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CHAPTER ONE - INTRODUCTION
1.1 Background

Water scarcity has been a distressing crisis in many countries around the world for years and
will continue to pose a threat in the futubg@proximately 2.2 billion people around the world

are unable to access clean and safkohg water(UNICEF, 2019) Particularly for developing
countries, other factors such as degenerating wastewater treatment infrastructure, reducing
freshwater sources, and financial constraints contitbatthe enormity of water scarcity
(Farmaniet al, 2021) Moreover, high salt content in water is yet anott@rtributing factor

to water shortages becaugerequires intensive prgeatment to ensurds suitability for
consumption(Vineis et al, 2011) This is a consequence of wastewater discharged from
industrial sources anghenleft untreated can prove to be detrimental for many species. Some
of the disadvantages of high saline water include deténgravater quality and aquatic health,
eutrophication, plant dehydration, and ecological imbala(®earenbergt al, 2020; Dowet

al., 2022) Approximately 309 million people in developing African countries experience
intermittent water supplwheredrinking water is supplied for less than a full d&armaniet

al., 2021; Loubseet al, 2021) In addition to a water scarcity crisis, mineral shortggesent

itself as an emerging economic problem. Minetabrtages typically arise due to the growing
industrial and economic sector thus further stimulating greater demand for these resources. The
increased pressure generated by the renewable energy sector also encourages a greater demand
for minerals as they are used in products such as electric geadoatewind turbines, electric
vehicles, and solar pandlSalvo and Valero, 2022 herefore, research was directed toward
wastewater treatment with an aim to recovaluable components such as mineral salts,
nutrients, organic products, and freshwater. The utilization of wastewater for mineral resource
reclamation has the potential to drive a circular economy and provide an alternative avenue
apart from the conventiohmethodgKharrazet al, 2022) Moreover, this is advantageous for

the environment as harmful and hazardous wastewaterbe adequately treated prior to

discharge.

Due to the small percentage adrinkable wateion earth, clean drinking water is commonly
produced from treated wastewater. Examples of membrane separation processes that are used
to treat wastewater include nanofiltration (NF), ultrafiltration (UF), microfiltration (MF), and
reverse osmosis (RO). Gthmethods include electrodialysis (ED) and membrane bioreactors
(MBR), and evaporation ponds that are used to retrieve valuable salt components in the water.



However, these procedures have their associated disadvantages. Processes such as RO are
limited by operating pressurgslickenbottom and Cath, 2014YIBR processes experience
poor effluent quality due to the presence of organic contamiiihtsrazet al, 2022) and

evaporation ponds suffer from high water losses to the@ment.

The gravity of the setbacks discussed herein motivate the need to find sustainable technology
that may assist to alleviate the problems experienced. One such solution is membrane
crystallisation (MCr) otherwise known as membrane distillatiopstallisation (MDC)which

was first introduced b€urcioet al (2001) This technique is an augmented form of membrane
distillation (MD) with an added crystallisation componartich MD does not inclde. It is
relatively new but is an avenue of membrane application technology that is gaining popularity.
This techmlogy has demonstrated its potential in sustainably providing solutions to the water
and mineral shortage crisd&incipally,this technolog utilises a hydrophobic membrane as

an interface, which separates a warmer feed side from a quarieeateegion The feed
solution is heated below boiling point, thereby facilitating a water phase change. The water
vapour that is generated passes thhothe hydrophobic membrane, which is condensed by a
colder permeate stream, thereby collecting freshwater from a previously polluted feed stream.
The temperature difference initiated across the membrane interface introduces a vapour
pressure gradient whids the driving force of this technique. The gradual elimination of water
from the feed solution drives the solution to supersaturation which allows the salt constituents

to be crystallised.

A unigue advantage of this technology is that it can utilisewable energy sourcebkerefore
making it a sustainable technolodlycan treat brine and has the ability to achieve near zero
liquid discharge (ZLD)Balis et al.,2022) It can also achieve higher total water recoveries
compared to MD alon@alis et al.,2022) Furthermore, it is not hindered by osmotic pressure
and can operate independently of the feed concentration, therefore even industrial wastewater
can be utilisedShi et al, 2022) It is not energetically intensive as it can operate at lower
temperatures and pressur@uistJensenet al, 2017) and it can snultaneously provide
freshwater and mineral sal{slickenbottom and Cath, 2014lowever, the success of this
techrology s limited due to disadvantages such as membrane fouling and wetting. The former
is the result of feed contamirtadeposition onto the membrane surface or within its pores
thereby leading to pore blockinRPramaniket al, 2016) Common types of fouling include
inorganic (scaling), organic and biofoulifQrioli etal.,2015) Fouling can lead to structural

damage and @rall performance deterioration. This problem is alleviated usingrgatment

2



strategies to eliminate or reduce the foulants in the feed solution, or membrane cleaning to
restore its original performance.Dd has the added benefit of reducing the occureeof

scaling as compared to MD, however it does not completely prevent it from hap(&miag

al., 2022) Membrane wetting occurs when water in its liqutdtes passes through the
membrane and provides an avenue for the permeation of any minerals or contaminants in the
feed solution. This can be circumvented using hydrophobic membranes. Consequences of this
includes a reduction of mass transfer and declipiragess efficiency. Other disadvantages
include polarization effects namely: temperature and concentration polarisation. Temperature
polarization results in reduced heat transfer which diminishes the driving force, additionally,
concentration polarizatiorstimulates scaling as it facilitates an increase in the solute
concentration at the feadembrane interface. Moreover, this reduces mass transfer across the
membrane(Hickenbottom and Cath, 2014)n this work membrane crystallizatiowas
evaluated using a selection of synthesised polyvinylidene fluoride (PVDF) membranes
containing additives to improve their properties. Moreover, these membranes were
comparatively assessed alongside commercial polytetrafluoroethylene (PTFE) membranes.
These membranes were evaluated through a series of Direct Contact Membrane Distillation
(DCMD) experiments using simulated seawater (3.5 wt% NacCl), after which they were
evaluated in MDC application using simulated acid mine drainage (AMD), which hastnot y
been widely reported in literature thus fAMD was targeted in ils study as it is highly
prevalent in South Africa due to the high level of mining activity especially in inland provinces.
Its high occurrence provides an opportunity of waste reclamation due to the harmful

environmental and health risks AMD poses.



CHAPTER TWO - LITERATURE REVIEW

2 Membrane distillation crystallization for water and mineral recovery: The

occurrence of fouling and its control during wastewater treatment

The information presented in this chapter was published as a review article in the journal
Frontiers in Chemical Engineering. This work was authored by Indira Chimanlal, Lebea N.
Nthunya, Cejna Anne QstiJ e ns e n, and Hei di Richards and
crystallization for water and mineral recovery: The occurrence of fouling and its control during

wastewater treat ment

2.1 Introduction

Presently, about 4 billion peoplgobally are affected by water scarcifilekonnen and
Hoekstra, 2016) Water scarcity is influenced by an increase urbanization and
industrialization, population growth, and climate chaffgened, Hashaikeh and Hilal, 2020)
Additionally, mineral resource depletion is emerging as an industrial problem. Thus, the
decline in raw materials results in energy and financial challenges in several inq@sirss
Jensenet al, 2016) The shortage of raw materials consequently minimizes industrial
production required to meet the market dewoh Therefore, recycling mineral resources from
waste streams while recovering freshwater is imperative. This avenue circumvents the search
for freshwater sources due to their steady depletion. A progressively attractive technique
addressing the issuesf anineral and freshwater shortages is membrane distillation
crystallization (MDC). Interestingly, MDC affords simultaneous recovery of both mineral
crystals and freshwater from higlaline wastewatgQuistJenseret al, 2016) Technically,

MDC is a hybrid process consisting of membrane distillation (MD) andssadiigation reactor
wherein the feed solution is concentrated in the MD system to reach supersaturation, followed
by crystallization to recover the minerd@uistJenseret al, 2017) Particularly, MDC can
overcome challergs associated with common wastewater treatment options such as reverse
osmosis (RO) and nanofiltration (NEPramanik, Shu and Jegatheesan, 20Adyitionally,

MDC operates at low temperatures and pressures, uses simple configuration, and consumes

less energy compared to other thermal proced@aschritet al, 2017; Pramanik, Shu and

4



Jegatheesan, 2017his review aims to unpack the principles and process characteristics of
MDC for mineral and water recovery. Secondly, membrane fouding) scale control measures

are highlighted. Furthermore, process parameter optimization towards permeate flux, and
crystal growth and selectivity are discussed. Additionally, membrane fabrication and
modification strategies are reviewed to provide furihsight into the development of more
efficient and competitive membranes. Lastly, the latest developments towards MDC

application are reported.

2.2 Principles of membrane distillation crystallization (MDC)

Membrane distillation (MD) has been extensivelnleated for the desalination of seawater

and the treatment of high saline industrially discharged wastewater. During desalination
processes, concentrated brines are generated and discharged to the environment. However,
these brines could be treated furtteerecover mineral resources. Drioli, Ali and Macedonio
(2015) regard mineral resources to be more economically valuable compared to fresh water
produced from MD processes. In their study, the researchers presented-ef{omufept to
extract mineral reources from MD desalination plar{3rioli, Ali and Macedonio, 2015)n

this regard, MDC emerged as a new technology with similar mechanisms to MD. The MDC
saturates the feed solution to recover mineral crystals. The feed solution is concentrated
through the MD process while recovering fresh wéeamaniket al, 2016) In this process,

the feed solution becomes concentrated towards-saparation, thus enabling nucleation and
mineral crystallization while simultaneously recovering freshwater on the permeate side of the
membraneKigure 2.1) (QuistJenseret al, 2016) To facilitate selective passagevadter in

vapour state while exclusively retaining liquid, this technique requires the akgdriophobic
membrangDas, Dutta and Singh, 202This process operates in various MD modes namely,
direct contact membrane distillation (DCMD), air gap membrane distillation (AGMD), sweep
gas membrane distillation (SGMXnd vacuum membrandistillation (VMD) (Pramaniket

al., 2016; Quistlensenet al, 2016. The detailed description of each mode is reported
elsewhergNthunyaet al, 2019) Interestingly, the water recovery in MDC ranges fron+-50

90%, thus emerging as alternative water desalination technol¢@uistJenseret al, 2019)
According toQuistJensen et al. (201,9YIDC can increase water production, mineral recovery
and advance zefiquid discharge (QuistJensenet al, 2019) The advantages and
disadvantages of this technique are summarizddalode 2.1.
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Figure 2.1: Schematic representation of MDC for recovery of freshwater and minerals

from industrial wastewater.

Table 2.1: Summary of the advantages and disadvantages associated with MDC.

Advantages Disadvantages

Reference

Independent of the feed Membranes are susceptible to

(Drioli, Di Profio and

concentration. Not affected by  fouling due to theontaminant Curcio, 2012;

osmotic pressures from deposition in membrane pores, Pramaniket al,

concentrated brines resulting in clogging among other 2016; Alietal.,
consequences 2018)

Can be utilized for salt separatic May suffer from scaling which is  (Drioli, Di Profio and

processes to circumvent salt co due to the collection of inorganic  Curcio, 2012;

crystallization. Also, crystal salts on the membrane surface
growth and nucleation are

controlled

Bouchritet al, 2017;
Ruiz Salmén and
Luis, 2018)

Lower energy consumption and Membrane performance may
can make use of alternative
energy sources such as solar
power

(Ruiz Salmén and

deteriorate due to membrane wettil Luis, 2018; Das,

Dutta and Singh,
2021)




Provides sustainable and - (Pramaniket al,
simultaneous water and mineral 2016)
salt recovery

2.3 Parameter optimization to enhance membrane distillation crystallization.

The development of a viable MDC process requioptimization to prevent undesired
crystallization inside the module and tubing. For this reason, the selection of appropriate MD
and crystallization operating conditions are imperative. These parameters include process
temperature, solution supersatusatiflow rates and duration of crystallization. Moreover, the
temperatures and flow rates affect the crystal size distribution. Therefore, analysis of these
parameters provides a better understanding of the MDC process and requirements to realize the

maximum performance while ensuring zero discharge to the environment.

2.3.1 Process temperature
The effect of process temperature on permeate flux is best described by Antoine equation,
where a, B, and y are const anisthevapeur @egssureg t o

(Pa) and T is the temperature (K).

oY Q
According tothe Antoine equation, vapour pressure exponentially increases with temperature
(Choudhuryet al, 2019) Furthermore, water flux is directly proportional to feed temperature
(Banat and Simandl, 1998owever, flux increments are limited by the process temperature
and declines once an optimum has been attgdiBadat and Simandl, 1998Yloreover Attia
et al. (2017)evaluated the effect of tempeset using synthetic electrospun PVDF,
superhydrophobic alumina, and commercial PVYDF membranes in a comparative AGMD
process. A direct relationship between permeate flux and feed temperature was established
(Attia et al, 2017) Liu et al. (2022)assessed the effect of temperature and flow velocity to
obtain lithium chloride from aiconditioning systems via DCMD. Reportedly, an increase in
feed temperature improved solute generation although the membrane's hydrophobicity was
altered. However, the increase in solute concentration reduced the water flux due to a decreased

partial vapour presser(Liu et al, 2022) Although high water fluxes are obtained at higher



temperatures, the water recovery factor is reduced due to salt precigifdtioet al., 2021)

The effect of feed temperature on process operation is summarizedle?2.2.

Table 2.2: Summary of the effect of varying the feed temperature on the permeate flux.

Membrane type MD process Feed Flow rate Permeate flux Ref.
type temperature (L mint) (L m2ht)
variation (3 )
Electrospun PVDF AGMD 30-70 15 Increased (Attia et
from9.17to al., 2017)
26.22,
Flat sheet PYVDF  ADMD 25- 80 5.5 Increased (Banat and
membrane from 0.5 to Simandl,
9.1 1998)
Commercial Integrated FC 40- 70 0.4 Increased (Husnain
polypropylene (PP) —MD from 8.1 to et al,
membrane process 35.4 2015)
PTFE DCMD 55-65 0.4-1.0 Significant (Liu et al,
increase in 2022)
flux.
PTFE AGMD 50-80 0.03-0.06 3.06 (Kargari
and
Yousefi,
2021)
Polyimide fiorous DCMD 30-50 0.24 Increased (Zhuet al,
membrane (Pl FM) from 26.12to 2021)
64.15
Commercial PTFE DCMD 40- 60 1.0 Increased (Ramoset
from 4 tol2 al., 2022)

2.3.2 Solution supersaturation

The capability of theMD techrology to progressively concentrate a feed solution to

supersaturation gave rise to MO¥adavet al.,2022) The gradual passage of water vapor

from the feed stream to the distillate results in the eventual concentration of the feed solution

to its critical saturation. Further increase in feed ssgiaration enables the recovery of crystal

salts from the crystallization react@aset al.,2021) Importantly, this process facilitates the

recovery of highequality mineral crystals in terms of size and purity. Other benefits include

controlled rate of supersaturation and nucleafiedavet.al.,2022) However, the increase

in feed concentratiotowards solution supersaturation induces temperature and concentration

polarization, thus reducing the permeate flikartinez, 2004) Moreover, pore blockage



occurs due to the formation of crystals on the surface of memiyadav et al., 2022)
Martinez (2004)nvestigated the effect of feed concentration anghrmeate flux using a flat

sheet PTFE membrane and feed solutions of pure water, sodium chloride, and sucrose. Notably,
the pure water flux remained stable towards supersaturation. However, the deposition of
sodium chloride and sucrose crystal on the brame surface resulted in a decrease in the
permeate fluqMartinez, 2004) When supersaturation is attained in the dekd solution,
nucleation is then induced which is succeeded by crystallizgiaadav et.al., 2022)
Moreover, a higher feed temperature increases rate of solvent evaporation, thusrfgalitati
increased rate of supersaturation compared to that experienced at low feed temgEchires

and Chung, 2013)

2.3.3 Duration of crystallization

The formation and crystal growth are influenced by the solubility of the salt, rate of water
recovery and process temperature. For instance, feed solutions Vaitihh concentration
containing extremely soluble solutes requires a lengthy period to fortals{fgudolph, 2010;

Liu et al, 2021) Additionally, slow crystal growth rate facilitates formation of large crystals.
Therefore, longer crystallization periods give rise to larger cry§dsirez et al, 2020) In

their study Wagstaff et al. (1964¢valuated thémpact of crystalliation duration to the size

of cristobalite. Based on their findings, the size of the crystals increased quadratically upon
increase in duration of process crystalliza(dfagstaff, Brown and Cutler, 1964 ssentially,

the rate of crystal growth is governed by the various factors including flow of latent heat from
the growing crystal, diffusion and m@éns occurring at the crystal interfa@@udolph, 201Q)

In MDC pracesses, the inclusion of the membrane provides a site for heterogeneous nucleation.
The Gibbs free energy is lower at the membiswmiation interface, thus favoring
heterogeneous nucleation rather than homogenous nucléatianSalmén and Luis, 2018)
According toEdwie and Chung (2013a high feed temperature encourages a higher rate of
evaporation resulting in a lower average crystal size. Once nucleation has be&hesiahke

nuclei begin to grow until the critical cluster size has been achieved. Thereafter, crystals form
and grow in saturation zones (i.e. metastable and unstable growth @tadesyet al, 2022)
Technically, rate of supersaturation and nucleation affect crystal network growth, consequently

the duration of crystallizatiofDaset al, 2021)

2.3.4 Recirculation rate



High recovery rates of MDC processes are realized at higher recirculatio(Guaterinathan

and Lienhard, 2018)or an efficiat and high performing MDC process, the overall recovery
factor should be greater than that of a single pass prlc#szreet al, 2018) To achieve high
recovery factors, the retentatemaxed with the new feed solution prior to crystallization
(Lokare et al, 2018) In addition to high recoveries, an increase in the recirculation rate
enhances the heat transfer coeffici@ansequently, this minimizes the boundary layer thus
improving the permeate fluXSrisurichan, Jiraratananon and Fane, 20@)e to the
improvement of water turbulence hah recirculation rate reduces temperature polarization

and membrane fouling, thus ensuring the stable wate(lfnkareet al, 2018)

2.4 Fouling of MDC membranes

Occurrence of fouling in MDC is a common problem affecting process performance. To
minimize fouling, its developments and successions should be established. Briefly, fouling
occurs due to the deposition of microbial, colloidal, organic, or inorganic ttergs on the
surface or inner pores of the membrane, thus causing blodiGgasdhuryet al, 2019; Mpala

et al, 2022) Due to changes in the membrane physicochemical properties, fouling reduces
permeate water flux, salt rejections and also increases the operating expenditure (OPEX) of the
process(Nthunya et al, 2022) Additionally, fouling reduces membranhydrophobicity
leading to membrane wettinyvang and Lin, 2017)Reduced membrane hydrophobicity
encourages the psage of water in liquid state, thus reducing mineral salt reje@iang and

Lin, 2017; Choudhurgt al, 2019) Moreover, fouling is not linted to the membrane surface,

but can also occur within the membrane pores. This was evident in a study conduGtagd by

Kim and Hong (2018)reporting deposition of foulants within the membrane pores in
conjunction with reduced water recoveries and permeate flux. Usually, permeate flux reduction
is caused by partial and complete wetting while the latter is true for water quality deterioration
(Figure 2.2) (Yao et al, 2020) Technically, the membrane is partially wetted by process
condtions with limited passage of water in both liquid and vapour state. However, during full
pore wetting, the water carrying salt ions passes through the membrane in liquid state, thus
reducing the quality of the distillate.
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Figure 2.2: Graphical representation of membrane pore wetting experienced in MDC.

Common factors influencing fouling include feed solution properties, hydrodynamic
conditions, and membrane characteris{itgao et al, 2020) The most prevalent form of
fouling in MDC is scaling caused by spayly soluble saltgPramaniket al, 2016; Charfiet

al., 2021) Inorganic scaling occurs via two mechanisms, namely; 1) nucleation and precipitate
growth on the surface or pores of the membrane and 2) the-umuilof precipitates
materializing in the bulk solutiofHorsemanet al, 2021). Common scalants causing
membrane damage include calciumpéate and calcium carbonafélkhatib, Ayari and
Hawari, 2021) Fouling can be classified into porous and-porous where the former causes
thermal resistance and the latter results in both thermal and hydraulic regi8taoheleKarim

et al, 2021; Alkhatib, Ayari and Hawari, 2021y herefore, to mainta high MDC process
performance, operational challenges associated with a high concentration of salts and a
complex feed solution should be overcome. Fouling and its implications are presérgbtin

2.3 below.

Table 2.3: Implications of fouling during experimental procedures.

Membrane type Fouling Implications Reference
classification

Commercial PP Calcium carbonate Reduced water (Kim, Kim and

hollow-fiber and sodium scaling recovery and Hong, 2018)

permeate flux

11



Synthesised PVDF Organic fouling Decreased flux with (Shiet al, 2022)

hollow-fiber (dyes) long term operation
Commercial PVDF  Scaling Rapid flux decline  (Choiet al, 2020)
PTFE/PP Calcium sulphate ~ Permeate flux (Nghiem and Cath,
scaling decreased almost to 2011)
zero
PTFE and PE Organic fouling Decreased permeat¢ (Venzkeet al,
(from petrochemical flux 2021)
wastewater) and
scaling
Commercial PTFE  Organic fouling Reduced water (Ramoset al, 2022)

recovery rate and
permeate flux

Synthesised Organic (ginseng) Reduced overall flux (Zouet al, 2022)
PVDF/PSF hollow and inorganic and rejection factor

fiber fouling

Commercial PP Organic and 40 % flux decline (Gryta, 2020)

inorganic fouling

2.5 Fouling control

Membrane fouling is inevitable and therefore requires strategic measures to minimize its
effects on process performance. Fouling control increases the membrane lifespan and maintains
the performance of MDC processgsgbaqgbiet al, 2017) Membrane fouling is controlled
through several measures irilng pretreatments, backwashing, and chemical cleaning.
These processes lengthen membrane longevity. Chemical cleaning and backwashing are
employed post membrane fouling to recover flux and salt rejection. To increase water

recoveries, fouling control igptimized to minimize cost and damage of membranes.

2.6 Pre-treatment

Flux decline caused by membrane fouling requires frequent membrane cleaning and possibly
replacement, consequently increasing operating and maintenance costs (OPEX). Therefore,
wastewatepretreatment integrated to MDC improves process performance. Primarily, pre
treatment strategies limit fouling by reducing foulants concentration in the feed water. The
choice of pretreatment depends on the feed water. Typically, a combination -tfgatenent
strategies is required to improve efficiency of foulant removal from the feed solution. These

combinations involve physical and chemical processes such apréssure membrane

12



filtration, coagulation and flocculation, adsorption, pH adjustmemd the addition of anti

scalants.

Mechanical prdreatments consist of membrane processes such as microfiltration (MF),
ultrafiltration (UF), and nanofiltration (NF). Particularly, NF is used for water softening and
reduction of natural organic matter@W1). The UF and MF reduces colloidal, suspended and
biological mattefAlkhatib, Ayari and Hawari, 2021 hese prdreatment methods have been
evaluated in water processing of various complexjtisunya, Mbakop and Mhlanga, 2021)
El-Abbassi et al. (2013tudied coaglation-flocculation and MF préreatment of olive mill
wastewater in DCMD. Coagulatidiocculation pretreatment reduced the concentration of
TDS and phenolic compounds by 23% and 18%, respectively. The TDS removal was improved
to 30% while that of phetic compounds was reduced to 4.8% upon the MF treat(&nt
Abbassiet al, 2013) In another studyKarakulski & Gryta (2005)nvestigated NF pre
treatment of tap water for use in MD. Reportedly, untreated feed water caused membrane
scaling leading to rapid flux decay. However, ptE-treatment removed scalants thus ensuring
high process performand&arakulski and Gryta, 2005Additionally, adsorption has been
proven to effectiely remove organic matter prior to MD water purification. Nthunya et al.
(2019) reported removal of phenolic compounds from feed wastewater using a candle filter
(pore size ~100 pm) equipped with polyethyleneirfunectionalized polyacrylonitrile
nanofibe membranes. The membranes presented 39.9adsprption capacityLebea N
Nthunya, Gutierrez, Derese and Mamba, 20N&tably, MD process performance remained
relatively stable upon feeding with piieated wastewater. Coagulatifiocculation is another
process proven to effectively remefoulants prior to MD water processing. In this process,
foulant particles are converted into larger flocs, thus reducing their adhesive interaction with
the membranes. Moreover, coagulatftotculation coupled with conventional treatment or
membrane ftration processes remove the flocs from the feed w@thdhatib, Ayari and
Hawari, 2021) Li et al. (2016)investigated the purification of biologically treated coking
wastewater using MD coupled with coagulation-ppeatment. A polyaluminium chloride
(PACI) flocculant reduced the foulants thus promoting the stable performance (i Mtal,

2016) Lastly, pHadjustments have been extensively used to treasfdations in membrane
processes. The increase in feed pH promotes formation of metal precipitates which are removed
as insoluble metal hydroxides prior to MDC. Similarly, the feed solution is acidified to dissolve
the foulant, thus impeding their interamtiwith the membrand&arakulski and Gryta, 2005)

A summary of MDC prdreatment processes is presenteligure 2.3.
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Figure 2.3: A summary of prareatment processes in MD@) pre-treatment classifications

and(b) process selection for specific foulant.

2.5.1 Use of anti-scalants

Anti-scalantsare precipitatiosinhibiting chemicals impeding nucleation or crystal growth of
scalants on membrane surfaces. Actlants adsorb on the nuclei surface to obstruct the rate
of crystal growth and agglomerati¢hin and Singer, 2005; Gloede and Melin, 2008; Abdel
Karimet al, 2021) The antiscaling mechanism of action takes place through ligand exchange
or electrostatic interactiondgdorsemanet al, 2021) Commonly used anficalants include
organophosphates, polyelectrolytes and polyphosp(i&tmneet al, 2009) Yin et al. (2021)
evaluated gypsum argcaling in revese osmosis (RO) coupled with MD using Poly(acrylic)
acid (PAA). A 1300 min test recorded 95% water flux decay in the absence of an antiscalant.
However, the decay was reduced by 30% upon addition e$ealtint, thus corresponding to
40% water recoveryYin et al, 2021) Lin & Singer (2005)utilized polyphosphates to
minimize calcite crystal growth in MThe process performance remained stable with minimal
flux decay recorded. Though asttalants improve MDC processes, their addition beyond
maximum threshold promote membrane biofoulfiging et al, 2015) Therefore, thentk

scalant dosage should be optimized to meet the process requirement upon treatment of a

specific feed solution.

2.5.2 Membrane flushing and gas bubbling
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Membrane flushing and gas bubbling are classified as physical fouling mitigation strategies.
Flushingis often carried out to remove adsorbed solutes from the membrane surface using
deionized water. Nonetheless, flushing fails to remove solutes within the membrane pores
(Alkhatib, Ayari and Hawari, 2021Flushing is often operated in two modes namely, forward
and backwashing. Technically, deionized water is pemnin a forward direction during
forward flushing while the reverse is true for backflusi{idshatib, Ayari and Hawari, 2021)

Gas bubbling enhances shear rate and fluid dynamics thus reducing temperature and
concentration polarizatio(Alkhatib, Ayari and Hawari, 2021Reportedly, finely dispersed
bubbles are more efficient compared to course bulible®t al, 2008) Choi et al. (2020)
assessed the recovery of sodium sulfate from seawater brine using a hollo®w\f[DEr
membrane in fractionally submerged MD crystallization. Two cleaning procedures were used,
namely air backwashing and deionized water flushing in the presence of ammonium sulfate.
Air backwashing enabled 90% flux recovery. Similarly, flushing reca/&2% water flux

from the original level. However, multiple air backwashing caused progressive permeate flux
decline(Choi et al, 2020) To reduce scaling of a commercial PTFE membrane supported on
polypropylene (PP)Nghiem & Cath (2011used MilliQ water. Five cycles of membrane
flushing recovered 30% of the original fliMghiem and Cath, 2011)hough flushing is more
efficient forremoval of inorganic foulants, it can also be used for removal of organic foulants

upon treatment of an edontaminated fee(Gryta, 2020)

2.5.3 Temperature adjustments and backflow

Temperature and flow reversal (backflow) techniques are novel methods used to mitigate
fouling in MD/MDC. This experimentgbrocedure was evaluated biickenbottom & Cath
(2014)to minimize scaling while ensuring stable process performance. The temperature swap
between the feed and distillate effectively reversed the driving force across the membrane, thus
reducing the surface interactions between the membrane and scalantdluiX/atet rejection
efficiencies were recovered to 95%. Remarkably, both methods minimized scaling, thus
ensuring stable fluxes and maintaining high salt rejedtitiokenbottom and Cath, 2014)
Notably, these mitigation strategiesoa/the use of expensive and toxic chemicals. Therefore,
temperature and flow reversal are attractive alternative measures to control membrane fouling.

However, extensive research is required to ascertain their sustainability at an industrial scale.
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2.5.4 Chemical cleaning

Chemical cleaning is the most evaluated reactive measure used to control membrane fouling.
The mechanism of action involves breaking foular@mbrane interaction@&lkhatib, Ayari

and Hawari, 2021)Chemical reagents include acids, bases, surfactants, chelating agents,
enzymes, and oxidan{&\l-Amoudi and Lovitt, 2007; Pordeland Judd, 2010)Typically,

bases and surfactants are used to address organic and biofalkhragib, Ayari and Hawarri,

2021; Charfiet al, 2021)while acids and chelating agents are true for inorganic fouling
(Alkhatib, Ayari and Hawari, 2021; Gryta, 202X ensure a synergistic cleaning process, a
combination of chemicals is generally used during the treatment of complex feed solutions
characterized by various foulantalkhatib, Ayari and Hawari, 2021)Charfi et al. (2021)
optimized cleaning procedures of the MD process dutieatment of anaerobic digestate.
Reportedly, deionized water flushing was followed by 0.2% NaOCI and 3% citric acid for 60
min. NaOCI and citric acid were effective for organic and inorganic foulant removal,
respectively thus ensuring 75.5% flux recgvdfurthermore, the cleaning process recovered
87% of membrane hydrophobicity with minimal membrane wetf@igarfi et al, 2021) In
another studguillen-Burriezaet al. (2014evaluated a variety of cleaning agents in kbegn

scaling control in MD processeAs per r@orted findings, a combination of 0.1 wt% oxalic

acid and 0.8 wt% citric acid recovered 97% of the membrane WCA. Furthermore, formic, and
sulfuric acid recovered 96.7% and 94.6% of the membrane WCA respectively. Although these
processes restored WCA, timéggrity and mechanical strength of the membranes were affected
(Guillen-Burriezaet al, 2014) The destruction of membrane integrity depends on cleaning
conditions including the concentration of reagents, duration, and cleaning frequency. To
understand the impact of chemical cleaning pertaining to physicochemical properties, various
characterizatin techniques should be employed. These include chemical, morphological,
topological, hydrophobic/hydrophilic, and mechanical analysis of the memlitaspitasari

et al. (2010)nvestigated the cleaning and aggof PVDF membranes using oxidative sodium
hypochlorite (NaOCI). The effect of chemical concentration on the cleaning and ageing of the
membrane is presented kigure 2.4a. The cleaning efficiency improved with an increase in
NaOCI. The same trend walsserved for cyclical membrane cleaning. However, following the
cleaning protocol, SEM micrographs showed presence of foulants on the membrane surface.
Moreover, FTIR results presented changes in the chemical functional groups of membrane,
thus alluding toan ageing effect. Furthermore, higher concentrations NaOC| damaged the

integrity of the membrand-{gure 2.4b) (Puspitasaret al, 2010) To minimize the damage, a
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combination of cleaning reagents and &atalants is commonly used. This was evaluated by
Peng et al. (2015Juring the MD treatment of RO coantrated brine. A series of chemicals
namely, NaCl, NaOH, KCOOH, citric acid, and ED-BAla were used. While operating at
elevated temperatures, ED¥MNa enabled highest flux recovery. Improved recovery was
associated to chelation of calcium ions, thusicgty their interactions with the membranes
(Penget al, 2015) In another study,Zhang et al. (2021ysed a combination of organic
phosphoric acid and hexamethylene diamine tetra(methylene phosphonic acid) (HDTMPA)
during treatment of landfill leachate in FO/MD system. A combination ofetlceemicals
reduced the foularmhembrane interactions, thus improving the process performance. Although
90% of flux was recovered in the first cycle, continuous cleaning did not show significant

increase in performance recovéBhanget al, 2021)
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Figure 2.4: (a) Average cleaning efficiencies as a function of varying NaOCI concentrations,
(b) overall cleaning efficiencies (OCE) observed for aged, fouled membfBospitasaret
al., 2010)

Some foulants bind strongly on membrane surfaces, thus causing irreversible fouling. This
phenomenon was reported Wgidu et al. (2015)pon NaOH cleaning MD membranes fouled

by humic substances. Partial regeneration of the membrane with 19% hydrophobicity recovery
was reportedNaidu, Jeong and Vigneswaran, 2Q16urther improvements in chemical
cleaning involves the use of 3D spaceBpacers amplify flow turbulence, thus reducing
foulantmembrane interaction. In their studyastillo & al. (2019)investigated a stewise

cleaning of MD membrane using citric acid and water in the presence of spacers. Upon
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cleaning, 87% of membrane WCA was recovéfeastilloet al, 2019) The effect of various

cleaning strategies is presentedable 2.4.
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Table 2.4: Summary of the cleaning strategies used in various studies.

Cleaning strategy Cleaning Frequency Effect on Flux Effect on WCA Comments Ref.
duration
60 min rinsing with deionized Every two days 87% water 75.5% WCAwas Membrane was (Charfiet al,
water followed by 0.2 % flux was restored resistant to wetting 2021)
NaOCI and 3 % citric acid recovered
30 min rinsing with deionized - - 126.4°compared to Mechanical integrity (Guillen
water followed by 0.1v% 129°for the unused of the membrane wa Burriezaet al.,
oxalic acid and 0.8 wt% citric membrane reduced 2014)
acid
1% NaOCI followed by 10 min - - - 95% cleaning (Puspitasaret
rinsing with deionized efficiency was al., 2010)
recorded
60 min washing with NaOH, - - - Combined cleaning (Shiet al,
absolute ethanol, and pure strategy was 2022)
water effective
EDTA-4Na - - - - Higher flux (Penget al.
recoveries achieved 2015)
at higher
temperatures
2.5 wt% HCI 30-70 - - - 100% flux recovery (Gryta, 2007)
hrs was recorded
Deionizedwater rinsing and - - - Average Fouling was (Naiduet al,
NaOH hydrophobicity was irreversible 2015)

reduced by 19 %
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Membrane modification using 5and 10 -

Membrane surface

(Lyly et al,

SiO-PNIPAM particles, and  min free energy was 2021)
thermal actuation reduced, thus

restoring

hydrophobicity
Hydraulic rinsing - Flux recovery - HDTMPA facilitated (Zhanget al.,

of > 90 % antiscaling 2021)

0.1 wt% citric acid and 24 hrs, - WCA of membranes Acid improved (Castilloet al,
deionized wate. Also, 3D was reduced by 13% cleaning process 2019)

Gyroid spacer was used
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2.5.5 Membrane modification

Membrane modification improves resistance to fouling and wetting. Typically, modification is
achieved through systematic manipulation. Currently, superhydrophobic membranes
characterized by selfleaning properties are explored with low success rate. Pooira
membrane resistance to fouling while retaining high salt rejection, omniphobic and Janus
membranes are also repor{®dang and Lin, 2017; Yaet al, 2020; Tjaleet al, 2022) These
membranes are characterizegl asymmetric wettability to minimize fouling while retaining
process stabilitAfsari, Shon and Tijing, @1). Xiao et al. (2020)repared omniphobic
membranes through incorporation of silica hanoparticles (Sibbzel micropillars (MP) to
PVDF. Reportedly, SINPSIP-PVDF membrane reduced scaling and fouling, thus maintaining
the process performance over a longer petiigures 2.5 (a) and (b) present the role of

membrane modification towards preventing flux decay.

In another studyToh et al. (2019)nodified PVDFco-hexafluropropylenenembranes using

silica nanoparticles to improve their resistance to wetting and fouling. The modified
membranes were characterized by high WCA and low surface giietggt al, 2019) Zhang

et al. (2021)reported hydrophilic surface modification of PVDF hollow fibre meamier
through cedeposition of polydopamine (PDA) and poly(MRG-2-aminoethyl methacrylate
hydrochloride) (MPGo-AEMA). The smooth hydrophilic thin layer reduced the foulant
membrane interactiozhanget al, 2021) In addition to hydrophilic coating, antimicrobial
nanoparticlesare embedded on hydrophobic membranes to combat organic, inorganic and
biofouling. These additives include silver nanoparticles, cellulose nanocrystals and carbon
nanotubegNthunyaet al, 2019; Nthunyaet al, 2020) Membrane modifications processes

addressing fouling are presentediable 2.5.
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Table 2.5: Summary of various membrane modification strategies and their effects on

membrane properties.

Membrane  Membrane Physical properties Findings Ref.
type modification
WCA (J LEP Flux (kg
(Bar) m2 hr?)
Omniphobic  Incorporation Improved - - Fouling (Xiao et al,
PVDF of silica from 130.1 resistant 2020)
membrane nanoparticles to 175.6
Superhydroph Incorporation  Improved - - (Toh et al,
-obic PVDF of silica from 135 to 2019)
HFP) nanoparticles 151
PVDF hollow Modified with - Improved - Improved (Zhang et
fiber PDA and from 1.13 fouling al., 2021)
membrane AEMA-HCI to 1.15 resistance
Two-layer Surface Increased - 18% flux Fouling (Kharraz &
superhydroph fluorination from 123.1 increase resistant An, 2020)
-obic PVDF coating to 154.5
membrane
Superhydroph Electrosprayed 170 - - Anti- (Liao et al,
-obic with  PDMS abrasive anc 2020)
electrospun  and silica fouling
PVDF fumes resistam
membrane
PFPE/PVDF Prepared by 162.6 - 34.2 No flux and (Pan et al,
UV-curing salt rejection 2022)
decay
PVDFPDMS AgNP Top surface: - Flux Improved (Yue et al,
Janus deposition on 85.62, and increased vaporiz 2021)
membrane membrane bottom from 11.5 ation and
surface surface: to 20 flux
119.7
PVDF Modified with - - Water Improved (Rahmaniya
membrane TNTs flux porosity, n et al,
increased thermal and 2021)
by 38.7% mechanical
properties
PVDF Blended with Hyflon/PV: - Hyflon/P  Improved (Pan et al,
Hyflon and 138.4 and VDF: > permeate 2022)
PFPE PFPE/PV: 28 L quality and
157.7 PFPE/PV resistant to
DF: 21 flux decay
PVDF/PSF  Fluorinated 132 - ~6.0 Improved (Zou et al,
hollow fiber mechanical 2022)
strength,
antr
wettability,
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and water
permeability

2.6 Application in wastewater treatment

Membrane distillation crystallization (MDC) emerged as a promising innovation in response
to the global shortage of fresh water and mineral resources. Owing to the challengageassoci
with industrial application, MDC is extensively tested at laborasosle. Various applications

of MDC are summarized imable 2.6. Nonetheless, process optimization with sound findings
has motivated its industrial use for treatment of wastewatemst@anceHamzahet al (2019)
reported a flux of 11.0 kg-¥hr? during the treatment of a phenetich feed solution using

a PVDF/TiQ/SiO, composite membrane. Remarkably, Fi@odification improved process
resistance to organic foulingdamzahet al. 2019) Although fouling is minimized to some
extent, it remains critically challengingi(m et al, 2017) Notably, fouled membranes attract
scaling and wettin¢gKkim et al, 2017) Despite all these challenges, MDC is relatively versatile
towards treatment of complex feed solutions. In their studyet al. (2017) reported 99%
water purity recovered from efirocessing wastewater. Moreover, MDC is used as a finishing
process to recover minerals and freshwater (90% water recovery and 99% salt rejection) from
the RO concentrat&énzkeet al, 2021) Nonetheless, treatment of the RO concentrate causes
concentration polarization and scalifwenzkeet al, 2021) Interestingly, MDC does not only
treatindustrial wastewater but also biological waste including human Wheoét al.,2013)

During this treatment, 31:948.6 % water recovery was reportddng with ammonianitrogen
recovery and COD reductig@haoet al, 2013) Among other factors related to the economics

of the process, MDC is driven by renewable energy sources. The usamtsetgy was
evaluated by.i et al.(2020)in a pilotscale where photothermal membrane was used. Although
high flux (21.99 kg-r-hrt) was reported, water recovery factors were low and production of
photothermal membrane was cosfly et al, 2020) The successes achieved at lab scale
supports the implementatioof this technology toward pilot and industrial scale. Memstill ®
reported first pilot testing of MD technology implemented at an incineration plant in Singapore
in 2006 (Dotremontet al, 2010) Other pilot studies were established at BASF in Antwerp,
Belgium in 201)(Camacheet al, 2013)
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Table 2.6: Various application of MDC towards treatment of wastewater and mineral recovery.

Membrane type Mode of Feed Process Process flow  Permeate Products Ref.
application solution used temperature (Feed/ rates flux
permeate/
crystallizer) (3 )
Commercial hollow Fractional RO brine 50.0/ 20.1F 0.8 L mintt - 72% water  (Choiet al, 2020)
fiber PVDF submerged recovery,
MDC 223.73 ¢
NaeSQy
Commercial hollow MDC Shale gas 60/ 20/- - - 84% water  (Kim, Kim and
fiber PP produced recovery, salt Hong, 2018)
water production
2.72 kg-m
2_day1
Hollow fiber PP VMD - Wastewater 55- 75/ 10/- - - 99% water  (Luetal, 2017)
crystallization from oil purity, NaCl
extraction. and ethylene
glycol
Commercial PVDF DCMD - 2M 40-70/ 25/ variable 2 L hrt - 80% water  (Bouchritet al,
MDC concentrated recovery, 2017)
NaSOy 100 kg m?®
NaeSQy
PTFE MD/MDC Synthetic 60/ 20/ 40 25cm & - 62.5% water (Kim et al, 2017)
shalegas recovery and
produced NaCl, BaCt,
water and CaCQ@
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Microporous PTFE VMD
plate membrane

Human urine 50-70/-/ -

30Lhrt

31.9-48.6% (Zhaoet al, 2013)
water
recovery

FesOs—PVDF—co-  Solar driven  Synthetic - 20/ - 20 ml min? 0.97 kg n¥  Salt rejection (Li et al, 2020)
hexafluoropropylene MD NaCl solution ht of 99.99 %
nanofibers
Cloisite 15- MDC 26.4 wt% 70/-1 25 - - 34kg NaCl  (Edwie and
modified PVDF NacCl solution was Chung, 2013)
hollow fiber produced per
membrane me of feed
PTFE, standard PE DCMD RO 60/ 20 - PE-O = Recoveries (Venzkeet al,
(PE-S) and concentrates 5.0 kg-m close to 90% 2021)
oleophobic PE (PE from 2.h!, PE-  and rejection
-0) petrochemical S=21 rates >
wastewater kg-m?-ht  99.5%
and PTFE
reduced by
30% of
initial flux
after 250
hrs
PVDF blended with DCMD 35¢g-L?t 82/ 20/- 48 ml mint 9.5x10°  Salt ejection (Silvaet al, 2015)
multi-walled carbon synthetic kg m?s? of 100 %
nanotubes NaCl solution after 60 min
PVDF/TIO./SIO; DCMD A phenolic  40/20f 300 ml mint 11.0 kg-m 99.9% gallic (Hamzah, Leo anc
rich solution 2.hlafter 8 acid rejection Ooi, 2019)
containing hrs with a flux
surfactant decay
resistance
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Commercial PP and DCMD
hollow fiber PVDF

Wastewater 35,45,55/10/
produced

from oil and

gas

production

Feed: 150
ml-min*tand
permeate: 70

Increased  NaCl purity:
flux as a > 99.9%,
function of waterand
temperature NaCl
recovery:
37% and 16
kg-n
respectively

(Al et al., 2015)
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2.7 Conclusion and future perspectives

MDC addresses financial challenges affectiegeloping countries. Vanrs literature reports

have documented the successes of this technique in effectively recovering freshwater and
mineral salts from a myriad of wastewater feed souiQesstJenseret al, 2016, 2017; Kim

et al, 2017; Choiet al, 2020) In conjunction to emerging laboratesgale studies,
implementation of pilbstudies at an industrial platform provides a promising trajectory for the
future of this technology. Nevertheless, membrane fouling, and wetting requires special
attention. Membrane fouling can be classified into organic, inorganic (i.e., scalingylinigfo
and/or colloidal fouling. In some circumstances, a combination of foulants may exist in the
feed solutions thus resulting in more complex membrane fouling scenarios. To circumvent
these issues, various fouling control measures have been registduelthiy mechanical pre
treatment options such as microfiltration (MF) and nanofiltration (NF). Othetrgaément
strategies include ansicalants, temperature adjustments, and membrane flushing. Moreover,
chemical cleaning has been extensively evaluatedestore MDC performance. While
commercial membranes have be used for MDC processes, further research has been directed
towards synthesis and modification of various fouling resistant membranes. This includes
incorporation of nanoparticles to inducefsgeaning through superhydrophicity enhancement
(i.e. improving the lotus effect of the membrane). Similarly, Janus membranes characterized
by asymmetric wettability have been evaluated to mitigate membrane fouling. The steady
development in this techniguand its accompanying components has probed further interest
into its applicative potential. Promising feedback established with the use of this technique
pave the way towards further implementation in an industrial setting for mineral and water

recycling Future perspectives include, though not limited to:

1 Production of membranes using environmentally friendly reagents in addressing
membrane fouling and wetting.

1 Optimization of membrane cleaning strategies towards a feasible industrial
application.

1 Further research and implementation of pgotle studies to provide a realistic MDC
suitability in industrial application.

1 Further research establishing fouling mechanism is required to understand membrane

longevity and process performance.
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CHAPTER THREE - RESEARCH OBJECTIVES

This chapter unpacks the key aim of this project as previously discussed in @ragptand

further elaborates on the specific objectives undertaken to realise the aim of the project.
3.1 Research significance and study objective

Membrane distillation crystallization (MDC) is a technology offering a myriad of advantages
such as the 1) dliy to function with renewable or waste energy sources, 2) the ability to treat
concentrated wastewater without reducing the process performance, and 3) it affords green
process tailoring of membranes. For these reasons, MDC is a promisirgffecsve and
sustainable technology towards treatment of industrially discharged brines. Remarkably, This
technology affords the simultaneous recovery of freshwater and mineral salts from wastewater,
thus ensuring sustainable solutions and circular economy. MB@a# emerging technology

with few current reports of the pilot studies. Therefore, process improvements is a key
requirement for its industrial testing, particularly in South Africa, where treatment of
wastewater remains a problem. The aim of this study W synthesise various hydrophobic
polymeric membranes and modify them using hydrophobic nanoparticles such as
functionalised carbon nanotubes (fCNTs) and functionalised silica nanoparii@s\NPs.
Thereafter, the pr ep avnsassessectimiughanengbsne diptidation o r ma

crystallisation (MDC) studies for the recovery of freshwater and mineral salts from wastewater.
3.2 Specific research objectives

3.2.1 Chemical characterisation of selected high saline wastewater samples obtamed fr
wastewater sources using analytical techniques such as ion chromatography (IC) and

inductively coupled plasma optical emission spectroscopy-QEB).

3.2.2 Preparation and characterisation of nanoparticles and subsequently, modified PVDF
membranes fause in MDC recovery of water and mineral salts. Synthesised and functionalised
nanoparticles such &8SiO>NPS andCNTswere embedded into a PVDF polymeric matrix to

improve its hydrophobicity, mechanical and tensile strength properties.

3.2.3 Evaluate lhe performance of the membranes using direct contact membrane distillation
(DCMD) and thereafter evaluate the performance of thepdmrébrming membranes using
MDC.
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3.2.4 Investigate the occurrence of membrane fouling and characterise the crystal product

obtained from MDC experiments.
3.3 Hypothesis

Membrane distillation crystallisation (MDC) in conjunction with hydrophobic polymeric
membranes can be used to effectively recover salt minerals and freshwater from industrially
discharged wastewater. Additially, MDC performance and process longevity can be
improved with hydrophobic membranes to control membrane wetting and process efficiency.
Lastly, the success rate of the MDC technique may allude to its suitability towards treatment

of various water soaes and thus provide an avenue for sustainable wastewater treatment.
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CHAPTER FOUR - METHOLOGY

This chapter provides an overview of the experimental procedures carried out in this research

project. All performed experimentplocedures were carried out with the aim of attaining the

set goals and objectives as outlined previously. A brief outline of the experimental methods

undertaken in this study esentedbelow:

Vi.

Vii.

Environmental sampling of high saline wastewater sampigsreal for the application
studies. Multiple samples were collected from various sampling locations.

Saline wastewate(leachate)samples were then pteeated to remove organic
contaminants and other contaminants such as oil and gAdhsastewatersamples

were subsequently characterised using ion chromatography (IC) and inductively
coupled plasma optical emission spectrometry (ISPES).

Silica nanoparticles were synthesised and functionalised using a fluorinated silane
reagent to improve its chatacstic hydrophobicity. Multiwalled carbon nanotubes
(MWCNTS) were functionalised using a fluorinated silane reagent to increase their
hydrophobicity.

Hydrophobic membranes were synthesised using polyvinylidene fluoride (PVDF) as
the base polymer. Multip membranes were prepared to conduct a comparative study
to determine the optimal membrane needed for satisfactory MCr process performance.
Modified NPs were incorporated into the membrane matrix to achieve hydrophobic and
mechanically strong membranes.

Prepared NPs and membranes were characterised using transmission electron
microscopy (TEM), fourier transform infrared (FTIR) spectroscopy, gravimetric
porosity, liquid entry pressure (LER)ore sizescanning electron microscopy (SEM),
water contact angl(WCA), tensile strength, atomic force microscopy (AFM). Fouled
membranes were evaluated by means of scanning electron microscopy coupled with
energydispersive xray spectroscopy (SEM/EDX).

The prepared membranes along with their commercial countevpengsevaluated in

direct contact membrane distillation (DCMD) and membrane crystallization (MCr)
studies. Furthermore, temperature profiles (deltaT profiles) and permeate conductivity
profiles were established.

Obtained crystalline product from MCr stadiwere characterised by means of optical
microscopy, single crystal-pay diffraction (SXRD),and powder xray diffraction
(PXRD).
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The following serves as a designation of which methods relatggetfic chaptersicluded

in this dissertatiomvhich serve to address the aim of this project.

Chapter Five: Briefly, this chapterfocussed on membrane preparation and its subsequent
characterization, Thereafter, the membrane performance was evaluated through a series of
DCMD experiments conducted at three different feed temperatures6@® ). Additionally,

to investigate the drimg force, temperature profiles were produced (deltaT profiles), and to
monitor the permeate quality output the permeate conductivity was evaluated. In the DCMD
studies, various process parameters were investigated such as the flow rate, optimal feed and
permeate temperatures, and module configuration. Detailed explanations of the respective

methods are provided in Chapter Five.

Chapter Six: Following the results produced @hapter Fivethe besperforming membranes

were selected for BIC application. Thee included two fabricated membranes and one
commercial membrane used as a benchmark. However, further modifications were carried out
on one of the synthesized membranes to improve its overall perforr{lddde Thus, its
synthesis and characterization wel@cumented. Moreover, DC application studies were
carried out using the three membranes of interest. In conjunction, water sampling analysis was
included which formed the basis for thédka feed solution. Following these experiments, the
characterizatiorof the solid product was conducted, and membrane surface deposition was
investigated.

4.1 Instrumentation
4.1.1 Inductively coupled plasma optical emission spectroscopy (ICP-OES)

The concentration of alkali metals was measured using th©ES®, Spectro Genesis Spectro
Analytical Instrument GmbH (Kleve, Germany). This information detailed the assortment of
cationic analytes and their respective concentrations in the various wastesamples.
Principally, this technique calculates analyte concentration by measuring the amount of light
emitted at various wavelengths as the analyte atoms become excited to higher energy levels
(Ametek, 2023) The analysis was undertaken using the parameters described below.

System parameter Instrumental setting
Replicates 3

Cooling water 7.10 Imp/s

Main argon pressure 6.5 bar
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Nebulizer pressure 2.5 bar

Optic temperature 29.763

4.1.2 lon chromatography (IC)

Anion concentrations were evaluated using IC, Eco IC, Metrohm (Hefsdtzerland). This
technique characterised the various anionic analytes and their respective concentrations in the
wastewater samples. The IC analysis was best suited to characterise anionic analytes as it
separated the analytes based upon their retetitiees in the packed column. Thereafter, the
analytes were eluted in terms of analyte size and charge, where lighter aneclsarglkyd
analytes were eluted in preference to heavier analytes. The analysis was undertaken using the

following parameters asiewn below:

System parameter Instrumental setting

Eluent composition 5 mM NaCGOs and 16 mM NaHC®
Pressure 13.75 MPa

Flow rate 1.000 mL/min

Recording time 12.0 min

Column type Metrosep A Supp 1% 150/4.0

4.1.3 Fourier transform infrared spectroscopy (FTIR)

Fourier transform infrared spectroscopy (FTIR) was used to characterise the NPs and
membranes synthesized in this study to gain insight into the functional groups present in the
materials. In this technique, infrared radiation is pasisezlgh a sample, after which some
radiation will be absorbed by the sample, and some will be transmitted. Moreover, FTIR
spectroscopy detects the change in dipole moments in a sample which correspond to a

particular vibrational energ{mith, 2011)

4.1.4 Scanning electron microscopy and energy dispersive x-ray spectroscopy
(SEM/EDX)

Scanning electron microscopy (SEM) was used to study the morphology and pore formations
on the surface and craessctions of the membranes. Briefly, an electron beam is released from
an electron gun which is then condahs$kroughthe interaction with a series of condenser

lenses. The electron beam is then allowed to interact with the sample surface in a raster pattern.
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The interaction between the electron beam and the sample may produsedtteied, Auger,

and secondgrelectrons, xays and light which are picked up by the detef#arnonParry,

2000) When analysing the fouled mémanes in this study, the membranes underwent
SEM/EDX analysis to view the fouled caking layer atop the active membrane surface.
Elemental analysis (EDX) assisted in identifying the composition of the foulants present on the

membrane.
4.1.5 Transmission electron microscopy (TEM)

Transmission electron microscopy (TEM) was used to evaluate the morphology and patrticle
size of pristine silica nanoparticles (SNPs), functionalised silica nhanopatrticles (faPs),

carbon nanotubes (CNTs), and carb@notubes (fCNTs). All micrographs were recorded
using FEI Tecnai T12 TEM at 120 kV (Oregon, USA). Similar to the SEM, this technique
employs an electron gun which produces anted@ beam which is then made to pass through

a series of condenser lensebeTelectron beam is then allowed to penetrate a thin sample
(VernonParry and Wright, 2001)

4.1.6 Atomic force microscopy (AFM)

Atomic force microscopy (AFM) was employed in this study to provide insight into the surface
roughness of the polymeric membrane materials. The roughhtss membranes alludes to

the hydrophobicity of the material; therefore, it describes its wetting resistance. This
information is relevant when applying membranes in processes such as membrane distillation
crystallisation (MDC). In principle, this technig uses a probe which is in contact with the
sample. The probe scans the sample in vertical and lateral motions and its movement is

recorded by means of a laser beam reflected off the jR¥dEeNnberger, 2015)
4.1.7 Tensile strength

Mechanical prperties of each of the membranes were evaluated by means of tensile strength.

This information provides insight into the durability of the membrane under an applied pressure
during MDC application studies. Tensile strength is reported as the ultimatgtistesrd by

the Young’' s modul us. The wultimate strength
membrane can endure prior to break{fgntananova, 200 The Young’' s modu
material is found using slope of the curve in the elastic region on a-strasscurve. This

value provides a measure of a elasticity of the membrane, which is where the membrane can

return to its original form without undergg permanent deformation under an applied stress
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(Fontananova, 2020) The rigidity of t he membrane i nci

modulus.
4.1.8 Water contact angle (WCA)

In the MDC technology, a hydrophobic membrane was required to facilitate the transport of
water vapor in preference to liquid water from the feed solution. For this purpose, water contact
angle (WCA) was directly related toettnydrophobicity of the membrane as it measured the
ability of the membrane to repel water droplets. A water droplet was deposited onto the surface
of the membrane and the contact angle between the droplet and the membrane was measured.
A material is clasfied as superhydrophobic if the contact angle is >3 5§drophobic if the

contact angle is > 90, and hydrophilic if the contact angle is« 1
4.1.9 Powder x-ray diffraction (PXRD) and single crystal x-ray diffraction (SXRD)

Following MDC experinents, crystalline samples were generated that were present in both
crystalline and powder crystalline forms. In the instance of a crystalline sample, SXRD was
employed, and for the latter, PXRD was used. This technique of characterisation was utilised
for structural characterisation of the crystalline products produced. Hargsxwith shorter
wavelengths are used when characterising materials, thus making it suitable to investigate the
internal structure of crystalline sampl@see, 2017) Principally, a diffraction pattern is
charactestic of the direction and intensity of the diffracted beams, and therefore is unique to

a given materialLee, 2017)
4.1.11 Optical microscopy

Optical microscopy was utilised in this study to monitor the onset and progression of crystal
growth during MDC studies. This followed the edistiment of supersaturation whereby
samples were taken at 30 min intervals from the feed solution and observed under a microscope.
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CHAPTER FIVE

5 Nanoparticle-Enhanced PVDF Flat-Sheet Membranes for Seawater Desalination in

Direct Contact Membrane Distillation

This chapter encompasses work publish-ed in
Enhanced PVDF Flabheet Membranes for Seawater Desalination in Direct Contact
Membr ane Distillation”. This work was autho
Orarso T. Mahlangu, Bastian Kirkedlx, Aamer Ali, Cejna Anne Quistensen, and Heidi

Richards.

5.1 Introduction

According to published literature, 2.2 billion people lack access to safe drinking(\iatss,

Chan and Khan, 2011; UNICEF, 201%lé&hi, 2022) Moreover, a steady decline in the
abundance of freshwater resources and deteriorating infrastructure exacerbate existing water
demands, thus creating a worsening ciiSialehi,2022) Furthermore, developing countries
particularly in the African continent experience intermittent water sui@ayskenet al, 2016;

Lebea N. Nthunyat al, 2019; Loubser, Chimbanga and Jacobs, 20@aje often, consumers

use potable water under restricted conditions where water rationing is implemented.
Predominantly, access to safe drinking is affected by poanéial reserves and inadequate
infrastructurgFarmaniet al, 2021; Loubser, Chimbanga and Jacobs, 20R4pid population
growth, industrialization, and climate change threaten freshwater resources resulting in

substantial water shages.

In addition to water scarcity, mineral resources are depleting at an alarmifidaktmbutlane

et al, 2020; Calvo and Valero, 2022Among other factors the increasing use of renewable
energy sources further intensifies this demand. This is exacerbated by a risingd dema
mineral resources due to growing economic and industrial se(@cfsnidt, 2019) For
example, production of solar panels require elements such as cadmium, silver, or indium
(zakariaet al, 2022)while electric vehicle batteries require lithiumgkel, and cobalgCalvo

and Valero, 2022)These pressing issues motivate the neednipraved and sustainable
technology solutions to the current problems experienced. Among others, membrane
distillation (MD) emerged as a promising technology to address these issues, albeit relatively
novel (Mericq, Laborie and Cabassud, 2010; Kiss and Kattan Readi, .2Bfi8jly, this
technology utilizes a temperature difference between the two interfaces of the membrane, thus
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generating a vapour pressure gradient to drive this proaskeoret al, 2016; Nthunyat al,

2022) Furthermore, a hydrophobic membrane is employed to exclusively retain mineralized
feed water while extracting fresh water in the form of vap&ykenset al, 2016, 2017)
Additionally, this pocess is well suited for the treatment of industrial waste\@tastJensen

et al, 2017; Lebea N Nthunya, Gutierrez, Derese, Edwetrdil, 2019) Importantly, this
technology relies on its capability to treat harmful industrial wastewaters and waste recycling
through recovery of valuable constituents from feed stre@hattaranawilet al, 2008; Goh

et al, 2015; Aliet al, 2019) Furthermore, MD is characterized by high permeate quality,
simple operation configuration and process conditions, such as temperature and pressure.
Interestingly, MD treats a variety of solutions independent of their concentration, thus
producing fresh water from a myriad of feed stregétswoet al, 2013; Macedoniet al,

2014; Luet al, 2017; Quistlenseret al, 2017) The MD can also be suited for resource
recovery when coupled with crystallization, thus giving rise to membrane distillation
crystallization (MDC). In this processthe feed solution is concentrated towards
supersaturation thus retrieving minerals from a waste solution. The MDC can recover both
minerals and water from shale gas where low energy consumption of 28.2 RWéhused

(Kim, Kim and Hong, 2018)Previousstudies have reported the recovery of minerals such as
NaCl, CaCQ, BaCQ, and NaSQ; (Kim et al, 2017; Quistlenseret al, 2017; Kim, Kim and

Hong, 2018)Additionally, MD has demonstrated its compatibility in hybrid systems. Coupling

of MD to various other techniques has been reported to improve procgsomes and
performances. Scaling control was achieved through the integration of forward osmosis (FO)
and MD. Another study reported a hybrid system composed of-eftdtit evaporation and

MD for solar energy desalination. The hybrid system presemigebved process performance
compared to a standalone evaporation system. Furthermore, a water production capacity was
159.84 i yr! (Elhenawy et al, 2022) However, these systems are costly. The MD
advancement towards resource recovery (simultaneous recovery of fresh water and minerals)
is imperative. However, existing Mmembranes are prone to fouling and wetting leading to
performance deterioratio(El Haj Assadet al, 2020) Accordingly, membrane cleaning
protocols are employed however, performance restorainatiguarantegChimanlalet al,

2022) Membrane modification arose to address concerns surrounding fouling and wetting
thereby exploring various additives. Moreover, modified membranes are characterized by
improved structual integrity and selectivity, among other physical prope(ig¢$iaj Assackt

al.,, 2020) Membrane modification is also an avenue taken to achieve highly porous

membranes. This is imperative becatise mechanism for water vapour mass transport is
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primarily through the membrane pores and is controlled by Knudsen molecular diffusion
(Alaneziet al, 2021)

In the current study, nanopartisdahanced PVDF membranes were fabricated and evaluated
for the treatment of synthetic seawater. Previously, various additives were incorporated into
hydrophobic polymeric membranes to enhance their resistance to foutingedting, thus
improving the permeate flux and salt rejectigmsh et al, 2019; Afsari, Shon and Tijing,

2021; P. Zhanget al, 2021) Such modifications include the inparation of silica
nanoparticles into a PVDF polymeric matrix to impart resistance towards s@éiamet al,

2020) surface fluorination to improve foualy resistancéKharraz and An, 2020and silver

coating to improve fluXYue et al, 2021) Different from previously reported literature, the
current study explored fluorination of the CNTs using a fluorinated silane reagent, with a
subsequent embedment into PVDF membranes. Moreover, this study explores the synergistic
effect of modified CNTs and functionalized silica nanoparticles {$R3). Meal oxide
additives such as silica nanoparticles were used due to their advantages such as ease of
functionalization and their ability to enhance physical properties of membr&ies
nanoparticles improve the hydrophobicity of thembranes therefor@dreasing its wetting
resistanc€El Haj Assackt al, 2020; Selvarajan, Obuobi and Ee, 20&nilarly, the addition

of CNTs offer durability and improved structural integ(iB8/lvaet al, 2015; Nitodas, Das and

Shah, 2022) The modified membranes were evaluated towards desalination of 3.5 wt%

synthetic seawater in direct contact membrane distillation (DCMD).
5.2 Materials and Methods
5.2.1 Chemicals and equipment

Tetraethyl orthosilicate (TEOS, reagent grade, 98.0%), ammonium hydroxid®NKACS
reagent, 28430.0% NH), absolute ethanol (ETOH, ACS reagent, 99.5%), toluene
(anhydrous, 99.8%), sodium chloride (NaCl, ACS reagent, 99.0%), 1H,1H,2H,2H
perfluorooctyl triethoxysilane (POTS, MW = 610.38 g-thoB7.0%), isopropanol (ACS
reagent, 99.5%), nitric acid (HNQOpuriss p.a., 65.0%), polyvinylidene fluoride (PVDF, MW

= 534,000 g-mol), and polyvinylpyrrolidone (PVP, MW = 360,000 g-mpl
dimethylformamide (DMF, ACS reagent, 99.8%) Njiknetheylacetamide (DMAc, puriss
p.a., 99.5%), were acquired from Sigkrich (Gemany). Multiwalled carbon nanotubes
(MWCNTSs, outer diameter = 10 nm, 98.0%) was obtained from SabiNano (Pty) Ltd

(Johannesburg, South Africa). Two commercially PTFE membranes (pore sizes of 0.45 um
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and 0.20 um) supported on namven polyester (LHOP) wepgocured from Pall Corporation
(New York, USA). The membranes were termed as PZGKED.20 um) and PTFE5 (0.45
pm). Ultrapure water was obtained from our laboratory using {@QHRO4 (Millipore,
Bedford, MA, USA). Permeate conductivity was recorded uding Mettler Toledo
conductivity probe (Columbus, Ohio, USA).

5.2.2 Synthesis and functionalisation of silica nanoparticles (SiO2NPs)

The SiO:NPSwere synthesised using a modified StOber me{babo et al, 2020) Briefly,

TEOS (10 ml) and ethanol (40 ml) were added to a mixture -@brdeed water (22.5 ml),
NH4OH (10 ml), and ethanol (16.5 ml). This was followed by vigorous stirring until a milky
white turbid mixture was produced. The resultant mixture was stirred for 5 hrs at a slower speed
followed by centrifugation in Hettich Zentrifugen Rotofix 32A (Tuttlemg Germany) and
washed with ethanol. Subsequently, it was dried as 5fdor 24 hrs. The resultar@8iO,NPS

were dispersed in ethanol and bath sonicateimhs( Sci Profession ultrasonic cleaner,
Johannesburg, South Africdor 30 min to reduce particle aggation. Furthermore, the
nanoparticles (NPs) were filtered and dri€deparedSiO;NPS were functionalized using
1H,1H,2H,2Hperfluorooctyl triethoxysilane (POTS). BrieflgiO:NPSwere dispersed in an
appropriate volume of toluene followed by the slow addition of 40 wt% POTS using a syringe.
The resultant material was stirred at room temperature for 5 hrs. The functionalized
nanoparticles were washed with ethanol to ensure thevedrobany excess reagent followed

by drying for 24 hrs. FunctionalizesiO,NPSwere termed asSiO.NPS

5.2.3 Functionalisation of CNTs

Commercially acquired CNTs were functionalized to enhance their hydrophobic characteristics
before dispersion into PMDmembranes. The functionalization was adopted from a modified
method reported b§ao et al. (2020)The method was conducted in a tatep process, hamely

an acid treatment followed by fluorination using a fluorosilane reagatmile acidic
modification of CNTs rended the material hydrophilic due to the introduction of carboxyl
functional groups, they provide a binding site fydrophobic agents such as POTS. The
flurosilanization step contributes to the overall hydrophobiditg to the presence of long
chain and by alkyl groups {CHs-). Moreover, flurosilanization improwkethe dispersion of

the material in addition tonprovingits hydrophobicity Gaoet al. 2020) Unmodified CNTs

were added to a 65% HNG@nd sonicated for 1 hr followed by constant stirring for 24 hrs at

Y 18 . The resultant mixture was cooled, centrifuged, and washed with deionizedaater
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CNTs were dried and kept for further modification. Dried CNTs were added to 82 ml of toluene
followed by sonication for 70 min to promote particle dispersion. Thereafter, a 0.5 wt% POTS
solution containing toluene was added to the mixture containing at@lN@ne and stirred for

24 hrs. The functionalized CNTs were centrifuged, washed using toluene and dried in an oven

at 603 for 24 hrs. The functionalized CNTs were termed as fCNTSs.
5.2.4 Membrane preparation

An appropriate amount of PVDF was dissolved imixed solvent system of DMAc and DMF

at the ratio of 2:3.According to previously reported literature, DMac/DMF solvent
combinations were explored due to their high affinity toward PVDF as evidenced by their
solubility parametersShaliutinak o | e § @18) &yrth&more, the specific ratio was employed

in this study due to the optimal solubility of the polymer in the solvent mixture as demonstrated
by solvent ternary diagranigeow, Liu and Li, 2003; Shaliutinl o | e § o v.Bhe solufioh #/3s
stirred for 24 hrs in the absence of heat followed by degassing. Thtamepolymer solution

was cast on a glass plate to an approximate heiditt @ usingzlcometer 4340 casting knife

film applicator (England, United Kingdom})he cast solution was placed in a coagulation bath
containing water (a nesolvent). To ensureomplete phase separation, the membrane solution
was kept in a coagulation bath for 2 days. A similar procedwnr® followed during the
synthesis of M2, M3 and M4. The composition of each membrane is providadlmn5.1. To
prepare M3 and M4, the f{CNTs and fSMIPs were sonicated in the solvent to ensure particle
dispersion before addition to polymer solutidie concentration ofSiO.NPswas chosen
based on findings from previously reported literature. Researchersndiated superior
hydrophobicity attributed to silica nanoparticles at a loading of 3.5wt€6raparedo lower
concentrationgToh et al, 2019) Similarly, the concentration of the f{CNTs used in this study
was also chosen based on previously reported literatdeording toKhalid et al. (2017)

CNT loadings > 0.4 wt% cause agglomeration, thus resulting in poor dispersion. This was
justified by the strong van der WdqKhdldet i nt el
al., 2017)

Table 5.1: Composition of the asynthesised membranes.

Membrane DMF  DMAc PVDF PVP fCNTs fSiO2NPS
(Wt%) (Wt%o) (Wt%o) (Wt%o)

M1 51.0 34.0 15.0 0.0 0.0 0.0

M2 50.9 34.0 15.0 0.1 0.0 0.0

53



M3 50.8 33.9 15.0 0.1 0.2 0.0
M4 48.7 32.5 15.0 0.1 0.2 3.5

5.2.5 Characterisation of the NPs and membranes

FTIR was used to understand the physicochemical characteristicssyinthesised NPs and
membranes. Fourier transform infrared spectroscopy (FTIR) analysis was conducted using a
Bruker Tensor 27 FTIR (Billercia, Massachusetts, USA). Spectra were obtained at a
wavelength range of 3960650 cm'* (Figure Al and A2). Transmisin electron microscopy

(TEM) was used to evaluate the morphological and particle size of pristin®lIF8Oand

CNTs. All micrographs were recorded using FEI Tecnai T12 TEM at 120 kV (Oregon, USA).
Surface and crossectional morphologies of eachembrane were obtained from the Zeiss
EVO 60 scanning electron microscope GmbH (Oberkochen, Germany). Samples were coated
with Au prior to analysisMembrane roughness and topography were evaluated using atomic
force microscopy (AFM). The AFM analysis wesnducted using the WITec Alpha 300A-TS

150 (WITec Wissenschaftliche Instrumente und Technologie GmbH, Ulm, Germany).
Mechanical properties of the membranes were acquired from-stragsplots obtained from

the AGPlus Universal tester (Shimadzu Eurd@pabH, Duisburg, Germany). The size of the
membrane specimen was 25 x 25 frand the pulling speed was 0.5 mm rhilvlembrane

water contact angle (WCA) was analyzed through the sessile method using a drop shape
analyzer (Biolin Scientific Attention Theta ne (Stockholm, Sweden) to understand their
hydrophobicity. The measurements were conducted at room temperature using deionized
water.A deadend filtration cell was used to measure the liquid entry pressure (LEP) of the
membranes. A circular piece of theyanembrane (diameter =5 cm) was placed in a-éead
filtration cell. Afterwards, the cell was filled with ultrapure water. To determine the minimum
pressure required to eject the water, pressure was gradually increased until the first water drop
was praluced. Membrane pore sizes were determined in PORO!UBO0 using porefil as

the wetting agent, and a membrane area of approximately 360Mambrane porosity was
determined using a modified gravimetric metti8dvaet al, 2015) A dry membrane (g) (1

cn?) was immersed in an appropriate volume of isopropanol for 24 hrs to ensure complete
solvent absorption into the membrane poFedlowing this, the mass of the wetted membrane
was measured (@ Each measurement was performed in triplicBtguation 1 was used to

determine the porosity of the-agnthesised membranes.
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- x 100 Q)

Where my, and my are the masses of wet and dry membranes respectively, and”

are the densities of isopropanol (0.786 ¢*5rRPVDF polymer (1.78 g c) and PTFE polymer
(2.20 g cn) respectively.

5.2.6 Membrane distillation

A laboratoryscale MD system was employed for all DCMD tests performed. All membranes
were assessed in the DCMD -sgt using deionized water (d8) (Figure A3) and 3.5 wio

NaCl as feed solutions. These solutions were circulated at a feed temperature range of 40, 50,
and 603 . For the distillate, deionized water was circulated at a temperature of approximately
10.03 . Across the flat sheet membrane module (3.3 x 8.0 muom){émperature sensors were
installed at the entrance and exit channels of both the feed and permeate. The feed and permeate
were circulated in a eourrent mode at the crossflow velocity of 601.0 ml-fniAlthough
countercurrent solution configuratioreze typically employed, the small membrane area used

in this study meant that a-@oirrent configuration would have negligible effects on the system
performance. The weight increment and conductivity of the permeate were measured
continuously. To ensure obinuous dissolution of the NaCl feed solution, the solution was
stirred continuously. After each experiment, the membrane was rinsed with deionized water to
wash away any precipitated salts from the surface. Permeate flux (J) was calculated using
Equation (2), where¥i is the difference in the permeate mass (Kg)s the time difference

(hr) and A is the membrane areafm

0 - @)

Temperature gradient in DCMD was estimated using the log mean temperature obtained from

Equation (3) where¥YT1 and¥YT: are defined b¥Equations (4) and(5), respectiely.

y

e

)

Yy y ©)
v

yTl = Tretentate,in— Tpermeate,in (4)

yTZ = Tretentate,out Tpermeate,out (5)

5.3 Results and discussion



5.3.1 TEM analysis of the SiO2NPs and CNTs

The TEM micrographsHigure 5.1) were used to evaluat@orphology, particle size and
distribution of the SigNPs A1-A2), fSIO;NPs(B1-B2), CNTs C1-C2), and {CNTYD1-D2).

The SIQNPs and fSiGNPs were homogenous and spherical with minimal structural defects
(Figures 1 A1 andB1). The particle size of the Si8Ps and fSiGNPs were 588 + 7.21 x 10
3nm and 593 * 7.49 x Thm respectivelyFigures 5.1 A2 and B2). Notably, a slight increase

in the particle size was realized after silane modification of theN&®. This increase was
attributed to the coatingfetct of the silane reagent (i.e. POTS).

The CNTs were elongated, homogenous, and cylindrical tubes with minimal irregularities
(Figures 5.1 C1 and D1). Their sizes before and after modification were 8.97 + 0.0969 nm
and 10.8 + 0.296 nmespectively igures 5.1 C2 and D2). Similarly, an increase in the
particle size was realized following modification. The increase confirmed silane growth on the
surface of the CNTs. Modification process was further verified from the FTIR anéliyigisre
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Figure 5.1: TEM micrographs and corresponding particle size distributiorARLSIONPs,
(B1-B2) fSIO:NPs, (C1C2) CNTs, and (DD2) fCNTs.
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5.3.2 Membrane porosity, pore size, WCA, and LEP

The porosity measurements of M1, M2, M3, and Wdre 81.68%, 73.00%, 64.34%, and
63.61%, respectivelfTable 5.2). Notably, M1 presented the highest porosity with a decreasing
porosity upon incoporation of additives (M24). The decreasing porosity following
modification was substantiated by the repatiteraturg(Pan, Chergt al, 2022) Furthermore,

a decline in porosity of M3 and M4 was largely due to membrane pore blockage caused by
additive cavity filling. The porosity of commercial PTHE and PTFE20 were 51.03% and
54.13%, respectively. These porosity values were lower thaneadlytithesised membranes.

The discrepancy was associated to the difference in fabrication procedures and polymer types
(Kong et al, 2020) The pore size of M1 and M2 were 0.27 and 0.21 um, respectiVabtg

5.2). Upon incoporation of fCNTs (M3), the pore size decreased to 0.19 um. Arsafidat

was realised for M4 (0.22 umglight increase in pore size from M3 to M4 was caused by
incorporation of fSIGNPs(Silvaet al, 2015; Taret al, 2021) According to Fernandes et al.,
(2021), hydrophobic SiglNPs increase solution viscosity caused by sudden polymer
entanglemenfFernandest al, 2021) The polymer entanglement increases in the presence of
water during phase inversion caused by low affinity between the hydrophobic NPs and water.
As per ternary diagramgJibakhshi et al., (2019eported an increase in membrane pore size
dueto reduced affinity of polymer to the n@olvent during phase inversi¢hlibakhshiet al,

2019) The presence of hydrophobic NPs enable steric hindrance of solvent asdivent
exchange, leading to formation of abundant and large porg[Beesmndest al, 2021) These
processes justify the slight increase in membrane pore size from M3 td@ idinclusionof
nanoparticle additives in the membrane matrix resulted in a physical interaction whereby the
NP additives were dispersed into the polymeric matrix. This was corroborated by FTIR
characterisation of the membranes which demonstrated no chemical cloatigepdlymeric

structure indicating that a physical change was introduppendix Al.1 & Al.2).
The WCA measurements of M1 was 116,5#hich decreased &4.69 upon addition of PVP

in the casting solutionTiable 5.2). The decrease in membrane hydmipbity was associated
with the hydrophilic nature of the watsoluble pore former (PVP). However, upon addition
of fSIOoNPs and fCNTs, the WCA of M3 and Mihcreased to 101.60and 103.8],
respectively, implying an improvement in their hydrophobic&ynilar results were reported

by Silva et al. (2015) upon incoporating muMalled CNTs (MWCNTS) into a PVDF
polymeric matrix. Though WCA increased upon the addition of fCNTs, membrane

hydroplobicity remained relatively lower than prestine PVDF membrane, largely due to
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minimal fluourination of the CNTs. Compared to M3, the WCA of M4 improved due to the

addition of fSiO,NPs. The WCA of PTFE20 and PTFE45 were 97.35) and 101.57h

respectively thus comparable to modified M3 and M4 The WCA

suitability for use in MD applications.

suggest t

Liquid entry pressure (LEP) measurements were carried out to understand possible wettability

of the membranes by the process liquids. The MD operating pressure should not exceed the

LEP of the membranes to ensure their wetting resistance. The LEP of aanensigoverned

by various factors including membrane pore size and hydrophofitiBourawiet al, 2006;

Donget al, 2014) The LEP of M1 was 39& 4.00kPa {Table 5.2). Upon the addition of the
pore former, the LEP of M2 decreased to 2737.7kPa. The drop in LEP was caused by the

decline

i n mas s

transfer

resi stance.

Thi s

hydrophilic properties and larger pore size esshleld minimal resistance of mass transfer

through the membrane. However, incorporation of the f{CNTs andNM¥&i©increased the LEP
of M3 and M4 t0500 + 97.%Pa andb90 + 90.0 kPa, respectivelyhe increased LEP of M3
and M4 was associated with an irmsed mass transfer resistance caused by a decreased

membr ane por e

size and LEP was supported by previously reported st(itieset al, 2021; Pan, Cheet al,
2022) The LEP of PTFR0 and PTFE5 was603 + 20.5 kPaand 200 + 90.0 kPa,

S i

ze and

I mproved

h e

hydrophobi ci

respectively. PTFE5 was characterized by a larger pore size (i.e., 0.45um) compared to

PTFE20 (0.20um), thus enabling low mass transfer resist#ise, membrane pore geometry

is an important factor, as pore irregularities in axial eattial directions result in deviations

from perfectly cylindrical pores thus affecting mass tranfRahimpour and Esmaeilbeig,

2019) Differences in LEP was correlated to SEM micrographs of these membiragieses

5.2 C1 and F1). Irregularly shaped pores were oeted with different circular, elongated and

cylindrical structures.

Table 5.2: Physical characteristics of thesmnthesised PVDF and PTFE membranes.

Membrane  Porosity (%) WCA (J LEP (kPa) Pore size
(Hm)

M1 81.68 + 3.00 116.52 393 +4.00 0.27

M2 73.00 £5.14 84.69 273 £ 37.7 0.21

M3 64.34 £ 0.13 101.60 500 + 97.9 0.19

M4 63.61 £ 0.95 103.81 590 + 90.0 0.22
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PTFE20 54.13 +1.94 97.35 603 + 20.5 0.20
PTFE45 51.03 +1.48 101.57 200 +90.0 0.45

5.3.3 SEM analysis of the membranes

The obtained SEM micrographs were used to evaluate the surface andectossal
morphology of the asynthesised PVDF membrandsigure 5.2). A surface view of M1
(Figure 5.2 Al)) presented a densely porous speligesurface. Based on the cressctional
micrograph Figure 5.2 A2), the membrane was characterized by smaller and round pores.
Although M2 was densely porous, this membrane possessed a glkbuerface Figure 5.2

B1). Based orcrosssectional analysisHgure 5.2 B2), M2 was characterized by elongated,
finger-like pore structures. This is a consequence of the addition of PVP into the membrane
matrix (Silva et al, 2015) Due to its high water solubility, PVP promoted the formation of
elongated pores during phase separatitang and Cao, 2014Nonetheless, SEM does not
indicate an increase in membrane porosity from M1 to M2, thus supporting the previously
reportedinformation (Table 5.2). For the modified membrane, M3 showed a densely porous
structure with varying pore size&igure 5.2 C1-C2). The internal structure contained a
complex mixture of small, round, spongy pores in addition to elongated pagasg5.2 C2).
Similar findings of spongéke pores were reported I8ilva et al. (2015)The pore elongation

was linked to addition of fCNTs. Lastly, M&{gure 5.2 D1) revealed a densely porous surface
with an irregular pattern, caused by the addition of #8#€5 in the casting solution. Analysis

of the corresponding crosectional view demonstrated a combination of elongated pores and
small, dense pores induced by addition of PVP, f{CNTs anafHS, respectively. Notably,

the internal structure of M4 conta&itt macrovoids induced by membrane additivégure 5.2

D2) (Junget al, 2016) PTFE20 and PTFE45 were characterized by rlile structures with
irregularly shapd poresKigures 5.2 E1 and F1). Based on their crossectional views, these

membranes were dense with an irregular porous structure.
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Figure 5.2: SEM micrographs of (AA2) M1, (B1-B2) M2, (C:C2) M3, and (DiD2) M4,
(E1-E2) PTFE20, and (FAF2) PTFE45: Surface and crossectional structures.

5.3.4 AFM analysis of the membranes

Owing to its effect on process performance, the membrane surface roughness was evaluated
(Figure 5.3). The rootmeansquare roughness {for M1, M2, M3, M4, PTFE20, andPTFE

45 were 62.90 nm, 68.52 nm, 129.88 nm, 367.38 nm, 882.30 nm, and 1691.36 nm, respectively.
Modified membranes (M214) displayed a greater density of dark and light ridges indicating

the deepest and highest regions on the membrane suFigoee(5.3 B — D). Technically,

these membranes presented greater surface roughness compared Fagiid .3 A)
(HernandezAguirre et al, 2016) The R, values increased upon incorporation of pore former

and additives (PVP, fCNTs and fSIIPS), suggesting increased surface roughness. The
surface roughness of the commercial membranes ZORB82.3 nm) and PTFES (1691.36

nm) exceeded that of the synthetic membranes. Based on the rough surface acting as air
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pockets, the performance of thesenmercial membranes may supersede that the synthetic
membranes. Comparably, increased membrane surface roughness caused by incorporation of

NPs was reported in various studf{egmzah, Leo and Ooi, 2019; Ding, Liu and Xiao, 2021)

(A) 185.3 nm

166.3 nm 94.96 nm
SA =50.42 nm
SQ =68.52 nm

(C) SA =80.93 nm
E SQ =129.88 nm

164.1 nm (E) 112.7 nm

SA =679.88 nm (F) 39.75 nm
SA = 206.83 nm $Q =882.30 nm _
SQ = 367.38 nm SA = 1339.50
- nm

Figure 5.3: Topographical micrographs displaying surface roughness of (A) M1, (B) M2, (C)
M3, (D) M4, (E) PTFE20 and (F) PTFHE5.

SA =48.93 nm
SQ 62.90 nm

5.3.5 Mechanical properties of the membranes

The mechanical properties of the f9MOPs and f CNTs were deter mi ni
modulus estimated from the stredgain plots Figures 5.4 A andB). Mechanically strong
membranes are required to sustain MD operating cond{fRvasnoncet al, 2017) Thetensile
strength of the membranes was r Elpleo53)tThel on t
Young’s modulus of M1 (0.45 MPa) was | ower t
to the porous microstructure of M1 thus weakening its mechanigaépies(Manawiet al,

2018) Moreover, membrane pores act as stress absorbers thus increasing thsttengtle

of M2. Similar findings were reported ramonoet al (2017) There was no significant
difference in mechanical strength of M2 (1.06 MPa) and M3 (1.07 MPa). However, addition

of f{CNTs presented a slight increase in mechanical strength of the membrane. The carbon
atoms present in single graphene of fCNiescharacterized by strong chemical bonds. These
bonds increase elasticity of the fCNTSs, ensuring full restoration of the particle size upon release

of external forcMakgabutlaneet al, 2021) When incorporated into the polymer matrix,

fCNTs increases membrane strength. However, the tensile strength of M4 decreased to 0.39
MPa upon incorporation of fSKBIPs. The decrease was a consequence of macr@zanigsg
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structural defects of the membrgifrégure 5.2 D2) (Loh et al, 2011; Gueet al, 2014; Junget

al., 2016) Furthermore, nanoparticle aggregation cause skewed mechanical integhi¢y of t
modified membran@Manawiet al, 2018) Lastly, the mechanical properties of the commercial
membranesPTFE20 (2.90 MPa) and PTFES (6.96 MPa) were larger than that of the
synthetic membranes. These differences were associated to mechanical integrity of the

different polymers.

=
I
o

M1 M2 M3 M4 (B) —— PTFE-45
—— PTFE-20

=

w

Stress (MPa)
- N

o
—

0 10 20 30 40 50 0 20 40 60 80 100
Strain (%) Strain (%)

Figure 5.4: Stressstrain plots of (A)the assynthesised membranes &) the commercial

membranes.

Table 5.3: Young’' s mogsntHesised PYDF merhbeanea and commercial PTFE

membranes
Membrane Young’s modulus
M1 0.45+0.24
M2 1.06 £ 0.42
M3 1.07£0.25
M4 0.39 £ 0.30
PTFE20 2.90+0.88
PTFE45 6.96+ 4.63

5.3.6 Flux and salt rejection evaluation in DCMD using synthetic saltwater

The 3.5 wt% NaCl was used to assess the MD process performance of the merfioyanes (
5.6). Evaluations were performed at three different feed temperatures to assess their effect on

process performance. The permeate flux increased with an increase in feed temperature. At
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40 , the water f | ux-20cahd PWFE5 wavk27,58 kehd hr', 862, P TFE
kg m? hrl, 11.36 kg it hrt, 19.88 kg nif hrl, 25.68 kg it hrt, and 27.46 kg m hr

L' respectively. Upon increasing the feed temp
kg m? hrt(M1), 22.72 kg it hr! (M2), and 22.69 kgn? hr! (M3), and 39.77 kg rA hrt

(M4), 62.5 kg n? hr! (PTFE20), and 54.92 kg rmhr! (PTFE45), respectively. The increase

in feed temperature increased the vapour pressure gradient, thus improving the mass transfer
(Figures 5.6 A2-F2). These findings were substantiated by previously reported s{édtes

et al, 2017; Alarzi et al, 2021; Zhuet al, 2021) The permeate flux and deltaT remained
stable for 3 hrs thus indicating process resistance to flux decays. Although the flux remained
relatively stable, minimal fluctuations were recorded. For instance, the periwsaté M4

was 38.83 kg mhrtatt= 15 min. Though deltaT remained relatively constant at t = 180 min,

the flux slightly decreased to 32.20 k¢ i, These variations caused by various parameters
including pore wetting, and concentration polarizat{&uwie and Chung, 2013Bimilar

results were recorded for M3 where the permeate flux decreased from 22.72 to 2083 kg m
hr! at same time intgals. The membrane conductivity increased slightly as a function of time

for all operating temperatures. This increase in conductivity implied the slight transfer of water

in liquid state caused by membrane wetting. Interestingly, the rate of permeatetatyd
increase was higher at high feed temperature. This was associated to an increased salt
solubility. Although the membranes experienced slight wetting effects, the salt rejection
remained relatively high (> 99%) for all membranes over the experhtene. Therefore, the
increased permeate conductivity effects were negligible as the membranes demonstrated the
capacity to produce high quality distillat@omparatively, the salt rejections of the synthesized
membranes were comparable to commercial branes, thus motivating the successful
incorporation of NPs in the membrane to improve process performance. Furthermore, the
findings of this study were compared with the existing literature where PVDF membranes were
modified with NPs for use in MD syster(ifable 5.4). A comparative assessment elucidates

the role of NPs towards process performance. Also, incorporation of NPs into the membrane
matrix enhancing membranes properties and their structural integrity was substantiated.
According toArdeshiri et al., (2018)ncoporation oZnONPs improved porosity and surface
roughness oPVDF membranes, thus ensuring high MD process perforn{andeshiriet al,

2018) Specifically, water flux (2%g n2-hrl) and a salt rejection (99%) were reported. Other
studies used modified SiQPs to improve membrane properties. Increased membrane porosity
and WCA were reporte(Hamzah, Leo and Ooi, 2019; Lebea N Nthunya, Gutierrez, Derese

and Mamba, 2019 hese properties were instrumental in ensuring high permeate flux and salt
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rejection as seen ihable 5.4. In some instances, CNTs are used to modify PVDF membranes
for DCMD, thus ensuring 100% salt rejecti@@ilva et al, 2015) According to the dsting
findings, various operating conditions were evaluated to provide an overview of process
versatility. These include process temperatures and flow rates. The water flux and salt rejection
reported in the current study correspond to the existingtliterat feed temperature of 60 °C.

Therefore, manipulation of membrane properties for improved MD process performance is key.

—~._ (A1 A2 — A3
T 16 ( ) 45 ( ) — = ( )
E= - £
o —=—39110342°C 4.2 39,1+ 0,342 °C; AT = 26,3 °C
12 401 47920314°C g —e—47.910314°C, AT = 35.0°C
E; N S RN 53,6' —+— 57,320,308 °C; AT = 44,0 °C
= O 351 2 3,01
X 81 Pl TNV AAVE S
= = 304 e 2,41
-‘9 —=—39,1+ 0,342 °C; ATT2E.3 ZC o 8
T 4 i mes| gt 2189
E ag) 1!2_//__&_‘__.»—&—-/—‘_‘—*
c“'_’ 0 T T : y T 20 T T T T T & T T T T T
00 05 10 15 20 25 3,0 00 05 10 15 20 25 3,0 00 05 10 15 20 25 3.0
Time (hrs) Time (hrs) Time (hrs)
—__ (B1) (B2) ~ (B3)
w30 45 £
= < 204
2] ] T 92—
—a—Sﬁ.Q;O:BAE*C > 1,6-
220 =
= O 357 T 12
%154 < 3
— =
S0 s %0 B 08y
‘(G _'0_-,’ —=—39,0 £0,221 °C; AT =263 °C
@ 90,273 °C; AT = 34,9 °
g 5 capemomase | 25 204 o €TS44
b 0 , , —L—?E,Biﬂ,Sd:i’C‘ATi‘I:\A “C 20 I . I ' I E“_’ 00 . . i . .
B 90 05 10 15 20 25 3,0 00 05 10 15 20 25 30 00 05 1,0 1,5 20 25 30
Time (hrs) Time (hrs) Time (hrs)
—_ Cc2 -
o (c1) 45.(62) S <16 (C3)
(\-‘CZS —=—38,810183°C =
b 40 48,140,300 °C ‘g_
E20_ —&—56,9+0,220°C ;1,2'
X O 351 =
x 151 l% é 0,84
=10 SED §
g ]/ ommeweael | ggbme———m—y 204 STRNRENIRS
S e 56.040,220°C. AT =435 °C £ ——56,9+ 0,220 °C; AT =435°C
& 0 " T T T T 20 T r T T T 200 T . T T T
00 05 10 15 20 25 30 0,0 05 10 15 20 2,5 30 00 05 10 15 20 25 3,0
Time (hrs) Time (hrs) Time (hrs)
—_ — D3
48, (01) 45..(02) £ 25,23
< N 5 -
c 40 —=—39,0 20,0920 °C w3 20 /—.—\‘
@32 40 48,2+ 0,204 jc =
é 8 —+—57.5:0,234 °C g 15_
524 35 E
= |- c 104
E 16 o] 8
[0 —=—39,0 20,0929 °C; AT = 26,2°C 30 | ,0_3, —a— 39,0+ 0,0929 °C; AT =26,2°C
() 8 48,220,294 °C, AT =346°C % 5 7 48,210,294 °C; AT = 34,6 °C
g ——57,610,234°C; AT=436°C £ ——575+0,234°C, AT=438°C
g ° pr] e —— . ) s e e
0,0 05 10 15 20 25 3,0 00 05 10 15 20 25 30 00 05 10 15 20 25 3,0
Time (hrs) Time (hrs)

Time (hrs)

65



(E1) (E2)

<75 45 , — 14
< £
—=—39,0£0,143°C G 4ol
- 60 48,2+0,137 °C w
£ —— 58,0 + 0,0800 °C = 104
= g
<451 £ 041 4
5 g
= 301 3 06
2 S 041 .
—— + oG AT = o ., ’ i . o - 5
g 15] mesmzams | o) e
E —&— 58,0 =0,0800 °C; AT=442°C E 4] —&— 580 £0,0800 °C; AT = 44,2 °C
$ o 20 ————————r coob—
0,0 05 10 15 20 25 3,0 00 05 10 15 20 25 30 g 00 05 10 15 20 25 30
Time (hrs) Time (hrs) - Time (hrs)
—~ (F1) (F2 45 (F3)

(o2}
o
N
a

—#—3B,5+ 0,267 °C; AT=253°C
— aa—

501 404 47,6 £ 0,202 °C; AT = 33,8 °C
—=—38,5: 0,267 °C —a—56,7 0,330 °C; AT = 42,3 °C
47.6£0,202°C
401 —a— 56,7 + 0,330 °C 32
30

N
o
=]

~—=—385+ 0,267 °C; AT=253°C
47,6+ 0,202 °C; AT =338°C

-

Permeate conductivity (uS cm™)
N
iy

Permeate flux (kg m™? hr”'

10 ——567+0330°C; AT = 423°C 25— e . . 8l ,
e e 20— 0
00 05 10 15 20 25 3,0 00 05 10 1,5 20 25 3,0 0,0 0,5 1’0_ 1,56 20 2,5 30
Time (hrs) Time (hrs) Time (hrs)

Figure 5.5: Permeate flux, deltaT, permeate conductivity vs time at various temperatures for
NaCl separation in DCMD(A1-A3) M1, (B1-B3) M2, (C:C3) M3, (DXD3) M4, (EXE3)
PTFE20, and (FIF3) PTFE45.
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Table 5.4: Comparison of nanoparticle modified PVDF membranes for water desalination in DCMD,

Membranes Modifying NPs Operating conditions Process performance Ref.
Feed temperature Permeate Flow rate  Flux (kg m? Rejection
(°C) temperature (mlmint)  hr?) (%)
°C)
PVDF ZnO 86 22 400.00 25.00 99 (Ardeshiri
et al, 2018)
PVDF halloysite nanotubes 60 20 252.36 5.52 95 (Wae
AbdulKadir,
Ahmad and
Ooi, 2022)
PVDF nanofiber SiO:NPs 20- 80 20 750.00 34.2 99 (Lebea N
Nthunya,
Gutierrez,
Derese and
Mamba,
2019)
PVDF TiO2-SIO; 40 20 300.00 11.00 99 (Hamzah,
Leo and
Ooi, 2019)
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PVDF CNTs 82 20 48.00 34.20 100 (Silvaet al,
2015)
PVDF fSIO2NPs/fCNTs 60 10 601.00 39.77 99 This study
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5.4 Conclusion

This study explored membrane preparation aadoparticlemodification to improve their
performance in MD applications. Synthetic membranes, namely M1, M2, M3 and M4, were
comparatively assessed against commercial membranes, -ZTRBHd PTFES5. The
membrane WCA decreased from 116.5®11) to 84.62) (M2) upon incorporation of pore
former (PVP). However, WCA increased significantly to 101.&0d 103.61 upon further
addition of fCNTs (M3) and fSieNPs (M4), respectively. Furthermore, the LEP of the
membranes decreased upon increased pore formatidmnwibhe membrane surface.
Interestingly, incorporation of f{CNTs and fSIOPs produced membranes of high LEP values

> 500 kPa. Based on SEM analysis, these membranes were densely porous with irregular
patterns of varying small, round, and spongy pores.ifi¢treased LEP after the addition of
fCNTs in M3 was governed by its reduced pore size. In contrast, incorporation eRF&O
increased the size of the macrovoids and therefore indicating the dependence of M4 LEP on its
hydrophobicity with slight deperdce on pore size. Asynthesised membranes presented
comparable properties to commercial membranes, thus demonstrating their potential
applications in MD systems. However, further research is needed to investigate the synergistic
effect of the additives towds improved performance at industrial level. This includes
investigation into the fluorination of CNTs and their effect on process performance is also
recommended. During separation experiments, treyathesised membrane achieved > 99.0

% salt rejectiorand produced relatively stable fluxes and deltaT profiles. Based on flux, salt
rejection tests and physicochemical properties, fSR3 was the most favourable hydrophobic
additive producing membranes of high performance. Curation of membrane propaties a
structural integrity through incorporation of fCNTs and f#®s provided a clear path
towards improved wetting resistance. As a result, the current study provided experimental
evidence for the successful use of modified PVDF membranes in DCMD, tmisagp@ther

research directions towards improved process performance.
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CHAPTER SIX

6 The Evaluation of Modified Synthetic Flat-Sheet PVDF Membranes for Membrane
Distillation Crystallization (MDC) Using Simulated Wastewater

The work reported herein is in preparation
Modified Synthetic FlaSheet PVDF Membranes for Membrane Distillation Crystallization
(MDC) Using Synthetic Wastewater. This was authored by Indira Chimanlal, Le¢bea
Nthunya, Cejna Anne Quigensen, and Heidi Richards.

6.1 Introduction

An increased global population has caused rising demand for natural resources. This is
propelled by mineral needs in the wake of evolving industries and economic sectors.
Consequeity, a larger amount of waste is generated in tandem with greater industrial output.
Upon disposal without adequate treatment, wastewater discharged from industries cause
disastrous implications on the environment and human h@alttav,Labhasetwar and Shabhi,
2022) Produced water from oil and gas extract{@h et al, 2015) acid mine drainage
(AMD), and brine introduce large volumes of salt into the environment. These polluted
wastewaters are related to the incorporation of harmful materials which negatively impact
humans, animals, and other micesbin the ecosysterfAnekwe and Isa, 2023)The
consequences thereof include plant dehydration, nutrient and hormonal imbalances, and
environmental toxicity, among many othé@ndrasek and Rengel, 2021; Stein, Michael and
Dugan, 2021)Wastewater when left untreated can result in biomagnification in aquatic and
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terrestrial environment§Dhamsaniyaet al, 2022) Accordingly, freshwater sources are
declining due to progressive environmental contamination and exploit@ieve et al,

2018). Therefore, remedial technologies are required. The abundance of minerals found in
these waste streams provides an opportunity for their recycling and reuse. This is vital as it
encourages circular economies, reduces the quantity of waste intradubedenvironment,

and improves the quality of discharged water to save the environment. Conventional
wastewater treatment methods such as nanofiltration (NF), ultrafiltration (UF), and reverse
osmosis (RO) are mature technologies commonly used to tesét W hese technologies are
used individually or integrated depending on the quality of water required. Importantly, these
technologies have limitations such as high operating pressures leading to high treatment
expenditures(Ali et al, 2015; Luet al, 2017) For these reasons, they are Isagxploited in
developing countries. Furthermore, RO produces concentrated brines, causing disposal

challenges.

Membrane distillation (MD) was introduced as a promising technology to address challenges
facing pressurglriven water treatment technologies. When integrated to conventional
crystallization, MD can recover freshwater and minerals from wastewater (altephkown

as membrane distillation crystallization, MDC). MDC is a thermal process facilitating
separation through a hydrophobic membrane. Technically, the water passes through the
membrane in vapour form, exclusively retaining vofatiles(Lu et al, 2017) The hot and

cold interfaces from different sites of the membrane establish a vapour pressure gradient acting
as the driving force. In MDC, the feed solution is concentrated to supersaturation thus
facilitating mineral recovery through crystallization. During MDC applications, the
hydrophobic membrane in MDC applications play two roles, namely; 1) provision of a mass
transfer interface to concentrate the feed solution through solvent evaporation, and 2)
promotion of hetrogeneous nucleation as the memb(&udsvie and Chung, 2013; Jiartal,

2016). This technology possesses various advantages including treatment of highly
concentrated feed streams, utilization of renewable energy and is less energy intensive. Also,
MDC affords wellcontrolled supersaturation rates, crystal nucleation, andwtigro
(Sparenberg, Ruiz Salmén and Luis, 202dpst interestingly, MDC can simultaneously
recover minerals and freshwater in one progg&mav, Labhasetwar an8hahi, 2022)
Unfortunately, MDC is affected by fouling/scaling whereby contaminants in the feed solution
(organic, inorganic, and/or colloidal) deposit onto the membrane surface or within its pores

resulting in a deteriorated membrane performa@gta 2008; Nthunyaet al, 2019)
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Membrane wetting is another common challenge commonly affecting the quality of recovered
water (Chimanlalet al, 2022) To ensure high process performance, various hydrophobic
membranes origating from a variety of sources (commercial or synthetic) are often used in
MDC systems. This work evaluated the recovery of freshwater and minerals in MDC using
synthesized PVDF hydrophobic membranes and a commercial PTFE reference membrane.
This study ao utilised simulated environmental wastewater. Wastewater samples were
obtained at various pollution zones in Gauteng, South Africa. Wastewater samples such as
landfill leachate and acid mine drainage (AMD) were collected. Leachate wastewater is defined
as water that has percolated through waste and contains a high level of unwanted chemicals
(Dhamsaniyaet al, 2022) AMD is typically generated when sulphide materials encounter
oxygenated water and air. Moreover, this type of wastewater is detrimental for surrounding
ecosystems due to the high levels of iron and sulphate in conjunction to its |0Wqgteet

al., 2019) Various treatment strategies are often employed to alleviate the environmental
expense of these pollutants and examples include, though not limited to, electrothyisis

and Koldas, 2006)passive bigeactors(Akcil and Koldas, 2006)adsorbentgEgashira,
Tanabe and Habaki, 2012; Chimanlal, Lesaoana and Richards, 20@Bjological treatments
(Dhamsaniyaet al, 2022) However, it hasiot yet been widely reported on the use of MDC

for the treatment of such wastewater. The feed solutionpveamared tsimulatedacid mine
drainagg AMD).

6.2 Methods and Materials

6.2.1 Chemicals and equipment

Certified aqueous referenamation multi-element standarénd anion reference standard
solutions (1000 mgt) wereobtained from De Bruyn Ultraspec (Johannesburg, South Africa).
Materials used for membrane fabrication included polyvinylidene fluoride R\NDWV =
534,000 mg-mot), dimethylformamide (DMF, 90.0%), dimethylacetamide (DM2.,0%),

and polyvinylpyrrolidone as the pore former (PVP MW = 360,000 mg*mall reagents used

in the membrane fabrication process were purchased from &girieh (Jdhannesburg,
South Africa). Ultrasonication was performed using the Eins Sci Profession ultrasonic cleaner
under the normal setting (Johannesburg, South Africa). For membrane casting, an Elcometer
4340 casting knife film applicator set to a height of 50 @long with the Elcometer 4340
Automatic Film Applicator to a speed setting of 4 (Manchester, United Kingdom). A
commercially acquired PTFE 8 ”  xmerhbdahe) with a pore siz8.20 pum)supported on

nonwoven polyester was provided by Pall Corporation (Nesk, USA). Materials used for

78



the functionalization of the CNTs and SKIPs are documented elsewhe@hgpter Five).
Permeate conductivity for MDC was recorded using the Hanna benchtop multiparameter meter
(Washington USA).

6.2.2 Solution preparation
6.2.2.1 Working standards

Standard solutions fanductively coupled plasmaptical emission spectroscophCP-OES
analysis were preged through serial dilutions afmulti-element stock solution in the range
of 0.1— 20 mg L. Samples were acidified with 5% HNQAIl solutions were stored in the
darkat4 °C when not in us&imilarly, anion standard solutions were used for preparation of
calibration standards required fion chromatographyiC) analysis in the range of 0.5 mg L
1100 mg L. All calibration standards were prepared using ultrapdilé -Q-RO4 water
(Millipore, Bedford,MA, USA).

6.2.2.2 Feed solutions

For MDC, the feed solution employed was a simulated version of AMD obtained 200 m from
the mine dump. The AMD is a recurrent environmental source of poll(Rioetown, Ward

and van der Westhuizen, 200@nd due to the magnitude of mining activity it is a frequent
issue inmany countries. For example, in South Africa the volume of AMD produced from the
Witwatersrand Gold Field can reach alarming levels of 350 Mt* dalegbeet al, 2019) For

MDC application, it is preferred that a highly saline wastewstéution be employed as it
encourages the formation of supersaturation to facilitate salt recOvadsle 6.2). Therefore,

the highly saline water samples were leachate and AMD samples. However, due to the complex
nature of the leachate samples (highdibx and organic content), AMD samples were utilised
preferentially. Specifically, the sample obtained 200 m from mine dump sample was chosen
based on lengthy migration of dissolved minerals from the mine tailings. The synthetic solution
was prepared frona mixture of different salts namely: sodium chloride (NaCl), sodium
fluoride (NaF), potassium sulfate {8Qs), nickel sulfate (NiS@BH20), cobalt chloride
(CoChk®H0), zinc sulfate ZnSOQ:M20), calcium nitrate Ca(NG)3H20), ferric sulphate
(Fe(S043H20), and anhydrous magnesium sulfate (MgS@ll salts were obtained from
Sigma Aldrich (Johannesburg, South Africd)o adjust for the pH of the solution as seen in
Table 6.2, nitric acid (HNQ) (10.09 mL) and 0.1 moltsodium hydroxide (NaOHyas used.

The nitric acid used also contributed to the sN©oncentration requiredAs necessary,
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ultrapure deionized water was us@flli -Q-RO4 (Millipore, Bedford, MA, USA).The

composition of the salts is presentedable 6.1 below.
6.2.3 Wastewater sampling and analysis

Wastewater samples were obtained from various water sampling sites and collected via plastic
containers and stored in the dark at 4 °C. All samples were acidified withs N@®event
metal precipitationPhysical paramete such as pH, conductivity, salinity, and temperature

were measurednsite

Due to the high concentration of organics present in the leachate samples, rigorous sample
preparation was undertaken to remove all organic matter prior t@E¥ and IC analysis

During photeoxidation, approximately 80 ml othe leachate samples wetensferrednto

glass bottlesand placed on a magnetic stirring plate under a UV [aifple stirring,drops of
hydrogen peroxidevereadded to the sampleEhe oxidation was caad out for 2 hrs.

Based orliterature reportgUddin et al, 2016) digestion is an important sample preparation
step assigtg in elemental analysidt affords the detachment of bound or insoluble matrices
for an accurate determinatiofo do s@2.0 nL HNOs (55 %)and 1.0 b of HCI (32 %) were
added100 mL of the samples followed hljgeston to drynesat 95 °C + 5 °C.Furthermore,
deionizedwater was addetb fill the beaker to theriginal sample volume. The individual

samples were filterechd stored in the dark at 4 °C.
6.2.4 Membrane fabrication and characterisation

Membrane preparation and characterization for RZ&6E&nd M3 were reported in previously
(Chimanlalet al, 2023) However, extending the work produced from M4 reported earlier, an
investigaion into an increased fSEPs content (M5) was carried out. The NP content was
increased to 7% to improve membrane properties for MDC. The fabrication procedure was
reported previouslyGhapter Five). This membrane was characterised using SEM, AFM,
tensik strength, porosity, LEP, and WCA. The details thereof may be sé€éi.B). After

MDC process evaluation, used membranes were analysed to understand their interaction with
the feed solutions. Morphological properties of the salt crystals and membreneegoguired
from TESCAN Vega scanning electron microscop
kV. All samples were coated with a layer of carbon and Au/Pd before analysis. Elemental
mapping of the used membranes was obtained from Energy DispersiegoSpopy (EDS)
coupled with SEM.
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6.2.5 Membrane crystallisation (MDC) tests

In Chapter Five, synthetic and commercial membranes were evaluated for salt rejection and
rate of water recovery in DCMD. Accordingly, M3, M4, and PTEEpresented the highest
performance and were therefore chosen for MDC evaluation. Extending the work reported in
Chapter Five, MDC application was performed on M3, M5, and PTHEE A simulated feed
solution resembling the characteristics of AMD (200 m from mine dump) was prepatsd (

6.1). The feed and permeate solutions were circulated m@ugentconfiguration ats0 3
and10.03 , respectivelyA membrane area of 152 x 110 mm was employed, along with a
crossflow velocity of524 mimin®. Thechange in mass amodnductivity of the permeate was
measured continuously.h& feed solutions were stirrexntinuously toensure continuous
dissolution.Upon supersaturation, the feed solution was placed into an ice bath, followed by
filtration, and drying of collected crystals. Distillaflex (J) was calculated usingquation

(1), whereYi is the differencén the permeate mass (kg)Qis the time difference (hrs) and

A is the membrane area n

y

T ®

Table 6.1: Composition of the synthetic AMD solution used for MDC.

Salt Concentration (mg L)
NaCl 89.68
CasSQ 301.6
CoSQO 10.52
ZnSG 64.03
Fex(SQu)3 981.0
MgSQy 1617.3
K2SQy 325.4
NiSOq4 17.67
NaF 10.83
Al(SQy)3 253.6

6.2.6 Crystal characterisation
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To evaluate the crystdbrmation samples were collected at 30 min intervals and analysed
using the Nikon stereoscopic microscope SMZ745T equipped with NIS elements Imaging
software (Tokyo, JapanProduced crystals were analysasing powder xay diffraction

(PXRD, Bruker D2 Phaser Diffractometer equipped with amomochromatedG&Ka s our c e,
A = 1. Ihorepardtipn for the analysis, each sample was compacted onto a Si zero
background sample hold&ingle crystals generatavith PTFE20 and Mb were collected on

a Bruker D8 Venture Bio PHOTON Il 2gixel array area detector (208 x 128 Aim

di ffractometer, coupled with a MoThekamlysispS DI £
was performed at 173 K. The unit cell and compldtta set were obtained usiAdPEX4

(Bruker, 2021)and integrated usin@AINT The SADABSwas used taevaluateempirical
adsorption corrections and data scaling. Furthermore, using (Mex@manovet al, 2009)

the respective crystal structures were resolved ®iteIXT(Sheldrick, 2015bpand refined

using ShelXL (Sheldrick, 2015a)All database files were retrieved from the ICSD crystal
database. Furthermore, all PXRD refinements and database matching was performed using
BRUKER DIFFRAC.TOPAS V7.20 software.

6.3 Results and discussions
6.3.1 Quantitative determinations of minerals present in wastewater samples
6.3.1.1 Physical parameters of all wastewater samples

Physical parameters such as conductivity, total dissolved solids (TDS), salinity and pH were
measurd and recorded iffable 6.2. Notably,conductivity and salinityf leachate and AMD

were higher compared to other wastewater soufidesleachates and AMD are characterised

by high concentration of inorganic salts and heavy metals, thus contributingirtdityh
conductivities and salinityAdditionally, theleachates and AMD were high&cidic with pH

lower than 4 During mining, highway construction, and other lasgale excavationand
mining activity, sulphide is exposed to water and oxygen. Thieleslbxidize tesulfuric acid

thus lowering the water pH which contributes to ANEkowsen, Ziemkiewicz and McDonald,
2019) Mine tailings have restructured the landscape of various townships since the inception
of mining in South Africa. These tailing dumps are continuously discharging polluted water
into various streams through diffuse pollution. The diffuse and point sooltoégn increases

water salinity and other characteristics of water pollution. To mitigate challenges experienced

by users at lower stream, the upper stream release unpolluted water enabling water dilution.
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However, these challenges can critically be adsied through MDC water treatment processes

where freshwater is recovered while minerals are recycled for economic purposes.

Table 6.2: Physical parameters of the various wastewater samples collected and measured at
room temperature.

Sampling area Physical parameters measured at room temperature

Conductivity (uScm?)  TDS (mg L™) pH Salinity (PSU)

Leachate A 130 000+ 243 14830+230 3.9+0.2 33.5+1.1
Leachate B 168 000+ 346 12130+670 3.4+04 18.3+1.9
Watertreatment plant 3062+ 109 1529+ 102 6.0£0.7 1.6+0.2
Station dirty dam 5 876+ 209 2 950+ 261 6.3+ 0.1 3.2+ 0.7
Ash dump dam 3894+ 302 1951+ 83 57+0.4 21+0.1
Holding dam 3 505+ 80 1760+ 107 5.1+ 0.6 1.9+0.3
Co-produced
water FGD blowdown 22 800+ 243 1141+ 99 5.9+ 0.3 13.8+1.2
Clean station dam 683+ 72 342+ 21 6.7+ 0.3 0.3+£0.1
PS dirty reclaim dam 1808+ 203 904+ 53 6.9+ 0.5 0.9+0.1
Ash pond 2684+ 112 1340+ 97 9.5+ 0.3 1.4+0.4
100 mfrom mine dump 18902 + 1 689 9502 + 728 24+0.1 23.1+1.1
Acid mine 200 m from mine dump 6 890 £+ 1091 3431+89 2704 30.21+ 1.2
drainage )
Discharge to Fleurhof 4 782 + 608 2452 + 320 3.9+£0.2 30.89+ 1.3

dam

6.3.1.2 Wastewater analysis — ICP-OES and IC

Collected vastewater samples wecoharacterizedising ICP-OES and IC to ascertain their

cationic and anionic properties, respectivalglgle 6.3). Further information pertaining to the

transition metals detected can be found able A2. Based on the findings, leachate samples

contained the highest concentrations of nitrates and sulphates which exfilait@dc nature

of these sampled#igh levels of nitrate levels in leachates originate from organic matter such

as amino acids and other prote(@ssuet al, 2018) Moreover, high sulphate levels may

derive from industrial waste such as construction and mining wkgianapanichet al,

2014) Hence, these samples ragdi extensive prreatments prior to analysis. Moreover, the

low pH of leachates was ascribed to fresh organic waste thus characterising it as young leachate

samples (less than 5 years didhamsaniyat al., 2022) Nonetheless, these leachate samples

containedhigh levels of organic matter, dissolved solids, and salts which were consistent with

previously reported literatui®hamsaniyat al, 2022) The ceproduced water samples were

obtained at various sampling points along the industrial plant. Notably, sampiirig gach
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as the water treatment plant and the clean station dam contained the least pollution as
represented by the lower analyte concentrations. Comparatively, the other sampling points
contained higher levels of analyte pollution. The difference masbebed to various water
treatment protocols employed in the plant operation. AMD samples were also obtained at
various sampling points along the stream bed. The analyte concentrations varied from the
different sites which was attributed to changes inagoal composition, rate of oxidation,

and chemical deposition, among other fact@degbe et al, 2019) Notably, analyte
concentrations decreased with an increasing distance from the mine dump with some
exceptions. For instance, thelghate concentration at 100 m from the mine dump was the
highest 20166.3 + 692.6 mgt) compared to the discharge into the dam (1636.5 + 96.7 mg
LY. Therefore, analyteconcentrations were highest closest to the pollution source.
Additionally, the collected AMD samples were highly acidic with a high conductivity and
salinity. These findingsre similar to previously reported literatuf@aikwad and Gupta,

2008) Gitari et al.(2008)reported AMD samples with a low pH in conjunction with a myriad

of analytes suclas Al, Cu, Na, and Cd&eportedly, the samples contained sulphate levels
exceeding 2900 mg L* (Gitari et al, 2008) The results reported Fable 6.2 andTable 6.3

reveal the hazardous nature of these wastewater samples present in the environment.
Furthermore, their aciti and complexcharacteristicéndicate theideachng potentialfrom
surrounding environments such as rocks and soils. Therefore, these sansplesepaus
environmental concerns, thus motivating the need for waste remediation. Additionally, the
treatment of these and similar wastewater solutions allows for resource recovery as these

solutions provide a variety of analytes which could possiblyebevered.
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Table 6.3: Concentrations of analytes contributing to water salinity using@ES and IC.

Sampling area

Group | and group Il metal concentrations (mg L)

Anion concentration (mg L)

Ca? K* Mg?* Na* Cl F NOs SO42
Leachate A 152.7+12.4 750.7+ 43.9 152.7+£ 9.7 750. 7£ 52.9 26.8+£1.2 BDL 69340+ 193 63897+ 201
Leachate B 3.2+0.3 91.9+1.6 100.4+ 4.1 150.4+12.4 175+ 0.4 BDL 89750+ 312 3139+ 89
Co-produced  Water
water treatmentplant 2.7+ 0.1 6.7+ 0.2 1.6+0.1 221.4% 2.9 58.8+ 0.8 BDL 2460+ 112 961+ 23
Station dirty 285.7+23.1 7.2+x0.1 155.8+ 15.9 93.4+6.2 136.5+ 21.5 8.7+ 05 3256.7+ 425.1 2216.4+ 186.3
dam
Ash dump dam 293.3+ 0.3 12.7+ 0.1 506.1+ 23.7 76.7£ 0.8 91.7+ 2.6 46+04 2520.% 220.7 1549.3+100.1
Holding dam 136.9+ 2.3 5.1+0.2 67.4+0.1 69.5+ 1.9 791.4+ 345 745+ 1.8 4358.9+ 287.5 7947+ 107
FGD blow 445.6+x 1.6 28.6x04 1044.6+ 6.1 413.8+ 2.9 2695.8+ 162.3 15.8+ 0.5 18487.1+ 87.2 6026.7+ 206.3
down
Clean station 8.6+0.2 8.4+0.1 BDL 251+ 0.3 83.4+8.7 BDL 2034.5+ 110.7 125.6+ 5.9
dam
Dirty reclaim 30.5£ 0.2 22.1+0.1 26+0.1 73.9+ 04 2384.3+ 167.4 22.3+0.6 19859.6+ 5395.3+ 323.8
dam 601.5
Ash pond 372.7+12.9 37.1£ 0.5 198+ 1.3 155.7+1.9 391.9+ 23.7 1.3+x0.1 2181.4+ 117.5 BDL
100 m from 175.4+ 4.8 116.7£ 7.7 1475+7.3 116.7+7.7 105.1+£6.2 9.7+04 74455 + 323.9 20166.3 +
o mine dump 692.6
Acid mine
drainage 200 m from 88.8 + 0.4 73.0+63  3265+109  73.0:63 54.4+ 1.6 49102  5041.3+220.1 4046.7 +326.4
mine dump
Discharge into 85.6+05 212944 210.3+5.3 2129+ 4.4 343.1+21.6 BDL 4256.1 + 321.8 1636.%96.7

Fleurhof dam
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6.3.2 Freshwater and mineral recovery in MDC

Membrane distillation crystallization (MDC) was evaluated towards the recovery of freshwater
and minerals from synthetic AMD wherein three membranes (M3, M5 and-RUOF&ere
assessedt 60 °C Figure 6.1). The average permeate flux@PTFE20 and M5 was 2.426 and

1.459 kg n? hr, respectively. Additionally, the salt rejection was 99.96 % and 97.52% for the
respective membranes. The reference membrane (RUFRroduced théighest permeate

flux, which could be attributed to its superior hydrophobicity achieved at a commercial scale.
However, M3 presented the poorest performaRdgife 6.1 Al). Due to its poor performance,

it was incapable of attaining supersaturation, dn tdid not produce any crystal product.
Moreover, membrane performance was affected by surface deposition as evidenced by SEM
imagery(Figure 6.5 B). It is possible that membrane deposition may have reduced its structural
integrity thereby leading to ifgoor performancéChoi et al, 2020) Nonetheless, M5 was
susceptible to flux decline over time which could have been attributed to factors such as the
feed temperature increasing to a critical value, or the feed cross flow velocity decreasing to a
critical value(Zhaoet al, 2011) Notably, a deposition lay€Figure 6.5 C) was observed for

this membrane as well, although, the decline in its performance was not as severe as it was for
M3.

Salt deposition near the membréeed interface diminished the liquicapor boundary
leading to a swift flux and salt rejection declifiedwie and Chung, 2013TCompounded to

this, temperature polarization could be another contributing factordevilax decayOlatunji

and Camacho, 201.8Moreover, a réuced temperature at the membrane interface reduces
vapour pressure, thus causing a decay in distillat§ Hdwie and Chung, 2013nterestingly,
incorporation of fSiIGNPs (i.e., M5) improved process performance considerably. This was
evident inthe higher average permeate flux produced for M5 compared to M3. However, due
to low recovery rate compared to PTFEB, M5 required lengthy duration to reach
supersaturation. However, A gradual increase in the distillate conductivity experienced for M5
suggested the onset of membrane wettiRgg(re 6.1 A2). Nonetheless, a satisfactory salt

rejection was recorded (97.52%).
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Figure 6.1: (Al) Permeate flux plots for all three membranes ah2) their corresponding
conductivity profiles.

6.3.3 Crystal analysis
6.3.3.1 Microscopic imagery

Upon saturation of the feed solution, crystal formation was assessed under the microscope
(Figures 6.2 A-C). Microscope imagery was employed to visualise the faomaif crystals

as the solution gradually reached supersaturation. Micrographs obtained usingRPTFE
(Figure 6.2 A) presented needlée crystals with possible elongation with longer process
duration (t = 4 hrs). Based on the microscope image, the nwhbesstals forming increased
linearly with time Figures 6.2 B&C). Moreover, Figure 6.2 B provided evidence that
although M3 exhibited poor MDC performance, it was still able to encourage some crystal
formation in the initial stages of the experimentnifarly, the crystals produced by M3 and

M5 also appear to be elongated and nekkiiein structure when compared to those produced

by PTFE20.
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Figure 6.2: Micrographs depicting crystal development during MDC using membi@jes
PTFE20, (B) M3, and(C) M5.

Figure 6.3 below presents SEM micrographs of the obtained crystals. The-BOBd M4
membranes produced crystals of varying sizes with a dildeiccrystal structure. Similar
findings were reported bghoi et al (2018) However, XRD presented minor differences in
crystallinity of the obtained minerals for M4 and PTEE (Table 6.5). Small changes in the
morphology and crystal structure between the tnaxlpcts could be attributed to chemical
reaction or physical factors (such as agitation sp@daiet al, 2018) Notably, crystals were

not formed upon use of M3. This confirmed that the solid product remaining when using M3

was undissolved salts and not the product of crystals formed at supersaturation.
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Figure 6.3: SEM micrographs showing crystal morphologyidwing MDC tests usingA)
PTFE20, (B) M3, and(C) M5.

6.3.3.2 Crystal structure refinement and identification

Single crystak-ray diffraction XRD) was used to assess the type of minerals produced for
each membranelhe solid products analysed were produced using PZFBnd M4. The
dominating produced mineral wagypsum (CaS@2H.O). The crystalstructures and
crystallographic informationof gypsum are presented iRigure 6.4 and Table 6.4,
respectively.nterestingy, gypsumproduced from each membrane wasnoclinic with the

C2/c space grougSimilar findings were reported biazzareniet al, (2010). Additional
experimental crystallographic information pertinent to this study may be found in the

supplementary dat@able A3).

6.4: Crystallographic information for gypsum obtained with PTZEand Nb.

Crystal data PTFE-20 M5
Empirical formula CaHiO6S CaHiOeS
Formula weight 172.17 172.17
Temperature (K) 173.00 173.00
Crystal system monoclinic monoclinic
Space group C2/c C2/c

a (A) 6.2633 (3) 6.2626 (6)
b (A) 15.1323 (8) 15.1313 (12)
c (A) 5.6715 (3) 5.6692 (4)
a (°) 90 90

B (°) 490.25 114.201 (3)
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Figure 6.4: Crystal structures of gypsum produced with PIZEEand M, respectively.

6.3.3.3 Powder x-ray diffraction (PXRD)

Powder xray diffraction (PXRD) data was used to identify mineral products. This technique
was used in conjunction to single crystal XRD because some of the solid product was present
in a powder form. This was used to characterise the undissolved sddigdcpaf M3. The
experimental powder patterns for each membrane may be sédaguire 6.5 A-C. When
matching the experimental pattern to those found in datalasgse A7), it could be seen

that PTFE20 produced gypsumC@SQ.2H0) and M3 produced hydronium jarosite
((H30)F€e**3(SQy)2(OH)e). The data obtained for PTRED corroborated that producedTiable

6.5. In addition to producing gypsum single crystals, M5 produced an array of minerals that
were identified as 29.66% arcanitex@Qu), 21.77% cobalt sulfate (VI), 1.55% halite (NaCl),
12.71% iron (1) sulfate (F£SQu)3, monoclinic), 32.84% mikasite (&), rhombohedral),
0.79% nickel sulfate (NiS£), and 0,65% zinkosite (ZnSP This information suggested that

the use of M5 could produce a variety of minerals from an MD&uefThe differences
calculated between the experimental pattern and the dataatsms could be attributed to

noise signals.
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Figure 6.5: Experimental PXRD patterns for using (A) PTEg, (B) M3, and (C) M5.

6.3.4 Membrane deposition

Surface deposition in MDC application studies was inevitable and thus understanding its
impact on membrane performance at the onset and development is impg&hinaanlalet

al., 2022) Electron microscopy was used to evatuaalt deposition on the surface of the
membranesKigure 6.6). Furthermore, EDS graphs presented elemental composition of the
deposition layer Kigure 6.7). As seen onFigure 6.6, the assessed membranes were
characterised by a cake layer on the membramtace. Moreover, these findings were
corroborated by EDS analysis which depicts the presence of the feed elements on the
membrane surfaceFigure 6.7 A-C). Notably, the elements that were present at high
concentrations such as potassium and iron weremires all EDS spectra. Traces of Au and

C from the EDS spectra were due to the membrane coating and membrane additives during
SEM preparation. These results provide further substantiation for the deteriorated membrane
performance over time as shownHigure 6.1 (MDC flux graphs) above Notably, calcium

is absent from the EDS spectra which indicates that the scaling was not the cause for a decline
in the membrane performance. This is because calcium salts are commonly the cause for
scaling in membrane procesgédkhatib, Ayari and Hawari, 2021 Membrane fouling, as a
conseqguence of the feedlution(Yaoet al, 2020)may have been a contributing factor toward
permeate flux decline. The mechanism for flux decline due to deposition may have been due
to pore blockage which may have occurred at the entrance of the pore or within t{i€pores

et al, 2020) In anearlier report, researchers observed a deposition layer on the membrane
surface. The cause thereof was ascribed to a decline in the feed velocity to the critical fouling
velocity (Zhaoet al, 2013. Moreover, previous literature has reported considerable deposition
layers were observed which also led to an 18% reduction in the mean po(€sikn-
Burriezaet al, 2014)
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Figure 6.6: SEM micrographs depicting deposition on the membrane surfgéé BiTFE 20,

(B) M3, and,(C) M5.
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Figure 6.7: EDS spectra showing the elemental composition of membrane fouling deposition
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6.4 Conclusion

Thefeasibility of synthesised PVDmodified membranes was evaluated for the recovery of
freshwater and minerals from AMD in MDC. M5, containing functionalised nanoparticles
(CNTs and Si@NPs) had an average permeate flux of 1.459 kghmn' after 12.5 hrs.
Comparatively, a commercial membrane, PTRE achieved an average flux of 2.426 kg m

hrl. Additionally, M3 (only containing functionalised CNTs) presented the poorest
performance and did not attain supersaturation. Moreover, PXRDseniayealed that PTFE

20 produced gypsum, while M5 produced an array of mineral salts. These include cobalt
sulphate, halite, and iron (lll) sulphate, among others. Although M3 was unable to reach
supersaturation it could encourage precipitation in thy stages of the experiment as seen

from microscopy images. The use of this membrane produced undissolved salts characterised
as hydronium jarosite. Its poor performance was a consequence of membrane structural damage
and foulant deposition. NonethelesSEM micrographs revealed some deposition on the
membrane surface which confirmed the susceptibility of all membranes to fouling during MDC
application. Nevertheless, the incorporation of nanoparticles into the membrane matrix
afforded a satisfactory perfoance of M5 in MDC. However, further investigation into the

|l ongevity of the membrane’ s performance |
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responsible for an increased distillate conductivity. This study provided further motivation for
the use of nan@pticles to enhance membrane performance. Additionally, this study provided
evidence for the use of MDC toward the treatment of AMD which has not been widely
researched yet. Furthermore, this provided evidence that MDC and PVDF membranes can treat
highly ecidic wastewater, which provides groundwork for the application of real samples.
Future recommendations include an investigation into properties such as critical fouling
velocity and critical feed temperature as it pertains to fouling. Lastly, applicattbrreal
environmental samples is encouraged as it would afford the deployment of this technology in

industrial settings.
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CHAPTER 7 - CONCLUSIONS AND RECOMMENDATIONS

In this study, composite PVDF membranes were successfully fabricated and characterized.
Furthermore, additives such as fCNTs and 8iPs were consecutively ingmrated to the
polymeric membrane to evaluate their contribution to thevagtiability of these membranes.
Moreover, these membranes were examined in pasghstreference commercial PTFE
membranes. The WCA and LEP of M4 were 103.6hd 590 kPa,easpectively with a
decreased average pore size which was consistent with literature. The high LEP of M4 was
attributed to its WCA and reduced pore size, thus improving its mass transfer resistance.
Furthermore, the composite membrane demonstrated ansadreeembrane roughness which

was linked to its hydrophobic properties. However, it presented a lower tensile strength when

compared to the pristine membrane.

Following membrane characterization, these membranes were evaluated using DCMD for
water recoveryThe feed solution utilized was a 3.5 wt% NaCl solution which mimicked the
salt concentrations typical of seawater. These applications were also evaluated at three different
feed temperatures (40, 50, andJ6§ This was done to investigate its effectvapor pressure

and permeate flux output. The permeate flux increased with an increase in the feed temperature,
which was attributed to an improved temperature gradient, thereby enhancing the driving force
of this technology. This was corroborated by terapee gradient profiles (dT vs time)
whereby a higher feed temperature produced a greater driving force. For example, the average
permeate flux produced at 40 andB@or M4 was 19,88 and 39,Kgy m? hrl, respectively.

In addition, permeate conductivity was also monitored during the experimental time. The
conductivity showed slight increases over time which was ascribed to slight membrane wetting.
Wetted membranes promoted water passage in a liquid state, therefevegalidransfer of
dissolved salts. Nonetheless, the slight membrane wetting was negligible and did not negatively

impact membrane performance as a 99% salt rejection was still produced.

In comparison to the average permeate flux produced with M1 (kg 23 hrl), M4 produced

a superior permeate flux which was largely due to the incorporation of membrane additives.
Moreover, M3 which only contained fCNTs produced a permeate flux of 2,682 hrt

which exceeded that of M1 but was lower than that df Vhe difference was explained by

the addition of fSiO2NPs. The addition of fSifNPs provided a superior membrane
performance which was realized by the flux improvement as compared to f{CNTSs.
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In tandem with the DCMD application, membrane distillation tatjigation (MDC) was
carried out to investigate membrane performance for mineral and freshwater recovery using
synthetic AMD. M5 produced an average permeate flux of 1kgp68712 hr! whereas M3
showed poor MDC performance. This was largely due to stralicdamage and membrane
deposition. Moreover, due to its poor performance, it was unable to attain supersaturation and
thus could not produce mineral salts. M5 was able to produce both single gypsum crystals and
a mixture of powdered crystals. However, M §EDX analysis revealed that all membranes

suffered membrane deposition which reduced membrane performance.

The addition ofSiO2NPs considerably improved membrane performance both in DCMD and
MDC. Moreover, this study substantiated the necessity for mesmbfabrication and
modification as it provided an avenue to manipulate membrane properties and investigate the
effect of various nanoparticles. In addition, MDC application with synthetic AMD showed the
potential of M5 to treat environmental AMD. The sassful application of these membranes

in DCMD and MDC provided motivation for the use of this technology to treat environmental
samples and proved that MDC technologies can treat a variety of feed solutions regardless of
their concentrations. Further renmendations include the improvement of the-amitability

of composite membranes either by incorporating additional hydrophobic particles or by
improving the hydrophobicity of SEIPs. This could be achieved by functionalizing the
SiONPs with other hydiphobic agents. Furthermore, an improvement in synthetic membrane
properties to improve process performance is recommended. Lastly, application with real
environmental solutions is recommended as this would provide key information about the

suitability ofthis technology in an industrial setting to alleviate environmental pollution issues.
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Appendix

This section includes supplementary information for articles 2 and 3 reported in Chapters Five

and Six, respectively.

Appendix for Chapter Five
Al Fourier transform infrared (FTIR) analysis of the NPs and membranes

Al.1 The FTIR analysis of the nanoparticle additives
The FTIR spectra of SUDIPs and fSieNPsarepresented ifrigure Al (A). A peak at 1454.23

cm?! was associatesvith a SiN stretch contributed by silica and nitrogen reaction from
ammonium hydroxide. The appearance of a strong band at 102708ncha medium band

at 783.05 cmt was attributed to a SD-Si stretch and bend, respectively. A peak at 1602.74
cm!was asgned to anOH bend caused lifiephysical absorption of waté€aiet al., 2018)

In addition to this, a medium band at 933.48'cwas associated tthe Si-OH bend. The
absorption of water evidenced by a weak, broad peak at 3284-5&asnascribed to aiOH
streth. Notably, the spectra for the SKIPs and fSi@NPs did not display significant structural
variation. This is because the SNIPs werephysically modified with no chemical reaction.
Thus, the coating process did not alter the chemical properties of thRFSiMut rather
changed particle size as evidenced by the TEM microgr&pige Al (B) presents the FTIR
spectra of the CNTs. Howewvehe spectra did not show significant differences to fCNTSs.
Notably, a peak at 1582.04 drand 1487.08 crhrepresented an-8 bend due to chemically
absorbed watefGaoet al, 2020) and a CH bend respectivelyGaoet al. (2020) reported
some differences in NP spectra caused by flourination. In their spectra, the appearance of the
peaks at 1080 and 1270 ¢were referred t@asSi-O-Si and GF bands, respectiveliGaoet

al., 2020) Minor differences were caused by the small addition of silane reagents leading to
insignificant fluorination. Though a small addition of silane reagents redoeg@soduction

cost of modified CNTs, required properties such as hydrophobicity were compromised.
Therefore, optimization processes are required to establish affdmgweerproduction costs

and improved process performance during application.
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Figure Al: FTIR spectra of unmodified and modifié8l) SiO,NPs andB) CNTs.

Al.2 The FTIR analysis of the as-synthesized membranes

FTIR of the assynthesised and commercial membranes is presenkagures A2 (A andB).

The assynthesised membranes share similar peaks corresponding to bonds characteristic of the
PVDF base polyme(Figure A2 (A)). The bands at 1398.48 ¢mand 1169.21 crh are
assigned to & stretch, and € vibrations. Similar findings were reported Bylva et al.

(2015) and Puspitasari et al. (20L0Additionally, bands at 1069.93 836.37 cmt were
associated to scissoring vibration ofGHCF: and CH rocking vibrations, respectively
(Puspitasaret al, 2010) Also, the FTIR spectra for M2 M4 did not vary significantly from

that of M1 despite the inclusion of membrane additives due to physical interactions rather than
chemical modifications. Upon analyzing PTEB, two distinct peaks at 1205.63 and 1149.21
cm? corresponding to asymmetric and symmetrie §iFetching, respectively were observed.

In the case of PTFES5, similar peaks were recorded at 1198.49 and 1146.35%aspectively.
Furthermore, peaks appearing range of 64862 cm® were ascribed to GFwagging and
bending vibrationgWanget al, 2018)
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Figure A2: FTIR spectra obtained fqA) all synthesised membranes (M1IM4) and (B)
commercial membranes (PTED and PTFE5).

Al.2 Pure water flux determination in DCMD

Pure water filtration tests were carried out to evaluate MD process performance in the absence
of dissolved solutesFfgure A3). Evaluations were performed at three different feed
temperatures to assess their effect on process performance. The permeate flux (at feed
temperature o403 ) of M1, M2, M3, M4, PTFE20 and PTFE45 werel.89 kg n? hr?, 1.26

kg m?hrt, 0.63 kg n? hr, 2.21 kg n? hr, 4.42 kg n? hrt, and 6.94 kg M hr? respectively.

Upon increase the feed temperature te 6he permeate flux increased to 4.10 kg I,

4.73 kg n? hrt, 1.89 kg n? hr, 5.05 kg n? hrt, 6.62 kg nt hr', and 13.88 kgn® hr?
respectively. The increase in feed temperature increased vapour pressure gradient resulting
high process driving forcéQuistJenseret al, 2017; Gryta, 2020)Similar findings were
reported byEdwie and Chung (2013t feed temperature range of 4070 3 . Notably,
increased feed temperature does not only improves rate of water recovery, but also the process
thermal efficiencyEdwie and Chung, 2013DeltaTincreased significantly upon an increase

in feed temperatureF{gure A3 (A2-F2)), thus translating to the increase in permeate flux
(QuistJensenet al, 2017) PTFE45 presented higher flux compared to PTHE thus
indicating the role played by the membrane pore size. Also, membrane modifications in order
of M1 to M4 presented a progressive increase in permeate flux with some discrepancies for
M3. The increased flux at 68 from M1 (4.10 kg rt hr') to M2 (4.73 kg it hrl) was
associated to large pore size caused by incorporation of PVP (a pore former). However,

incorporation of f{CNTs (M3) caused a decline in water flux (1.89 kghn) due pore
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blockage. The M4 presented the highest permeate flux (5.05%Kgy # compared to other
synthetic membranes. Incorporation of fCNTs and $8s improved membrane
hydrophobicity significantly, thus minimizing mass transfer resistance by ensuring exclusive
vapour transport without competing water molecules in liquid g@atenéeet al, 2013)
Moreover, the permeate flux obtained for M4 was relatively comparable-RUFtiggesting

its promising performances similarly to a commercial roeamne.
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Figure A3: Pure water flux and deltaT vs time at various temperatur®\icA2) M1, (B1-
B2) M2, (C1-C2) M3, (D1-D2) M4, (E1-E2) PTFE20 and(F1-F2) PTFEA45.

Appendix for Chapter Six

In this section, the characterization of M5 is provided. This work was compared to that
previously reported i€hapter Five. Moreover, crystal characterization data is provided which

includes single crystal XRD data and PXRD data.

Al.3 Membrane characterization

A1.3.1 Membrane porosity, WCA, and LEP

Physical characteristics were determined for M5, and the results are presenaddeir\1
below. The porosity of this membrane was reported to be 76.58% which was higher than the

porosity of M4 with a lower silica content documented previouslZapter Five (Table
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5.2). The increased porosity may be attributed to the formation of voids imé&mebrane
structure with an increased concentration of nanoparticle addiiweg, Liu and Xiao, 2021)
However, the WCA and LEP were significantly lower than that reported previously for M4.
The lower LEP may be a consequence of irregular pore geoméRasmpour and
Esmaeilbeig, 2019)Irregular pore geometries mean that the membrane pores mearyidiff

their size, depth, and shape. Therefore, the effect of pore geometry may have surpassed the
effect of membrane hydrophobicity. The lower WCA compared to that reported for M4, may
have been the consequence of unequal nanoparticle dispersion. Thedefréo the
uncertainty of nanopatrticle dispersion, some areas on the membrane may be more hydrophobic
than others. However, it was expected that an increased silica content would have significantly
improved the membrane hydrophobicity, and its effectldvbave been realized through these
parameters. However, due to time constraints and instrument unavailability, pore size

measurements could not be included in this section.

Table Al: Physical characteristics tife membrane, M5 utilizeid this study.

Membrane Porosity (%) WCA (J) LEP (kPa)

M5 76.58 + 1.07 85.84 10 5.24

A1.3.2 Scanning electron microscopy (SEM)

The surface and crosectional morphology of M5 utilized in this study is showrkigure

A4 below. The surface viewr{gure A4 (A)) of this membrane depicted a relatively smooth
surface with irregular surface defects. Furthermore, lighter particleg @utface could be the
consequence of the fSiNPs particles added to the membrane. The eesBonal view of the
membraneKigure A4 (B)) illustrates the presence of elongated, fiAgex pores along the

length of the polymeric structure. These wddfined pores could have derived from the
membrane additives as a clear distinction in the internal structure could be seen when compared
to a pristine PVDF membranEigure 5.2 Al and A2).
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Figure A4: Surface(A) and crosssectionalB) of M5 utilized in this study.

A1.3.3 Atomic force microscopy (AFM)

The surface roughness of the synthesized membrane was evaluated with AFM, and the results
are shown below iffigure A5. This information is indicative of properties such as membrane
hydroplobicity, but it may also provide information about membrane fouling, the efficacy of
cleaning procedures, and membrémgling interactions(Al-Amoudi and Lovitt, 2007)
Additionally, this characterization tool may also relay information about nanoparticle
dispersion on golymeric membrane. The root mean square (RMS) roughness of this
membrane was found to be 67.86 nm. In previously reported work, M4 displayed an RMS
roughness of 129.88 nm which was significantly higher than the pristine PVDF membrane
(Figure 5.3 (A)). Theincreased surface roughness was attributed to the contribution of silica
nanoparticles. Notably, the surface roughness of M5 was found to be lower than that of M4,
despite a higher silica content. However, it was expected that the presence of naroparticle
would increase the surface roughness signifi
This effect is realized through the formation of macrostructures on the membrane which is
caused by the addition of nanopartic(®ezaei and Samhaber, 2018he deviation of the
experimental results from the effemtpected may be due to the dispersion and agglomeration

of the nanoparticles on the membrane surf&t@mzah, Leo and Ooi, 2019\Nanopatrticle
agglomeration and unequal particle dispersion can diminish e effthe modification such

as improving the surface roughnéBerg and Ulbricht, 2020)This may arise due to slight
incompatibilities between the polymeric membrane and theaafiuthe nanoparticlegang

and Cao, 2014Moreover, nanoparticle agglomerates increase the particle size which reduces
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its surface area and its effective concentration leading to a compromised(B&egtand
Ulbricht, 2020) These factors may have likely contributed to the reduced surface roughness
observed despite a higher nanoparticle concentration.

141.7 nm

SA =48.96 nm
SQ=67.86 nm

0 nm

Figure A5: Topographical micrographs evaluating the surface roughness of M5.

Al1.3.4 Tensile strength

The mechanical properties were determined for M5 that was employed in this study. The results
thereof are represented graphically Rigure A6 be | o w. The Young’ s moo
membrane was found to be 0.70 £ 0.77 MPa. Compared to the results preseviedFigure

54(A)), M5 had a | arger Young’s modulus compar e
0.39 + 0.30 MPa. The increased tensile strength was attributed to the increased silica content

as M4 had a lower silica content (3.5 wt%) compared to% fer M5. These experimental

findings were corroborated by that reported previo(aliliyandariet al, 2020) In that study,

it was reported that the effect of an increased silica content was realized through an improved
mechanical strengtfWidiyandariet al, 2020) An improved tensile strength ascribed to the

addition of nanoparticles could be associated with the enhanced adeptness of the stress transfer
between the nanoparticles and the membrane. Another contgbfaiitor could also be
satisfactory interfacial adhesion between the nanoparticles and the merfieddget al,

2018) Moreover, the tensile strength of M5 was higher than the pristine membrane, M1 (0.45

+ 0.24 MPa), which suggests that the membrane additives contributed to the mechanical
strength of the composite membrane. This finding was substantiated by work reported
literature(Rasekh and Raisi, 2021)
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Figure A6: Stressstrain curve for membrane M5.

o

Al.4 Transition metal analysis

Analyte concentrations for transition metals were obtained usingJE® and are reported in
Table A2 below.
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Table A2: Concentrations of transition metals from KOES analysis

Sampling area Transition metals (mg L)
A|3+ C02+ Fe2+ Mn2+ Ni2+ Zn2+
Leachate A 26.0 BDL BDL BDL BDL BDL
Leachate B BDL BDL BDL BDL BDL BDL
Co-produced Water treatment plan BDL BDL BDL BDL BDL BDL
water

Station dirty dam BDL BDL BDL BDL BDL BDL
Ash dump dam BDL BDL BDL BDL BDL BDL

Holding dam BDL BDL BDL 101.8+1.6 BDL 1.8+0.1
FGD blow down BDL BDL BDL BDL BDL BDL
Clean station dam  BDL BDL BDL BDL BDL BDL
Dirty reclaim dam BDL BDL BDL BDL BDL BDL
Ash pond BDL BDL BDL BDL BDL BDL

Acid mine 100 m from mine 288.2+x15.4 324+ 24 1210.6 £47.5 138.4+3.9 45.7 + 3.3 69.2+4.7

drainage dump

200 m from mine 30.8+0.3 40+0.3 137.0+21.5 126.6 + 16.3 6.7+05 259+34
dump
Discharge into 20.0+0.6 BDL 11.6+0.5 41.1+1.7 BDL BDL

Fleurhof dam
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AL.5 Crystal characterisation
A1.5.1 Single crystal XRD

Further crystallographic information is provided from single crystal XRD analysis forPTFE
20 and M5 and is shown belowTrable A2.

Table A2: Additional crystallographic data for gypsum obtainechvATFE20 and M5.

Crystal data PTFE-20 M5
Vol unmke (A 490.25 (4) 490.01 (7)
z 4 4
Peaic(g cnt) 2.333 2.334
i (mnTh) 1.648 1.649
F (000) 352.0 352.0
Crystal size (mr) 0.379 x 0.084 x 0.077 0.259 x 0.058 x 0.038
Radiation MoKa( A = 0. 7:MoKa (A = 0.~
20 range for 5.3841t056.754 5.384 to 56.554
-8 < KO0 <8 ki -8 < R 0< <8 ,k7 =
Index ranges
< 1 =< 7 1 < 7
Reflections collected 4240 8403
Independenteflections 599 [Rnt = 0.0381, Bgma= 610 [Rnt = 0.0897, Rigma =
0.0254] 0.0399]
Data/restraints/parameters ~ 599/1/46 610/1/44
Goodnesf-fit on F? 1.220 1.186

Final R i ndexiR=0.0275 wR=0.0688 R;=0.0330, wR=0.0854
Final R indexes [all data] R1=0.0281, wR=0.0692 R:;=0.0353, wR=0.0889
Largest diff. peak/hole / e A  0.41/0.53 0.33+0.69

A1.5.2 PXRD analysis

Experimental data obtained using PXRD was compared to those found in databases. The results
thereof are displayed figure A7 below.
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Figure A7: Experimental PXRD patterns with their corresponding databases.
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