiments. Comparing regeneration
between 3 M NaOH and 3 M NaCl both at pH 3.5, temperature
20 £ 2 °C and time 6 h, 24 h respectively from Figures 7.2 and
7.3; 3 M NaOH solution is observed to produce a maximum (1
mg copper equivalent to 30%) desorption from the spent

zeolite at pH 3.5.

1.2

5 M NaCl (pH 3.5)

1.0
0.8
3 M NaOH (PH 3.5)

0.6

0.4

Amount of copper desorbed in
solution (mg)

0.2

0.0 &
0 5 10 15 20 25 30

Time (h)

Figure 7.3: Amount of copper desorbed from 0.5 g NaP1
(laden with ~3 mg copper) over time. Conditions: 3 M NaOH,
pH 3.5, t=6 h; 5 M NaCl pH 3.5, t= 24 h at 20 £ 2 °C.
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Table 7.2 proves that there is little or no difference between the
two regeneration agents in molarity/quantity of Na* ions
present in solution, although they differ in efficiency. This
indicates that the presence of anions (such as ClI- and OH") in
solution possibly influences regeneration; more so, the type of
anion attached to the exchanging cation from the regenerating

agent.

Table 7.2: Initial cation quantity present in regeneration

solutions.

Cation quantity in 100 ml Regeneration

Cations

solution agents

6.904 g Na+* 3 M NacCl
11.506 g Na+* 5 M NacCl
6.897 ¢g Na* 3 M NaOH

Fly-ash derived NaP1 has demonstrated a similar preference for
potassium to sodium ions such as other natural zeolites
including Clinoptilolite, Philipsite, Chabazite and Mordenite as
shown by Ouki et al. (1994). Katsou et al. (2011) investigated
the potential of regeneration agents (HNOs, KCI, NaCl and
NH4Cl) for lead and zinc removal from Clinoptilolite and their
findings identified KClI to possess superior regeneration
efficiency compared to its counterparts. Erwe et al. (2003)

treated zinc-loaded synthetic zeolite P (57 mg/I) with 20 wt%
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NaCl at pH 5 and obtained 95% desorption. Chunfeng et al.
(2009) also used 5% NaCl to achieve 93% Cu?* and 86% Zn?2*
recovery from spent synthetic zeolite A (50 mg/l) at pH 3.
Although, there is no present information concerning
regeneration study of NaP1, the performance of potassium over
sodium and hydrogen is in order with ion selectivity according
to electrostatic forces of attraction (Na* > H*) (Hendricks,

2016).

Following results from the regeneration experiment, both XRF
and XRD scans of the regenerated zeolite NaP1 were taken to
evaluate the regeneration results. The XRF scan was conducted
to verify the presence of unrecovered copper trapped in the
zeolite matrix while the XRD scan was to confirm the possibility
of structural changes (wet stability) to the zeolite after

regeneration.

7.3 Validating regeneration with XRF scan

Parameters displayed in Table 7.3 were obtained through
different means to validate the metal recovery process and are
described in this section. Copper adsorbed was calculated as the
difference between initial copper concentration and final copper
concentration through the ICP-MS from adsorption

experiments. Copper desorbed was also obtained through the
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ICP-MS as the quantity of copper in solution after regeneration.
Copper expected in zeolite was obtained from the difference
between adsorbed and desorbed copper amounts. However,
copper present in zeolite after regeneration was determined

through X-ray fluorescence scan of the regenerated sample

All measurements were with 0.5 g zeolite and in 100 ml volume
of regeneration solution. Values reported in Table 7.3 are
precisely the mass of copper obtained in mg from one
experiment. Results from the XRF scan in Table 7.3 show the
amount of unrecovered copper in the zeolite is less than the
expected amount after regeneration for all regeneration agents.
Si/Al ratio values are noted to have reduced to 66% of the
original zeolite sample. It had been established earlier by
Chunfeng et al. (2009) that possible collapse of the zeolite
structure in acidic mediums (pH 3.5 during adsorption and
regeneration) could prevent the recovery of copper by trapping

the metals completely.
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Table 7.3: A summary of regeneration results showing copper amounts from 0.5 g zeolite before and after

regeneration and comparing that to desorb copper amount with the expected amount.

Copper .
Copper Copper expected in Cu present in

. . . zeolite after Si/Al

Experimental conditions adsorbed desorbed zeolite after . .
. regeneration ratio

(mg) (mg) regeneration (mg)
(mg)

3 M_NaCl_pH3.5_24h 2.9 0.38 2.6 0.11 1.0
1 M_HCI_pH1_6h 2.9 0.22 2.7 0.012 0.91

5 M_NaCIl_pH3.5_24h 3.2 1.1 2.2 0.12 1.0
3 M_NaOH_pH3.5_6h 3.1 0.90 2.2 0.070 0.80
1 M_HCI_pH3.5_6h 3.1 0.12 3.0 0.021 0.82
Original zeolite sample n/a n/a n/a n/a 1.51
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XRF scans of the regenerated samples (0.5 g) further proved
structural changes as the constituent elements of fly-ash
derived NaP1 had changed compared to the original sample
(Figure 7.4). Figure 7.4 shows a significant difference in
material or elemental composition between the spent and
original NaP1 zeolite. All the regeneration conditions showed an
increase in aluminium quantity depicting a structural change in
the crystallinity of the spent zeolite compared to the original.
Hence, altering the Si/Al ratio between (24 = 14%) across all

samples against the original sample.
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Figure 7.4: Constituents of regenerated zeolite (0.5 g)
determined by XRF scan. Conditions; ("3 M_NaCl_PH3.5_24h","
1 M_HCI_PH1_6h","5 M_NaCI_PH3.5_24h","3
M_NaOH_PH3.5_24h"," 1 M_HCI_PH3.5_6h","Original").
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A low Si/Al ratio has previously been established in this research
as a sign of poor adsorption capabilities for an adsorbent. All
other regeneration agents displayed a Si/Al ratio < 1. Samples
from NaCl regeneration with Si/Al ratio of 1, known as Maximum
Aluminium P (MAP; a different kind of zeolite used for
detergents) (Lugman, 2012) may have been created. The
resulting NaP1 obtained after first regeneration at pH 1/3.5 was
identified as different from the original unused NaP1 but could

be further studied using XRD scans.

7.4 Validating regeneration with XRD scan

X-ray diffraction analyses were made of the regenerated
samples to validate the results and completely understand what
was happening during the regeneration process for different
regeneration solutions. X-ray diffraction patterns shown in
Figure 7.5, demonstrates crystal units of the regenerated
samples. NaP1 peaks in fly-ash derived NaP1 identified prior to
adsorption and regeneration (at 12.5, 18, 22, 28 ©) are noticed
to have been lost, whereas, quartz and mullite peaks (at 16.5,
21, 26, 26.5, 31.2 and 41 ©) are observed to increase in
intensity. Zeolite NaP1 may have degenerated/decomposed into
its mineral forms after regeneration at pH 3.5. This might be
the result of a structural collapse in acidic medium (Chunfeng

et al. 2009).
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Figure 7.5: XRD scan comparing the structural integrity of regenerated NaP1 to the original. Conditions:
("3 M NaCl_pH 3.5_24 h","1 M HCl_pH 1_6 h","5 M NaCl_pH 3.5_24 h","3 M NaOH_pH 3.5_24 h","1 M

HCI_pH 3.5_6h","Original") at 20 + 2 °C.
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Hence, the increase in the aluminium and silicon composition
from the XRF experiment in Figure 7.4, compared to the original
NaP1 is the decomposition of the crystal lattice from the zeolite
structure back into the starting material (parent material;
quartz and mullite). The structural collapse is the possible result

of dealumination during regeneration at pH 3.5 for long hours.

The spent NaP1 from both XRF and XRD scans give evidence of
structural and compositional alteration at pH 3.5 and 1. This
demonstrates that low pH range (1 - 3.5) are not suitable

working ranges for zeolite NaP1.

A final experiment was performed to identify which pH would be
suitable for further adsorption and regeneration process. Hence,
0.5 g NaP1 was mixed in 100 ml distilled water of different pH
(3.5, 5and 10) at 20 £ 2 °C for 24 hours. The filtered NaP1 was
air-dried and scanned with the XRD scan and the results

produced shown in Figures 7.6, 7.7 and 7.8.
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Figure 7.6: XRD scan comparing the structural integrity of NaP1 to the original after contact with distilled water at

pH 3.5 for 24 h.
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Figure 7.7: XRD scan comparing the structural integrity of NaP1 to the original after contact with distilled water at

pH 5 for 24 h.
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Figure 7.8: XRD scan comparing the structural integrity of NaP1 to the original after contact with distilled water at
pH 10.5 for 24 h.
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Figure 7.6 shows the XRD scan of NaP1l mixed with distilled
water at pH 3.5 compared with the original sample. It can be
observed that NaP1 peaks previously at 12.5, 17.8, 21.5 and 28
O, were lost after the experimental process whereas an increase
in intensity of mullite and quartz peaks was noticed. This
suggests the dissolution of NaP1 crystals into solution leaving

the mullite and quartz impurities.

In contrast, the XRD scan of NaP1l from both experiments
performed at both pH 5 (Figure 7.7) and 10.5 (Figure 7.8)
indicate peaks at 12.5, 17.8, 21.5, 28 and 33.3 6, similar with
the original NaP1.This experiment confirms claims of Chunfeng
et al. (2009) of structural instability of NaP1 in an acid medium,
making pH 5 the most preferred option for both metal removal

and recovery process.

7.5 Determining optimum regeneration time

Following this observation, potassium chloride (KCl), sodium
chloride (NaCl) and hydrochloric acid (HCI) were used in
determining the optimum time for copper recovery in the
second phase of regeneration tests at pH 5. The adsorption

experiment ensued with a 1 | stock solution of 50 mg/| copper
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concentration being prepared in a volumetric flask using copper
nitrate. Zeolite sample (0.5 g) was mixed with 100 ml of 50
ppm copper solution in a 200 ml beaker for metal removal. The
mixture was stirred at 300 rpm for 3 h while maintaining a pH
5 with 68% HNO3z and 1 M NaOH solution. After 3 h, the mixture
was centrifuged at 4000 rpm for 6 min to separate the liquid
from the solid. The liquid was filtered with Minisart 0.45 pm
syringe filters for ICP analyses while the filtrate was used for
regeneration tests. Regeneration experiments were performed
with acid (HCIl: 10> M), and salts (NaCl and KCl) of 3 M
concentration at pH 5 for 24 hours at temperature 20 £ 2 °C in
a batch system. Results from the metal removal process are

displayed in Tables 7.4 and 7.5.

The regeneration experiment was performed shortly after, when
0.5 g dried zeolite samples obtained after the adsorption was
mixed in a 100 ml of fixed regeneration solution at pH 5 over a
period of 24 h at 20 £ 2 °C. Samples (1 ml) were taken at time
interval (e.g. 15 min, 30 min, 1 h, 3 h, 6 h, 24 h), filtered
through a 0.45 pm syringe filter and diluted with distilled water
by 10ml for ICP analyses. The regeneration process was then
repeated 3x for the selected regeneration solutions (KCl, NaCl
and HCI). Results from this experiment are displayed in Table

7.6.
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Figure 7.9: Results from copper removal experiment, mixing
100 ml copper solution of (50 mg/Il) with 0.5 g NaP1 at pH 5,
temperature 20 £ 2 °C. Samples were taken at time 15, 30

mins, 1 and 3 h.

Figure 7.9 shows the result of control and copper removal
experiments at pH 5. From the Figure 7.9, distilled water is
noted not to have copper before the preparation of the stock
solution. The initial concentration of the stock copper solution
was measured as 46.59 + 0.15 mg/l and observed to reduce
over 3 hrs to an average of 1.63 * 0.15 mg/l across all three
repeats. At the end of the adsorption experiment, 96.51 £ 0.1%
copper was calculated to have been removed from solution by
NaP1l. On the other hand, the concentration of copper in the
control experiment was observed not to have changed during

the experiment period using the same conditions. It can be
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concluded that copper removal was only by the presence of
NaP1 and not precipitation. Following this observation, repeated
adsorption experiments were performed under the same

conditions for 3 hours without sample extraction and tested.

Table 7.4 shows results from repeated copper adsorption
experiment for 3 hours without sample extraction under the
following conditions: 0.5 g of NaP1 used for copper removal of
concentration 50 mg/l of 100 ml volume at temperature 20 £+ 2

°C and pH 5.

Table 7.4: Results from repeated copper removal experiment
for 3 h without sample extraction under the following
conditions: 0.5 g of NaP1 used for copper removal of

concentration 50 mg/l of 100 ml volume at 20 + 2 °C and pH 5.

Mean Cu concentration in

Sample solution (mg/l)
Initial 46.36 = 0.43
3h 2.88 £ 0.97
Cu removed 43.48 = 0.97

Similar quantity of copper removal was noticed for all repeated

experiments from Table 7.4, indicating an average of 43.5 £
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0.979 mg/l, when compared to results from previous Figure 7.9.
A confirmation of the method was necessary to confirm the
expected copper removed as the spent NaPl was used for

subsequent regeneration tests.

Following the copper removal experiments, copper regeneration
was attempted with 10> M hydrochloric acid (HCI), 3 M
potassium chloride (KCl) and 3 M sodium chloride (NaCl) at pH
5. This was done to determine the best regeneration solution
and conditions suitable for metal recovery from spent NaPl.
Table 7.5, shows the mean and standard deviation of triplicate
results obtained from the regeneration experiments for 24
hours, performed with 0.5 g spent NaP1 laden with ~ 4.5 mg
copper and mixed with 100 ml of selected regeneration

solutions (HCI, KCI, NaCl) at pH 5 and temperature 20 £ 2 °C.

The results indicate a quick metal recovery process for 3 M NaCl
compared to HClI and 3 M KCI, however both NaCl and KCI
produced the same quantity of copper (~ 13 mg/Il) in solution
within 3 hours, equivalent to 30% copper. On the other hand,
HCI managed about ~ 15% copper recovery (from spent NaP1
over the same 3 h period, which is half the amount of copper
recovered using NaCl and KCI. Potassium chloride (KCI) solution

recorded the highest copper recovery in 24 hours (37%)
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compared to sodium chloride NaCl, (32%). It is noteworthy that
the selected regeneration time according to all the experiments
is 3 hours since the increase in metal recovery over the
remaining 21 hours yielded little results or made no significant

change.

The pH of all regeneration solutions was set at 5 meaning that
the hydrogen ion concentration was a common condition across
all regeneration solutions. This condition can be described as
the exact concentration of HCI (10> M HCI). Strong acids
dissociate completely in water to produce hydrogen ions of the
same concentration as the acid. Thus, preparing a 10> M HCI
means, the solution would have the concentration of H* ions as
10> M which is equivalent to pH 5. This demonstrates that all
the regeneration solutions had 10> M H* ions at pH 5 as a
common denominator (e.g. 3 M NaClatpH 5 = 3 M Na/Cl + 10°
> M H*). Hence, conditioning the regeneration solution at pH 5
already influences metal recovery and this effect can be
quantified as ~ 15% copper recovered (demonstrated in Table

7.5).
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Table 7.5: Mean and standard deviation of triplicate results obtained from the regeneration experiments for 24 h,
performed with 0.5 g spent NaP1 with ~ 4.5 mg copper and mixed with 100 ml of selected regeneration solutions
(HCI, KCI, NaCl) at pH 5 at 20 £ 2 °C.

Time Mean Cu Conc. Cu
3 M NaCl (h) Control Exp.1 Exp.2 Exp.3 /0.5g NaP1 (mg/g) Mmol/g
0 0.02 0.00 0.00 0.00 0.00 = 0.00 0.0 0.0000
0.25 0.03 9.29 9.12 8.80 9.07 £ 0.25 1.8 0.0285
0.5 0.02 10.61 10.02 10.10 10.24 £ 0.32 2.0 0.0322
1 0.00 11.72 10.79 11.17 11.23 £ 0.46 2.2 0.0353
3 0.00 13.13 13.02 12.33 12.82 £ 0.43 2.6 0.0404
24 0.00 15.32 14.63 13.43 14.46 £+ 0.95 2.9 0.0455
10> M Time Mean Cu Conc. Cu
HCI (h) Control Exp.1 Exp.2 Exp.3 /0.5g NaP1 (mg/g) Mmol
0 0.07 0.14 0.09 0.00 0.08 = 0.07 0.0 0.0003
0.25 0.11 3.70 3.58 3.49 3.59 = 0.10 0.7 0.0113
0.5 0.17 4.21 4.11 4.18 4.17 £ 0.05 0.8 0.0131
1 0.17 5.36 5.02 5.28 5.22 £ 0.18 1.0 0.0164
3 0.15 6.56 6.45 6.64 6.55 = 0.09 1.3 0.0206
24 0.19 5.83 5.95 5.62 5.80 £ 0.17 1.2 0.0182
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Table 7.5: e continued.

Time Mean Cu Conc. Cu
3 M KClI (h) Control Exp.1 Exp.2 Exp.3 /0.5g NaP1 (mg/g) Mmol
0 0.02 0.00 0.00 0.00 0.00 £ 0.00 0.0 0.0000
0.25 0.01 7.27 7.41 7.07 7.25 £ 0.17 1.5 0.0228
0.5 0.01 8.43 8.24 8.88 8.52 £ 0.33 1.7 0.0268
1 -0.03 9.94 10.01 9.66 9.87 £ 0.19 2.0 0.0311
3 -0.04 12.79 12,99 13.51 13.10 + 0.37 2.6 0.0412
24 -0.04 15.81 16.91 17.38 16.70 + 0.80 3.3 0.0526

Page 215 of 313



Heavy metal removal from water/wastewater using fly-ash derived zeolites

In view of this, the actual effect of each regeneration solution
without the influence of H* can be identified as ~ 15% copper
recovery for both potassium chloride and sodium chloride in 3
hours. However, it should be noted that without pH
conditioning, metal recovery is almost impossible thus making
hydrogen ions a necessary element and can be classified as a
catalyst in the regeneration process. In industrial application of
the regeneration process, 3 - 4 successive regeneration stages
would be required to obtain above 95% metal recovery. Unlike
pH 5, pH 3.5 was not a suitable condition as identified from
previous regeneration experiments. As mentioned before, the
strong acidity at pH 3.5 possibly washed off the elements (Al,

Na and Si) responsible in forming the NaP1 structure.

It is noteworthy that both salts obtained the same amount of
copper recovery in 3 h (29% copper recovered), representative
of 2.6 mg/g zeolite. 10> M HCl produced ~15% of copper
recovery in 3 h. The effective regeneration time according to
the kinetics of the copper recovery process was identified as 3
h for all the regeneration agents (NaCl, KCl and HCI) since the
remaining 4 - 5% increase in copper recovery was observed in
the final 21 hours. This was a positive result as 3 successive
regeneration processes could be used to achieve a 100% copper

recovery in less than 8 h (1 working day). Again, the process
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will not require much acid dosing to maintain pH 5 and would
also use cheap or readily accessible salts (NaCl and KCI) as
regeneration agents, which are environmentally friendly. The
downside is the concentration of the salts, which can be
explored further as the final concentration of salt needed to
achieve this recovery may be far lesser than what was used in

this experiment.

To the best of knowledge, there is no current work on the
regeneration of NaP1 to date in literature. Fly-ash derived NaP1
has demonstrated a similar preference for potassium to sodium
ions such as other natural zeolites such as Clinoptilolite,
Philipsite, Chabazite and Mordenite as shown by Ouki et al.
(1994). Katsou et al. (2011) investigated the potential of
regeneration agents (HNO3, KCI, NaCl and NH4Cl) for lead and
zinc removal from Clinoptilolite and their findings identified KCI
to possess superior regeneration efficiency compared to its
counterparts. Erwe et al. (2003) treated zinc-loaded synthetic
zeolite P (57 mg/l) with 20 wt% NaCl at pH 5 and obtained 95%
desorption. Chunfeng et al. (2009) also used 5% NaCl to
achieve 93% Cu?* and 86% Zn2?* recovery from spent synthetic
zeolite A (50 mg/l) at pH 3. This study obtained 30 - 35%
copper recovery (2.6 mg/g NaP1) with 3 M KCl and NaCl in 3 h

at pH 5 in one cycle and could be used in successive cycles.
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The scope of regeneration studies was limited to a few
substances namely potassium chloride, sodium chloride and
hydrochloric acid with pH and duration/period of experiment as
two parameters of many to be assessed. This is mainly due to
the limited amount of synthesized NaP1. Other parameters that
could be studied further are the minimum concentration of
regeneration solution required to obtain optimum percentage
metal recovery, effect of temperature on regeneration and the

influence of anions present in regeneration solutions.

7.6 Chapter summary

Suitable pH for metal removal and regeneration is pH 5 while
the optimum time for efficient metal removal and recovery is 1
h and 3 h respectively. Successive regeneration would be
required as a maximum of 30 - 35% regeneration is obtained
with both KCI and NaCl salts. XRF and XRD scans were used to
validate dealumination at pH below 5 within a contact time of
24 h while pH 5 was identified as the most suitable for NaP1

performance.
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8 Pelleting study

8.1 Introduction

In line with health and safety and handling of adsorbents,
pellets are preferred to powder adsorbents. Hence, this section
aims at converting NaP1 powder into pellets and testing it for
lead and multi-element adsorption. An NaP1 pellet was
characterized by nitrogen adsorption to identify surface area,
pore volume and nature of pores. Comparisons were drawn with
commercial 3A pellet while mole-based adsorption values were
used to identify trends and competition in multi-element

adsorption.

8.2 Adsorption using NaP1 pellets

Fine powder NaP1 of particle size from 2.99 - 91.64 uym were
used in the hydraulic press. The hydraulic press is used in
preparing disc shaped tablets with the aid of applied pressure
to a die assembly. The pelleting tests started with identifying
the amount of NaP1 powder required to produce durable pellets
of similar sizes to current industrial liquid phase granular
activated carbon (e.g. 2.38 x 0.59 mm, 1.68 x 0.84 mm, 1.68

X 0.42 mm and 0.84 x 0.30 mm).

Hence, 0.20 - 0.05 grams of zeolite powder was used for the

experiments while the loading was optimized between 3 - 5 tons
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as specified by the manufacturers for a 10 mm die assembly.
Duration of the loading was optimized between 1- 10 mins as a
longer duration implied a longer pellet preparation time, making
the process industrially unattractive. Table 8.1 gives a
summarized outlook of the tests performed through optimizing

the above-mentioned parameters to achieve the desired results.

Table 8.1: Summary of pelleting parameter optimization tests.

Zeolite Time Load Water Binder . .
amount . Drying Conditions
9) (mins) (tons) wused used
0.20 5 5 No No No Breaks
0.10 5 5 No No No Most
suitable
0.05 5 5 No No No Very thin
Identify the most appropriate mass
0.10 1 5 No No No cracked
0.10 5 5 No No No > was
maintained
0.10 10 5 No No No cracked
Identify the most appropriate time
0.10 5 5 No No No Max used
0.10 5 4 No No No cracked
0.10 5 3 No No No cracked

Identify the most appropriate loading

Pelleting parameters were discarded on observation, when the
final product formed (pellets) had cracks or did not maintain a
disc shape after removal from the die assembly. Perfectly
formed pellets were then taken for further characterization

tests.
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8.2.1 Amount of zeolite required

The first parameter to be tested was amount of zeolite required
for pelleting. When 0.05 grams was pressed with 5 tons
(maximum loading for a 10 mm die) loading for 5 min, the
product obtained was a thin wafer disc-shaped pellet, which was
cracked after removal from die. Following this experiment, 0.20
g zeolite was pressed under 5 tons loading for 5 min and the
results proved negative as the pellet formed had cracks. When
0.10 g was used under the same conditions, a well-formed disc
shaped pellet without cracks was obtained, as shown in Figure

8.1. Table 8.1 shows a matrix of the experiments described.

Figure 8.1: Pellet pressed from 0.10 grams NaP1 powder using

5 tons loading for 5 min.
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Hence, 0.10 g of zeolite was maintained throughout the rest of
the pelleting experiments as the amount to produce the desired

disc-shaped pellets.

8.2.2 Loading pressure

The loading pressure was selected from the user manual of the
hydraulic press and is presented in Table 8.2. Hence, for a 10
mm die pressing assembly, the appropriate loading pressure
was assessed between 3 - 5 tons, where, 3 tons is the typical
loading and 5 tons was the maximum loading. A precaution was
taken not to exceed the maximum loading for the die assembly

to prevent damaging the equipment.

Table 8.2: Manufacturer’s typical loads to producing quality

pellets.
. e Typical load Maximum load
Die Size (mm) (tons) (tons)
5 1.25 2.0"
10 3.0 5.0"
13 7.0 10.0"
20 18.0 25.0"
32 25.0 50.0"
40 25.0 85.0"

* Warning: Do not exceed the maximum load.
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Using the maximum, mid and minimum loading pressure (5, 4
and 3 tons, respectively), experiments were performed by
pressing 0.10 grams zeolite powder for 5 minutes (Table 8.1).
Compared to 5 tons, both 3 and 4 tons did not produce the
required pellets in 5 min as their compressive force was not
enough to put the particles together. However, when 5 tons
loading pressure was used, the resulting pellet was compact
without loose particles (Figure 8.1). Hence, 5 tons loading

pressure was maintained as the optimal loading pressure.

8.2.3 Loading pressure time

The period of compression was assessed with the aim of
obtaining the appropriate time to maintain loading pressure.
Determining the most appropriate time was important to
identify the cost-effectiveness of the hydraulic press. A longer
time would render the process unattractive although pellets are
achieved while a shorter time without achieving pellets would
not meet the aim of this study. This section of pelleting study
was conducted with pressing of 0.10 g zeolite with 5 tons of
loading pressure for 10-15 seconds as instructed by the manual.

However, there was no pellet obtained during this timeframe.

Table 8.1 indicates the time periods tested to obtain a pellet of

zeolite NaP1. When 1 min loading time was used, particles of
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zeolite NaP1 powder were loose and unable to form pellets.
Conversely, when 10 min loading time was used in experiment
6, the pellet formed were cracked into pieces. This might be the
over-compression of particles beyond the point of tablet
formation, where, the tablet begins to break into pieces. Again,
over-compression is likely to close the possible formation of
macro pores. Finally, when 5 min loading time was assessed, it
proved to produce the best pellet without cracks and this time
was kept constant throughout this study. The pelleting study
was concluded on the following parameters: 0.10 g of NaP1
zeolite powder compressed with 5 tons loading pressure for 5
min produced the best quality pellets. These pellets were
obtained without the aid of a binder or water as this has been

the norm in the past to obtain pellets from powder.

8.3 Characterization of pellets

Characterization was performed to identify the quality and
properties of pellets obtained. Pellets were dried in the oven at
150 °C for 2 hours to draw out all forms of moisture and trapped
gases before storage. The pellets were tested for pore size, pore
distribution, pore volume, cation exchange capacity and

adsorptive capacity.
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8.3.1 Nitrogen adsorption isotherms

Surface area and pore size characterization of both NaP1
powder and pellet were performed with nitrogen adsorption
isotherms. Figure 8.2 shows the N> isotherms. The adsorption
and desorption isotherms observed for both powder and NaP1
pellet are as Type II IUPAC classification with an H3 hysteresis
loop. This is characteristic of a mesoporous material of pore size
between 2 and 50 nm. The Type II isotherm (adsorption) is
indicative of an unrestricted monolayer — multilayer adsorption
while the H3 hysteresis loop (desorption) represents a non-rigid

aggregate of plate-like particles forming slit-shaped pores.

Sections of nitrogen adsorption and desorption isotherms below
the region (P/P° < 0.05) shows the presence of micropores
whereas sections in the region (P/P° > 0.06) demonstrates
larger pores filled at higher pressure. Section A (0.01 > P/P° <
0.06) of the plot also known as the knee, shows the region
ending monolayer adsorption coverage of adsorbent surface.
Section A is observed to be dense with several points along the
plot, which spreads out with increasing relative pressure (P/P°).
This is evidence of low-pressure uptake of nitrogen gas over
NaP1 surface without the need of excessive force indicating
accessible micro-pores, which can take a limited quantity of

nitrogen gas.
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Figure 8.2: Nitrogen adsorption/desorption isotherms for NaP1

powder and pellets at 77 K.

Section B shows the region of multilayer adsorption and this
begins from relative pressure 0.06 > P/P° < 0.45, where, larger
pores are accessed. Thus, the volume of nitrogen adsorbed is
seen to increase gradually with an increase in relative pressure.
At section C, where, the curve is observed (P/P° > 0.50), a high-
pressure behaviour is noticed of the isotherm indicating
capillary condensation. This is caused by the clogging of
available pores generated by the increasing film thickness of
multi-layered adsorbates along the sides of the pores.

Comparing the adsorption isotherm of NaP1 powder to pellet in
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Figure 8.2, the volume of nitrogen gas adsorbed across the
entire plot of NaP1 pellet is lower than NaPl1 powder. This
suggests that the reduction in pore volume of NaP1l pellet

caused by pelleting/compression of NaP1 powder.

However, sections along the isotherm follow a similar pattern.
Desorption isotherm is also seen to follow the same pattern,
where, the hysteresis loop generated by the NaP1l powder is
wider than that of the NaP1l pellet. The wider hysteresis loop
present in the NaP1l powder is the result of low volume of
nitrogen retrieved during desorption from narrow pores
(generating capillary condensation). Unlike NaP1l pellets, the
width of NaP1 powder hysteresis loop is hot constant across the
curve (P/P° > 0.50). This is an indication of varying pore sizes
along the curve at that section, contrary to what was observed
from NaP1 pellet.

However, desorption isotherm of NaP1 pellet appears uniform
compared to NaP1 powder. As mentioned earlier, H3 hysteresis
loop (desorption) represents a non-rigid aggregate of plate-like
particles forming slit-shaped pores. Hence, the uniformity
displayed by NaP1 pellet desorption isotherm may be due to the
creation of a more uniform meso-pore structure generated
through fine packing/compression to make the non-rigid plate-

like particles rigid by means of the pelleting process.
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Pore size distribution of both NaP1 powder and pellet are seen
to be within a broad spectrum from the micro - macro pore
range (2 nm > pore diameter > 50 nm) from Figure 8.3. It
appears that the pelleting process may have increased the
porosity of NaP1 pellet by creating larger pores over 115 nm
compared to its powder counterpart. These larger pores meso
to macro pores (> 30 nm) in the designed pellets are seen to
poses more volume than their counterparts in the NaP1 powder.
However, they may be harder to reach since a higher pressure
was required to fill these larger volumes while the smaller pore
were occupied at very low pressure from Figure 8.2. Majority of
the pore size distribution is within the micro to mesoporous
range (2 nm > pore diameter < 50 nm) for both NaP1 powder

and pellet.
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Figure 8.3: Pore size distribution of NaP1 powder and pellet

obtained from the nitrogen isotherm experiment.

Despite this, the pore volumes of NaP1 pellet within (1 — 20 nm)
are seen to be 200% more than NaP1 powder. This may be as
a result of the pelleting process, where,larger pore diameters
with volumes that may be inaccessible without high pressure
are created at the expense of reducing the pore volume of

previously accessible small pore diameters at low pressure.

The mean pore diameter obtained from the distribution for NaP1
pellet was 14.3 £ 0.275 nm compared to 10.95 £ 0.069 nm

from Table 8.3. Although NaP1 pellet has the advantage of a
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higher pore diameter than NaPl powder, it will be
disadvantaged with a low uptake volume of adsorbates than
that of NaP1 powder. On the other hand, NaP1 powder will also
be disadvantaged since it will not be able to accommodate
elemental take-up of larger pore diameters. However, NaP1
powder and pellet could be used for selective elemental uptake

based on their pore diameter.

Table 8.3 presents relevant parameters obtained automatically
from the nitrogen adsorption experiment. The total surface area
of NaP1 powder (60 m2/g) is noticed to be 28% lower in NaP1
pellet (43 m?2/g). This is largely contributed by the external
surface area derived from the small particulate nature of the
NaP1l powder. Hence, the external surface area of the NaPl1

powder was obtained as ~ 52 m?/g as seen from Table 8.3.
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Table 8.3: Surface area, pore volume, pore size obtained from

the nitrogen adsorption of NaP1 powder and pellet at 77 K.

Parameters Powder Pellet
C (BET parameter) 179 £ 1.21 205 £ 5.73
Qm (cm3/g) (monolayer
amount) 13.8 £ 0.0975 9.98 + 0.0212
Surface Area (m2/g) Mean Mean
Total Surface Area 60.1 £ 0.0599 43.4 £ 0.0901
Micropore Area 8.18 £ 0.151 9.13 £ 0.176
External surface area 52.0 £ 0.576 34.3 £ 0.261
Pore Volume (cm3/g) Mean Mean
0.139 £ 0.114 £
Total pore volume 0.000151 0.00161
0.0034 + 0.00385 +
Micropore volume 0.0000701 0.0000712
Pore Size
(4V/A) (nm) Mean Mean
Adsorption average pore
diameter 11.0 £ 0.0696 14.3 £ 0.275
Desorption average pore 9.28 £ 0.0442 12.5 £ 0.0712

diameter

However, it is noteworthy that the micropore area of NaP1 pellet
is more than NaPl powder due to a higher micropore
volume/low pore diameter ratio. Other studies from
Rongsayamanont & Sopajaree (2007), Izidoro et al. (2012) and
Chansiriwat et al. (2016) reported the total surface area of fly-
ash derived NaP1 as 56.2, 65.8 and 69.3 m?/g, respectively.
NaP1l powder from this study has a higher total surface area

(60.1 = 0.0599 m?/g) than that of Rongsayamanont &
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Sopajaree 2007 but lower than Izidoro et al. (2012) and
Chansiriwat et al. (2016). Franus et al. (2015) reported a
surface area of 70 m2/g for NaP1, Alvarez-Ayuso et al. (2003)
reported 27.7 m2/g from fly-ash derived NaP1 and 20.1 m?/g
for clinoptilolite while Aldahri et al. (2016) reported 68.8 m?/g
for fly-ash derived NaP1 and Zhang et al. (2020) obtained 80.4
m2/g area for NaP1 modified with cyclohexanol. Except for
Alvarez-Ayuso et al. (2003), all the studies presented on zeolite
NaP1l have reported a surface area within the range (56 - 80
m2/g). This may be closely linked to the particle sizes,
composition of the zeolite with regards Si/Al ratio and purity of

the zeolite NaP1 synthesized.

With the exception of Rongsayamanont & Sopajaree (2007),
none of the other works reported the particle size of the NaP1
samples analysed nor the sample purity of the zeolites, making
it difficult to identify particle size/percentage purity as possible
causes to the different total surface area measured. However,
the average particle size of NaP1 from this study (17 microns)
was lower than that reported by Rongsayamanont & Sopajaree
(2007) (63.6 microns) and as mentioned could be responsible

for the higher surface area obtained from this study.

Page 232 of 313



Heavy metal removal from water/wastewater using fly-ash derived zeolites

Table 8.4: Comparison of zeolite parameters from literature.

Surface Pore Pore C Particle
Zeolite area volume diameter parameter size References
(m2/g) (cm3/g) (nm) from BET (um)
NaP1 65.8 - - - - Izidoro et al., 2012
NaP1 69.3 - - - - Chansiriwat et al., 2016
FA NaP1
modified by 80.4 0.0348 2.78 - - Zhang et al., 2020
cyclohexanol
NaP1 26.8 0.00880 3.856 - 2.78 Zhang et al., 2020
NaP1 27.7 0.0015 3.3 - < 100 Alvarez-Ayuso et al., 2003
Clinoptilolite 20.3 0.0018 3.5 - < 100 Alvarez-Ayuso et al., 2003
NaP1 68.8 0.132 1.09 - < 35 Aldahri et al., 2016
Zeolite 4A 497 0.16 - - Ismail et al., 2010
ZSM-5 450 0.133 <4.0 - - Iliopoulou et al., 2012
Commercial
Mordenite 332 0.162 - 71.2 - Kim and Ahn, 2012
(NaA)
Commercial Y 663 0.284 - 73.2 - Kim and Ahn, 2012
Commercial X 582 0.215 - 70.1 - Kim and Ahn, 2012
NaP1 60.1 0.139 11.0 179 < 100 This study
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The pore volume demonstrated in Table 8.3 showed total pore
volume of NaP1 powder (0.1391 cm3/g) was more than NaP1
pellet (0.1137 cm3/g) while NaP1 pellet (0.0039 cm3/qg)
possessed a higher micropore volume than NaPl powder
(0.0034 cm3/g). Other relevant parameters generated from the
experiment were the Langmuir adsorptive capacity (Qm) for

monolayer adsorption and the BET parameter (C).

The monolayer adsorptive capacity for NaP1 powder (13.82
cm3/g) was also more than NaP1 pellet (9.98 cm3/g), however,
the BET (C) parameter of NaP1 pellet (204) was more than that
of the NaP1 powder (178). The BET (C) parameter is described
as exponentially related to the energy of monolayer adsorption
or magnitude of adsorbate/adsorbent interaction. Thus, NaP1
pellet has a higher adsorbate/adsorbent interaction compared
to NaP1 powder and furthermore, significant porosity as the C
value (204) is more than 200. This claim is further emphasized
by the visual plot presented in Figure 8.3 where, NaP1 pellet is

seen to have a wide range of pores compared to NaP1 powder.

In comparison to other works from literature (Table 8.4), NaP1
from this study displayed a pore volume 0.139 cm3/g, higher
than its fly-ash derived counterparts including ZSM-5

(Iliopoulou et al., 2012). The only zeolites with a higher pore
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volume came from zeolite 4A (0.16 cm3/g) and commercial
zeolites (NaA: 0.162 cm3/g, Y: 0.284 cm3/g, X: 0.215 cm3/g)
tested from works of Ismail et al. (2010) and Kim and Ahn
(2012), respectively. Secondly, the pore diameter of NaP1 from
this study was observed to be higher than all its counterparts
as well as the Cger constant obtained from the BET analysis. This
is @ good indication of a higher energy of monolayer adsorption
for NaP1 as well as a higher magnitude of adsorbate/adsorbent

interaction.

8.3.2 Leaching from pellet vs powder

Leaching test was performed at pH 5 to identify leachable
elements from the zeolites during operation conditions. The test
was conducted on NaP1 powder, NaP1l pellet and commercial
grade 3A zeolite pellets, for comparison. One gram (1 g) of each
material was stirred in 1 litre of distilled water at 300 rpm, room
temperature of 25 £ 2 °C and pH 5. The pH was kept constant
by means of acid dosing with 1 M nitric acid for 3 hours while
10 ml samples were drawn within the following time intervals

(0, 15, 30 min, 1 h and 3 h) for ICP testing and analysis.

Table 8.5 shows leached metals from the samples observed and
it can be concluded that NaP1 powder produced the maximum

quantity of metals in 180 min compared to pellets. A total of
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32.2 mg leachates per gram of NaP1 powder was obtained in 3
hours compared to 19 mg and 9.6 mg leachates per gram of
NaP1 pellets and 3A pellets, respectively. Commercial zeolite 3A
produced the lowest quantity of leachates among the 3 samples.
Alkali metals namely sodium and potassium (Na and K), formed
majority of the leachates comprising 93% in NaP1 powder, 97%
in NaP1l pellet and 91.8% in 3A pellet while other elements

constituted the remaining percentage.
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Table 8.5: Comparison of mean leaching results from NaP1 powder, NaP1 pellet and 3A pellet. Experimental

conditions: 1-gram zeolite in 1 | distilled water, stirred at 300 rpm at pH 5 and room temperature 25 + 2 °C.

NaP1 Powder Na Mg P K Ca Al Fe Total
Time (min) (mg/I1) (mg/I1) (mg/1) (mg/l) (mg/l) (ng/l) (ng/1) (mg/l)
0 0.01 0.002 0.034 0.02 0.01 3.79 19.4 0.10

15 18.6 0.042 0.145 1.07 0.134 25.1 56.4 20.1

30 22.3 0.127 0.202 1.28 0.260 40.0 106.7 24.4

60 24.9 0.336 0.243 1.53 0.530 56.4 134.1 27.8

180 27.8 0.947 0.229 1.95 0.874 115.9 232.3 32.2
NaP1 Pellet Na Mg P K Ca Al Fe Total
Time (min) (mg/I1) (mg/I1) (mg/1) (mg/l) (mg/l) (ng/l) (ng/1) (mg/l)
0 0.061 0.004 0.013 0.007 0.015 3.4 27.3 0.13

15 5.11 0.016 0.038 0.299 0.102 23.2 26.6 5.61

30 6.91 0.019 0.051 0.391 0.111 19.3 30.5 7.53

60 9.85 0.024 0.087 0.512 0.108 18.2 29.3 10.6

180 17.5 0.110 0.177 0.921 0.202 45.2 35.0 19.0
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Table 8.5: ............. continued.
3A - Pellet Na Mg S K Ca Al Fe Total
Time (min)  (mg/l) (mg/1) (mg/l) (mg/l) (mg/l) (pg/l) (pg/1) (mg/l)
0 0.02 0.00 0.60 0.02 0.02 1.30 18.08 0.68
15 0.41 0.01 0.63 0.86 0.05 5.63 22.30 2.01
30 0.66 0.02 0.57 1.33 0.04 5.58 20.84 2.66
60 1.68 0.07 0.61 3.06 0.03 4.90 20.40 5.49
180 3.21 0.18 0.55 5.60 0.02 11.16 21.04 9.60
AWL 200 50 1.0° 8.0° 100° 200 300

AWL: Acceptable Water Standards obtained from W.H.O

b: Health Canada (2008).
a: W.H.O, 2011
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Unlike in zeolite 3A pellets where, potassium accounts for
58.4% while sodium accounts for the remaining 33% in the
91.8% majority of leachates, sodium dominated the majority in
both NaP1 powder and pellet by 86 and 92% respectively. This
is possibly due to potassium (K) being a precursor in the
formation of zeolite 3A, as sodium (Na) was a precursor in the
formation of NaP1. Aluminium and iron contributed the least to
the leachates in micrograms and together formed 0.3% in 3A
pellet and 0.4% in NaP1l pellet except in NaP1 powder where,

they contributed to 1% of the total leachates.

However, the concentration of all leachates from the adsorbents
were below their allowable concentrations in water. Making
them safe for use. Comparing NaP1 powder to NaP1 pellet, the
percentage composition of leachates was observed to have
decreased for all metals except sodium (Na) although the
quantities of all metals had decreased from NaP1l powder to
pellet. This is a good indication to note that pelleting of powder
adsorbents helps to reduce the quantity of leachates produced
during treatment as this process tends to trap possible
leachates within the pellet. This is because, loose powder
particles which could release leachates have now been bound
together into a mesoporous structure and preventing the

release of leachates.
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Alkaline earth metals such as calcium (Ca) and magnesium
(Mg), which contributed ~ 3% leachates individually to the total
leachates in the NaP1 powder, were observed to now reduce to
1% each in the NaP1 pellet. In contrast, calcium contributed
0.2% leachates while magnesium contributed 2% leachates in
solution when 3A pellet was observed. Sulphur (S) was the only
unexpected leachate produced from 3A zeolite and contributed
6% to the total leachates monitored and this should be coming
from the original source of parent material used in creating the
3A zeolite. Phosphorus on the other hand, was also obtained in
the case of NaP1 but contributed approximately 1% to the total
leachates from both NaP1 powder and pellet. As mentioned in
the case of 3A pellet, this should also be originating from its

parent material.

This section concludes that leachates produced from NaP1
pellets were reduced by 40% of the original quantity produced
from NaP1l powder. Zeolite 3A pellets leached the lowest
concentration compared to both powdered and pelletized NaP1.
It is also note-worthy that concentration of leachates are below
acceptable standards for all the adsorbents and NaP1 pellets
would not pose challenges when used for water treatment
purposes as demonstrated in Table 8.5. The concentration of

leachates is within 10 - 25% of the allowable leachate
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concentration in wastewater effluents (Acceptable Water
Standards obtained from Health Canada (2008) and W.H.O

(2011).

As mentioned by Querol et al. (2002), a major drawback in the
application of fly-ash derived zeolites was the prospect of
leaching potentially hazardous elements in processed
wastewaters. However, this concern was eliminated with the
advent of pelleting powdered zeolites and the observations from
Table 8.5 are evident where, both pelletized zeolites NaP1 and
3A produced the least concentration of leachates compared to
NaP1l powder. This was possible through caging of leachable
elements within the new pelletized structure as compression
brought together loose particles under pressure and had the

leachates bound in a new mesoporous structure.

8.3.3 Cation exchange capacity (CEC) determination

The Cation exchange capacity (CEC) of NaPl1 and 3A were
determined by means of ammonium acetate with results
displayed in Table 8.6. 1 M ammonium acetate solution was
prepared by dissolution made up in 1 litre volumetric flask. A
100 ml of this solution was poured into a 200 ml beaker and
stirred with 0.25 g of zeolite NaP1/3A for 24 h. The solution was

filtered with a 0.45-micron Minisart filter and analysed by the
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ICP-MS. A sample of the ammonium acetate solution was
measured as a blank and compared to results from NaP1 powder

and pellet and 3A pellet.

Table 8.6 shows the result from 3 repetitions at 25 £ 2 °C with
the mean and standard deviations calculated. The initial
concentration of ammonium  acetate recorded Ilow
concentrations of metals and non-metals of 1.1 mg/l. The final
concentration of metals exchanged from NaPl1 powder and
pellet were determined to be 2.1 mg/g zeolite, representing 3%
difference. This is an indication of no loss in the cation exchange

capacity after pelleting NaP1.
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Table 8.6: Cation exchange capacity (CEC) of NaP1 and 3A determined by stirring 100 ml of 1 M

ammonium acetate solution with 0.25 g of zeolite NaP1/3A for 24 h at 25 £ 2 °C.

1 M NH40ac 1 M NHzOac Zeolite
Elements Initial .
(mg/1) (NaP1) Initial (3A) NaP1l powder NaP1 pellet 3A pellet
Na 0.706 0.517 8.93 + 0.124 8.93 + 0.103 7.52 + 0.023
(mg/l)
Mg 0.004 0.002 0.956 + 0.038  0.865 + 0.015  0.623 + 0.014
(mg/l)
S 0.221 0.258 0.191 + 0.071  0.304 + 0.044  0.314 + 0.027
(mg/l)
K 0.174 0.138 1.25 + 0.023 1.23 £ 0.01 16.3 £ 0.113
(mg/l)
Ca 0.024 0.018 5.43 + 0.047 5.13 + 0.073  0.151 + 0.004
(mg/l)
Al 1.76 0.842 51.3 + 49.7 2.08 + 0.213 319 + 41.9
(Hg/l)
Fe 11.1 15.1 68.3 + 51.2 1.11 £ 0.64 14.6 + 1.73
(rg/l)
Sr 0.134 0.085 144 + 1.14 124 + 2.45 0.393 + 0.028
(ng/l)
Ba 0.056 0.056 191 + 2.39 71.1 + 2.83 0.856 + 0.464
(rg/l)
CEC 68.8 + 1.39 66 .7 + 0.986 101 + 0.547
(mg/g)
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The difference in CEC (mg/g) between the NaP1l and 3A is ~
33%, indicating that 3A (101 mg/g) has a higher capacity for
exchanging metals and would perform better in an ion-
exchange system of metal removal than NaP1l (66.7 mg/g).
Calcium (Ca), Sodium (Na) and potassium (K) were identified
as the major exchange elements in NaP1 while potassium (K)
and sodium (Na) were the major elements in 3A pellet. Again,
potassium is identified as the most abundant exchange ion from

3A pellet whereas sodium is the most abundant in NaP1.

The CEC (mg/g) presented in Table 8.6 of each major
contributing element was used in calculating the CEC in (meq/g)
and compared to other results found in literature. Hence, Table
8.7 compares the cation exchange capacity of other NaP1
powder from literature. As observed with the mass cation
exchange capacity (mg/g) from Table 8.7, there is no significant
difference (3%) between NaPl1l powder and pellet CEC in
(meqg/qg). This is a positive result and indicates that the pelleting
process did not have a huge adverse effect on the cation
exchange capacity. However, a 7% difference in cation
exchange capacity (meq/g) is observed between NaP1l pellet
and commercial zeolite 3A pellet. This is also a positive result
encouraging the benefit of replacing commercial 3A zeolite with

fly-ash derived zeolite NaP1.
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Table 8.7: A Cation exchange capacity (CEC) comparison between this study and in literature.

Mg K Ca Total
Sample (CEC) Reference
meq/ meq/ meq/ meq/
(meq/g) (meq/g) (meq/g) (meq/g) (meq/g)
NaP1 powder 0.319 0.128 1.09 3.08
NaP1 pellet 0.288 0.127 1.03 2.99 This study
3A pellet 0.208 1.67 0.030 3.22
, - - 1.9
Izidoro et al., 2012
- - - 1.6
NaP1 powder - - - 2.2 Cardoso et al., 2015a
- - - 2.7 Querol et al., 2002
- - - 2.6 -2.8 Cardoso et al., 2015b
- - - 2.3 Prasad and Mortimer, 2011
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It is evident from Table 8.7, that the cation exchange capacity
of powdered fly-ash derived zeolites from this study is more
than results obtained from other sources. Izidoro et al. (2012)
has so far reported the lowest CEC value of 1.6 - 1.9 meq/g,
followed by Cardoso et al. (2015a) and Prasad and Mortimer,
2011. The cation exchange of Querol et al. (2002) and Cardoso
et al. (2015b) were within the same range. The difference in
cation exchange capacity may be due to the elements present
in the parent/source material used in synthesizing the zeolite
and the synthesis process. Regardless, pelletized zeolite NaP1
can be a suitable replacement for current commercial synthetic
zeolites as demonstrated in this section with strong ion
exchange property demonstrated through its cation exchange

capacity.

8.4 Lead removal with NaP1l and 3A

Lead was used to compare metal removal capabilities of NaP1
and 3A zeolite, since, it was best adsorbed among the other
metals against NaP1 powder from previous experiments. Hence,
5 g of each zeolite was introduced into a litre of 90 mg/I
concentration lead solution, stirred at 300 rpm for 3 h at a
constant pH 5 and temperature 25 £ 2 °C. Samples drawn from
the experiments at 15, 30, 60 and 180 min were analysed by

ICP-MS. The experiment was repeated 3 times with the mean
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and standard deviation calculated. A control experiment was
also performed under the same conditions without any zeolite
to check precipitation. Figure 8.4 shows results obtained from

these experiments.
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Figure 8.4: Decrease in lead concentration in solution over
time without an adsorbent (control), with NaP1 powder and
pellet using the following conditions: 5 g of zeolite, 1 litre of
90, 89 and 85 mg/I concentration lead solution respectively,
stirring at 300 rpm for 3 h at pH 5 and at 25 £ 2 °C.

Figure 8.4 demonstrates the absence of precipitation at pH 5 by
lead as there was no concentration change over 180 min from
the control experiment. However, NaP1 powder reduced lead
concentration within 15 min from 89 mg/l to 0.14 £ 0.025 mg/I.
This concentration finally drops to zero by the end of the

experimental period. On the other hand, NaPl pellets is
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observed to also gradually reduce lead concentration in solution
over the experimental period (180 min) without achieving a
100% lead removal. An average lead removal of 20 mg/l was
removed in 15, 30 and 60 min respectively, with the least
amount of 3 mg/Il lead removed in the last 2 h (from 60 - 180
min). Thus, NaP1 pellet achieved 80% lead removal compared
to 100% by NaP1 powder. This was expected as the initially
loose particulate NaP1 had been compressed into pellets

reducing the surface area of the adsorbents.
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Figure 8.5: A graph comparing lead concentration decrease in
solution over time with NaP1 pellet and 3A pellet using the
following conditions: 5 g zeolite, 1 litre of 98 and 85 mg/I
concentration lead solution respectively, stirred at 300 rpm for
3hatpH5andat 25 £ 2 °C.
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Hence, we can account for a 20% reduction in adsorbent
efficiency after pelleting. Lead removal using NaP1 pellets was
also compared using 3A pellets (Figure 8.5). Zeolite 3A showed
3 times more lead removal with NaP1 pellet within 15 min. This
was followed by ~ 20 mg/l lead removal in 30 and 60 min
respectively. A final 99% lead removal was achieved in 180 min
(3 h). Lead uptake by 3A pellet was ~ 33 mg/l more than NaP1
pellet demonstrating superiority over NaP1l pellet on this
occasion. This may be due to zeolite 3A having regular pore size
3 A compared to NaP1 ~ 2.7 - 2.9 A with irreqular pores making
lead removal relatively quicker with zeolite 3A. Lead removal
experiments conducted with all three adsorbents reveal 3A
pellets possesses a quicker kinetics for lead compared to its
NaP1 pellet counterpart. Hence, the kinetics will be explored by
attempting to describe the underlining principles using kinetic

models.

8.4.1 Kinetics of lead removal by NaP1 versus 3A

The kinetics of NaP1 powder, NaP1 pellet and 3A pellets were
examined using kinetic models, which describes the lead uptake
mechanism of these adsorbents. NaP1l powder displayed the
quickest uptake in 15 mins compared to both NaP1 pellet and
3A pellet. This was mainly due its small size and porous nature

presenting a larger surface area than its counterpart pellets.
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However, comparing both pellets, 3A pellet also demonstrated
a quicker lead uptake than NaP1 pellet owing to its pore size.
The kinetic models explored were pseudo-first and second order
model, diffusion kinetic model, Elovich model and intra-particle
diffusion model. These models were obtained by plotting the
modified lead uptake quantity against time in different ways.
Table 8.8 presents the R? values obtained from the plots of each

kinetic model to assist is the decision-making system.

Table 8.8: Kinetic models tested with lead uptake
experimental data by NaP1 powder, NaP1 pellet and 3A pellet.

Kinetic Model P::v:Ter PN;II:elt P:III-\et
RZ

Pseudo-first order 0.014 0.580 0.404

Pseudo-second order 1.00 0.973 0.994

Diffusion Kinetic 0.509 0.828 0.746

Elovich 0.779 0.928 0.959

Intra-particle 0.472 0.861 0.779

diffusion

The R? value also known as the coefficient of determination
indicates the proportion of data set, which supports the
dependency between the two variables compared for each

model and would be suitable in describing the kinetics of that
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model. Therefore, an R? value of 75 - 95% is always preferred
during this decision-making process as this indicates a strong
correlation between the experimental data and the model.
Beginning with NaP1 powder, the least preferred kinetic model
is the pseudo-first order because it produced an R-squared
value of 0.014 indicating that only 1.4% of the data set obtained
from the lead removal experiment affirms that time influences

the uptake mechanism.

Consequently, 98% of the data set is due to other factors.
Figure 8.6 gives a visual representation of the plot with a line of
best fit, which does not fit well to the data set. Thus, eliminating
the pseudo-first order kinetic model. The diffusion kinetic model
and intra-particle diffusion were also not suitable as they did
not meet the preferred R-squared requirement and were
eliminated. The Elovich model for NaP1 powder showed a strong
correlation as it produced 77% conformity to the data set

signalling surface heterogeneity of NaP1 powder.
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Figure 8.6: A graph demonstrating pseudo-first order kinetic
model of lead uptake by NaP1 powder at 25 + 2 °C.

The pseudo-first order reaction model, which depicts single-site
occupancy of adsorbed ions did not fit with this model,
suggesting the presence of double-site adsorption theory
proven by a good fit to pseudo-second order reaction model.
This is in line with kinetic characteristics of zeolites identified by
the research of Blanchard et al. (1984). Pseudo-second order
kinetic model displayed in Figure 8.7, produced a good fit to the

regression line and an R-squared value of 1.0.

This indicates, 100% of the dataset purports the relationship
between the rates of removal to the up-taken lead amount as a
function of time. A corresponding rate of removal to lead

amount removed (t/qt) versus time (t) was observed over the
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time period from Figure 8.7. The pseudo-second order reaction
model fits well with experiments of samples possessing a
heterogeneous surface and suggests the surface heterogeneity

of NaP1 powder in this case.
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Figure 8.7: Pseudo-second order kinetic model of lead uptake
by NaP1l powder at 25 + 2 °C.

Among all five kinetic models employed in this section, pseudo-
second order, diffusion kinetic, intra-particle diffusion and
Elovich proved to be more appropriate in describing the lead
uptake mechanism for NaP1l pellet. Only pseudo-first order
kinetic model did not produce the acceptable fit to the
regression line as well as the required R-squared value from
Table 8.8. Hence, it can be observed from Table 8.8 that four

models produced R-squared values between 0.83 - 0.97
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indicating 83 - 97% conformity of the kinetic models to the
experimental data set. In this scenario, there is no dominance
of one mechanism. It can be suggested that there is the
existence of all four mechanisms at different periods of the
experimental phase, where, a single occupancy is experienced
during lead uptake before the augmentation of a double-site
occupancy and this is initiated by a diffusion process followed
by the intraparticle diffusion through the porous NaP1 pellet.

None the less, pseudo-second order model produced the highest
R-squared value (0.97) presented in Table 8.8 as the best
model to describe the lead up-take mechanism for NaP1 pellet.
However, the intraparticle diffusion model producing the 3™
highest R-squared value was highlighted in Figure 8.8 for NaP1

pellet.

Figure 8.8 shows the plot of lead removed per gram of NaP1
pellet versus the square-root of the time taken for metal
removal. The amount of lead removed from solution per gram
of NaP1 pellet was gradual over time till t°-> value of 4.0, where,
more lead uptake occurred till t9> value of 8.0, when no further
uptake was recorded. This indicates the presence of intraparticle
diffusion from the start of the lead uptake process till t9-> value
of 8.0 corresponding to ~ 90 min, where, the process must have

stopped.
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Figure 8.8: A graph demonstrating intraparticle diffusion
kinetic model of lead uptake by NaP1 pellet at 25 £ 2 °C.

Unlike both NaP1 powder and pellet, lead uptake mechanism by
zeolite 3A pellet from Table 8.8 had all the kinetic models
producing a good fit for the experimental dataset except
pseudo-first order model. Hence, all the models produced the
desired R-squared value with the Elovich model demonstrating
the second highest R-squared value. Again, pseudo-second
order demonstrated the highest R-squared value for the
experimental data with 3A pellets. However, the Elovich model
is highlighted in Figure 8.9, which shows the plot of lead
removed per gram versus the natural logarithm of time with 3A

pellets.
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Figure 8.9: Elovich kinetic model of lead uptake by 3A pellet at
25 £ 2 °C.

From Figure 8.9, lead uptake per gram of 3A zeolite was
observed to correspond to the natural logarithm of the time
taken till Ln 2.8, where, there was more lead uptake over the
remaining time taken until Ln 4. The Elovich model is known to
demonstrate a second order kinetics for heterogeneous surface
adsorbents but does not propose any definite mechanism for
adsorbate-adsorbent interaction and thus will not be enough in
describing the lead uptake mechanism completely. To
complement this finding, Table 8.8 earlier indicates the pseudo-

second order model produced a good fit to the experimental
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data signifying the correspondence of the lead uptake

mechanism to a second order kinetics model.

It was useful to note that both 3A and NaP1 pellets’ lead uptake
mechanisms could be described by 4 common models (i.e.
pseudo-second order, Elovich, diffusion and intra-particle
diffusion models) out of which, NaPl1 powder could not be
described by diffusion and intra-particle diffusion models. Both
diffusion and intra-particle diffusion were applicable to NaP1
pellet due to the creation of pellets from particles, generating a
much larger porous (micropores and mesopores) structure with
interconnections and semi-connections but not NaP1 powder.
The designed pellets tend to change the original kinetic
dynamics of the powdered zeolite material, hence, introducing
a heterogeneous surface (satisfied by Elovich model) and a
larger porous structure with connections (satisfied by diffusion

model and intra-particle diffusion models).

To conclude on this section, the kinetic models were a good
complement to each other in the lead-uptake mechanism of
describing pellets. NaP1l powder possessed heterogeneous
surfaces which removed lead from solution incorporating a
double occupancy packing system. However, when NaP1 pellets

were formed from the powdered particles, it produced another
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large heterogeneously porous structure requiring both initial
diffusion of lead into the large structure and further intra-
particle diffusion into the smaller NaP1 particles. In this case,
there is the possibility of an initial single site occupancy by the
NaP1 pellet for the lead metal followed by a secondary double-

site occupancy.

This phenomenon is reinforced by the BET results showing the
presence of monolayer - multilayer uptake for both NaP1
powder and pellet. However, zeolite 3A pellet is identified to
possess a heterogeneous surface with double-site occupancy
while going through both diffusion and intra-particle diffusion.
Hence, it can be concluded that both pellets have diffusion as

their main lead uptake mechanism.

Unfortunately, not much work has been done in identifying the
uptake mechanism of metals with NaP1. This has been because
other zeolites such as A and X have been preferred to zeolite
NaP1 (Querol et al., 2002) as mentioned earlier in the literature
review section (Chapter 2). Therefore, results regarding the
adsorbent kinetics from this section are compared to other
adsorbents. It is also worth mentioning that over the past 15 -
20 years, many researchers have been fixated on new

adsorbent development, adsorbent modification and pollutant
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removal (CEC, equilibrium and isotherm information) while
neglecting the pollutant removal mechanism described by

adsorption kinetic models.
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Table 8.9: Kinetic models of metal uptake mechanism of NaP1 compared to other adsorbents

Kinetic Models (R2)

Pseudo- Pseudo- Diffusion Intra-
Zeolite Metals . second . . Elovich particle Form Reference
first order Kinetic . .
order diffusion
Fly-ash NaP1 Pb 0.014 1.00 0.509 0.779 0.472 Powder
Fly-ash NaP1 Pb 0.581 0.973 0.828 0.928 0.861 Pellet )
Co orcial This study
m':Arc'a Pb 0.404 0.994 0.746 0.959 0.779 Pellet
Fly-ash Kobayashi,
Zeolite P Pb 0.302 0.975 powder 2020
. - Gunay et
Clinoptilolite Pb 0.989 0.994 0.993 al., 2007
Synthetic Chen et al.,
Faujasite Cu 0.964 1.00 0.992 powder 020
Commercial Ezzeddine
NaX Pb 0.972 0.999 - - 0.873 Pellet et al., 2018
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Table 8.9: .. continued.
Pseudo- . . Intra-
Zeolites Metals _Pseudo- second le.fUSI_o n Elovich particle Form Reference
first order Kinetic . .
order diffusion
Hashemian
3+ - - - -

LTA Fe 0.697 0.976 et al., 2013

NaY Zn 0.980 0.973 - - - - Ostroki et

Fe3* 0.934 0.974 - - - - al., 2009
Synthetic NaA  US* 0.998 0.997 - - 0.698 powder N'bozlgf; al.,
Synthetic NaA Zn 0.942 0.991 - - 0.986 powder Nibou et al.,

201
Synthetic NaX Zn 0.951 0.992 - - 0.999 powder 010

Commercial X Ni 0.989 0.574 - - 0.504 pellet S'”gzrz)g; al.,
Commercial Kulkarni et

aA Cd - 0.999 - - - pellet al., 2012
Synthetic NaA  Cu 0.891 0.994 - 0.945 0.773 Granules Gaelorgz'gzzet
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Table 8.9 compares results from the kinetic models employed
in this study to other adsorbents from literature. Kobayashi
(2020), depicted a similar correlation coefficient for pseudo-
second order kinetic with lead using fly-ash zeolite P just as this
research, attesting to the pseudo-second order kinetic model
being the best to describe the uptake of lead with fly-ash
derived NaPl. Pseudo-second order kinetic model has
demonstrated dominance in describing the adsorption
mechanism for all zeolites except for commercial X used by
Singh et al. (2008) for nickel removal (Table 8.9). Lead uptake
with all adsorbents was described by pseudo-second order with
an R? value greater than 0.97. Diffusion kinetic model was only
reported in this study while Gunay et al. (2007) and Georgiev
et al. (2012) were the researches to have used the Elovich

model.

Intraparticle diffusion was the 3" most popular kinetic model
after the pseudo-first order kinetic model. Intraparticle diffusion
mechanism with lead for fly-ash derived NaP1 pellet from this
study closely relates to that of Ezzeddine et al. (2018) with
commercial NaX. Again, the R2 value of the intraparticle
diffusion of NaP1 pellet from this study was more than all the
other commercial pellets in Table 8.9; demonstrating a stronger

intraparticle diffusion mechanism of lead through NaP1 pellets
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as a result of better porosity developed through the pelleting
process. However, large porous particles of synthetic
composition NaX (0.74 nm), NaA (0.42 nm) and Faujasite (0.74
nm) (Koshy and Singh, 2016) with zinc and copper uptake is
also observed to follow an intraparticle diffusion mechanism
reported by Nibou et al. (2010) and Chen et al. (2020) with high
R? values greater than 0.986. This is contrary to NaP1 powder
(R2 = 0.47) and could be due to inconsistent pore dimensions of

NaP1l powder.

8.4.2 Multi-element removal with NaP1 pellets
compared to 3A pellets

Multi-element removal test with NaP1 powder, NaP1 pellet and

3A were required to understand the performance of NaP1 pellet

in an industrial setting. This is because industrial wastewater

usually contains other elements, increasing the complexity of

metal removal processes. Multi-elements used were zing,

copper and lead as the metals of concern in this research.

The experiments were performed by mixing 5 g of zeolite at 300
rom with a litre of 460 - 500 mg/l concentration of multi-
elements (composition: Zn - 250 mg/Il, Cu - 150 mg/l and Pb -
100 mg/l) at pH 5 for 3 h at 25 £ 2 °C. 10 ml samples were

taken from the solutions at 0, 15, 30, 60, 180 min and analysed
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with the ICP-MS. Figure 8.10 exhibits the results of multi-

element removal using NaP1 powder.
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Figure 8.10: Decrease of metal concentration in solution over
time with NaP1 powder using the following conditions; 5
grams of each zeolite, 1 litre of 486 mg/I total metal
concentration (98 mg/I lead, 240 mg/| zinc, 148 mg/| copper),
stirred at 300 rpm for 3 h at pH 5 and 25 + 2 °C.

Lead was completely removed when compared to the other
metals in the solution, achieving a 100% removal within the
first 15 min. This was followed by 73% and 16% copper and
zinc removals, respectively over the 3 h period. The total
quantity of all multi-elements removed by NaPl1 powder was
calculated as 241 £ 6.79 mg/l, which is 39% of the starting

concentration. As established in section 6.5, metal affinity
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towards NaP1 powder were in the order Pb > Zn> Cu due to the
size of hydrated ions and hydration energy. However, the
selectivity is noticed to conform to the order Pb > Cu > Zn from
the multi-element removal proposed by Zamzow et al. (1990),
Steenbruggen and Hollman (1998), Lee et al. (2000), Erdem
et al. (2004) and Hui et al. (2005), in accordance with sorption
quantity. Arguably, this order of selectivity takes precedence
over the selectivity achieved from the single element adsorption
capacity as this represents the appropriate system to check
selectivity. Figure 8.11 shows concentration decrease in

solution over time with NaP1 pellets.
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Figure 8.11: Decrease of metal concentration in solution over
time with NaP1 pellet. Conditions; 5 g of each zeolite, 1 | of
462 mg/| total metal concentration (92 mg/I lead, 230 mg/I

zinc, 140 mg/| copper), stirred at 300 rpm for 3 h (180 min) at

constant pH 5 and temperature 25 £ 2 °C.
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Comparing Figure 8.11 to 8.10, the trends showing the progress
of individual metal removal processes appeared different. Figure
8.10 shows a plateau region for all metal removal from 30 min
to 180 min, indicating the end of the metal removal process
while the same elements did not come to that point even at 180
min using pellets (Figure 8.11). Hence, Figure 8.11, gives
further hint of the removal process requiring more time and this
may be due to slower kinetics displayed by NaPl pellet
compared to NaP1 powder. Figure 8.11 shows the progress of
individual element removal process by pelletized NaP1l. The
uptake of all the elements followed a gradual removal process

over the 3-hour period.

Lead is observed to reduce in solution by 23% in the first 15
min, following a gradual removal process till 88% removal is
obtained at 180 min. Lead removal by NaP1 powder was 12%
more than the one obtained from NaP1 pellets. Copper removal
was the second highest with a 38.6% removal outcome at the
end of 180 min. Zinc removal by NaP1 pellet followed with the
3rd highest percentage removal at 17%. Copper removal by
NaP1l pellets was reduced by ~ 50% when compared to NaP1
powders while that of zinc remained constant for both NaP1

pellets and powders.
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Figure 8.12: Decrease of metal concentration in solution over

time with 3A pellet. Conditions; 5 grams of each zeolite, 1 litre

of 477 mg/ total metal concentration (92 mg/I lead, 245 mg/I

zinc, 140 mg/I copper), stirred at 300 rpm for 3 h (180 min) at
a constant pH 5 and temperature 25 + 2 °C.

Multi-element removal using zeolite 3A pellets (Figure 8.12)
was investigated and compared with NaP1 pellets (Figure 8.11).
The affinity of metals towards 3A was determined as Pb > Cu >
Zn as the pattern achieved for NaP1 powder and pellets. Just as
NaP1, lead (19.5%) and copper (2.3%) removal with 3A pellet
started within the first 15 min. However, zinc removal took
longer (slow kinetics) with concentrations slightly reduced by

1.7% even after 3 h. Zeolite 3A removed 19.5% lead within
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the first 15 min, followed by a gradual removal till 61% lead in
3 h. Just like NaP1 pellet, 3A pellet removal of multi-elements
is likely to continue for all metals beyond the 180 min/ 3 h
period, since the uptake progress of all the elements from
Figure 8.12 is seen not to have come to a plateau region. This
may be reflective of a very slow kinetic/metal uptake process
for zeolite 3A, which was not the case with single-element
removal with lead. Hence, it can be suggested that 3A would
require even more removal time with multi-elements than NaP1

pellets.

Overall, the total percentage of multi-elements removed in 3
hours with 3A pellets was 14.5% (72.5 mg/l) compared to
31.4% (157 mg/l) for NaP1 pellet and 39% (195 mg/I) for NaP1
powder. NaP1 pellet has demonstrated 54% more efficiency in
multi-element removal compared to its commercial counterpart
zeolite 3A pellets. Although single-element lead removal with
3A pellet produced 33 mg/l more lead removed from solution
than NaP1 pellet, the multi-element results prove NaP1 pellet to
be superior with a total 76 mg more multi-element removed

than 3A pellet.

This value is 54% more than the total multi-element removal

obtained. Putting this into perspective, 3A pellet was only able
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to remove 15% of the total multi-elements even though it had
performed better in the singe-element adsorption setting. Multi-
element removal efficiency was identified in the order NaP1

powder > NaP1 pellet > 3A pellet.

Table 8.10 presents a molar uptake perspective of the muilti-
element removal process with all three adsorbents, showing the
mean and standard deviation values in mmol. The total humber
of copper elements removed across all adsorbents was the
highest compared to all other metals (NaPl1 powder: 0.34
mmol/g, NaP1l pellet: 0.172 mmol/g and 3A pellet: 0.066

mmol).

From Table 8.10, the total amount of zinc removed (2" highest)
remained the same (0.12 mmol/g) regardless of which NaP1
form was used (powdered or pellet). However, the humber of
zinc elements for both NaPl was 3 times more than that
removed by zeolite 3A (0.036 mmol/g). Lead removal was the
3rd highest uptake with both NaP1 forms. The uptake process
(removal kinetics) of lead by NaP1l pellet compared to NaP1
powder was identified to be very slow. 3A pellet uptake of
metals was both lowest in quantity among the three and slowest

in uptake time.
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Table 8.10: Multi-element concentration decrease in solution over time with NaP1

powder/pellet and 3A pellet using the following conditions; 1 gram of each zeolite, 1

litre of 1.7 mmol/I total metal concentration stirred at 300 rpm for 3 h (180 min) at a

constant pH= 5 and temperature 25 £+ 2 °C.

Zeolite Time Cu Pb Zn
(min) (mmol/g) (mmol/g) (mmol/g)
NaP1 0 0.462 += 0.012 0.092 + 0.002 0.734 + 0.032
powder 180
0.122 + 0.02 0.0002 + 0.00004 0.614 + 0.008
Time Cu Pb Zn
(min) (mmol/g) (mmol/g) (mmol/g)
0 0.444 + 0.012 0.088 = 0.002 0.696 = 0.032
NaP1 pellet
180

0.272 £ 0.028 0.01 £+ 0.008 0.576 £ 0.012
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Table 8.10: ..o continued.
Zeolite Time Cu Pb Zn
(min) (mmol/g) (mmol/g) (mmol/g)
0 0.446 £ 0.012 0.086 = 0.002 0.756 + 0.032
3 A pellet
180

0.38 +£ 0.004 0.032 £ 0.002 0.72 £ 0.016
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Using the number of moles, it can be stated that copper metals
are preferred to zinc regardless of whether powdered or pellet
NaPl is used for the adsorption process. However, this
conclusion cannot be made with lead since the starting
concentration of lead compared to either zinc or copper is so
low (non-equal molar quantities). Also, the number of moles of
zinc uptake from Table 8.10 shows that zinc uptake was not
influenced by the nature of the adsorbent (powder or pellet
NaP1) or the starting concentration since the same number of
moles of zinc was recorded (0.12 mol/g) with both powder and

pellet NaP1.

On the other hand, copper uptake was affected the most with a
45% reduction in mole uptake when NaP1 pellet was used

compared to its powder counterpart.

Hence, multi-element removal efficiency with regards total
moles of elements removed within 3 hours is in the order Cu >
Zn > Pb for NaP1 powder and pellet and Cu > Pb > Zn for zeolite
3A. The order of removal efficiency is different from metal
selectivity, where, selectivity relating to affinity refers to
maximum number of elements removed in the shortest possible
time. In this case, metal removal within the first 15 min was

considered, thus showing metal selectivity of the multi-
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elements of interest in the order Cu > Pb > Zn for NaP1 powder,
Zn > Cu > Pb for NaP1 pellet and Pb > Cu > Zn for zeolite 3A
pellet. This claim is not conclusive as the number of particles for
all elements were not equal in the initial concentration and can
be improved by starting with an equi-molar number of
elements. However, the variation in selectivity at different times
of these metals demonstrated by the molar quantities of
adsorption is evidence of multi-element competition between

elements.

8.4.3 Multi-element interaction

Further investigation of the multi-element competition was
performed using the kinetic models (pseudo-first and second
order) in comparing metal removal of single/multi-element with
NaP1 powder/pellet and 3A pellet. The results shown in Table
8.11 were modelled from pseudo-first/second order kinetic
models using the same data obtained from single
element/Multi-element removal with NaP1 powder/pellet and

3A pellet experiments.
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Table 8.11: Adsorptive capacity of powder and pellet NaP1
obtained from single/multi-element systems using pseudo-

first*/second order kinetic models.

Removal Removal with Removal with

Metal with NaP1 NaP1 Pellet 3A Pellet

Powder (mg/g) (mg/g)

(mg/g)

Single Multi Single Multi Single Multi
Zn 6.84 8.02 - 8.27 - 1.51%*
Pb 17.7 19.1 14.7 18.6 20.1 12.4
Cu 7.20 22.1 - 12.2 - 5.64

All the metal-uptake capacity/adsorptive capacity displayed in
Table 8.11, were obtained through the pseudo-second order
kinetic model as best fitted model to the experimental data with
R-squared values above 0.90 except zinc removal with 3A
pellet. This exception could only be determined by the pseudo-
first order kinetic models since the experimental data was best

fitted to this model and produced r-squared values above 0.90.

Comparing the metal-uptake per gram of NaPl powder for
single and multi-element results, an increase is observed with
zinc (17%), copper (300%) and lead reduced (8%) during
multi-element metal uptake. Copper recorded the highest
removal uptake from the multi-element uptake, which was

three times (3x) more than the uptake obtained from the single-
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element uptake. This could be the result of increased kinetic
drive caused by the increased metal concentration from the
multi-element solution (500 mg/l) compared to the individual
metal concentration from the single-element solutions (100

mg/l lead, 250 mg/I zinc, 150 mg/l copper).

An increase in concentration of solute in solution reflects an
increase in the number of particles, leading to more collision
and interaction between particles and with adsorbent. Thus, an
increased collision with adsorbent consequently will produce
more metal uptake while an increased collision between multi-
elements will lead to competitive uptake. However, copper
uptake from the multi-element system with NaP1 powder was
not hindered by the presence of other competitive metals such
as lead and zinc as it recorded the highest uptake (22 mg/g) in
comparison to the others in a multi-element system compared

to single-element system.

As mentioned earlier, lead is preferred to the other elements
due to its small hydrated radius allowing it to pass through
narrow porous channels presented by NaP1l powder with ease
compared to its counterparts. In contrast, lead uptake capacity
from single-element experiment with NaP1 pellet had reduced

by 17% compared to its multi-element experiment. Zinc uptake
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by NaP1 pellet in a multi-element removal compared to NaP1
powder increased by 3% while lead and copper had reduced by
3% and 45% respectively. This occurrence was also reported by
Sanchez-Hernandez et al. (2018), when cadmium and mercury
amounts were observed to have increased in proportion to the
Al-waste zeolite NaP1 in a multi-element system. This could be
attributed to the new porous structure created through pelleting
as stated earlier. Whereas, a new mesoporous structure was
developed through pelleting, increasing the channels for zinc,
some previously existing micropores would have been closed
due to compression of the pellet and reducing copper/lead
uptake (causing low pore volume). This phenomenon is
supported with the aid of nitrogen adsorption experiment

performed in section 8.2.1.

Even though zinc uptake capacity was improved with NaP1
pellets, the total uptake capacity of metals with NaP1 pellets
was still lower than that of NaP1 powder with multi-element
removal as expected. This again is due to the closure of already
existing micropores (low pore volume generated) after pelleting
due to compaction. It is observed from Table 8.11, that the
same sorption capacity values obtained for multi-element

removal using 3A pellets was the least for all elements.
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In conclusion, copper uptake was the most affected component
as it was influenced by the absence of already existing
micropores within the zeolite powder due to pelleting whereas
zinc uptake was slightly improved through pellets. Lead uptake
was only affected in its uptake when low concentration (He et
al., 2015) was used during its uptake with NaP1 pellet. He et al.
(2015) suggested competitive adsorption to be stronger at
lower concentrations in multi-element systems. Compared to
NaP1 pellet, zeolite 3A pellet performed very poorly with metal

uptake in a multi-element system as observed from Table 8.11.
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Table 8.12: Multi-element results from literature using 2nd Order uptake capacity.

Surf 2nd 2nd S/L
urface .
Adsorbent Metals area Concl: o_rdel.r °“'|e.r pH Temp ratio S'/N Time Ref
(m2/g) (mg/l) (single) (Multi) (a/1) ratio
(mg/g) (mg/g)
Ni 500 65.73
Cd 500 121.4 24 h Jha et al., 2008
Fly-ash X Cu 67 500 - 106.1 ©8 2 2 Jha et al., 2009
Pb 1000 254.9
Pb 1350 2500 .
';';’;ﬁf: Zn 37.97 350 - 18.87 6.6 25 5 24 1.5h V'Sgoeltza"'
Cd 700 30.21
Cu 127 33.33 Hamdache et
Bentonite Zn 130.8 - 6.060 5 20 3 4.8 24 h al. 2019
Ni 117.4 1.338 "
Co 5.50
Cr 56.47
Fly-ash 4A Cu 54.82 100 - 72.73 4 25 5 1.32 4h Huietal., 2005
Ni 4.95
Zn 20.10
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Table 8.12: ..o, continued.
Surf 2nd 2nd S/L
urface .
Adsorbent Metals area Conc o_rder °r"e.r pH Temp ratio S'/N Time Ref
(m2/g) (mg/l) (single) (Multi) (a/1) ratio
(mg/g) (mg/g)
Ni 8.757
Fly-ash Linde Cd } } 21.59 ) Cheng et al.,
F Cu 100 18.31 6 25 2 8h 2018
Pb 46.51
vt 2 2558
modified - 400 - ) 5 25 10 5.36 4 h Li et al., 2019
Clinoptilolite &Y 23.96
P Pb 177.6
Fly-ash 6.84 8.02
NaP1 Powder 17.7 19.1
7.20 22.1
245
Fly-ash ﬁg 60.1 92 14.7 ?'822 5 25 5 151 3h This Stud
NaP1 Pellet : 140 - ' : Is Study
Cu 12.2
Commercial - 1.51%*
3A Pellet 20.1 12.4
- 5.64
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Compared to multi-element adsorption with other adsorbents
from literature in Table 8.12, lead uptake showed superiority
above all other metals in a multi-element system regardless of
the adsorbent and concentration used. This was followed by
copper and zinc in order of the magnitude with uptake
demonstrated by the pseudo-second order kinetic model (Pb >
Cu > Zn). Other similarities observed from literature (Table
8.12) were the pH range between 4 and 6, temperature of 25
degrees, solid/liquid ratio of 2 - 5 g/l and contact time between

1.5 - 24 h for fly-ash zeolites.

The metal uptake values for all metals obtained from this study
were the lowest compared to others from literature. This could
be resulting from the combined effect of the low concentration
used, pore size and pore dimensions in comparison to others.
NaP1l does not only have the lowest pore diameter of 0.29 nm
but has an inconsistent pore dimension (0.31 nm x 0.45 nm)
and (0.28 nm x 0.48 nm) compared to its counterparts. Having
a silicon/aluminium ratio of 1.51, which is the second lowest
amongst its counterpart, it boasts the second fastest uptake
time of 3 hours. Fly-ash derived NaP1 has overall demonstrated
the ability to be effective in single and multi-element systems
and will be a viable preference for industrial wastewater and

water treatment.
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8.4.4 Chapter summary

Pelleting did not have a negative impact on the cation exchange
capacity as the difference between NaP1 powder and pellet was
(3%). i.e. NaP1 powder possessed 68.8 mg/g and NaP1 pellet
demonstrated 66.7 mg/g. However, zeolite 3A demonstrated
the largest cation exchange capacity of 101 mg/g. In contrast,
pelleting had reduced leachates produced from NaP1 pellets by

40% the original quantity produced from NaP1 powder.

With regards single-element (lead) removal, NaP1l powder
showed the fastest kinetic time for lead removal followed by
zeolite 3A and lastly pellet zeolite. All adsorbents (NaP1
powder/pellet and zeolite 3A) could be described by the pseudo-
second order and Elovich models. Thus, indicating the
adsorbents have a heterogeneous surface and follow the
double-site occupancy principle. Both intraparticle diffusion and
diffusion models could only be used to describe kinetics of NaP1

pellet and zeolite 3A pellet but not NaP1 powder.

Nitrogen adsorption isotherm identified NaP1 powder and pellet
with a type II isotherm (adsorption), indicative of an
unrestricted monolayer - multilayer adsorption with an H3
hysteresis loop (desorption) representing a non-rigid aggregate

of plate-like particles forming slit-shaped pores. Pore size
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distribution of NaP1 powder and pellet were within a broad
spectrum from the micro - macro pore range (2 nm > pore
diameter > 50 nm). The total surface area of NaP1 powder (60

m2/g) was noticed to be 28% lower in NaP1 pellet (43 m2/qg).

Results from multi-element adsorption showed lead to be the
most adsorbed element from solution compared to its
counterparts achieving a 100% removal within the first 15 min.
This was followed by 73% copper removal and 16% zinc
removal over the 3 h period (180 min). Multi-element removal
efficiency was identified in the order NaP1 powder > NaP1 pellet
> 3A pellet. Metal affinity towards NaPl powder/pellet and
zeolite 3A pellet was in the order Pb > Cu > Zn while varying
metal affinity at different times is evidence of competition

between elements in a multi-element adsorption system.
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9 Conclusions and future work

9.1 Advancement of results to this field

This research has demonstrated the potential of using fly-ash
derived NaP1 as a suitable adsorbent for heavy metal removal
from wastewater. NaP1 achieved > 80% of its adsorption within
the first 15 mins in comparison to other zeolites from literature
using a minimum of 2 hours contact time. This would be a
profitable adsorbent in industry as the minimum contact time
utilized in industry is 1 hour.

Secondly, the working pH 5 of NaP1 implies that limited acid
dosing would be required for pH adjustment during operations
and this is a cost-effective feature. In selective adsorption of
multi-elements, this study demonstrated pH 3.5 as suitable for
zinc adsorption, pH 6.1 for lead adsorption and pH 5.2 for
copper adsorption, whiles, pH 4.2 for equal removal of metals.
This knowledge will be vital in industrial systems, where, pH
adjustment will help in selective adsorption of metals from

multi-element effluents.

A major concern of leachates during the use of fly-ash derived
zeolites has been dismissed through this research. Some
researchers have proposed washing off leachates before using

them for adsorption, but this is not sustainable, as leachates in
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the wash-water would also require treatment. Hence, it is great
news to identify that this problem is curbed with the advent of
pelleting powdered zeolites. Zeolite NaP1 pellet was created
without the presence of a binder as a result of the pozzolanic
nature of NaP1 powder. This presents a huge advantage over
other adsorbents, since pellets are traditionally created with the
addition of clay binders. As mentioned earlier in this research,
clay binders either change the adsorbent surface attraction or
clog micropores of their adsorbents. Although, pelleting had
slowed down the kinetics of NaP1 pellets compared to NaP1
powder and reduced metal uptake by 20%. Furthermore,
pelleting was noticed to have created mesopores, which could
be utilized for separation of molecules, gases and liquids but

would require the use of pressure to access those pores.

Finally, fly-ash derived zeolite NaP1l will be a sustainable
replacement for current adsorbents, since it can be regenerated
with cheap eluents like NaCl and KCl. These have managed to
produce 30 % regeneration of copper in 3 hours and can achieve

100 % with successive regeneration at pH 5.
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9.2 Limitations of this research

The inability of producing more fly-ash derived NaP1 with
the same purity from different batches is a limitation to
this research. This limited the amount of NaP1 for the
entire project and the number of repeats for experiments.
This can be improved by the design and construction of a
continuous process for producing NaP1 from coal fly-ash.
Although, there was no notable influence of performing
adsorption experiments at variable room temperatures,
this could be improved by standardizing experimental
temperatures with a cold/warm water bath.

Another limitation was the labour-intensive way of
creating pellets with the hydraulic press and this can be
improved with a mechanized system or different means
of pelleting.

Time was the greatest limitation to this project as I could
not test the performance of pellets in a continuous flow

system with real-world industrial effluents.
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9.3 Future work

Further work in the following areas is recommended to establish

the benefits of NaP1 as the future of low-cost adsorbents:

*

Experiments using pellets should be conducted in a
continuous flow system, which is more relevant to
industrials processes.

Continuous tests using pellets should be conducted using
real wastewater samples from relevant industries in order
to determine the performance of the pellets and scale-up.
Regeneration of pellet using multi-elements using
KCI/NaCl solutions should be explored further. The
influence of temperature and concentration of
regeneration solutions on the efficiency should be

investigated.

9.4 Conclusion

Fly-ash derived zeolites could be the possible solution to

replacing expensive adsorbents for water and waste-water

treatment in industry. It is also another solution to utilizing coal

fly-ash; waste from the coal power plants being dumped into

landfills causing pollution of soil and water bodies.
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NaP1 displayed fast kinetics with all metals, removing >
80% of the total capacity in 15 minutes.

All the metals could be described by the Langmuir
isotherm and fitted well to the pseudo-second order
kinetic models.

pH 5 was the best working condition for NaP1

NaP1 demonstrated multi-layer adsorption  with
heterogenous surfaces.

NaP1 powder can be converted into binder-less pellets of
dimensions 10 mm diameter and 0.10 mm height.

Pore size distribution of both powdered (2 nm - 115 nm)
and NaP1 pellet (2 nm - 125 nm) are seen to be within a
broad spectrum from the micro — macro pore range (2 nm
> pore diameter > 50 nm).

NaP1 pellet has the advantage of a higher pore diameter
than NaPl1l powder but disadvantaged with a low pore
volume for adsorbates than that of NaP1 powder.

The mean pore diameter obtained from the distribution
for NaP1 pellet was 14.3 £ 0.275 nm compared to 10.95
+ 0.069 nm for NaP1 powder.

The total surface area of NaP1 powder (60 m2/g) is
noticed to be 28% lower in NaP1 pellet (43 m?/qg).
Pelleting had resulted in the reduction of adsorbent

surface area.
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The monolayer adsorptive capacity for NaPl powder
(13.82 cm3/g) was also more than the NaP1 pellet (9.98
cm3/g).

Pelleting process may have increased the porosity of NaP1
pellet by creating larger pores over 115 nm compared to
its powdered counterpart.

NaP1l powder has the advantage of higher pore volume
than NaP1l pellet but smaller size pore diameters than
NaP1 pellet. However, both NaP1 powder and pellet could
be used for selective elemental uptake based on their pore
diameter.

The pelleting process had reduced leachates produced
from NaP1 pellets by 40% the original quantity produced
from NaP1 powder.

Metal affinity towards NaP1 powder/pellet and zeolite 3A
pellet was in the order Pb > Cu > Zn

Multi-element removal efficiency was identified in the
order NaP1 powder > NaP1 pellet > 3A pellet.

Uptake of metals in moles was understudied to present a
different perspective of metal removal and to indicate
number of metals removed instead of their total mass.
Multi-element removal efficiency in moles of elements
removed within 3 h is in the order Cu > Zn > Pb for both

NaP1l powder and pellet and Cu > Pb > Zn for zeolite 3A.
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NaP1 has fast kinetics (15 min) and a short equilibrium
time (1 h) while having a good regeneration capability
(30% recovery in 1h) with common salts (NaCl and KCI).
Overall, NaP1 has outperformed commercial 3A zeolite in
the multi-element system by 54% removal efficiency with
selective ability and would be suitable replacement in

industry.
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