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ABSTRACT

ABSTRACT

Metal pollutants such as copper released into the aqueous environment have been
increasing as a result of anthropogenic activities, a topic causing global concern.
Adsorptionbased treatment technologies offer opportunities to remediate metal
pollutants fom municipal and industrial wastewater effluent. The aim of this
work was to evaluate the capability of modified cellulose nanowhisker (CNW)
adsorbents for the remediation of copper from water matuceer realistic
conditions using response surface medology (RSM) and artificial neural
network (ANN) models.

The first part of the study explored the preparation and characterisation of
modified CNW adsorbents. It also focused on the stability of the modified CNW
adsorbents at different time intervals undey conditions (up to 28 days) and in

the water matrix (up to 7 daysJhe results showed that the modified CNW
adsorbents were stable at different time intervals under dry conditions and in the
water matrix and proved that the functional groups wereaeent and did not
degrade under the tested conditiofi$ie stability of these modified CNW
adsorbents under these conditions, which is relevant from both the manufacturing

and application perspectives, is reported for the first time in this study.

The seond part of the work focused on using coppea aase study for heavy
metal polluton in a clean water matrixto evaluate removal by modified CNWs
under several conditions and ranges appropriate to wastewater treatment plant
(WWTPs), using factorialexperimentaldesign. RSM and ANN models were
employed in order to optimise the system and to create a predictive model to
evaluate the Cu(ll) removal performanbg the modified CNW adsorbents
Moreover, unseen experiments not belonging to the trainingsdgtébcated both
inside and outside the test parameter systeene performed to test the model
suitability. This is also novehs generallynly one or twoparameter variations
have beenested without checking thehosenmodel suitability for parameters
lying between the tested parameters, and certainly not for parameters lying
outside the tested parameter spaehas beerdone in thisstudy The results
obtained showed that the ANN model pertformed the RSM modelvhen

predicting copper removal frona clean water matrix.The Langmuir and




ABSTRACT

Freundlich isotherm models were applied to the equilibrium, dai the results
revealed thathe Langmuir isotherm (R= 0.9998) had better correlation than the
Freundlich isotherm (R= 0.9461). Experimental data wakso tested in terms of
kinetics studies using pseudicst order and pseudsecond order kinetic models.
The results showed that the psews@condorder model accurately described the

kinetics of adsorption.

The third @rt of the work was aimed at gaining a deeper understanding of the
complexity and variability of the wastewater matrix, including evaluating the
impact of the wastewater matrix temporally on adsorbent performance to
remediate copper pollutant from a re@adrld wastewater matrixThis study has
demonstrated that the wastewater matrix composition, which is both complex and
variable, has an impact on adsorbent capability and performance. A benchmark
study was adopted as a 06nmwabthewfiettseof qu al
the wastewater matrix (wastewater composition and its variability) on the
modi fied CNW adsorbentds capability +to
Since the process of adsorption from wastewater is often complicated due to the
variation in wastewater composition, results obtained from the benchmark
experiments were included as one of the independent variables in ANN
modelling, unlike in other optimisation studies. Tgerformance of the ANN and
RSM modelswas statistically evaluated iterms of coefficient of determination

(R?), absolute average deviation (AAD), and root mean squared error (RMSE) on
predicted experimental outcomes. The ANN model including the variability of
wastewater composition fitted tlexperimental data with excefieaccuracy and
better prediction (R= 0.9963) tharboththe ANN model that did not include this
variability (R? = 0.9945) andthe RSM model (R= 0.9409).The outcome of this
studyshowedthat by supplying the ANN model with the data obtained from the
benchmark experiments as the fourth independent variablggsitpossible to
improve the predictability of the ANN model

Continuous flow experiments for remediation of spiked Cu(ll) from the
wastewater matrix were conducted. However, the physical structure of modified
CNW adsorbents renders them unsuitable for use in column opefttienefore,

a more detailed study of the mechanical propertigSN#V adsorbentsvould be

necessary in ordepotimprove the strength arsgtability of the adsorbents. This
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work has demonstrated that modified CNW are promising adsorbents to
remediate copper from water matrices under realistic conditinakiding
wastewater complexity andariability. The use of moels to predict the test
parameter system and account matrix variability when evaluatingCNW
adsorbents for remediatin@u from a realvorld wastewater matrixnay also

provide the foundation faassessing other treatment technologies in the future
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CHAPTER 1: INTRODUCTION

1.1 THESIS OVERVIEW

This study focuses othe modification of cellulose nanowhisker (CNWnd
evaluates the capabilityf this modified adsorbents ftine remediation of copper
from the water matrices. Chaptéwo begins witha review of the literature
relating to the sources of copper in watand heir impactuponhealth andhe
environment. The amount of copper pollutant released into the aqueous
environments increasing as a result of anthropogenic activities, with the effects
of this pollutanton the ecosystem causing global concérhis chapte also
introducedreatmentechnologies for copper removal from water and wastewater,
followed by current knowledgen CNW as a potential adsorbenThis chapter
also presenta review on the application of response surface methodology (RSM)
and artificid neural network (ANN)n developing an approach for the evaluation
of heavy metals adsorption process. The results chapters commence with the
characterisation of CNWefore and after the modificatiom Chapter Four,he
size, morphology, suréa chargeand stability of unmodified CNW and oxidised
CNW adsorbentare summarisedrhe potential of oxidised CNW adsorbefus

the renediationof Cu(ll) from a clean water matrix using RSM and ANNodels

is described in Chapter FivA deeper understanding dig wastewater matrix
(wastewater composition and its variability) and the remediatia@pikedCu(ll)

from a real wastewateeffluent are summarised in Chapters Six and Seven,
respectively. Considerations forekign and applicatioto remediateCu(ll) from
wastewateby developing a continuous flow experimanédescribed in Chapter
Eight.
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1.2 RESEARCH BACKGROUND

Adsorption is a complex procesas it involvesthe interaction of various
parametersMoreover, the complexity and variability of the wastewater matrix
alsohas a direct impact on the process perform@Hamafiahet al, 2014 lleri et

al., 2014. In addition studies tend to focus avaluatingone single parameter at

a time which assumes each parameter operates independently. Timisy is
practicalbecausgarameter interactions cannot be elucidated using this approach
(Turanet al, 20130.

Developing a new mathematical dedling for remediation proces®t onlycan
reduce cost and time in wastewater treatment, but@iseestigate the edicts of
input variables or factors on an output variable or respofse capabilities of
these models were applied to the case study: remediation of copper from water
matrices using modifiedellulose nanowhiskelCNW) adsorbentsin this study,

the central composite design (CCD) was selected becasise has been
extensively applied in adsorption stud{@ngol et al, 2012 Shanmugaprakash
and Sivakumar, 2033The mathematical modelssgponse surface methodology
(RSM), and artificial neural network (ANN) are among the most popular models
usedin research o remediation of heavy metaleom the clean water matrigLi

et al, 2014 Mandalet al, 2015. This approach has also been used for the study
of adsorption of dyes and organic compouftde water matrice§Gengecet al,

2013 Sinhaet al, 2013.

Copper is a naturally occurring element which is found in water, air, and soil, and
is considered as one of the most dangerous substances foundnnitbement

(CEC, 1976. It has been identified in many water matricggginating from
industrialand municipalwaste, mining operations, coal fired power generation,
and urban runoffKadirvelu et al, 2001 Pazwash, 2011Pereiraet al, 2009.
Although small amousst of copper are essential for human healthigh
concentrations of coppen iwaterare recognised as a major problem that can
cause physiological and health effedisim and Schoenung, 2010 The
maximum guideline concentratidimit for copperdischarge to water hdseen

established byhe Water Framework Directive of water polidyschargeo inland
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surface water directive (2000/60/EGIEC, 2000. With these strict guidelins
for the regulated levels of coppfar wastewater dicharge (128 pg/L), proper
and suitable treatment is required in order to meet these discharge limits.

Treatmenttechnologies such as chemical precipitation, ion exchange, reverse
osmosis, membrane technologies, and electrochemical treatmawe been
proposed for the removal of copper from industrial efflugbavrilescu, 2004
Wang and Chen, 2009These technologies have their own limitations, for
instance, high operating costs, high energy requirements, low adsorption capacity,
and the production of toxic sludge&/ang and Chen, 2009

Adsorption has become one of the alternative treatnfenthie removal of low
concentrations of heavy metals from the water matrices. The adsorption process
has been practiced widely in the wastewateratment due to operational
simplicity, regeneration and reuse of adsorbesmd low cost treatment
technology(Cojocaruet al, 2009. Activated carbonfor instancejs a widely
employed adsorbent due to liggh porosity and surface arddowever, various
studies havelemonstrated thlimitationsof activated carbon as an expensivel
nonrrenewableadsorbent for heavy metals remoy@leyikci et al, 2012 Reddy

et al, 2012. From a sustainability and economical perspectivesodzents
derived from renewable and sustainable resources are an interesting Bigtion.
ash(Javadiaret al, 2015, natural zeolite§Ansariet al, 2015, clay(Unuabonah
et al, 2013 and agricultural biomaséThirumavalavanet al, 201Q are the
examples of promising sources of adsorbedte to theirlow cost and

abundance

Nevertheless, without physical and chemical modificegjothese untreated or
unmodified adsorbents can cause several problems, for examgilechemical
oxygen demand (COD), biological oxygen demand (BOD) and total organic
carbon (TOC) due ttherelease of soluble organic compounds contained in plant
materials (Himanshu and Vashi, 20140'Connell et al, 20083. Therefore,
chemical modifications and pteeatment methods have been developearder

to increase the adsorption capacity and improve the adsorption performance.
Chemical modifications are carried out by attaching the potential functional
groups onto the adsorbent surfatbe datachment of different functional groups
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onto chemicallymodified biomass adsorbents such as fruit pékeis et al,
2013, wood sawdustPereiraet al, 2009, egg shellWanget al, 2013, jute
fibre (Shukla and Pai, 200%band pine barlk{Argun et al, 2009 have been
reported. Furthermore, some plant waste requirgeparate pre
treatment/purification to remove impurities and colours which could affect the

performance of the adsorbeBulut and Tez, 2007

Cellulose has been identified as a promising adsorbent for the remediation of
heavy metals from the water matii&lves et al, 2009 Isobeet al, 2013. In
comparison with other biomass adsorbents, cellulose is the most abundant natural
biopolymer on eartt{Brown, 2004. Numerous chemical modificationsié pre
treament methods for isolating CNWWom various plant fibres have been
attempted. One of the most common methods is acid hydrolysis udingcs

acid, through which CNWsvith length of 106820 nm and width of 0 nm

could be extracted from varts plant fives (ElazzouziHafraoui et al, 2008

Hsieh, 2013 Although CNWs hee been recognised due to their high surface
area and high eetive group density on the surface, only limitedearchhas

been published on using CNWSs as an adsorbent, as the majority of the literature
has mainly focused on macroscopic lignocellulosic biomass such as jute, orange
peel, wood sawdust, wood pulgnd sugarcandagasse fibresather than pure
cellulose(Eyley and Thielemans, 201Reddy, 201}

In recent years, 2,2fBtetramethylpyperidind-oxyl TEMPO-mediated
oxidation has frequently been used to introduce carboxyl functional groups on the
surface of nanowhiskers or native cellulose without afigahe crystallinity or
changing the original fibrous morpholo¢§aitoet al, 20095. This study not only
focuses on the modification of CNWirough a controlled surface oxidation, but
also on tle stability of the oxidised CNW adsorbentsder dry conditiosand in

the water matrix. Although the carboxyl group can also be introduced throug
esterification, the reported modification using succinic anhydride is not a suitable
and sustainable procesas pyridine is a welknown problem in the chemical
industry as it may cause harmful health eff¢etsalth, 1992Xu et al, 2015.

While the application of oxidised CNW adsorbemtsemoving heavy metals is

still in its development phasether processes and modifying adsorbents are now
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rapidly taking place, in line with ehfastpaced growth in the fielChandet al,

2015 Duanet al, 2013 Goeset al, 2016. However,in many studies, the range

of the investigated parameters for the adsomptprocess is often not
representative of the actual conditions in a wastewater treatment plant (WWTP)
(Thirumavalavaret al, 2010. Moreover, most of these previous studies focused
on the adsorption process for the remediation of heavy metalsafotean water
matrix, and little exists on realorld wastewatematrices As the remediation
process from wastewater is often complidatieie to the variation in wastewater
composition studying this factoand its influence on adsorption behaviour and
removal capability in the case of varying wastewater matrix composition could
lead to a better understanding of the actual applicatioronpesince of an

adsorbent for remediating pollutants.

However, most of the previous literature focuattention on adsorption studies

by using either RSM or ANNwithout comparing the performancégtween
these two modeld-urthermore, the testing of bd®6M and ANN using new sets

of experiments not belonging to the training data set has only been undertaken by
a limited number of studies on biomass adsorp@on without consideration of
how the additional experiments represent the systenpvitiea more accurate
indicator of performancégBingol et al, 2012 Ghoshet al, 2015. Therefore,
model suitability for interpolated and extrapolated experimental parameters was
tested, which is rare in the existiritgtature but provides valuable insights into
applicability of the approaches tested in this work. Moreover, no work in the
reported literature has includedatrix complexity and the variability of the
wastewateas one of the independent variables in ANNdelling. Therefore, in
order to study the effect of variation in wastewater composition on removal of
spiked Cu(l) from wastewater effluent, lrenchmark experimentagconducted

for eachwastewater sample used in the experiments, which determined Cu(ll
removal by oxidised CNW adsorbents for that particular water matrix in time and
space. Studying the effect of matrix complexity and the variability of the
wastewater, along with applying realistic conditions for WWTP, could lead to the
establishment of good knowledge based on adsorption behaviour and provide
the foundation for further studies.
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1.3

AIM AND OBJECTIVES

The aim of this research is wevelop anew mathematical modelling using

response surface methodology (RSM) and artificial neural netwANN)

models to evaluatethe capability of modified cellulose nanowhisker adsorbents

for the remediation of copper from water matricesler realistic conditiongnd

to show the potential dhese models to deal with the complexity and variability

of thewastewater matrix.

The specific objectives of this research are:

1.

To characteris the adsorberd through various physical and chemical
analytical methodsn order to check the suitability of CNW adsorbeagsan
example of potential adsorbdntremove opper form water matrices

To build two modelsRSM and ANN, and assess their abilities to determine
the effectivenessof oxidised CNW adsorbentsunctionalsed with
carboxylate functionalities aémoving copper ions from water matrices

To understand theomplexity and variability of the wastewater matrix,
including evaluating the impact of the wastewater matrix temporally on
adsorbent performance to remediate copper foltufrom the wastewater
matrix, in orderto include matrix complexity and the variability of the
wastewatens one of the independent variables in ANN modelling

To optimise the adsorption process parameters such as pH, temperature,
sorbent dosage and initial Cu(ll) concentration using RSM and ANN for the
removal of copper from water matrices

To test ifCNWs functionalsed with carboxylate functionalitiesould work

in real application by developing a continuous flow experimander

optimum adsorption conditions




CHAPTER 2: LITERATURE REVIEW

2.1 IMPORTANCE OF WATER

Water is a crucial part of everyday life as every living thing on earbh as
microorganisms, plants, animals and humans consist mostly of water, and require
access to water in order to function. Moreover, water is also important in many
industries and domestically, which in turn generate used water or wastewater. The
wastes generated from anthropogenic activities decrease the quality of water and
impact the natural ecosystems that support human health, food production and
biodiversity(Singhet al, 2019. This is because untreated wastewater consists of
many pollutants that can adversely affect organisms and flora that come into
contact with that wastewater. Hence wastewater needs to be treated before being
reused, whiler this involves discharge into water bodies or not, and legislation
such as The Urban Wastewater Treatment Directive (91/271/EEC) and the Water
Framework Directiv€2000/60/ECXxlearly support the need for treatment prior to
reuse(Hughes and Gray, 2018b

In general, the hydrological cycle is a model that describesstorage and
circulation of water between the biosphere, atmosphere, lithosphere and
hydrosphere. However, the hydrological cycle lacks the anthropogenic interaction
which renders it more complex and is then known as the urban water cycle
(Marsaleket al, 2009. The simple concept of the urbavater cycle can be
defined as a water balance where water that is used should be able to be treated,
reused, and returned to nature as purified wastewater. Moreover, urban sources of
water pollution have often been mentioned as the major cause of ptar wa
guality (Eslamian, 2016 A growing population in urban areas for instance, will
create more domestic waste and wastewater, placing increasing burdens on
treatment systems and creating the need to meetstuagent legislation aimed

at reducing the pollutant load of treated wateesngy the receiving rivers and

water bodies.
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Urbanisation and industrialisation have caused serious ecological problems, such
as water pollution in urban are@®azwash, 2031 Various pollution sources, for
example toxic waste, agriculturattevities, household wass andiransportation
activities can contaminate ground and surface w&amwellet al, 2014 Revitt

et al, 2014. Storm water is also considered a major pollution source and affects
the quality of wate(He et al, 2014. The sources of water pollution in the urban
water cycle are illustrated in Figure 2.1.

Figure 2.1: Sources of water pollution in the urban water ¢¥dkhardt, 201p

Anthropogenic pollutants are listed as harmful and dangerous to the environment
and to life by most legislatioChernen'kovaet al, 2014 Liu et al, 20149. The
impact of human activities from agricultural and urban runoff, municipal
wastewater, industrial trade, main drainage and landfill leachate often causes
serious water pollution and affects water quality. Therefore, knowledge regarding
anthropogeit pollutants is widely regarded as necessary to the understanding of
the effect of these pollutants in any environmental system. These pollutants are
categorised under three major groups: nonpolar organic compounds (pesticides,
polycyclic aromatic hydroaaons), polar organics (pharmaceuticals), and heavy
metals (eyg. copper and cadmium). The major pollutants associated with
anthropogenic activities are summarised in Table 2.1.
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Table 2.1: The sources of anthropoggrotiutants

Activity / source category Pollutants References
Agriculture Phosphates, nitrates, (Munozet al, 2009
pesticides Yanget al, 2019
Urban activities Phosphatedieavy (Carlsonet al, 2011
1 Transportation metals, hydrocarbons Hasenmueller and
Criss, 2013

1 Construction and building

1 Misconnections
(wastewater draining to the
wrong place)

1 Runoff activities (eg .car

washing)
Industrial Polycyclic aromatic (Gaoet al, 2014
hydrocarbons (PAH), Nhapi, 2011 Pereira
heavy metals et al, 2009
Waste disposal Nitrate, ammonia, (Diverset al, 2014
phosphate Rhind, 2009
Mining (abandoned mines)  Heavy metals (Gavrilescu, 200¢

2.2 WATER POLLUTION BY H EAVY METALS

2.2.1 SOURCES OF HEAVY MEALS IN WATER

Sources of heavy metafierivein the environment mainly from anthropogenic
activities as well as from natural constituents of ¢ha r triasb Heavy metals

are not only emitted from industrial activities, but also from major urban sources
including urban storm water runoff, domesifluentsand municipal wastewater
(Karamouzet al, 2010. For example, urban storm water runoff contains heavy
metals such as lead (Pb), zinc (Zn), copper (Cu) and cadmium (Cd) trathent
municipal wastewater treatment plants or otherwise contaminate surface water

and ground water sourc@ésu et al, 20144.

Moreover, naturalprocesses can affethe environment and cause pollution
through metal corrosion, atmospheric deposition, soil erosion and leaching of
heavy metals, sediment-seispension and metal evaporat(@henet al, 2016.
Heavy metalsni soils resulting fromweathering of the underlying bedrock are

9
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normally harmlessand natural sources of metals beegmotentially toxic only

when these heavy metals are transported by water in a dissolved or particulate
state and enter the water enviraemh through rivers or land runofHe et al,

2014). For example, monitoring studies in the United Kingdom (UK) have
reported thathe concentration of Cu, Pb and Zn from managed and unmanaged
woodlard exceed the required dischaigeit, leadng to metal concentrations in
water reachinghethreshold for adverse effediSoreet al, 2014.

Humans ontribute largely to the sources of metals entering the environment
through a variety of activities including industrial activities, mining, burning
fossil fuels and domestic effluents. Major industrial sources, as listed in Table
2.2, contribute signifiaat amountof heavy metalsuch as Cu, Cd, Pb, Zn, As,
Fe, Hg, and Ni to the water environment. Although heavy metals present in
wastewater are mainly industrglated, other factors such as household effluents,
drainage water, business effluents (eashes, dental uses), and transportation
activities can also provide a signdict contribution to heavy metdbads
(Carlsonet al, 201).

Table 2.2: Significant heavy metal sources fromdustrial activities(Barakat,
2011, Das, 2003

Sources Cu Cd Pb 2Zn As Fe Hg Ni
Non—ferr.ous metal P P b
production

Electroplating P P P P P P P P
Chemical manufacturing P P P P
Paint and pigments P P

Metal manufacturing,

refining, and finishing P P P P =] =)
works

Leather tanning P P P P P P

10
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2.2.2 IMPACT OF HEAVY METALS ON THEAQUATIC ENVIRONMENT

Numerous studies showed that heavy metalsan¢ainedn our drinking water
(conc) air and soilMudhooet al, 2011 Revittet al, 2014 Yannaet al, 2014.

This is because metals cannot be subjected to chemical degradation beyond the
elemental statgLysenko et al, 2010. Being nonrbiodegradable, they can
therefore cause a variety of toxicities towards aquatic and other ecosykiems
and Schoenung, 20L0Moreover, heavy metals can cause serious praiileat
canaffecthuman health and aquatic life even at low concentrafidsisrafet al,

201]). For examm, low concentratian of lead are capable of inhibiting the
growth of plans due to instability in ion uptake by planhu et al, 2011).
Therefore, in order to protect the environment, wastewater must be sufficiently
treated before being discharged. Table 2.3 sumnsattieeffects of toxic heavy

metals on human health and aquatic life.

11



Table 2.3: The health hazards of various toxic heavy metals

Heavy metals Health and risks Daily intake References
(1g/person)
Cadmium (Cd) 1 Renal dysfunction
T Lung diseasebone defects 0.93 (Raoet al, 2012
1 Effects on the myocardium in animals
T Larval mortality
Copper (Cu) 1 Anaemia, liver andtidney damage 3.00 (Sengil and Oezacar, 2008
9 Stomach and intestinal irritation
Iron (Fe) ' Conjunctivitis 0.07 (AbdelSabouret al, 2007
1 Pneumoconiosis
Lead (Pb) 9 Chronic damage to the nervous system
1 Effects on haemoglobin synthesis and anae!
: . 3.54
1 Gastrointestinafract damage (Azila et al, 2008
1 Joint and reproductive system harm
Mercury (Hg) 1 Tremors
1 Gingivitis 0.36 (Ratcliffeet al, 1999
1 Congenital malformations
Nickel (Ni) 9 Decreased body weight 1.40 (Oezeret al, 2008
9 Heart and liver damage
Zinc (Zn) 1 Metal fume fever, headache, aches, cough 0.05 (Lim and Schoenung, 2010

12
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2.2.3 COPPER AS A CASE STDY HEAVY METAL

Copper is a reddishrown coloured metal, tough, ductile and corrosion resistant.

It is the third most used metal in the wordthdhas widespread commercial uses

in a range of applicationgBini and Bech, 2014 Copper is of major
environmental concer(CEC, 1976 asit and its compounds are abundant in the
environment and have become a threat to human health due to their water
solubility andready bindingto natural organic materialSengil and Oezacar,
2008. Moreover, coppercompoundsdo not break down easily in the
environment, thus can accumulate in animals and p(M#kgnaniet al, 2015.

With a wide range of applications and ubiquitous usage, copper is one of the most
common metals found in common industaaldmunicipal wastewater and urban
runoff (Gardneret al, 2012 Liu et al, 2002.

2.2.3.1Sources of Copper in the Aquatic Environment

Sources of copper in the aquatic environment can be divided into two categories

point and nofpoint emission sources.

1. A point source is where the pollutants commanf a single location, such as a
pipe or drain and commonly from industrial waste. These include operations
that produce copper, consume copper or use copper compounds in product
manufactureThe point sources inclednining operations, metal processing,
coal fired power generation, electrical applications and chemical manufacture
(Kadirveluet al, 2001 Pereiraet al, 2009.

2. Nonpoint sources usuallsefer toindirect copper sourceshere the metabk
introduced into the aquatic environment via stormatfin Examples of some
nonpoint sourcesnclude transport (mechanical wear and tear of brake pads
and tyres)household plumbing, metallic building products, pavements, roads,
and highwaygGavrilescu, 2004He et al, 2014 Pazwash, 203 Wanget al,
2009.
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2.2.3.2Toxicity of copper to humans and the environment

Copper is essential for humans and must be absorbed in small amounts on a daily
basis by eating andrinking in order to maintaigood health. However, high
levels of copper can be harmful to health and cause anaemia, liver and kidney
damage, and stomach and intestinal irritati@engil and Oezacar, 2008
Furthermore, copper pipe and tubagwidely used for domestic water systems

and contamination of drinking water can easily occur from corrosion of
household pips (Hu et al, 2012 Turek et al, 2011. Therefore, it cannot be
easily removed from the water system. The datacopper concentration in
wastewaterrbm different industries and municipal wastewater, #melrangeof

copper concentration @clean water matriareshown in Table 2.4.

Table 2.4: Copper concentration in industrial and municipal wastewater, and the
range reported for clean water matrix

Copper concentratiot

Wastewater (mg/L) References
20.0 (Scibanet al, 2007
_ 60.0 (Malakootianet al, 201J)
Electroplating _
20.0 (Da'na and Sayar2012
22.57 (Kulbatet al, 2003
Copper plating industries 126.0 (Kadirveluet al, 200)
Pharmaceutical 17.6 (Hamidet al)
0.5 (Hughes and Gray, 201Ba
Municipal 0.2 (Kulbatet al, 2003
0.02 (Gardneret al, 2019
251 250 (Aksu and Isoglu, 2005
Clean water matrix 10i 400 (Zhuet al, 2009
251200 (Amarasingpe and Williams,
2007
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Copper concentration varies in wastewater both temporally and spatially. Other
constituents, which are pollutants themselves, also vary temporally and spatially
(within a WWTP and between different wastewater streams). Wastewater
entering a treatment works not of constant composition; how treatment
technology performs in the face of that matrix variability needs consideration in
order to understand how to develop technologies for their abilities to treat
wastewater. However, to date no work has examthedeffect of wastewater
composition and its variability on the remediation of Cu(ll) from the wastewater
matrix. Although there have been some studies that used real wastewater samples
in their studies, assumptions that the real wastewater composittonstant, or

that its composition has no effect on adsorbent capability, are questionable and

may lead to inaccurate and Atvastworthy data being presented.

2.2.3.3Environmental regulations and standards for discharge of effluent into

water

Copper pollution inthe water environmertias been reported for a number of
years andhas been a topic of concern in UK legislation for decafidistton and
Symon, 198k Besides proper treatmeheing provided by waste management,

the other way to improve environmental management is by reducing the
production of wastes and restricting their disgeailherefore, to support and
improve the understanding of the environmental impacts of hazardous chemicals
and pollutants, European Union (EUdirectives hae improved the scope of
pollution control measures qaired to protect surfaceater There are ab a
number of specii EU directives for heavymetal pollutants in the water

environment. Such directives include:

Dangerous Substances Directive (76/464/EEEC, 1976
The Sewage Sludge Directive (86/278/EECEC, 19868
Water Framework Direste (2000/60/ECYCEC, 2000
Fish Directive (2006/44/EQ)CEC, 200§

Environmental Quality Standards (2008/ECEC, 2008

= =4 4 A4 A
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The Dangerous Substances Directive (76/464/EEC) was one dirgthevater
related, aquatic environment related, directiteebeadopted. Itcoverspollution
caused by certain dangerosigbstancesincluding heavy metals. The directive
established the concept of List | and List Il, with the purpokseliminaing
pollution by the dangerous substances in List | ahtedudng pollution by the
dangerous substances in List Il. In order hswe clean waters are kept clean,
Europeanwaterpolicy has undergone thoroughrestricting process. As a result,
a new Water Framework Directive (2000/60/B&@sadopted in 2000 and will be

the operational tool for community action in the field of watalicy.

Environmental Quality Standards (2008/EC) have been defined by EU directives
including the Water Framework Directive (WFD) and the Priority Substances
Daughter Directive, which spegifthe maximum permissible concentration of
priority substancege.g. metals, polyaromatic hydrocarbons, biocides) in the
water environmentEnvironmental Quality Standards (EQS) are benchmarks
expressed as an annual average value (AA) or maximum allowable concentration
(MAC), or other limit value of likely interestush as a predicted no effect value
(PNEQ), used as guideling® ensurehat the concentrationsithin the effluent

measured at the monitoring pqidb not exceed thetandard set(CEC, 2008.

While EU Directives have established EQS to set maximum admissible
concentrabns of over 30 substanceast EU leve] the Chemical Investigation
Programme (CIP) is a programroethe UK Water Industry Research (UKWIR)
organgation, which assists in improving the management of wastewater treatment
across the UKGardneret al, 2013. The main objective of this programme is to
monitor the final effluents from over 160 wastewater treatment workst@nd
determne the final concentrations of chemicals discharged to the water
environment. The CIP covers more than 70 target chemiralkiding nine
metals (Ni, Pb, Cu, Zn, Cd, Hg, Fe, Al and AgThe metals for which
concentrations were reported to be above thedstals were Cd, Cu, Ni, Pb and

Zn (Gardneret al, 2012. Since the regulations regarding the discharge of
wastewater are becoming ever more stringent, wastewater needs to be treated
prior to discharge in order to meet the discharge $iwiitheavy metals and other

pollutants

16



2 LITERATURE REVIEW

There are few examples of approaches that have been implemented as part of the
CIP in order to improve wastewater effluent quality. Weisal, (1997) reported
thatafter 30 years of implementation of activated sludge treatmehé Beckton
wastewater treatment plant in London, significant improvement in water quality
has resultedMoreover,the Water Indwstry Act 1991 gave theccupies of trade
premises the righo an effective trade effluent collection and treatment service.
Thus, trade effluent produced from commercial and industrial operations will be

monitoredand controlled byvatercompaniegrior to discharggAct, 1997).

2.2.3.4Legislative Limits for Copper in the Aquatinvironment

Copper (Cu) has also been listed in European Directives under dangerous
substances (76/464/EC), as a metals that is dangerous and toxic to the aquatic
environment (CEC, 197%. Moreover, the World Health Organisation
International Standards for Drinking Water has suggested a guideline value that
has been adopted by the 1963 and 1971 International Standards as a maximum
allowable or permissible Cu concentration in drinking wg@onohue, 20041

The maximum guideline concentration limits of Cu in drinking water and water
discharge are summarised in Table 2.5, which includes a comparison between
values in the WHO guideline value for Cu in drinking water, Water Framework
Directive WFD) on water policy (2000/60/EC) and PNEC val(lgK, 2008.

Table 2.5: Maximm guideline concentration of copper in drinking water and
wastewater discharges

Copper regulatory limit

Drinking water Wastewater discharge

WHO WEFD (2000/60/EC) PNEC

2.6-'5 pg/L (Salt water)

2 mglL 1.0 pg/L
mg HY 1-28 ug/L (Fresh water)

WHO=World Health Organization; WFD=Water Framework Directive; PNE(
predicted no effect value
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Moreover, theFish Directive (2006/44/EC) also provides guideline values for
copper in fresh water, which are used to ensure that such water is capable of
supporting aquatic life(CEC, 200§. The guidelines for dissolved copper

concentrations for different water hardness values are shown in Table 2.6.

Table 2.6: Dissolved copper concentration (mg/L Cu) for different water hardness
values between 10 and 300 mg/L CaCO

Water hardness (mg/L CaGO 10 50 100 300

Copper concentration (mg/L) 0.005 0.002 0.04 0.112

2.2.3.5Conventional wastewater treatment approaches for copper removal

The main objective of wastewater treatment is to allow muniaisdharges
(from domestic sources) and industrial wasté¢otreatedto reduce pollutant
load sothatthe treated water can be discharged to the water environment without
adversely affectingthe aquatic orgasms within, or human healthThe
wastewater treatment plant (WWTP) comprises several treatment stages known
as preliminary, primary, secondary aindrare cases, tertiary/advanced treatment
(WEF, 2007. Preliminary treatment is where the solids and large materials often
found in raw wastewater are removed using coarse sogeand grit removal.
Since organic solid matter and fine particles still remain suspended in the
wastewater, these remaining particles settle out to form sludge. The clarified
water then enters secondary treatmewnthich involves the removal of
biodegradale dissolved and colloidal organic matter through aerobic biological

treatment process€¥u et al, 20133. TheWWTP issummarised in Figure 2.2.
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Figure 2.2: Schematic of a typical wastewater treatment (Sqeiman, 2013

Tertiary and/or advanced wastewater treatment is only applied when specific
wastewater pollutantsannot be removed or treated by the prior treatment stage
and there is a legislative drive(CEC, 2000. It is very rarely used.
Tertiary/advanced treatment technologies including precipitation, ion exchange,
reverse osmosis, filtration, electrochemical treatment, and membrane
technologies have been proposed and appligdecdemoval ofmetal ions from
wastewater effluen{Gavrilescu, 2004 Wang and Chen, 2009Vang et al,

2013. However, these methods are considered economically inefficient due to
the high operating cosof treating largevolumesof wastewater and water with

low concentratios of metal ions(Wang and Chen, 2009Table 2.7 shows the
main advantages and disadvantages of the conventional methods in removing

heavy metals from the water matrix.

Amongst these technologies, adsorption gigmatural sorbents is considered a
popular and effective process for the remediation of heavy metals from
wastewaterAli and Gupta, 2006 The adsorptioprocess is effective and simple
compared to other taéments technologies, especially in removing low
concentrations of heavy metals from the water maffighraf et al, 201J.
Removal of these pollutants by an adsorption process also offers the opportunity
to consider waste as a resoyrbg recoveing the heavy metals for reuse by
regenerating the adsorbeitthis is in line with the UK Water Industry Research
(UKWIR) Road Map that looks to recovering opportunities within WWTPs
(UKWIR, 2015.
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Table 2.7: The main advanegyand disadvantages of the conventional methods for treatment of heavy metals in wastewater

Conventional treatments

Advantages

Disadvantages

References

Chemical precipitation

1 Low capital cost
1 Simple procedure

1 Sludge generation
1 High cost for sludgeéisposal

(O'Connellet al, 20084

Coagulation
Flocculation

1 Good sludge settling and dewatering
characteristic

1 Chemical consumption
1 Sludge generation

(Oloibiri et al, 2019

Electrodialysis

1 High separation selectivity
1 No chemical consumption

1 High operational cost due to
membrane fouling

1 Energy consumption

(Wang and Chen, 2009

lon exchange

1 High metal selectivity

1 High maintenance cost

(Barakat, 201

Membrane filtration

1 High separation selectivity
1 Small space requirement
1 Low solid waste generation

1 High initial capital cost

1 High maintenance cost due to
membrane fouling

(Kurniawan, 200%

Reverse osmosis

1 Effective in both small and large scale

1 High capital and maintenance
cost

(Fu and Wang, 2021
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2.3 ADSORPTION PROCESS

2.3.1 MECHANISM OF ADSORPTON

Adsorption is a mass transfer process by which a substanttes(case, aeavy
metal) is transferred from the liquid phase to the surfacea ablid the
adsorbent), and becomes bound by physical and/or chemical interdticssd
Gupta, 2006Igbal et al, 2005. Adsorption of ions cabe simply represented as

a physical and chemical reaction:
0 6P 08 (2.2)

whereA is the adsorbatepéllutan), B is the adsorbent andl.B is the adsorbed
compound. Moreover, the sorption process can be described in three main steps

(as shown in Figure 2.3):
i.  The transport of the pollutant from the bulk solution to the sorbent surface
ii.  Adsorption on the particle surfaoe pores
iii.  Transport within the sorbent particle.

iv.  Adsorption is different from absorption, in which a substance diffuses into

a liquid or solid to form a solution.

.. . Pollutants

Adsorbed
pollutants

¥
—
—
=

Figure 2.3: Mechanism of adsorption process
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The term o6sorptiond wa sscribedrseettiveitransfero d u c e
to the surface and/or into the bulk of a solid or lig(MtBain, 1909. Several
mechanisms can be classified in the adsorption process based on the type of
bonding involved, such as physical agdgmn involving Van der Waals forces

and chemical adsorption involving strong chemical bonds between adsorbent and
adsorbatéGorelovet al, 1999.

In physical sorption ophysisorption, no exchange of electrons is observed and
the adsorbate is bound to the surface by relatively weak Van defs/iaaks;
hence theadsorbates not fixed to a specific site anidis relatively free to move

on the surface(Jiang et al, 2013. Moreover, this type of adsorption &
reversible procesdhat can be effected by increasing the temperature or
decreasing the pressure. Chemical sorption or chemisorption involves strong
forces between adsorbate and adsotbesulting in a change in the chemical
form of the adsorbate. Theond formed is much stronger and stable at high
temperature than that derived from Van der \@aphysisorptior{Rouquerolet

al., 2013. The characteristics of physical and chemical sorption are presented in
Table 2.8.

Table 2.8: General characteristics of physisorption and chemiso(Riguerol
et al, 2013

Physical sorption Chemical adsorption

No electron transfer although Electron transfer leading to bond

polarisation of adsorbate may occur formation between adsorbate and
adsorbent

The heabf adsorption is loywat about The heat of adsorption is higat

20-40 kJ/mol about 46400 kJ/mol
Low activation energy High activationenergy
Multilayer adsorption Monolayer adsorption

Non-dissociative and reversible proces: Irreversible process
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2.3.2 ADSORPTION ISOTHERM

In general, an adsorption isotherm describes the dynamic adsorptive behaviour of
any substancenoving from the liquid phase or aquatic environment to a solid
phase at a constant temperature and(pbb and Hameed, 2010Therefore,
isotherms play a crucial functional role in predictive modelling procedure for
analysis and design of adsorption systems (sorption capacity of the sorbent). A
variety of isotherm adsorption models have been applied in WWTPs to evaluate
the designof adsoption systers and to describe the adsorption capacities of
modified adsorbest (Shojaeimehret al, 2014. For example, two common
adsorption isotherms, namely Langmuir and Rddigh isotherm models, have
been widely applied. These isotherm models have been applied due to their
simplicity andtheir good description of experimental behaviaurdera large

range of operating conditior{(lo, 2009. Below, a brief description of the two

common adsorption isotherms is presented.

2.3.2.1Langmuirlsotherm

The Langmuirisothermwas first established in the work by Langmuir in 1918, to
describe gaseous adsorption on ptasurfacegLangmuir, 1918 According to

Foo and Hameed (201Qhe Langmuir isotherm is considered the simplest and
the most widely used ndel for physical and chemical adsorption from both
gagousand liquid solutions. The derivation of this isotherm is based on certain

implicit assumptiongFoo and Hameed, 2010
1 The adsorption occurs at a fixed number of definite localised sites
1 Monolayer adsorption is formed on the surface of the adsorbent.
1 The surface of the adsorbent is homogeneous

1 There are no lateral interaati® between neighbouring adsorbed adsorbate

molecules

The Langmuir adsorption model is given (8hojaeimehet al, 2014:

A
5 06 (2.2)
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where @ (mg/g) is the equilibriummassof Cu(ll) adsorbed per unit mass of
sorbent, Gis the equilibrium concentration (mg/L)mdmg/g) is the maximum
adsorption capacity to form a compl&a(ll) ion monolayer boundbo the surface

and K_ is the Langmuir conste which related to the affinity of the binding sites.
The characteristics of the Langmuir isotherm can be expressed in terms of a

dimensionless equilibrium parameter YRwvhich is given by:
Y —— (2.3)

Where K is the Langmuir constant and,(s the maximum adsorbate
concentration (mg/L). The value of Rndicates the type of the isotherm
unfavourable (R>1), linear (R=1), favourable (O<R1) or irreversible (R=0).

2.3.2.2Freundlich Isotherm

The Freundlichisotherm is often used to define adsorptioratbeterogeneous
surface across a wide range of adsorbate concentrations. This isotherm represents
the relationship between thmassof metal adsorbed per unit mass of the
adsorbent (g and the concentratioof the metal ionn solution at equilibrium
(Limousinet al, 2007. The Freundlich isotherm is expressed as:

B 087 (2.4)

where k and n are the Fomdlich constants that indicaséglsorption cpacity and
adsorption intensityespectively. The n value is an indication of how favourable
the adsorption process is, usually ranging from (1<n<1Q).akd n are

determined from the linear plot of loggrsus log €

The Cu(ll) adsorption isotherm of modified lcdébse based adsorbents usually
exhibits typical Langmuir behaviouthus showing characteristics of physical and
chemical adsorptio(Chen et al, 2009 Liu et al, 2009 Liu et al, 2002
O'Connellet al, 2006a. This observabn suggests the adsorption of a monolayer

on the surface of the adsorbent. Moreover, Langmuir isotherm models have also
been successfully applied to other adsorbents, such as carbon nanotubes (CNTS)

and activated carbo(Liu et al, 20140). Fa example,Mobasherpouret al,

24



2 LITERATURE REVIEW

(2011) used CNTs for the removal of copper from aqueous solution. Isotherm
studies indicat@that the Langmuir model fitted the experimental data better than

the Freundlich model

2.3.3 FACTORS AFFECTING THE RATE OF ADSORPTION

There are several kegarametersthat can influence the adsorption process.
Experimental parametersuch as pH, initial metal ioooncentration, sorbent
dosage, and temperaturare the important factors affecting heavy metal
adsorption(Reddy, 2012 Moreover, the surface area of the adsorbent, pore
structure and adsorbent particle size also factors responsible for influencing
heavy metal adsorption. Several studies have shown the effect of adsorbent
particle size irtheremoval of heavy metals from a water matifNadeemet al,
2009 Yang et al, 201). Sengil and Oezacar (2008) carried out a series of
experiments with different particle sizes of mimosa tannin resin adsdfemgil

and Oezacar, 2008The results indicate that the uptake of Cu(ll) by tannin resin
is increased as the particle size decreases. This is dbeltyge surface areaf
small particleg100 um) while larger particles (250 pnmesultin a lower driving

force per unit surface area for mass transfer during the adsorption process.

The pH of the adsorbate or solution is an important factor in the adsorption
process as the number of avable sorption sites on the adsorbent is pH
dependen{Reddy, 2012 The optimum pH for metal removal from the water
matrix varies, depending on the target mek&bwever, the optimum pH range
(2.07 9.0) for the adsorption process is not representative of the wastewater
environment and is considered too acidic, asphigange increases competition
between protons and metal ions for active siigeddy, 2012 Results of
adsorption capability for removing heavy metals from a wastewater matrix in this
pH range will not be a true reflection of capability in a WWTP. Thtss
important to note here that the removal of IQufay decrease when pH iisore
acidic than the optimum. Moreovehe choice ofa range of pHhat does not
consider metal hydroxide precipitation will alaifect the removal of Cu(ll) from

the water matriXThirumavalavaret al, 2010Q. For example, in Figure 2.4, the
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lowest dissolved concentration of Cu(ll) is approximately 0.1 mg/L, which occurs

at a pH value of 8.0.
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Figure 24: Theoretical solubility of heavy metgEPA, 1995

The initial concentrationfanetals in aqueous solution is also an important factor
affecting the remediation of heavy metals from the water matrix. However, in
many studies, the range of the investigated parameters for the adsorption process
is often not representative of the a¢toanditions in a WWTRThirumavalavan

et al, 2010Q. For example, the majority of the studies/e beemperformed with a

high initial metal ion concentration (1M00 mg/L), which is unrealistic for
actual commercial adsorption processes as they are generally applied to low
concentration stream%his is because the majority of conventional technologies
are impractical for treatingdavy metal pollintsat low concentrations due to

high operating and maintenance cdqgtshrafet al, 201J).

Temperature is another factor obsertednfluence the adsorption procesand

which can alter the metal removal efficiency depending on the exothermic and
endothermic nature of proced®eddy, 201p The percentage removal of Pb(ll),
Cd(Il) and Ni(ll) by sawdust adsorbent increased with increasing temperature due

to enlargement of pore size and activation of the adsorbent s({Baké¢ and
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Tez, 2007. However, the reported experiments were conducted under conditions
unrealisticin a wastewater treatment environment, using temperatures up to 45
“C. Not only would such temperaturegcelerate decomposition chelating
efficiency, leading to the decrease of the adsorption (8abaret al, 2010, but

by increasing the temperature of wastewater above ambient would be expensive.
The studies of the adsorption parameters by various modified adsorbents are
summarised in Table 2&hd 2.10

Due to the drawbacks of other treatment technologies discussed previously,
adsorption is regarded as the magpropriate for removing heavy metéffu and
Wang, 201). The adsorption process is very effectiggpeciallywhenremoving

low concentrations of heavy metal pollutants from the water matrix, where
common technologies are either economicaligfavaurable or technically
complicated (Barakat, 2@1). In addition, this process is also an effective
treatment for wastewater because the adsorbents utilised have good adsorption
capacity, high selectivity, anthe ability to be regenerate(©'Conrell et al,
2008h Wang and Chen, 2009Several adsorption studies have shown that the
adsorption process is very efficient in removing heavy metals from the water
matrix without releasing any harmful qpyoducts (from the adsorberntjto the
treated water(Shukla and Pai, 2005aVong et al, 2003 Yu et al, 20130).
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Table 2.9: Adsorption parameters of various adsorbents

Initial

Adsorbent Heavy pH concentration Contact time Temperature Adsgrptlon References
metal (°C) capacity (mg/qg)
(mg/L)
Black cumin Pb(ll) 2.06.0 20 60 min 20-50 7.8 (Bingol et al, 2012
Cd(ll) 562.7
Cellulose
hydrogel Pb(ll) 2.06.0 200-2000 6 h 30 825.7 (Zhouet al, 2012
Ni(ll) 380.1
Fungal Pb(ll) 0.103
Trichoderma Cd(ln 2.06.0 20-100 60 min 20-40 0.139 (Singhet al, 2010
viride Cu(ll) 0.360
(Thirumavalavaret
Lemon peel Pb(ll) 2.08.0 100600 25 h 28 277.78
al., 2010
i Cd(ll 171.37
Moringa W 000 10-40 100 min 20-40 (Reddy, 2012
oleifera leaves  Cu(ll) 167.90
Cd(l T I
Orange peel cu(ll)  2.09.0 100600 20 min 25 227.27 (Thirumavalavaret

1., 201
Ni(I1) 2 9




Table 2.10 Summary of the modified biomass as adsorbent for the removal of heavy metal ions fnatetheatrix

Adsorption capacities

References

Heavy metals Modifying agents
Adsorbent vy fying ag (mg/g)
Fruit peels: cudl 221.21
Lemopn ee;l Zn(1n) Oxalic acid 196.08 (Thirumavalavaret al,
P Cd(ly Sodium hydroxide 172.41 2010
Ph(Il) 204.08
Konjac glucomannan Cu(ln Methyl acrylate 64.5 .
(polysaccharide) Pb(l1) Methyl methacrylate 191.3 (Liu etal, 2009
cu(t) Citric acid 167.90
Moringa oleifera leaves Cd(ln Sodium hvdroxide 171.37 (Reddy, 201p
Ni(I1) y 163.88
Zn(11) Chlorosulphonic acid 1156 . .
Palmatetuber salep cu(ll) dimethylformamide 504 (Pourjavadiet al, 2013
Pine cone powder Cu(ln Sodium hydroxide 26.32 (Ofomajaet al, 20103
cu(l) 104.13
: Po(Il) Citric acid 293.30 .
Spent grain Zn(l1) Sodium hypophosphite 232.10 (Lietal, 2010
cd(ll) 296.61
cu(ll) ] — 92.6
Sugarcane bagasse cd(n ;;iggzﬁa;%p;ﬂzarbodumlde 149.0 (Karnitzet al, 2009
Pb(ll) 333.0
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2.4  TRADITIONAL MODELLIN G PROCEDURE

Adsorption is a complex process dependent on various parameters and outputs,
which requires a large number of experiments to investigate the relationship
between those factors and the process performance ¢Rojanet al, 201J).
Traditionally, optimisation of an adsorption process has been performed by
applying one factor at a time to an experimental response, where the other factors
remain constanBezerraet al, 200§. This method is known as one variable at a
time (OVAT). The disadvantages of this method are that it is time consuming and
requires a large number of experiments, which lead to an increase in expense and
in the utilisation of reagents and materi@ashiret al, 2015. Moreover, OVAT

does not take account of interactions between the selected factors and does not
describe the complete effects of those factors on the response and process
performare. Thus, to overcome this difficulty, factorial experimental design can

be employed to optimise the conditions of adsorption of heavy metals from a
water matrix. Response Surface Methodology (RSM) and Artificial Neural
Network (ANN) modelling are methodbat are applied extensively in industry

for the optimisation of process design paramet&myikci et al, 2012 Witek-
Krowiak et al, 2014 Ye et al, 2014.

Although RSM and ANN are widely used in the study of adsorption processes,
studies on Cu(ll) removal from real wastewater samples tend to focus on one
single parameter at a tinfBereiraet al, 2009 Saiancet al, 2005. For example,

the potential of aminéunctionalised SBAL5 as an adsoént to remove Cu(ll)

ions from river water, tap water and electroplating wastewB@&na and Sayari,
2012, and the potential oUlothrix Zonatealgae to remove Cu(ll), Pb(ll) and
Cd(Il) from industrial wastewatgiMalakootianet al, 2011 have focused only

on one single parameter at a time. However, the adsorption capacity and
selectivity in both studies were investigated through batch kinetic experiments,
and Langmuir and Freundlich models were used to describe the equilibria
between metaons and adsorbent. Therefore, the adsorption of copper from real
wastewater samples was studied; this is rare in the existing literature, but provides

valuable insights into the applicability of the approaches tested in this thesis.
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2.5 MATHEMATICAL MODELL ING OF THE ADSORPTION
PROCESS

2.5.1 RESPONSE SURFACE METODOLOGY (RSM)

2.5.1.1Theory and steps for RSM application

RSM is a practical method for studying the effects of multiple parameters or
variables that influence the process response, by varying them simultareealisly
thus reducing the number of experiments required. This method was developed
by Box and Wilsonand has been widely used as a techniquexperimental

design (Box and Wilson, 1951 The RSM approach can be divided into six
stages: (1) selection of independent variables and possible responses; (2) selection
of experimental design strategy; (3) execution of experiments and obtaining
results; (4) fittig the model equation to experimental data; (5) obtaining response
graphs and model verification (ANOVA); and (6) determination of optimal

conditions.

2.5.1.2Factorial experimental design

The mechanism of adsorption in water treatment is a complex chemical process
due to the interaction of various parameters andatian in wastewater
composition(Ebrahimzadelet al, 2012. Thus, before applying these models, it

is important to select the most important independent variables and their ranges,
which coverthe realistic conditions in a wastewater treatment environment. The
independent variablessuch as pH, temperature, sorbent dosage and solute
concentratiorare the ones that usually influenadsorption performance. After

the independent variables have gegoperly selected via screening or scoping
experiments, several design methods can be applied for adsorption optimisation.

2.5.1.3Choice of experimental design

Among the various experimental designs, it was found that two common designs,
central composite depi (CCD) and BoxBehnken design (BBD), have
frequently been used for the final optimisation of desired procéfseanet al,
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2013k Zolgharneinet al, 2013a. Figure 2.5(a and b)shows representations of

BBD and CCD for threezariableoptimisation, respectively

{EI} “:l'} o

v

X X2
¥+ X1 . X|

Figure 2.5 Experimental design based on the study for the optimisation of three
variables (a) BoxBehnken design and (b) central composite degi\gfitek-
Krowiak et al, 2014).

A comparative study of BBD and CCD has been carried out on the adsorption of
Pb(Il) by Robinia tree leaves, which concluded that the CCD model is more
efficient and dependabl&olgharneinet al, 2013a. Furthermore, within the

field of adsorption, there are many examples where CCD has been applied to
discover an appropriate model, leading to the successful prediction of optimum
conditions for maximum removal of heavy metals franwater matrix(Azila et

al., 2008 Sugashini and Begum, 2013olghaneinet al, 2013h. Therefore, in

this study, CCD was selected because it has better predictive capabilities and has
been applied extensively in adsorption studiéBingol et al, 2012

Shanmugaprakash and Sivakumar, 3013

CCDs areusedto fit the low and high values of the parameters determined in the
experiment to-U,-1, 0, +1, and +U i Mlthdughrthes o f
optimisation and modelling of biosorption is@cognisednethod in biosorption
research literature, examples of building a model that covers the realistic
conditions in a wastewater treatment environment are limgadet al, (2014)
presentedhe effects of temperature (1% °C) and showed that the adsorption of
Cr(VI) increases with increasing temperafueeen when the range is larger than

would be expected in a wastewater treatment environment, and features other
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unrealistic conditions Moreover, the range opH (1.38.7) applied for the
optimisation of Cd(ll) uptake using marine algae is also not representative of the
actual conditions in a WWTRGhorbaniet al, 2008. Thereforethe range of
parameters in this study was decided based on the literature reports and the
scoping experimentsyhich in turn are basedn those used in industrial design

and enironmental regulations.

2.5.1.4Evaluation of fitted model

After carrying out the experiments according to the selected experimental matrix,
the results obtained are fitted to a mathematical equation to describe the
behaviour of the response. The response catidptayed as a thredimensiors

(3D), or as a contoyiplot. This graphical representation of modelling results is
the fastest way for a single response and if optimal response is within

experimental boundari€Bashiret al, 2019.

The more reliable and efficient method to evaluate the quality of the developed
model is by the application of analysis of variance (ANOVA). ANOVA is a set of
statistical methodghat areused to identifythe significarce of individual factors

and to inform if the experimeaitresults are meaningfifAnupamet al, 201J).
Furthermore, ANOVA also offerthesequential Rest, lack of fit test, walue,
significance of regressiqgrand diagnostic plotssuch as predicted versus actual
plot and normal plot of residusa{Azila et al, 2009. A model will be well fitted

to the experimental data if it presents a significant regression andna n
significant lack of fit. Most variation related to residuals is due to pure error and
not to the lack of fit, which is directly related to the model qua{Barker and
Milivojevich, 20186.

2.5.1.50ptimisation of adsorption press using RSM

The RSM approachalong with CCD has been used to provide the significant
factors, modelling and optimisation of various adsorption processes. The majority
of processes used batch experiments in their studies of the independent variables
andpossible responseSor example, Saviet al.,(2012) declared that CCD is the

most commonly used RSM desigahoshet al., (2013) applied RSM with CCD
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to investigate the removal of Cu(ll) from aqueous solution using modified orange
peel and their study showed that pH, sorbent dosage and initial metal ion
concentration influenced the adsorption procédse adsorption of TI(I) with
modified Ulmus carpinifoliatree leaves has also been modelled and optimised
using an RSM model by Zolgharneat al., (2011) with similar independent

variables

In order to studythe accuracy of different experimental desigé@sjgharneinet
al. (2013a) applied three different experimental dewig BBD, CCD, and
Doehlert for modelling and optimisation of Pb(ll) biosorptiday Robiniatree
leaves. The results obtained showed that G&bethe most accurate design for
this study, but the selected design was caiependent and should not be
consicered as a rule. Furthermore, the PlacBettman design and CCbhave
beenused for the optimisation of biosorption proassSahanet al. (2010)
applied these two desigin his studyof Cu(ll) removal from aqueous solution
by Trametesversicolor The use of th€CD wasselected ashe suitable design
with amaximum quantity of removal of Cu(ll) ioof 39.87 mg/g.

2.5.2 ARTIFICIAL NEURAL NETWORK (ANN)

2.5.2.1Theoretical background dfie ANN model

Artificial neural networks (ANNs) are matmatical models that predict the
output based on input data without a cleartyderstoodrelationship between
them. Therefore, the utilisation of ANNs in the field of adsorption processes
using biomass has recently attracted interest, given the diffithdtly can be
encountered in fully characterising all the functionalities founcbimmonly used
biomass(Shojaeimeheet al, 2014. Although there are many we&thown ANN

types such as multilayer perceptron, radial basis function networks, linear
networks, Bayesian networks and Kohonen networks, currently the most popular
network architecture is multilayer perceptron (ML{®avic et al, 2012. This
network consists of three or more layers of neurons with one hidden layes, and
commonly applied in the performance prediction of many processes, as shown in
Figure 2.6(Pilkingtonet al, 2014 Witek-Krowiak et al,, 2014.
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Hidden Layer Crutput Layer

Figure 2.6 Architecture of the developed artificial neural network (ANN)

2.5.2.2Application of ANN in process optimisation and modelling of adsorption

processs

This approach has been widely used by many researchers for modelling the
adsorption process involving different sorbents and sorbates. ANNs have been
successfully used to model the biosorption of Plg}l)black cumin(Bingol et

al., 2019, the removal of fluoride by bone ch@ovar Gomezt al, 2013, and

the removal of Cu(llpy sunflower shell{Oguz and Ersoy, 20)0Furthermore,
theseoptimisation studies did not focus only on teenoval of heavy metals from
agueous solutions, but also from leachaiganand his ceworkers studied the
potential combinations of liner materials (zeolite, bentonite and pumice) and
evaluated the potential ofdbeadsorberd for the removal of Cu(ll)and zZn(ll)

from industrial leachate. They suggestbdt ANN topology was foundo be
effective in modeling the experimental desigrand usedit to display the
significarcelevels of the analysed liner materialsremoval efficiencyTuranet

al., 2013a.

Besides heavy metals, this approach has also been utiis#doe study of
adsorption of dyes and organic compouffgek-Krowiak et al, 2014. A study
by Aghav et al. (2011) worked on the performancef multiple adsorbents
(activated carbon, @od charcoal and rideusk ash)n the competitive adsorption
of organic compounds from aqueous solutidhey found that the ANN

technique based on the Levenbé&tgrquard (LM) training was successfwhen
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appliedto the predictionof organic compoundptake in competitive adsorption

processes.

The ANN approacltannot onlybe applied in batch adsorption process, tamn
also be used for the prediction of adsorption in fixedd and packebed
adsorption systemsTexier et al. (2002) presented the ability of ANN in
predicting the biosorption of lanthanide iomsrf aqueous solution mfixed-bed
system using cells dPseudomonas aeruginosamobilised in polyacrylamide
gel. They found that the analysis of the performanca mbdel based on ANN
showed a low divergence between predicted and experimental Gataaset al.
(2011) compared ANN taa Thomas model in the modelling of methylene blue
adsorption by dead leave$ beach wast®osidonia oceang (L). The results of
the investigation showed that both ANN and Thomas models desintilar
conclusios, which confirmed that the ANN model provided satisfactory

predictions for theiked-bed adsorption of methylene blue from aqueous solution.

2.5.3 APPLICATION OF RSM AND ANN IN WASTEWATER
TREATMENT PLANT PROESS OPTIMISATION

The complexityand variability of wastewater is difficult to model and simulate
using traditional modelling procedweBecause of thenteraction between a
numbers ofadsorption variables/factors, the resulting relatiorslaige highly
nortlinear and requira large nunber of experiments. Tk hasplacedincreasing
demandson both research and process optimisation, awab resulted in the
increaseduse of RSM and ANN modelling tools. The statistiaspect of RSM
and ANNenable the identification of factotlsat havea significant effect onhe
adsorption process arate able to provide a large amount of knowledge from a

small number of experimental runs.

RSM is an efficient tool to predict the best performance conditions with a
minimum number of experimenti.has #és0 been effectively and widely applied

in water and wastewater treatment optimisgti@uch asof textile dye
wastewater, tannery wastewater, industrial paint wastewater, landfill leachate, and
palm oil mill effluent. Moreover, removal chemical oxygen dewoh (COD),

biological oxygen demand (BOD), colour and nitrate were also optimised via
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both RSM and technologal treatment.Bashir et al. (2010b) found that ion
exchange treatment withSR1 application not only showed maximum removal of

COD and colour, but also removed turbidity from landfill leachate.

ANN has been successfully employed in environmental engineering, dtge to
superior ability to learn and classify datad itsreliable and robust characteristics

in capturing the notfinear relationships of variables in a complex system such as
an adsorption processAn ANN model was developed birishna and Sree
(2013)to predict theremoval efficiency of Qi\VI) from agueous solution using
coir powder as adsorbent. They found that the model and the test data showed
high R value (0.992), andhe ANN model successfully tracked the nltimear
behaviour of percentage rembwa Cr(VI) versus independent variablesith

low relative percentage erro@guz and Ersoy (201Gtudied the feasibility of
sunflower shell forthe removal of Cu(ll) from aqueous solution in a fixedd
adsorption column witran ANN approach. They noted that ANN effectively

predicedthe removal efficiency o€u(ll) using sunflower shell as adsorbent.

Moreover, ANN is also a reliable model for predictititge performanceof
WWTPs andin forming a basis for controlling the operation of the process. It is
used as a valuable performance assessment tool for plarstars and decision
makers.A study byNasr et al. (2012) signifies thatan ANN can effectively
predict plant performance and act as an efficient arsadysl diagnosc tool to
understand and stimulate the Aarear behaviour of the plantTables 2.1 and
2.12 summarise various studies of wastewater treatment perforusaty
conventional and RSM methsdbr the purpose of treatment process parameter

optimisation.

2.5.4 COMPARISON OF RSM A ANN MODELS

Interestingly, most of the previous literature has focused its attention on
adsorption studies by using either RSM or ANN, withowmparing the
performances of these two models. Furthermore, the testing of both RSM and
ANN, using new sets of experiments not belonging to the training data set, has
only been undertaken in a limited number of studies on biomass adsorption, and

without cansideration of how the additional experiments represent the system and
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give a more accurate indicator of performaf@hoshet al, 2013 Saha, 20183
Therefore, model suitability for interpolated and extrapolated experimental
paramegrs was tested hisis rare in the existing literature, but provides valuable
insights into the applicability of the approaches tested in this wohe
performance of the ANN and RSM models were statistically evaluated using a
continuous error metric, sh as the coefficient of determination?fRabsolute
average deviation (AAD), and root mean squared error (RMSE). The AAD and
RMSE are defined as follow&eyikciet al, 2012:

w W
w

000 eB pTITT (2.5

'YG"Y'OéE ® W (2.9)

Where n is the number of pointsp 16 the predicted value ang is the
experimental value. For adsorption studies, the majority of researchers measure
the performance prediction of both models by using more than omenreetric
(Pilkingtonet al, 2014 Shojaeimehet al, 2014, resulting in a more trustworthy

evaluation.
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Table 211: Various applications of RSM in wastewater treatment process optimisation

Treatment process

Wastewater type

Independent variables

Response

References

lon exchange

Landfill leachate

Anionic dosage, pH,

reaction time, shaking spee

Removal efficiency (%)

(Bashiret al, 20100

lon exchange

Landfill leachate

Cation dosage, reaction
time, shaking speed

Removal efficiency (%)

(Bashiret al, 20109

Current density, NaCl

Removal efficiency of COD

(Aleboyehet al,

Electrochemical oxidation Dairy wastewater dosage, electrolysis time, (%) 2008 Kushwaheet
pH ’ al,, 2010
Adsorption Textile dyes Initial dye concentration, Adsorption capacity (mg/g) (Santos and

pH, temperature

Boaventua, 2008

Fenton oxidation

Landfill leachate

pH, reaction time, initial
concentration of kDo,
ferrous ion concentration

COD andcolour removal
efficiency (%)

(Mohajeriet al,
201)

Upflow anaerobic sludge

Petroleum refinery

blanket (UASB) bioreactor effluent

Hydraulic retention time
(HRT) influent COD,
upflow velocity

COD removal, rate of biogas

production

(Rastegaet al,
201)
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Table 2.12Various applications of ANN in wastewater treatment process optimisation

Treatment process Wastewater type Independent variables Response References
Adsorption Initial i

Textile dyes nitial dye concentration, pH Adsorption capacity (q) (Saha, 20183
(Dye) temperature
Adsorption . .

Clean water pH, sorbent dosage, temperature Adsorption capacity (q) (Aghavet al, 201)

(Organic compound)

Adsorption Different combinations of liner Turanet al.
Landfill leachate . Removal efficiency (%) ( ’
(Heavy meta') materla|S 20133
Reaction time, KHO2/COD molar (Elmollaet al
Fenton process Antibiotic aqueous solution ratio, HO2/F€* molar ratio, pH, COD removal 2010 ’
COD concentration
Dye concentration, pHH20; (Aleboyehet al
Decolourisation Acid orange 52 dye solutior concentration, temperature, reactic Removal efficiency (%) 2008) y K
time
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2.5.5 RSM AND ANN ADVANTAGES AND LIMITATIONS

Recently, response surface methodology (RSM) and artificial neural network
(ANN) methods have been used together for both modelling and optimisation
applicatiors in wastewater treatmenhd environmental studigg&ntonopoulouet

al., 2012 Pakravanet al, 2015. Generally, by applying these models, the
number of experimental trialsis reducel, which require the evaluaton of
multiple parameters and their interactions. Furthermore, it is less laborious and
time consuming than the conventiortahe variable at tin@(OVAT) approach
(Witek-Krowiak et al, 2014. Factorial experimeat desigrs such as CCD and
BBD provide more information per experiment than OVAT approaches. DOE
allows the identification ofinteractionsamong experimental variables within the
range studied, providing better knowledge of the process and hence reducing

research time and cogBodstawczylet al, 2015.

ANNs are algorithms that can be used to perform nearly all types of nonlinear
statistical modelling and provide a number of advantages, while RSM is suitable
only for quadratic estimation&hoshet al, 2015. ANN is a simple nonlinear
model that is easy to use atodunderstand compared to other statistical methods.
This model requires less formal statistical trainirggable to implicitly detect
complex nonlinear relationstgfpetween dependent and independent variables, to
detect interactions between the variablesd to determinethe availability of
multiple training algorithms (Shanmugaprakash and Sivakumar, 2013
Moreover, ANN works well for large data sets and reduces drastically the

processing time compared to other msdel

However, ANN is alsdknown asa dlack box the development of whicks
mainly a trial and error procesad which is poor in interpreting the relationship
between input and output, and in handling uncertairiiMesreleset al, 2003.
Thus, the calculated model can only used within the experimental range and
cannot be used for extrapolation. Furthermore, it is believecathaNN model
requiresa larger number of experiments for training to build an efficient model
thandoesRSM (Bezerraet al, 2009. There is also no exact method in order to

determine the minimim number of experiments for ANN trainingWitek-
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Krowiak et al, 2014. Therefore it is troublesome while designing the
experiments. However, with scoping experiments and realistic conditions in real
WWTPs, ANN can also work welvith less data, ithatdata is well distributed in
thedesign. Thus, the expmental data (20 CCD experiments) of RSM should be

sufficient to buildaneffective ANN model.

2.6 CELLULOSE AS A SOURCE MATERIAL

Ansel m Payen was the ©ODbBeét fbo aoismbsha
molecular formulaCsH100s (Payen,1838. After the identification of cellulose by

Payen, ithas beenmevealed that cellulose exsstot only as glucose residues but
interestingly, the glucose units are covalently linked to each other forming long
molecular chaingZugenmaier, 2008 As it can be obtained from various sources

(trees, algae, fungi, tunicates and bacteria), cellulose is an almost unlimited,
sustainable raw material with an estimation of more théath tbds synthesed

each year on ear{8rown, 2004. Cellulose in tk form of wood and plant fibres

has been used for building materials, clothing, paper and as a promising

renewable energy sour{@/elkeret al, 2015.

The development of adsorption teckogy is for a large part focad on the
development of thenost efficient adsorbent.eflulose is one such adsorbent that
has been investigated for the adsorption of heavy mgtala and Boufi, 2009

Isobe et al, 2013 Karnitz et al, 2009. It is the most abundant natural,
renewable, and biodegradable polymer and as a raw material for the preparation
of various functional polymers is available at relatively low od@sgley and
Thielemans, 20LMorandiet al, 2009.

2.6.1 STRUCTURE AND PROPERES OF CELLULOSE

Chemically, cellulos i s a pol y mégaglycarf) Natutalucellolesse ( b
materials constsof a mixture of crystalline and amorphous regi@kasnejadet

al., 2019. Moreover, the molecular structure of cellulose also provides the
characteristics of hydrophilicity, chirality, and degradabil{y'Connellet al,

20083. Cell ul ose i s a | iDwlacapyranose unytsieked o f r
by acetal functions between hydroxyl groups ol @nd G4 (Oksmanet al,
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2006. Therepeating unit in a cellulose polymer chain, known as cellobiose, is
stabilised in the chain direction by two hydrogen bonds. The Itydroxyl at the

end with a closed ring structur@ known as the nereducing end, whereas the
opposite end, the € hydroxyl, is known asthe reducing end. The presence of
three reactive hydroxyl groups, at the2CC-3 and CG6 positions; the alcohols at
positions G2 and G3 are secondary alcohols while the alcohol at thé C
position is a primary alcohalKlemm et al, 2004. These reactive hydroxyl
groups are responsible for the reactivity of cellulose. The molecular structure of

cellulose isliustrated in (Figure 2)7

Y
i 0
HO 7 —~—£=7~0H

-\_\ I-_Il l:_} ___‘S.A_D'ﬂ
—OH

Mon-reducing end Reducing end

Figure 2.7 Molecular structure of cellulose
2.6.2 SURFACE MORPHOLOGY

There are several allomorphic forms of crystalline cellulosemaredenoted as
cellulose |, Il, 1ll and IV with the possibility of conversion from one form to
another(Eichhornet al, 2009. The different allomorphic forms of crystalline
cellulose have a great influence on the chemicakne@ment and modification
processs (Ciolacuet al, 201]). Cellulose | is the most common form found in

nature known asthaturabcellulose andis composed of a mixture of two related
crystalline for ms, (AtabaramdVandecharl, 19841 ose 1 U

Cellulose Ihasattracted the interest diie scientific community in it attemptto
elucidate its crystal structur€sSaito and Isogai, 20Q4Siqueiraet al, 2010.
Cellul ose | Ueand badtesiawhd | ien cal gal ose 1| b
higher plants and animal@talla and Vanderhart1984. Cellulose | can be
converted to cellulose 1l through treatment with sodium hydroffiéteon et al,

2011). New allomorphs, cellulose jlland cellulose Il are formed when

cellulose | or cellulose lare exposed to liquid ammonidn addition, cellulose
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IV and Vi can be derived from cellulose llbr cellulose Il through heat

treatment in glycergDufresne, 201p

2.6.3 SOURCES OF CELLULOSE

Lignocellulosic materials refer to plants that consist of cellulose, hemicellulose
and Ignin. In order to obtain the cellulose from these sources, the unwanted
lignin, hemicellulose and other extractivese removed through chemical
pulping. A wood fibre, which contains approximately 40% cellulose, is the most
abundant biomass resource omntleadue to the availability ofglobal wood
supples all year roundMoon et al, 2011). Non-woody materialssuch agplant
waste also serve as substitute cellulose sources. Althoughyvpdarats could
contribute a large amount of cellulose, the need for environmeritandly
processs avoidng deforestation has encouraged researcherexamineplant

waste agnew alternativédOhwoavworhua and Adelakun, 2010

Besides plants, cellulose can also be synshddrom norplant materials such as
bacteria, algae, yeast and fung¥ang and Chen, 2006 The cell wall of
microorganisms is composed of a network of cellulose fibrils, which serve as a
structural support. Chest al., (2010) reported that bacterial cellulof®m
bacteria of genuécetobactehas a molecular structure similar to plant cellulose
and has been investigated in many fields such as medicalnfandfactureand
paper production In addition bacterial cellulose has also been usedaas
adsorbentto remowe heavy metals from aqueous soluti@@henet al, 2009
Oshimaet al,, 2008.

Of all the sources, cotton is the puresntainng 90 - 99% cellulosgSchéaferet

al., 20059, and was thus used as starting material in this study. However, cotton
requires further processing and purificati through chemical treatments to
producea form ofpurified cellulose such as bleached cellulose g8jpstrom,
1993.
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2.7 CELLULOSE NANOWHISKE RS AS POTENTIAL ADSORBENT
(AS AN EXAMPLE CASE)

A nanoparticle is a microscopic particle with at least one dimension less than 100

nm. The properties of materials at this scale are of great scientific interest, due to

the high surface area to bulk ra(®ondesoret al, 2009. In nature, the cellulose

microfibril structure consists of crystalline and amorphoegions, as shown in

Figure 2.8 There & different terminologies to describe the crystalline-lroel

nanoparticle these include nanowhiskers, nanocrystals, nanoparticles and even
microcrystallites(Siqueiraet al, 2010. 0Cel |l ul ose nawilbwhi s ke

be used throughout this thesis.

A study pioneered by Ranby described the production of a suspefisiitiws

from different types of cellulosgsing strong mineral acids (Gezelius and Ranby,
1957. In this process, the acid attacked the disordered amorphous region
preferably leaving the crystalline regiorrelatively untouched(procedure
described in Section 3.3.1). The cellulose chains in the amorphous regions are
randomly oriented in a spaghdike arrangementeading to a lower densityith

more free volume than the crystalline regiamaking it susceptible to attadky

acids (Eyley and Thielemas) 2014. In general, acid hydrolysis of native
cellulose causes a rapid decrease in its geometrical dimensions. By controlled
acid hydrolysis, rodike CNWSs are produced. Therefore, this processhwillsed

to produce an adsorbent which offers a camabibn of nanalimensions with

high surface area and provedgreat potential for a new and green route to solve

current heavy metalontaminatiorproblems(Caoet al, 2019.

Figure 2.8 Schematic of amorphous and crystalline cellul@w®attacharyat al,
2008
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Several strong acids have beesed inattemps to hydrolyse cellulose. A study

by Arakiet al, (2001) has shown the effecfsulphuric and hydrochloric acid to
produce stable suspensions of CNW%e study reported that sulphuric acid
hydrolysis provided more stable aqueous suspensions of nanowhiskers than did
hydrochloric acid.lt has been observed that the use of sulphuric acid for the
preparation of CNWs causéhe formation of negatively charged sulphate esters
on the surface of CN¥/ resulting in electrostatic stalsdtion ofthe suspension

of these nanowhiskerg§liang et al, 2013. Furthermore, sulphuric acid as
compared to hydrochloric acid is more commonly used for the hydrolysis due to
its cost effectiveness and its extensive use in ing(Btrattacharyaet al, 200§.

The mechanism of acidytrolysis is shown in Figure 2.9

f%:@ﬁ 74

- /ﬁ\v&u 7
It

@&
OH

OH

HO OH HO
OH

OH
Figure 2.9 Acid hydrolysis mechanism

There are several conditions that have a profound effectherhydrolysis
processsuch as acid concentration, reaction time, and temperature. da@ig
(1998) investigated the effect of temperature, reaction time and duratithre o
subsequen ultrasonic properties of CNWsIt was reported that increasing

hydrolysis time decreased the whiskers length and increased the total sulphur
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content and surface chargetbé& nanowhiskers. In order to optisei the isolation

of CNWSs, Bondersoet al, (2006) selected five independgarameters that da

the greatest influence over tlitmension and yield of whiskerrom the results,

it has been observed that extended hydrolysis time and high acid concentration
lead to reduction in the length of CNWs.

2.7.1 STRUCTURE AND PROPERIES OF CNWS

As mentioned in the previous sectione tdimensions of CNWgroduced bythe

acid hydrolysis process are dependent on the origin of cellulosthapdocess
conditions. The morphologies of CNWs have become a topidexest and have

been studied by several research&éendryet al, 2011 Lu et al, 200§. Non-

wood materials such as algae and tunicate yield much longer nanowhiskers than
do wood microfibrils, withlengths in the hundreds of nanomes (Beck-
Candanedet al, 2005 Liu et al, 20143. Normally, the width of nanowhiskers

is a few nanomees while the length is in the hundreds of nanoesetThe
schematic of hierarchical structure of woadnh tree to nanoscale is shown in
Figure 2.10

Tree Transverse Section Growth Ring Cellular Structure

Cellulose Fibril Structure Fibril-Matrix
5 Microfibril Sechie

3

T Cemmav AR
ﬁ_ Fibrils
1nm .‘.\ N

Figure 2.10 The schematic of hierarchical structure of a w@Bdsteket al,
2011
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CNWs from woodarereportedto be3 - 15 nm in width and 100 200 nm in
length tunicate, a sea animal, can yieldthiskers 0f1000- 2000 nm in length
and 10- 20 nm in width, while the average dimensai CNWs produced from
cotton areapproximately4 - 10 nm in diareter and 106 300 nm in length
(Donget al, 1998 Dufresne, 2006

2.7.2 MODIFICATION OF CELLULOSE NANOWHISKERS

Chemical modification of cellulose by grafting of functional groups has the
potential to improve its adsorption capacity and to enhance its performance under
desired conditiongO'Connellet al, 2006a O'Connellet al, 2006). Although

the modification process will causalecrease in biomass, many researchers have
focused more on the adsorption capacity and efficiencydhanerall mass yield
(Karnitz et al, 2007 Pereiraet al, 2009 Xu et al, 2011). The modification
enhancs not only the adsorption capacity but alstber properties of cellulose

such as its hydrophilic or hydrophobic characteristics, elasticity, water sorbency,

and thermal resistan¢®McDowall et al, 1989.

Carboxylic acid groups are one example of a functional group that can be
introduced ontdhe cellulose surface by TEMPQ@,2,6,6tetramethylpperidine
1-oxyl)-mediatel oxidation this oxidised cellulose adsorbent has been shown to
be capable of adsorbing 465.1 mg/g Pb(ll) from aqueous sol(ifioret al,
2013h. TEMPO-mediated oxidation has frequently been used to introduce
carboxyl functional groups ¢m the surface of nanowhiskers or native cellulose
without affecting the crystallinity or changing the original fibrous morphology
(Saitoet al, 20085.

Besides TEMP@nediated oxidation, the carboxyl functional groups can also be
introduced through esterification, which may increasentm@berof carboxylic
acid functionalities on the cellulose surfacethessecondary hydroxyl groups can
also be convertetb carboxylates, thumcreasingthe adsorption capacity of the
oxidised adsorbent. For example, CNWs were chemically modifiddsuitcinic
anhydride to obtaircarboxylated CNWs. However, the reported modification
process using succinic anhydride as etiva agent was time consuming and not

very sustainableas the process required 12oursunder pyridine reflux in order
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to obtained the final modified adsorbéNhu et al., 2013). Moreover, pyridine is
well knownfor causingproblensin the chemical industry and is avoided as much
as possible as it may cause harmful health effgdezlth, 1992 In addition,
refluxing in pyridine, where pyridine vapour is generatednot considered
sustainablgXu et al, 2015. Therefore, oxidised CNWs via TEMP®ediated
oxidation have been identified asmeore suitable adsorbent for remediation of

copper from water matrices.

2.8 CHARACTERISATION OF CNW ADSORBENTS

In characterising the adsorbent, several ditatgchniques have been used prior

to surface modification. It is important to study the changes observed in CNWs
after TEMPQOmediated oxidation. The succexanodifications can bgidgedby
comparing the characterisation results before and after modificatechniques

that have been used for characterisation include: (1) Fourier Transform Infrared
Spectroscopy (FTIR)(2) zeta potential(3) transmission electron microscopy
(TEM) and scanning electron microscopy (SEhd (4) Brunauer, Emmett and

Teller (BET) analysis

2.8.1 FOURIER TRANSFORM INFRARED SPECTROSCOPTIR)

IR spectroscopy is widely used in determining functional groups iand
ascertainng thechemical structure of organic molecules. Theoretically, when IR
radidion is passed through a sammeergy is absorbed, causiagchange in the
vibrational and rotational energy stateglof molecules. An IR spectrometewill

then measurdhe relative amount of energgbsorbed,as a function ofits
wavelength or frequency. Normally, the wavenumbers cdr@gcompounds are
located between 460000 cm' (Silversteinet al, 2014. Since each chemical
group absorbsa specific frequency,IR spectroneter can then identify the

chemical bonds and molecular structure of a maté3iettle, 199Y.
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2.8.2 ZETAPOTENTIAL

Zeta potential analysis is a technique to determivee colloidal stability of
nanoparticles in solution3 his analysis is important in understanding the state of
the nanoparticle surface in predicting the letegm stability of nanoparticlend

to assess the surface chargeCdiWs and oxidised CNW3.he zeta potential of
suspended particless calculated l using the mathematical modebf
electrophoretic mobility (ujKaszubeet al, 2010:

R — 2.7

Where — is the zeta potentiak- i s t he medium Vviscosity,;
permittivity; andQ= Henr y6s f u"Qe 1 fortheHiudkelmodehar c h

1.5 for SmoluchowskiThe model isselected based on the prevailing conditjons

particle size and ionic streng{ereenwood and Kendall, 1999 is termed as

the Debye length is the reciprocal length arlds often taken as a measure of the
thickness of the electricadaéradilp ofihee | ay
particle and thus a measures the ratio of the particle radius to eledtdoable

layer thickness. This is illustied schematically in Figure 2.11

Smoluchowski approximation f(k,) = 1.5 Huckel approximation f(k,) = 1.0

(aqueous media) (non-polar media)

Figure 2.11 Schematic illustrating Smoluchowski aktlickeb s appr oxi mat |
used to convert from electrophoretic mobility into zeta potential
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2.8.3 ELECTRON MICROSCOPYSEM AND TEM)

In electron microscopy, an electron beam is focuset a small areaof a
specimen. Images are formed either by electrons passing through a thin isample
Transmission Electron Microscopy (TEM)or by secondary emission from a
thick samplei Scanning Elecon Microscopy (SEM)(Goldsteinet al, 2012.

Both SEM and TEM are commonly used to examine the surface morphology and
chemical composition of the nanomaterial samples. Although similar electron gun
and lenses are used for both electron microscopes, SEM and TaMxhibit

some differences, vith are summarised in Table 2.13

Table 2.13Differences between SEM and THKaoldsteinet al, 2012

SEM TEM
Electron Based on scattered electrons Based on transmitted
electrons
Image Produce the image of sample Electron are directly pointed

after themicroscope collects towards the sample
and counts the scattered

electrons
Focus On the sample On the sampl e
composition provides the details about

internal composition

Dimensional  Provides3-dimensional image Provides 2dimensional image

Magnification  Offers 2 million as a maximun Up to a 50 million
magnification level magnification level

2.8.4 BRUNAUER-EMMETT-TELLER (BET) METHOD

The BET technique is the most common methodHerprecise specific surface
area evaluation of materials by isotherm nitrogen adsorption anébtsizsaki et

al., 2013. Moreover, this analysis provides informatioroabthe porosity and
pore size, which are very important for nanomaterial adsorbents. The Brunauer
EmmettTeller (BET) multipoint techniquéBrunaueret al, 1938 Rouquerolet

al., 2013 was applied for surface area determination and the Barrett, Joyner and
Halenda (BJH) methodBarrett et al, 195]) for pore diameter analysis. The
method of determining these valu@svolves studying the adsorptionnd

desorption of nitrogen gaso and fromthe surface of the solidt diquid
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temperatureanda relative vapour pressure 6f05 1, following the BJH model.
The BET surface area can be calculate@Rouquerokt al, 2013:
o J o 9
O0Yr= — — 2.
605 v o (2.9
Where D is particle diameter, R is radius &nds the mass of the solid divided

by the volume of the solid excluding open and closed pores.

The total pore volume can be calculated by assuming that the density of liquid
nitrogen in the pores is the same as that of bulk of liquid nitrogen, such that
(Rouquerokt al, 2013:

~
g

NG a i Age ¢ ,Q.,Jqd."‘Y"Yﬁ pae aQ (2.9
00 &— E W 95—8— . —
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o "Q P WA
U T LN emn e~
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where MW andr . are the molecular weight and density of the probe molecule
being used, whicfor N2 adsorbed at 77 K have values of 28.01 g/mol and 0.807
g/cn?, respectively.

29 ENVIRONMENTAL ANALYSIS

Environmental analysis is very important in order to determine the presence of
contamirantsin the aqueous endnment. The amount of pollutamsleased into

the environment has been increasing due to anthropogenic activities, with
potential expsure of these pollutant® the ecosystemThe identification of
heavy metals and the determination of their concentration range in wastaxeater
very important in order to meet the discharge Enof heavy metals. For
wastewater treatment studies, atonabsorption spectrometry (AAS), graphite
furnace atomic absorption spectrometry (GFAAS), and inductively coupled
plasma optical emission and mass spectrometry-QEB andCP-MS) are the
most commonly spectroscopic methods used for elemental measureaments
environmental analysisf the water matrix. AAS and IGWIS have been used

throughout this thesis.
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2.9.1 THEORETICAL BACKGROWD TO INSTRUMENTATION

2.9.1.1Atomic absorption spectrometry instrumentation (AAS)

AAS is a widely used method in analytical chemistry to detene the
concentration of particular element in different samples. AAS is based on the
absorption of ultraviolet or visible radiation by free atoms in the gas phase. The
sample, which is in solution, is aspirated into a flame. Then, with appropriate

flame conditions, the atoms in the ground state will absorb the light produced by

the source lamp at a specific analytical wavelength. Hence, by measuring the
amount of light absorbed hifie ground state atogna quantitative determination

of the amount of ntal present can be measur@keaty and Kerber, 1978The

single element quantitative analysis in AAS is based on-Beember t 6s | a°
Lamber t 0 ss thataabsorisabmca bf ea sample is proportional to its path

l engt h, and Beerds Law states that abso
theelement (Kuation 2.8 Perkin Elmer, 1996

6 ¢ Qg AEQWHD (2.10

WhereA is the absorbance, a is the absorption coefficient, b is the length of the
light path and c is the concentration of the absorbing species in the light path. The
term T in the equation refers to transmittaneés the incident light intensity and

| is the transmitted light intensity.

An atomic absorption instrument consists of primary light source, an atom source,
a wavelength selector to isolatbe specific wavelength of light required, a
detector electronics to process the data signal andta desplay to show the
results, as shown in Figure 2.1& hollow cathode lamp (HCL) is normally used

as the light source, with a different lamp used for each element to be determined.
The atomsation unit consishg of a nebulser, spray chamber and flamqpeoduce

free analyte atoms from the sample. The heat energy from the flame, commonly
in the form of an air/acetylene or mitrs oxide/acetylene flame facilitates
atomisation. By adjusting the burner head, the light beam can pass through the
flame and hece the sampleandis then directed onto the detector where the

photonsaredetected and measured. The absorbance of the element in the solution
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is measured and the concentration of the elensetiien calculated from the

calibration curve.

—

| . o * Detector | * [Readout

HCL lamp L |:| | Monochromator

Flame
{atom source)

Figure 2.12 AAS schematic diagram
2.9.1.2Inductively Coupled Plasma Mass Spectrometry (NI®)

ICP-MS is consideredhe most efficient technique for mullemental analysis,
andis capableof determining more than 73 elements per minute in an individual
sample, depending on factors such as the concentration levethearstjuired
precision(Thomas, 2018 An ICP-MS instrument uses argon inductively coupled
plasma (ICP) atheionisation sourcavhich is directed intca mass spectrometer
(MS) to detect and determine the number of ions produced. GeneraljyISCP
provides better detection limits (0.0Q1ug/L) compared to other spectroscopic
techniques for a wide variety of elements, and is uskxd its easeof-use,
robustness and spe@@erkin Elmer, 2008

The block diagram of an IGWIS is illustrated in Figure 2.13n ICP-MS, the
agueous sample solutioageconverted intanaerosol form by a nebuliser. Then,

the aerosol transported into the plasma together with Ar gas, which usually
operats at temperatures of 50000000 K at atmospherjgressure. However, in
orderto increase the precision and sensitivity of the instrument, the large droplets
that maybe produced by the nebulisare removed in the spray chamber.
Interface conditions exist in the ICP and MS system, namely atmospheric

pressure andvacuum environma (Wanget al, 2008.

Consequentlythe sample iamnin the interface will flow into the MS system at
high speed and the plasma expands in the vacuum. The high vacuum conditions
in the MS system results in an efficient environment to prevent collisions between

sample ionsand air molecule§Thomas, 2018 For MS measurements, a humber
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of voltages must be set with respect to the type of ion optics used in order to
separate the isotopes according their mass to charge ratios. Usually, a quadrupole
based mass analyser is usedICP-MS instrumentation due to its simplicity,
relativdy low cost and good performan¢Perkin Elmer, 2008 The ions are

directed to the detector to record the number of ions per mass present.

Qund BF RF/DC
Supply Cantrailer [~ |
Elsctrods
Glas Suoplley

Quadrupcla
RF Head

A e
~ = .._.I;;nﬂeﬁ}:':ﬁﬂﬂﬁ‘:ﬁ]
Il e

VACUUM STAGES |

Figure 2.131CP-MS block diagran{Agilent Technologies, 2030

2.9.2 PERFORMANCE COMPARION OF INSTRUMENTATICN
TECHNIQUES FOR ANALYSIS

In selecting a suitable technique for environmental analigsis necessaryo
examine theparticular analytical requirements. Therefore, there are several
critical performance factors that need to be considered in selecting the appropriate
technique for elemental determinations in environmental anabfssqueous
solutiors (Perkin Elner, 2003: detection limits, analytical working range, sample

throughput andnterferences

The detection limits achievable for targeted elements are important in selecting an
analytical techniquéor agiven analyticaproblem. As shown in Figure 2.1 is
clear thatFlame atomic absorption spectroscopyAAS) is inapplicableto trace
and ultratrace level analysis, while IGMS has the best detection limib$ the

other techniques listed.
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ICP Emission - Radial
1

ICP Emission - Axial

Hydride Generation AA

GFAA

ICP-MS

| | |
100 10 1 0.1 0.01 0.001

Detection limit ranges (ppb or pg/L)

Figure 2.14 Typical detection limit ranges for the major atomic spectroscopy
techniquegPerkin Elmer, 2008

Sample throughput is based not only on the number of samples that can be
analysed but alson the number of elements that can be determined per unit of
time. However, for most techniques, the analysis time will vary depending on
factors such as concentati levels and required precision. When these two
factors are not limiting, the number of elements to be determined per sample and
the analytical techniquehosenwill determine the sample throughput. For
example, FAAS shows relatively high sample throudtvploien analysing a large
number of sampkewith limited numbes of elemens. However, when mulple
elements are to be determined, FAAS requsecific light sources and optical
parameters for each element to be determinddch may cause low sample
throughput. As suchFAAS is generally considered to be a singlement
technique(Perkin Elmer, 2004 Therefore, a mukelement technique such as
ICO-OES or ICPMS has excellent sample throughput, which can typically
determine more than 73 elents per minute in individual sampléshomas,
2013.

Furthermore, problematic interference in determination of some elements also
depends on the method being used. The determination of certain elements by
FAAS may cause interference when the flame issafficiently hot to dissociate
the moleculesthis is known as chemical interferen¢@gilent Technologies,

2015. Interference in these atomic spectroscopy techniques can also occur due to

56



2 LITERATURE REVIEW

contaminations such as humic acids, and to physical matrix effects such as
variations in the physical characteristics of the sample, which may affect the
accuracy of the analysiBeaty and Kerber, 1978The compasons between

these instrumentaéchniques are shown in Table 2.14
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Table 2.14 The strength and limitations of atomic spectroscopy techni@ezkin Elmer, 2008

FAAS GFAAS ICP-OES ICP-MS

Detection limit Very good for some Excellent for some Very good for most Excellent for most
elements elements elements elements

Ease of use Very easy Skill required Skill required Skill required

Unattended operation  No Yes Yes Yes

Capital costs Low Medium to high High Very high

Running costs Low Medium High High

Sample throughput 15 seconds per element 4 min per element 5-30 elements per min All elements in 26 min

Applications Ideal for laboratories Ideal for laboratories Ideal for laboratories Ideal for laboratories
analysing large number of analysing a limited numbe analysing multiple analysing multiple
samples for a limited of elements and requiring elements in a moderate or elements in a large numbe
number of elements better detection limg large number of samples of samples and requiring ¢

system capable of
determining trace and
ultra-trace analyte
concentrations.

FAAS= Flame Abmic absorption spectrometry; GFAAS=Graphite furnace atomic absorption spectrometQE&IRductively coupled plasma optici

emission; ICAMS= Inductively coupled plasma mass spectrometry
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2.10 ISSUES ARISING FROM LITERATURE REVIEW

The literature has identified that though oxidised CNWs have been used as
adsorbents in many studies, these studies have focused mainly on the suitability
of this adsorbent for removing heavy metahder conditions unrealistic tbe
wastewater treatment plamMoreover, there are no papers at present that test the
stability of oxidised CNW adsorbent at different time intervals under dry
conditions and in the water matrix, which are relevant from the perspective of
manufacture and WWTP application respectivdly addition, only a limited
number of studies have focused on the removal of copper from real wastewater
samples. The issue with these studies are the assumptions that the real wastewater
composition does not vary with time, is the same for each sampkbat its
composition has no influence on the removal capability of the process used.
Therefore, the complexity of wastewater and its variability in terms of heavy
metal contamination and water quality indicators should be considered, because
they may ifluence adsorption efficiency. Benchmark studies performed in this
current study will then provide a better understanding of the impacts of

wastewater composition on the remediation of Cu(ll) from the matrix.

Studies reported in the literature have tenefcus on one single parameter at a
time; this will basically require a longer time to determine optimum adsorption
conditions. Thereforegxperimental factorial design has been implemented to
optimise the adsorption of Cu(ll) from water matrices. Femrtiore, the testing of

both the RSM and ANN models, using new sets of experimébatslie both

inside and outside the test parameter system, have not been reported in other
papers. Generally, only a couple of parameter variations have been tested, without
checking the chosen model s suitabilit:
paameters, and certainly not for parameters lying outside the tested parameter
space. Statistical mathematical models have been used to fit experimental data
within a system, comparing factors and ranges, and in some cases predictive
capability, but rarelyest system boundaries. The literature does not account for
matrix variability as an influencing factor when evaluating potential of an
adsorbent for remediating heavy metal pollutants from a wastewater matrix. In

addition, no work to date has presenteteptial mathematical models that could

59



2 LITERATURE REVIEW

take into account the influence of matrix variability on adsorbent performance,
which would provide valuable insights into the applicability of approaches tested

in this thesis.
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CHAPTER 3: MATERIALS AND METHODS

3.1 INTRODUCTION

This chapter provides the list of chemicals and reagents, preparation and
modification of the adsorbent, and the adsorption protessdivided into three
sections. The first section includes the list of chemicals and reagents used for
adsorbate solution and adsorbent preparation. The second section contains the
experimental procedure for the preparation and modification of the ads@be

the characterisationof modified adsorbent. This section also describes the
scoping batch studies and the analysis system used to determine the concentration
of the solutions. The final section contains the procedure for batch adsorption
studies byusing design of experiment (DoE), model development and analysis of
variance (ANOVA).

3.2 MATERIALS

The materials used are divided into three main peotsprising the chemicals to
prepare adsorbasmlution, the raw materials and chemicals to prepare adsorbent,

and wastewater effluent.

3.2.1 REAGENTS

All the chemical reagents used in these studies were analytical gitdée list
given in Table 3.1. MilkQ ultrapure water (MilkQ , 1 8 -cth redibWity,
Millipore, Bedford, MA, USA) was used for the preparation, dilution and

analytical purposes of solutions.

3.2.2 COTTON

Cotton wool (BP grade, 100%), which contain$ @B cellulose, was chosen as
the raw material for the production of cellulose produbtcause of its high
purity of cellulose over other cellulose sources. Moreover, cottmol requires
no treatment processes such as bleaching prior to hydragsiscan be readily

purchased in pure form.
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Table3.1: List of reagerg and chemicals

Chemicals/reagents Formula Supplier Purity grade Purpose
2,2,6,Gtgtramethyﬂ—plperldlnonxy TEMPO SigmaAldrich 98% 5
free radical
Amberlite MB§113 mixed bed ion Alfa Aesar 5
exchange resin
Copper sulphate pentahydrate CusQ.5H:0 SigmaAldrich 98i 99% 3

. Analytical L Cu in 2% nitri
Copper, standard solution 1000 mg CuSQ ROMIL Ltd a;z ytical reagentl000 mg/L Cu in 2% nitric 3
Methanol CHsOH Fisher Scientific (UK)  99.8% 2
Milli -Q ultrapure water Mlslhfore’ Bedford, MA, 18 . 2-cnMsistivity 2,3
Nitric acid HNOs SigmaAldrich ACS reagent 2,3
Potassium bromide KBr Fisher scientific (UK) >99% 1
Sodium bromide NaBr SigmaAldrich >99% 2
Sodium chloride NaCl Fisher Scientific (UK)  ACS reagent>99% 1
Sodium hydroxide NaOH FisherScientific (UK) 98/ 99% 2,3
Sodium hypochlorite NaClO SigmaAldrich Reagent grade, 105% available chlorine 2
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2,3

Sulphuric acid H.SOQu Fisher Scientific (UK)  >95%
Uranyl acetate UOx(OCOCH)2.2H,O  Agar Scientific 1
Purpose:

1. Characterisation @fdsorbent
2. Adsorbent preparation and modification

3. Adsorption process and preparation
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3.2.3 WASHING PROCEDURE

The laboratory wares and sample tubes were washed withQAdlater followed

by 20% by volume HN&@ The washed laboratonyares and tubes were filled
with 50% by volume HN® and soaked for no less than 3 hours. Then the
laboratory wares and tubes were rinsed with Millwater 23 times and were

dried intheoven prior to use.

3.2.4 WASTEWATER SAMPLES

The sample collection wasrceed out at the Severn Trent Water Stoke Bardolph
wastewater treatment plant (WWTP) in Nottingham, UK, which has a population
of 7.7 million. The plant, located on the west bank of the River Trent, serves most
of the Nottingham area. Wastewater effluemisveollected twice a week using a
grabsampling approach. Grab sampling was selected due to concerns over
sample ®ability for stored compositesit allows the analysis of unstable

parameters such as pH, dissolved oxygen and tempe(ARirA, 1999.

The wastewater influent and effluent were collected twice a week in the morning
from Stoke Bardolph WWTP. The samples were collected fronmeMber 2015

to March 2016. Water samples were collected 115 L amber glass bottle with
little or no headspace volume to mingaiaerobic biodegradation of organic
substratesand transported to the laboratory. In order to misgn@iontamination,

the bdtles were rinsed 3 times with the effluent before the samples were
collected. Dissolved oxygen (DO) and temperature were measuebD®ymeter
(Jenway 970, Staffordshire, UK) and thermocouple thermometer-{eigse,
ColeParmer Instrument Ltd., UK), nesctively at the sampling point to avoid
any changes during storage and transport.

The effluents were filtered using glass microfiber paper (Fisherbrand, G261, 1.2
pnm) ready for further characterisation in the laboratory. Samples analysed for
trace elemest by an atomic absorption spectrometry (AAS) and inductively
coupled plasma mass spectrometry (I@8) analysis were filtered through 0.2
pm surfactanfree cellulose acetate membrane syringe filter (MiniBéus

filters, SigmaAldrich), acidified with niric acid and stored in polypropylene tube
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bottles. In order to minimge the potential for volatilization or biodegradation

between sampling and analysis, the sampke®stored in a fridge at 4C.

3.2.4.1Stability of effluent

The stability of the effluent as tested at different storage times prior to analysis
by ICP-MS. The effluents were first filtered through a OB surfactanfree
cellulose acetate membrane syringe filter and stored inveastied sample tubes
with no headspace. The samples were fedtlto 2% by volume HN&) with pH

lower than 2.0, and stored in a fridge at 4°C before analysis. ThetME8P
analysis was carried out on the effluents stored for different storage times (24, 72
and 120 hours).

3.2.4.2Wastewater characteristics

In order to perfan a physicechemical characterisation of the water samples,
American Publ i c S$Standardtmethodssies the examinationnod s
water and wastewatewnere applied(APHA, 1999. In each of the samples, the

following water quality parameters were determined:
total suspended soBqTSS)

pH

conductivity

total dissolved solisl(TDS)

= = =2 =2 =2

chemicaloxygendemand (COD)

3.2.4.3Total suspended soBqTSS)

A well-mixed samplg500 ml) wasfiltered through a weighed standard in#

glass fibre filter. The filter paper was placed imtdiltration apparatus and the
vacuum was applied. Then the residue retained on the filter was dried in the oven
to a onstant weight at 12C to remove water contenthe TSSwas calculated

by the difference betweerthe mass of filter paper before and aftée drying
procesgAPHA, 1999:
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0 6 PpPMUMT
W & NG dra i

O E oA Qe B '@]@'Q‘i (3.1)
Where:
A = weight of filter + dried residue, g

B = weight of filter, g
3.2.4.4pH, conductivity and total dissolved sdi(lTDS)

The pH, conductivity and total dissolved sdidf water samples were measured

by acombined pH/conductometer (Model HI 9811, Hanna Instruments Ltd., UK).
Although this method is rather simple and straightforward, comprehensive care
and precautions museltaken during measurement to avoid unnecessarys.error
The proper steps include calibrating the meter, placing the electrodes ina well
mixed sample and reading the results directly from the meter. Thus, the device
was calibrated with buffers of pH 4.0,07 and 10.0 prior to usage in order to
obtain accurate results. Magnetic stir plate and stir bar were used to stir the water
samples at a moderate and uniform rate in order to achieve equilibrium between
the electrode surface layer and the solution. Maggoproper cleaning and
storing of pH/conductivity probes is important in order to increase the accuracy of
the measurements. The acceptable criteria for measured TDS (g/L) to
conductivity (mS/cm) ratio are from 0.55 to APHA, 1999. Therefore, if the

ratio is outside of these limits, measured TDS or measured conductivity is not

accurate and the sample needs to kemnadysed.

3.2.4.5Chemicaloxygendemand (COD)

A P H AS8tandard methods for the examination of water and waste{l£@8)
definesCOD as the amount of dissolved oxygen required to oxidise and sabili

the given sample of watefAPHA, 199§. Accordingly, cuvette tests were
performed for both water samples and were analysed on the day upon receipt. The
method for the determination of COD in wastewater samples using cuvette tests is
based orthe addition of 2ml of sample to the cuvette, which is heated 1”200
thermostat (Hach Lange, UK) at 148 for 2 hours. Based on the concentration,
two different cuvettes LCI500 (15150 mgQ/L) for effluent and LCI400 (150
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1000 mgQ/L) for influent water samples were used. After cooling, both cuvettes
(sample anddeionised water as control) were measured usingR 2800
spectrophotometer (Hach Lange, UK).

3.3 EXPERIMENTAL METHODO LOGY FOR ADSORBENT
PREPARATION

3.3.1 PREPARATION OF CELLUWOSE NANOWHISKERS

The e@llulose nanowhiskers (CNWs)yere prepared infour steps: chopping,
hydrolysis, dialysis, and sonication. Pure cotton wool was cut into suiadls
(5cm x 5cm) and the required amount of cotton wool was prepared for
hydrolysis. Then the cotton wool (§) was dispersed in 64t% sulphuric acid
(8.75 ml H.SOy solution per gamof cotton) and the cotton pieces were gradually
added using a glass rod. The suspension was held°& #bthe fume cupboard
with a magnetic stirrer for 45 minutes to allow cotton hydrolysis. Then the
suspension was diluteditw cold deionised water and subjected to centrifugation.
The suspension was transferred into six plastic containers with equal volume and
3 successive centrifugations were carried out &QMrpm for 15 minutes, using

a Sigma 6K15 Refrigerated CentrifagAfter centrifugation, the suspension was
dialysed using cellulose membrane tubing (MWCO 11P&K diameter 48nm)
against running tap water for #®urs to remove the residual free acid in the
dispersion. The suspension was then sonicated using a Briaigtal Sonifier

and filtered through a No. 2 fritted glass filter to remove residual aggregates.
Next, the filtrate obtained was mixed with Amberlite MB6113 mixed bed ion
exchange resin to remove nors@® cations and filtered again before being
stored in a fridge prioto use The process flow for the production of CNWs is

shown in Figure 3.1.
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Chopping

v

Acid hydrolysis

v

Centrifugation

v

Dialysis

v

lon-exchange

v

Freeze drying

Figure3.1: Process flow for CNWs production

3.3.2 PREPARATION OF SURFAEE-CARBOXYLATED CNWS
(OXIDISED CNWS) VIA TEMPO-MEDIATED OXIDATION

Preparation involved400 ml of 0.5wt% dispersion of CNWs solution
(section3.3.1) which washeld at room temperaturend stirredmechanicay.

Then TEMPO free radical (58g) and NaBr (648ng) were addedo the
solution. The process was commed by adding NaClO solution (105 %
available Cl) (5.1nl) into the CNWs solution and stirring continually at room
temperature for 45 minutes. The pH of the solution was maintained at 10 + 0.1 by
adding dropwise 0.5 M NaQHwhen necessary. A pH meter ey 350,
Staffordshire, UK) was used for monitorittge pH of the reaction. After stirring

the solution for alesignatedime, the oxidation was quenched by adding aqueous
methanol (5ml). The solution was then dialysed with cellulose membrane tubing
(MWCO 12Ki 14K diameter 48nm) against running tap water for 4 hours to
removeany residual free acid in the dispersion. After dialysis, the solution was
mixed with Amberlite MB6113 mixed bed ion exchange resin to ensure dnly H
was presentand filtered through N@ fritted-glass filter before freezerying
usinga ScanVac CoolSafe freeze dryer (Labogene, Denmark). The process flow

for the production of oxidised CNWs is shown in Figure 3.2.
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CNWs are isolated from native Oxidation brocess usin TEMgo-me|diat'8d|OXid-Zt-ion
cellulose via acid hydrolysis P g used to selectively oxidize

using 64% H,SO TEMPO, NaBr, and NaClO the primary hydroxyl
S groups to carboxylic acids

Freeze drying process for
obtaining nano-scale
nanowhiskers

Dialysis and ion
exchange process

Modified CNWs are ready for
adsorption process

Figure 3.2: The process flow for production ofiddised CNWs via TEMPO
mediated oxidation

3.4 CHARACTERISATION MET HODS OF CELLULOSE
NANOWHISKERS

The characteristics and analysis of CNWs are crucial in understanding the
mechanism on the adsorbent surface. A variety of methods are employed for
characterisatio in order to obtain a complete description of the structure,
morphology and composition of the cellulo3&ese analytical methods will also
provide information on the active sites involved in the bindihgollutants(Park

et al, 201Q. The methods that have been used in this study are Fourier
Transform Infra-Red (FTIR) spectroscopy, zeta potentiBiunauefr Emmett

Teller (BET) method, scanning electron microscopy (SEM), transmission electron

microscopy (TEM) and conductometric titration method.

3.4.1 FOURIER TRANSFORM INFRA-RED SPECTROSCOPY

Infrared spectroscopy was used to determine vibration frequéranges in the
oxidised CNWs on a Thermdicolet 380 FTIR spectrometer (Thermo Fisher
Scientific Inc., USA) in transmission mode. The samples were examinedausing
spectrometer witta 4007 4000 cm' range with a resolution of 4 crhfor 16
scans.2 mg of the solid samples (CNWs) were milled with 209 potassium
bromide (KBr) to form a very fine powder by usiag agate pestle and mortar.
KBr was used as background material in the analysis. This powder was then

compressed to form a thin transparent diskdy for spectra analysis.

69



3 MATERIALS AND METHODS

3.4.2 ZETA POTENTIAL

Zeta potential of 0.% suspensions of samples in deionised water were measured
at 25°C usinga Malvern Instrument NandS Zetasizer (Malvern Instrument

Ltd, Worcestershire, UK)AIl zeta potential cells shouldebrinsed and cleaned

with deionised water prior to usage in order to avoid any cross contamination of
material from one measurement to otliédre measurement performed was based

on electrophoretic light scatteringnd Smoluchowski was used as a model. The
measurements were performed 10 times for each sample, and average results

were calculated

3.4.3 DETERMINATION OF CARBOXYLATE CONTENTS

The stability of the oxidised CNWSs was tested over time under dry conditions and
in the water matrix. For dry stability, thearboxylate content of the oxidised
CNWs was determined using conductometric titration to prove that the functional
groups were permanent ardid not degraded under tested conditioiifie
titration was carried out on the oxidised CNWSs stored under dry tcamslifor
different times (7, 14 and 28 days).

For the wet stability test, freezi¥ied oxidised CNWs were mixed with deionised
water and left for 30 murtes 24 hours and 7 days under constant shaking at a
rate of 150 rpm in an incubator before titrati@xperiments. Next, the
suspensions were freedded and used for the batch experiments. Frelegag

was carried out because it allowed for accurate dosing of the CNWs. Batch
experiments were carried out in conical flasks by adding oxidised CNWs in 20
mL of aqueous copper solutiomn the same conditions (initial Cu(ll)
concentration: 50.3 mg/L; sorbent dosage: 2.1 g/L; temperature:°’€).3he

initial and final concentrations of Cu(ll) solutions were determined using AAS.

Freshly prepared oxidised CNW&re used as the control experiment.

3.4.4 BET METHOD

The surface area and average pore diameter analysis of both samples (unmodified

CNWs and oxidised CNWSs) were performed using a Micromeritics TriStar Il
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Surface Area and Porosity analyser (Micromeritics, UKjor sample
preparations, 20 mg of sample was placed into clean and dry tubes for gas
preparation, and degassed in the Pfeiffer Vacuum TMH 071 (Micromeritics, UK)
at 105 C for 22 hours prior to determination of l[hysisorption isotherm at
-196 C (77 K). The weight of the sample was measured before and after
degassing. The surface area of the sample was measuttbe B£T method

while the pore size distribution of the sample was calculated from the desorption

branch of the nitrogen adsorptidesorption isotherm usintdpe BJH model.

3.4.5 ELECTRON MICROSCOPYSEM)

Both samples (CNWs and oxidised CNWSs) for the SEM study were prepared by
direct deposition of samples on an aluminium hglaédrich was covered by a
carbon grid.The sample washen sputter coated (SC 7640, High resolution
sputter coater, Quorum Technologies, UK) with a thin layer of platinunmr{15
thick film) under vacuum, whiclwas to provide a homogeneous surface for
analysing and imagingThe ample was then examined in the SEM (XL 30
ESEM-FEG, Philips, USA), and operated under high vacuum with accelerating
voltage of 20 kV.

3.4.6 ELECTRON MICROSCOPYTEM)

A drop of 10 m of both samples (unmodified CNWs and oxidised CNWs
suspension) was first dispersed in deionised water for 15 minutes using
sonication. Next, the sample was transferred to a copper grid (Carbon Films, 300
Mesh Cu Grids, AGAR) with hydrophilic surface by glow discharge treatment
(Pelco, AGAR Scientific), and the excess liquid was absorbed by a filter paper.
The specimens weredh negatively stained with % uranyl acetate solution to

give better contrast between the sample and the carbon film. Excess solution was
absorbed with a filter paper and left to dry by evaporation at ambient temperature
before commencing the measuremeiitse surface morphology and particle size

of both samples (unmodified CNWs and oxidised CNWSs) were observed using a
JEOL 2000FXIl electron microscope operating at 80 kV accelerating voltage.

Image J software was used to process the TEM images.
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3.4.7 CONDUCTOMETRIC TITRATION

The content of carboxyl group on the oxidised CNWs was determindteby
conductometric titration methg®aito and Isogai, 2004Approximately 0.1g of
freezedried oxidised CNWs was mixed with 48 of deionised water and il

of 0.05 M sodium chloride (Naf;land the mixture was stirred to obtain a well
dispersed solutionThe resulting suspension was titrated with OM5sodium
hydroxide (NaOH) solution at the rate of @aL/min while stirring continuously

and a conductivity meter recorded conductivity (Midel No: 9811, Hanna
Instruments Ltd, UK). The titration was carried autriplicate for each sample,

and the experimental errors were calculated as standard deviation. The carboxyl
content of the sample was determined from the conductometric titratos @ud

was calculated by Equation 3.2. Assuming that each added molecule of NaOH
with this range neutradéd exactly one carboxyl group and all other weak acidic
groups (aldehyde groupsyereoxidised to carboxyl groups by the added NaCl

0 &v

- (3.2)

o Gaé g ,
a

Where X is the total carboxyl group (mmol/kg); i€ the concentration of the
sodium hydroxide (mol/L), ¥is the volume (L) of the sodium hydroxide solution
consumed at thesecondintersection point, anan is the overdry weight of

sample after titration (gjSaito and Isogai, 2004

3.5 EXPERIMENTAL SET UP FOR BATCH ADSORPTION STUDIES

The first and most important steptime design of experiment (DoE) procedure is

to select significant variables that influence the adsorption process such as pH,
contact time, temperature, sorbent dosage,i@itidl concentration (Figur8.3).

In order to do this, scoping studies were undertaken to identify the significant
variables and parameter ranges that influence the adsorption process and help set

the boundary conditions for the central composite dd€igD).
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Adsorption

i Most significant
i i experiment
Define output | | variables from

E - - %
response and input scop}lng - L‘ " - removal
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factors
°C, mg/L, g/L

Figure 3.3: Design of experiment (Define significant factors and response)

3.5.1 PREPARATION OF ADSOBATE SOLUTION

3.5.1.1Clean water matrix

A Cu(ll) stock solution with concentration of 106@/L was prepared by
dissolving the appropriate amount of CuSBBi,O in a 1000m| volumetric flask
followed by dilution up to the mark btphe addition of Milli-Q ultrapure water
andtherequired concentrations were obtained by diluting the stock solution (10
60 mg/L). The range for the initial Cu(ll) ion solution wabkasen as 10 60
mg/L, which is environmentally relevant to the actual concentration in municipal

and industrial treatments plant (Table 2.4).

3.5.1.2Wastewater effluent spiked with Cu(ll)

The Cu(ll) concentration in wastewater effluent was adjusted to the esquir

concentrations ({1 mg/L) by dissolving the appropriate amount of CuS&,0
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in a 200ml volumetric flask followed by dilution up to the mark kiyre addition

of filtered effluent.

3.5.2 BATCH ADSORPTION STWDIES USING CLEAN WATER MATRIX

Batch experiments wer performed in 108nL conical flasks in an incubator
(Model No: 120, LMS Ltd., Kent, UK), with temperature control and agitation
(150rpm) using a mini table shaker (IKA Vibrax VXR, Germany). The contact
time (30min), and the initial pH (pH 6.0) were selected on the basis of the results
obtained fromthe scoping experiments. The required mass of sorbent was
measured separately into the 100 conical flask, and then 2L of Cu(ll)
solution with known concentratiowere added into the flasks. The initial pH of
the solution was adjusted with 1 Mp&y and 1 M NaOH at 6, using the pH
meter (Hanna Instruments Ltd., UK), calibrated with buffers of pH 4.0, 7.0, and
10.0 in order to maintain constant pH throughout thpegment. Next, the
solution was separated from the sorbent usinguth2surfactanfree cellulose
acetate membrane syringe filter, and initial and the final concentration Cu(ll)
concentration after adsorption process were determined using AAS. All the
experiments were conducted in duplicate and the average values are presented.
For the control experiment, 2l of Cu(ll) solution with known concentration
were agitated in the absence of adsorbent for each experiment.

3.5.3 BATCH ADSORPTION STWIES USING WASTEWAER
EFFLUENT

The procedure for adsorption experimeras described in égtion 3.5.2 was
performed using wastewater effluent spiked with Cu(ll). The effluent was
previously filtered througla standard 1.2m glass fibre filter. The effect of pH

(51 8), sobent dosage (0i30 g/L) and initial concentration of wastewater
effluent spiked with Cu(ll) (15 mg/L) were carried out using effluent while
keeping the other conditions the samg with the clean water matrix. The pH of
the solution was adjusted initiplwith 1M H>SQw and 1M NaOH. In order to
avoid any contamination, no efforts were made to maintain the pH throughout the

adsorption process. The final pH was recorded. The initial and final solutions
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were separated by filtration using Quéh surfactanfree cellulose acetate

membrane syringe filter and Cu(ll) concentration determined using AAS.

The percentage of the removal Cu (Il) ions by the sorbent and the adsorption

capacity (mg Cu(ll)/g) were expressed by:

. s
bi 'Qé(él‘)e?er%—(bpnn (3.3)
R S
n _ (3.4)
w

Where G (mg/L) is the initial Cu(ll) concentration andeqmg/L) is the
equilibrium Cu (ll) concentration in solution, V is the volume of the solution (L),
and W is the mass afdsorbent (gjGhoshet al, 2013.

3.5.4 BENCHMARK STUDY

A benchmark study was performed in order to understand the complexity and
variability of the wastewater matrix on the adsorption performance. For

benchmark studies, 20 ml of 4 mg/L Cu(ll) wastewater effluent spiked with

Cu(ll) was agitated with 1 g/korbent dosage for 30 minutes at ZDat pH 6.

This benchmark experiment was performed for each wastewater sample (for
every sampling trip). The initial and final samples were separated by filtration

using a 0.2um surfactanfree cellulose acetate merabe syringe and the

concentration of the samples was determined byM3P

3.5.5 SELECTION OF INDEPEENT VARIABLES AND RANGES
THROUGH SCOPING EXPRIMENTS

3.5.5.1Effect of pH

Experiments were carried out to ascertain the effect of pH on the adsorption of
Cu(ll) from the solution and to find the optimal pH for removing Cu(ll) from the
water matrix by using oxidised CNWs. Batch experiments were performed with
20 ml of 10 mg/L Cu solutions with pH adjustment using 1 ¥Ms&; or 1M

NaOH to give a range from 4.0 to 8.0. THg/L of sorbent dosage was used at
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different values of pH, and the flasks were gently agitated @) at 20 C in

an incubator for 30 minutes to reach equilibrium. The initial and final solutions
were separated by filtration using a U2 surfactanfree cellulose acetate
membrane syringe, and AAS determined the concentration of Cu(ll).

3.5.5.2Effect of contact time

The scoping studies were carried out to investigate the effect of contact time on
the removal of Cu(ll) from the water matrix by using oxidisdWs. The effect

of contact time was investigated for 5, 10, 20, 30, 60 and 180 minutes for both
clean and wastewater matrix. Experiments were carried out by ugfg cf
sorbent dosage with 2@l of 10mg/L Cu(ll) ion solution, and were gently
agitated(150rpm) at 20 C in an incubator. At each interval, the solution was

filtered and the concentration of Cu(ll) was determined by AAS.

3.5.5.3Effect of temperature

The efficiency of the oxidised CNWs as adsorbents at different temperatures
from 6 to 25°C were nvestigated. This range was chosen because it is a realistic
range for wastewater treatment temperatures in the environment. The adsorption
experiments were conducted by using 4 g/L of sorbent dosage with 20 ml of 10
mg/L Cu(ll) ion solution and were gewnthgitated (150 rpm) at 1(C, 15 C and

25 C in an incubator for 30 minutes. The initial and final solutions were
separated by filtration using a Quin surfactanfree cellulose acetate membrane
syringe, and AAS determined the concentration of Cu(ll).

3.5.5.4Effect of sorbent dosage

Experiments were carried out to study the effects of sorbent dosage in removing
Cu(ll) from the water matrix. The experiments were conducted by using sorbent
dosage (0.2, 2.0, 4.0, and 10.0 g/L) at pH 6.0 with 10 and 5 mg/L of)Cu(ll
solution in clean water and wastewater effluent, respectively. After 30 minutes,
the initial and final solutions were separated by filtration using auf.2
surfactantfree cellulose acetate membrane syringe, and AAS determined the
concentration of Cu()l
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3.5.6 ADSORPTION ISOTHERMSTUDIES

In order to understand the behaviour of adsorbent, two common adsorption
isotherms (Langmuir and Freundlich) were used to evaluate the adsorption system
design and to describe the adsorption capacities of the moditiedrbent

(Shojaeimehet al, 2014. These isotherms were expressed as:

J

O & .
b & QA Qi (3.5)
p U0

Where @ (mg/qg) is the equilibrium amount of Cu(ll) adsorbed per unit mass of
sorbent, g (mg/g) is the maximum Cu(ll) ions adsorption capacity to form a
complete monolayer on the surface bound and (Kmg) is the Langmuir

constantwhich is related to the affityi of the binding sites.

Ol Q6 F@A A (3.6)
Where K and n are the Freundlich constants that indicates adsorption capacity

and adsorption intensity, respectively.

3.5.7 ADSORPTION KINETICSSTUDIES

The prediction of adsorption rate is important in providing the necessary
information for the design of the adsorption system. Two kinetic models, which
ar e L ager gfirstordersandgpseadsedond order model, were applied
to the experimental data order to clarify the mechanism of adsorption process
such as mass transfer and chemical reaclibe. pseudo firsbrderand pseudo

secondorder adsorption kinetic rate equation are expreasddllows:

[0 (3.7)
a0 Qn n
[© 1 (3.8)
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After integration and applying boundary conditions t=0 to t=t arQ tp q=q,
the integrated form of Equatid9 and 3.1®y Lagergren argivenas(Sar € and
Tuzen, 2009

. Q
’, r 1 roroey 1 3.9
T A aan—c&n% (39
o p, p
nono QR (310

Where gand @ (mg/g) are the amounts of the metal ions adsorbed at time (min)
and at equilibrium, respectivelyhe Lagergren rate constant for first and seeond
order equations ki and k (min), respectivelyThe adsorption rate {kcan be
determined by plotting log éq &) againstt, while a plot of t/gversust is used

for seconebrder kinetic model and:kvas found from the slope of the plot.

3.6 INSTRUMENTAL ANALYSI S OFCOPPER

3.6.1 ATOMIC ABSORPTION SEECTROMETRY (AAS)

A PerkinElmer 272 Atomic Absorption Spectrometry (AAS) (Model No: 272,
PerkinElmer Inc., USA) was used to measure the concentration of Cu(ll) in
aqueous solution. The operating parameters for Cu(ll) analysig BAS are
specified in Table 3.2. An aacetylene flame with a temperature of about 2300
~C was used for all measureme(®erkin Elmer, 1996 The adjustment of the
burner with regards to height, lateral and rotational positiasrequired.Fuel/air
flows and nebulizer adjustmenwere alsanecessary in order to obtain maximum

sensitivity.

Table 3.2: Operating parameters for metal analysis usiognic Absorption
SpectrometrfAAS)

Parameters Description
Flame type Air/acetylene
Lamp current Copper (10 mA)
Wavelength 324.8 nm
Slit width 0.7 nm
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Burner alignment Straight Angled
Standard solutions 2,4,6,8,and 10 mg/L 10, 20, 30, 40, 50, 60 and
mg/L
Linear regression curve y = 0.03313x + 0.00212 y=0.00488x 0.00083
R?=0.9998 R?=0.9997
Limit of detection 0.0382mg/L 0.2966mg/L
Limit of quantification  0.1273mg/L 0.9886mg/L

To set up the AAS instrumerghollow cathode lamp of copper was instalietb

the instrument, and botihe required wavelengthnd slitwidth were then set as

listed in standard condition$he instrument was calibrated with standard Cu(ll)
solutions. Calibration blank (zero concentration) is always measuredwfthst
Oawtedr 06 on the calibration Ipbtlaaedtkom Cu (I |
calibration curve equations derived from measurements of prepared standard
Cu(ll) solutions. For this study, two different calibration curves were used based

on the concentration of the sampl@gppendix A) In order to obtain accurate

analyss, the calibrations were checked after every 10 samples by using the
standards Cu(ll-2esod uwi binst ladmblysisl@iub oat i
each sample was carried out 5 times amdverage reading taken.

3.6.2 PREPARATION OF AAS $JANDARD SOLUTIONS

A certified 1000 mg/L calibration standard solution of Cu (if2HNGOsz) was
purchased from ROMIL Ltd. The standard solutionsi 70 mg/L) and (1
10mg/L) that span the working ranges were prepared by using the provided
1000mg/L reference standard solution for Cu(ll) with M@ ultrapure water.

As the dilute standard solutions will degrade with time, all the calibrated

standards should be dated and replaced when necessary.

3.6.3 DETERMINATION OF DETECTION LIMITS AND
QUANTIFICATION LIMIT

Limit of detection (LoD) or detection limit, is a term used to describe the lowest
concentration level that can be reliably determined from a kl@akkin Elmer,

2004). The instrument detection limit is typically defined as the comatah of
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analyte, which is equal to three times the standard deviation of the concentration
of 10 replicates of the calibration blank. In some circumstances, using LoD can
still result in false positive or false negative data for a sample. Commonly, for
most lowlevel analyses the limit of quantification (LoQ) is now routinely
employed. This reduces the risk of quoting false positive or false negative data, as
LoQ is greater than LoD by a factor of 3.3. LoQ is definedL@gimes the
standard deviation dfO replicates of calibration blank.

3.7 DESIGN OF EXPERIMENT S

The parameters and their range for Cu(ll) removal from the water matrix were
studied using response surface methodology (RSM) and artificial neural network
(ANN) based on central composite designC@® (Figure 3.4). Optimisation

studies were carried out by studying the effect of three variables (temperature,

initial Cu(ll) concentration, sorbent dosage and pH), based on type of water

matrices.

. N

Design Methods

Select design and Central composite design (CCD)

develop strategy Five-level
(-a, -1, 0, +1,+a) )
Run experiment " Sodal 1

Measure response for Res_p_o.nse Surface Methodology (RSM)
P o Artificial Neural Network (ANN)

Figure 3.4: Design of experimerse(ection ofexperimental design)
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3.7.1 CENTRAL COMPOSITE DEIGN (CCD)

A central composite design (CCD) was employed to evaluate the removal of
Cu(ll) from the water matrix. The factor levels for the experimental design were
selected based on the literature and the scoputties undertaken in this study,

as described irbection 5.4. MINITAB 16 Statistical Software was used for
statistical analysis. With three variables, a total of 20 experiments were required
in order to find the optimum operating condition for the remafaCu(ll) using

oxidised CNWs, as calculated from Equation 3.5:

0 ¢ & ¢ ¢ COoO @ ¢Tm (311

Where N is the total number of experiments required ang the number of
factors/independent variables. The centre poindswere used to determine the

experimental error and estimate the predictability of the data.

3.7.2 APPLICATION OF CCD ©R ADSORPTION FROM HE CLEAN
WATER MATRIX

Three independent variables, temperatui%6°C), initial Cu(ll) concentration

(106r 60 mg/L), and srbent dosage (0:20.0g/L) were optimsed for the removal

of Cu(ll) from the clean water. The 20 CCD experiments were condasted
described in &ction 3.5.2 at constant pH 6. The parameters are shown in Table
3.3 with their coded levels ;1 , ©0;, W ,= UlL. 633) .

Table 3.3: Experimental ranges and levels of the independent variables for clean
water

Independent variable ~ Factor code Range and level

-U -1 0 1 +U
Temperature (°C) X1 6 968 155 21.32 25
Initial Cu () ion X 10 1969 35 5031 60
concentration (mg/L)
Sorbent dosage (g/L) X3 02 209 51 81 10
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3.7.3 APPLICATION OF CCD B©R ADSORPTION FROM HE
WASTEWATER EFFLUENT

Three independent variablgsH (57 8), sorbent dosage (0i510.0 g/L), and
initial concentration of wastewater effluemerespiked with Cu(ll) (Ir 5 mg/L),
were optimised for the removal of Cu(ll) from the wastewater effluent. The 20
CCD experiments were nducted as described ire&ion 3.5.3 at constant
temperature of 20C. The parameters are shown in Table 3.4 with their coded
levels{U;1, O, 1, U; U = 1.633).

Table 3.4: Experimental ranges and levels of the independent variables for
wastewater effluent

Independent variable  Factor code Range and level

-U -1 0 1 +U
pH Y1 5 5.6 6.5 7.4 8
Sorbent dosage (g/L) Y2 05 234 525 816 10

Initial concentration of
wastewater effluent Y3 1 1.78 3 4.23 5
spiked with Cu(ll)

3.8 MATHEMATICAL MODELLI NG OF CU(ll) REMOVAL FROM
THE WATER MATRICES

3.8.1 RESPONSE SURFACE MEHODOLOGY (RSM)

RSM is an approach that combines mathematical and statistical techniques and
can be applied to give a better overall understanding with a minimal number of
experiments. The experimental dawere processed using MINITAB 16
Statistical Software. Thergdicted percentage of the remowdl Cu(ll) ions is

explained by the following quadratic equation:

Op 1 fo 1 o I om - (3.12)
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Where Y is the predicted responseand xar e t he i npisthe vari a
intercepts té@demgcolkf fi ciietmetcoeffident bfisquaaelr e f f
effgcs,t bhe coefficient of interaction e

3.8.2 ARTIFICIAL NEURAL NETWORK (ANN)

ANN is a powerful tool and has been widely used to model the effect of
parameters influencing adsorption proceg&smnmugaprakash and Sivakumar,
2013. Although there are many wd&hown ANN types such as multilayer
perceptron, radial basifunction networks, linear networks, Bayesian networks,
and Kohonen networks, currently the most popular network architecture is
multilayer perceptron (MLPJSavicet al, 2019. This network consists of three

or more layers of neurons as the thi@ger models with one hidden layer and is
commonly applied when predicting the performance of many processes
(Pilkington et al, 2014 Witek-Krowiak et al, 2014. In order to use the ANN
model for predicting Cu(ll) removal from the water matrix, a fémevard
backpropagation was usedrfmodelling the experimental design. In this study,
the first layers of neurons representing the independent variables were identical to
the factors considered in the RSM approach. Similar to the RSM modelling, the
percentage removal of Cu(ll) was conse&te as the output neurons and was
developed in MATLAB (R2009b), Mathwork Inc. Software.
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3.9 DATA ANALYSIS AND ST ATISTICAL TECHNIQUES

model, interpret

o
Fit and diagnose
model

3D plot of response surface  Contour plot of response surface

4 ‘ * Analysis of variance
Confirm model (ANOVA)
* Optimal conditions
. .
* Unseen experiments
a i B * Absolute average deviation (ADD)
Vall.d.atlc_)n and * Root mean squared error (RMSE)
vesification \/ * Coefficient of determination (R?)
. 7

Figure 3.5: Design of experimemngification of the model)
3.9.1 EVALUATED OF THE MODELS

The regression analysis, graphical lgsis, and analysis of variance (ANOVA)
were undertaken using MINITAB 16 Statistical Software (Figure 3T
performance of the ANN and RSM modeas statistically evaluated in terms of

the coefficient of determination R absolute average deviatioAAD), and the

root mean squared error (RMSE)? Ralue (R = 1) implies perfect matching
between predicted andactual data.This is a measure of its estimation
performance for the actual observed values. Moreover, both models and the
parameters variation were also determined based on the minimum value of the
RMSE and AAD of the training and prediction ,s& mentioned irSection2.7
(Equation 2.6 and 2.7).
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3.9.2 TEST AND VALIDATION OF THE MODEL

For purposes o¥alidation and evaluation of RSM and ANN modeddditional
unseerexperiments were conducted in addition to those determined by the CCD,
consisting of combinations of experimengarameters not found in the training
data set for the models. The prediction abilities of the newly constructed ANN
and RSM models were also statistically measured in terms?0fARD and
RMSE. The overall experimental batch adsorption carried out instody is

illustrated following the chart in Figure 3.6.
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3 MATERIALS AND METHODS

3.10 EXPERIMENTAL SET UP FOR FIXED BED ADSORPTION

In order tostudy the practical relevance of oxidised CNWSs as adsorbent in large
scale water treatment, column study by ddlew mode was studiedA
continuous flow adsorption study was conducted in a solid phase extractions
(SPE) vacuum manifold, with 20 positiof@/aters UK). An empty cartridge
(column PD10, GE Healthcare) made of polypropylene with 1.5 cm inner
diameter and 7.4 cm height was packed with adsorbent and set up on the SPE
vacuum manifold. A polyethylene frit was placed at the bottom of the cartadge

prevent loss of the adsorbent.

The experiment was performed at room temperature (20C¥1by pumping a
known concentration of wastewater effluent spiked with Cu(ll) in a dibown

mode through the cartridge using a pump (GAST manufacturing, Inc.).U8A
wastewater effluent was placed in a polypropylene container and connected with
a tube through which the effluent will pass through the cartridge. The treated
effluent was collected in a polypropylene container through the exit valve at the
base of he glass chamber. Fixed bed sorption stuavese performed under
optimum conditions (pH 8, sorbent dosage = 6.45 g/L, initial concentration of
wastewater effluent spiked with Cu(ll) = 4.72 mg/L), obtained from previous
experiment performed in a batch syst for removal of Cu(ll) from the
wastewater effluent. For each sorption test, the cartridge was flushed mith 5
deionised water to ensure compact packing and that the closely packed
arrangement of adsorbemadno voids and channels.

The treated effluat (G) was collected after every 18l and analysed for metal
concentration with AAS. The breakthrough curves g€gCwere plotted against
volume. The experiments were continued until a constant concentration of Cu(ll)
was obtained. The adsorption capadie cont(Mg/g) can be determined by the
equation as in batch studies, but with slight modifications:

0 0O

1 & — ' 3.13
nr (b w ( )
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3 MATERIALS AND METHODS

WhereW s the mass of adsorbent (g), i€ the initial concentration (mg/L),,0s
the breakthrough concentration (mg/L) ang i¥ the volume (L) of effluent that

is required to reach the exhaustion of the column.
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CHAPTER 4: RESULTS AND DISCUSSION
CHARACTERISATION OF CELLULOSIANOWHISKERS

41 INTRODUCTION

This chapter describes the characterisation of cellulose nanowhiskers (CNWSs)
using several analysis techniqu&everal techniques such as Fourier Transform
Infrared Spectroscopy (FTIR), zeta potential measurements, BriiEaereti

Teller (BET) analysis, Scanning Electron Microscopy (SEM), Transmission
Electron Microscopy (TEM) and conductometric titration were used in this study.

The procedures are fully described in Section 3.4.

There are two main sections in this chapter. Tingt kection discusses the
characterisation of CNWs using several analysis techniques prior to surface
modification. The second section focuses on the stability of oxidised CNWs at

different time intervals under dry conditions and in the water matrix.

4.2  HIGHLIGHTS

1 Oxidised CNWs were stable at different time intervals under dry
conditions and in the water matrix and proved that the functional groups
were permanent ardid not degrade under the tested conditions

1 Oxidised CNWs were effective in removing Cu(dm the water matrix,
unlike unmodified CNWs.

1 Surface morphological, surface area and pore volume of oxidised CNWs
werevirtually unchanged during TEMR®ediated oxidation.
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4 CHARACTERISATION OF CNWs

4.3 RESULTS AND DISCUSSION

4.3.1 FOURIER TRANSFORM INFRA-RED (FTIR)SPECTROSCOPY

The adsorption characteristics of an adsorbent are influenced by the chemical
reactivity of surface functional groups (Saito and Isogai, 2005). FTIR is widely

used as a spectroscopic tool to examine functionalities present in CNWs. FTIR
specta of the adsorbent were also examined before and after the modification

process as described in Section 3.4.1.

The FTIR spectra of CNWs (Figure 4.1) and the assignment of absorption bands
are tabulated in Table 4.1, according to work by Marechal and Clistargchal

and Chanzy, 2000). The FTIR spectra of a typical cellulose show strong
absorption characteristics at the OH stretching bands in the range 438600

cmi?, CH and CR stretching vibrations between 3G@800 cmt, and CO and

CC stretching bands the range of 120®00 cm! (Horikawaet al, 200§. The

strong absorption bands at 107800 cm' correspond to the primary alcohols
while secondary alcohols absorb at 1i1BI75 cm' (Langkilde and Svantesson,
1995).

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber/ cm-t

Figure 4.1: The FTIR spectra of CNWs

90



4 CHARACTERISATION OF CNWs

Table 4.1: Assignment of bandsIR spectra of CNWs

Wavenumber (cn) Assignment
3346 nO-H
2900 nC-H
1643 dH20
1430 dC-O-H
1337 dC-O-H
1317 dC-O-H
1206 nC-O-C
1163 nC-O-C
1113 nCz-OH
1059 nCs-OH
1034 nCe-OH
706 wC-O-H
666 WC-O-H

The FTIR spectof CNWs and oxidised CNWs are shown in Figure 4.2. After
modification, the presence @ bandat 1740 cm' corresponds to the C=0
stretching frequency of carboxyl groups incorporated the CNWs (Caoet al,
2012. In this spectim, the presence dfieband near to 1740 chtorresponds to
the C=0 stretching frequency of carboxyl groups in their acidic {btabibi et

al., 2009.
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4 CHARACTERISATION OF CNWs

T

v (C=0) 1740 cm*

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber/cm?

Figure 4.2: FTIR spectraf the CNWs and oxidised CNWs

4.3.2 ZETA POTENTIAL DETERMINATION

Zeta Potential analysis is a technique utilised to determineditedal stability

of nanoparticles in solutiong his analysis is important in the understanding of
the state of the nanoparticle surface, to predict -teng stability of the
nanoparticleand to determine whether a modification process has resulted in
successful oxidation of the nanoparticle surféBaito et al, 2009. A value
outside of the range 625 mV to+25 mV generally indicates good stability of
suspension which in the case of unmodified and oxidised CNWs, a stable
suspension was observ@da et al, 2014 Saitoet al, 2009. The pra@edure is

fully described in Section 3.4.2.

The average zeta potentials 88¥.6 mV and 74.4 mV for the unmodified and
oxidised CNWs respectively. It is clearly apparent that the zeta potential is
changed after the modification process. These observations are in agreement with
those ofOkita et al. (2010) who showed that the zeta potahtof oxidised
cellulose microfibrils dispersed in water are approximatelp mV for all
sources of celluloseMoreover, the value obtained &cceptableasit is in
agreement with the zeta potential of TEMBKLdised cellulose derived from

various soures asreported in other studies (Table 4.2).
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4 CHARACTERISATION OF CNWs

Table 4.2: Zeta potential of TEMR&Xidised cellulose from different sources

Origin of cellulose sample Zeta potential (mV)  References
Unmodifiedcotton -37.6 _

This study
Modified ootton 174.4
Cellulosesludge 170.6 (Liu et al, 2019
Pulp 170.0 (Chenget al, 2016
Softwood kraft pulp 163.5 (Jinet al, 2019
Hardwood 175.0 (Okitaet al, 2019

The oxidised CNWs show highly negative zeta potentials, caused by the
introduction of carboxylate groups to the surface of the CNWs at a high density
(Saito etal.,, 2009). Moreover, the zeta potential value of oxidised CNWSs
indicates that stable suspensions can be obtained with these modified particles.
The greater the value, the higher the electrostatic repulsion between the particles,

leading to an increase stability, and hence less aggregation (Saito et al., 2009).

4.3.3 BET ANALYSIS

The BET surface areas fanmodifiedand oxidised CNWs are shown in Table
4.3and BET plot in Appendix B'he results obtained for CNWs were within the
rangeof surface area reportedrf CNWs, e.g. 8/ 30 nt/g (Hsieh, 2013 Lu and
Hsieh, 2010 2012. The N adsorptiordesorption isotherm af7K of both
unmodified and modified CNW are shown in Appendix B.

From the esults, the BET surface area@XWs is approximately 10 times higher
than that of the original cotton cellulose, as reported in the liter@twreand
Hsieh, 2010 In addition, the pore volume for CNWSs is approximatie times
higher than that of the original cotton cellulose, demonstrating that acid
hydrolysis has not only introduced surface chargés the surface othe CNW,

buthasalso improved the surface area andepvolumeafter freezedrying.
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4 CHARACTERISATION OF CNWs

Table 4.3: BET surface areas aothl porevolumeof the samples

BET surface are: Total pore volume

Samples (m2/g) (cn¥ig)
Original cotton 155 0.008
cellulose *

Unmodified CNWs 15.72 0.038
Oxidised CNWs 43.11 0.088

*(Lu and Hsieh, 2010

However, the surface area and pore volume for oxidised CNWSs did not change
greatly beingapproximatelythreetimes higher tharor the unmodified CNWSs.
Thisis as a result of the EMPO-mediated oxidationthe main purpose of which

is to introduce stable negative electrostatic chargéestbe surface ofhe CNWSs,

and to obtain better dispersion stability with higher zeta poteatiahentioned in
previous section(Habibi et al, 200§. Depending on the morpholpgf the
adsorbent and the modification procedused chemical modification may not

always improve the surface araadgore volume of the adsorbent.

4.3.4 TEM ANALYSIS

Although SEM was found to be a quick and simple method to examine the
CNWs, the resolution was considered insufficient for detailed information such as
determinationof the size of the whiskers. Therefore, TEMas used to confirm

the morphabgical characteristics and sin¢ individual CNWs As observed in

the literature TEM image show thatunmodified CNWs exist as needléke
structure, as shown in Figure &.(Habibi, 2014 Kvien et al, 2005, while a

TEM image of oxidised CNWs is shown in Figurd.4.

The lengths of CNWs were measured to be in thgeaf 64.8 to 296.4m, with

an average of 134.4+51rin. Width was in the range of 4.3 to 13.9 nm with an
average of 9.0£2.8m. On the other hand, the dimensions of oxidised CNWs
were found from TEM images toéin the range of 32.3 to 152mn with an
average of 95.0+31.bm whereas widthvas in the range of 3.1 @4.9 nm with

an average of 10.5+4rfm. The length and widtimeasurementsf both samples
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4 CHARACTERISATION OF CNWs

correlate with earlier TEM analysis on CNWs from cottBfazzouziHafraouiet
al., 2009. Therefore, it can be concluded that TEMR®@diated oxidation aks
not compromise the morphological integrity and crystallinity of CNWSs.

100 nm

Figure 43: A typical TEM image of negatively stained preparations of
unmodified CNW adsorbents

Figure 44: A typical image of negatively stained preparations of oxidised CNW
adsorbents
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4.3.5 DETERMINATION OF CARBOXYLATE CONTENTS

There are several charactation methods for measuring the carbatgtontent

of oxidised cellulose, includg carbor13 nuclear magnetic resonanceC(
NMR) spectroscopy, quantitative infrared spectroscopy (FTéBaductometric
titration and methylene blue adsorption. These methods have been compared by
da Silva Perezt al., (2003) who found that the methylene blue adsorption
method showed an underestimated result, whHi€ NMR appeared to
overestimate the resultdMoreover, FTIR showed low repedility due to
problems associated with qudication, whereas conductomettitration showed
reproducible results and walserefore advocateds a reproducible method for
measuring the carboxatiecontent of oxidised cellulose. aand Isogai used ¢éh
conductometriditration method withcellulose nanocrystals further oxidised with
NaClO andsodium hypochlorite can oxidse aldehyde groups into carboxyl
groups,increasingthe numberof carboxyl groups on CNWSaitoet al, 20095.
Therefore, the carboxyl group content on oxidised cellulose nanowhiskers was
determined byconductometriditration. A typical conduadmetrictitration curve

is shown in Figure 4, where the totahumberof carboxyl groups can be

determined from the send intersection point.

Excess of

Neutralization strong base

of strong acid

Neutralization
of weak acid

Conductivity

Volume, strong base

Figure 45: Typical conduatmetrictitration curve(Levlin, 2010
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4 CHARACTERISATION OF CNWs

The conduaimetric titration curve of oxidised CNWsuspensions is shown in
Figure 46 and is characterised by three phases. First, the decreasing phase
corresponds to the decreasf free H ions through neutraation of strong acid
groups by NaOH. Then, the horizahphase shows the neutgalion of the weak
acids, such as carboxylic acid.this phase, the added sodium ions are adsorbed
as counter ions to the carboxylic acidic groups, and the dissociated protons are
neutralised by the added hydroxide ions. Aftee weak acid is completely
neutralsed, both cation and anion of the base (NaOH) will contribute to a sharp
increase in conductivity of the solution dueth® excess of added base. The
procedure and calculation for the determination of totanberof carboxyl

groups are fully described in Section 3.4.4.

0.25

0.2 -

015 -

Conductivity (mS/em)

005 -

0 T T T T T T T T T T

0 02 04 06 08 1 12 14 16 18 2 22
Volume of NaOH (ml})

Figure 46: Determination of the totahumberof carboxyl groups in oxiised
CNW suspension by condaehetrictitration.

Table 4.4 displays thcarboxylate contentsing different starting material cu
as cotton linters and hardwood kraft pulp. Although the oxidation tonsli
applied weresimilar, thecarboxylate content obtainedasdifferentfor the three
samples. Carboxylate content in oxidised CNWs was noticeably higher,
indicating that there armore carboxylate groups per gram due to high surface
area Furthermore, work by Okiteet al., (2010) indicated that the total
carboxylate contentof cellulose were differerfor plant and nosplant materials

such as bacteriglunicate and algaselluloses
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Table 4.4: Carboxylate contents of cellulose before and after TEMe&dated
oxidation

Carboxylate conten

Cellulose sample (mmol/kg) Reference
CNWs 49.33

This study
TEMPO-oxidised CNWs 418.39
Cotton linters 19.0

(Saitoet al, 2005
TEMPO-oxidised cotton linters 226.0
Hardwood kraft pulp 50.0 (Saito and Isogai
TEMPO-oxidisedhardwood 260.0 2009

The reproducibility ofresults foroxidised CNWs was tested by performithe
TEMPO-mediated oxidationrodifferent batches. The results are shown in Table
4.5, The total carboxylate contembtained for different batches of oxidised
CNWs indicate that the method is highly reproducible. In viewhefindustrial
dewlopment of a variety of sorbats described in the literatyrethe
reproducibility and consistency between different batcheshiefrhethod isa

highly desirable featuren product design. For example, activated carbon is the
most popular adsorbent used for the removal of pollutants from wastewater due to
its high adsorption capacity, extensive specific surface area, and repriigucibi
(Kyzaset al, 2013.

Table 4.5: The amount of carboxylate content for oxidised CNWs for different
batcles

Oxidised CNWs Carboxylate content (mmol/kg)
Sample 1 390.88
Sample 2 409.50
Sample 3 418.39
Average tstandard deviation 406.26 + 14.04
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A control experiment was then carried out to compare the ability of unmodified
and oxidised CNWs to remove QN (from the water matrix. For the same
amount of sorbent dosage under similar conditions, oxidised CNWs were able to
removeapproximately66.75% of Cu(ll) while the unmodified CNWs removed
only approximately3.64% of Cu(ll) from the water matrixthe CuCOOH molar

ratio, which is used to compare the removal capability of oxidised CNWs and
unmodified CNWs. The Cu:COOH molar ratio for oxidised CNW2&.59x10°,

while Cu:COOH molar ratio for unmodified CNW is 0.54.

These results show thatchemical modiftation such as oxidation can alter the
surface of CNWs by adding more carboxyl grsuipcreasingthe number of
active siteqThirumavalavaret al, 2019 Zhanget al, 200§. The percentage of
Cu(Il) remowed increass significantly with the presence od large number of
carboxyl groups on the surface of the adsorbent. These observations are in
agreement with those of Liwet al., (2009) who used carboxylic acid
functionalsed konjac glucomannaror the adsorption focopperand lead from

agueous solutian

4.3.6 STABILITY TEST

Stability tests were conducted under two different conditions, under wet and dry
conditions, and the stability of the adsorberdsweviewed by measuring the
carboxyl content and adsorption capabilities over tim&restingly, to date, no
work has tested the stability of thesedified CNWadsorbents, which is really
important from both the manufacturing and application perspe&sehown in
Table 4.6, the carboxgte content of oxidised CNWs did not change,ieth
demonstrateshat oxidised CNWs may be stored under dry conditions for the
period time examined (up to 28 days). The procedures are fully described in
Section 3.4.3 and 3.4.4lowever, the carboxylate contents can be partially
degraded due to extremeaction conditions during chemical or mechanical
treatment. This harsh treatment not only decreases the carboxylate content, but

also affects the cellulose morphology and crystalli\ithanget al,, 2007.
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Table 4.6: The carboxgtecontent of oxidised CNWs under dry conditions

Days 0 7 14 28

Carboxyl groups (mmgtg) 406.26 412.31 409.49 413.21

For the wet stability test, freezksied CNWs were mixed with deisged water
and left for 30 mins, 2&ours andsevendays under aastant shaking at a rate of
150rpm in an incubator. Next, the suspensions were frdaed beforethe batch
experiments. Freezdrying waschosenbecause it allog/for accurate dosing of
the CNWs. In addition, freezdrying is a suitable mé&odto preserve the nano
scale dimensions of the cellulose nanowhisK@anget al, 2019. Smoother
surfaces and narsrale dimensions were obtained for fredred sample
compared to other drying methods, such as awd oendrying (Penget al,
2012. During the freeza@lrying process, capillary forces are mirgad and no
bulk materialis formed(Takaichiet al, 2014.

As shown in Table 4.7, the oxidised CNWs are stable in water for a longer period.
The sorbent ability for each sample did not change or redndeating that
oxidised CNWs are stable in water for up to 7 days. This showed that th
functional group are permanent under the conditions testes thg were stable
andwerenot remoedor degraded. The Cu(ll) removalbility remained the same
andwasstable in water. This proved that oxidised CNWs are suitable for use as
an adsorbent in wastewater treatment. Mee¥p numerous studiehave
demonstratethat the stability of CNWsuspension can also be improved through
TEMPO-mediated oxidatior{Araki et al, 2001 Habibi et al, 2006 Saito and
Isogai, 2004

Table 4.7: The sorbent ability under wet conditions=(@1.3°C, G=50.3 mg/L,
m=2.1g/L)

Percentage

Sample Cr(mg/L) removal (%) q(mg/g)
Fresh 36.40 31.49 0.77
30 mins 37.69 29.06 0.74
24 hours 38.08 28.33 0.72
7 days 37.84 28.78 0.73

Ci=Initial Cu(ll) concentration; &Final Cu(ll) concentration; g=adsorption capacit
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CHAPTER 5: RESULTS AND DISCUSSION

PREDICTING THE CAPABILITY OF OXIDISED CNW
ADSORBENTS FOR THE REMEDIATION OF COPPER
FROM WATER USING RSM AND ANN MODELS

5.1 INTRODUCTION

Cellulose nanowhisker (CNYMwvas chemically modified via TEMP@nediated
oxidation to improe its adsorption capacity and enhance its performance under
desired conditions in a wastewater treatment plant (WWTIR. preparation of
oxidised CNW adsorbents fully discussed in Chapter Sdction 3.3). Following

on, the results obtained from the cheterisation study, which confirmed the
success of modification (Chapter 4), adsorption batch experiments were
conducted to evaluate thmerformanceof oxidised CNW adsorbent® adsorb

and remediate Cu(ll) from the water matrix. Moreover, two moaeisely the
response surface methodology (RSM) and artificial neural network (ANN) were
evaluated for theicapabilityto determine tb effectiveness of oxidised CNW

adsorbentst removing Cu(ll) from the clean water mataitxdesired conditions

There are ttee main sections in this chapter. The first section discusses the
selected variables and parameter ranges foicaioin to the clean water matrix

for Cu(ll) removal through scoping experiments. Batch experiments were
performed according ta CCD matrixof conditions to determine the percentage

of Cu(ll) removal. Next, both RSM and ANN models were employed to
understand the obtained data and evaluate the predictive capability of each model
for effective Cu(ll) removal from the water matrix. Finally, therd section
discusses the ability of both modelspredicting data not found in the training

data set for the models, as describef8dation 3.5.
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5.2  HIGHLIGHTS

1 This study focused oreal wastewater treatnm¢ plant conditionsunlike

CNW and other adsorbents studies.

1 Both RSM and ANN models were used as predictive onbt descriptive

models.

1 Model suitabilitywastested outside dhemodd descriptive range, unlike

CNW and other adsorbent works.

1 ANN had superior prediction capabilitp RSM for Cu(ll) removal on
oxidised CNW adsorbents.

5.3 RESULTS AND DISCUSSION

5.3.1 CONTROL EXPERIMENTS-OR THEEFFECT OF FILTER

Control experiments were undertaken to determine a suitable filtéjsas a
necessary stge prior to the separation of adsorbent from the soluti@s
described in &ction 3.5.3 Several studies have investigathd possible factors

that can significantly affect metal concentrationse.g., the type of filter,
membrane materials and filtratiomethod (Matoug, 2013 Moreover, the
existingliteratureaddressethe use of filter paper in filtration cang systematic
errors on the analysed solution, particularly at lower metal concentréiogs

et al, 201Q lleri et al, 2014. Therefore, in order to ascertain that the filter
membrane material used did not retain metal ions in the solution, control
experiments were carried out to identify the most appropriate fBiefactant

free cellulose acdate filters were identified as most suitgblgth an average
retention of 0.8 + 0.86; subsequentesults corrected for thigrdditionally, the
normal cellulose acetate filters evaluated demonstrated adsorption to the filter

with an average adsorption 64+ 1.0% (Table 5.1).
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Table 5.1 Data for the control experimertts determine appropriaféter.

, . Average Standard
Type of filter Ci(mg/L)  Ci(mg/L) retention (%) deviation
Cellulose ©5.59
acetate 59.44 53.87 7.4 1.0
(0.25 pm) 55.63
Surfactant 59.15
free cellulose
acetate 59.44 59.36 0.8 0.5
(0.45 pm) 58.38

Ci= Initial Cu(ll) concentration; &= Final Cu(ll) concentration.

5.3.2 CONTROL EXPERIMENTSTO DETERMINE PARAMETER
RANGES FOR THE CENTRL COMPOSITE DESIGNCCD)

To help setthe boundary conditions for the CCD, scoping studies were
undertaken to identify the variables and parameter ranges that influence the
adsorption process. Furthermore, parameters and their ranges were also selected
based on thexistingliterature,sincein many studiesthe range of investigated
parameters for the adsorption process is often not representative of the actual
conditions in a WWTP(Cao et al, 2014 Thirumavalavanet al, 2010.
Therefore prior toimplementing the CCD, it is important to confirm the variation

of ranges for each paramet8coping studieadopteda oneparameteat a time

approach to determine the ranges to be tmeeach parameter.

5.3.2.1Initial Cu(ll) concentration

The range for the initial Cu(ll) ion solution was chosen as 80 mg/L, which is
environmentally relevartb the actual concentration in industrial treatment plants
(as described in Chapter 2; see Table 2¥gngand Chen(2009) reported that
chemical precipitation and electrochemical treatnvesrte ineffective, especially
when the range for metal ion concentration in aqueous solutioii (800 mg/L
(Wang and Chen, 2009Moreover,Isobeet al. (2013) performedthe adsorption
processwith a high initial metal ion concentration (1000 mg/L afCu(ll)

solution), which is urealistic for actual commercial adsorption procesasshey
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are generally apmd to low concentration stream& focus on finding new
adsorbents highlights that treatment technologies such as chemical precipitation

and electrochemical treatment are Uedb treat low copper concentrations.

5.3.2.2Contact time of the adsorption process

The purpose of this experiment was to determine the necessary contact time
needed for the adsorption process to reach adsorption equilibrium. The
equilibrium time (timerequired to reach this state of equilibrium) is a significant
operational factor for economical wastewater treatment pres@Ssiudacet al,

2009. A set of experiments at predetermined time intervals (5, 10, 20, 30, 60,
120 and 180 min) were carried out at differsatbent dosageandinitial Cu(ll)
concentrationgas shown in Figure 5.1 and %.2he procedure is desced in
Section 3.5.4.2.

Figure 5.1showsthat adsorption increased sharply with contact time during the
first 5 min, contributing more than 9% of Cu(ll) removal. The experimental
results showed that the adsorption process in this study occurred in two phases,
i.e. a rapid initial sorption rate (first 5 min) followed by a slowate in later
stages (30 min)it is noted that almost 90% removal wahigved shortly, at the

first 5 min, of the adsorption procedsiom the Figure 5.2, it is clear that the
adsorption process is very rapid during the first 5 min and it is noted that the
equilibrium is reached already after 30 miiis rapid adsorption indicates that

the active adsorbent sites are readily occupied by the Cu(ll) ions as soon as the
adsorbent is introduced into the systétence, the maximum removal of Cu(ll)

was attained during this period.

After reaching equilibrium, e removal efficiency varies about3% with
increase in contact time. This may be due to the process of adsorption and
desorption that take place adsorbent surface saturation by Cu(ll)Asrsich
contact time will be a constant parameter and wast $ min for all adsorption
studiesin this current researctsince further increasein contact time did not

indicatea significant change in percentage removal.

The similar results were obtained by other studf&sngil and Oezacar, 2008

Srivastava and Hasan, 2Q1Wankasiet al, 20063. However, there were few
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papers thainvestigate orhow the adsorption process the potential adsorbent

at very short contact tim@ehdiniaet al, 2019. Most of the stdies in literature
performed the batch experiments @tmin intervals (5, 10, 20, 30, 60 min).
Wagberg and Hagglund (200has utilised a new method in order to béeab
perform the adsorption of different polyelectrolyte adsorption on bleached
cellulosic fibersprocess at short contacttimen equi pment known
has been used to collettte final samples for after every short contact time (10
seconds andipwards).Thus, for further study in adsorption process, a more
detailed study of the implementation of a new method for short contact time
would be necessary in order to understéinel mechanism of the adsorption

process.

Moreover, the oxidised CNW adsentsreached a much shorter equilibrium
time for the removal of Cu(lJ)comparedo other conventional adsorbents such
as activated carbon and zeolit&his indicaes that the modification of CNWa
TEMPO-mediated oxidation improves adsorption perforogarDue to its high
density of carboxyl groups and its nanoscale dimensites,performance of
oxidised CNWadsorbentsvas efficient when compared to other conventional
adsorbents. dble 5.2 summarisghe equilibrium time needed for the removal of
Cu(ll) ions with the application otommon adsorbents and oxidised adsorbents
from previously published studies. According\Wankasiet al. (2006b) a short
contact timefor reaching equilibrium indicats that the predominant mechanism
is chemical adsorption (chemisorption), whédelonger contact time indicate

physical adsorption, as describedsaction 2.3.1.
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Figure 5.1: Variations in the removal efficiency of Cu(ll) with contact time for

different sorbent dosages: Initial Cu(ll) concentration =n&fJL; T = 25°C; pH
= 6.
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Figure 5.2: Variatios in theremoval efficiency of Cu(ll) with contact time for

different initial concentratiamof Cu(ll) solution: sorbent dosagelOg/L; T = 25
°C; pH=6.0
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Table 5.2: The equilibrium time for Cu(ll) removal by common adsorbents

Modifiea/functionalised £ iy ium time (hrs)  References

adsorbents

OxidisedCNW 0.5 This study

Nitrogen containing

functional group etivated 81 10 (Kasnejacet al, 20129
carbon

Carboxylated 5 (Anirudhanet al,

functionalised bntonites 2012

Alginate-immobilised

bentonite tay 47 6 (Tan and Ting, 2014

Mimosa tannin gel (Sengil and Oezacarr,

2009

NanoNaX zeolites 2 (Ansariet al, 2015

Carboxylated cellulose
nanocrystals (with 2.5 (Yuetal, 2013h
succinic anhydride)

5.3.2.3Cu(ll) solutionpH in the adsorption process

Oneof the most important factors that not only influences the surface charge of
the adsorbent, but also the solution chemistry of heavy mstgdH (Reddy,
2012. As discussed irbection 2.1, the pH range in municipal and industrial
treatment plarst was found to be in the range ofi67 (Saianoet al, 20035.
However, the optimum pllange (4i 6) for the adsorption process published in
the literaturewas considered too acidicsince a pH below 6 will increase the
competition between protons and metal ions for active @Reddy, 2012 Thus,

it is important to note that the removal of Cu(ll) may decrease when pH is,acidic
rather than having anoptimum pH. Moreover, for copper, adsorption siesl
should not be carried out experimentally at a pH higher thdnetothe limited
solubility of Cu(ll) leading to precipitation in this pH ran(eunayet al, 1992.
According to Thirumavalavanet al. (2010) establishinga pH range without
considering metal hydroxide precipitation will alsifect the removabf Cu(ll)

from the water matrixThe theoretical minimum solubility fodifferent metals

occurs at different pH value8s such it is important to investigate a range of pH
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valuesvia scoping experiments for the adsorption procassmetal hydroxide
precipitation may complicate the sorption process between adsorbent agd heav
metak (Reddy, 2012

Control experiments wertereforecarried out to check the eventual precipitation
of metals at a given pH in order to pravatthe theoretical minimum solubility
for different metals occurs at different pH values. Theeaffof pH on the
adsorption of Cu(ll) by oxiised CNWadsorbentss shown in Table 5.3rom

the control experiment, the optimum pH value for maximum removal of Cu(ll)
was observed at pH &ith 91.37% (2.04 mg/g) of Cu(ll) removed, while at pH
4, only 8556 % (1.88 mg/g) Cu(ll) removal was achieved. It ¢dhereforebe
concluded thaat a pH below 6, the removal percentage was found to decrease
due to electrostatic repulsion between positively charged metal ionsegatve
adsorption sitesAt low pH (pH 4), the amino acid is protonated at both the amine
and carboxyl functions. It was reported that at the acidic rethiene would be a
strong competition between the' ldnd Cd*, which will reduce the removal
percentage of Cu(ll) by the carboxyl groiifeddy, 2012

However, as pH increased to 6, there waslaserved decrease in kbns in the
solution and hence, more negatively charged sites were available for adsorption
(Kadirvelu et al, 200)). As such it was decided that the optimum pH for the
removal ofCu(ll) ions using oxidised CW adsorbentsvas pH 6 whichis also a
realistic condition in the wastewater treatment environn@€htindet al, 2015
Saiancet al, 20095.

Table 5.3:The dfect of Cu(ll) solution pH on the removal of Cu(li, = 9
mg/L, m=4g/L, T =25C, t = 30 min

Final concentration R [ Adsorption
Sample No. pH . gmova capacity
Cr (mg/L) efficiency (%)
a (mg/g)
1 4.0 1.29 85.56 1.89
2 6.0 0.77 91.37 2.04

Co= initial concentration; m=sorbent dosage; T=temperature; t=time
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5.3.2.4Determination of sorbent dosagexidised CNW adsorbents

Adsorbent dosage is an important parameter when evaluating the adsorption
process, as it will provide the amount of sorbent dosage for a given initial
concentration, separation cost and the total water treatmentAcagtamet al,

201]). The amount of sorbent used for a volume of water (sorbent dosage, g/L)
must therefore be determined to ensure maximum Cu(ll) removal for the
wastewater condition being evaluatéthe effect of sorbent dosage on the
removal percentage of Cu(ll) is shown in Figure 5.3.

100

90

80
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60

Removal efficiency (%)

50

40
0 2 4 6 8 10
Sorbent dosage (g/L)

Figure 5.3: Variatios in Cu(ll) removal efficiencyaccording tosorbent dosage
(Oxidised CNW: initial Cu(ll) concentrationCi=10mg/L; T=25°C; pH=6

As shownin Figure 5.3, it is clear that the percentage of Cu(ll) removal inalease
from 59.3% to 92.4%, alongsidesorbent dosage increasing from 0.2 to 10.0 g/L
at 25°C for the conditions of pH 6 and an initial concentration of Cu(ll) of 10
mg/L. These resultgorrespond well with previous studies using other biomass
adsorbentgReo et al, 2012 Saharet al, 201Q Singhet al, 2010. The amount

of proton exchange between tluxidised CNW adsorbentand the Cu(ll)
solution escalatedlongside anncreasing amount of sorbent dosathes may be
attributed to the increadeavailability of exchangeable sitg$eyikci et al,
2012. Thus, incrasing the amount of sorbent dosage¢heinitial concentration

is favourable for improving Cu(ll) removduringthe adsorption procesdence

the sorbent dosage range investigatethis studywas choseras0.2-10 g/L; at
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10 g/L, the highest dosagenore than 90% of Cu(ll) could be removeffom the

initial concentratbn of Cu(ll) solution (60 mg/L).

5.3.2.5Temperature of the adsorption medium

Several researchers have noted adsorption medium temperature to be an
important factor when the mechanism of the abtading processes is energy
dependent(Bulut and Tez, 2007 Reddy, 2012 Sahanet al, 201Q. This
temperature should be a realistic range in the wastewater treatment environment,
where the mean annual temperatof wastewater varies fromi625 °C (Burton

et al, 2013. Another examm@ is a study conducted by Hanaki (2008), who
showed wastewater temperature range to be2% C (Hanaki, 2008 However,

most of thereported studies were conducted under conditions that were not
realistic to wastewater treatment environmeMsreover, thee studies which

were performed at ranges not relevant to the real woréy have educel the
capabilites of the adsorbentsFor example,Sahanet al. (2010) reported a
decrease in the removal of Cu(ll) from aqueous solutions at temperatures up to 45
“C, as too higha temperaturecan acceleratethe decomposition of chelating
efficiency, leading t@a decreasén the adsorption ratiaczhao (2006) investigated

the influence of temperature on the adsorption of Cu(ll) by celluladsorbent

resin and showed that adsorption ratio gradually decredeagside anncrea®

in solution temperature from 3% 60 °C (Zhao, 2008 The investigated
temperature range this current researoias chosen to be625 °C in order to

study the efficiency obxidised CNWas adsorbents at different temperatuess
justified in Table 2.9 (Section 2.3.3Therefore, the temperature (625 °C),

initial Cu(ll) ion concentration (10 60 mg/L) and sorbent dosage (0.20 g/L)

were used as independent (inpedfiables and were investigated for their impact

on the removal efficiency of Cu(ll) from the water matrix (Table 5.4).
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Table 5.4:Ranges of the investigated parameters

Parameters Range
Initial concentration (mg/L) 107 60
Temperature (°C) 61 25
Sorbent dosage (g/l) 0.271 10

5.4  MODELLING OF THE ADS ORPTION PROCESS

5.4.1 CENTRAL COMPOSITE DEIGN (CCD)

CCD is the most frequegtuseddesign metho@nd was employed in this study
because it has better predictive capabiljiteesd has been extensively applied in
adsorption studies. Therefore, in the following experiments, CCD is used to
develop a correlation between three independent variables and one output
(response)The temperature, initial Cu(ll) ion concentration and eotldosage

were used as independent (input) variables and were studied for their impact on
the removal of Cu(ll) from the water matridsing thesethree variables, a total

of 20 experiments were required in order to locate the optimum operating
conditiors for the adsorptn of Cu(ll) using oxidised CNW adsorbentBhe

range of independent variabledongsidetheir coded levels-{ 1 , 0, 1, U;
1.633 respectively) is presented in Table5l15h e val ue of eddn whi c |
the number of factorsyas chosen to maintain rotatability, which refers to the
uniformity of prediction erro{Carroll, 2003. In orderto obtain a good estimate

of experimental error (pure error), the central pevasrepeated six times. The
obtained quadratic equation in terms of coded factors for Cu(ll) removal

percentagén the form ofY is:
@P XRBPp D pRO PPDL T

o} ™ ®

(5.1)

WhereY is the percentage removal of Cu(ll); 6 temperature, Xis the initial
concentration and 34s the sorbent dosage.
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Table 5.5:.CCD Experimental ranges and levels of the independanables

Independent variable ~ Factor code Range and level
U 0 1 + U
Temperature (°C) X1 6 968 155 21.32 25

Initial Cu(ll) ion

concentration (mg/L) X2 10 19.69 35 50.31 60

Sorbent dosag@/L) X3 02 209 51 81 10

5.4.2 RSM MODEL

Results for the percentage of Cu(ll) removal were obtained by performing batch
experiments according to the CCD matrix of conditions. Table 5.6 shows the
experimental results obtained from the experimental runs and the predicted values
by the buildRSM moel. The percentage error (% error) was calculated as the
ratio of difference in experimental and predicted value to experimental value
(Equation 3.11).

Oneof the 20 experiments, with 0.2L sorbent dosage, showed a large residual
errorwith 10.9% for the RSM model, which influenced the value &f Rimilar
problems occurrethut not to the same degree of ervdren less than 2.10 g/L
(0.042 g ofoxidised CNWadsorberd) sorbent dosage was used to remove Cu(ll)
from the water matrixThis problem is bedved to bedue to the presence of
adsorbed species at the surface of the cellulose nanowhidkeksng reactive
sites(Labet and Thielemans, 201For the higher sorbent dosadieis will not
have anmpacton the adsorption procesdue to greater availability of reactive
sites on theoxidised CNW Similar resultshave beerreported for other heavy
instances ofmetal adsorption onto biomagSahanet al, 201Q Sarkar and
Majumdar, 2011 Sedighiet al, 2012 Sugashini and Begum, 2013However,
from Figure5.4, it still can be observed that the predicted values by the RSM
model and the actual experimental data are in good agreement, with a coefficient
of determination (R= 0.9541).
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Table 5.6: The experimentally obtained percentage of Cu(ll) removal compared to that predicted by the central composite dgsi
models

Coded values Actual values Cu(ll) removal (%) Sorpthn

Run capacity

Number X1 X2 X3 X1 X2 X3 Experimental Predicted Residual Absozlg/z()a Error g (mg/g)
1 1 1 -1 21.3 5031 2.10 44.50 39.35 5.15 11.57 10.63
2 1 -1 1 21.3 19.69 8.10 95.72 96.33 -0.61 0.64 2.47
3 -1 -1 -1 9.7 19.69 2.10 74.81 68.83 5.98 7.99 6.53
4 0 0 0 155 35.00 5.10 76.95 77.51 -0.56 0.72 5.05
5 0 0 0 155 35.00 5.10 76.35 77.51 -1.16 1.53 4.95
6 -1 1 1 9.7 50.31 8.10 77.80 78.46 -0.66 0.84 4.56
7 1 -1 -1 21.3 19.69 2.10 72.54 67.49 5.05 6.96 5.75
8 0 0 0 155 35.00 5.10 78.97 77.51 1.46 1.85 5.14
9 0 0 0 155 35.00 5.10 75.68 77.51 -1.83 2.42 4.78
10 -1 -1 1 9.7 19.69 8.10 93.24 94.00 -0.76 0.82 2.09
11 -1 1 -1 9.7 50.31 2.10 42.93 37.93 5.00 11.64 9.63
12 1 1 1 21.3 50.31 8.10 81.94 83.54 -1.60 1.95 5.30
13 -U 0 0 6.0 35.00 5.10 74.33 78.09 -3.76 5.05 4.77
14 0 0 U 155 35.00 10.00 88.65 84.34 4.31 4.87 2.99
15 0 0 0 155 35.00 5.10 78.08 77.51 0.57 0.73 4.72
16 0 U 0 155 60.00 5.10 58.26 61.00 -2.74 4.71 6.50
17 U 0 0 25.0 35.00 5.10 78.33 81.14 -2.81 3.59 5.07
18 0 -U 0 155 10.00 5.10 92.85 96.68 -3.83 4.12 1.58
19 0 0 0 155 35.00 5.10 81.20 77.51 3.69 4.55 5.07
20 0 0 -U 155 35.00 0.20 16.81 27.70 -10.89 64.78 20.67

Xi=temperatur€°C); Xo=initial Cu(ll) ion concentration (mg/L); ¥sorbent dosage (g/L).
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Figure 5.4. The experimentally obtained Cu(ll) removal compared to that
predicted by the response surface methodology (RSM)

Analysis of variance (ANOVA) was applied to evaluate the quality of the fitted
model(Bezerraet al, 2009. The ANOVA of this model is presented in Table 5.7
and the model was assessed for its suitability by examining the lacklobtigh
ANOVA. The lack of fit obtaineds significant due to low probability (P =
0.005) and a higher Ftest value of 14.73These results indicatinat the RSM
model is unable to effectively predict the removal of Cu(ll) fraitme water

matrix.

The significance of each term in the equati@mgardingthe percentage of
adsorbed Cul) ions was validated by this statistical test. Remarkably, as can be
seen from the results, most of the terms in the quadratic maadelstatistically
insignificant (P>0.05)n terms oftheir effect on Cu(ll) percentage removal with a
model Fvalue of 3.09.
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Table 5.7: Analysis of variance (ANOVADr Cu(ll) removal prediction using
theRSM model

Source SS;[E::S DF z/lqeuzr;e F value Er\;atl)l u>eF Coefficient
Model 6635.87 9 737.32 23.09 <0.0001 77.5063
X1 11.63 1 11.63 0.360 0.560 0.9339
X2 1590.5 1 1590.50 49.81 <0.0001 -10.9219
X3 4010.2 1 4010.2 125.60 <0.0001 17.3425
X1? 22.39 1 8.29 0.26 0.621 0.7922
X2? 15.4 1 3.32 0.10 0.754 0.5016
X3? 857.45 1 857.45 26.85 0.000 -8.0577
X1X2 3.78 1 3.78 0.12 0.738 0.6875
X1X3 6.70 1 6.70 0.21 0.657 0.9150
X2X3 117.81 1 117.81 3.69 0.084 0.3838
Residual 319.29 10 31.93

Lack of fit 299 5 59.8 14.73 0.005

Pure error 20.3 5 4.06

Total 6955.16 19

*DF = degree of freedom

The initial Cu(ll) concentration and sorbedbsage, X and X, both had a

significant effect, while the secorader effects of sorbent dosage® on

Cu(ll) percentage removal has the highest significant effect amongrttening

secondorder effects. The negative vale¢ the main effect coefficientnitial

Cu(ll) concentration, demonstrates that Cu(ll) percentage removal detrease

alongside anncreasing initial Cu(ll) concentratioRlus, the negative coefficient

of the second order parameters, shows a maximum valuesponse within

selected range of the parameters, which showed that large amount of sorbent

dosage will give higher removal of Cu(ll) from the water matBkojaeimehet

al., 2014). Source contribution in removal percentaggesevaluated based dhe

adjusted sum of square and the gt this is show in Figure 5.5. The plot

shows that sorbent dosage and initial Cu(ll) concentration contriboiiere than

99 % to influencingthe removal percentagevhile temperature had a less than 1
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% contribution on influencing Cu(ll) removarhis result may differ from other
reported studies due to the reported temperature range having been much higher
and at an unrealistic range in theNVP. The removal of copper and lead ions
from a clean water matrix by wood sawdust, for example, has been studied via

batch experiments at a temperature range of2%°C (Ofomajaet al, 20100.

5.4.2.1Thermodynamic study

In order to confirm the effect of temperature on the removal of Cu(ll) from the
water matrix, thermodynamic analyswere applied to study the relationship
between rate constant (k) and temperature. The relationship between rate constant

and temperature is represented by the Arrhenius equation:

N O
— 5.2
1 1Q 1B ey (5.9
Where k is the rate constant obtained at different temperatures with tH# best
kinetic model, & (kJ moll) is the activation energy, A (g/mg.min), is the

Arrhenius factor, R, is the gas <const a

solution temperature.

According to the Arrhenius equation, the value of activation energy (E
calculated from the slope of the line is 4.99 kJ/mdl£R.6948). This indicated

that the temperature had a rsignificant effect on the rate constant and the
adsorption has a Vo potential barrier. Moreover, it is also implying that
adsorption occurs more readily compared to typical chemical reactions in which
Eais in the range 63250 kJ/mol.

The results of these experiments showed that copper adsorption was found to
increasewith temperature, indicating that the adsorption processidothermic.

The first order effects ahitial Cu(ll) concentration and sorbent dosage,axd

X3, were highly significant compared to the first order effect of temperatuje (X

A possible explartaon for this result is that maximum percentage Cu(ll) removal

is only achieved with high sorbent dosage and low initial Cu(ll) concentration.
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The results of these experiments showed that copper adsorption was found to
increase alongside an increasingnperature, indicating that the adsorption
process was endothermithe first order effects oinitial Cu(ll) concentration

and sorbent dosage; And X, were highly significant compared to the first order
effect of temperature (X A possible explanation for this resulttigt maximum
percentage Cu(ll) removal is only achieved with high sorbent dosage and low

initial Cu(ll) concentrations.

0.21%

28.34%

71.45%

B Temperature  ®|nitial concentration Sorbent dosage

Figure 5.5: Source distribution ithe removal percentage (adjusted sum of
squarepversus source

5.4.3 ANN MODEL

Since RSM showed a large residual error (Figure, &Mich influenced the value

of R?, an ANN-based model was also developed for describing tmeval of
Cu(ll) by oxidised CNW adsorbentsSimilar to RSM modelling, the data
generatedhrough CCD were used to determine optimal architedturthe ANN
model. A total of 20 experiments was divided into three subsets comprising
training (12 data points), validation (4 data points) and testing (4 data points)
points. The aim of splittingata into three subsets was to measure the capability
of the model for the prediction of unseen experimehé were not used for

training. Thus, the overview performance of ANN model can be assessed.
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The data for the comparison between the observegraaticted valugof Cu(ll)
removalarepresented in Table 5.8. The actual and predicted percentage removal
of Cu(ll) by the ANN model is presented in Figure 5.6 and the coefficient of
determination Rwas found to be 0.9925, showing good agreerhetweenthe

two sets of results.
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Figure 5.6: The experimentally obtainessultfor Cu(ll) removal compared to
that predicted by the artificial neural network (ANN)
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Table 5.8: The experimentally obtained percentage Cu(ll) removal compared to that predicted by the artificial neurdAndyo

Run Coded values Uncoded values Cu(ll) removal (%) i;;gtéi;
Number - . -
X1 X2 X3 X1 X2 X3 Experimental Predicted Residual Error (%) g (mg/qg)
1 1 1 -1 21.3 50.31 2.10 44.50 44.75 -0.25 -0.56 10.63
2 1 -1 1 21.3 19.69 8.10 95.72 96.06 -0.34 -0.35 2.47
3 -1 -1 -1 9.7 19.69 2.10 74.81 74.77 0.04 0.05 6.53
4 0 0 0 155 35.00 5.10 76.95 77.45 -0.49 -0.64 5.05
5 0 0 0 155 35.00 5.10 76.35 77.45 -1.10 -1.44 4.95
6 -1 1 1 9.7 50.31 8.10 77.80 77.66 0.14 0.18 4.56
7 1 -1 -1 21.3 19.69 2.10 72.54 70.00 2.54 3.50 5.75
8 0 0 0 155 35.00 5.10 78.97 77.45 1.52 1.93 5.14
9 0 0 0 155 35.00 5.10 75.68 77.45 -1.77 -2.34 478
10 -1 -1 1 9.7 19.69 8.10 93.24 98.27 -5.03 -5.40 2.09
11 -1 1 -1 9.7 5031 210 42.93 42.89 0.03 0.08 9.63
12 1 1 1 21.3 50.31 8.10 81.94 81.59 0.35 0.43 5.30
13 -U 0 0 6.0 35.00 5.10 74.33 75.18 -0.84 -1.13 4.77
14 0 0 U 15.5 35.00 10.00 88.65 88.84 -0.19 -0.21 2.99
15 0 0 0 155 35.00 5.10 78.08 77.45 0.63 0.81 472
16 0 U 0 155 60.00 5.10 58.26 58.03 0.23 0.39 6.50
17 U 0 0 25.0 35.00 5.10 78.33 78.15 0.17 0.22 5.07
18 0 -U 0 155 10.00 5.10 92.85 93.82 -0.97 -1.04 1.58
19 0 0 0 155 35.00 5.10 81.20 77.45 3.75 4.62 5.07
20 0 0 -U 155 35.00 0.20 16.81 16.86 -0.05 -0.28 20.67

Xi=temperaturg¢°C); Xo=initial Cu(ll) ion concentration (mg/L); 2sorbent dosage (g/L)
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For better graphical interpretation of the @Qu(adsorption process, three
dimensional response surface plots were generated. Figure 5.7 shows the effect of
the investigated parameters on the removal of Cu(ll), with one of the three
parameterdeld constant at its intermediate value (183G, 35 mg/L or 5.10

g/L).
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Figure 5.7: Surface plots (left) and corresponding contour plots (right) showing
the effects of adsorption parameterstba Cu(ll) removal as predicted by the
ANN model with temperature held constant at 15.5°C (A), initial Cu(ll)
concentration held constant 35 mg/L (B) and sorbent dosage held constant at 5.10
g/L (C).
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Figure 5.7(A) shows the responsetio¢ Cu(ll) removal when varying the initial
Cu(ll) concentrationand sorbent dosage. GeneralpNN-based data analysis
indicated that a high amount of sorbent dosage and a low initial Cu(ll) ion
concentration increased the percentage removal of Cu(ll) from the water,matrix
due tothe availability of adsorption sites. As can been seen from FiguréAJ,

the percentage removal of Cu(ll) increasath raising thesorbent dosage up to

8 g/L, and thenremainedconstant with further increaseThese results are
consistent with findings reported the literature (Geyikci et al., 2012 Turanet

al., 201). The increase in the percentage removal when the sorbent dosage
increaseds due to the concentration gradient acting as a driving force between
the solute concentration and that adsorbed thregsurface of the oxidised CNW
adsorbents

Figure 5.7 (B) shows that variati®of temperature only had a slight effect on
Cu(ll) removal. This indicates that higher temperature values did not damage the
active sites in the sorbeat weaken the adsorptive force between the active sites
of the adsorbent and Cu(ll) iosgnificantly, at least not in the temperature range

studied in this work.

Figure 5.7(C) shows that the percentage removal of Cu(ll) decsestsehigher

initial Cu(ll) concentrationsincethere will be a relative deeasen theavailable

active metal binding sites per Cu(ll) ion for adsorption. At a fixed sorbent dosage,
there was a decrease in the percentage remvattalfurther increments of the
initial Cu(ll) concentrationdue to saturation of the CNW surface wittu(ll)

ions. On the other hand, change in temperature had no significant effect on the
response, due to the narrow range of temperatures investigated in this study. This
result differsfrom other studies andan likely be explainedby the fact that
experimentsin the literaturehad beerconducted under temperatures thednot
realistic for a wastewater treatment environme(Bingol et al, 2012
Shojaeimehet al, 2014. Caoet al. (2014) presentedhe effects of temperature
(1071 50 °C)andshowed that adsorptioof Cr (VI) increasedwith increasing
temperature even when the range was higher and unrealistionditionsto a

wastewater treatment environment.

121



5 REMEDIATION OF Cu(ll) FROM CLEAN WATER MATRIX

5.5 STATISTICAL COMPARIS ON AND PERFORMANCE OF RSM
AND ANN MODELS

In order to test the predictability of the RSM and ANN models, the distribution of
residuals and errorsf the two models were compared. The residuals and error
distribution obtained fromthe prediction of RSM and ANN are presented in
Figure 5.8 and 5.9, respectively. From the resiiltsan be seen thdluctuations

in the residuals and erowererelatively small forthe ANN model compared to
RSM. In one of the 20 experiments (for the RSMael), point A (0.2 g/L
sorbent dosage) is the farthest from the centre of the system. As noted previously
in Section 5.4.2, a lower sorbent dosage (0.2 g/L) will impact the adsorption
process and lead to a lowef Ralue, which in turn will affect the dstation
capabilities of the RSM modeThese resultsf¢r both RSM and ANN models)
correspond well with the work dbeyikci et al. (2012) who indicated theRSM
model (R = 0.898) predictioras havinggreater deviation thathe predictionby

the ANN malel (RR=0.672).
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Figure 5.8: Plot represeng the residuals obtained frothe predictiors of RSM
and ANN modelling
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Figure 5.9: Plot represeng error distribution obtained frorthe predictiors of
RSM and ANN modelling

In addition toexamining thepoornesf fit using ANOVA for the RSM model
(as determined irsection 5.4.}, the abilities of the ANN and RSM modeh
predicting Cu(ll) removal from the water matrix were statistically evaluated in
terms of the coefficient of determiian (R?), absolute average deviation (AAD),
and the root mean squared error (RMSE) (as describ&bdtion 3.9.1). The
AAD and RMSE for the RSM model were calculatedbe 7.07 % and 3.99,
whilst that of the ANN model was 1.2% and 1.66. Moreover, the?Ror both
models (R = 0.9541 for RSM, R= 0.9925 for ANN) showed thahe ANN
modelmademore accurat@redictionsthan the RSM modellhe statistical data
obtained in this study matched well with other reported studies in which the ANN
model showed a ehr advantage over the RSM model for both data fitting and
prediction capabilitiegGeyikciet al, 2012 Shojaeimehet al, 2014.

The main purpose of CCD is to provide high quality predictions for linear and
guadratic interaction effects on the part of parameters that affect the adsorption
process(Witek-Krowiak et al, 2014. For further validation,an additionall4
unseerexperiments were conducted in addition to those determinéuelyCD;
theseconsised of combinations of experimental parameters not found in the
training dataset applied tothe models. 3D scatter plots for the unseen

experiments arshownin Figure 5.10, which includea comparison of 3D scatter
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5 REMEDIATION OF Cu(ll) FROM CLEAN WATER MATRIX

plots derived from data contained in two other studies. In general, the limited
number of studies that do condumseen experiments tend to use a limited
numberof experimentsand the chosen unseen experiments do not represent the
system of conditionsmaking it difficult to appropriately evaluate the predictive
capability of the models. Figure 5.18) indicates resarch byGhoshet al.
(2015) who conducteceightunseen experimenthat did not represenan entire
systemin order to study the validity of the RSM and ANN mod@&mgol et al.
(2012) indicated in Figure 5.10(C), tested the validity of the models by

conducting 11 new triaJall of whichfocusedon one side of the system

The 14 unseae experiments undertaken in this presstudy and illustrated in
Figure 5.10(A) were chosen to represent parameter spaceihgitte and outside
thetested parameteaystem, in order tprovide abetter understandinigr testing

the validity of the models. The actual and predicted values of the respaloses
with their residual values for both modedse given in Table 5.9.he prediction
abilities of the newly constructed ANN and RSM models were statistically
measured in terms of ZRAAD and RMSE. Table 5.10 shows statistical
comparison of both modelbased on the 20 CCD and unseen experiments that
represenboth insideand outside of the systerarom the results, is confirmed

that the ANN modelpredictsmore accuratg than the RSM modglboth the
original 20 CCD and 14 unseen experiments.
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Figure 5.10: 3D scatteplots showing a comparison of the CCD with unseen
experiments within the systenf8) for this work; (B) for Ghosh et al., (2015)

(C)Bingol et d. (2012)
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Table 5.9: Validation data for 14 unseen experim@d@D).

Data g, Iemperature ézirt]i:érilrla(ll:ln fiz:;egrg i:;zt:i)t; r(acr:g\ll)al _— il
index (°C) (mg/L) (g/L) (mglg) (%) Predicted Residual Predicted Residual
1 21.3 50.31 51 5.27 62.21 66.82 -4.61 69.35 -7.14
GEJ 2 9.7 19.69 51 3.17 88.42 92.57 -8.51 89.45 -5.39
% 3 15.5 35.00 8.1 4.23 82.39 89.09 -6.7 86.72 -4.33
g 4 18 55.00 8.1 4.76 74.19 77.83 -3.64 79.56 -5.37
E 5 10 55.00 4.0 5.75 60.41 53.96 6.45 53.97 6.44
'§ 6 20 35.00 9.5 1.23 82.64 86.87 -4.23 87.77 -5.13
7 20 15.00 51 3.10 88.31 93.27 -4.96 92.67 -4.36
8 6 10.00 8.1 1.13 91.37 100 -8.63 100 -8.63
5 9 25 60.00 8.1 5.57 70.43 79.34 -8.91 83.33 -12.9
% 10 25 60.00 4.0 9.26 57.2 52.72 4.48 56.01 1.19
g 11 10 10.00 4.0 1.84 92.23 100 -1.77 92.73 -0.50
é 12 6 35.00 2.1 5.58 55.75 63.49 -7.74 54.14 1.61
g 13 6 20.00 2.1 3.21 86.24 88.62 -2.38 70.22 16.02
14 10 10.00 2.1 2.32 90.02 94.3 -4.28 79.3 10.72
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Table 5.10: Comparison of the predictive abilitiesh&fRSM and ANN moded.

Coefficient of determinatio(R?) AAD (%) RMSE
Data index
ANN RSM ANN RSM ANN RSM
20 CCD 0.9925 0.9541 1.15 7.07 1.66 4.00
14 Unseen 0.9374 0.7409 7.98 8.28 6.29 7.70
7 Inside 0.9530 0.9162 7.43 7.46 581 9.39
7 Outside 0.9395 0.6783 8.54 9.11 6.74 9.39

Although both the RSM and ANN models provided good quality predictiof)s (R
for the parameters within the design range, the ANN model showed clear
superiority over the RSM model for both data fitting and estimation capabilities
for the 14 additional experiments (Figure 5.1preover, the ANN model has

the advantage of consideringwader range of adsorption conditions within a

single experimental desigWVitek-Krowiak et al, 2014

100 - %*X
X ANN
< ¢ RSM y =1.1693x% 8.6429 % X o
=90 - Linear (ANN) R2 = 0.9357
] X,
g | Linear (RSM)
5
= 80 1 .
=1
3]
@ 70 1 y =0.9757x + 3.1419°
5 R2 = 0.7324
o X
T 60 -
“o
L x »*
50 T T T T
50 60 70 80 90 100

Actual Cu(ll) removal (%)

Figure 5.11: Comparison of the experimental and ipted results for unseen
experiments betweghe RSM and ANNmodels.

The results found in the current study were similar to findings in other research,
which have also shown the ANN approach to be more appropriate for the
modelling of sorption by cellulose adsorbent than the R&ddie| based on the
CCD (Bingol et al, 2012 Shojaeimehet al, 2014. As such the ANN model is

more flexible and predictahlevhich allowsfor the addition of a ng set of
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experimerd in orderto build a new dependable mod€&he reason for this that

the RSM modelis limited in terms of onlyassumingquadratic noflinear

correlation the ANN model overcomes this limitatiosinceit can inherently
capture almost any complex and Aorear proces¢Bingol et al, 2012 Geyikci

et al, 2019.

5.6 ADSORPTION ISOTHERM

In order to understand the behaviour of adsorbent, two common adsorption
isothems, Langmuir and Freundlich isotherm mode¢serred ton Equation 3.5

and 3.6 inSection 3.5.4. %3 were used to evaluate the adsorption system design
and to describe the adsorption capacity ofdkidisedadsorben{Shojaeimehet

al., 2014. Batch adsorptiorwas carried out ata constant sorbent dosage by
varying the concentration of Cu(ll).

From the result§AppendixC), the coefficient of determination fRshowed that

the Langmuir isotherm (R= 0.9998) had a better correlation than the Freundlich
isotherm (R = 0.9461), whichin turnindicated the homogeneous distribution of
active sites on the adsorbent surface. The maximum monolayer adsorption
capacity as obtained fronthe Langmuir isothermwas found to be 14.65 mg/g,

and the Langmuir constant (K was 1.4025./mg. Langmuir constant (K is
referred to the bonding energy of sorption, where the higher the magnitude of
Langmuir constant (K, the stronger the bond formedhe equilibrium
parameter (B, was calculated at different initial concentration of Cu(ll) solution
using the Equation 2.3. The calculated®ere found to be in the range of1)

at allinitial Cu(ll) concentrations whit confirms the favourable uptake of Cu(ll)
processaccording to Langmuir isotherm, as discussed in Section 2.3.2.1.

These results are in agreement with work usm@crofungus Amanita
rubescenk for the adsorption of Pb(ll) and Cd(ll) ions from aguesotution
(Sar & and )Tluaddition, cogpér@of sorption by wood sawdust from
synthetic wastewater was also better described by the Langmuir isotherm
(Ofomajaet al, 20101.

The value ofthe Freundlich constant (K= 2.3329) is an indicator of adsorption

capacity,which indicates affinity of Cu(ll) species. Furthermore, the value of
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Freundlich parameters also reflects the number of adsorption sites. Moreover, the
nvalue from the Freundlich isotherm was 5.19 (1<n<i@)icating adsorptioins
favourable for the studd concentration rang€Singh et al, 201Q. These
observations correspond well with those of Sarkar and Majumdar (2011), who
usedoxidisedchitosan beads for the removal of Cu(ll) from a clean water matrix
(Sarkar and Majumdar, 2011

In addition, the comparison of Cu(ll) sorption performance is betbhen based
on a complete Cu(ll) sorption iswrm curveCaleroet al, 2011). Therefore, the
gm valug which was obtained from the Langmuir isothemras compared with
other sorbents reported ihe literature based on their maximum adsorption
capacity of Cu(ll) ions {able 5.11). It is important to emphsesithat a direct
comparison of thegfrom this study with g of other sorbents challengingdue

to experimental conditions not being comparable.

Although the reported L) adsorption capacity abxidised CNW adsorbents

was relatively smaller thafor a number ofadsorbents in other studies, the
experimental conditions in this study were informedaoyualconditions in the
wastewater treatment process. For example, one of the important factors affecting
adsorption capacities is the pH of the Cu(ll) in wat&ther studieshave
commonlyconductecdevaluatonsin a pH rangeof 4.07 5.0, which as an acidic
environment is not representative of the actual conditionsaiWWTP but
suitable forcertain heavy mtal For example, the optimum pH for the adsorption

of Cr(VI) by rice husk was at pH Raoet al, 2019. This is because at acidic
pHs, the surface of adsorbent is highly protonated. The protonated form of
adsorbent can form bond with chromate and dichromate anions by electrostatic

attracton for high removal of Cr(VI) to occur.
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5.7 ADSORPTION KINETICS

In order to study the controlling mechanisms of adsorption processes such as
mass transfer and chemical reacti on, L &
were used to test the experimerdata, as described earlier$action 3.5.6. The

kinetics parameters obtained from both modekspresented in Table 5.1&hd

Appendix C The linear graphs obtained for first and second order eqaaien

shownin Figure 5.12 and 5.13, respectively. Frtma results, it can be concluded

from the coefficients of determination {R= 1.000) that the adsorption
mechanism of Cu(ll) ontoxidised CNW adsorbent$ollow the pseudo second

order kinetic model. Moreover, the calculatedvglue was in good agreement

with experimental gfor the pseudo second order kinetic model.
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Table 5.11: Comparison of maximum adsorption capacities of Cu(ll) ions by difeetemtbents

Experimental conditions

Adsorbents pH T (°C) (m(;i/ ) 2;::15 (mq;/g) References
Oxidised CNW 6 10 10-60 30 14.65 This study
Cellulose graft polymers 4 20 200 300 17.16 (Gucluet al, 2003
Commercial resins (Duolite GT3) 5 * * * 61.63 (Vaugharet al, 200)
Cotton stalks 3 25 20-200 30 4.0 (Nadaet al, 2009
Granular activated carbon 5 30 * * 5.08 (An et al, 200)
Olive pomace 6.5 20 50-200 60 1.05.0 (Pagnanellet al, 2003
Starchgraft-acrylic acid copolymers 4 20 200 300 16.52 (Gucluet al, 2003

*: not reported; €= Initial concentration; §= maximum adsorption capacity.
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Table 5.12: Adsorption kinetic parameters of Cu(ll) oruwidised CNW
adsorbents.

Kinetic equation and parameter Cu(ln

Experimental

Initial Cu(ll) concentration, €(mg/L) 10.0 60.0
Adsorption capacity, q{mg/g) 1.91 9.19
Firstorder kinetic equation

Ky (min'?) 0.0207 0.0230
g1(mg/qg) 0.3502 4.1468
R? 0.7863 0.8872
Secondorder kinetic equation

k2 (g/mg min) 0.2993 0.0191
g2(ma/qg) 1.91 9.35
R? 1.0000 0.9996

ki and k = 15tand 29 order kinetics constant; @nd g = adsorption capacity fortland
2" order kinetics.

This model predictadsorbenbehaviour over thentirerange of adsorption and

is in agreement with chemicaorption being theratecontrolling step In
chemisorption (chemical adsorption), the process involves valence forces through
sharing or exchange of electrons between the metal ions and the addantetnt

al., 2009. The chemical bonding between divalent metal ions (copper) and polar
functional groups (carboxyl groups) are responsible for the cakohange
capacity of the adsorbent (CNWsgimilar results where the adsorption
mechanism follow the pseudosecondorder kinetic model were reported by
other researcherns the context ofthe adsorption of Cu(ll) onto the different
adsorbent¢Mataet al, 2008 Ofomajaet al, 2010K).
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Figure 5.12: Linear plot, firsbrder rate equation, using oxidised CNW
adsorbents (sorbent dosage = 4 g/L, temperature°€,28 = 6)
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Figure 5.13: Linear plot, secomder rate equation, using oxidised CNW
adsorbents (sorbent dosage = 4 g/L, tempegat 25 °C, pH = 6).
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CHAPTER 6: RESULTS AND DISCUSSION

UNDERSTANDING THE WASTEWATER MATRIX AND
CHARACTERISATION

6.1 INTRODUCTION

The previouschapter described the removal of Cufl)m a clean water matrix
(Milli -Q ultrapure water) by oxidised CNW adsorbentsing mathematical
models.However, in a realvorld wastewater treatment plant (WWTP), the water
matrix will be far more complex. The composition of wastewater is typically a
complex water matrix, often containing a variety of organic and inorganic
compounds. In addition, wastewater varies in composition both temporally and
spatially (within a WWTP and between different wastewater streams). The
variation in wastewater compositiomay contribute to the inaccuracies and
decreased predictive capabilities of models for the optimisation of remediation of
copper from the wastewater matrix. Therefdhe main objective for this chapter

is to study anddeterminenot onlythe concentratiass of heavy metals and their
variations in wastewater sampldsit also the physicochemical properties of the

wastewater as characterised by Water Quality Practices

This chapter is divided into four sections. The first section is focused essentially
on the correct laboratory practice required, prior to-I@8 instrumental analysis,

to ensure robust analytical data. The second section provides the results of the
analysis of heavy metal concentrations and their variability in the influent and
effluent sampds. The Water Quality Practices, including the physicochemical
parameters, are described in third section. The final section describes benchmark
experiments that basically inform the effects of wastewater matrix characteristics
(wastewater composition anits variability) on the adsorbemntcapability to

remediate Cu(ll) from this matrix.
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6 UNDERSTANDING THE WASTEWATER MATRIX

6.2 HIGHLIGHTS

1 Proper laboratory practice to ensure robust analytical data

1 Report of physicochemical data analysis of influent and effluent

wastewatesamples.

1 Presentation of heavy metal concentrations and their variations in influent

and effluent wastewaters.

1 Benchmark experiments to provide better understanding of the impacts of
wastewater matrix on the remediation of Cu(ll) from the wastewater

maitrix.

6.3 RESULTS AND DISCUSSION

6.3.1 SOURCES OF CONTAMINAION OF ICRMS INSTRUMENTAL
ANALYSIS

The analysis of metals with low detection limits involving concentrations of parts
per billion or parts per trillion is a difficult and complicated process, requiring
extracare during sample preparati(@fougaghet al, 2002. Table 6.1 showthe

limit of detection (LoD) and limit of quantification (LoQ) for @a element,
determined by ICRBMS (ThermcFisher iCARQ) equipped with CCTED
(collision celltechnology with energy discriminatiooD and LoQ for ICPMS

were determined in a similar way as the employed for these limits by atomic
absorption spectrometry (AASJhere LoD is defined as three times the standard

deviation of the calibration blank (&en 3.6.3).
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6 UNDERSTANDING THE WASTEWATER MATRIX

Table 6.1: Detection capabilities of IOWS for wastewater analysis

Element Unit LoD LoQ

Al pg/L 0.036 0.121
Ca mg/L 0.011 0.036
Cd ug/L 0.002 0.008
Cu pg/L 0.001 0.003
Fe pa/L 0.153 0.509
K mg/L 0.003 0.012
Mg mg/L 0.001 0.004
Mn ug/L 0.002 0.008
Na mg/L 0.001 0.003
Ni pg/L 0.017 0.056
Pb ug/L 0.002 0.005
Zn ug/L 0.058 0.193

In order toensure an accurate determination of lo@ncentrationmetals, it is
necessaryo minimise errors byavoidng any sources of contamination during all
stages ofexperimental procedurdérom sample transport to sample preparation

and analysisThe potential sources of contamination are listed below:

Sampling equipment
Storage containers
Preservation reagents

Labaratory environment

= =/ =4 A

Instrumentation

In orderto evaluate the effiency of the washing procedure and thgurity
levels in Milli-Q ultrapurewater (1 8 . 2 -cnMrésistivity and any chemical
reagentsused several control experiments were conductbé sanples being
analysed by ICP-MS. Results presentedn Table 6.2 show changes in
concentrationof 12 selected elements in Mil) water during handling in the
laboratory. The purity of reagents and chemicals used in thisystwdre
evaluated and the resubsmmarised in Table 6.3. Sind&illi -Q water has been

used as a reagent blank, the purity of the Milater is important, in order to
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6 UNDERSTANDING THE WASTEWATER MATRIX

avoid contamination during sample preparation and analiisesimpurity levels

in Milli -Q water were evaluated and tlesuls show thatMilli -Q water acidified

by HNG: (2% by volume)has similar purity to ammercial highpurity water.
However, the concentration of Zn was detected at a higher level compared to
other elements in MilQ ultrapure water. This may beattribued to
contamination from the paper towels used during the sample preparation. Besides
Zn, paper towa generally contain trace levels of transition metals such as Pb, Cr
and Co(Thomas, 2018 Moreover, powder gloves should be avoided during the
sample preparation as powder in these gloves contain high concentration of Zn
(Kay, 2004. Therefore, powdeifree or noratex gloves are recommended when
handling the equipment, samples, blank and standard solutions.

Moreover, the quality and selection of acids are important when dealing with
analysis at low detection limits (ng/g and pg(Bodushkinet al., 201Q. The

main purpose of acidification is to avoid any metals being adsorbed onto the
container walls (Balaram, 200% Therefore, HN® was used for sample
preparation and acid washing, as other acids suchh®&tand HPQ; are not
suitable for analytical analysis by IEWS. This is because these acids do not
completely decompose in the plasma and can adhere to the interface components
and ion lenses causing signal instabi(i8@odushkinet al, 201Q. Also, insoluble

metal sulphates or phosphate may form (depending on the acid used) and thus
change the dissolved relevant metal ion concentration. Furthermore, these acids
have low purity levels compared to HMNOand HCI, causing further

contamination othe sample¢Balaram, 200p

According to Rodushkiret al, (2010), sample containers and glassware are
potental sources of contamination that require appropriate acid washing with
dilute nitric acid prior to useThe procedure is fully described in Section 3.2.3.
The acidwashed laboratory glassware showed a significant decrease in the
contaminations and concentrations of selected elements. Also, minimising the
number of laboratory items used during the expeamtaleprocess, and keeping

those washed items filled with acid, helps to reduce contamination.

The results (Table 6.2) show that awdshed polypropylene sample tubes show
lower levels of contamination compared to asidshed glassware. These results
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are n agreement with the work of Rodushlahal, (2010) who suggested that
disposable tubes made of polystyrene or polypropylene are much more suitable
for ICP-MS sample preparation. Moreover, glass sample containers should be
avoided, as trace levels of sermetals in water commonly adsorb onto the glass
wall, thus releasing measureable concentrations of meteds acidic solutions

are addedMoreover, a study assessing metal contaminations leaching from a
series of plastic recycling bottles during various treatments has been reported
(Cheng et al, 201Q. The results revealed that heating and microwaving
significantly enlance antimony leaching from polyethylene terephthalate (PET)
bottles. Therefore, polypropylene and other plastic materials are more suitable for
sample storage. Similar sampling procedures were observed in other studies,
where the collected wastewater sd@spwere stored in polypropylene containers

prior to metal analysi€Christopheet al, 2011).
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Table6.2 Concentration of selézd elements in MilhQ water fom differentcontrol experiments

Lab-ware and glassware

Elements Unit Unwashed Acid-washed Unwashed sample Acid-washed Syringe filter Pipette tips
glassware glassware tube sample tube
Al po/L 49+1.8 0.4+0.6 9.8+1.0 1.3x0.1 0.43+0.04 0.02 £0.02
Ca mg/L 0.05 +0.02 0.02 £0.01 0.031 + 0.002 0.007 + 0.004 0.004 + 0.008 0.003 + 0.002
Cd pg/L 0.04 +0.03 0.03 +£0.02 0.002 + 0.001 0.002 + 0.001 0.003 + 0.001 0.01 +0.01
Cu pg/L 7510 0.07 £ 0.04 0.05+0.01 0.01 +£0.03 0.051 + 0.001 0.04% 0.05
Fe ng/L 04+0.1 0.7+0.6 0.36 £ 0.05 0.27 £0.03 0.05 +0.01 0.059 + 0.003
K mg/L 0.03 +£0.02 0.004 + 0.005 0.004 + 0.001 0.005 + 0.001 0.007 + 0.001 0.005 + 0.001
Mg mg/L 0.01 +£0.02 0.001 + 0.001 0.003 + 0.001 0.001 + 0.001 0.002 + 0.003 0.001 £ 0.001
Mn Mo/l 0.04 £0.02 0.03+£0.01 0.02 £0.01 0.003 £ 0.001 0.02+£0.01 0.04 £ 0.02
Na mg/L 0.09 £ 0.01 0.003 + 0.007 0.003 + 0.001 0.003 + 0.001 0.83 £ 0.02 0.001 + 0.001
Ni po/L 0.14 +£0.04 0.36 £ 0.02 0.6+0.1 0.02 £ 0.02 0.012 + 0.003 0.213 £ 0.003
Pb po/L 0.06 +0.01 0.06 £ 0.02 0.039 + 0.001 0.028 + 0.002 0.013 + 0.001 0.038 + 0.002
Zn Mo/l 56+1.3 2.3+03 1.3x£0.2 0.7+0.3 0.3+x05 0.38 £ 0.02

Values represent mean of three replicates + standard deviation




Table 6.3 Concentration of selected elementsaagents and chemicals

Reagents and chemicals

Elements  Unit Milli -Q water g/(l)'/lol'Hﬁ gater, High purity water 50 pg/L Cu standard S&HS/NLO? u standard witr
Al po/L 0.22 +0.04 0.1+0.1 04+04 1.2+1.0 0.6+09

Ca mg/L 0.004 + 0.001 0.005+0.003  0.003 + 0.003 0.08 £ 0.02 0.02 £0.01
Cd po/L 0.017 £0.014 0.002 £ 0.001 0.002 £ 0.001 0.007 £ 0.002 0.039 + 0.002
Cu Hg/L 0.05 £ 0.05 0.04 £ 0.02 0.095 + 0.003 36.9+1.2 0.8+0.1

Fe po/L 0.606 + 0.004 0.40 +0.04 0.2+0.2 0.463 + 0.002 0.02 +£0.02

K mg/L 0.007+ 0.001 0.005+0.001  0.005 + 0.001 0.009 + 0.002 0.009 + 0.003
Mg mg/L 0.002 £ 0.001 0.001 £ 0.001 0.001 £ 0.001 0.001 £ 0.001 0.002 £ 0.001
Mn Hg/L 0.006 + 0.003 0.005+0.006  0.005 + 0.002 0.26 £ 0.05 0.03+0.01
Na mg/L 0.003 £ 0.001 0.001 £ 0.001 0.03+0.01 0.05+0.01 0.03 +£0.02
Ni Mo/l 0.13 +0.02 0.19+0.04 0.03+0.03 0.6+0.3 04+0.2

Pb po/L 0.009 + 0.003 0.028 + 0.005 0.02 +0.01 0.04 +£0.01 0.04 +£0.01
Zn Mo/l 0.33+0.01 0.3+0.8 0.297 £ 0.004 34+0.8 23+16

Values represent mean of three replicates + standard deviation
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6.3.2 THE INFLUENCE OF ST®RAGE TIME

The influence of storage time on heavy metal concentration is important, as ICP
MS analysis can take several days (up to two days) due to instrument
accessibility. The stability of wastewater effluent was tested at different time
intervals, prior to analys by ICRMS. As described in Section 3.2.4.1,
monitoring the influence of storage time on the effluent was necessary, as it
allowed for the observation of any changes in wastewater quality during storage,
normally between 0 and 120 houfaPHA, 199§. However, the impact of
wastewater storage time on water quality parameters is not necessary, as the
adsorption process to remediate Cu(lgnfrthe wastewater matrix is performed

using fresh effluent wastewater.

As shownin Table 6.4the effluent samples do not show any significant changes
in heavy metal concentration during storage atC4for 72 or 120 hours. This
demonstrates that storagader these conditions does not affect the stability of
heavy metals. Besides proper storage, suitable sample containers, and
acidification to a pH below 2.0, have been used in this study, to minimise the
precipitation and adsorption béavy metals on ceaner walls.

Table 6.4 Conparison of selected heavy metaincentrations after 0, 72 and 120
hours storagef effluent samples

Storage time (hours)

Heavy metals (pg/L)

0 72 120
Al 3.83+0.11 3.83+0.01 3.56+ 0.03
Cd 0.03+0.01 0.03+0.01 0.03+0.01
Cu 3.65+ 0.05 3.58+ 0.07 3.99+0.04
Fe 40.74+0.73 41.05+ 0.02 40.88+0.78
Ni 3.46+0.06 3.46+0.05 3.47+0.02
Pb 0.26+ 0.01 0.26+0.01 0.26+0.02

Values represent mean of three replicates + standard deviation
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6 UNDERSTANDING THE WASTEWATER MATRIX

6.3.3 PHYSICOCHEMICAL DATAANALYSIS OF WATER SAMPLES

Wastewater characterisation by various water quality parameters (e.g. pH and
conductivity) is required in order to meet legislation requirements. As described

in Section 3.2.4, influent and effluent wastewater sampla® collectd from

Severn Trent WateBtoke Bardolphwastewater treatment plant (WWTR)r a

period of three months (JanuaoyMarch 201%. Samples were characteyisfor

pH, total dissolved (TDSand totalsuspended solids (TSS), conductivity, and
chemical oxygememand (COD) in the laboratgnyhile dissolved oxygen (DO)

and temperature were analysed at the samploigts. The analytical methods

used for the water quality analysis wetl
for the Examination of Water and Wasteeat 0 i n or der t o mee
requirementfAPHA, 1999. The results of th@hysicochemical parameters for

influent and effluentvater amplesare shown in Table 6.9 hese data represent

a total of 10 wastewater samples for both influent and efflagndifferent

sampling periods, withydraulic retention time (HRT) of 17 hours. The effect of

HRT on pollutant removal performaneg imporént due to its impacon the

reduction of organic matter and nutrie(Merino-Soliset al, 20195.

Dissolved oxyger{DO) is a measure of the content of molecular oxygen present
in water. The concentration of dissolved oxygen is a necessary control factor in
wastewateras it favourghe organisms desired during the aerobic profassse

et al, 1997%. Low dissolved oxygen will decrease the activity of aerobic
organisns and may cause sludge bulking, while an increase in dissolved oxygen
may cause flocculation, with unsettled particles remaining in the wastewater
(Singhet al, 2012. The work by Chapman (1997) reported that the minimum
DO value for supporting aquatic life is'4 mg/L; concentration below this value
may adversely affect aquatic biological life, whilencentrations below 2 mg/L
may lead to death for most aqualite (Chapman, 1997 The DO level for
effluent sampleg4.97 5.8 mg/L)were within the rage for sustaining aquatic

life, while the DO level for influent samples (1.25.3 mg/L) were found to be

below the standard.
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6 UNDERSTANDING THE WASTEWATER MATRIX

Observations of temperatuod wastewater are important as the rate of biological
activity and solubility of oxygen depends on the temperaipellman, 20183

Figure 6.1 showthatthe tenperatureof influent is lower than the effluent, wth
suggests the intrusion of storwater (Hwang et al, 2015. As mentioned in
Section 5.3.2.5, the realistic range for temperature in the wastewater treatment
environment varies fronb 1 25 °C (Burton et al, 2013 Hanaki, 2003
Therefore, the temperature obtained for both influent and effluent were within the
expected temperature range.
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8.5 —¢— Effluent
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Sample

Figure 6.1Variation intemperaturdor sampled wastewater influent and effluent
(February to March 2016) from Stoke Bardolph WWTP.

Besides temperature, pH, a measure of the concentration of hydrogen ions in a
solution, is an important parameter in the operation of biological treatmest unit
An increase in pH is due not only to industrial or other-domestic discharges,

but also to the denitrification proce@&/EF, 2007. As shown in Table 6.5 and
Figure 6.2, the pH of the samples were within the permissible limit for
wastewater, ranging from 6.0 to YOEC, 2006. Moreover, all pH values were

also within the range set by the WHO for wastewater, ranging from 7.0 to 7.4
(WHO, 2006.
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Table6.5: Characteristics ahfluent and effluentvastewater

Parameters Unit Discharge limit Range Influent Mean Range Effluent Nean
DO mg/L Oz 51 9 1.27 5.3 3.8 491 5.8 54
Temperature °C 61 252 7.61 11.9 104 10.371 16.2 12.1
pH 61 9 7.01 7.8 7.6 6.917.4 7.0
COD mg/L 125 61.37 285 120 13.171 26.2 21.3
TSS mg/L < 35 38.91 177.4 89.8 3.91 14.2 6.4
TDS g/L 0.3-0.9° 0.37 0.9 0.5 037 0.4 0.4
Conductivity mS/cm 0.051 1.5 0.77 2.0 1.0 0.67 0.9 0.8
Sodium mg/L 4071 7C° 54.87 817 809 62671 89.9 744
Magnesium mg/L 47 10P 32.071 40.27 309 22271 30.7 271
Potassium mg/L 71 15° 12.51 21.0 19.7 14471 282 18.4
Calcium mg/L 61 16° 85.01 113.7 858 61.91 819 748

4CEC, 2008, °(Tchobanogloust al, 1997, (WHO, 2006, %(CEC, 199}

DO=dissolved oxygen; COD=chemical oxygen demand; TSS= total suspended solid; TDS=total dissolved solid
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Figure 6.2: Variation in pH for influent and effluent (February to March 2016)

The TSS values of the influent and effluent were found to be in the range of 38.9
1 177.4 and 3.9 14.2 mg/L, respectively. According to literature, thastewater

can be classified as follows: TSS < 100 mg/L as weak, 100 < TSS < 220 mg/L as
medium, and TSS > 220 mg/L as strong wastew@eobamiro and Atewolara
Odule, 2015 Singhet al, 2012. Therefore, TSS levels in influent and effluent
samples classified them as medium and weak wastewater, respectively.
Moreover, the permissible standard for T@& discharge)is 35 mg/L (CEC,

1991). Therefore, the effluent is safe to be discharged into the, rivigte the

high TSSlevelin the influenf due to the suspended part&feom the waste, may
affect aquatic lifeHowever, the mean values (0.5 g/L) obtained for TDS in both
sampling points were within the permissible limits stipulated by the WHO for
wastewatefWHO, 200§.

Conductivity measuremesitindicate thelevel of dissolved inorganic material
present. Thebiological nitrogen removal invastevater treatment is the main
causeof the significant reduction inthe conductivity of wastewateflevlin,

2010. However,the increase inthe conductivity measurement of the influent
indicates an unusual discharge, probably from an industrial sdvoceover, the
measurements obtained (Figure 6.3) were in agreement with other studies
reported in the literatur€Alonso et al, 2004 Bhuiyan et al, 201Q. The

conductivity of wastewater generally ranges from G.G550 ns/cm, while some
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6 UNDERSTANDING THE WASTEWATER MATRIX

industrial wastewateis reported to have higher camttivity measurements, up to
10.0 nB/cm(WEF, 2007.

11
1.0
0.9
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0.6 —>— Effluent

0.5
22-Feb 24-Feb 29-Feb 7-Mar 9-Mar 14-Mar 16-Mar 21-Mar 23-Mar 30-Mar

Sample

Figure 6.3: Variationn conductivityfor influent and effluent (February to March
2016)

6.3.4 CHEMICAL OXYGEN DEMAND (COD)

Chemical oxygen demand (COD) is one of the stangardmeters, ahprovides
information on the level of organic contamination of wastew@ansodeet al,
2009). The procedure for the determination of COD using the cuvette test is fully
described in Section 3.2.4.bigure 6.4shows COD concentrations of influent

and effluent samples collected at 10 different sampling periods.

The COD of influenpublished in literature vgareported to be in the range of 200
to 600 mg/L(WEF, 2007. Although the results for influent wengithin this
range the COD concentrations of the influedtring the sampling periodsere
highly vaiable. However it was observed that the measuratef effluent

samples consistently produced lower COD values fimainfluent samples.

COD levelsof the effluent were stabler all sampling perios, atlower than 40
mg/L. This suggests that the high level of organic pollution due to anthropogenic
activity may have resulteth high valuesof COD in the influen{Himanshu and

Vashi, 2014. These results were in agreement with the worksafdneret al.
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6 UNDERSTANDING THE WASTEWATER MATRIX

(2012) who measured the characteristics of final effluent from wastewater

treatment plants around the UK
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Figure6.4: Variation inCOD for influent and effluen{February to March 2016).

To summarise, variations in water quality parameters were observed in both
influent and effluent wastewater samples. Table 6.6 summarises these water

guality parameters for both influent and effluent wastewater samples.

Table 6.6 Data for water quality parameters for influent and effluent wastewater
samplesduring FebruaryMarch 2016

Parameters Influent Effluent
(average + SD) (average = SD)

Temperature°C) 10.4+£0.9 12.1+1.4

Dissolved oxygen (DO)mg/L) 3.8+4.2 5.31+4.6

pH 7.6+0.2 7.0+0.1

Conductivity (mS/cm) 1.0+0.3 0.8x0.1

Chemical oxygen demand (COD) 120.4 £51.6 21.3+4.1
(mg/L)

Total suspended solid (TSS) (mg/L) 89.8 £37.3 6.4+28

Total dissolved solid (TDS{g/L) 05+0.1 04+0.1

*SD=standard deviation
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6 UNDERSTANDING THE WASTEWATER MATRIX

6.3.5 HEAVY METAL CONCENTRATIONAND ITS VARIATION IN
INFLUENT AND EFFLUENT WASTEWATER SAMPLES

The concentrations of heavmetals such asopper (Cu), cadmium (Cd),
chromium (Cr),iron (Fe),andlead (Pb)were determinedsing ICRMS analysis

of influent and effluent samples taken from 10 different sampling periods at the
Severn Trent WateBtoke BardolpWWTP.

The concentration of heavy metals in influemd effluent ranged from 0.01
439.05 pg/L and 0.006 99.82 ug/L, respectively. As seen frdfaigures 6.5 to

6.9, variations in the concentrations of heavy metals were observed in both
influent and effluent samples. These observations are consistent with the trend
observed in other studi€salakootianet al, 2011 Sadrzadetet al, 2009. The
highest concentration of Cu contentimiluent wastewater sample was found to

be 12.34ng/L. However, this concentration is within the range for wastewater
discharge contained in the Water Framework Directive (2000/60/£GM the
results obtained for copper concentration in influent anthesff wastewater
samples, the selected range for initial Cu(ll) concentratiori @@ mg/L) in the

clean water matrix is not environmentally relevant (Chapter 5). However, the
range chosen is closer to the copper concentration observed in some industrial

wastewater, as shown in Table 2.4.
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Figure 65: The concentrations @uin influent and effluent
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Figure 66: The concentrations @r in influent and effluent
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Figure 67: The concentrations @d in influent and effluent
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Figure 68: The concentrations éfein influent and effluent
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Figure 69: The concentrations ¢fbin influent and effluent

*Values represents meandfplicates where dotted lines represehtplicate
samples
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6 UNDERSTANDING THE WASTEWATER MATRIX

6.3.6 BENCHMARKING THE WASTEWATER MATRIX FROM THE
POLLUTANT AND ADSORBENT PERSPECTIVE

New wastewater quality parameter (benchmark study) has been developed to
guantify the impact of wastewater composition on the efficiency of Cu(ll)
removal by oxidised CNW adsorbenfThe issue with previous studies is the
assumption that the actual wastewater composition is the same for each
experiment, or has no influence on the removal capability of that process. No
work to date has performed benchmark experimenteach fresh wastewater

sample to challenge that assumption.

Moreover, the impacts of the variability and composition of the wastewater
matrix on the adsorbemtxapability to remediate Cu(ll) have not yet been
reported by other studies. Thus, throughout these benchmark experiments, the
complexity and variability ofhe wastewater to the treatment was controlled. The
procedure followed in the benchmark experiments is described in Section 3.5.4.
Benchmark experiments for each effluent wastewater sample were carried out
under similar conditions and the percentage oflictemoval by oxidised CNW

adsorbergare reported in Table 6.7.

Table 6.7: Data over time of Cu(ll) removal as evaluated by benchmark studies
(Initial concentration of wastewater effluent spiked with Cu(ll)=4.0 mg/L,
sorbent dosage=1.0 g/hH=6.0)

Sampling date Benchmark experiment for Cu(ll) removal (%)
18/1/16 80.11
20/1/16 68.22
25/1/16 81.82
10/216 74.41
15/2/16 77.39
2212116 78.76
9/3/16 74.15
16/3/16 81.27
23/3/16 80.11
30/3/16 77.27
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6 UNDERSTANDING THE WASTEWATER MATRIX

For these benchmark experiments, a sorbent dosage of 1 g/L was selected in order
to study the impacts of the variability and compositions of the wastewater matrix
on the adsorbent capability. If higher sorbent dosage was selected, the results for
each wastwater sample will gave 100% Cu(ll) removal, since effluent contained
less contamination than influent wastewater. As the main aim of this benchmark
experiment is to study the effect of wastewater matrix on the efficiency of Cu(ll)
removal by oxidised CNWadsorbents, it is important that the independent
variable (benchmark experiment) varies for ANN modelling, in order to detect the
variation of wastewater and the influence of this variable on the removal

capability.

The results reported in Table 6.7 shtvat the percentage Cu(ll) removal by
oxidised CNW adsorbents varies for each wastewater sample on different
sampling dates. Results over six weeks give an average 77.35 * 4.15%. Although
the difference was low (around 4%), it is significant, and is likelypfluence the
efficiency and capability of oxidised CNW adsorbents. Moreover, the results
obtained only support and covered only three months of sampling trips and
focused on the effluent from only one treatment plant. According to the United
State EPAthe complexity of the wastewater matrix depends on the number and
volume of wastewater streams generated. The amount and type of contamination
found in wastewater will depend on the different industrial activities realised in
the area, the degree of urbdevelopment, and the type of treatment facilities
found around iflUSEPA, 1998

The composition of wastewater in WWTPs depends on several factors, such as
compound physicahemical properties, the climate conditions (temperature and
sunlight intensity), the type of treatment process employed, and the operational
conditions of the tréaenent process (temperature of operation and hydraulic
retention time)(GraciaLor et al, 2012 Jelicet al, 2011). Thus, variations in
water qualiy parameters were observed in both influent and effluent wastewater
samples, as shown in Table 6.6. For example, in the case of COD in influent and
effluent, the COD concentrations of the influent during the sampling periods were
highly variable. This indiated that the influent contained higher levels of organic
pollutants than did the effluent wastewater, which may have influenced the

capability of the adsorption process. Removal of Cu(ll) from wastewater by an
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6 UNDERSTANDING THE WASTEWATER MATRIX

adsorption process is dependent onthe organ compoundds bi odegt
volatility, and its ability to be adsorbed onto adsorb¢ktshwahaet al, 2010.

Therefore, the composition of wastewater can vary significantly from plant to

plant, between different wastewater streams, and within a plant at different times.

This demonstrates that the complexity of wastewateterms of its composition

and variability, affect the capability of the adsorbent to remediate Cu(ll) from the
wastewater matrix. Moreover, the complexity and variation of wastewater
composition may also affect the accuracy and efficiency of matheahati
modelling in predicting the capability of this adsorbent to remediate spiked
copper from the wastewater effluent. Therefore, this will be discussed further in
next chapter, which will focus more on the remediation of Cu(ll) from the

wastewater matrix.
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CHAPTER 7: RESULTS AND DISCUSSION

PREDICTINGHE CAPABILITY OF OXIDISED CNW ADSORBENTS
REMEDIATION OF SPIKED COPPER FROM WASTEWATER EFFLUENT
USING RSM AND ANN MODELS

7.1 INTRODUCTION

Chapter 6 determined the complexity of wastewater and its variability in terms of
heavy metal and water quality indicators both temporally and spatially. A
benchmark study reported in the previous chapter (Section 6.3.6) determined that
the wastewater max;, which is variable and complex, has an impact on
adsorbent capability and performance. With the results obtained in Chapter 6, a
better understanding has been gained of the selection of variables and their ranges
in the experimental design. In this chap the capability obxidised cellulose
nanowhisker (CNW adsorbents for remediation of spiked Cu(ll) from
wastewater effluent is describe®imilar to the design modellingapproach
appliedto the clean water matrixn Chapter 5 RSM and ANN were used to
develop an approach for the remediation spiked Cu(ll) from wastewater
effluent. As remediation processfrom wastewateareoften complicated due to

the variation in wastewater compositions, results obtained from the benchmark
experiments are includexs one of the independent variables for ANN modelling,

unlike in other optimisation studies.

7.2  HIGHLIGHTS

1 This chapter focuseon remediation ofkpiked Cu(ll) from wastewater
effluentobtained from a real wastewater treatment plants (WWuiglay
oxidisedCNW adsorbents.

1 The varidions in wastewater compositioare included as independent

variables for ANNmodelling, unlike in other optimédion studies

1 ANN including variability has a superior prediction capabilitto RSM
and ANN without variability for Cu(ll) removal frorwastewateeffluent
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CHAPTER REMEDIATION FROM WASTEWMAERIX

7.3  SCOPING EXPERIMENTS FOR EVALUATING REMOV AL
PERFORMANCE IN THE W ASTEWATER MATRIX

The purpose of the scoping studies is to identify the variables and parameter
ranges that influence the adsorption process and help set the boundary conditions
for the central composite design (CCD). The variables and parameter ranges used
in this chapteiare different from the clean water matrix, due to the variation in
wastewater composition. The pH, sorbent dosage, and initial concentration of
wastewater effluent spiked with Cu(ll) are used as independent (input) variables
and are studied for their impgaon the removal of spiked Cu(ll) from the
wastewater effluentThese parameterare selected due to their effects in real
WWTPs. Moreove, as the composition of wastewater varies with time,
benchmark experiments were conducted smhesampling tripto sudy the effect

of variation in wastewater compositigas mentioned in Section 3.5.8)or the

same amount of sorbent dosage under similar conditions, different percentage
removal was obtained for each benchmark experinidém.demonstrated that the
variaion in wastewater composition influences the efficiency of the adsorption

process.

The contact time for the adsorption process from the effluent was chosen as 30
mins, in accordance with results obtained from scoping studies. This is because a
further ircrease in the contact time did not show a significant change in
percentage removabimilar observations were observed for the remediation of
Cu(ll) from the clean water matrix, where adsorption equilibrium was achieved
within 30 mins. It was found that sdrption increased sharply with contact time
during the first 5 minsgontributing to more than 78% of Cu(ll) removal. It then
decreased slowly to reach a plateaud it was observed that 30 mins was
sufficient to reach adsorption equilibrium.

In the caseof the clean water matrix, the results showed that temperature has a
less than 1 % contribution towards Cu(ll) removal, while sorbent dosage and
initial Cu(ll) concentration contribute more than 99 % towards the removal
percentage (Figure 5.5). Therefoitewas decided that the optimum temperature

for the removal of Cu(ll) from effluent using oxidised CNaIsorbentss 20 C.
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This has been confirmed by new set of control experiments, where the maximum
removal of Cu(ll) was observed at 20 with 90 % of Cgll) removed, while at

10 C only 80 % Cu(ll) removal was achieved.

As discussed in Chapter 5, it wéscided that the optimum pH for the removal of
Cu(ll) ions from clean water matrix using oxidised CNallsorbentss pH 6.
However, in order to study thedfect of pH of the wastewater effluent, a pH range
(57 8) realistic for a wastewater treatment environment was applied. The pH
range applied is similar to thosé Baltpurvinset al., (1996), whoreported that
higher initial metal concentrations (1000 mg/L) result in broader pH rangé (4.5
9.0) for metal precipitatianFurthermore,pH 5 is a realistic pHvalue for
industrial wastewateisince the pH for electroplating wastewai®@around this
level (Chandet al, 2015 Malakootianet al, 2011 Rajemahadilket al, 2013.

For municipal wastewater (Stoke BardoNWTP), as reported in Chapter 6, the
pH range was found to be ithe range o7 1 7.8. In addition,Fish Directive
(2006/44/EC) also reported that the pH range for discharge of treateeneff
water is in the range ofi69 (CEC, 2006.

The sorbent dosage for the adsorption process was ctmsenin the range of
0.57 10.Qy/L, in accordancevith results obtained from the clean water matrix
(Section 5.4.2). Therefore, pbli 8, sorbent dosage.571 10 g/L, and initial
concentration of wastewater effluent spiked with Cu(ll) of ® mg/L, were
investigated for their effect on the efficiency of Cu(ll) removal frvastewater

effluent.
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7.4  MATHEMATICAL MODELLI NG OF SPIKED CU(ll) REMOVAL
FROM WASTEWATER EFFL UENT

7.4.1 CENTRAL COMPOSITE DEIGN (CCD)

The pH, sorbent dosagandinitial concentration of wastewater effluent spiked
with Cu(ll) were used as independent (input) variables and were studied for their
impact on the removal ddpikedCu(ll) from wastewater effluentThe range of
independent variablesyith the levels of the experimental factors, is given in
Table 7.1.A secondorder pdynomial equation was used to determine the
relationshig between variables and response, as the-drdgr model suffers
from lack of fit due to interaction between variables and surface curvaiuee.

final equation in terms ofoded factors obtaineloly the application of RSM is
given by:

OGP  Y@B XUPDX WL TH @Up XD U Y TIT WP
CHT WX CO YWY T ¢ @Q T 1T YR (7.1)
P& p Yoxd

where Z is the response variable (percentage removal of coppewastewater
effluent) and Y1i Y3 are he urcoded vales of the independent variablgsH,
sorbent dosage, anihitial concentration of wastewater effluent spiked with
Cu(ll)).

Table7.1: CCD Experimental ranges and levels of independent variables

Independent variable  Unit Factor Range and level
code
U 0 +1  +U
pH Y1 50 56 65 74 80
Sorbent dosage g/L Y2 05 234 525 816 10.0

Initial concentration of
wastewater effluent mg/L Y3 1.00 178 3.00 4.23 5.00
spiked with Cu(ll)
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7.4.2 RESPONSE SURFACE MBAODOLOGY (RSM)

Results for the percentage of Cu(ll) removal frerastewatereffluent spiked

with Cu(ll) were obtained by performing batch experiments according to the
CCD matrix of conditions. Table 7.2 shows the experimental results obtained
from thevariousruns together withthe values predicted by the built RSM mqdel
with residual valugin the range of 0.21 to 4.&hich influenced the value of’R

The percentage error (% error) was calculated as the ratio of the difference

between experimental and predictedue to experimental value (Equation 3.11).

In order to test the suitability of the mod#ie predicted and actual experimental
values were plotted (Figure 7.1) to provide the coefficient of determin@®fon
0.9409) The R value in this study was losompared to other studies that used a
clean water matrix for the adsorption process. The study of a cethécsel
adsorbent for chromium removal from a clean water matrix, for instance, showed
a high coefficient of determination R 0.9959)(Liu et al, 2011. In addition, a
study by Singhet al., (2010) showed that the remediation of Cu@dm a
synthetic solution was successfully predicted by the RSM modieke
experimental data fit well with the predicted values derived from this model, with

a ccefficient of determination Rof 0.9982.
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Table 7.2: The experimentally obtained for spiked Cu(ll) removal from the wastewater effluent compared to that predicted by the response
surfacemethodology (RSM)

RUN Coded values Uncodedvalues Cu(ll) removal (%)

Number Y1 Yz Y3 Y1 Y2 Ys Experimental Predicted Residual  Error (%) Absolute error (%)
1 -1 +1 +1 5.6 8.16 4.23 86.05 86.64 -0.59 -0.69 0.69
2 -1 +1 -1 5.6 8.16 1.78 71.26 74.15 -2.89 -4.05 4.05
3 0 0 0 6.5 5.25 3.00 80.65 81.27 -0.62 -0.76 0.76
4 0 0 0 6.5 5.25 3.00 82.62 81.27 1.35 1.64 1.64
5 -1 -1 +1 5.6 2.34 4.23 80.32 80.11 0.21 0.26 0.26
6 +1 +1 +1 7.4 8.16 4.23 88.2 88.54 -0.34 -0.38 0.38
7 +1 -1 +1 7.4 2.34 4.23 83.62 83.29 0.33 0.40 0.40
8 -1 -1 -1 5.6 2.34 1.78 60.52 62.74 -2.22 -3.66 3.66
9 0 0 0 6.5 5.25 3.00 80.43 81.27 -0.84 -1.04 1.04
10 +1 +1 -1 7.4 8.16 1.78 74.51 77.27 -2.76 -3.71 3.71
11 +1 -1 -1 7.4 2.34 1.78 65.19 67.15 -1.96 -3.00 3.00
12 0 0 0 6.5 5.25 3.00 81.52 81.27 0.25 0.31 0.31
13 0 +0 o0 6.5 10 3.00 84.64 81.82 2.82 3.33 3.33
14 0 0 +U 65 5.25 5.00 85.62 86.60 -0.98 -1.14 1.14
15 -U 0 0 5 5.25 3.00 83.36 81.21 2.15 2.58 2.58
16 0 0 -U 6.5 5.25 1.00 68.02 63.22 4.80 7.06 7.06
17 0 0 0 6.5 5.25 3.00 80.01 81.27 -1.26 -1.57 1.57
18 0 0 0 6.5 5.25 3.00 81.09 81.27 -0.18 -0.22 0.22
19 +U O 0 8 5.25 3.00 88.04 86.36 1.68 1.91 1.91
20 0 -U 0 6.5 0.5 3.00 69.23 68.22 1.01 1.46 1.46

Y 1=pH; Y>=sorbent dosage;z¥initial concentration ofvastewater effluent spiked with Cu(ll)
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Figure 7.1: Theexperimentally obtained meediation of spiked Cu(ll) from
wastewater effluent compared to that predicted by the response surface
methodology (RSM)

Analysis of variance (ANOVA) for Cu(ll) removal from the effluent was applied
to evaluate the quality of fit of the moddlhe significance of each term in the
equationto the percentage of the adsorbed Cu(ll) ions was validated by this
statistical tes The results of the secomtder response surface model fitting in
the form of ANOVA are shown in Table 7.3.

General ly, it can be c destyvalkeand ldwertPh at
valuesindicate the significance of the coefficiemtisthe parametes. Values of P
greater than 0.10 indicate that the model terms are not signifiCawtet al,

2014. As seen from Table 7.3, all the fhmtder main effects ithe quadratic
model are statistically significant (P<0.05) for their effect on the Cu(ll)
percentage removal from the effluerithe positive first order coefficient

indicates that adsorption process increased with increasing the variable.

However, the secalorder effect of pH ® ) on the Cu(ll) percentage removal

are not significanamong the other secomulder effectsThe negative coefficient

of the second order parameters, shows a maximum value in response within
selected range of the parameters, Whehiowed that large amount of sorbent

dosage and high initial concentration of wastewater effluent spiked with Cu(ll),
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will result in higher removal of Cu(ll) from the wastewater. However, it was
observed from Table 7.3 that the coefficient for the firgt second order effects
were significant when compared with interactive effe®tsy, Y1Y3s, and Y.Y3)
with (P>0.10).

Table7.3 Analysis of variance (ANOVA) of Cu(ll) removal prediction by using
RSM model

Source ?;Eroefs DF Z;?e F value :\g:)l u>eF Coefficient
Model 1120.08 9  124.45 22,72  <0.0001 81.4753
Y1 33.11 1 3311 6.05 0.036 1.5759
Y2 231.31 1 231.30 42.23 <0.0001 4.1651
Y3 683.31 1 683.31 124.76 <0.0001 7.1588
Y12 21.18 1 1180 215 0.176 0.9451
Y2? 62.59 1 7242 13.22  0.005 -2.3414
Ys? 75.11 1 7511 13.71  0.005 -2.3848
Y1Y2 0.83 1 0.83 0.15 0.707 -0.3212
\NE 0.76 1 0.76 0.14 0.718 -0.3087
Y2Y3 11.88 1 11.88 217 0.175 -1.2187
Residual 49.29 9 5.447

Lack of fit 45.74 5 9.148 10.30 0.021 Significant
Pureerror 3.55 4 0.888

Total 1190.41 19

*DF- degree of freedom

The source contribution i€u(ll) removal percentage is evaluated based on
adjusted sum of squareand the plot is showin Figure 7.2. The plot shathat
sorbent dosage amitial concentration of wastewater effluent spiked with Cu(ll)
contribute morghan 9846 towardsthe removal percentagevhile pH hasa less
than 5% contributiontowards Cu(ll) removal. A possible explanation for this
result is the narrow pH range {3) compared to other studies which focused on
a wider range (2 10), which would be an unrealistic condition in a real WWTP

(Mohanet al, 2015. The small value for pH (¥ in the first order coefficient
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term (Table 7.3) illustrates the nsignificant, negative effect of the variable on
the adsorption process. In this study, Cu(ll) removal is maximum around pH 7.0,
would beexpected to interact more strongly with negatively charged binding sites
on the modified CNW adsorbents.

In order to inprove the accuracy of the modehe insignificant termswvere
removed from the quadratic equation. However, there was no improvenikat to
accuracy of the model, even after eliminating the insignificant teffhg.
significarce oflack of fit indicatesthat the RSM modek invalid for the present
work when ithas a value dess than 0.0fHamsavenet al, 2003, Zulkali et al,
2009. Therefore, fom the results, the lack of fit obtained is significant due to
low probahlity (P=0.005) anda higher Ftest value of 15.3which is reinforced
by the relatively low coefficient of determination%R 0.9409) for the overall
model. Therefore this resultshows that the RSM model is unable #&dfectively
predict the removal afpikedCu(ll) from wastewater effluent, and is similar to
that obtained for the clean water matrix (Chapter 5).

3.49%

EpH ®Sorbentdosage © Spiked Cu(ll) concentration

Figure 7.2: Source distribution in removal percentage (adjusted sum of squares vs
source)

A possible explanation fothe poor fit of the quaditic equationin the RSM
model is the variabilityof wastewater compositionyhich is likely to influence
the efficiency of the adsorption process. Similar observations were found in

studies on lead removal from industrial sludge leachate using red reoxbaunt,
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and in the case of solghase extraction of gold from industrial wastewater using
modified mesoporous silica. They showed that the variability in real wastewater

samples cannot be efficiently predicted by the RSM model.

7.4.3 ARTIFICIAL NEURAL NETWORK (ANN)

An ANN-based model was also built for predicting the removal of Cu(ll) from
the effluentby oxidisedCNWs adsorbentdn a smilar way to RSM modelling,
the data generated through CCD were used to determine the optimal architecture
of the ANN model As with RSM, tree factorsnamely pH, sorbent dosage, and
initial concentration of wastewater effluent spiked with Cuflére used as input
variables, and wee usedto predict the percentage Cu(ll) removal from
wastewatereffluent throughthe adsorption processA similar procedure was
applied for the remediation of Cu(ll) frothe clean water matrix (Section 5.4.3).
The total of 20 experimentseredivided irto three subsets comprising training
(12 data points), validatior data points) ashtesting (4 data points)he trained
network was used to estimate the response of 36 experimental péib&twRen

actual and estimated responses was determine@@s(Appendix D).

Although ANN and RSM models in combination with experimental design have
been increasingly applied in the area of water and wastewater treatment, the
operation of a WWTP is often complicated because of the complexity of the
wastewater matxi this varies both temporally and spatialbx study by
Ebrahimzadetet al. (2012) showed good agreement between ANN predictions
and experimental data, with a correlation coefficient of 0.9945, whereas this
amount decreases to 0.8857 for an RSM mddelvever, there was no obvious
reported improvement in the determination of metal imasn an industrial
sample, even after applying the optimum conditions suggéstdabth models

As mentioed in Chapter 6, the concentrations of heavy metals in influent and
effluent samplesaried with time(Figure 6.5) Therefore, wastewater comprising

of many contaminants including organic pollutants, natural organic matter,
pathogenic microorganisms and various colloidal particulates may also reduce the

prediction capability of the RSM and ANN models.
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Of these two models, ANN is found to be more eéfiti andmore suitable for
modelling such WWP processes due to its accuracy aadquacy and is
promising in engineering applicatior{8Vitek-Krowiak et al, 2014). ANN is

more appropriate in the case of complex processes (i.e. WWTP processes) as the
model allows for predictions of the output on the basis of input data without the
need to define the relationship between tlf@éfitek-Krowiak et al, 2014.

A number of high quality reviews have appeared in the literature dealing with the
application of ANNbased models in the field of water treatm@ttonopoulou

et al, 2012 Hamed et al, 20094. For example, the study reported/ b
Antonopoulou and his eworkers demonstrated that the ANN model gave better
estimation capabilities than did the RSM model, throughout the range of
variables, in the optimisation of photocatalytic degradation of phenolic
compounds in treated wastewatkr.addition, ANN has been successfully used
as a tool for estimating the performance of filtration processes in wastewater
treatment plantévijayabhanu and Radha, 2013

An investigation byNasret al. (2012) focused on applying the ANN model to
predict the performance of WWTPs in terms of chemical oxygen demand)(COD
biological oxygen demand (BOD) and total suspended solid (TSS). The authors
found that ANN models provided good quality predictions, vithof greater

than 0.9 between the observed and predicted output variables. In adaiEn,

was employed to predipercentage separation of lead idrmsn real wastewater
using electrodialysis. The results showed that ANN successfully traced the non
linear behaviour of separation percentage and current efficiency versus
temperature, voltage, concentration and flote r&ith a standard deviation of not
more than 1%Sadrzadelet al, 2009.

However, no worko datehas included the variation wastewater composition

as oneof the independent variables (ANN input) for remediation of Cu(ll) from
wastewater. For example, lead removal from industrial sludge leachate using red
mud was studied beyikciet al. (2012) In this study, the effects of the sorbent
dosage, contat¢ime and pH on removal percentage were investigated using RSM
and ANN modelling approachesithout consideringvariation in wastewater
compositiongGeyikci et al, 2019. A study by Aberet al.,(2009) observed that
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the performance of electrocoagulation processesemoval of Cr(VI) from
synthetic and real wastewater was successfully predicted by an ANN model. They
found that an electrocoagulation process can be used for removal of total
chromium and other pollutants from real wastewd#gdrser et al, 2009. Even
though this study included effective parameters as independent variables, the
process is often complicated dtgethe variety of contamination present in raw

wastewater.

The issue with these studies is the assumption that the actual wastewater
composition is the same for each experiment, or that its composition has no
influence on the removal capability of thabpess.As mentioned in Chapter 6
(Understanding the wastewater matrix), it can be clearly shown that the
composition of wastewater varies with time. Therefore, in order to study the
effect of variation in wastewater composition through removal of spik€t)Cu
from wastewater effluentbenchmark experiments were conducted for each
sampling trip as mentioned in Section 3.5.3. The results obtained from the
benchmark experiments (Table 7.4) showed that the percentage removal$ (74.41
78.76%) were differentor each sampling trip, due to complexity of the
wastewater matrix and its variability. Thus, it can be summarised that the
variation of actual wastewater composition affects adsorption performéhee.
results obtained from benchmark experiments wilkdioee be included as the
fourth independent variablen ANN modelling. The data for theomparison
between the experimentahluesand thosepredicted by the ANN modeivith

and without the variabilityare shown in Table 7.4. Moreover, a regression
analyss betweerthe experimental data antthe values predicted by both ANN
models is shown in Figure 7.3. The coefficient of determinatidrQF9963) for

the ANN model with variability indicasegood agreement between expaental

and predicted results.
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Figure 73: Comparison between the Cu(ll) removal predicted by the artificial
neural network (ANN) model and the experimentally determined rem@aV)
wastewater
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Table 7.4 The experimentally obtained removal of Cu(ll) compared to that predictedNdy, and ANN including wastewater (WW)
variability, as defined by benchmark experiments conducted for each sampling trip

Inputs Cu(Il) removal (%)
Run Number Benchmark . ANN ANN (including WW variability)
Y1 Y Vs experiments (%) Experimental Predicted Residual Predicted Residual
1 5.6 8.16 4.23 74.41 86.05 86.45 -0.40 86.08 -0.03
2 5.6 8.16 1.78 74.41 71.26 71.76 -0.50 71.07 0.19
3 6.5 5.25 3.00 77.39 80.65 81.61 -0.96 81.62 -0.97
4 6.5 5.25 3.00 77.39 82.62 81.61 1.01 81.62 1.00
5 5.6 2.34  4.23 78.76 80.32 80.13 0.19 80.36 -0.04
7 7.4 8.16 4.23 74.41 88.2 88.35 -0.15 88.26 -0.06
8 7.4 234 4.23 78.76 83.62 83.87 -0.25 83.09 0.53
9 5.6 2.34 1.78 78.76 60.52 60.73 -0.21 60.58 -0.06
10 6.5 5.25 3.00 74.41 80.43 81.61 -1.18 80.88 -0.45
11 7.4 8.16 1.78 74.41 74.51 74.53 -0.02 74.53 -0.02
12 7.4 2.34 1.78 78.76 65.19 65.58 -0.39 65.96 -0.77
13 6.5 5.25 3.00 74.15 81.52 81.61 -0.09 81.17 0.35
14 6.5 10 3.00 74.41 84.64 84.96 -0.32 84.52 0.12
15 6.5 5.25 5.00 77.39 85.62 86.25 -0.63 85.79 -0.17
16 5.0 5.25 3.00 78.76 83.36 83.24 0.12 83.35 0.01
17 6.5 5.25 1.00 74.41 68.02 68.49 -0.47 68.01 0.01
18 6.5 5.25 3.00 74.15 80.01 81.61 -1.60 81.17 -1.16
19 6.5 5.25 3.00 74.15 81.09 81.61 -0.52 81.17 -0.08
20 8.0 5.25 3.00 78.76 88.04 87.93 0.11 88.07 -0.03

Y 1=pH; Y>=sorbent dosage;z¥initial concentration of wastewater effluent spiked with Cu(ll)
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For a better graphical interpretation of the procedsCu(ll) adsorption from
wastewater, thredimensional response surface plots were generékesse plots

are importantin orderto study the relationship between the response and the
independent variables. h€ mutual interactive behaviour between two
independent variablewhile the third variable isield constant at its intermediate
value pH 6.5, 5.25 g/L, 3 mg/L)is shown in Figure 7.4.

As shown in Figure 7.4(A), maximum removal of Cu(ll) is obseraea sorbent
dosage of &/L and pH 8. The percentage Cu(ll) removal increased with the
increase of pH due to the negative surface charggidisedCNW at alkaline pH
values.At pH 8 and abovecarboxyl groupy COOH, waschangednto i COQO,
hence the ion ehange between Cu(ll) and potential functional gednpreased
(Reddy, 2012. The low adsorption that takes place in acidic solutions can be due
to the competition between hydrogen and copper ions for active sites on the
oxidised CNW surface (Rajemahadiket al, 2013. However, pH did not
significantly affect the adsorption remoyalontrary to the findings of other
studies, as the pkange studidin this workis narrow(pH 5.0-8.0). The effect of

pH on the adsorption of Cr(VI) was investigated Mphan et al. (2015) by
varying pH from 2.0 to 10.0. Due thewide pH range, pH was found to be one

of the main parameters affecting the adsorppitess

Figure 7.4(B) shows the interaction effect of sorbent dosage iaitidl
concentration of wastewateffluent spiked with Cu(ll) onthe removal of Cu(ll)

from the effluent, with pH held constant at pH 6I'fe Cu(ll) removal increases

with increasing sorbent dosage, which may be due to the increase in total surface
active sites on the adsorbent surfadee amount of proton exchange between the
adsorbent and the solutions increases with increasing sorbent dosadar Si
observations were found in studies on Cu(ll) removal using atkadiified spent

teg and in the case of Cr(VI) removal by modified silitawas reported that
higher removal at higher sorbent dosageyine due tahe availability of more

active functional groups the greatemass of adsorbei€aoet al, 2014.
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Figure 7.4: Surface plots (left) and corresponding contour plots (right) showing
the effects of adsorptiorparameters on the spiked Cu (ll) removal from
wastewater effluent as predicted by the ANN model with initial concentration of
wastewater effluent spéd with Cu(ll) held constant 3ng/L (A), pH held
constant at 6.5 (B) and sorlielosage held constant at 5di& (C).
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Percentage removal of Cu(ll) increases when pH iarcl concentration of
wastewater effluent spiked with Cu(if)creaseas shown in Figure 7.4(C). The
increasing initial concentration of wastewater effluent leggil with Cu(ll)
provides the driving force to overcome the mass transfer resistance of Cu(ll) ions
between the aqueous and solid phaSesilar observations were reportadthe
literature,where the maximum Cu(ll) removal @yametes versicolofungi was
observed when initial Cu(ll) concentration increased from 37 to 60 mg/L at pH of
5.51(Saharet al, 2010.

7.5 MULTIPLE LINEAR REGR ESSION (MLR)

Multiple linear regression (MLR) is a linear statistical analysis that is applicable
for predicting therelationship between a dependent variable and two or more
independent variablgg i r ya ki andInMyRdtieerdependedtatiable

is known as the predictand, while the independent variables are the predictors
(Arulsudar et al, 2005. MLR models are used in the prediction of Cu(ll)
removal from the wastewatanatrix, being represented by the relationship
between the percentage removal and a set of predictor variables. MLR is based on
least squares fit, where the model is adjusted such that the sum of squares of
differences of actual and predicted values is mised. The general MLR
equation can be formulated by:

o 1N E & - (7.1)

Where @ i s t he dthepnelapehdentivariablés; thegplediceed X

parameters, andis the error term.

Multiple linear regression (MLR) and artifadi neural networks (ANNs) were
used to predict the removal of Cu(ll) from the effluent by oxidised CNW
adsorbents. The data used in the MLR and ANN models were obtained from 20
CCD experiments. The MLR model (with and without accounting for the
variability of the wastewater matrix) gives the mathematical expression of the

output of the MLR analysis:
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Wb pBIXCPKOWS PH oY LY T Y T ¢ @Y (7.2)
OP T@pow&ouwe pg o @u LA T WU (7.3)

Where Z is the dependent variable (percentagemoval of copper from
wastewater effluent) and; Yhe independent variables (pH, sorbent dosage, initial
concentration of wastewater effluent spiked with Cu(ll) and benchmark
experimentrespectively). The data for the comparison between the experimental
values and those predicted by the MLR model, with and without variabitgy, a

shown in Table 7.5
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Table 7.5 The experimentally obtained removal of Cu(ll) compared to that predictedNdy, and ANN includingwastewater (WW)
variability, as defined by benchmark experiments conducted for each samling tri

Inputs Cu(Il) removal (%)
Run Benchmark MLR MLR (including WW variability)
Number Y1 Y2 Y3 experiments  Experimental . . . :
(%) Predicted Residual Predicted Residual
1 5.6 8.16 4.23 74.41 86.05 88.51 2.46 88.36 2.31
2 5.6 8.16 1.78 74.41 71.26 74.19 2.93 74.28 3.02
3 6.5 5.25  3.00 77.39 80.65 78.75 -1.91 79.08 -1.57
4 6.5 5.25  3.00 77.39 82.62 78.75 -3.88 79.08 -3.54
5 5.6 234  4.23 78.76 80.32 80.18 -0.14 80.25 -0.07
7 7.4 8.16 4.23 74.41 88.2 91.63 3.43 91.48 3.28
8 7.4 234  4.23 78.76 83.62 83.30 -0.32 83.37 -0.25
9 5.6 2.34 1.78 78.76 60.52 65.86 5.34 66.16 5.64
10 6.5 5.25  3.00 74.41 80.43 78.75 -1.69 78.12 -2.31
11 7.4 8.16 1.78 74.41 74.51 77.31 2.80 77.40 2.89
12 7.4 2.34 1.78 78.76 65.19 68.98 3.79 69.29 4.10
13 6.5 525 3.00 74.15 81.52 78.75 -2.78 78.04 -3.48
14 6.5 10 3.00 74.41 84.64 85.54 0.90 85.89 1.25
15 6.5 5.25 5.00 77.39 85.62 90.43 4.81 90.58 4.96
16 5.0 5.25  3.00 78.76 83.36 76.14 -7.22 76.92 -6.44
17 6.5 5.25 1.00 74.41 68.02 67.06 -0.96 66.63 -1.39
18 6.5 5.25 3.00 74.15 80.01 78.75 -1.27 78.04 -1.97
19 6.5 5.25  3.00 74.15 81.09 78.75 -2.35 78.04 -3.05
20 8.0 5.25  3.00 78.76 88.04 81.35 -6.69 82.13 -5.91

Y 1=pH; Y>=sorbent dosage;z¥initial concentration of wastewater effluent spiked with Cu(ll)
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7.6  STATISTICAL COMPARIS ON AND PERFORMANCE OF
MODELS FOR WASTEWATE R EFFLUENT

The performance of the builMLR and ANN models (with and withat
accounting for the variability of the wastewater matrix), were compared and
statistically measured by ttemefficient of determination @ absolute average
deviation (AAD), and root mean squared error (RMSEhe relationships
between the experimentdhctual) values and calculated (predicted) values
obtained using the ANN and MLR prediction models are shown in Figure 7.5.
From the results, it can be seen that ANN models (with and without accounting
for the variability of the wastewater matrix) showodoagreement between

predicted and actual results, compared tdMh& model.

The ANN including variability of wastewater matrix model fitted the
experimental data with excellent accuracy and with a better predictior (R
0.9963) than the ANMot including variability (R?>= 0.9945) and than the MLR
model including R? = 0.7994) and not including variabilityR¢ = 0.7961).The
AAD and RMSE for the ANN model including variability of wastewater matrix
were calculate to be 0.30% and 0.48 respectively, whilshdse of the ANN
model were 0.636 and 0.69 respectively. In addition to the coefficients of
determination for ANNs, the AAD and RMSE confirm that the ANN model
including the variability of the wastewater matrix as the ttoundependent
variable is superior in predicting the removal of spiked Cu(ll) from wastewater
effluent. The calculations arellfjgdescribed in Section 3.9.1. The comparison of
the actual results, the ANN and MLR prediction models (accounting for the
variability of the wastewater matrix) is presented graphically in Figures 7.6 and
7.7, for 20 CCD experiments.

A possible explanation for this result is the complexity of the wastewater in term
of composition and its variability, which caffectthe capabiliy of the adsorbent

to remediate Cu(ll) from the wastewater matrix. A variety of organic and
inorganic compounds can be found in the composition of wastewater, and its
variability, both temporally and spatially (within a WWTP and in different
wastewater seams), is likely to influence the efficiency and capability of
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oxidised CNW adsorbents. This explanation is reinforced when examining the
results obtained in Chapter 6, where it is stated that in a real WWTP, the water
matrix will be far more complethanclean waterThus with the results obtained

from benchmark experiments, it is demonstrated that the complexity and

variability in wastewater composition affects the adsorption performance.

Such interactions between percentage of Cu(ll) removal andtigagain
wastewater sample (benchmark experiments) would be difficult to ascertain from
the MLR model. Therefore, by supplying the ANN model with the data obtained
from thebenchmark experiments as the fourth independent variable, it is possible
to improvethe prediction abilityof the ANN model. As can be seen from Table
7.4, it is found that the ANN model with the variability of the wastewater matrix
is superior to the ANN model without the variability of the wastewater matrix

when predicting Cu(ll) remat from the wastewater matrix.

This finding has also been supported by other studies that have not included the
variations in real wastewater composition as one of the independent variables
(ANN input). For instance, although Geyikci and hisvoarkers r@orted that the
results of ANN were found to be more reliable than RSMI{R®.672), a low
coefficient of determination @= 0.898) from the ANN model indicated that the
variation in industrialsludge leachate composition has influence on the
removal @pability of the adsorbent. The major issue with this study is the
assumption that real wastewater composition is the same for each sample, or has
no impact on the removal capability of the adsorbent. Hence, it can be concluded
that including wastewater kiability as one of the input variables will lead to

improvements in the predictability of the ANN model.
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7.6.1 MODEL VALIDATION USING UNSEEN EXPERIMENS

For the validation and evaluation of tNeR and ANN models, an additional 10
unseen experiments were conducted, consisting of combinations of experimental
factors that were not considered in the 20 CCD experiments. This was a hecessary
procedure, since no work has been reported to date in thesabioedditional
experiments to represent the whole system of remediating Cu(ll) from a
wastewater matrix. 3D scatter plots for the unseen experiments are displayed in
Figure 7.7, and include a comparison of 3D scatter plots derived from data
contained inwo other studies which involveeal wastewater samples. The 10
unseen experiments undertaken in stsdy, illustrated in Figure 7(8), were

chosen to represent parameter space both inside and outside the system, to better

understand and test the validof the models.

Howe\er, as illustrated in Figure {B), Ebrahimzadelet al.,(2012) designed 10
random experiments, using MATLAB programmirtgat did not represent the
whole system, in order to study tlability of the RSM and ANN modelso
predict the solid-phase extraction of gold ions from industrial wastewater
Furthermore, in order to test the validity of RSM and ANINults,Geyikci et al.
(2012) conducted 10 extra experiments that were all concentrated ingde th
system, as shown in Figure {C3.

The actual and predicted values of the responses for the 10 unseen experiments,
along with their residual values rfdthe moels, are summarised in Table 7.6
Moreover, the Rfor both models (R= 0.9644 for ANN including wastewater
variability, R = 0.8991 for ANNwithout), show that the ANN model predicts
more accurately when variation in wastewater composition deided as the
fourth independentariable. As shown in Table 7.thepredictive abilities of the
newly constructedMLR and ANN models, with and without wastewater
variability, were statistically measured in terms éf RAD and RMSE. From the
results, itis confirmed that the ANN model including wastewater variability
predicts more accurately the remediation of spiked Cu(ll) from wastewater
effluent, in both the original 20 CCD and the 10 unseen experiments. This is
because the ANN model allow for prediwithe response (percentage of Cu(ll)

removal) without the need to justify the relationship between them, which is
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CHAPTER 7: REMEDIATION FROM WASTEWATEF

particularly important in the case of reabrld WWTP, where the water matrix
will be more compleXWitek-Krowiak et al, 2014.

This finding has also been supported by others who have used MLR and ANN in
prediction studies. For instance, Tiryaki and hisnavkers used ANN and MLR

for predictng the compression strength of h@atited woods. The results
indicated that an ANN model provided better prediction results compared to an
MLR model. Moreover, ANN models save time and decrease the experimental
costs(Ti ryaki a n §l In A ghdrmaceutica Study, it was found that the
ANN model provides predictions that are more accurate, and is more useful in the
optimisation of pharmaceutical formulations compared to an MLR model.
Another advantage of the ANN model is the flexibility to work with more input
variables, which is helpful when involving large number of experiments; for
MLR, a large number of input vabies leads to a polynomial with many

coefficients that involves tedious computat{@mulsudaret al, 2003.
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Figure7.8 3D scatter plots showingA) comparison of the CCD with unseen
experiments within the systems for this wo(B) solidphase extraction for
determination ofold from industrial wastewatéEbrahimzadelet al, 2012);
(C) Lead adsorption from industrial sludge leach@eyikci et al, 2012.
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Table7.6: Validationdata for 10 ursen experiments

Inputs Cu(Il) removal (%)
MLR ANN
iEr)St;( Run Y1 Y2 Ys Benchmarks (%) Actual MLR (WW variation) ANN (WW variability)
Predicted Residual Predicted Residual Predicted Residual Predicted Residual
%’ 1 7 1 3 71.96 74.49  73.53 -0.96 71.26 -3.23 72.98 1.51 77.61 -3.12
G € 2 6 1 2 71.96 65.81 65.95 0.14 63.77 -2.04 60.68 5.13 64.98 0.83
3 % 3 5 8 3 77.39 76.88  80.08 3.20 77.52 0.64 84.14 -7.26 81.92 -5.04
% » 4 7 10 4 77.39 78.72  92.26 13.54 90.01 11.29 87.54 -8.82 86.28 -7.56
O 5 5 5 2 78.76 68.8 69.94 1.14 67.41 -1.39 71.25 -2.45 72.81 -4.01
Q 6 6 4 4 78.76 7764  71.67 -4.72 70.04 -6.35 69.93 6.46 74.31 2.08
:é g 7 6 5 2 74.41 7250 83.99 6.09 81.91 4.01 84.92 -7.02 77.07 0.83
2 § 8 55 4 45 74.41 77.9 75.77 1.38 74.15 -0.24 80.19 -5.80 80.01 -5.62
@ » 9 75 4 25 78.76 74.39 84.98 6.05 82.62 3.69 84.85 -5.92 86.01 -7.08
= 10 7 9 3 74.15 78.93  79.82 1.36 77.39 -1.07 82.29 -3.83 82.04 -3.58

Y 1=pH; Y2=sorbent dosage;z¥initial concentration ofvastewater effluent spiked with Cu(ll); WW=wastewater

Table 7.7 Comparison of the predictive abilities of RSM and ANN model

AAD (%) RMSE

. MLR ANN MLR ANN
Dataindex — MLR — \\\y variabilityy NN (Ww variability) VMR (ww variabily) NN (Ww variability)
20CCD 3.03 3.84 0.63 0.30 3.48 3.46 0.69 0.48
10 unseen  4.98 4.38 7.17 5.23 5.43 4.64 5.83 457
5 Inside 5.05 3.84 7.53 4.98 4.46 4.46 5.90 4.46
5Outside  4.90 4.93 6.81 5.49 6.26 5.37 5.75 4.67

AAD= absolute average deviation; RMSE= root mean squared AfWrswastewater
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CHAPTER 7:FREDIATION FROM WASTEWATER M.,

7.7 PROCESS OPTIMISATION AND OPTIMUM PARAMETE RS

As discussed iprevious sectionthe aim ofthis work is to betterunderstand the
complexity and variability of the wastewater matrircluding evaluating the
impact of the wastewater matrix on adsorbent performance tadia@ecopper
pollutant from a realorld wastewater matrixRSM and ANN modelswere
developed in order to optimise the system and to create a predictive model to
evaluate the Cu(ll) removal performance by the oxidised CNW adsorbents.
Additionally, a benchmark study was applied and incorporated intoAtN

mode| which was utilised © account for wastewater matrix variability and
impact on adsorbent performance. In order for these results to be implemented in
industrial applications, the optimum operating conditions will be applied in
continuous flow experiments for the removal ofkgoi Cu(ll) from wastewater

effluent.

Process optimisation is a function of maximising the removal of Cu(ll) trem
wastewater matrixia a combination of different studied factors. There are two
optionsfor finding the optimal operating conditions forikged Cu(ll) removal
from wastewater effluenthe graphical optinsation function andthe desirability

function.

Graphical representation of the model is the simmestroachfor determiring
optimal operating conditions, particularly when the opgation procedure
involves two factors and one responSera Candiotiet al. (2014)illustrateda
suitable methodor determinng optimal operating conditionghat involves one
responsevia the graphical representation of the model, either by 3D space or
contour graphsin these graphs, the response is represented as a function of two
factors. When more than two factors are studied, the other factors that are not
plotted must be set at a constant value. Therefore, only a limited part of the
experimental domain is shown, which leads to the difficult establishment of

optimal operating conditns(Vera Candiotet al, 2014.

Desirability is an objective function that ranges from zmstside of the limitsto
one at the goal. In 198@erringer and Suich (198@eveloped the desirability
function, which has been widely used in indystio find optimal operating
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CHAPTER 7:FREDIATION FROM WASTEWATER M.,

conditions The main aim of this function is not only to find a good set of
operating conditions that meet all thedevantcriteria but also to give the best
desirability value.Moreover, the desirability function has been assfully
applied in several studies to determine the desired parameters for maximum
heavy metals removal from the water maimini et al, 2008 Anupamet al,

2011 Raoet al, 2012 Zolgharneiret al, 2013a. Therefore, the appropriate way

to find the optimal operating conditions for this study is dyplying the

desirability function.

In this study, the optimal @pating conditions for the spiked Cu(ll) removal from
the wastewater effluent were determined using the desirability funeti@sble

in MINITAB 16 statisticalsoftware. The optimum operating conditions suggested
by the design of experiment (DoE) modelr the three variablese., pH, sorbent
dosage and initial Cu(ll) concentration studied in this experinvegrte pH 8.0,
6.45 g/L and 4.72 mg/L, respectively. Benchmark experimeateperformed to
accountfor wastewater matrix variability and impaat @adsorbent performance,
prior to determimg optimal operating conditions. As the value of desirability
obtained for Cu(ll) removal was it,has been provethat the estimated function
may represent the experimental model and the desired condiipnpamet al,
2011D).

In order to confirm the mod@& adequacy, batch experiments were conducted in
triplicate at optimum conditi@to obtain maximum spiked Cil) removal
experimentally. The procedure is fully describedsettion 3.5.3. The predicted
and experimental optimum conditions of the process variables for the maximum
percentage spiked Cu(ll) removal from the wastewater effluent is simoWable

7.8. The removal percentages obtained were lower than predicted removal
efficiency in optimal conditions. Thisvas because the composition and
concentration of substances in wastewater varies significanéytime (Henze

et al, 2008.
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Table 7.8 Optimised operating conditions for spiked Cu(ll) removal from wastewater effluent

Optimal operating conditions Experimental operating conditions Cu(ll) removal (%)
RuUN Sorbentdosage Initial F:u(ll) Sorbent Initial Cq(ll) Benchmark _ % Error
pH (/L) concentration pH  dosage concentration experiments Actual Predicted
° (mg/L) (/L) (mg/L) (%)
1 8.0 6.45 4.72 7.8 6.50 4.61 77.27 91.36 92.11 -0.75
2 8.0 6.45 4.72 79 6.50 4.61 80.11 91.36 92.11 -0.75
3 8.0 6.45 4.72 8.0 6.15 4.31 78.75 90.54 92.11 -1.57
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CHAPTER 7: REMEDIATION FROM WASTEWAREF

7.7.1 PERFORMANCE OF CONTNUOUS FLOW EXPERIMEN UNDER
OPTIMAL OPERATING CONDITIONS

Continuous flow experiments were carried out using oxidised adsorbent for the
removal of spiked Cu(ll) from wastewater effluent. For the continuous flow
experiments, each experiment was conducted under optimal conditions, which
was determined fronthe desrability functions (as discussed fBection 7.6).
Continuous flow experiments were performed in a solid phase extraction (SPE)
vacuum manifold, with the adsorbent continuously in contact with wastewater
effluent spiked with Cu(ll). The procedure is disadis detailin Section 3.10.

Continuous flow experimentsere operated at two different pressures (P), 10 and
15 mmHg in a column filled with oxidised CNW adsorbents. The final Cu(ll)
concentration in the effluent was plotted against the volume of drediieient,

the profile for which is shown ifigure 7.9 As the pressure increased, the final
concentration of Cu(ll) in the effluent also increased, thereby decreasnuyal
efficiency (Table 7.2

95.00
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m - mmHg
F-3
Z s0m - m
g *
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& . 2
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Figure 7.9 Effect of pressure on Cu(ll) removabm wastewater effluent.

The results suggest that at a high pressure, the adsorbent in the cartridge may
compact as a result of the pressure, thereby reducing the availability of sorption
sites for adsorption. This result corresponds well with thoddatfeshwari and

Gupta(2016) who suggested that with an increase in pressure, there is a decrease
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CHAPTER 7: REMEDIATION FROM WASTEWAREF

in contact time between metal ions and adsorbent, which may lead to a reduction
in the overall percentage removal of heavy metals.

Table 7.9 Effect of pressure on spiked Ci(Iremoval efficiency from
wastewater effluent by oxidised CNW adsorbents.

Final Cu(ll) concentration  Removal efficienc
Run  Volume (ml) (1 y

(mg/L) (%)
10 mmHg 15mmHg 10 mmHg 15 mmHg

1 0 Ci=4.98 Ci=4.98 0 0

2 5 0.43 0.40 91.48 91.99
3 10 0.43 0.42 91.48 91.53
4 15 0.44 0.54 91.16 89.21
5 20 0.49 0.62 90.14 87.59
6 25 0.56 0.75 88.75 85.05
7 30 0.60 0.80 88.06 83.89
8 35 0.65 0.84 87.04 83.20
9 40 0.66 0.84 86.76 83.20
10 45 0.69 0.85 86.02 82.97
11 50 0.70 0.85 86.02 82.97

Ci = Initial Cu(ll) concentration (mg/L)

As noted in Section 2.5.2, chemically modified adsorbents improve removal
efficiency and adsorption capacity Although oxidised CNW adsorbents are able
to remove approximately 90% of spiked Qufrom wastewater effluent, without
reinforcement and granulation, it is not a suitable strudturesein continuous
flow column operations. This is because the physical structure of oxidised CNWs
is extremelysoft andin this study,easily caused coinn clogging when wet
(Volesky, 1995%. These observations are in agreement with those of Mason
(2007) who stated that natural biomagscluding cotton woqlis extremelysoft
and notsuitable for column operatiofMason, 200Y. Therefore, the mechanical
properties of adsorbents must be improved in order to provide a more stable
structure, where the adsorbent can be used directly in a standard operation
process
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CHAPTER 8CONCLUSIONS AND RECOMMENDATION
FOR FUTURE RESEARCH

8.1 CONCLUSIONS

The main aim of this study is to predict the capability of oxidised cellulose
nanowhisker (CNW) adsorbents for the remediation of copper from water
matricesunder realistic conditiongsing RSM and ANN modelling. This thesis is
divided into five parts. The first part focused on the modification of the
adsorbent, and the success of modificatfsarface area, dimensions, surface
charge, and stability) was confirmed using several analytical methods. The
second part of the study observed the capability of oxidised CNW adsorbents in
the remediation of copper from a clean water matrix using respsuntace
methodology (RSM) and atrtificial neural network (ANN) models. In the third
part, the complexity of wastewater in term of composition and composition
variability, both temporally and spatially, was presented. This gave a better
understanding of theelection of variables and their ranges in the experimental
design. Benchmark study was reported to inform how the variable and complex
wastewater matrix affects the adsorption procé&se fourth part of the study
examined the potential of oxidised CNWsarbents to remediate Cu(ll) from the
wastewater matrix. The data obtained from benchmark studies was uaed as
additional independent variabl®r ANN modelling to account for matrix
composition Finally, the application of oxidised CNW adsorbents vessetd in a
continuous flow experiment. This chapter will summarise the most important

results obtained in this thesis.

8.1.1 CHARACTERISATION OFCNW ADSORBENTS

CNWs have been successfully prepared sidphuric acid hydrolysis under
controlled conditions. TEMP&nediated oxidation then introduced stable
negative electrostatic charges on the surface of the CNWSs. The success of this
modification was confirmed by functionalities, surface charge, morphology
(surface area and porosity), and stability using FTIR, petantial, Brunauer

Emmett and Telle(BET) analysis, scamng electron microscopy (SEM),
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8 CONCLUSIONS AND RECOMMENDATION

transmission electron microscopy (TEM) and conductometric titrafidiR
analysis demonstrated th#te CNWs were successfully modified, withe
appearance of a C=0 stretching band at 174¢, dmdicating the carboxyl
content. The zeta potential othis oxidised CNW in water was/4.4 mV,
indicating the introduction of carboxylate groups to the surface of the CNWs at
high density TheBET method showed that the surface areas of unmodified CNW
and oxidised CNW adsorbents were 15.72gmand 43.11 #ig respectively,
within the reported range of surface area for CNWse three times higher
surface area for oxidised, i.e. carboxymethyg]lidose however indicates a
slightly higher colloidal stability during the freezing process that precedes freeze
drying, resulting in a less aggegd state after freeze dryir§jnce the resolution

of the SEM was considered insufficient for detailedinfation, TEM was used

to identify individual whiskers, which enabled the determination of their size and
shape. The whiskers were measured to be 134.4 + 51. 2 Gt 2.3 nmin
length and width respectivel$EM and TEMimages confirmedhat the oxidsed
CNW maintain their initial morphological integrity after the oxidation process.
Conductometriditration of sample suspensions showetheboxylate conterbf

54 and 410 mmol/kg for thenmodified CNW and oxidised CNWespectively.

For the same amounf sorbent dosage under similar conditiomsidised CNW
adsorbents werable to remove 66.7% of Cu(ll), while the unmodified CNW
adsorbentsemoved only 3.646 of Cu(ll) from the water matrix. The adsorption
capacity of these adsorbents was 14.63gnagmd 0.59 mg/g respectivelyhese
results indicated thahere are more carboxylate groups per gram due to high
surface areaFrom a manufacturing and application perspectile, stability of

the oxidised CNW adsorbents was tested under dry and welitioos This
demonstratedbor the first timethat the functional groupsere permanent araid

not degradednder tested conditions
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8.1.2 PREDICTINGTHE CAPABILITY OF OXIDISED CNW
ADSORBENTSFOR THE REMEDIATIONOF COPPER FROM
CLEAN WATER USINGRSMAND ANN MODELS

Oxidised CNW adsorbents wesedfective in removing Cu(ll) from the water
matrix, offering the potentialof an abundantinexpensive, and available
adsorbenta suitable alternative to expensive adsorbents. RSM and ANN models
were used to understand tbgtimum conditions for the remal of Cu(ll) using
oxidised CNW adsorbentslo further test the predictive capability of both
models, an additional 14 unseen experiments not used in the pleeeibof the
RSM and ANN modelsThese unseen experimemisre chosen tbestrepresent
the system of conditions both inside and outside the systeniirst time this has
been undertaken for evaluating celluldimesed adsorbent3he performance of
both modelswhich were statistically evaluateohdicated tha®ANN hassuperior
predictabilitythanRSM. From isotherm ankinetics studiesit was observed that
the adsorption process followekde Langmuir adsorption isotherm and pseudo
secondorder kinetics.

8.1.3 UNDERSTANDING THE WASTEWATER MATRIX AND
CHARACTERISATION

The data presented for the wastewater matrix showed that wastewater
composition is complex and varies in its composition, both temporally and
spatially. In addition, the physical and chemical (physicochemical) parameters
discussed in this chapter also vavigh time, which make the wastewater matrix

far more complex than a clean water matrix for evaluating the performance of the
adsorptionprocessMoreover the benchmark studgeveloped in this studglso
demonstrateghat the variable and complex wastesvaimatrix composition
affects the capability of oxidised CNW adsorbents to remediate Cu(ll) from the
matrix. Therefore, it is important to take these issues into account when
predicting the capability of oxidised CNW adsorbents for remediation of Cu(ll)
from wastewater effluentFew studies utilise the wastewater matrix when
evaluating adsorbent performance and to date, none consider and account for the

temporal and/or spatial variability of that matrix.
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8 CONCLUSIONS AND RECOMMENDATION

8.1.4 PREDICTING THE CAPABLITY OF OXIDISED CNW
ADSORBENTSFOR REMEDIATION OFSPIKEDCOPPER FROM
WASTEWATEREFFLUENT USINGRSMAND ANN MODELS

Oxidised CNW adsorbentsare capableof removing spiked Cu(ll) ions from
wastewateeffluent TheRSM and ANNmodelswere employed to optireé the
system and to creategamod predictive modelNo work in the reviewed literature
included matrix complexity and the variability of the wastewater as one of the
independent variables in ANN modelling. Evidently this novel approach and the
outcomes were employed in this study floe first time, as most studies do not
consider matrix variability and its impact when evaluating the efficiency of an
adsorbent.To test the predictive capability ahesemodels,an additional 10
unseenexperiments not used in developing both modelwere chosen to
representhe system of conditiorisoth inside and outside the systerhis study

(20 CCD and 10 unseen experiments) found that the ANN model accounting for
wastewater variability was superior to the RSM model and to the ANN model not
including wastewater variability, in terms of the coefficient of determinatid, (R
the absolute average deviation (AAD) andt mean squared error (RMSEhen
predicting the efficiency of Cu(ll) removal from the wastewater maifixe
optimum adsorption conddns were determined as an initial pH value of 8.0, a
sorbent dosage of 6.45 g/L and initial Cu(ll) concentration of 4.72 mg/L. At
optimum adsorption conditions, the percentage removal of spiked Cu(ll) from the
wastewater effluent was found to be 92.11%hédigh oxidised CNW adsorbents
were ableto remove approximately 90% apiked Cu(ll) from wastewater
effluent,the phical structure of oxidised CNW adsorbeistsiot suitabldor use

in continuous flow column operations.
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8.2 RECOMMENDATION FOR F UTURE RESEARCH

8.2.1 MANUFACTURING OXIDISED CNW ADSORBENTS

This work recommeds an equal focus not only on evaluating the capabilignof
adsorbent (e.g. oxidised CNW) removeCu, but also on how the adsorbent can

be manufactured in a cost effective manner at scale to enable application in
WWTPs. It is important to appreciate the matrix and the fact that it is variable;

and to appreciate the need to evaluate a technology ponss to that matrix
variability, as t he wast ewater matri x
performance. This thesis determines that applying the effects of matrix
complexity and the variability of the wastewater (benchmark study) into the ANN

model (whit (S not yet done i n ot her St uc
performance in WWTPs. Therefore, these findings may be used in future to
evaluate not only adsorbents but also treatment technologies; particularly those
technologies that need a water qualitygmaeter (benchmark study) to evaluate
treatment capability in the face of the variable wastewater matrix. Further, the
results obtained from the continuous flow experiment (Chapter 8) confirm that

the physical structure of oxidised CNWSs renders them utdeifar use in a

column operation. Future research should pay attentigmefoare the adsorbent

for use for instance by pelleting, or bmproving the physical structure of

oxidised CNWs. Cellulose aerogels are known to be highly porous materials that
exhbit excellent adsorption properties as well as remarkable reusability.
Therefore, oxidised CNW aerogels could be used effectively in a continuous flow

experiment for the removal and recovery of Cu(ll) from water matrices.

8.2.2 SUITABILITY OF ADSORBENTS FOR CINTINUOUS FLOW
COLUMN APPLICATION

The physical and chemical structure of adsorbent playmportant part in the
continuous flow column applicatioReports in theiterature have shown that
attempts have been made to improve the mechanical strengthealstirdents by
chemical crosslinking, immobgation and granulation process Therefore, for

further application in wastewatetreatment a more detailed study ofhe
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mechanical properties of CNW adsorbemtsuld be necessary in order to

improve the stnegth and stability of the adsorbent.

8.2.3 REGENERATION OF ADS®BENT

Raw material conservation and problems of discharge disposal lead inherently to
the issues of regeneration and life cycle management. In most adsorption
processes, regeneration of the adsdrienecessary to ensure it is cost effective
and environmentally friendly. Although oitiene use may be more economical

for small systems, regeneration techniques for CNWs may be necessary to
produce an economically viable process for large systems. féterdurther

study on the regeneration process should be performed to test the stability of

CNWs after multiple batch sorptiedesorption cycles.

8.2.4 RECOVERY OF HEAVY MEHALS FROMTHE ADSORBENT

In the application of oxidised CNW adsorbents for the recovery of Cu(ll) from
the water matrix, an assessment is necessary to making the adsorption process
more economical. The study and application of adsorbents for WWTP has
focussed on removing pollutaftom the water matrix to meeiver increasingly
stringentlegislation aimed at reducing the pollutant load of treated water entering
the receiving rivers and water bodies. However, a shift in attitude has matant th
pollutants such as copper when separfitem the water matrix are alsaluable
products There is an appreciation thatlsorptiorbased treatment technologies
therefore offerrecovery of coper for reuse, subject tdownstream clean up.
Hence adsorbestfor metal removal form the water matfollowed by recovery

and reuse are an attractive approach ftaure study A limited number of
reported studies have focused on the recovery of heavy metals from saturated
adsorbents and desorbing agents. Future studies would focus not only on the
recovey process, but also on the choice of suitable desorbing/regenerating agent

that did not adversely affect the structure of the CNW
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8.2.5 PREPARATION OF DUALAND MULTI-FUNCTIONAL GROUPS
ON THE SURFACE OF CW/S

In this study, an oxidised CNW adsorbent was successfully modified and used as
an adsorbent for Cu(ll) removal. The experiments showed that this oxidised
CNW adsorbent was able to remediate Cu(ll) from clean water and wastewater
effluent. This study showshat the adsorption of heavy metals from the aqueous
phase onto a solid adsorbent depends on the affinity between the metal and
functional group. This should be further investigated in order to ensure the best
functional group for heavy metal pollutantsheérefore, dual or muliunctional
groups could be attached to the adsorbent surface to enhance the selectivity of
CNW adsorbents towards target metal ions or other constituents in wastewater.
As a note, the production cost for developing this rfultictional material in a

one or multiplestep process should be taken into account.
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APPENDIX

Appendix A- Calibration curves and data for AAS

Table A.1: Data collected usirggrtified 1000 mg/L calibration standard solution
of Cu (in 2% HNGs) of known concentration

Concentration (mg/L) Absorbance

0.0 0.000
2.0 0.069
4.0 0.136
6.0 0.203
8.0 0.268
10.0 0.331
0.400
y = 0.0331x+ 0.0021
0.350 R? = 0.999%
0.300
g 0250
E 0.200
< o1s0
0.100
0.050
0.000
0 1 2 3 4 5 6 7 8 9 10

Cufll} concentration (mg/L)

Figure A.1: Calibration Curve of Cu(ll) from standard solutiaisCu (210
mg/L)
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Table A.2: Data collected usirggrtified 1000 mg/L calibration standard solution
of Cu (in 2% HNGs) of known concentration

Concentration (mg/L) Absorbance

0.0 0.003
10.0 0.049
20.0 0.095
30.0 0.143
40.0 0.195
50.0 0.247
60.0 0.292
70.0 0.341

<
I

=
L
L

y = 0.0049x - 0.0008
R? =0.9997

Absorbance
[

e

[ Ln Lad

=
=
s

] 10 20 30 40 50 50 F0
Cu(ll) concentration (mg/L)

Figure A.2:Calibration Curve of Cu(ll) from standard solutioos Cu (1670
mg/L)



APPENDIX

Appendix BT BET plots and N> adsorption-desorption isotherms
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Figure B.1: BET surface area plot of (a) unmodified and (b) modified CNWs
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APPENDIX

Appendix Ci Isotherms and kinetic studies

y = 0.2401x + 0.1712
5.0 R?=0.9998

C. (mg/fL)

Figure C.1: Langmuir isotherm plots for the adsorption of Cu(ll) onto modified
CNW adsorbents (temperature=; pH=; contact time=; sorbent dosage)

0.7

y = 0.1928x + 0.3679
0.6 R? = 0.9461
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log C,

Figure C.2: Freundlich isotherm plots for the adsorption of Cu(ll) onto modified
CNW adsorbents (temperagar, pH=; contact time=; sorbent dosage)
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Table C.3: Kinetic parameters obtained from pseiidd order for Cu(ll)
removal using modified CNW adsorbents at different initial Cu(ll) concentration
(a) 10 mg/L and (b) 60 mg/L

(a) 10 mg/L
t Ok O Ofe Ok log(Qle-att)
0 0 1.91 1.91 0.28
30 1.85 1.91 0.06 -1.19
60 1.86 1.91 0.05 -1.34
90 1.88 1.91 0.03 -1.46
120 1.88 1.91 0.03 -1.53
180 1.90 1.91 0.01 -1.91
240 1.91 1.91 0.00 -2.53
(b) 60 mg/L
t Ok O OleCt log(Ce-at)
0 0.00 9.19 9.19 0.96
30 8.21 9.19 0.98 -0.01
60 8.58 9.19 0.61 -0.21
90 8.59 9.19 0.60 -0.23
120 8.97 9.19 0.22 -0.66
180 9.00 9.19 0.19 -0.73
240 9.18 9.19 0.01 -2.01

t= time; g= adsorption capacity at time t g ad®rption capacity at equilibrium
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Table C.4: Kinetic parametembtained from pseudsecond order for Cu(ll)
removal using modified CNW adsorbents at different initial Cu(ll) concentration
(a) 10 mg/L and (b) 60 mg/L

(a) 10 mg/L
t e G t/q
0 0 1.91
30 1.85 1.91 16.26
60 1.86 1.91 32.19
90 1.88 1.91 48.00
120 1.88 1.91 63.81
180 1.90 1.91 94.85
240 1.91 1.91 125.85
(b) 60 mg/L
t Gk O t/q
0 0 9.19
30 8.21 9.19 3.66
60 8.58 9.19 6.99
90 8.59 9.19 10.47
120 8.97 9.19 13.38
180 9.00 9.19 19.99
240 9.18 9.19 26.14

t= time; g= adsorption capacity at time t g ad®rption capacity equilibrium
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Appendix DT Optimisation studies (ANN)

Training: R=0.99874
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Figure D.1: Experimental and ANN predicted Cu(ll) removal for the training set.
Condition for ANN: training algorithm: Levenbeigarquardt,number of inputs:
4, number of hidden layer: 6, number of output: 1
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Table D.1:ANN preliminary optimisation studies fowastewater matriXa) at
constant initial Cu(ll) concentration, (b) at constant pH, and (c) at constant
sorbent dosage

(a) At constant initial Cu(ll) concentration (3 mg/L)

pH Sorbent dosage (g/L) ANN Removal (%)
5 0.5 71.86
5 0.6 71.98
5 0.7 72.12
6 2.6 74.76
6 2.7 75.09
6 2.8 75.43
7 1.2 73.36
7 1.3 73.58
7 1.4 73.80
8 4.2 87.15
8 4.3 87.27
8 4.4 87.38
(b) At constant pH6.5)

Sorbent dosage (g/L) conér;zz;gi?r(]“()mg 0 ANN Removal (%)
0.5 1 58.00
0.6 1 58.04
2.4 2 63.85
2.5 2 64.11
6.3 3 82.52
6.4 3 82.59
5.3 4 83.78
5.4 4 83.87
8.1 5 88.28
8.2 5 88.34
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(c) At constant sorbent dosaffe25 g/L)

Initial concentration

pH (mg/l) ANN Removal (%)
5 3.9 85.63
5 4 85.69
6 4.5 85.46
6 4.6 85.61
7 3 83.42
7 3.1 83.75
8 4.1 89.81
8 4.2 89.88
8 4.3 89.95
8 4.4 90.01
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