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Abstract

With rising industry standards, the presence of silica in both colloidal and
soluble forms presents significant operational challenges in boiler feedwater
systems. Silica contributes to scaling, fouling, and corrosion within boilers and
turbines, impacting safety, efficiency, and longevity. Effective silica removal is
crucial to meet stringent water quality standards and protect equipment. This
thesis examines the water treatment challenges at Tata Steel Port Talbot,
specifically addressing silica-related issues, and evaluates advanced treatment

technologies to enhance silica removal.

The existing water treatment system at Tata Steel Port Talbot involves surface
water intake followed by chemical coagulation, clarification, filtration, and ion
exchange. However, despite these measures, conventional methods often fail to
adequately control colloidal silica levels. This research seeks to bridge this gap by
exploring innovative approaches to silica management, with a focus on reducing

silica in boiler feedwater.

One area of focus was the assessment of coagulants, comparing traditional
coagulants like alum and ferric chloride with novel options, such as titanium and
zirconium. Each coagulant’s performance was measured in terms of zeta
potential, floc size, and colloidal silica removal efficiency. Results demonstrated
that titanium-based coagulants, in particular, formed larger flocs and achieved
similar silica removal efficiency (over 72% at 0.93 mg Ti/L) as alum, which was

most effective when tested with surface water samples.

The thesis also investigates membrane technologies by enhancing
polyvinylidene fluoride (PVDF) membranes with multi-walled carbon
nanotubes (CNTs) and graphene oxide (GO) fabricated through phase inversion.
Hybrid membranes demonstrated significant improvements in both water
permeability and flux recovery. Specifically, pure water permeability increased by
141% for GO and 174% for CNT, while flux recovery enhanced by 36% for GO and

42% for CNT, compared to unmodified membranes.



Further, an ion exchange resin impregnated with iron nanoparticles was tested
for soluble silica removal. Batch and column experiments revealed moderate
silica removal efficacy, though selectivity decreased in the presence of competing
ions like phosphate. However, iron-impregnated resins demonstrated higher
phosphate selectivity due to complexation with iron particles, which could be

advantageous in multi-component systems.

Lastly, ozonation was explored for its impact on destabilizing and altering the
surface chemistry of colloidal silica. Ozonation at 70 g/m? for 30 minutes
decreased zeta potential, enhancing subsequent coagulation and membrane
filtration stages. A multi-stage treatment approach, combining ozonation and
hybrid membrane technology, was found to be optimal for achieving required
silica limits, with high silica removal, improved flux recovery, and increased
fouling resistance. This hybrid approach offers a balanced and effective solution
for silica management, meeting industry standards, and improving system

longevity.
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1. Introduction

1.1. Background

The integrated steel industry is an important industrial sector and is
considered a fundamental force that drives the nation’s economic and
technological progress. Tata steel Port Talbot is one of Tata steels main sites of
producing steel, which covers an area of 100 km of roads. The site is an integrated
steel plant where all the processes from providing raw materials to rolling of the
steel are all done at one place. The site includes coke ovens, sinter plant, and blast
furnaces. Water supply is an essential part for the integrated steel plant, as water
is used for a variety of processes such as dust scrubbing, descaling, and cooling.
It is estimated that the average water intake for an integrated steel plant is 28.6m3

per tonne of steel produced (WorldsteelAssociation, 2020).

Given the nature of an integrated steel plant, they require large quantities of
power to provide electricity and with the recent shift to electric arc furnace
operation from blast furnace, demand for electricity will be even more important.
Typically, integrated steel plants provide a portion of their power requirements
through their own generating equipment, by utilizing by-product in the
steelmaking process as fuel (Lenard, 2014). A crucial part of electricity
production is the requirement for high purity water to feed the boiler. The prime
purpose of high purity boiler feed water is to protect the boiler. Hence, treatment
of the feed water is a crucial step in the process. The boiler feed water is typically
made up from an intake of raw or mains water, which replaces water for the loss
due to steam consumption/evaporation, and a condensate recycle system, which
is a return of the condensate to the feed water purification system (Sparks &

Chase, 2016).

The feed water treatment plant must remove residual suspended solids
and as much as possible of the dissolved solids. This is to prevent boiler water
carryover into the steam, prevention of deposits and/or scaling in the boiler and
to prevent corrosion (Moran, 2018). Boiler carryover refers to the contamination

of the steam by droplets of water from the boiler and is influenced by the



concentration of dissolved solids and suspended solids, boiler design, and boiler
operation. Carryovers can cause deposits of contaminants on equipment such as
steam turbines casing an imbalance and reducing efficiency and capacity
(Haribhakti et al., 2018a; Shreir, 1994). Deposits, scaling, and corrosion in boilers
can lead to a loss in efficiency of the boiler, as scales are poor conductors of heat
which reduces the heat transfer across the walls of the boiler tubes. This can
eventually lead to failure of the tubes due to overheating (Haribhakti et al.,

2018b).

Quality standards and concentration limits for many parameters of the
water have been recommended by various agencies, such as the American Society
of Mechanical Engineers (ASME) and BSI (British Standards Institution). Limits
are also set by the boiler and turbine manufacturers. Table 1 shows the
recommended water characteristics for a fired water tube boiler given by the

British Standard institution BS 2486:1997.



Table 1.1. Recommended water quality for boilers

Pressure at oto 20 21to 40 41to60 | 61t080 | 81 to|101 to | Above
boiler  outlet 100 120 121
(bar)

Feed water at economizer inlet
Total Hardness, 2 1 ND ND ND ND ND
mg/kg as
CaCO; max
pH value at 85t09.5 [85t09.5 (85 to|85 to|85 to|85 to|8.5 to
25°C 9.5 9.5 9.5 9.5 9.5
Oxygen, mg/kg 0.02 0.02 0.01 0.005 | 0.005 |0.005 | 0.005
as O, max
Iron, copper, 0.05 0.05 0.03 0.02 0.02 0.02 0.02
and nickel,
mg/kg max

Boiler Water
Phosphate, 30 to 70 20 to 50 20 to|15to30 |[10to20 |3t010 |3tOo5
mg/kg PO, 40
Caustic 50 t0300 | 50t0150 |25t050 |10to20 |5t010 |2to5 |[1tos
alkalinity
mg/kg CaCO;
Silica as mg/kg <0.4 <0.4 20 5max. |2 max. |15 0.5
SiO, times times max. max. max.

caustic caustic
alkalinity | alkalinity

Dissolved solids 3000 2500 1000 200 50 20 10
mg/kg max.
Conductivity at 6000 5000 2000 450 150 60 35

25°C, uS/cm




However, levels of solids in feed water are dependent on the level of
blowdown required to sustain the stated water conditions. Modern steam
turbines have strict limits on alkali metals (e.g., sodium) typically less than 0.005
mg/L Na. One other important note is that the silica limits are based on the
prevention of silicate scale deposits and limitation of silica solubility in steam,
however, modern day steam turbines require silica to be much lower, <0.02 mg/L
as SiO, based on steam silica content. As such, water quality is a major cause of
boiler problems and failures and in order to protect the boiler, it is imperative to

treat boiler feed water.

1.2. Aims and Objectives
The aim of this EngD thesis is to develop an in-depth understanding of the water
quality issues at Tata Steel Port Talbot and evaluate new treatment technologies
to address them. This was done by prioritising the water quality challenges to
address, evaluating the type and sources of contaminants, evaluating the options
for minimising the contamination and evaluating potential treatment

technologies. These aims were addressed through the following objectives:

1. Determining the type and concentration of silica as major contaminant
and challenge in the water treatment plant

2. Optimising coagulant dosage and introducing novel coagulants of
titanium and zirconium in determining the effectiveness of removing
silica

3. Introduction of GO and CNTs to improve membrane performance and
determining its suitability for silica separation

4. Testing anion exchange resin impregnated with iron nanoparticles
efficacy in silica removal

5. Exploiting the use of hybrid technologies to conclude which configuration

is most effective at silica removal.



2. Water treatment of an integrated steel plant - A review

2.1. Current water treatment plant at Tata Steel Port Talbot (Margam
C)

The boilers at Tata Steel Port Talbot operate at 126 bar necessitating the need
for exceptionally clean water. To achieve this surface water sourced from the river
Afan, goes through multiple stages of treatment. The key stages include chemical
coagulation, clarification, sand filtration and multiple stages of ion exchange.

Figure 2.1 below shows a block flow diagram of the process used at Tata.

Raw Water | ) Clarifier y sand Filters Cation CO,
Tank Exchanger Degasser
Anion . Deionised Polishing Polished

— Mixed Bed  (——9 .
Exchanger Water Tank Mixed Bed Water Tank

Figure 2.1. Tata Steel Port Talbot boiler feed water block flow diagram

Initially the raw water is collected from the Afan river and its tributary Nant
Ffrwdwyllt, which is then sent to Margam C demineralisation plant. The plant is
a manually operated plant designed to treat surface water to an acceptable
standard for use as boiler feed water. The process starts off with the incoming
water being dosed with a proportional dose of alum before being directed to a
clarifier. The dosing is dependent on the variation of the raw water and operating
conditions. The destabilised particles become settled at the bottom of the tank,

which is periodically drawn off as sludge.

The clarified water is pumped from the clarified tank through sand filters to
remove a portion of the remaining solids before the water is fed to the
deionisation stage. It is important to highlight that these two stages are the only
stages which are designed predominantly to remove particles and colloidal

material in the plant.



The deionisation stage is compiled of a series of cation, anion and mixed bed
systems. The cation exchange system forms the first stage of the de-ionisation
plant (which removes Ca**. Mg?*, Na* and other positively charged species),
which contains polystyrene based resin in the hydrogen form. The resin is
regenerated using sulfuric acid. The exhaustion of the resin is determined by a

conductivity cell in the unit outlet.

Following this, the water is passed through a CO, degasser. The degasser must
be placed after the cation unit as the water which contains bicarbonates and
carbonates is converted to carbonic acid, or carbon dioxide. Using the degasser
the soluble CO, is removed, thus, reducing the load on the anion exchanger
(Dardel, 2022). The equations below represent the conversion of carbonates to

carbon dioxide after passing through cation exchanger.
2R — H + Ca?*(HCO3), » 2R — Ca + 2H* + 2HCO3~
H* + HCO3™ > CO, + H,0

Anion exchanger is the next stage of the process, which uses a bed of
polystyrene resin with quaternary amine groups in the hydroxide form. The bed
is regenerated using sodium hydroxide. The exhaustion of the resin is
determined by a conductivity cell in the unit outlet. The final stage of the
treatment is the passage through a mixed bed unit, which consists of both cation
and anion exchange resins. To regenerate the resin, a reverse flow technique is
used to separate the cation and anion resins on the basis of their different

densities.

After treatment in the mixed bed unit, the water is stored in a deionised water
tank. Water is then drawn from the tank, prior to being sent to a polishing mixed
bed unit which is mixed with the returned condensate. Water from the polisher

is then sent to a polished water tank for ultimate boiler feedwater.



2.2. Water characteristics and challenges faced by Tata steel Port
Talbot

The water characteristics of the river Afan can vary depending on season,
Table 2.1 shows the water characteristics of River Afan from data measured in

October 2022.

Table 2.1. Rive Afan water characteristics

Parameter Result
pH 6-8
Chloride (as Cl ppm) 23.3

Hardness, Calcium (as CaCO;) | 33.6

Total suspended solids, TSS | 6.3

(ppm)

Conductivity (uS/cm) 148
Hardness, Total (as CaCOs) 49.5
Iron, Total (ppm) 0.275
Silica (as SiO.) (ppm) 2.78

With the evermore stringent limits on boilers and turbines, Tata steel Port
Talbot’s current water treatment plant is not meeting the requirements needed,
which in turn is reducing the efficiency and increasing the potential of silica
deposition in the system. One of the significant concerns with the water
treatment plant is the level of colloidal silica. Independent contractors have
determined that silica levels were as high as 1820 ppb, in the boiler drum, which
from Table 1.1 shows it exceeds the limit for boilers operating at <121 bar (500 ppb

of silica).

Silica which is found present in boiler systems can lead to the formation
of silicate scale, it has been known as early as the 1940s (Behrman, A. S., &
Gustafson, H., 1940) It can also interact with calcium and magnesium salts,

forming calcium and magnesium silicate that have very low thermal conductivity.



Silica remaining in the system can be carried over by droplets of water in steam
or in a volatile form with steam at higher pressures, and deposit on the turbine
blades (Bahadori & Vuthaluru, 2010). Silica scale is dense and hard to remove by
general methods, and influences the thermal efficiency and safe run of the
system. Therefore, it is essential to reduce the concentration of silica within the

system (Den & Wang, 2008).

2.3. Chemistry of silica

In natural surface waters, the concentration of silica can range from o-10 ppm,
and in some rare cases can be as high as 60 ppm. Silica in seawater can vary from
20 to 4000 ppb, this is due to various solubilities of silica in water. The solubility
of silica is dependent on several factors including the concentration, pH,
temperature other geochemical characters of natural waters (seasonal features

etc). Silica may occur in natural waters in one of the following species:

e ‘Soluble’ or ‘dissolved’ silica, including monomers, dimers, and polymers
of silicic acid

e ‘Insoluble’ or ‘colloidal’ silica which is a result from the polymerization of
silicic acid forming particles and three-dimensional gel networks

e ‘Reactive’ silica containing monomers and dimers that react with

ammonium molybdite within 10 minutes

2.3.1.Soluble silica
Dissolved silica is introduced to the environment by chemical and biochemical

weathering processes which involve ion substitution, formation of a variety of
silica species and chelate forming reactions that remove mineral lattice cations
(Lunevich, 2019). The major factors that influence the solubility of amorphous
silica is pH, temperature, and ionic strength (Fleming & Crerar, 1982; Greenberg
& Sinclair, 1955). Silica that is dissolved in water, is fully hydrated and typically
present as Ortho silicic acid H,SiO,4 (or Si(OH),). Its tetrahedral shape predicts a
very weak acidity and gives an explanation as to why silica solubility increases at
a higher pH. The ionization constant of silicic acid (K =2x107°, pKa=9.70) is

considerably smaller compared to other weak acids such as carbonic acid (K,



=4.3x1077, pKa=6.37), meaning it does not dissociate very well (Inc., 2014). Other
researchers have suggested that it is difficult to precisely define the term ‘aqueous
silica’ as there is a range of silica species that could possibly form upon dissolution

of silica (SiO,) in water (Iler, 1979; Weres et al., 1981).

The dissolution of silica is pH dependent. The rate of dissolution is slow at pH of
1-3, which increases at higher pH (3-9). At pH greater than 10 silica is present as
silicate ions and at pH above 1 silicate ions becomes divalent (Fleming & Crerar,
1982; Greenberg & Sinclair, 1955). Figure 2.2, shows the speciation curve for silica.
Normally the water chemistry of boilers, is maintained at neutral or alkaline pH
(Amjad & Koutsoukos, 2010). Temperature is also another important factor that
determines the solubility of silica, in which solubility increases with temperature
(Krauskopf, 1956). Other factors that influence the solubility of amorphous silica
include ionic strength, particle size and impurities in the water such iron and

aluminium (Lunevich, 2019).
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Figure 2.2. Silica speciation curve (Dietzel, M. (2000))



2.3.2. Silica polymerisation
Mono silicic acid remains in the monomeric state for long periods of time in

water at 25°C, provided that the concentration remains less than 100 ppm as SiO,
(Iler, 1979). At concentrations higher than this, the monomeric silicic acid rapidly
polymerizes to form low molecular weight poly silicic acids. It is widely accepted
that the polymerization of silica monomers is the mechanism for the formation
of amorphous silica scale (Weres et al., 1981). The polymerization of silica is a
simple structural growth process, that is considered a condensation reaction,
which involves the silanol groups. When the silicate ions polymerise, they form
rings of various sizes, cross linked polymeric chains of different molecular
weights, and oligomeric structures (Bergna, 1994; Iler, 1979; Lunevich, 2019). The
growth process of silica leads to the formation of ‘colloidal silica’ which is a
complex and amorphous product. However, the term “polymerization” is used in

a broad sense.

Past studies on silica structural evolution show that structural control of silica
polymerisation processes is complex, as many variables affect concurrent
reactions differently. However, pH is probably the single most important variable
in these reactions. Iler and Bergna has offered models for polymerisation, which
applies particle nucleation and growth (Bergna, 1994; Iler, 1979). From past
studies it has been found that the other factors influencing silica polymerization
include temperature, saturation, impurities present in solutions and the
autocatalytic effect of existing precipitated silica. Studies by Iler found that the
polymerization of silicic acid occurs most rapidly at pH 8-9. Above pH 7, where
the rate of dissolution and deposition of silica is high, particle growth continues
at room temperature until the particles are 5-10 nm in diameter, which after, the

growth becomes slow.

Polymerization rate decreases at high pH due to the solution mainly consisting
of silicic acid ions, which tend to repel each other. At pH 7-10.5, due to the
negatively charged silica particles, particle growth continues without
aggregation, in which gelling does not occur (Makrides et al., 1980; Weres et al.,

1981). At low pH silica particles bear very little ionic charge, thus can aggregate

10



into chains and gel networks. High temperatures and high concentrations
increase the rate of silicic acid polymerization. Studies have shown that
polymerization of dissolved silica species is accelerated in the presence of
divalent cations, notably calcium and magnesium, but also metals such as iron
and aluminium (Hingston & Raupach, 1967; Lunevich, 2019; Yokoyama et al.,

1980).

The chemistry of dissolved silica in surface water is complex due to the biological
activities that come into play. For example, Diatoms (species of algae) use silica
to create a protective shell made of silicon dioxide crystals. Once the algal cells
decompose, silica is released as dissolved silica again, creating a complex
ecological balance. Biological interaction with dissolved silica will also create
colloidal silica that is intrinsic to most surface waters (Belton et al.). One such
study looked at the effect of natural organic matter on the aggregation of
colloidal silica particles and found that depending on the type of natural organic
matter and ions present, the aggregation rate of colloidal silica was enhanced
(Abe et al., 20m1). As such the aggregation of colloidal silica is a holistic in nature

and depends on many factors.

2.3.3. Colloidal Silica
The term ‘colloidal silica’ refers to stable dispersions or sols of discrete particles

of amorphous silica, that have particle sizes in the range of 5-1500 nm and
especially in the 5-100 nm range (Bergna, 1994). Colloidal silica is the result of
the polymerization of silicic acid containing particles and three-dimensional gel
networks. Silica sols with particles in the range of 5-100 nm may remain for
prolonged periods of time without significant loss of colloidal stability (do not
aggregate at a significant rate) or settling. Silica sols lose their stability by
aggregation of the colloidal particles. Iler distinguished four ways in which

colloidal silica particles aggregate or link together, as follows (Iler, 1979):

1. Gelling - particles are linked in branched chains, filling the volume
of sol so that there is no increase in the concentration of silica in any

macroscopic region in the medium. Instead, the overall medium becomes
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viscous and then is solidified by coherent network of particles that, by

capillary action, retains the liquid.

2. Coagulation - particles come together into relatively close-packed
clumps in which the silica is more concentrated than in the original sol, so

the coagulum settles as a relatively dense precipitate.

3. Flocculation - particles are linked together by bridges of the
flocculating agent that are sufficiently long so that the aggregated structure

remains open and voluminous.

4. Coacervation - silica particles are surrounded by an adsorbed layer
of material that makes the particles less hydrophilic but does not form
bridges between particles. The particles aggregate as a concentrated liquid

phase immiscible with the aqueous phase.

The size of the colloidal particle also has an effect on the aggregation. Kobayashi
et al. found that particles which were above 8o nm exhibited similar features to
the DLVO theory, whereas smaller particles did not adhere to the same rules
(Kobayashi et al., 2005). The DLVO theory (named after Derjaguin, Landau,
Verwey, and Overbeek) explains the stability of colloidal particles by balancing
two opposing forces: attractive van der Waals forces and repulsive electrostatic
forces. Studies which looked at the effect of pH on colloidal silica stability have

shown that silica sols are extremely stable at low pH (Allen & Matijevic’, 1970).

Many of the adsorption, adhesion and chemical properties of colloidal silica
depend on the chemistry and geometry of their surface. Silanol groups are
formed on the surface of silica during the synthesis of condensation-
polymerisation process. The silanol groups may be classified according to their
nature, multiplicity of sites and type of association. The OH~ groups are the main
centres of adsorption to water (Bergna, 1994). Impurities such as Na, K or Al can
be taken in aqua sols in alkaline medium, which may be sealed inside the
colloidal particle, replacing the silanol proton (e.g., sodium) or forming an

isomorphic tetrahedra with an extra negative valence (e.g., aluminium).
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2.4. Treatment technologies used in boiler feed water treatment

2.4.1.0verview
As mentioned previously, the major concerns in boiler water treatment is the

prevention of water carryover into the steam, prevention of the build up of
deposits and/or scale in the boiler and prevention of corrosion in the boiler.
These issues are mitigated by modifying the water chemistry by removing
contaminants in the water to a high degree. This can be achieved by several
techniques that are used in water treatment industries. Treatment methods
include, but are not limited to, demineralisation, filtration, ionization, softening
and clarification (Daniel, 2009; Shokri & Sanavi Fard, 2023; Smethurst, 1979).
This section will dive deeper into some of the water treatment technologies and

their working principles.

2.4.2. Coagulation/flocculation

2.4.2.1. General

One of the most common methods used in the removal of particulate matter
in surface water is by coagulation and flocculation, because they are efficient,
easily controlled, relatively cheap and well understood. In the UK roughly more
than 320,000 tonnes of coagulant is used per annum across water and wastewater

treatment, with alum and ferric based salts making up a majority (Keeley et al.,

2014).

Coagulation and flocculation, even though used interchangeably most of the
time, are different and refer to two distinct processes. No absolute definition will
be given, due to the complex nature and the wide range of use and understanding,
particularly in the water treatment industry. However, for the purpose of this

thesis the basis for terminology used is:

Coagulation is defined as the addition of a chemical coagulant to solution in
which the colloidal particles and suspended solids go through a destabilization

process (Beckett, 1991).

Flocculation is defined as the agglomeration of the destabilized particles
into large aggregates (Bratby, 2016). The aggregated floc can then be removed by

sedimentation and/or filtration.
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2.4.2.2.Mechanism

Hydrolysing metal salts such as alum or ferric chloride and/or organic
polymers are widely used in the water treatment industry. Coagulation by the

addition of a metal salt can involve a combination of the following mechanisms:

e Adsorption/reaction of the negatively charged particles with the
positively charged coagulant metal, also known as charge neutralisation

e Adsorption and intraparticle bridging

e Sweep flocculation with the formation of large flocs that randomly move
through the water, known as Brownian motion, enmeshing the

particulates

When the metal salts are dissolved in water, the metal ion is hydrolysed to
form mono and polymeric species. In general, the hydrolysis reaction of a
trivalent metal, such as Fe3* or A3* can be represented in simplified version as

follows:
xM3* + yH,0 & M, (OH)y®** 4 yfg+

Where M is the metal ion (Ching et al., 1994). The created metal hydroxide
polymers have large surface areas, amorphous structures and a positive charge
(Randtke, 1988). The negatively charged particles (nearly all colloidal impurities
in water are negatively charged) contain functional groups such as hydroxyl or
carboxyl, can react with the aluminium or iron cations to form ligands. This
adsorption of positively charged destabilizing chemical to the colloid is known
as charge neutralisation (Duan & Gregory, 2003). Studies by Dentel et al detailed
a model which described the charge neutralisation aspects of aluminium salt as
a coagulant, which suggested the charge neutralisation was a fundamental part
in particle destabilisation (Dentel & Gossett, 1988). This is further backed up by
studies by Zhang et al, which studied the aggregation of hematite particles in the
presence of polyacrylic acid, found that charge neutralisation mechanism was
crucial, and was more crucial than polymer bridging as aggregation occurred in

zones with low surface charge (Zhang & Buffle, 1995). Charge neutralisation can
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then induce sweep flocculation, adsorption and bridging of organic and

inorganic particles.

As mentioned earlier during hydrolysis of metal coagulants, reactions can
have the tendency to polymerise. Adsorption of these polymeric species on a
particle surface occur due to either coulombic charging interactions, dipole
interactions, hydrogen bonding or van der Waals forces of attraction. The part of
the polymer chain not attached to the particle, can then extend and attach itself
to another particle, thus creating a “bridge” The bridging mechanism of
destabilisation has been an accepted phenomenon for some time (Healy & Mer,
1962; Ruehrwein & Ward, 1952). Many studies have demonstrated that addition
of high molecular polymers to already destabilised particles can help increase the
bridging effect and create larger flocs, even at low dosages (<2 mg/L) (Hogg et al.,

1993; Rattanakawin & Hogg, 2001).

Sweep flocculation occurs when colloidal particles are “enmeshed” in a
gradually growing precipitate and is effectively swept out the water. This is caused
when large doses of coagulants are added, in excess of the amount needed for
charge neutralisation. Excess dose is required for precipitation of the hydrous
metal oxide, which are then swept through the water, enmeshing the particles
(Packham, 1965).

2.4.2.3.Coagulation performance parameters

The performance of the chemical coagulation process is dependent on number

of key parameters including:

¢ Coagulant choice
° pH
e Coagulant dosage

e Mixing time

The choice of the chemical coagulant can have a great impact on its
performance, and its choice will be dependent on the water type and
contaminants present. Studies have demonstrated that ferric based coagulants

on average had better removal of dissolved organic matter (DOC) compared to
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alum based coagulants (Gough et al., 2014; Matilainen et al., 2005; Umar et al.,
2016). However, for silica removal studies have demonstrated that aluminium
based coagulants out performed their ferric based counter parts, this could be
due to the inhibition of hydrolysis and hydroxide precipitation caused by low
levels of dissolved silica (Schenk & Weber Jr, 1968). Other studies by Ghafari et al
had compared conventional aluminium sulphate to pre-hydrolysed coagulants
(coagulants containing a significant proportion of polymeric species) such as
poly-aluminium chloride (PAC). Results from the study determined that PAC
outperformed alum on all physical parameters including turbidity, colour and
total suspended solids (TSS). However, alum was able to remove 5 times as much
of the chemical oxygen demand (COD) compared to PAC (Ghafari et al., 2010).
Other researchers such as Chuang et al showed that poly-aluminium chloride
(PACI) showed higher performances of colloidal silica removal than alum
(Chuang et al., 2007). Due to the growing concerns relying on chemical
coagulants, which have some environmental and health concerns, there is a
growing interest in the use of natural coagulants such as Moringa Oleifra seeds
or Opuntia Ficus Indica cactus for the water and waste water treatment industry
(Choy et al., 2014; Lester-Card et al., 2023). However, this outside the scope of this

literature review.

Optimising the pH is a key parameter in the performance of a coagulant. The
pH has a major effect on the speciation of the coagulant and on colloidal
particles. Many minerals found in waters, have surfaces which contain functional
groups (e.g. hydroxyl), and the charge of this group is dependent on the pH of
the solution. Using silica as an example, which contains hydroxyl groups on its

surface, can be shown how the charge differs with pH as follows:

Si—OH?* & Si—OH+HY o Si—0 +2H*

pH<<2 pH=2 pH>>2

This shows that at low or acidic pHs the surface charge of silica is positive and

at higher a pH the surface charge is negative. The pH at which the surface charge
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is zero, is known as the point of zero charge (PZC) (J. C. Crittenden, Trussell, R.R.,
Hand, D.W., Howe, K.J. and Tchobanoglous, G. (2012)). There is also an effect on
the coagulant when pH is adjusted. In relation to iron and aluminium, the pH
value has influence on the hydrolysis and polymerisation. In low pHs (<2.2 for
ferric coagulants and <4.5 for aluminium) iron and aluminium occur as hexa-
aqua complexes [Fe(H,O)s]3* and [Al(H,O)s]3*. Thus the effect that pH has on
the charge of the molecules has a major impact on the charge neutralisation and
adsorption mechanisms during coagulation (Naceradska et al., 2019). Studies by
Gregory et al showed that aluminium coagulants functions within a narrow pH
range in the removal of natural organic matter, and found that the optimum pH
was in the acidic region of 5-6 (Gregor et al., 1997). Studies by Naceradska et al
demonstrated that the optimal pH ranges required for the coagulation process
are very much dependent on the specific impurities and their mixtures
(Naceradska et al., 2019). For example, for natural organic matter such as humic
acids, they found that acidic pH values were favourable. However, for inorganic

particles, neutral pH was preferable.

The dose of a coagulant is another vital parameter in the coagulation process.
The optimal dosage is the least amount of coagulant required to achieve the
required water quality. The optimal dosage depends on a variety of factors
including water quality, alkalinity, temperature, ionic strength etc (Maier et al.,
2004; Ratnaweera & Fettig, 2015). Studies by Mao et al showed that increasing
dosages of poly ferric chloride (PFC) significantly improved DOC removal, as
they found that the increased dosage produced stronger and more compact flocs.

However, overdosing would lead to the flocs losing its structure (Mao et al., 2013).

2.4.2.4. Jar tests
Jar tests are lab scale tests which simulate the coagulation/flocculation process

and is widely used when wanting to test the application of a coagulant (Black et
al., 1957). The typical configuration consists of a motor driven horizontal spindle
driving up to six vertical paddles, with variable speed motor. Jar tests allow for

easy control and variation of mixing speeds.

17



The general approach to jar testing typically starts off with a high intensity
mixing stage that allows for the coagulant to rapidly disperse in the medium. This
is then followed by a low intensity mixing, to allow the aggregation of the

particles, followed finally by a settling stage with no mixing (Black & Vilaret,
1969).

Jar tests allow the user to perform a number of different tasks including,
selection of a suitable coagulant, optimisation of dose and pH, optimisation of
the mixing stage and more. Overall, jar testing can produce information quickly
and economically, which the data gained directly applicable to plant design
(Hudson Jr & Wagner, 1981).

2.4.3. Membranes

2.4.3.1. General

Membrane technology is a well established water treatment technology,
with the first meaningful use implemented in 1960s to test for drinking water,
with a total annual sales of roughly $20 million dollars (marked up to match with
inflation in 2012) (Singh, 2015). The majority of the global membrane market
share is for water and wastewater treatment (45.8%) with the rest being made up
of food and beverage, gas separation and others. Membranes popularity stems to
its advantages such as no addition of chemicals, simple operation, low energy

consumption and modular design which is easy to scale up (Kang & Cao, 2014).

Membranes are a physiochemical separation technique that uses the
differences in permeability as a separation mechanism. The membrane is
typically a synthetic material which is semipermeable (J. C. Crittenden, Trussell,
R.R,, Hand, D.W., Howe, K.J. and Tchobanoglous, G., 2012). At present
membranes within industrial use is made from inorganic and/or organic
polymers, with the latter dominating. Examples of organic polymers include
polysulfone (PSF), poly (ether sulfone) (PES) and poly(vinylidene fluoride)
(PVDF).

Characteristically membranes can be split into two groups, isotropic and

anisotropic. Isotropic membranes are uniform in composition and physical
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structure. Currently isotropic membranes are widely applied in microfiltration
membranes. Anisotropic membranes on the other hand, are non-uniform
membranes made up of different layers with differing structures (Obotey Ezugbe

& Rathilal, 2020).

2.4.3.2.Membrane classifications

Pressure driven membranes can be classified into four main types, which are,
microfiltration (MF), ultrafiltration (UF), nano filtration (NF) and reverse
osmosis (RO). The primary differences are the operating pressures, pore sizes and

molecular weight cut off (MWCO).

MF is the first classification of membrane separation, it was developed in
1960s for applications in the pharmaceutical and biological industries. From that
point forward, MFs have been widely used in the water and wastewater sectors.
The MF separation mechanism is primarily through a sieving or size exclusion
technique, although some charge or adsorptive separation is possible. The size
range for MF membranes is in the range of 0.1 - 10 pm, and typically used to
remove impurities such as particles, viruses and bacteria. The pressure applied
on MF membranes is quite low when compared to the other membranes, with an

operating pressure of < 2 bar (Baker, 2004).

Ultrafiltration membranes were developed as a by-product of cellulose
acetate RO membranes, and was introduced commercially by Millipore and
Amicon in the 1960s. UF membranes due to their porous structure (pore size 1 —
100 nm) admits micro solutes through the membrane. Due to this feature, UF
membranes are used to remove macromolecules, colloids and molecules with a
molecular weight greater than 10,000, these species can produce an osmotic
pressure, which means UF requires higher pressures to overcome the difference.
The operating pressure in UF membranes is larger than MF and ranges from 1 -
10 bar (Strathmann, 1981). Selectivity of separation for UF is based on the size
difference and also surface charge of the membrane and components being

removed. As mention earlier, cellulose acetate was the main material used to
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produce UF membranes in the 1960s. However, due to its poor thermal and
chemical stability, as well as its limited range of operational pH, the UF
membranes materials has developed to use a range of polymers and or polymer
blends. Polymers such as polyacrylonitrile, aromatic polyamides, polysulfone
and polyvinylidene fluoride have been employed. This development of
membrane materials allowed the new membranes to withstand higher operating
temperatures and pressures, broader range of pH and allowed better chemical
resistance, which helped broaden the application purposes (Fane et al., 2011). Two
well known rejection mechanisms of membranes include electrostatic repulsion,
which occurs between membrane surface and organic substances and Donnan
exclusion, which happens between membrane surface and inorganic substances.
As in the name, electrostatic repulsion, membrane surface and organic
substances removed are conditioned to have the same charge in order to get an
optimum repulsion performance. Similar to electrostatic repulsion, the Donnan
exclusion is utilized through a negatively charged surface and the same negative
charged (co-ions) of an inorganic species. The state of optimal Donnan exclusion
is achieved following the establishment of electrochemical equilibrium between

the solution and the membrane.

Nanofiltration is relatively newer membrane, with the term first used in
the 1980s by FilmTec (Fane et al., 2011). NF membranes have properties between
UF and RO membranes, with a pore size of around 1 nm, which equals to a
molecular weight cut off (MWCO) of 300-500 Da. NF membranes operate by
both sieving and mass diffusion transport mechanisms. Additionally, NF
membranes surfaces are charged due to the dissociation of surface functional
groups or adsorption of a charged solute, as such electrostatic interactions play a
large role in the transport and selectivity behaviour. NF membranes are able to
remove multivalent salts, but have a high permeability of monovalent salts.
Operating pressure for NF membranes can range from 3 - 20 bar (Hilal et al.,

2004; Mohammad et al., 2015).

In 1959, Reid and Breton demonstrated that cellulose acetate membranes

was able to separate salt from water, however, fluxes obtained were too small to
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be practical (Reid & Breton, 1959). Following this, discoveries by Loeb and
Sourirajan, which developed the first synthetic RO membrane and Cadotte and
Peterson, who synthesised a highly efficient thin film composite membrane,
allowed the development of large scale and economically feasible RO membranes
(Cadotte & Petersen, 1981; Loeb & Sourirajan, 1963). RO membranes are
considered to be nonporous. This means that the mechanism of separation is by
diffusion of the solvent through the membrane. The RO membrane is made up
of a “dynamic” polymer network which allows water molecules to enter. RO
membranes are generally asymmetric, thin -film composite membranes.
Operating pressures for RO is dependent on the osmotic pressure of the solution
and can range from 2 -17 bar for brackish water to 30-80 bar for seawater

desalination (Cadotte & Petersen, 1981; Fane et al., 2011; Lachish, 2002).

2.4.3.3.Membrane Fouling
The biggest obstacle that faces membranes currently is the decline of the

permeate flux over time due to fouling of the membrane. Membranes are
operated either as constant permeate flux with variable transmembrane pressure
(TMP) or constant TMP with a variable permeate flux. When fouling occurs,
depending on the operational mode, either TMP increases to maintain constant
flux, or there is a drop in flux when TMP is constant. This fouling can be classified
as reversible and irreversible. Reversible fouling mostly occurs as a cake layer or
concentration polarization at the membrane surface. Reversible fouling can
typically be cleaned physically by back washing or chemically enhanced
backwashing. Irreversible fouling occurs by chemisorption and pore plugging
mechanisms. The TMP or flux of the membrane is not recoverable with
irreversible fouling. Thus, the membrane must either goes through extensive

chemical cleaning or be replaced, which are both costly.
Foulants can typically be classified into four categories:

e Particulates: Organic and inorganic particles can physically bind to the
membrane surface, causing blockage of the pores and develop a cake layer

hindering transport to the surface of the membrane.
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¢ Organic: Dissolved components and colloids (e.g. humic and fulvic acids)
can adsorb onto the membrane surface.

e Inorganic: Dissolved foulants (e.g. iron, manganese and silica) can
precipitate on the membrane depending on the pH of the solution causing
scaling. Residual coagulant/flocculant can also be present as an inorganic
foulant.

e Micro-biological organisms: Often referred to as biofouling, micro-
biological contaminants such as algae and bacteria can adhere to the

membrane surface.

Membrane fouling by silica is a major challenge in water treatment, especially of
brackish ground water which has higher silica concentrations. Silica scaling on
membranes causes reduction in the permeate flux, and is resistant to simple
cleaning methods (Bush et al., 2018; Koo et al., 2001). Studies by Bush et al showed
that both acidification or alkalization of the silica solution, so that it was outside
the ideal pH of polymerisation, were effective pretreatment strategies to reduce
the silica scaling on membranes. They found that flushing the membrane using
deionized water had no significant impact in removing silica scale (Bush et al.,
2018). Studies by Koo determined that the presence of calcium and magnesium
in the water enhanced the silica polymerisation process, where at silica
concentrations of 300 ppm was metastable, and with the addition of calcium and
magnesium, helped catalyse the polymerisation of silica (Koo et al., 2001). Other
contaminants such as iron have also been shown to have a significant impact on
the fouling of the membrane. Studies done by Sahachaiyunta showed that SEM
images of fouled membranes with iron present had differing structures
compared to other inorganics such as barium, manganese and nickel
(Sahachaiyunta et al., 2002). Silica concentrations also showed a major role in the
scaling mechanism on the membrane, as demonstrated by Semiat et al, who
gathered evidence that showed at low concentrations of silica, deposition
occurred by monomeric species, whereas, at higher concentrations silica

deposition involved polymerized colloidal particles (Semiat et al., 2003).
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2.4.3-4. Membrane Fabrication

Various methods exist to produce membranes, the selection depends on
the choice of polymer and desired structure of the membrane. The most
commonly applied fabrication methods include phase inversion, interfacial

polymerisation stretching, track etching and electrospinning.

Phase inversion is the most common method and can be described as a
homogeneous polymer solution being transferred in a controlled manner from a
liquid to solid state (Drioli & Giorno, 2009). The method can be classified into
four different categories; non-solvent induced phase conversion (NIPS), Thermal
induced phase separation (TIPS), Vapour induced phase separation (VIPS), and
Evaporation induced phase separation (EIPS) (Bazargan, 2022; Duraikkannu et
al., 2021). NIPS is a well-established membrane preparation method, which
the liquid-liquid de-mixing and solvent-nonsolvent diffusion rate determine
the morphology of the membrane (Figoli et al., 2014). Other factors such as
concentration of the polymer is another important factor in the fabrication
process. Increasing the polymer concentrations in the solution, produces
membranes with smaller sized pores which reduces the porosity. UF
membranes are typically obtained when polymer concentration range is 12-
20 wt%, where as RO membranes are concentrations >20 wt%. (Baker, 2004;

Lalia et al., 2013).

2.4.3.5.Material and solvent used
The material selection of the membrane would depend on the application for

which it would be used for. Synthetic organic polymers are typically the go to
material for fabrication of membranes. These include the likes of, polysulfone
(PSF), polyamide (PA), cellulose acetate (CA), polyethersulfone (PES) and
polyvinylidene fluoride (PVDF).

Due to the hydrophobic nature of polymers such as PVDF, strong polar solvents
are required to dissolve the PVDF. Various solvents have been investigated for the
purpose of dissolving PVDF, including such solvents as, N,N-dimethyl-acetamide
(DMAc), N,N-dimethylformaide (DMF) and N-methyl-2-pyrrolidone (NMP).

There are concerns however that these solvents have negative impacts on the
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environment and human health. Further studies in required to find solutions for
greener, low-toxicity and more sustainable solvents (Clark & Tavener, 2007; Dong

etal., 2021).

2.4.3.6. Modified membranes with GO and CNTs
Polymer membranes are restricted inherent challenges such as

permeability/selectivity trade off and tendency to foul. Nanomaterials such as
graphene oxide (GO) and carbon nanotubes (CNTs) are regarded as promising
materials to help polymer membranes overcome these limitations due to their
superior mechanical stability, hydrophilicity and biocidal properties (Wang et
al., 2018). Inaddition to these characteristics, use of GO and CNTs in membranes
alters the physical/chemical properties of the polymeric membrane, which has
significant impact on the separation performance parameters such as porosity,
pore size, surface roughness, charge of the membrane and hydrophilicity (Gupta

et al., 2016; Marjani et al., 2020).

2.4.3.7.GO membranes in water treatment

Graphene by definition is a one-atom-thick 2D sheet of sp> hybridized carbon
atoms, which are densely packed in a hexagonal honeycomb lattice (Kim et al.,
2010). The effectiveness of the graphene, in a graphene-polymer composite
depends on the quality of dispersion within the polymer matrix, as it tends to
agglomerate (Kuilla et al., 2010). Successful preparation of GO polymer
membranes has been produced by the phase inversion method, however, the
nanofillers are dispersed in the solvent prior to the preparation of the casting

solution (Wang et al., 2018).

GO-enhanced membranes have shown to increase the permeability in a
variety of mechanisms for UF membranes. Studies by Wang et al who fabricated
novel GO-PVDF blended membranes, showed that the permeability of PVDF
membrane with 0.2 wt% GO, increased the permeability by 96.4% compared to
PVDF membrane, due to increased pore channels and hydrophilicities (Wang et

al., 2012).

Other studies by Chang et al, have also demonstrated dramatic increases

in water flux with PVDF/GO membranes, due to the increased hydrophilicity and

24



decreased surface roughness (Chang et al, 2014). Additionally, they
demonstrated the increase of antifouling properties of the membrane. This was
further studied by Zhao et al who demonstrated an increase in fouling resistance
of GO/PVDF membranes, due to improved hydrophilicity and smoother surface

membrane (Zhao et al., 2013).

The use of GO in membranes has shown to improve the mechanical
properties of the membrane. Studies by Ionita et al that through
thermogravimetric analysis (TGA), the thermal stability of polysulfone/GO
membranes had improved considerably (Ionita et al., 2015). Other studies by Xu
et al discovered that tensile strength of PVDF/functionalised GO had improved

by up to 69% compared to pure PVDF membrane (Xu et al., 2014).

Membrane selectivity is determined by several factors, including pore size
and distribution and surface charge. Studies by Wang et al had found that the
mean pore size had increased from 251 nm to 55.3 nm with PVDF/GO
membrane, with content of 0.20 wt% of GO, with GO above this value had the
reverse effect, and pore size decreased (Wang et al., 2012). The surface charge is
another key feature and helps to understand and predict the antifouling
characteristics of the membrane. Studies by Shukla et al who made
polyphenylsulfone blended GO membranes, found that with the addition of GO,
the surface zeta potential had decreased (Shukla et al., 2017). This helped the
antifouling properties of the membrane with the proteins being used due to the

adsorption inhibition effect.

2.4.3.8. CNT membranes
Carbon nanotubes (CNTs) are sp> nano carbon materials with tubular

structures compose of rolled-up graphene sheets (Maruyama, 2021). CNTs are
classified into two types, single walled CNTs and multiwalled CNTs. CNTs is one
of the favoured candidates for the advancement of membrane performance, due
to its unique properties such as excellent adsorption capacity by high specific area
(Pan & Xing, 2008), electroconductivity (Wang & Weng, 2018) and enhanced
hydrophilicity and near frictionless encounter with water (Secchi et al., 2016).

However, some of the challenges associated with CNT/polymer membranes is the
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trade off between high removal efficiency and adhesion of foulants to the
membrane as well as CNTs tendency to agglomerate with each other in dispersion
of the solvent. The agglomeration of CNTs is due to a strong m-m stacking
interaction with itself, which results in a poor interfacial interaction between the

CNT and polymer (Andrews & Weisenberger, 2004).

As with GO, addition of CNTs to polymer membranes has an influence on the
physio-chemical properties. A chemical characteristic of membranes is
recognized as hydrophilicity, this is typically measured as the water contact
angle, in which, a decrease in the angle relates to an increase in hydrophilicity.
Various studies have shown that with differing CNT ratios, on average, the
contact angle decreases with the addition of CNTs (Choi et al., 2006; Kim et al.,
2020; Otitoju et al., 2018). This increase in hydrophilicity is resulted in reducing

fouling on the membrane during operation.

Many studies have demonstrated that presence of CNTs improved the
performances of the modified membrane. The improvement of permeability
could be due to the larger pore size as well as porosity of the membrane due to
the presence of CNTs (Hosseini et al., 2023; Khalid et al., 2015; Zhang et al., 2013).
For the case of mixed matrix membranes with CNT, preparation by phase
inversion and solution precipitation, may be due to interaction of CNT in the
casting solution. The hydrophilic nature of CNTs can contribute to faster
exchange of the solvent and non solvent resulting in higher porosity (Sianipar et

al,, 2017; Wu et al., 2010).

One of the major benefits of increased hydrophilicity by the addition of
CNTs to membranes is the increased antifouling property of the membrane. The
flux recovery ratio (FRR) and total fouling resistance (Rr) are parameters used to
quantify the antifouling performance. FRR defines the recovery ability of the
membrane after fouling occurs, while total fouling resistance is the defines the
total fouling number occurring on the surface of the membrane. High
permeability of a fouled membrane during operation and after backwashing,
decreases Rr and increases FRR number, respectively (Lee et al.,, 2001;
Rezakazemi et al., 2018; Zhang et al., 2016). Studies by Khalid et al, developed
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polysulfone/CNT nanocomposite membranes which showed a much higher flux
recovery ratio (83%) compared to the base membrane (57%) as well asa reduction
in the irreversible resistance by 26% (Khalid et al., 2015). Similar studies by Moon
Son et al showed that polyether sulfone membranes with CNTs had a greater flux

recovery ratio compared to the base membrane (Son et al., 2015).

2.4.4. lon exchange

2.4.4.1. General

One of the first mentions of ion exchange applied was by Aristotle, who
observed that some types of sand was able to remove impurities from sea water.
Since then, the development of ion exchange has come a long way, with
improvements on the process to the manufacturing of ion exchange resins (Lucy,
2003). The ion exchange process is typically defined as the process that removes
ions from water by exchanging them for other ions, be it in a direct e.g. ion
exchange resins, or indirect, ion exchange membranes (Kumar & Jain, 2013).
Traditionally boiler feedwater is treated by ion exchange demineralisers, to

remove ionic constituents which can cause scaling within the boiler (Scott, 1995).

2.4.4.2. Mechanism

Ion exchange is a chemical reaction in which free mobile ions of a solid
(the ion exchanger) are exchanged with ions of similar charge in solution. An ion
exchanger is a water-insoluble substance. Below is a generic equation

representing the ion exchange reaction:
M*A~+B~ & M*B~+ A~

Which, M*A-, represents the solid exchanger carrying the Anion A-, which

exchanges with the solution phase containing B~ anions.

When an ion exchanger comes into contact with a mobile phase ion of the
same charge, an equilibrium situation will be achieved, the thermodynamic
chemical potential for each ion is the same inside and outside of the resin (Slater,
2013). A number of factors determine the equilibrium state, with prediction from
first principles being difficult due to the ion activities and the relatively high

concentrated environment of the resin.
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The ion exchange process itself is accompanied by transfer of ions from
the interphase boundary, which includes the chemical reaction itself, diffusion
inside the material and diffusion in the surrounding solution (Kumar & Jain,
2013).

2.4.4.3. Selectivity

Selectivity is a parameter which in simple terms can be defined as the
preference of one ion over another for exchange on the resin site. If assumed that
ion exchange is a simple stoichiometric reaction then the mass action laws can
be applied to obtain an equilibrium expression. For example, the following

reaction (Morgan et al., 1995):

n[R¥]A" + B"" & [nRT]B™ + nA*

Where R¥ is the ionic group attached to the resin, A and B are the
exchanging ions and n is the valence of the exchanging ion. With respect to
equation above, for a binary exchange reaction, the selectivity can be expressed

as:

Where K is the selectivity coefficient, [A¥] is the aqueous phase
concentration of pre-saturant ion (mol/L), [B™F] is the aqueous phase
concentration of counterion (mol/L) and [R_iB”ﬂ and [FAﬂ” are the activities
of the resin pre-saturant ion and counter ion respectively. lon exchange resin
manufactures typically provide equilibrium data as selectivity coefficients (John
C. Crittenden, 2012).

2.4.4.4. Kinetics

The kinetics of ion exchange is dependant on a combined effect of liquid
and solid phase transport, and the reaction between the counterions and fixed
ionic group on the resin. Kinetics of mass transfer plays an important role in the
performance of the ion exchange resin. Most commonly ion exchange resins

kinetics are purely dependent on diffusion.
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Two main rate determining steps are considered in most ion exchange rate
kinetics; the diffusion of ions inside the material (referred to as particle diffusion)
and the diffusion of ions through the liquid film (referred to as film diffusion).
The rate of ion exchange is determined by the slower of the two processes. Film
diffusion control may prevail in systems with ion exchangers of high
concentration of fixed ionic groups, low degree of crosslinks, small particle size,

dilute solutions and inefficient agitation (Helfferich, 1995).

2.4.4.5. Ion exchange resin

Synthetic ion exchange resins are commonly used in water treatment, due
to their durability and properties which can be modified to selectively remove
cations and anions. The resin itself is typically composed of a crosslinked
polymer matrix that contains covalently bonded functional groups with fixed

ionic charges. Divinylbenzene (DVB) is used to crosslink the polymer backbone.

Based on the functional groups bonded to the resin four general
classifications of resins exist, including, strong acid cation (SAC), weak acid
cation (WAC), strong base anion (SBA) and weak base anion (WBA). For the
purpose of this review only anion exchange resin will be discussed. Table 2.2

shows the characteristics of anion exchange resins used in water treatment.

Table 2.2. Types of anionic ion exchange resin

Resin type Functional group Regenerant  pK Exchange
ion capacity
(meq/L)
Strong base R(CHj;);N* OH-or CI >13 114
anion (type 1)

Strong base R(CHj;).(CH;CH,OH)N* OH-or CI- >13  2-2.5

anion (type

2)
Weak  base R(CH;).NH* OH- 5.7-  2-3
anion 7.3
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2.4.4.6.  Removal of silica using ion exchange

Dissolved silica in water is typically removed by strong base anion resins,
while colloidal silica present in water is difficult to remove with ion exchange.
Due to the size and low ionic properties of colloidal silica, it becomes very
difficult to remove via ion exchange. Studies by Agui et al showed that colloidal
silica was able to adsorb well onto the surface of strong base anion resins (Agui
et al., 1993). They also demonstrated that resins with larger pores was able to

adsorb greater amounts of the colloidal silica.

Sasan et el conducted research on selective removal of dissolved silica
using inorganic anion exchangers, their studies showed that hydrotalcite (HTC)
anion exchanger had an adsorption capacity of 45 mg SiO./g of HTC. They also
found that HTC could selectively remove silica with competing ions such as

sulphate and chloride present (Sasan et al., 2017).

Pilot studies by Roy Osmun studied silica removal using strong basic
anion resins, the study was able to prove that the resin was able to reduce a feed
water containing 3 ppm of silica as CaCO;, down to 0.05 ppm of silica as CaCO;

(Osmun & Wirth, 1951).

Studies by Ben Sik Ali et al looked at developing thermodynamic and
kinetic models for silica removal via ion exchange. They showed that the resin
showed better selectivity for silica when it was in the hydroxide form, compared
to the chloride form. Resins showed they were in the third order reaction at

temperatures of 20 and 30 °C (Ben Sik Ali et al., 2004).

2.4.5. Advanced oxidation processes
2.4.5.1. General

For the treatment of drinking water, a group of chemical oxidative technologies
classified as advanced oxidation processes (AOPs) have had a significant level of
interest over the last three decades. They are known for producing highly reactive
and non-selective hydroxyl radicals, which are strong oxidants in aqueous
solutions (Miklos et al., 2018). Hydroxyl radicals are able to oxidize nearly all the
organic compounds to water, carbon dioxide and mineral salts (Wang & Xu,

2012). Out of the many AOPs developed, ozone has garnered major interest.
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There have been significant research done on ozone with respect to optimisation,

modelling and in-depth reaction kinetics (Ma et al., 2021).

2.4.5.2.0zone

Ozone in water treatment has been used for disinfection, odour control and
colour removal. Ozone can oxidise organic and inorganic species in wide range
of pHs. Ozonation is achieved in two ways, direct and indirect reactions
(Agustina et al., 2005). Direct reaction occurs when ozone reacts with organic
matter, and is highly selective. It attacks organic compounds with reducible
double bonds. Indirect reactions refer to the decomposition of ozone in water to

form hydroxyl radicals which join in the oxidation reactions (Ma et al., 2021).

Presently the method of ozone generation is by dielectric barrier discharge
(DBD) method, the system generates a corona in the gas through alternating
high-voltage electric field. The free high electrons dissociate oxygen molecules,

which are polymerised into ozone molecules by collision (Jodzis & Zieba, 2018).

Studies by Sadrnourmohamadi have demonstrated ozonation prior to
coagulation showed enhanced DOC removal, at ozone doses of 0.6-0.8 mg/L.
The researchers attributed this to ozone induced particle destabilisation which

resulted in lower particle surface charge (Sadrnourmohamadi & Gorczyca, 2015).

Chheda et al studied the surface dynamics of ozone induced particle
destabilization on montmorillonite. They found that ozonation had decreased
the surface charge and the Lewis base parameter. They credited the modification
in the surface thermodynamics to the partial dealumination of montmorillonite

(Chheda & Grasso, 1994).
To summarise:

e This chapter addresses water treatment challenges in an integrated steel
plant, specifically at Tata Steel Port Talbot, with a focus on removal of
silica. Silica is a major contaminant causing scaling, corrosion, and
operation inefficiencies in boiler systems.

e Theboilerat Port Talbot site operates at very high pressures (~126 bar) and

uses processed water from the River Afan. Water treatment involves
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multiple stages including, coagulation, filtration and ion exchange
producing demineralised water. In recent years, silica in the boilers has
exceeded recommended concentrations, increasing the potential of silica
deposition.

e Silica in water can exist as dissolved, colloidal and reactive species. The
plant primarily faces challenges associated with colloidal silica.

e A number of treatment technologies exist in removing silica including,
coagulation/flocculation, membranes and ion exchange. Taking a hybrid
approach and combining technologies can be implemented to achieve

optimal silica removal.
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3. Removal of colloidal silica using aluminium, iron,
titanium, and zirconium coagulants

3.1. Introduction
Removal of colloidal silica in clean water is a critical factor in lowering the

running costs and increasing efficiency of a clean water treatment plant.
Amorphous silica appears naturally in water either as a soluble (which includes
monomers, dimers, and small chained polymers of silicic acid), or as colloidal
silica (which are long polymeric chains of silicic acid). Typically, in natural waters
the concentration of total silica ranges from o to 20 mg SiO./L, in which a portion
of it is colloidal (Ning, 2010). Various treatment methods can be used to remove
the total silica load such as lime softening, anion exchange resins, membrane
filtration etc. Of these methods, the most practical and widely used is chemical
coagulation as a pre-treatment which is typically followed by a filtration process.
Coagulation plays a vital role in the removal of colloids, organic and inorganic
matter. Chemicals such as iron and aluminium salts are widely used in industry,
most typically, ferric chloride or alum, with the combination of polymer as a
flocculant aid. However, there are some issues that need to be addressed in the
application of Al/Fe coagulants, such as small floc size and long sedimentation
times, issues with colour and odour of the effluent caused by iron coagulants and
harmful residual species of aluminium leading to health problems in humans
(Gan et al., 2020). Studies have showed that aluminium salts alone could not
reduce the levels of silica concentration and that the addition of soda ash only
slightly improved the process (Sheikholeslami & Tan, 1999). Other studies have
shown that the removal of colloidal silica by aluminium salts was greatly
dependent on the pH of the solution (Chuang et al., 2007). New coagulants with
titanium and zirconium salts are emerging in the field of water treatment.
Studies have reported that Ti salts used in wastewater have shown a high
flocculation and turbidity removal and that zirconia have shown a strong floc

formation property (Okour & Ahemd, 2018; Priya et al., 2017).

Currently there is no data on the removal efficiency of colloidal silica by these

new and emerging coagulants. Thus, this study was conducted to compare
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traditional coagulants (ferric and alum) to novel coagulants (titania and zirconia)
for silica removal in water. This study evaluated the effect of pH and coagulant
dosages on zeta potential and the characteristics of the flocs formed, and
conducted a cost analysis of the various coagulants used to reduce colloidal silica

by >95% from 25 mg/L to1 mg/L.

3.2. Experimental procedures

3.2.1.Colloidal silica
Stock solutions of colloidal silica were prepared from a commercial solution

(LUDOX-TM 50) purchased from Sigma-Aldrich UK. The LUDOX-TM 50 is an
aqueous dispersion of silica particles with intermediate particle size and narrow
particle size distribution. The solution is a 50 wt.% suspension in water with
counterion sodium. The aqueous dispersion is kept at a pH of g and has a density

of 1.4 g/mL at 25 °C.

For the preparation of stock solutions, 2 Litre volumetric flasks were used by
adding the required amount of LUDOX-TM 50 solution to the volumetric flask
followed by diluting with Milli-Q ultrapure water. All flasks were pre-treated by
washing, drying in an oven for one hour at 120 °C, and after cooling at room

temperature, they were ready for use.

3.2.2. Reagents
All reagents or chemicals were of analytical grade supplied by either Sigma

Aldrich UK or Fisher Scientific UK. High quality DI water supplied by a Milli-Q
system (UV Synergy system, with a MPKo1 vent filter) was used throughout the
study. Glassware were washed with 4% solution of Decon 9o, rinsed with Milli-
Q water and dried in oven for one hour at 120 °C. The anionic polymer FloPam
ANogi1o (SNF, UK) was used as a flocculant aid. A stock solution at a concentration
of 2g/L of flocculant was prepared by dissolving 1g of the polymer floc in 50omL
of DI water. For pH adjustment, 0.2M HCl and NaOH were prepared using
reagent grade sodium hydroxide (NaOH) and hydrochloric acid (HCI) (32%)
supplied by Fisher Scientific, UK.
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3.2.3. Source of Coagulants
Four different coagulant chemicals were used in this study: alum, ferric, titanium

and zirconium. Alum based polymer in this study was obtained from aluminium
sulphate octadecahydrate ([(Al.(SO,);.18H,0)]) supplied by Sigma-Aldrich. The
alum was prepared in high purity Milli-Q water (de-ionised water, 18 m(), at a
concentration of 2 g/L (0.2 wt/vol %), in a 1L volumetric flask. The preparation
involved agitating the solution by a magnetic stirrer to ensure the mixture was

fully dissolved.

Ferric was obtained from Iron(III) chloride whereas zirconium was from zirconyl
chloride octahydrate (ZrOCl,.8H,O), both provided by Sigma-Aldrich. Like the
alum, the ferric and zirconium solutions were prepared in high purity Milli-Q
water (de-ionised water, 18 mQ), at 2 g/L (0.2 wt/vol %) in a 1L volumetric flask,
followed by agitation of the solution by a magnetic stirrer to ensure the chemicals

were fully dissolved.

Titanium was acquired from a ~15 wt. % titanium (IV) oxysulfate (TiOSO,) stock
solution in dilute sulfuric acid (Sigma-Aldrich, UK). The working solution was
prepared in high purity Milli-Q water (de-ionised water, 18 m{) at 2 g/L (0.2
wt/vol %) by diluting the titanium stock solution to the required concentration

in a 1L volumetric flask.

3.2.4. Steel works water sample
Real water samples were collected from the inlet of the clarifiers, before any

chemical addition, from Tata Steel Port Talbot Margam C water treatment plant,
which uses the river Afan as its water source. The water was collected in the winter
season of November 2022 and January 2023 where water temperature was 6-12 °C.
Prior to collecting the samples, the valve was opened and allowed to drain for 30
seconds to remove any stagnant liquid in the sampling pipe. The collected

samples were used on the same day of collection.

3.2.5. Analysis of water samples
Different analytical techniques were used to characterise the water before and

after treatment including silica and residual metal concentrations, Total Organic
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Carbon (TOC), turbidity, pH, UV.s,, zeta potentials, and floc size distribution.

The methods used for these are discussed next.

3.2.5.1. MP-AES
The analysis of total silica (SiO.) was performed by microwave plasma atomic

emission spectrometer (4200 MP-AES) (Agilent technologies, UK) equipped
with a standard torch. For plasma gas production, an Agilent 4107 nitrogen
generator was used. The working pressure of the nitrogen generator was 5 bar.
The silica concentration was analysed at a wavelength of 251.611 nm, with a
stabilisation time of 15 seconds and 3 number of replicates, as suggested by
Renata et al (Amais et al., 2013). Prior to measurement, the instrument was
calibrated using a silica standard solution, 50 mg/L as SiO, (HACH, UK). The
silica standard solution was diluted with DI water to produce five solutions (50,

40, 30, 20 and 10 mg/L).

The MP-AES was also used to measure the residual metal coagulant left in the
water (aluminium, iron, titanium, and zirconium). The concentrations of
aluminium, iron, titanium, and zirconium were analysed at the wavelengths of
396.152, 259.204, 334.941 and 343.8923 nm, respectively, with a stabilisation time
of 15 seconds and 3 number of replicates. The MP-AES was calibrated using an

ICP universal multi element standard provided by Agilent, UK.

3.2.5.2.HACH DR 2400
Analysis of the Total Organic Carbon (TOC) for the raw and treated river water

completed by the HACH Method 10129. The method was conducted by the
HACH DR/2400 model spectrophotometer. The method is based on the heated-
persulfate oxidation of organic carbon to carbon dioxide as in the Standard
Methods for the Examination of Water and Wastewater (APHA, 2017). The first
step was to switch on the Hach 45600 COD reactor set to 103-105 °C inside a fume
hood. 10 mL of the sample was mixed with a 0.4 mL of buffer solution at pH 2. It
is important to note that HCl must not be used to acidify the samples as chloride
interferes with the persulfate oxidation. The mixture was then mixed with a
magnetic stirrer at a moderate speed for up to 10 minutes. Low range acid

digestion vials were prepared by funnelling TOC persulfate powder pillow to each
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vial. 3 mL of the sample with buffer solution was pipetted to the prepared vials,
while one vial was only filled with 3 mL organic free deionised water. The
deionised water was used straight away ensuring minimal CO, absorption. The
vials were mixed thoroughly. Blue indicator ampules were cleaned with deionised
water and wiped with a lint free wipe. They were then lowered into the vials up
until the score mare on the ampule, which was then snapped off allowing the
content to drop into the vial. The capped vials were then placed in the pre heated
COD reactor for 2 hours. The vials were then removed and placed on a test tube
rack to cool down, once cooled, the reagent blank was used to calibrate and zero
the HACH DR/2400. Sample vials were then measured and the results are
displayed in mg/L C.

3.2.5.3. Turbidity
The turbidity measurement was carried out on a Hach 2100AN laboratory
turbidimeter, with a glass sample cell for lab turbidimeters and 10 NTU standard
solution for calibration. 30 mL of the sample was placed in the glass cell, shaken
up, and placed in the turbidimeter. The sample was then measured, and the
results were given in nephelometric turbidity unit (NTU).

3.2.5.4.pH
Sample pH was measured using an Orion Star A2u1 pH meter (Thermo Scientific,
UK). The pH electrode was washed with distilled water, before being dried with
a soft paper towel and placed into a pH buffer solution for calibration. The pH
probe was calibrated using solutions of pH 4, 7 and 10, provided by Fisher
Scientific, UK.

3.2.5.5.UV-Vis
UV Vis absorption for samples was carried out by an HP 8453 Ultra-Violet
spectrophotometer (Agilent Technologies UK), measuring the absorbance at 254

nm for the raw water samples.

3.2.5.6. Zeta potential and floc size distribution
Floc size distribution and zeta potential was measured by the ZetaSizer Nano

(Malvern instruments, UK). For zeta potential measurements, glass cuvettes were

filled with the sample in which a universal 'dip' cell was placed, so that the
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palladium electrodes were in contact. Samples were set to run between 10-100

times, in which 3 measurements were taken.

For floc size distribution measurements, icm pathlength quartz cuvette was
loaded with the sample, which was then analysed using dynamic light scattering
(DLS). The method was set that the sample refractive index was 1.46 (Frohlich et
al., 2016). The measurement was carried out at a 173° backscatter angle, with 120s

settling time, 10 runs per sample with 3 recorded measurements (average taken).

3.2.5.7.Jar Test
The coagulation/flocculation studies were conducted using a bench-scale jar test

unit with a six-paddle mixer (W1 flocculation test unit). In 500-mL beakers, 400
mL colloidal silica solutions were placed and mixed at rapid mixing speed of 150
rpm for 1 minute followed by 15 minutes slow mixing at 30 rpm. At the end of the
flocculation period the solution was allowed to settle for 1 hour. All experiments
were conducted at room temperature of 20+1°C. At Tata Steel Port Talbot, an
aluminium based inorganic coagulant followed by a polymer flocculant aid. To
recreate this process, a polymer solution was used to aid flocculation. The anionic
polymer Flopam ANg10 was used at an optimum dosage of 2.5 mg/L (MWH, 2012;
Swift etal., 2015). Once settled, the supernatant was collected with a syringe from
about 2 cm below the water surface, before being analysed. The pH of the
solution was set to the desired value after addition of the coagulant to account for
any pH drop due to hydrolysis of the coagulant. Small adjustments were made
during the jar test experiment period if the pH was outside the range of +o.2 of
the desired pH value. The effects of both pH and coagulant dosage were studied
in the ranges 2 to 10 and 2.5 to 30 mg/L, respectively. The removal efficiencies of

silica, TOC, turbidity, and UV,s, were calculated using the following equation:

Removal (%) = [(Cl;—cf)l X 100 (31)

Where, C; and Crare the initial and final values of the analysed parameter.
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3.3. Results and Discussions

3.3.1. Effect of coagulant dosage on the zeta potential, floc size and
removal of colloidal silica

The effect of dosage of each coagulant on the zeta potential, floc size and removal
of colloidal silica was studied. Dosages ranged from 2.5 to 30 mg/L (as titanium
oxysulfate, zirconyl chloride octahydrate, ferric chloride and aluminium sulphate
octadecahydrate) were used for solutions of colloidal silica in DI water at a
concentration of ~ 35 mg SiO,/L. Figure 3.1 (a & b) shows the effects of the
different coagulants and their dosages on zeta potential and floc sizes,
respectively, with no pH adjustment. According to these figures, the coagulant
dosage has a significant effect on both the zeta potential and floc size of the
colloidal silica. For all coagulants, a progressive increase in dosage resulted in a
corresponding rise in zeta potential, which continued until a threshold charge
was achieved, beyond which the zeta potential plateaued. The increase in zeta
potential is consistent with the positive charge of the coagulants. The dosages
required to reach the point of isoelectric point (IEP) for the coagulants can be
found in Figure 3.2. These results show that zirconium required the least quantity
to reach the IEP, at 0.30 mg Zr/L. While titanium required the largest dose of 1.5
mg Ti/L to reach the PZC. This could be due to the highly charged cationic
hydrolysis species produced when zirconium is dissolved in water, some authors
have proposed the formation of [Zr;(OH);]®* others have suggested
[Zr,(OH)(OH.),]3* and a cyclical tetramer of [Zr,(OH)s(OH.),s%*], the extent and
nature of hydrolysis depend on the pH of solution (Rose et al., 2003). Ferric and
alum required intermediary dosages of 0.84 mg Fe/L and 0.4 mg Al/L,

respectively, to reach the IEP. Other studies have also supported the higher
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dosages required for titanium coagulants to reach the PZC compared to ferricand

aluminium based coagulants (Zhao et al., 2011; Zhao et al., 2014)
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Figure 3.1. Effect of coagulant dosage on zeta potential (a), floc size (b) and removal efficiency of colloidal
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Figure 3.2. Dosage required to reach the point of zero charge for each coagulant

According to Figure 3.1 (b), the floc size increased initially until reaching a
maximum after which it dropped to values close to zero for all coagulants except
titanium. This could be due to re-stabilisation of the particle and reverse charge,
in which particle charges change from negative to positive allowing the particles
to repel again. This coincides with the zeta potential measurements where at
dosages around the IEP, the size of the particles is the largest and it drops
significantly at higher dosages, due to the positive charged particles. When
overdosed, alum and titanium gave zeta potential values that remained relatively
low compared to the other two coagulants. This is reflected in the size of the flocs
in Figure 3.1 (b), which showed that alum and titanium had larger sized particles
over the range of dosages, whereas ferric and zirconium floc sizes drastically
decreased at doses above 5 mg/L and 2.5 mg/L, respectively. Titanium had the
largest floc size of above 5000 nm, which was almost double when compared to
alum (3079 nm) and zirconium (3000 nm). Zirconium had a larger floc size
compared to ferric, however once its dosage increased only slightly, the sizes
dropped off sharply, which indicates that the dosage optimisation window for
zirconium is very narrow. The dosage window for iron is only slightly better than

zirconium but significantly narrower than Al and Ti. During the experiment, it
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was observed that flocs produced by titanium alone were large and dense enough
to settle quickly without the aid of a polymer flocculant. This was not observed
with the other coagulants until the polyelectrolyte was added. This could be due
to bridging effect, which can be caused by highly polymerised Ti hydrolysates
which act as a bridge to connect pollutants through chemical bonds, effectively
creating larger and denser flocs (Gan et al., 2020). Additionally, titanium
coagulants often form insoluble hydroxides, such as Ti(OH)4, which precipitate

out of solution and sweep suspended particles (Xu et al., 2023).

Figure 3.1 (c) shows the removal efficiency when the coagulant dosage was
adjusted. The optimum dosage for ferric and alum was 15 mg/L (5.2 mg Fe/L and
2.4 mg Al/L), for titanium it was between 5 and 15 mg/L (1.5-4.5 mg Ti/L), and for
zirconium was 2.5 mg/L (0.71 mg Zr/L). Both titanium and alum had the best
removal efficiencies and maintained the efficiency at high dosages. The efficiency
of ferric, however, dropped significantly once the dosage was increased to 30
mg/L (10.2 mg Fe/L) and that of zirconium worsened as the dosage increased
above 2.5 mg/L (0.71 mg Zr/L). Studies by Kim et al. found that colloidal silica
removal was better near the isoelectric point (IEP), thus proper destabilization
of particles is very important to achieve better floc removal. It was also found that
the mean zeta potential of silica particles at a given coagulant dosage was a
function of particle concentration, thus optimisation will be dependent on the

silica concentration of the solution (Kim & Lawler, 2005).

Similar patterns are seen in the relationship between dosage and removal
efficiencies of contaminants in water, where studies by Kuzin et al showed that
the efficiency of removal drops when coagulants (aluminium sulphate, poly
aluminium chloride, titanium chloride, titanium oxy sulphate and ferric
chloride) are overdosed when removing various solids in alcohol industrial waste
waters. However, the dosages used in this study were comparatively higher to the

doses used in this the study by Kuzin et al. (2022).
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3.3.2. Effect of pH on the zeta potential, floc size and removal of
colloidal silica

One of the most important parameters in coagulation is the pH of the solution,
as it influences the coagulation mechanism and its effectiveness. Figure 3.3 (a-c)
shows the effect of pH on zeta potential, floc size, and removal efficiency when
dosages were kept constant at 5 mg/L of coagulant. Ferric had isoelectric point
(IEP) at around pH of 5.8, titanium at pH 4.2 , alum at pH 4 and zirconium at
pH 6.6, respectively. These results agree with those reported in previous studies
who studied titanium, however, the IEP of ferric was found to be pH 7, the
difference could be due to preparation methods, ionic strengths, or presence of
other ions and organic matter in the solution (Wang et al., 2018; Wu et al., 20m).
Figure 3.3 (b) shows the effect of pH on floc size. Zirconium gave the smallest
particle size compared to the other coagulants at all pHs; the largest size that
could be achieved by zirconium was 429 nm at pH 4. Ferric and alum gave similar
sizes of 2000 and 2400 nm, at pH of about 4.5, respectively. Interestingly,
titanium gave the largest floc size, more than twice larger than alum and ferric.
The largest floc size for titanium was around 6500 nm at a pH of 6.3. It was
observed that the particles formed with titanium were large enough to settle
without the aid of a flocculant. The titanium coagulant also provided large flocs
overa larger range of pH, from pHs of approximately 3 to 8, compared to the other
coagulants. Literature from species-pH distribution shows that the hydrolysis of
titanium begins at much lower pHs compared to alum (Gan et al., 2020). Figures
3.4 (a) and (b) show the speciation of aluminium and titanium. Figure 3.4 (a)
shows at pH below 4 aluminium exists as AB*, as pH increases to 4-5.5,
hydrolysed species like [AI(OH)]** and [Al(OH)2)* become more significant.
Figure 3.4 (b) show at pH below 2 Ti exists mainly as TiO?* and as pH increases
to 2-4 hydrolysed species like TIO(OH)* and TiO(OH), exists prevail (Gan et al.,

2020; Lekhlif et al., 2014).
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Figure 3.3 (c) shows the removal efficiencies of colloidal silica when the solution
pH was adjusted. The ranges of pH values within which the coagulants achieved
at least 50% removal were determined. Figure 3.3 (c), results showed that for
ferric and alum, this pH range was almost similar of about 4 to 8, whereas
titanium had a slightly wider acidic pH range of about 2 to 7. Zirconium was not

capable to achieve 50% silica removal; the best removal achieved by zirconium

was 30% at pH 4.5.
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Figure 3.4. Species percentage at varying pH of aluminium (Lekhlif, B., Oudrhiri, L., Zidane, F., Drogui, P., & Blais, J.-F. (2014)) and
titanium (Dong, Y., Zhang, P, & Lin, H. (2022))

The performance of traditional salt coagulants is greatly influenced by the
solution pH because of pH effects on coagulation mechanisms and contaminant
speciation. During coagulation, contaminants are removed by charge
neutralization, bridging effects, sweep flocculation and sorption onto newly
formed metal hydroxides, from the hydrolysis products of the metal coagulants
(Al Fe, Tiand Zr). Studies have shown that the formation and solubility of these
hydroxides are strongly linked to the pH of the solution. Additionally, the surface
complexes formed between the metal and colloidal silica is strong and not easily
reversed except at high pH when excess hydroxide ions are present, thus they
compete with the silica particles. As a result, there is a decrease in the fraction of
positively charged adsorption sites on the metal hydroxide surface (Lakshmanan
et al., 2008). Studies by Wang et al have shown that ferric as a coagulant used to
remove arsenic had the largest particle size at pH 6-7 (Wang et al., 2014) . Studies

have shown that a similar pattern is seen in the relationship between zeta
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potential and the pH of solution which shows that zeta potential decreases at
higher pH, including alum, ferric, titanium and zirconium (Hussain et al., 2014;

Lester-Card et al., 2023; Wang et al., 2014).
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3.3.3. Steel works surface water - Spiked and un-spiked samples and raw
water
Surface water from the Afan river, which is used for the feed in Tata steel Port

Talbot water treatment plant was sampled (November 2022); Table 3.1
summarises the characteristics. Both un-spiked and spiked experiments were
used in this study. The spiked experiments used colloidal silica at concentrations
similar to those used in previous experiments while the un-spiked experiments
used the river water as received without further processing. , to discover the effect
the coagulant has on raw water. For the spiked samples, 2L of the river water was
spiked with 0.1 mL of approximately 50 w/v% of colloidal silica. The specific
gravity of 50 w/v% colloidal silica is ~1.4 g/cm3, therefore the concentration is ~35
mg/L. The samples of the spiked/un-spiked and raw water were collected on
different dates and thus there are slight variations in the compositions of the

waters.

Table 3.1. Raw water characteristics of spiked and un-spiked water from the River

Afan

Parameter Spiked water sample Un-spiked water sample
Total Silica (mg/L) 38.9 5.75

Colloidal Silica (mg/L) | 33.15 0.63

TOC (mg/L) 4.5 4.5

Turbidity (NTU) 5.38 5.38

UVas, 0.1685 0.1685

Aluminium (mg/L) 0.49 0.49

Iron (mg/L) 0.19 0.19

Titanium (mg/L) 0.0 0.0

3.3.3.1. Spiked sample results
The effects of coagulant dosages and initial pH on the coagulation performance

of alum, ferric, titanium, titanium with no polyelectrolyte and zirconium were
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studied. Figure 4 shows the removal efficiency obtained by each coagulant. The
optimum coagulation conditions were selected based on the previous

experiments (Table 3.2).

According to Fig 3.5 alum, titanium, and titanium (with no polymer) showed the
best removal efficiencies for the four parameters studied. They all had similar
removal efficiencies for silica (~80%) and UV,s, (~95%). However, titanium (with
and without polymer) had higher removal efficiencies of TOC and turbidity than
alum. Comparing titanium with and without polymer, it appears that titanium
without the polymer performs slightly better, which suggests that the titanium
coagulant can be used without the need for polymer addition to aid flocculation.
These results also confirmed that titanium achieved slightly better removal of

organics compared to alum, which agrees with literature (Zhao et al., 2011).

As illustrated in Fig 3.5, zirconium showed a poor performance in silica removal,
which agrees with the results previously discussed when DI water was used.
Ferric also exhibited a poor silica removal performance compared to previous
experiments, which could be due to interference from other contaminants in the
water. The effect of such interference could be compensated by increasing the
coagulant dosage (Achite et al., 2024; Haghiri et al., 2018; Nti et al., 2021). For
both zirconium and ferric, the removal efficiencies of silica, TOC, turbidity and

UV.s, were all less than 30%, with silica being particularly poor.

According to Fig 3.5, colloidal silica removal efficiency had decreased by ~10-20%
for alum and titanium, and ~50% for ferric and zirconium when compared to the
previous experiments when DI water was used (Fig 3). Higher dosages are likely
to be required due to additional contaminants found in the river water, especially
with seasonal changes as seen in the spiked/un-spiked and raw water sample that
was taken 3 months apart, shows TOC had increased by more than 2 times. Water
in the River Afan is relatively clean compared to rivers from urban surroundings
and even with the increased TOC was still in the lower range of organics typically

found in rivers (Worrall et al., 2004).
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Table 3.2. Conditions set for dosage and pH for spiked samples

Coagulant Dosage (mg/L) | pH Polyelectrolyte
dose (mg/L)
Alum 30 5.85 1.0
Ferric 15 5.95 1.0
Titanium 15 3.78 1.0
Zirconium 2.5 6.11 1.0
Titanium (no |15 3.89 0
polyelectrolyte )
100
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o 60
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0 .
Silica TOC Turbidity UV 254nm

mAlum mFerric mTitanium B Zirconium

Titanium (no poly)

Figure 3.5. Colloidal silica removal efficiency of alum, ferric, titanium, zirconium, and titanium (no

polyelectrolyte)
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3.3.3.2. Un-spiked samples
Optimisation of dosage for the coagulation performance of alum, ferric, titanium

and titanium (no polyelectrolyte) were conducted on un-spiked raw surface
water. Zirconium was not used in these tests due to its poor performance as
shown in previous tests with DI water and spiked river water. The same water
parameters as in previous experiments, including silica concentration, turbidity,
TOC, and UV,s,, were measured, and the results are shown in Fig 3.6. The
coagulant dosages were in the range 1 to 40 mg/L and the pHs used were as

previous experiments (Table 3.3).

Colloidal Silica removal TOC removal
120 100
90 | (b)
80
70 4
60 |
50
40 -
30 4
20
10
1mg/L 2mg/L 5mg/L 30 mg/L 40 mg/L . 1mg/L 2mg/L 5mg/L 30 mg/L 40 mg/L
Turbidity removal UV,, removal

1mg/L 2mg/L 5mg/L 30 mg/L 40 mg/L 1mg/L 2mg/L 5mg/L 30 mg/L 40 mg/L

B Alum m Ferric = Titanium © Titanium (No poly)

Figure 3.6. Removal efficiencies of colloidal silica, turbidity, TOC and UV1s4 with varying dosages of coagulant dosage for
raw un-spiked water from the river Afan ( pH found in Table 3.2)
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The highest colloidal silica removal efficiency in real un-spiked river water was
100% achieved using titanium coagulant at a dose of only 2 mg/L when the
polymer flocculant was used and at a dose of 30 mg/L when the polymer was not
used. Alum also showed high silica removal (98%) but at a dose of 30 mg/L in the
presence of the polymer. It was also observed that titanium achieved more than
100% removal of colloidal silica (data is not shown), which suggests that it
removed dissolved silica in addition. At dosages of 40 mg/L, the removal
efficiency dropped by more than 15% for all coagulants. Ferric at 1 mg/L showed
its best silica removal of 86%, but as its dose increased, the removal efficiencies
dropped continuously. This again correlates well with the previous experiments,
that when ferric was overdosed the removal of colloidal silica also decreased
(Figure 3.1 (¢)). Titanium (no polymer) was able to perform as good or even better

as alum within the dosage range of 1 to 40 mg/L.

Turbidity had the highest removal of 95% with titanium (no polyelectrolyte) at
40 mg/L, however, both alum and titanium also had high turbidity removal of
90% at dosages of 5-30 mg/L. Other studies have reported high turbidity
removals of above 80% when using TiCl, compared to alum and ferric (Okour et
al., 2009; Zhao et al., 2om). Ferric had a similar pattern seen in the previous

results, in which, turbidity removal decreased at dosages above 30 mg/L.

Titanium (no polyelectrolyte) showed the best TOC removal compared to the
rest of the coagulants, with the highest removal efficiency of 88% at 5 mg/L.
Ferric was the next best performer which removed 60% of TOC at a dosage of 2

mg/L. Alum was the worst performing coagulant at removing TOC.

UV,s, removal results showed that ferric and titanium had the best removal
efficiency of 92 and 94% respectively, at a dosage of 30 mg/L. This correlates well
with other studies which showed better removal of UV, by titanium coagulants
as compared to aluminium and iron counterparts (Zhao et al., 2013; Zhao et al.,
2014). Alum removal efficiency of UV,s, had significantly dropped at dosage of
40 mg/L.
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Table 3.3. Optimum dosage and removals of Total silica, turbidity, TOC and UV254

for coagulants

Coagulant/parameter Fe Al Ti Ti (no
polyelectrolyte)
pH 5-95 5.85 3.78 3.89
Total Max. 86 08 100 100
Colloidal removal
Silica (%)
Dose 1 15 2 30
(mg/L)
Turbidity | Max. 79.3 90.7 89.3 95.5
removal
(%)
Dose 2 5 30 40
(mg/L)
TOC Max. 58.8 41.2 64.7 88.2
removal
(%)
Dose 2 2 30 5
(mg/L)
UVas, Max. 89.4 80.2 94.0 77.2
removal
(%)
Dose 2 2 5 30
(mg/L)

3.3.3.3. Sludge characterisation
Figure 3.7 shows the sludge from the jar tests which had been dried. It showed

that alum and ferric had similar appearance, which were all dark brown with large
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patches. Titanium samples were similar but slightly lighter brown. The sample
titanium (no polymer), comparatively, had a much lighter and smaller patches of
brown colour. This suggests that the flocculant aid was aggregating larger
particles in the jar tests, however, there was no correlation with the removal
efficiencies of the contaminants, as titanium (no polymer) was able to compete

with the other coagulants.

When ferric salts such as ferric chloride are used as coagulants they react with
water to form iron hydroxides, primarily ferric hydroxide ((Fe(OH)3). These iron
hydroxides are inherently brown/reddish, which imparts the brown colour to the
resulting sludge. This can be seen in Figure 3.8 (a) which shows the jar test during
slow mixing of ferric coagulant has a brown/reddish particles, compared to the
other coagulants. Alum coagulants typically produce white/light grey aluminium
hydroxides compared to ferric, which results in sludge generally having a lighter
appearance. Titanium salts when hydrolysed by water produce titanium
hydroxides, which can convert to titanium dioxide (TiO2). Titanium dioxide is
commonly used as a white pigment in various industries such as paints. Due to
the presence of organics and subsequent oxidation, brown patches are observed
with the titanium, however, the resulting sludge is much lighter compared to

ferric and alum, as can be seen in Figures 3.7.

Titanium (no

polyelectrolyte)

Figure 3.7. Dried sludge from the jar tests with alum, ferric, titanium and titanium (no polymer)
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Figure 3.8. Slow mix stage of tests for (a) ferric, (b) alum, (c) titanium and (d) titanium
(no polyelectrolyte)

3.3.4. Comparison of coagulant costs
The economic feasibility of wusing these salts and floc aids as

coagulants/polyelectrolyte for silica removal was studied by comparing the costs
(https://www.echemi.com/, 2023). Dosages optimised in Table 3.3 was chosen as
it had the best colloidal silica removal efficiency for alum, titanium, and titanium
(no polyelectrolyte), to treat 142 m3/hr of Afan river water (un-spiked). The cost
calculation did not consider costs of sludge settlement and handling and process

control.

The calculations revealed that ferric has the lowest chemical cost was the most
cost-effective coagulant, costing $0.71 to treat 142 m3/hr of water. Alum was found
to be 3-4 times more expensive as ferric, for silica removal, at $2.73. Both titanium

cost slightly lower compared to alum due to the low dosages at $2.31. Titanium
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with no polyelectrolyte, was noticeably cheaper compared to alum and titanium
with polyelectrolyte, costing $1.68. Finally, zirconium, which was optimised in

Table 3.2, was the most expensive out of all the coagulants costing, $8.68.

Overall, with the effectiveness of titanium at low dosages, as well as high removal
rates with no poly electrolyte, make it a financially competitive coagulant

compared to traditional coagulants such as alum and ferric.

3.4. Conclusions
The following conclusions are made based on this study of colloidal silica

removal by common (ferric and alum) and novel (titanium and zirconium)

coagulants:

e Floc size, zeta potential, and silica removal was highly dependent on the
dosages of the coagulant. When overdosed it was found that titanium kept
the largest particle sizes and removal efficiencies high and the zeta
potential was also kept close to the PZC. This was followed by alum, ferric
and lastly zirconium. The results also showed that in removing colloidal
silica, the control of ferric and zirconium dosages was very difficult.

e Particle size, zeta potential, and silica removal was highly dependent on
the pH of the solution with titanium and zirconium was most effective in
the pH of range ~6-7 , whereas alum and ferric the in the pH of range was
~6, and finally titanium in the pH of ~4

e Results found that the titanium coagulant was able to produce large and
dense enough particles that settle easily without the aid of a polymer
flocculant.

e Spiked and un-spiked samples of raw surface water tests revealed that
alum, titanium and titanium (no polymer) had the best removal rates of
colloidal silica, turbidity and TOC. Ferric had the best removal of UV,s,.

e Chemical costs, excluding sludge and control costs, were compared to
treat 140 m3/h of river Afan water with ferric, alum, zirconium, titanium

and titanium (no polyelectrolyte) to remove colloidal silica. The most
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economical and lowest chemical cost was for ferric ($0.71). Alum was
found to be 3-4 times more expensive compared to ferric ($2.73). Titanium
costs were comparably lower to alum costs ($2.31) due to the lower
dosages, with no polyelectrolyte costing even lower ($1.68). Zirconium was
the most expensive ($8.6).This study suggests that pilot plant studies
using titanium coagulant should be carried out to ascertain the potential
of this coagulant in treating Afan raw water for boiler feed water at Tata

Steel, Port Talbot site.
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4. Removal of colloidal silica in water with PVDF
membranes impregnated with multiwalled carbon
nanotubes and graphene oxide
4.1. Introduction
Membrane technology is an integral part of separation processes in many
industries including water treatment. The most widely used membranes are
ultrafiltration and microfiltration, which can remove particles in the size range
of 1-100 nm and 0.1 to 10 pm, respectively. In the steam boiler industry, high purity
water is required to ensure proper operation of steam generation systems. High

purity water will ensure lower blowdown frequency, and reduce scale build up in

the boiler.

The use of reverse osmosis (RO) in boiler feed water treatment can reduce
chemical costs by minimising the frequency of ion exchange regeneration.
However, the downside of this is that the water passing through the RO unit

requires substantial pre-treatment, which in turn adds to the systems total costs.

An alternative to RO membranes, is the use of ultrafiltration (UF) membranes.
As seen in Literature review, some of the biggest challenges facing water
treatment works at Tata steel, Port Talbot, is the silicate and colloidal particulates
that are present in the water, which is seen to pass through the system decreasing
boiler efficiency. UF membranes have been shown to reduce particulate, colloidal
and organics by up to 99%. The success of membranes is accredited to their
separation performance, consistency of permeate, ease of operation and reduced
capital and process costs. However, the use of conventional UF membranes has
faced substantial membrane fouling challenges, which can decrease the
membranes lifetime and decrease membrane performance. Blockage of the
membrane pores and formations of fouling layers, leading to higher

transmembrane pressures.

The majority of commercially available membranes are fabricated from

hydrophobic polymers, which due to their nature, are more prone to fouling. On

77



the plus side, they have excellent mechanical properties and high permeate rates.
One of the recent trends in improving the performance of polymeric membranes
is the application of inorganic filler materials with the membrane. The
introduction of inorganic materials such as carbon nanotubes (CNT) and
graphene oxide (GO), has shown significant improvement in the chemical and
physical properties of the membrane. Polymer membranes containing CNTs
have shown to significantly increase water permeability (Holt et al., 2006;
Suhartono & Tizaoui, 2015). Other studies have reported that using CNT showed
high hydrophilicity, permeability, chemical stability, and excellent separation
performance (Wu et al., 2010). GO is another popular filler in creating mixed
matrix membranes. The remarkable characteristics of GO such as its high surface
area, mechanical strength and narrow pore distribution make it a popular choice
(Fan et al., 2020). Incorporation of GO into membranes has shown to increase its
hydrophilic features, selectivity and antifouling characteristics (Januario et al.,
2021). Studies on the effect of GO and CNT incorporated membranes on
inorganic contaminants such as colloidal silica is missing. This study is the first

on colloidal silica removal using GO and CNT modified PVDF membranes.

This work aimed to produce PVDF membranes, enhanced with GO and CNTs,
and to test them under various fouling conditions. The polymer membranes were
produced via phase inversion at bench scale. Membrane performance was tested
with various solutions, including colloidal silica at varying pH conditions and the
effect in the absence and presence of BSA. Membranes were characterised by
Fourier-transform infrared spectroscopy (FTIR), X-ray photon spectroscopy
(XPS), scanning electron microscopy (SEM), contact angle measurements and
surface zeta potential measurements. Fouling behaviour was studied with BSA,
colloidal silica and surface water to cover a varying range of molecular sizes and

charged molecules.

4.2.Materials and Methods
All reagents or chemicals were of analytical grade supplied by either Sigma

Aldrich UK or Fisher Scientific UK. High quality DI water supplied by a Milli-Q
system (UV Synergy system, with a MPKo1 vent filter) was used throughout the
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study. Glassware were washed with 4% solution of Decon 9o, rinsed with Milli-
Q water and dried in oven for one hour at 120 °C. For pH adjustment, 0.2M HCl
and NaOH were prepared using reagent grade sodium hydroxide (NaOH) and
hydrochloric acid (HCl) (32%) supplied by Fisher Scientific, UK. Multi-walled
carbon nanotubes (MWCNT) and 4-10% edge oxidised graphene oxide (GO) were
purchased from Sigma Aldrich, UK. N-methyl pyrrolidine (NMP) 99.5%,
purchased from Sigma Aldrich, UK was used as solvent. Kynar 761 PVDF powder,
which was used as polymer membrane, was purchased from Arkema Innovative
Chemistry, France. Colloidal silica solutions of 35 mg/L was prepared using the
LUDOX TM-50, purchased from Sigma Aldrich, UK. Bovine serum albumin
(BSA) provided by Sigma Aldrich, UK, was used to prepare stock solutions of 0.5
g/L BSA.

4.2.1.Membrane fabrication
GO and MWCNT solutions were prepared in NMP at 2 wt.% and 1 wt.%

respectively by dispersing 0.412 g of GO in 100 mL NMP and 0.206 g of MWCNT
in 100 mL of NMP. To ensure homogeneous dispersion, the solutions were

ultrasonicated for 30 minutes.

Flat sheet porous membranes were fabricated from Kynar 761 PVDF powder. Pure
PVDF membranes were prepared by dissolving 4.12g of PVDF powder in a round
bottom flask, followed by the addition of 20 mL of N-methyl pyrrolidine. For the
mixed matrix membranes, the GO or CNT dispersion mixture was used instead
of pure NMP. The round bottom flask was then placed in a setup with a
mechanical mixer, water bath and hotplate underneath. The temperature was set
to 70 °C, and the mixture was left to stir for 3 hours to ensure full polymer
dissolution. After 3 hours, the mixture was ultrasonicated for 10-15 minutes to
remove bubbles. The well homogenised, dispersed and bubble-free mixture was

then ready for casting.

To cast the membrane, a glass drawdown plate was placed on the lab bench which
was cleaned with acetone before use. The casting knife was then calibrated on
the flat glass drawdown plate to the required thickness by adjusting the blade gap

to the desired thickness using a calibrated metal plate. Once the membrane was
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cast, the glass drawdown plate was immediately placed in 20L of DI water at 20
+2 °C, to reduce solvent evaporation from the membrane surface. The membrane
was left overnight to ensure solvent non-solvent dissolution. After this process
the membrane was washed with DI water and stored in a plastic container

containing DI water.

4.2.2. Filtration experiments
The fabricated membranes were subjugated to clean water permeation and flux

tests using a recirculating cross flow filtration unit (CFU). A Micropump GA
series pump, USA, powered by DP-415 A AC driver with a min speed of 500 RPM
and max of gooo RPM was used to pump the water. The unit was equipped with
a flowmeter and two digital WIKA DG-10-E pressure gauges, for transmembrane
pressure (TMP) measurements, and inlet/outlet valves to control flow and
pressure. The following equation was used for TMP calculation:
TMP:(PF‘;PR)_PP (4.1)

Where, Pr is the pressure of the feed (bar), Pr is the pressure of the retentate, and

Pp is the pressure of the permeate (bar).

The permeate was collected in a plastic beaker and measured using an analytical
balance interfaced with a PC using a data collection software to record the data
over time. For the clean water permeability, water was collected for a minimum
of 20 minutes to allow for the permeation to stabilise. For unpure water, the

experiment was run for 30 minutes.

The water flux was calculated with the following equation:

J=— (4-2)

Where ] is the membrane flux (L/m2h), m is the mass of permeate collected (kg),
p is the water density taken equal to 998.2 kg/L, A is the effective area of the
membrane (m?) and t is the time (hour) the permeate was collected. To calculate
the permeability, the flux was divided by the TMP, to determine the water that

passed through the surface area of the membrane per time per transmembrane
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pressure. The membranes were tested with solutions of BSA, colloidal silica and

real raw water from the river Afan.

4.2.3. Cleaning experiments
To determine the flux recovery of the membranes, the membranes were initially

run for 15 minutes with BSA solution at 0.5 g/L, the run was stopped, and the
membrane was carefully flipped. Pure water was then allowed to flow through the
flipped membrane for 5 minutes. The membrane was then flipped back to its
original orientation and was fed with pure water. The antifouling parameter of
the membrane was determined by calculating the flux recovery ratio (FRR),
which is related to the irreversible membrane fouling and was calculated
measuring the pure water flux before and after BSA experiments. FRR is defined

as

FRR (%) = ;V”—Z x 100 (4.3)

wil

Where J. is the water flux of the membrane after the BSA and flipped-cleaning

experiments, and Jw, is the water flux of the fresh membrane.

4.2.4. Characterization methods
The hydrophilicity of the membrane was measured using the contact angle

method via the VCA optima contact angle instrument (VCA, USA). Sample of the
required membrane was placed flat on the instrument holder using double sided
tape. A single drop of water was dropped on the membrane using a syringe, and
image captured using the instrument’s camera. The images were then analysed
using Image] software with the contact angle plugin. The plug-in calculates the
contact angle of a drop on a flat surface using the sphere approximation and the

ellipse approximation, with the points of the image being manually selected.

The membrane molecular properties were analysed using a Fourier Transform
Infrared spectrophotometer (FTIR) that was coupled with Attenuated Total
Reflectance (ATR) UATR Two (PerkinElmer, UK). The instrument sample holder

was cleaned and then calibrated with the background being measured and
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recorded. The membrane sample was then placed in the sample holder, with the
active layer facing the crystal. Three measurements of the sample were taken,

with the average spectra being used to compare the samples.

Membrane zeta potential was determined using the SurPASS 3, provided by
Anton Paar, UK. The instrument is an Electrokinetic analyser for solid surface
analysis. Initially the sample was set up using the adjustable cell gap. Before use,
the pH electrode was calibrated using three buffer solutions at pHs of 3, 7 and 10.
The conductivity probe was calibrated using o.1 mol/L KCl solution. The
membrane sample was then measured using o0.01 mol/L KCI solution, at pHs

ranging from 2 to 10.

Membrane volume porosity and mean pore radius was specified by the
gravimetric method, in which the mass of membrane sample was measured
before and after drying. The membrane thickness was measured using a RS
Micrometre (RS, UK), followed by drying in an oven at low temperature (50°C).

The porosity relationship was then established using the following equation:

s = (mwet - mdry)/pw (4-4)
(mwet - mdry) + Mery
Pw PpvDF

Where, ¢ is the porosity, mye: is the wet mass of the membrane (g), mary is the dry
mass of the membrane (g), pw is the density of water (g/cm3) and ppvor is the

density of PVDF polymer is 1.78 g/cm3.

The mean pore radius (rp) was determined by the filtration velocity method

according to the revised form of the Guerout-Elford-Ferry equation:

_ |29 —1.75¢) x 87lQ (4.5)
= cAAP

Where, [ is the membrane thickness (m), 7 is the water viscosity (Pa.s), € is the

membrane volume porosity as determined above, A is the membrane surface
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area (m?), Q is the flowrate of permeate (m3/s) and AP is the transmembrane

pressure (Pa).

The SEM imaging of the membrane surface was achieved made using a JEOL
7800 scanning electron microscope. Before use, the sample was coated with
platinum with a thickness of 5 nm, using an Agar HR metal sputter coater to
reduce electron charging. Once coated, the samples were then loaded into the
SEM using the specimen holders. Working distance of 10 mm and probe current

of 5 kV was set for all membrane samples.

The atomic composition of the membranes was analysed using AXIS Supra X-Ray
Photoelectron Spectroscopy (XPS) (Kratos, UK). Samples were prepared by
drying in a vacuum oven overnight at 60°C, before cutting and mounting onto

the sample holder with carbon tape.

4.3. Results and Discussion

4.3.1.Membrane characterisation
Membrane characterisation is extremely important as it allows an insight into the

relationship between membrane chemistry, structure and transport properties.
The chemical properties of the membranes were determined by FT-IR
spectrometer. The change in chemical state was determined by X-ray
photoelectron spectroscopy (XPS). The hydrophilicity of the membrane was
measured using water droplets on a contact angle goniometer. Membrane surface

charge was measured as zeta potential by electrokinetic analysis.
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4.3.1.1. FTIR
The chemical structure of the surface layer measured by ATR-FTIR membranes

is shown in Figure 4.1 (a) and (b) at the wavelength ranges of 700-4000 cm™ and
700-1600 cm™, respectively. The vibrations at 762 cm™ are accounted for the CF,
bending, whereas 796, 840, 875 and 974 cm™are CH, rocking (Shukla et al., 2010).
Peaks found at 1068 cm™ are for the groups of symmetric C-C stretching. CF.
stretching is found at the bands of 1182 and 1271 cm™. Bands at 1403 cm™ account

for the CH, wagging (Nallasamy & Mohan, 2005).
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Figure 4.1. FTIR spectra of PVDF, PVDF-CNT and PVDF-GO (a) full wavelength range (700-4000 cm'?) and (b) wavelength of 700-1600 cm!
The absorption spectra at 762, 840 and 1234 cm™ could be selected as a
representation for the PVDF crystalline phase (Kabir et al., 2017). Values at 762
cm™ correspond to the a-phase whereas values of 840 cm™ to y-phase and 1280
cm™ for the B-phase, which are the two main electroactive forms (Cerrada et al.,
2023; Imamura et al., 2008). The pure PVDF membrane exhibits a significantly
higher peak at 762 cm™ compared to the PVDF-GO and PVDF-CNT membranes,
whereas the introduction of GO and CNT to the membrane exhibited greater
absorbance at 840 cm™. This indicates that pure PVDF membrane is found in o-
phase crystalline structure whilst PVDF-CNT and PVDF-GO are mainly found in
y -phase structure. The addition of CNT and GO yielded decrease in intensity of

the bands located at 762 and 796 as well as 974 cm™. Simultaneously, new bands
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located at 840 cm™ and 1280 ¢cm?, indicating that  polymorph has developed

(Cerrada et al., 2023).

From Figure 4.1 (b), GO membrane shows a peak between 1600 and 1700 cm™
which could be attributed to the C=C absorption, from the graphene carbon
bonding, this peak is not seen in the CNT membrane (Lin et al., 2008). This
means that the peak seen at 1600-1700 cm™is more likely due to the C=0 carboxyl
stretching seen with the GO (Yang et al., 2012). With GO membrane there is also
a strong broad peak seen between 3400-3500 cm™, which represents the O-H

hydroxyl stretching (Surekha et al., 2020).

4.3.1.2. Membrane zeta potential

Figure 4.2 displays the results of the membrane zeta potentials of all 3
membranes. The results show that all 3 membranes at neutral pH of 7 exhibit a
negative surface zeta potential. The isoelectric points for all three membranes
were found to be very similar, at pH of around 3.5 to 4. As the pH was increased
from their isoelectric points, both GO, and CNT membranes displayed a greater
negative surface zeta potential compared to the PVDF membrane. At pH 7, the
PVDF, GO and CNT membranes displayed zeta potential values of -6.6, -12.8 and
-14 mV respectively. This demonstrates that the addition of GO and CNTs to the
PVDF membrane, has increased the negative charge on the membrane surface.
This could be due to the functional groups found on the oxidized graphene and
carbon nanotubes, as seen in Figure 1(b), GO membrane had a peak 3400-3500
cm™ showing that hydroxyl O-H stretching was occurring that was not present
with CNT and PVDF membranes. The CNT and GO membranes had increased
IR absorbance at the y and [ bands, which are the electroactive forms enhancing

the zeta potential of the membranes.
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Figure 4.2. Surface zeta potential of PVDF, PVDF-GO and PVDF-CNT
membranes

86



4.3.1.3. Membrane pore structure (SEM, mean pore size, and porosity)

Figure 4.3. SEM images of (a) PVDE, (b) GO and (c) CNT membranes at x1000 and x200 magnification

Figure 4.3 (a), (b) and (c) shows the SEM images of the PVDF, GO and CNT
membranes. Magnification of 200 and 1000 was used at a current of 5 kV. The
results show that the PVDF membrane pores were not evenly distributed but had
sporadically clustered over the surface of the membrane. Figure 4.3 (a) at 1000
magnification depicts clusters of pores with minimal pores outside of the cluster.
With the GO membrane (Figure 4.3 (b)), the pores are more evenly spread all
over the surface and are not clustered. With CNT, the membrane presents pores

spread evenly with large crater like formation is observed.

The coagulation bath stage during the phase inversion method, plays a vital role
on the morphology of the membrane. The morphology of the membrane

depends on both the rate of outer diffusion of the solvent into the water bath as
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well as the rate of inner diffusion of the water into the casting solution. The
diffusion of solvent expelled from the surrounding polymer solution causes
macro void growth (Guillen et al., 2011). Studies have shown that the addition of
inorganic materials such as GO to PVDF casting solutions, increases the
thermodynamic instability, which leads to thinner and more selective top layer
with higher porosities (Mohsenpour et al., 2022). Research has shown that the
presence of inorganic fillers like silica, titanium dioxide and GO can lead to
membranes with more uniform pore size distribution and reduced macro void
formations, these additives provide a heterogenous nucleation surface,
promoting phase separation. (Wu et al., 2010; Yang et al., 2020). Addition
Impregnation of the membrane matrix with of additives such as GO has also
shown to increase the porosity of the membranes produced via phase inversion,
as it accelerated the diffusion rate of the solvent, due to the hydrophilic nature of

GO (Zhao et al., 2013).

To further characterise the pore structure of the membranes, mean pore size and
porosity of the different membranes were determined and the results are shown
in Table 4.1. According to this table the porosity had increased with the addition
of Graphene oxide, which agrees with the SEM results. The addition of 2 wt% GO
decreased the mean pore size whereas 1% CNT increased it, also in agreement
with the SEM observations. Low loading of fillers such as GO and CNTs, have
shown to increase pore size, but with higher loading the pore sizes decreased,
studies by Choi et al had shown that MWCNTs contents of up to 1.5% had
increased the pore size, but decreased at 4% (Choi et al., 2006). With a further
increase in the filler loading, the viscosity of the solution would increase, leading
to a diffusion delay, causing the top layer to be dense and thick with low porosity
and low degree of pore interconnectivity (van de Witte et al., 1996). Table 1 shows
that the pore size had increased with addition of 1% CNT, however, decreased
with 2% of GO. Addition of MWCNTs have shown to increase the porosity and
pore sizes of PVDF membranes (Yuan et al., 2020). Higher polymer loading has
also shown to decrease pore size (Ragunath et al., 2018). The trade- off between

permeability and selectivity is a fundamental aspect of membrane technology. B,
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by incorporating fillers such as CNTs and GO this trade off can be manipulated

to achieve both high permeability and selectivity for removing colloidal silica.

Table 4.1. PVDE, GO and CNT membrane porosity and mean pore size

Mean pore size
Membrane type | Porosity (%) | (nm)
PVDF 70.8 19.8
GO (2 wt%) 74.8 14.4
CNT (1 wt%) 63.3 21.1
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Figure 4.4. (a) Comparison of C(1s), (b) O(1s) and (c) N(1s) envelope of the three membranes

Cis XPS spectra from Figure 4.4(a) show a standard set of bands expected for
PVDF, CNT and GO membranes. C-C band at 284.4 eV is used as an identifier for
the presence of graphite, however, is overshadowed by the C-O/CH, band , as the
ratio of PVDF to CNT and GO are heavily in favour of PVDF. However, there is a
slight increase at 284.4 eV for the CNT and GO membranes compared to the pure
PVDF, indicating presence of graphite. The peaks at 298 eV are indications of the

CF2 bonds, which decrease with the addition of CNT and GO.

Figure 4(b) compares the O1s XPS spectra of PVDF, GO and CNT membranes.

The most prominent band seen with all 3 is at 531-533 eV, suggesting presence of
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C-O and C=0 functionalities. PVDF has the lowest peak, followed by GO and
CNT membranes, respectively. The peak shapes appear slightly different due to
the combination of oxygen containing groups that introduce asymmetry to the

peaks.

Figure 4.4(c) shows the Nis XPS spectra for all 3 membranes, the results show an
increase of the peak at 400.6 eV for the modified membranes, with GO having
the highest, followed by CNT and PVDF respectively, indicating an increase in

nitrogen containing groups.

Table 4.2 presents the surface composition of the membranes. Here it is found
that the total oxygen increases in GO and CNT membrane, compared to PVDF.

The percentage of fluorine is also seen to decrease with additions of GO and CNT.

Table 4.2. Surface composition by element for PVDF, GO and CNT membranes

Total Calcium (Atom %)
Total Fluorine (Atom %)
Total Nitrogen (Atom %)
Total Sodium (Atom %)
Total Oxygen (Atom %)
Total Silicon (Atom %)

Total Carbon (Atom %)
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4.3.1.5. Contact angle

ECNT 1%
2 GO 2%
= PVDF
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Figure 4.5. Contact angle measurements for PVDF, GO and CNT membranes

Wettability properties of the membrane can be determined by measuring the
contact angle between the membrane surface area and water, as the wetting
liquid. Typically, high contact angles mean that the material is more difficult to
wet and that contact angles less than 9o° means a higher affinity to water and
therefore is a hydrophilic membrane. As shown in Figure 4.5, the averaged
contact angles of the 3 different membranes show that PVDF membrane has the
highest contact angles, and the addition of graphene oxide or carbon nanotubes
decrease the contact angle, making the membranes more hydrophilic. CNTs and
GO membranes showed a reduction of 4.3 and 12.1° respectively. This reduction
in contact angle indicates that the GO and CNTs have modified the surface
energy of the PVDF membrane. This could be attributed to either a higher
polarity (surface charge) of the membrane surface therefore stronger
intermolecular interaction between membrane and water (Giovambattista et al.,
2007; Vu et al., 2021), and/or that the layer with GO and CNTs produced a

smoother surface (Duca et al., 1998; Qing et al., 2019), as also observed in the
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SEM images of this study (particularly the GO membrane). The contact angle
had the following order: PVDF > GO > CNT, the reverse order of this is true for
the hydrophilicity.

4.3.2. Performance and evaluation of membranes

4.3.2.1. Clean water permeability

Permeability of the solution depends on the transmembrane pressure, the linear
velocity of water over the membrane and the compactness of the membrane.
Studies have shown that with increasing TMP, the flux of permeate also increases

(Madaeni & Mansourpanah, 2004; Miner, 2005).

The flux and permeability of all three membranes were evaluated using pure
water. The membranes were kept soaked in aqueous solution, with regular
changes of the solution. Conditions for each experiment were set that so, TMP
was kept constant at 2 bar and retentate water flow rate at 1 L/min. The

permeability became steady after ~10 minutes.

Figure 4.6 shows that addition of GO and CNT to PVDF membrane drastically
increased the permeance of clean water. GO and CNT increased the average

permeability by 141% and 174% respectively.
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Figure 4.6. Pure water permeability of PVDF, GO and CNT membranes

This increase in permeability is consistent with increases in porosity that was
seen with GO and CNT membranes, as well as the increase in pore size with CNT.
This indicates that the GO and CNT additions have both improved the water
permeability of the membranes. The permeability of PVDF membrane can be in
the range of 10-200 L m™ h bar (Ali et al., 2018; Wang et al., 2013; Zhang et al.,
2020). Incorporating GO and CNT to membranes have shown an increase of 30-
100% or more depending on GO or CNT content and dispersion (Chang et al.,
2014; Gholami et al., 2022; Tofighy et al., 2021). The increased permeability can be
attributed to the improved hydrophilicity, as seen with the contact angles, as well

as the improved porosity.

Despite CNT exhibited a slightly reduced porosity, the permeability was seen to
be greater (by 14% on average). This could be attributed to the larger pore size
seen with CNTs. Additionally, the increased membrane wettability (lower contact
angles) observed with CNTs and GO could also enhance the water permeability
by attracting water molecules inside the membrane pores and facilitate their

passage through the membrane.
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4.3.2.2.5olute rejection - BSA

The permeance of PVDF, GO and CNT membranes was evaluated using BSA (0.5

g/L) and the results are presented in Figure 4.7 (a), (b)

(b)

" ¢). The permeability

values follow the expected trend from the pure water permeance, as discussed

earlier.” @ rmeability follows the order: PVDF < GO < CNT, for BSA solution.

However, when BSA solutions were used, there was a steep decline in

permeability of 79%, 84% and 80% with the PVDF, GO and CNT membranes
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Figure 4.7. (a) permeability, (b) rejection and (c) FRR for BSA solution
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respectively compared to the pure water permeance. The causes of permeability
decline could be attributed to i) concentration polarisation, which is the
accumulation of retained solutes and ii) fouling phenomena due to adsorption,

pore-blocking and deposition of solidified solutes (van den Berg & Smolders,
1990).

After cleaning with pure water, the highest recovery was seen with GO, followed
by CNT and lastly PVDEF. This is reflected in the antifouling capacity of the
membrane from Figure 4.7 (c), where higher FRR (flux recovery ratio), indicate
the antifouling potential of the membranes. It is observed that membrane with
GO shows an FRR of 65%, whereas the membrane with CNT had an FRR of 42%,
followed lastly by the PVDF membrane with FRR of 36%. The increased recovery
could be attributed to the increased porosity of the GO and CNT membranes,
which restricts the deposition of fouling agents on the membrane surface
(Pishnamazi et al., 2020). Another reason is that hydrophobic and non-polar
membranes have a higher tendency to foul. Therefore, highly charged and
smooth surface are identified as key features for antifouling properties. As
reported earlier, PVDF membrane had a higher contact angle and lower surface
zeta potential compared to GO and CNT. Due to BSA being a negatively charged
protein molecule (Fologea et al., 2007), BSA protein will have less affinity to the

surface of the negatively charged membrane and therefore causes less fouling.

Figure 4.7 (b) shows the rejection of BSA for each membrane. According to the
figure, the addition of GO and CNT improved the rejection of BSA. The rejection
of BSA for PVDF was determined to be 83%, GO at 92% closely followed by CNT
at 95%. The increased rejection could be due to the reduced pore size that was
observed earlier, as well as the improved hydrophilicity seen with the contact

angle experiments.
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4.3.2.3.Solute rejection - colloidal silica

The membranes were tested with solutions of colloidal silica (35-38 mg SiO./L).
Figure 4.8 (a) illustrates, PVDF exhibited the lowest permeability, followed by
GO and CNT. PVDF membrane showed a decrease of 14% in permeability of pure
water compared to colloidal silica solution, whereas GO and CNT exhibited a

decrease of 16%. CNT had the largest decline in permeability at 28%.
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Figure 4.8. (a) permeability, (b) rejection and (c) FRR for colloidal silica solution
Figure 4.8 (b) shows the rejection percentage for colloidal silica, it reveals that
GO membrane had the highest rejection (99.64%z0.23), followed by PVDF
(99.11%=0.12) and lastly CNT (98.73%+0.24). Impregnation of GO shows to have
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improved the rejection of colloidal silica, one possible explanation could be due
to the anionic nature of the colloidal silica, which has a slight negative charge
that was measured on the Zeta sizer (-10 to -25 mV), aided with the increased
zeta potential of the GO membranes, leading to greater electrostatic repulsion.
CNT membrane showed a decrease in rejection of colloidal silica, this could be
due to the smaller sized colloidal particles being able to pass through the larger
pores that were observed in SEM. The GO membrane was also seen to have
greater percentage of oxygen as seen in the XPS results as well as oxygen-
containing groups seen in the FTIR results, which perhaps help improving the
orientation of the probing molecules in the membrane, allowing for better
selectivity and higher permeability (Chumakova & Kokorin, 2023). Standard
PVDF membranes have a relatively hydrophobic surface, which can lead to
fouling and limited rejection of silica, pore size and porosity determine the
membranes ability to reject colloidal silica (Park et al., 2015; Sahachaiyunta et al.,

2002; Salvador Cob et al., 2014).

FRR for colloidal silica is presented in Figure 4.8 (c). The results show that GO
(93%) and CNT (82%) had a better recovery compared to PVDF (77%), which was
a similar trend to the BSA solute. The enhanced properties of the GO and CNT
membranes ensured that the flux recovery was greater compared to the PVDF.
Silica fouling is a major issue with membrane technologies, which can lead to
concentration polarization further reducing membrane performance
(Sahachaiyunta et al., 2002). Colloidal silica fouling is dependent on size of the
particle, as studies have shown smaller particles (35 nm) can have higher fouling
rates when longer run times were incorporated (Jang et al., 2022). In the current
study, colloidal silica particles of ~38nm was tested at initial concentrations of
~35 mg SiO,/L, by incorporating GO and CNT the rejection as well as the recovery

of the membrane was greatly improved, demonstrating fouling resistance.
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Permeability (L m2h! bar?)

The effect of pH on colloidal silica permeability is presented in Figure 4.9 (a),
which shows that the colloidal silica permeability increased with increasing pH,
for all 3 membranes. The relatively lower permeability in the presence of colloidal
silica at lower pH could be explained by the agglomeration of the colloidal
particles (isoelectric point pH 2.2) creating larger particles, thus reducing the
permeability. At pH above 8, the solubility of silica starts to increase, allowing
silica to pass through the membrane, as such, the permeability is seen to increase
at higher pHs. This is reflected in the rejection of colloidal silica, presented in
Figure 4.9 (b), which shows at pH of 10, rejection of colloidal silica drops

drastically for all 3 membranes.
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Figure 4.9.Effect of pH on (a) permeability, (b) rejection colloidal silica solution
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Colloidal silica removal from river Afan water

The 3 membranes were tested with raw water from the river Afan to compare their
performance in removing colloidal silica. The key characteristics of water from
the river Afan are presented in Table 4.3, which shows a total silica level of 5.23
mg/L. When passed through o0.45 micron nylon filter, 4.87 mg/L of silica
remained, which meant 0.36 mg/L was made up of colloidal silica. Figure 10 (a)
shows that the membrane permeability followed a similar trend as previously
observed in the order of PVDF < GO < CNT. Figure 4.10 (a) also shows that the
membrane permeability was reduced form that of pure water when River Afan

water was used by 18% for PVDF, 23% for GO and 43% for CNT.

Table 4.3. River Afan water characteristics

Parameter Value
Total silica (mg SiO,/L) 5.23
Colloidal silica (mg SiO./L) 0.36
TOC (mg/L) 1.7
pH 7.1

Figure 4.10 (b) displays the rejection of colloidal silica. The GO membrane
showed the greatest rejection of silica at 30%, followed by CNT at 26% and lastly
PVDF which showed a rejection of 19%. The synergistic properties of decreased
contact angle (improved hydrophilicity), decreased membrane zeta potential
(charge repulsion) and improved porosity, with the addition of GO and CNT, has
seemingly played a role in the improved performance of the membrane. GO
showed the greatest rejection compared to CNT, which could be due to the
smaller pores present and therefore it was able to remove greater levels of

colloidal particles in the water.

As seen with the BSA and colloidal silica, the FRR of the membranes followed the
same trend, with GO having the highest recovery, followed by CNT and PVDF,
seen in Figure 4.10 (c). Due to the nature of surface water, many of the particulate
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matter is negatively charged (Gerritsen & Bradley, 1987; Perret et al., 1994).

Therefore, the previously discussed principles of zeta potential and

hydrophilicity apply to the River Afan particulates, improving the permeability

and antifouling of the membranes.

Despite a large portion of colloidal silica particles were removed by the

membranes, the total silica concentration remains relatively high. Ultrafiltration

membranes alone appear not suited for the removal of silica in water, and that

total silica removal would require a hybrid technology.
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Figure 4.10. (a) Permeability, (b) rejection and (c) FRR for River Afan

4.4. RO membrane implantation at Tata Steel Port Talbot

Given the effectiveness and operational ease of membranes, RO membranes

have been implemented at Tata Steel, Port Talbot Margam C (as of 2022). The
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membranes are fed by the mixed bed outlets, and go onto the condensate

polishers. In this way, the RO system removes all colloidal particles and also

reduces the ionic load on the condensate polisher. This can help increase the

longevity of the condensate polisher, reducing the regeneration required. Tests

for the RO membranes silica removal was conducted via the HACH 8282

method, results are found in Appendices C.

4.5. Conclusions
GO and CNT enhanced PVDF membranes with improved antifouling properties

and permeability was successfully produced. The membranes were characterised

by FTIR, XPS, SEM. Solute rejection on the membrane was tested with solutions

of BSA, colloidal silica and surface water (River Afan). The highlights from this

chapter include:

FTIR data showed similar peaks for the modified (GO and CNT) and
unmodified (PVDF) membranes. However, the major difference was with
the addition of GO, additional peaks relating to C=O carboxyl and O-H
hydroxyl groups were seen, compared to PVDF and CNT membrane.

XPS data backed this up, revealing that GO membrane had the highest
oxygen content (14%) followed by CNT (12%) and PVDF (6%). It also
revealed that the fluorine content had drastically decreased with the
addition of GO and CNT.

Membrane porosity increased substantially with the addition of GO and
CNT, with an increase of 40% and 29%, respectively compared to PVDF.
Pore volumes increased with the addition of 1 wt% CNT but seemed to
decrease with the addition of 2 wt% GO.

Contact angle measurements revealed the addition of GO and CNT
reduced the contact angle of water compared to PVDF, indicating
improved hydrophilicity of the modified membranes.

Zeta potential measurements of the membrane surface demonstrated a
slightly lower isoelectric point of modified membranes. At pH of 7, GO
and CNT modified membranes showed a lower zeta potential compared

to PVDF membrane.
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The pure water permeability of the modified membranes showed a
significant enhancement, with increases of 141% for GO and 174% for CNT,
respectively.

BSA rejection and flux recovery ratio (FRR) was seen to be improved by
the addition of GO and CNT. CNT had the highest permeability, followed
by GO and lastly PVDF. Rejection of BSA increased by 10% for GO and
12% for CNT. GO had the highest FRR at 65%, followed by CNT 42% and
lastly PVDF at 36%, suggesting that the modified membranes exhibit
greater antifouling properties.

Similar trends of improved permeance and FRR with colloidal silica
solution was seen with the modified membranes.

Effect of pH on colloidal silica was tested for the membranes. Results
showed that permeability increased with increasing pH. However, the
rejection drastically decreased at pH 10. This was attributed to the
increasing solubility of colloidal silica at pH>10.

River Afan, which is the water source used at Tata Steel, Port Talbot was
tested with the membrane to determine the colloidal silica removal.
Permeance, colloidal silica rejection and FRR had improved with the
modified membranes. Rejection of total silica had improved by 10.7% for
GO and 6.5% for CNT. However, total silica remained relatively high,
suggesting UF membranes alone are only good at removing the colloidal
silica, and that a hybrid technology is required for the removal of total

silica.
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5. lon exchange for the removal of soluble silica
5.1. Introduction
Silica content of water is very critical to the operation of high pressure steam
boiler systems as it is volatile enough to carry over to the vapour partition and can
deposit on turbine blades (Ghosh, 1988). Ion exchange resin is a well-established
technology which can be used for the demineralisation of water to pre-treat
boiler feed water. At Tata steel, Port Talbot, the boiler feed water goes through 3
major ion exchange processes, which includes the cation, anion and mixed bed
exchangers. A common challenge across all applications of ion exchange is
related to selectivity, in which the removal of a target contaminant is reduced due
to the presence of competing ions in water (Barrer & Klinowski, 1974;
Muhammad et al., 2019). This can restrict applications for silica removal due to
its chemistry. Dissolved silica in water is present as orthosilicic acid (H,SiO,),
which is a weak acid that does not ionise well and therefore it is, hard to remove
with using ion exchange. Silica removal by ion exchange typically requires a
strong base anionic resin in the hydroxide form, which is then regenerated with

caustic soda (Inc., 2014; Sik Ali et al., 2004).

Recent studies have demonstrated that transition metal oxides, including those
of iron, copper, and zirconium, can selectively adsorb anionic pollutants like
arsenate and phosphate (Acelas et al., 2015, Cumbal & Sengupta; Kociotek-
Balawejder et al., 2017; Padungthon et al., 2014). Disadvantage of these metal
oxides is that they are mechanically weak and as a result cause excessive pressure
drop on fixed beds. However, dispersing these metal oxide nanoparticles in
support material such as ion exchange resin has shown to enhance their
mechanical properties (Zhang et al., 2008). Additionally, phosphate ions being
strong bidentate ligands, can readily form inner-sphere complexes with
transitional metals such as iron (Goldberg & Sposito, 1985). Competing ions such
as phosphate, nitrate and sulphate can only form outer sphere complexes, which
results in them competing with silica for the ion exchange sites. For example, the
metal oxide component of a iron impregnated resin was found to be selective

towards phosphate, which increases its selectivity and its overall exchange
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capacity towards phosphates (Cross et al., 2009; T Nur et al., 2014; Yoon et al.,

2014).

FerrIX A33E by Purolite, a commercially available ion exchange resin developed
for arsenic removal, contains iron oxide nanoparticles. However, there is no data
from studies on its effectiveness for removing silica, particularly in the presence
of competing ions such as phosphates and nitrates. In addition, the few studies
that tackled phosphates with FerrIX A33E reported discrepancies in the resin
capacity and its regeneration behaviour as well as the effects of the operating
conditions on resin exchange properties and column performance are not well
studied (T. Nur et al., 2014). Therefore, this study was developed to evaluate the
removal of silica as well as competing ions such as phosphate by FerrIX A33E and
a common ion exchange Agoo focusing on ion exchange capacity, kinetics, and
breakthrough experiments in a batch and fixed-bed column semi-continuous
modes. Common and newly adapted mathematical models were used to predict
the isotherms, exchange kinetics, and column breakthrough curves. The results
reported in this study enhance understanding of the performance of FerrIX A33E
for silica removal and provide useful information for design and scaling up of the

ion exchange process.

5.2. Materials and Methods

5.2.1.Chemicals and reagents
Analytical grade sodium metasilicate nonahydrate (Na,SiO;.9H,O), sodium

phosphate monohydrate (NaH.PO,.H.Opowder (Acros Organics, UK), Sodium
sodium chloride (NaCl) powder, (Sigma Alrich, UK), and sodium nitrate
(NaNO3) powder (Sigma Aldrich, UK) were used in this study. The iron
impregnated FerrIX A33E and A4o00 anion exchange resins was provided by
(Purolite, USA), both particle size ranged from 300-1200 pm. Microscope images

of the FerrIX resin can be found in Appendices B.

5.2.2. Analysis
Analysis of silica and phosphate concentrations was conducted using a

microwave plasma atomic emission spectrometer (Agilent 4200 MP-AES). The

concentration of the anions chloride and nitrate was analysed using an ion
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chromatograph (Thermo Scientific Dionex Integrion HPIC) fitted with a Dionex
IonPac AS29-Fast-4pum analytical column and a Dionex lonPac AG13A-5um guard
column. The eluent used was the Dionex ASi4A (8.0 mM sodium carbonate,
1.omM sodium bicarbonate) with a set flowrate of 0.5 mL/min. Calibration curves
for silica was prepared using HACH silica standard solution 10.0 +0.1 mg/L as
SiO,, which was diluted with DI water. Calibration standard for chloride, nitrate
and phosphate was prepared, by creating stock solutions using the analytical

grade reagents (Calibrations curves can be found in Appendices A).

The BET surface area analysis was conducted with a NOVA 2000E, with nitrogen
gas and liquid nitrogen. NovaWin software was used for the analysis of the
results. Initially the sample was degassed with a vacuum pump and heated with
a mantle pocket to 100°C for 3 hours. The samples were weighed before and after
the degassing process. Following on from the degassing, a nitrogen
adsorption/desorption cycle was run and recorded at -196°C with the use of
liquid nitrogen.
5.2.3. Adsorption isotherms

The isotherm experiments were carried out at room temperature (20+20C) using
aqueous samples (40 mL) placed in somL-plastic sample tubes and agitated for
24h using a 12-position rotating mixer (Stuart SB3 rotator) set at 40 rpm. Silica
uptake onto the resin was calculated by Equation (5.1), which was derived from
mass balances on the liquid and resin phases assuming that any change in
phosphate mass in the liquid phase was due to the resin uptake.

(Co — Ce) (5-1)

=V X
qe Mg

Where qe is the phosphate solute uptake onto the resin (mg P/g), V is the volume
of solution (L), Co Co and Ce are the initial and equilibrium concentrations (mg
P/L), and mix is the mass of the ion exchange resin (g). This was repeated with

multicomponent stock solutions containing, silica, phosphate and nitrate.
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5.2.4. Column experiments

Dynamic semi-batch column ion exchange experiments were carried out using
an ion exchange experimental rig (CE300, G.U.N.T, Germany); its layout is shown
in Figure 5.1. The column internal diameter was 21.2 mm and the total column
height was 400 mm. The column was run in a down-flow mode and samples at
the column exit were collected at regular intervals of time. The breakthrough
curve was obtained by plotting the exit concentration versus time. Flowrates,

column height and inlet concentrations were varied.

5

|« K

Figure 5.1. Schematic diagrams of fixed-bed column studies: 1 -collecting tank, 2 — diaphragm pump, 3 — Anion exchange
column, 4 — waste tank, F — flowmeter.

5.2.5. Data analysis models

5.2.5.1. Isotherm models

Table 5.1. Isotherm model equations and their parameters for phosphate ion

exchange onto FerrIX A33E resin

Model Equation
Langmuir _ qmK G, (5.2)
@ =171K.C,
Linear form: =41
de AmKLCe  am
Freundlich 1 (5.3)
qe = K¢ Cl'
Linear form:log(q,) = log(Kf) + %log ()
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Dubinin- Ge = qmexp (—fe?) (5.4)
i 1
Radushkevich ¢ = RTIn(1 + =) (5.5)
Ce
Linear form: In (q.) = In(q,,) — p€>
Redlich-Peterson g = KrC, (5.6)
° 1+aiC’

Ion exchange batch equilibria isotherms was modelled using various isotherm
models including the Langmuir, Freundlich, Dubinin-Radushkevhich and
Redlich-Peterson models. These isotherm models can help describe the resin
properties and ion exchange mechanisms. A summary of the equations can be

found in Table 5.1.

The Langmuir isotherm model is a model that assumes the adsorption occurs on
a finite number of localized sites, the adsorption layer is a monolayer and the
sites are all homogenous (Ayawei et al., 2017; Misak, 1993). Equation 2 represents
the Langmuir model, where g. (mg/g) is the ion concentration in the resin phase
at equilibrium, Ce (mg/L) is the ion concentration on the solution phase at
equilibrium, gm (mg/g) is the maximum adsorption capacity and Kr (L/mg) is
the Langmuir isotherm constant. When rearranged into a linearized format,
Equation (5.2) above the constants K; and gm can be calculated by plotting C./qe.
vs Ce (Alytiz & Veli, 2009).

The Freundlich Isotherm model is an empirical model which can be applied to
multilayer adsorption, which bases its assumptions relating to the energetic
surface heterogeneity (Appel, 1973). Where Kr(L/mg) is the Freundlich constant,
which represents adsorption capacity and n is the empirical constant which
represents adsorption capacity. The Freundlich isotherm constants Krand n can
be identified by linearizing Eequation (5.3) above and plotting Ce vs In(ge) (A.O
et al., 2012; Appel, 1973).
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The Dubinin-Radushkevich isotherm model is an empirical model which was
formulated for the adsorption process for a pore filling mechanism and is
generally applied to express adsorption on both homogenous and heterogenous
surfaces (Dawodu et al., 2012). Where 8 (mol? kJ) is a constant related to the
adsorption energy and ¢ (k] mol?) is the adsorption potential. The adsorption
energy found in Equation 5.4 where R (8.314 J/mol K) is the universal gas
constant, and T (K) is the absolute temperature. The values of ¢, and 8 can be
found by linearizing the above Equation (5.4), and plotting In(qe) vs €2 (A.O et al.,

2012).

The Redlich-Peterson isotherm model is a three-parameter model, which
combines both the Langmuir and Freundlich models, therefore the mechanism
of adsorption is mixed and does not follow an ideal monolayer adsorption
(Belhachemi & Addoun, 2011; Wu et al., 2010). Where Kr and ar are the Redlich-
Peterson isotherm constants (L/mg) and f is the exponent that lies between o
and 1, for which when the value of 8 is equal to 1, the above Equation (5.6) reduces

to the Langmuir model (Ayawei et al., 2017).

5.2.5.2. Kinetic models

Table 5.2. Kinetic model equations used in phosphate experiments

Model Equation
Intraparticle qr = k;. t°5+6 (5.7)
diffusion

i 1 1
Elovich g = (_) In(ab) + (_) In (©) (5.8)

b b
First-order In[1-U(t)] = —kt (5.9)
reversible U(t) = Cao — Cy (5.10)
CAo - CAe
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A summary of kinetic equations used can be found in Table 5.2. The intraparticle
diffusion model was used to explore to possibility of the intraparticle diffusion
mechanism within the resin (Pan et al., 2017; Sowmya & Meenakshi, 2013).
Equation 5.7 where t (min) is the time, g (mg/g) is the amount adsorbed at time
t, ki (mg/(g.min®5)) is the intraparticle diffusion rate constant and 6 (mg/g) is
the constant related to the thickness of the boundary layer. The larger the value
of 0, the greater the boundary layer. If a plot of g; vs t°5 is a straight line, then the
sorption process is controlled by intraparticle diffusion only. If the plot displays
two or more linear plots then, two or more mechanisms affect the adsorption

process (Zarrabi et al., 2014).

The Elovich model (Equation 5.8) is typically used to study the kinetics of
chemisorption of gases on to a solid surface (Juang & Chen, 1997). Where g;
(mg/g) is the amount adsorbed at time t, a (mg/ (g.h)) is the initial adsorption
rate and b (g/mg) is related the surface coverage and activation energy for
chemisorption. The values of a and b can be calculated by plotting g; vs In(t)

(Cheung et al., 2000; Pan et al., 2017).

The first order reversible reaction model (Equation 5.9) is based on solution
concentration, to determine the rates of reaction (Bhattacharya & Venkobachar,
1984), where U(t) is the fractional attainment of equilibrium, k (s*) is the overall
rate constant, t (s) is time, Cy, is the initial concentration of A in solution (mg/L),
Ca is the concentration of A in solution at any time (mg/L) and Cae is the
equilibrium concentration of A in solution (mg/L). By plotting In[1-U(t)] vs t, the
overall rate constant can be found (Bhattacharya & Venkobachar, 1984; Chabani

etal., 2006).

The particle diffusion model (Equation 11) is based on the Nernst-Plank equation.
The results of the model are expressed in terms of the fractional attainment of
equilibrium U(z) with t being a dimensionless time parameter. o is the mobility
ratio (Da/Dp), 1o is the particle radius, D. and Dy are the inter diffusion
coefficients of ions a and b, respectively and t is time. The functions fi(c), f>(ct)
and f;() are dependent on the mobility ratio, and thus have different equations
(Khan & Khan, 2010; Plesset et al., 1958).
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5.2.5.3. Breakthrough models

Table 5.3. Mathematical models of the breakthrough curves

Model Equation
Bohart- Ce _ e (5.1)
Adams C, (ef—-1+e9)
k Z(1—
_ KBaPpro ( 3) (5.12)
v €
oo (1= %)
T Ty (513)
C k m
Thomas In (_o_ 1) _ krn9aas™ _ kynCot (514)
Ce Q
Clark Ce 1 (5.15)
In—=
C, (1+Ae-0ot)1/n-1
crt 0
A= <Cn—1 - 1) et (5-16)
b
B-A n Order 3 (517)
Co
=1
/(1
1 1
1+ (n—1Dkyapcy™ x|n-1
+ nay "¢yt ( ndo 0_1
1+ (n—1Dkya et
1
1 n
1 n-1
B [1 + (n— 1)kna0n‘1c0t]
- 1 _
B-A Fractal c exp (1 - kpaot® hCo) (5.18)
Co kgaothagx 1
O exp (B“l'ou—o) + exp (m kBA,Otl‘th) -1
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A summary of breakthrough equations used can be found in Table 5.3. Bohart-
Adams model assumes that the rate of reaction is proportional to the fraction of
the sorbent capacity remaining and the concentration of the sorbate in the
solution phase (Bohart & Adams, 1920; Karpowicz et al., 1995). Neglecting axial
dispersion, the model is represented in Equation 5.16, in which C, and C; are the
influent and effluent concentrations of phosphate solute at time t (mg L), kga is
the Bohart-Adams constant (cm3 mg™s™), pp is the apparent adsorbent density (g
cm3), qo is the sorption capacity per unit mass of adsorbent (mg g?), Z is bed
depth (cm), v is the interstitial velocity (cm s™) and ¢ is the column void fraction.
The variables in the equation were calculated using Non-linear regression

method.

The Thomas model is based on assumptions that the process follows a Langmuir
isotherm with no axial dispersion and also assumes that the rate obeys that of a
second-order reversible reaction kinetics (Thomas, 1944). Equation 5.19 where
Coand Ciare the influent and effluent concentrations of phosphate solute at time
t (mg L"), m is the mass of adsorbent (g), Q is the volumetric flow rate (mL min-?),
krh is the Thomas rate constant (L. mg? min™) and qagds is the equilibrium uptake
of phosphate per g of resin. By plotting t vs In(Co/C; -1) a straight line is obtained

which is used to calculate the variables kth and qads.

The Clark model assumes that the process follows a Freundlich isotherm and
uses the mass transfer concept to predict the breakthrough (Clark, 1987; Hu et
al., 2020). Equation 5.20 where kq and n are the mass transfer coefficient (1/min)
and Freundlich constant, which was determined earlier during the batch
isotherm experiments. tp and Cp, are the time and outlet concentration of at

breakthrough point.

The last two models used were modified Bohart-Adams models, the n order B-A
and Fractal B-A models (Equation 5.22 and 5.23), respectively. Breakthrough
curves are often asymmetric for the adsorption of contaminants in water, even
for single solutes. In order to describe asymmetric breakthrough curves, modified
versions of the Bohart-Adams model were used. For the n- order model, it is
assumed that the rate of reaction is proportional to n-power of the concentration
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of the adsorbate and that of the residual capacity. The fractal model is based on
the interaction of energetic and geometric heterogeneity which leads to a fractal

like kinetics (Hu et al., 2021).

5.3. Results and discussion

5.3.1. Resin properties
The particle size distribution of the dry FerrIX A33E resin was determined by

passing a representative sample through a series of standard sieves. Figure 5.2 (a)
shows the percent of the sample retained by the specified sieves and 5.2 (b) the
cryogenic nitrogen adsorption/desorption isotherms. The data matches with the
data provided by the manufacturer which presents particle size range between
0.3 - 1.2 mm. The uniformity coefficient of the resin, d¢o/d.0, was found equal to

1.36, indicating that the resin particles have unform sizes as also observed by the
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Figure 5.2. (a) FerrIX A33E resin particle size distribution; (b) cryogenic nitrogen adsorption/desorption
isotherms on FerrIX A33E resin

microscopic images (Appendices B).

The A4o00 resin provided by Purolite, is a polystyrenic gel, strong base anion
resin, typically used in the industrial water for demineralization. Visually, the
resin is visually takes the form of faded yellow spherical beads. Its , with a
particle size that ranges from 300 to - 1200 pm and its total capacity of is 1.3

eq/L, according to the Purolite data sheet (Purolite, 2024).
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5.3.2. Silica removal isotherm experiments
Batch equilibria experiments of silica onto FerrIX and A400 resin was were

conducted. The experimental data was then modelled to using the various
isotherm models including Langmuir, Freundlich, Dubinin-Radushkevich and
Redlich-Peterson models. A summary of each model is can be found in Table 5.1.
Isotherms help describe the capacity of interaction between liquid and solid
phases in the ion exchange system. Results of the models for A400 (OH" form),
FerrIX (Cl- form) and FerrIX (OH- form) are presented in Figure 5.3 (a), (b) and

(c) and model parameter values in Table 5.4, respectively.

Figure 5.3 (a) A400 (OH- form) shows that Langmuir (R*>=0.99) model had the
best fit. The Langmuir model assumes that the adsorption occurs at specific
homogenous sites within the adsorbent, that forms a monolayer. This suggests
no multilayer or complex surface interactions are occurring with the gel A400
anion exchange resin, with a finite number of exchanging sites. The maximum
adsorption capacity calculated by the Langmuir model was 107.5 mg/g,
indicating a significant capacity to adsorb the solute. The Redlich-Peterson also
fits well the experimental data (R*=0.96), suggesting that while the primary
mechanism could be monolayer adsorption, there may still be some
heterogenous adsorption sites. The poor fit of the Freundlich model (R*=0.57)
may indicate that the resin is not heterogeneous. Poor fitting of the D-R model
(R*>=0.44) demonstrates that micropore filling is not adominant mechanism. The
Freundlich and D-R models predicted the uptake at low equilibrium

concentration (Ce < 20 mg/L), however, deviates at higher concentrations.

Figure 5.3 (b) for the FerrIX resin (Cl- form) shows the best fit with Freundlich
(R*=0.99) and Redlich-Peterson (R?>=0.99) isotherms. Freundlich isotherm
signifies a heterogenous sites within the adsorbent, evidencing that the iron
particles impregnated in the resin introduces additional adsorption mechanisms
other than ion exchange, such as surface complexation and physical adsorption
sites. The Freundlich models n value of 5.52, which indicates a strong adsorption
favourable at high concentrations. The Redlich-Peterson model provides a

particularly good fit, indicating that the adsorption process combines
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characteristics of both the Langmuir model’s monolayer adsorption and the
Freundlich model’s heterogeneity, making it highly versatile for adsorbing

different solutes.

Figure 5.3 (c) displays the FerrIX resin (OH- form), Langmuir model provides a
good fit (R? = 0.94), demonstrating that a significant portion of the adsorption
process follows monolayer adsorption, with a moderate adsorption capacity of
50.25 mg/g. The fit of the Freundlich model is also strong (R? = 0.92), suggesting
that heterogeneous adsorption sites are present, although the heterogeneity is
less pronounced compared to FerrIX (Cl~ form) since the n value (2.191) is much

lower than that of FerrIX (Cl~ form).
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Overall, the A400 gel resin has a much higher capacity compared to the macro

porous FerrIX resin. A400 (OH™ form) shows strong monolayer adsorption on a

relatively homogeneous surface, with a high adsorption capacity. FerrIX in the

hydroxide form has a higher capacity than the chloride form.
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Figure 5.3. Isotherm models of silica for (a) A400 resin (hydroxide form) (b) FerriX resin (hydroxide form) and (c)
FerrIX resin (chloride form)
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Table 5.4. Isotherm model parameters

Resin Model Model parameters R2
Langmuir gmax = 107.5 mg/g ; K1.=0.021 0.98
Freundlich | Kg=2.50 (L/mg) ; n =1.21 0.57
D-R B=1.69 (mol*/k]?) ; qm=32.3 (mg/g) 0.44
A400 (OH- Kr = 1231 (L/mg) ; ar=257 (LB/mgP) ;
Form) R-P B=0.36 (-) 0.96
Langmuir gmax = 7.93 mg/g ; K1=0.15 0.98
Freundlich | Kg=3.31(L/mg) ; n =5.52 0.99
D-R B=1.62 (mol?/kJ?) ; qm=7.21 (mg/g) 0.97
Kr = 1091 (L/mg) ; ar=327.5 (LP/mgP) ;
FerrIX (Cl- form) | R-P B=0.81(-) 0.99
Langmuir gmax = 50.25 mg/g ; K1.=0.039 0.94
Freundlich | Kg=5.6 (L/mg) ; n = 2.1091 0.92
D-R B=3.86 (mol*/kJ?) ; qm=21.25 (ng/g) 0.76
FerrIX (OH- Kr = 41.97 (L/mg) ; ar=19.9 (LP/mgP) ;
form) R-P B=0.32(-) 0.42

5.3.3. Silica removal in fixed bed columns

5.3.3.1. Kinetic models
The kinetics of silica removal in fixed beds of FerrIX resin in both chloride and

hydroxide forms were determined. Integration of the area under the
breakthrough curves gives the amount of silica adsorbed onto the resin at a given
time, t. Figure 5.4 and 5.5 (a), (b) and (c) shows the kinetics of adsorption for
FerrIX in the chloride and hydroxide form, respectively. The results were
modelled using various kinetic models including Intraparticle, Elovich and First-
order reversible models. The equations of these models are summarised in Table
5.2. The results showed that the adsorption kinetics was much faster at high
concentrations (300 mg/L) compared to lower (100 mg/L). To uptake (qe) 10 mg/g
of silica took 20 minutes at inlet concentration of C, of 300 mg/L, whereas the

same amount took 190 minutes for C, 100 mg/L.
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Figure 5.4 (b) and (c) shows the results when the bed height was increased while
Co and flowrate was kept at 100 mg/L and 60 mL/min, respectively. By increasing
the bed height, the empty bed contact time (EBCT) was increased from 0.6 to 1
minute. Figure 5.4 (a) shows that at high concentrations the intraparticle kinetics
model had the best fit. The first order reversible model had a good fit initially,
however, deviates from the data after ~20 minutes. The first order reversible
model typically governs the initial stage of adsorption from the bulk solution to
the external surface of the adsorbent. At later stages, intraparticle diffusion
becomes important as the external surface of the adsorbent is saturated. Both
model fittings also indicate the heterogenous nature of the adsorbent, with the

iron nanoparticles playing a significant role in the adsorption process.

Fig 5.4 (b), when the concentration was decreased, showed Elovlich had the best
fit, in which the Elovlich is typically used to describe chemisorption, where the
rate of adsorption decreases over time due to surface heterogeneity or a decrease

in active sites available.

Fig 5.5 (c), showed interesting results. Intraparticle model had the best fit
initially, however, after 50 minutes, the experimental data followed the first order
reversible model. When EBCT is increased, the adsorbent had more time to
interact with the adsorbates, leading to intraparticle diffusion becoming the
dominant rate-limiting step. Additionally, increasing the EBCT typically results
in a reduced concentration gradient, as more adsorbate is removed by the
adsorbent, and as more adsorbate is removed, the lower the gradient of
concentration. This could be due to it accounting for surface heterogeneity and
its flexibility and adapting of either film diffusion or particle diffusion rate

limiting steps.
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Figure 5.4. Kinetic models of silica for FerrIX resin (chloride form) for (a) z=5 cm, Co =300 mg/L, (b) z=5 cm, Co =100
mg/L and (c) z=15 cm, Co =100 mg/L

Figure 5.5 (a), (b) and (c) shows the kinetic results of the FerrIX resin in the
hydroxide form. Overall, it was determined that the adsorption kinetics of the
hydroxide form was much faster compared to the chloride form. Fig 5.5 (a) At
high concentrations, the first order reversible model had the best fit. This could
be due to the size of the hydroxide ions, which are more mobile compared to the

chloride ions in Fig 5.4 (a) (intraparticle model).
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The first-order reversible models are often more suitable for describing
adsorption kinetics at high concentrations due to the dominance of film
diffusion. At high concentrations, the concentration gradient between the bulk
fluid and the adsorbent surface is more pronounced. This leads to a higher
driving force for mass transfer across the external boundary layer, making film
diffusion the dominant rate-limiting step. At reduced concentrations, again, the
first order reversible model had the best fit, unlike the chloride form. In this case,
film diffusion could become the dominant rate-limiting step. Fig 5.5 (c), showed

that when EBCT was increased, first order reversible model again had the best

fit.
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Figure 5.5. Kinetic models of silica for FerrlX resin (hydroxide form) for (a) z=5 cm, Co =300 mg/L, (b) z=5 cm, Co =100
mg/L and (c) z=15 cm, Co =100 mg/L
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The successful design of an ion exchange column requires precise predictions of
the breakthrough of the contaminant effluent occurring during the operation at
a given time. Thus, the uptake of silica by the resin FerrIX A33E was studied in
column settings and the results are presented in the form of breakthrough curves
(Figures 5.6 and 5.7). In these curves, the ratio of effluent to influent silica
concentrations in solution (xp=Ces/Cinler) versus time (t) was plotted. The

parameters that were adjusted to study their effects on the breakthrough curves
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included the height of the bed, the inlet flowrate, and the concentration of silica
of the inlet solution (Cinlet). The breakthrough curves were then modelled using
the Bohart-Adams, Thomas, Clark and two versions of a modified Bohart-Adams
model, which included the n-order and fractal B-A models respectively. The
kinetic models used earlier describe the adsorption rate and mechanism over,
typically in batch systems. The breakthrough models are used in continuous
systems for column studies, used to describe how an adsorbate moves through a
fixed bed. A summary of the breakthrough curve model parameters is presented

in Table 5.5.

Figures 5.6 and 5.7 (a), (b) and (c) represent the breakthrough curve of the FerrIX
resin in the chloride and hydroxide form, respectively. Figure 5.6 (a) represents
high concentration (300 mg/L) at 5 cm bed height, Figure 5.6 (b) is low
concentration (100 mg/L) at 5 cm bed height and Figure 5.6 (c) is low

concentration at 15 cm bed height.

The models at high concentrations struggled to predict the experimental data
when resin was in the chloride form. Breakthrough curve models are used to
describe the adsorption process in fixed bed columns. However, these models
have assumptions and limitations making them less effective at predicting
breakthrough behaviour under certain conditions such as high concentrations.
When the resin was in the hydroxide form, the models predicted well the
experimental data, with B-A n order and B-A fractal models having the best fit.
This could be due to the fact that the kinetics, as demonstrated earlier, was faster
compared to the chloride form. This is due to the hydroxide ion having a lower

affinity, smaller size and better diffusion properties.

All breakthrough curve models showed a better fit when the concentrations were
reduced, reflecting improved alignment with their underlying assumptions.
However, even at lower concentrations, the chloride form of the ion exchange
resin continued to exhibit poorer performance compared to the hydroxide form.
This discrepancy is likely due to the larger size and stronger hydration of chloride
ions, which slow down the ion exchange process and introduce greater mass
transfer resistance (Yu et al., 2023). In contrast, the smaller and less hydrated
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hydroxide ions maintained faster diffusion and exchange rates, leading to more

predictable behaviour that more closely followed the model assumptions.
Thomas model

The Thomas model provides insights into the adsorption kinetics and capacity
through its rate constant Kry and maximum adsorption capacity Q.. For CI
resin, the highest Kry value ( 6.81x107# L/mg/min) was observed at an conditions
of 100 mg/L and a bed height of 5 cm, indicating fast adsorption kinetics under
these conditions. In comparison, OH~ resin exhibited an even higher rate
constant (9.19x107#4 L/mg/min) at the same initial concentration but with a bed
height of 15 cm, highlighting the resin’s boosted adsorption kinetics when the

solute had more time to interact with the resin due to the increased bed height.

The Thomas model showed that forall 3 conditions, the rate constant was greater
with the hydroxide form. This indicates that OH™ resin adsorbs solute faster than
Cl- resin, especially at lower concentrations and higher bed heights. The
maximum adsorption capacity for the Thomas model indicated that at higher
concentrations, the resin could adsorb more solute (Q, = 15.39 Cl- form, Q, =

12.30 OH" form).

The R? values for the Thomas model ranged from o0.77 to 0.99, indicating a
generally good fit between the experimental data and the model predictions. The
lower R* values were observed at higher initial concentrations, likely due to

limitations of the model at high solute loads.
Clark Model

The Clark model showed a substantially higher A value, for the hydroxide form
of the resin when compared to chloride, which indicates a much higher
adsorption potential for the hydroxide form. This suggests that OH™ resin can
achieve a higher degree of adsorption under the same conditions. The adsorption
rate constant r was generally higher for OH™ resin at bed hight of 15 cm and

Co=100 mg/L (r=0.26) meaning adsorption occurs faster with a longer bed height.
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Conversely, for Cl- resin under the same conditions r was much lower (r=0.06),

indicating slower adsorption.

R? values for the Clark model ranged from 0.82 to 0.97, again indicating a good
fit for most of the experimental conditions. The best fits were observed for OH~
resin, indicating that the Clark model may better describe the kinetics of OH~

resin in these systems.
Bohart-Adams

The Bohart-Adams model provides a further insight into the adsorption process
through the rate constant Kga and adsorption capacity Q.. The highest rate
constant was (Kpa = 0.020 L/mg/min) was recorded for OH" resin at bed height
of 15 cm and C, of 100 mg/L. These results line up with findings of the Thomas

and Clark model regarding the faster kinetics of the OH- form resin.

The R? values for the Bohart-Adams model were lower compared to the Thomas
and Clark models, ranging from 0.49 to 0.96, indicating that the fit was not as
strong in some conditions. The lower R* values suggest that this model may not
fully capture the complexity of the system, particularly at higher solute

concentrations.
B-A n order

The analysis of the data in relation to the n-order Bohart-Adams model reveals
that it provides an improved fit for asymmetric breakthrough curves compared
to the traditional Bohart-Adams model. The model's flexibility, provided by the
adjustable reaction order n, allows it to account for complex adsorption
behaviours such as non-linear decay in both adsorbate concentration and
adsorbent capacity. The reaction order n was also higher for Cl~ resins compared
to OH", under the same conditions, indicating non-linear adsorption kinetics.

For OH™ resin, k, and n values were generally lower, indicating simpler kinetics.
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The lower n values for OH™ resin suggest that the adsorption process for OH~

resin follows closer to first-order kinetics.
B-A Fractal

Fractal Bohart-Adams model demonstrated the model's robustness in capturing
the complex, diffusion-limited adsorption behaviours on heterogeneous
surfaces. The fractal Bohart-Adams model performed especially well in cases
where diffusion played a significant role in the adsorption process. For example,
in the condition of 100 mg/L, OH" resin, and 15 cm bed height, the model yielded
an R*=0.89 with a small fractal exponent h=0.02, indicating that diffusion was a
controlling factor, and the adsorbent surface exhibited substantial heterogeneity.
The rate constant kga was highest for OH resin (12.00 L mg™ min™) at C,=300
mg/L, indicating fast adsorption kinetics on this relatively simple surface. For CI~
resin, the kga values were lower, suggesting slower adsorption (Anbazhagan etal.,

2021).
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Table s5.5. Breakthrough model parameters for silica removal

Conditions Thomas Model Clark Model Bohart Adams B-A n order B-A Fractal

Co Q Resin Z KTH Qo R2 A(-) r (min | R2 KBA Qo R2 ko (Ln | ao(mg/L) | n(-) | Rz kea (L mg-1 | @ (mg L- | h(-) | R2

(mg/L) (mL/min | form (cm) | (L/mg/min) | (mg/g) -1) mg- min(h-1)) 1)

) nmin-1)

300 60 Cl- 5 15.39 0.77 | 345.54 0.36 0.98 0.0023 | 62.00 0.49 | 5.9x10%® 3.57.x10° | 1.48 | 0.49 | 3.1x10° 3.11x10° 0.48 | 0.49
1.26x10™*

100 60 Cl- 5 5.78 0.93 | 2497.99 018 0.82 0.013 10.93 0.62 4.9x10™ 8.37.x10° | 1.42 0.60 | 2.5x10' 7.13 X 10" 0.99 | 0.60
5.75 X 107*

100 60 Cl- 15 7.80 0.96 | 1285.94 0.06 0.91 0.0045 | 16.90 0.96 | 66.0 5.74. X 10° 1.52 0.86 | 2.7x10% 1.66 x 104 0.02 | 0.86
2.95X10

300 60 OH- 5 12.30 0.96 | 2.94x10% 0.55 0.94 0.015 25.60 0.62 5.0X102 3.91. X 10° 1.28 0.62 | 1.2X10 2.71X 10! 1.00 | 0.62
6.49 X104

100 60 OH- 5 9.00 0.99 | 1.84x10° 0.21 0.93 0.015 41.97 0.90 | 5.2x107? 1.38. X 105 1.22 0.88 | 1.4x103 1.85 x 104 010 | 0.88
6.81x10*

100 60 OH- 15 7.35 0.95 | 9.53x10° 0.26 0.97 0.020 12.61 0.87 | 66.0 2.38.x10% | 112 0.89 | 1.2x103 1.25 X 104 0.00 | 0.89
9.19 X 1074
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5.3.4. Effect of multicomponent on ion exchange

5.3.4.1. Isotherms

The efficiency of an ion exchange system depends on several factors such as the

exchange capacity, amount of ion exchange resin, contact time, concentration of

counterion and more. An important aspect in understanding the ion exchange

process is the impact of competing ions, which are known to reduce the effective
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capacity of the resin. The capacity of silica, in a multicomponent system
dramatically decreases compared to a mono component system, as seen in
Figures 5.9 and 5.10, for the FerrIX A33E resin and A4o0 resin. For all isotherms,
the initial concentrations of silica, nitrate and phosphate were 1.7, 1.6 and 1.1

mmol/L.

Figure 5.9 (a) adsorption isotherm results of the FerrIX showed that phosphate
had the highest uptake among all 3 species, with a maximum adsorption capacity
of 0.8 mmol/g. Adsorption increased linearly at low concentrations to level off at
high concentrations, suggesting saturation of available adsorption sites. Nitrate
uptake had a similar pattern, with lower maximum adsorption capacity (0.4
mmol/g). The nitrate isotherm indicated moderate affinity for nitrate, but lower
than that of phosphate. Silica exhibited the lowest adsorption capacity, at <o0.2

mmol/g across the concentrations.

Figure 5.9(b) showed a similar trend to that of the A400 resin, with phosphate
having a maximum adsorption capacity of 1.4 mmol/g, significantly higher than
FerrIX resin. The nitrate adsorption capacity reached a maximum of 0.8 mmol/g.
As with the FerrIX resin, silica showed the lowest adsorption capacity at low
equilibrium concentrations. However, at higher concentrations, silica showed
higher adsorption than nitrate. The uptake of silica did not start occurring until
concentrations above 0.2 mmol/L. With the FerrIX adsorption of silica occurred

at lower concentrations (0.02 mmol/L).

Figure s5.10(a) and (b) depict and provide insight to the multicomponent
competitive adsorption isotherms for FerrIX and A400. In the multicomponent
system, the adsorption capacity of phosphate on FerrIX is reduced compared to
the single-component system. The maximum uptake of phosphate in the
presence of competing ions is approximately o0.25 mmol/g, suggesting that
competitive effects from nitrate and silica significantly inhibit phosphate
adsorption. Similar trend was observed with nitrate (0.15 mmol/g) indicating the
presence of competitive ions, which limits the availability of adsorption sites for
nitrate and phosphate. Silica uptake remains relatively constant in the
multicomponent system, with a maximum capacity of around 0.1 mmol/g.
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In the multicomponent system for A4oo (Figure s5.0(b)), phosphate again
exhibits the highest uptake, with a maximum of around 0.5 mmol/g. However,
similar to FerrIX, the presence of competing ions leads to a reduction in
phosphate adsorption compared to the single-component system. This reduction
is less pronounced for A400, suggesting that A400 may have better resistance to

competitive effects than FerrIX for phosphate removal.

5.3.5. Breakthrough curves
Figure 5.11 (a) displays the breakthrough curves of phosphate and silica as mono

component systems and (b) as a two- component system, with the FerrIX A33E
resin. Both breakthrough curves were set at bed height of 10cm, flowrate of 60
mL/min and concentration of silica and phosphate of 150 mg/L and 100 mg/L,
respectively. From Figure 5.11 (a) the breakthrough fraction of 0.5 of silica, occurs
at around 15-18 minutes, whereas for phosphate it occurs at around the 20-25
minute mark. Comparing the two- component system shows that silica
breakthrough fraction of 0.5 occurs much quicker between 2-3 minutes, whereas

phosphate breakthrough occurs again at around 20-25 minutes.

These results show that competing ions in mixtures, drastically reduce the ion
exchange capability in removing silica, in terms of selectivity and capacity. lon
exchange resin such as the FerrIX A33E, which has the inclusion of ferric, have
shown to increase selectivity of phosphate due to strong ligand attractions which
can form inner sphere complexes through Lewis-acid base and electrostatic
interaction (An et al., 2014; Pan et al., 2009). Being able to reduce the competing

ions, such as phosphate, may allow enhanced silica removal via ion exchange in

135



the anion exchanger and condensate polishing stages of the water treatment

process.
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Figure 5.11. (a) Individual and (b) multicomponent breakthroughs of phosphate and silica

Following the observation that phosphate exhibited a strong affinity for FerrIX
resin in both the equilibrium and kinetic studies, further experiments were
designed to explore the possibility of selectively removing phosphate using
FerrIX, thereby reducing the competition for adsorption sites in a mixed-ion
system. The goal of these experiments was to enhance the adsorption of silica on
A4o0 by first pre-removing phosphate, which had previously shown to dominate
the adsorption process and limit silica uptake. By selectively adsorbing and
removing phosphate with FerrIX, it was hypothesized that the available sites on
Ag00 would be less competitive, allowing for an increased adsorption of silica.
This approach aimed to optimize the use of both resins for improved
contaminant ions removal efficiency, potentially creating a sequential treatment

process that maximizes silica uptake after phosphate is removed.

5.3.6. Assessing the performance of FerrIX A33E in removing phosphate

5.3.6.1. Adsorption isotherms
Batch ion exchange equilibria experiments of phosphate onto the FerrIX A33E

resin was conducted. The experimental data was then modelled to various
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isotherm models including the Langmuir, Freundlich, Modified Langmuir,
Dubinin-Radushkevich and Redlich-Peterson models. Isotherms help describe
the capacity of interaction between liquid and solid phases in the ion exchange

system.

As presented by Figure 5.12, the Freundlich and Redlich-Peterson models fit the
experimental data best. Models such as the Freundlich, assumes that adsorption
takes place on a heterogenous surface, which can be used for multilayer
adsorption. The heterogeneity of the ion exchange resin could arise from the
presence of iron and other contaminants on the resin. The Redlich-Peterson
isotherm presents a unique approach to adsorption, blending elements from
both the Langmuir and Freundlich isotherms. Consequently, its adsorption
mechanism deviates from the ideal monolayer characteristics typically observed.
Langmuir model assumes that adsorption occurs at specific binding sites that are
localised on the adsorbent surface and that all sites are identical. Dubinin-

Radushkevich models the mechanism of adsorption as the filling of pores.
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Langmuir model
Dubinin—Radushkevich model

% Experimental data
Freundlich model
Redlich—Peterson model

Figure 5.12. Isotherm models for the adsorption of phosphate onto FerriX
A33E resin (T=20°C)
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The results suggest that the adsorption mechanism is unique and does not follow
the ideal monolayer adsorption characteristics expected from ion exchange. This
could be due to the presence of ferric nanoparticles within the resin. As
mentioned earlier, the removal of phosphate with the FerrIX A33E can also occur
due to complexation of phosphates on iron oxide nanoparticles. This means that
in addition to ion exchange mechanisms via quaternary amine groups, selective
sorption/complexation by ferric oxides also play a key role in adsorption
mechanisms. Equations (5.19) and (5.20), describe the ion exchange mechanism,

whereas, equations (5.21) and (5.22) describe the sorption/complexation.

_NR,*CI + H,PO,” — -NR,.H,PO, + CI (5.19)
>(-NR,*Cl) + HPO,> < (-NR,),.HPO, + 2CI" (5.20)
(=FeOH,") + H,PO, < (=FeOH,").H.PO, (5.21)
2(=FeOH,*) + HPO,* < (2(=FeOH,*)).HPO, (5.22)
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5.3.6.2. Adsorption kinetics
Kinetic studies help determine contact time required for the ion exchange resin

to reach equilibrium in solution. Batch studies implementing variable mixing
speeds, produces high and low turbulence surrounding the resin particle. High
mixing speeds produce high turbulence, which reduces the mass transfer
resistance of the liquid film, external to the resin, making the rate limiting step
to become intraparticle diffusion. The experimental data was modelled using

various kinetic models including First-order reversible, Elovich, and particle

diffusion models.
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Figure 5.13. Kinetic models for the adsorption of phosphate onto FerrIX A33E resin at different mixing speeds (a) 150 rpm,
(b) 30 rom

Results from the kinetics experiments are displayed in Figures 5.13 (a) and (b).
Results showed that after 50 minutes of high-speed mixing (150 rpm) equilibrium
had been reached, whereas go minutes was required for low-speed mixing (30
rpm). The data fitting with the kinetic models showed that at high speeds, the
first-order reversible and particle diffusion models had the best fit, while the

Elovlich model was sufficient for both high and low mixing speeds.

These results show that mixing speeds has an affect on the kinetics mechanisms
by which mass transfer takes place. Typically, in ion exchange resin, the rate

controlling step is either controlled by film or intraparticle diffusion. In this
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instance, it means that particle diffusion becomes the rate limiting step, which is
reflected in the particle diffusion model having a better fit at high mixing speed.
At low mixing speed, the first order model described the initial data (t<30 mins),
which is in line with the linear rate model describing external film resistance.
Besides mixing speed effects, film diffusion typically controls the rate
determining step when the liquid phase concentration is low, or resin exchange
capacity is high. Overall, the Elovich model fits best at low speeds, which is one
of the most useful models for describing activated chemical adsorption. The
Elovich model involves chemical adsorption and assumes that the rate of
adsorption decreases exponentially with time due to an increase in surface
coverage. The applicability of the Elovich model to the kinetics further supports
that chemical reactions are involved in the uptake of phosphate with FerrIX A33E
resin on a heterogenous surface as demonstrated by the isotherm studies and the

suggested mechanisms.

5.3.6.3.Interruption test
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One of the simplest techniques to determine the rate limiting step (i.e. particle
or film diffusion) is the interruption test. During the sorption kinetics
experiments, the resin was removed from the solution for 120 minutes, before
being placed back. When the ion exchange process is controlled by particle
diffusion, the concentration gradient is created inside the resin, which then level
out when supply of fresh ions from the solution is interrupted. Once placed back
into the solution the rate immediately is greater prior to the interruption. In the
case of film diffusion, the amount of ion distributed in the film at the moment of
interruption is almost undetectable, meaning that no concentration gradient in
the resin exist. Thus, the interruption does not affect the process and the rate
before and after the interruption is practically the same. Figure 5.14 shows that
after the interruption, there was no major change in uptake of ions within the
resin, indicating that film diffusion is the rate limiting step for both low and high
mixing speeds. This result is also supported by the fact that the uptake rate was

higher at higher mixing speed.

5.3.6.4. Regeneration

To avoid the use of acids, typically used for regenerating similar ion exchange to
FerrIX A33E, 5% sodium chloride at 30 mL min™ flow rate was used as a
regenerant in this study. The resin bed length was 10 cm. Ion
exchange/regeneration cycles were repeated three times after the first ion

exchange step in virgin resin. The ion exchange cycle conditions were 100 mg L™
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Figure 5.15. . (a) Breakthrough curve for the regeneration of the resin with 5% sodium chloride solution (symbols
experimental data, continuous red curve is model fitting with f-BAM with parameters: h=0.271; kga,0=0.035 L.mg.minh-1;
ao= 965.4 mg/L), (b) effect of regeneration cycles
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of phosphate at a flowrate of 60 mL min®. Figure 5.5 (a) shows that the
breakthrough of the chloride ions occurred at around 5 minutes, while the resin
was fully regenerated at around 10 minutes. Figure 11(a) also displays excellent
fitting of the experimental data with Bohart-Adams Fractal model. For any
loading breakthrough curve, it is possible to calculate the average composition of
the resin in the bed and to estimate the total capacity of the resin by integrating
the area above the breakthrough curve (Slater, 1991) . The change of resin
capacity, calculated by integration of breakthrough curves, after successive
regeneration steps is shown in Figure 5.15 (b). The average capacity of the resin
after the first regeneration has slightly increased from the virgin resin, indicating
that more exchange sites could possibly be made available for exchange following
the first use of the virgin resin. The first and the second regeneration runs show
very similar capacities, but after the third regeneration cycle, the average resin
capacity has slightly decreased by ~14%, though it remained within the
experimental error of the resin capacity. This indicates that FerrIX A33E could
successfully be used as an ion exchange for the removal of phosphates from water
to sustainably protect the aquatic environment from the harmful effects of

phosphates.
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5.4. Conclusions
This chapter provided an in depth exploration of ion exchange processes, in

particular the challenges and mechanisms involved in silica removal. The study
emphasized the significance of competing ions such as phosphate, nitrate, and
chloride in influencing the effectiveness of silica removal, especially in
multicomponent systems. It was observed that the presence of these competing
ions reduces the efficiency of conventional ion exchange resins for silica,
highlighting the need for more selective materials. The main findings of this

chapter are:

e The comparison of FerrIX A33E resin in its chloride (Cl") and hydroxide
(OH") forms demonstrated the different behaviours of these forms in
silica removal. The hydroxide form exhibited faster kinetics and higher
efficiency in silica adsorption. This was largely due to its improved
diffusion properties.

e Isotherm and kinetic models applied throughout the chapter
highlighted the complex adsorption mechanisms at play. The Redlich-
Peterson and Freundlich models provided the best fit for understanding
the heterogeneous nature of the resin.

e Models such as Bohart-Adams, Thomas, and Clark were useful in
predicting breakthrough curves in column studies. However, modified
models such as the Bohart-Adams n-order and fractal models proved
superior in capturing the asymmetric behaviour of adsorption,
particularly for the hydroxide form of FerrIX resin.

e The First-order reversible model and the Elovich model described the
adsorption kinetics well under varying conditions, especially at high and
low mixing speeds. These models were instrumental in revealing the
rate-limiting steps of the process.

e Competitive isotherms revealed that phosphate consistently exhibited
the highest adsorption capacity compared to nitrate and silica. In a
multicomponent system, the adsorption of phosphate decreased

significantly due to competition with other ions.
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e FerrIX A33E resin exhibits superior phosphate removal, which suggests
that selectively removing phosphate can improve the uptake of silica in a

multicomponent system.
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6. Evaluation of Hybrid Technologies in removing colloidal
silica
6.1. Introduction
Traditional water treatment methods, such as coagulation, sedimentation and
filtration have been the cornerstone of water treatment for decades. However, the
complexities of modern contaminants and a resource-constrained world have
necessitated for more sophisticated solutions. In this context, hybrid
technologies provide a significant innovation. Combining various physical,
chemical and biological processes allows these integrated methods to leverage
the strength of individual systems while compensating for their weaknesses. This
synergy enhances the efficiency and cost-effectiveness of water treatment

processes.

The removal of colloidal silica is a prevalent and challenging task in boiler feed
water treatment. Due to its small size and stability, colloidal silica poses
significant challenges for conventional water treatment methods. This chapter
explores the effectiveness of various hybrid technologies in the removal of
colloidal silica, focusing on the integration of an oxidation treatment (ozone)

with ion exchange, membrane filtration, and coagulation processes.

The structure of and chemistry at liquid-solid interfaces is a prominent
mechanism in the removal of contaminants from water by a number of
technologies such as membrane and ion exchange (Zaera, 2012). In water, the
silica-water interface is charged due to protonation/deprotonation reactions of
surface bound hydroxyl groups (Duval et al., 2002; Iler). As the isoelectric point
of silica is pH 2-3, the surface is typically negatively charged (Parks, 1965). Ozone
is a powerful oxidant which is known to effect functional groups on many
material surfaces (Dabasinskaite et al., 2021; Lai et al., 2024; Osbeck et al., 2011).
By studying the effects ozone has on colloidal silica surface chemistry,
combination with other technologies could lead to increased silica removal

efficiency.
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Recent developments on hybrid technologies have shown promising
opportunities at removing colloidal silica. One such technology is the use of
advanced oxidation processes (AOPs) based on ozone combined with UV. The
combined use of ozone and UV radiation at 185 nm wavelength was found to
invert colloidal silica into dissolved silica (Johanes Wibowo, 1997). Thus, by
taking advantage of converting colloidal silica to dissolved silica, an ion exchange
step could be used to completely remove silica. Use of ozone has also shown to
contribute to colloidal particle destabilization, especially for particles coated
with natural organic matter, through various mechanisms including oxidation of
organic coatings, disruption of electrostatic repulsion and breakdown of organic
matter into smaller fragments (Chandrakanth & Amy, 1996; Chheda & Grasso,
1994). Studies have shown the improvement of combined UV/ozone with ion
exchange to improve decomposition of iron products that were adsorbed using
ion exchange (Wada et al., 2005). The use of ozone on silica has shown to increase
the oxygen containing functional groups on the surface of the structure, which
was proved with FTIR and XPS, improving the interfacial interactions between
the silicone substrate and a membrane (Kang et al., 2018). Other studies have
demonstrated how ozone can be used to regenerate silica-based zeolites by
influencing surface phenomena on the silica. Specifically, ozone aids in the
removal of adsorbed organic pollutants from the surface, effectively restoring the

adsorption capacity of the zeolites. (Reungoat et al., 2007).

Further research, which investigated a hybrid process consisting of ozone and
membrane filtration, was able to show that an ozonated solution of humic acid
was able to reduce membrane fouling, avoiding the need for cleaning the
membrane (Schlichter et al., 2003). Combination of PACI coagulant with UF
membranes, was shown to form stable cake layer on the membrane, negating the

fouling impact it had on the membrane (Yu et al., 2021) .

Despite the potential benefits that AOPs could bring to the removal of silica in
water, research studies in this area are scarce. Thus, this chapter aimed at delving
into studying hybrid technologies based on advanced oxidation and separations

to address this gap of knowledge. The effects of ozone on colloidal silica zeta
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potential and particle size was first studied via a bench scale reactor. The
ozonated colloidal silica solutions was then treated using ion exchange and
membrane technologies. Additionally, the coagulation of colloidal silica with
aluminium and titanium in Chapter 3, was then combined with membrane

technology to evaluate membrane fouling and silica rejection.

6.2. Materials and Methods

6.2.1. Chemicals and reagents
For colloidal silica solution preparation refer to Chapter 3.

6.2.2. Analysis
The analysis of total silica (SiO,) was performed by microwave plasma atomic

emission spectrometer (4200 MP-AES) (Agilent technologies, UK) equipped
with a standard torch. Prior to measurement, the instrument was calibrated

using a silica standard solution, 50 mg/L as SiO, (HACH, UK).

Particle size and zeta potential of the colloidal silica was measured using a

ZetaSizer Nano equipped with universal ‘dip’ cell (Malvern instruments, UK).

6.2.3. Experimental set up
6.2.3.1. Ozone experiments

Ozone was generated by a BMT Messtechnik 803 Ozone Generator (BMT-
Messtechnik, Germany) from compressed oxygen cylinder (BOC, UK). The ozone
gas concentration was set using a power dial on the ozone generator and its value
was measured using a BMT Messtechnik 963 Ozone Analyser (BMT-
Messtechnik, Germany). The ozone was directed through a glass sinter gas
diffuser into a reactor containing approximately 400 mL of solution at 35 mg
SiO./L colloidal silica, which was stirred using a magnetic stirrer (40 rpm). From
the reactor, the ozone was redirected towards the ozone destructor (sodium
aluminosilicate) before being exhausted in a fume hood. Gas flow was controlled
using a variable-area-gas flow meter fitted with a needle throttle valve. Gas
flowrate was around 480 mL/min, with the ozone gas concentration at

approximately 70 g/m3 at normal temperature and pressure (NTP: 20°C and 1
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atm). All experiments were conducted at room temperature of 20 +1°C for 10, 30
and 60 minutes. To remove any residual ozone, samples were exposed to a gentle

stream of air for about 5 minutes before analysis.

6.2.3.2.0zone/ ion exchange

A 40 mL of the ozonated solution was placed in 50 mL- plastic sample tube
containing varying masses of ion exchange resin after being exposed to a gentle
air stream to remove any residual ozone. The solutions with ion exchange resin
were then agitated using a 12-position rotating mixer (Stuart SB3 rotator) set at
40 rpm. Silica uptake of the resin was then calculated with the equation below:

(Co — Ce) (6.)

=V X
de —

Where qe is the phosphate uptake onto the resin at equilibrium (mg/g), V is the
volume of solution (L), C, and Ce are the initial and equilibrium concentrations

(mg/L), and mix is the mass of the ion exchange resin (g).

6.2.3.3.0zone/membrane

The ozonated solution was passed through PVDF, PVDF/GO and PVDF/CNT
membranes in a recirculating cross flow filtration unit (CFU). A GA series pump,
powered by DP-415.A AC driver with a min speed of 500 RPM and max of gooo
RPM (Micropump, USA) was used to pump the solution. The unit was equipped
with a flowmeter and two digital WIKA DG-10-E pressure gauges, for
transmembrane pressure (TMP) measurements. The following equation was

used for TMP measurements:

P, (6.2)

Pr + PR)
2

Where, Pr is the pressure of the feed (bar), Pr is the pressure of the retentate, and

TMP=(

P, is the pressure of the permeate (bar). The permeate was collected in a plastic
beaker and its mass was continuously measured using an analytical balance
connected to a PC which recorded the data using a software (SmartLux Simple

Data Logger). The flux was calculated with the following equation:
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j= (6.3)

Where ] is the membrane flux (L/m2h), m is the mass of permeate collected (kg),
pis water density (kg/L), A is the effective area of the membrane (m?) and t is the
time for permeate collection. The permeability of the membrane was calculated

by dividing the flux by the TMP.

To evaluate the flux recovery of the membrane, the flux recovery ratio (FRR) is
used as an indicator of the membrane's antifouling performance. It represents
the ability of the membrane to restore its water permeability after being exposed

to fouling conditions. The FRR is defined as follows:

FRR (%) = ;‘”—2 x 100 (6.4)

wil

FRR (%) is the Flux Recovery Ratio, expressed as a percentage. It quantifies how
much of the membrane's original water flux is recovered after cleaning. Jw, is the
initial pure water flux before the membrane is exposed to the fouling solution
(L/m2-h), Ju. is the pure water flux measured after the cleaning procedure
(L/m%h) (e.g., after ozonated solution and flipping of the membrane). A higher

FRR indicates better antifouling performance.

6.2.3.4. Coagulation/membrane

Coagulation experiments discussed in Chapter 3 were conducted using alum and
titanium, at larger volumes of 1 L. Once the coagulated samples had settled, 500
mL of solution was decanted into the membrane cross flow unit tank. The

experiment was then run as discussed above.

6.3. Results and discussion

6.3.1.Effect of ozone on colloidal silica
The effect of ozonation on colloidal silica zeta potential and particle size was

studied. The colloidal silica was ozonated at durations of 10, 30 and 60 minutes.
From Figure 6.1 which shows the results from the ozonation experiments, it can

be seen that un-ozonated colloidal silica has a zeta potential of around -15 mV.
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When ozonated, the zeta potential of the solution was seen to decrease, to -23
mV and -26 mV, after 10 and 30 minutes of ozonation, respectively. However,
longer ozonation showed a slight increase to -21 mV. These reductions in zeta
potential could be due to any impurities that were found on the surface of the
silica being destroyed or perhaps due to the silane groups (Si-H) on the surface
of silica being converted into silanol (Si-OH) bonds, that was reported by Spialter
et al (Spialter et al., 1971). Initially the ozone treatment can generate silanol
groups on the silica surface. These silanol groups can dissociate to from silicate
ions (SiO-) contributing to the increased negative surface charge. Ozone can also
cause siloxane bond cleavage (Si-O-Si) in the silica network, causing structural
changes of the particle. In addition, it was demonstrated that ozonating colloidal
silica increased oxygen containing functional groups on silica surfaces (Kang et
al., 2018), which would also explain the decrease in zeta potential observed in our
study. Once the ozone causes surface saturation of silanol groups, mechanisms
such as oxidative coupling or dehydration reaction can facilitate the formation of
siloxane groups thus increasing the surface charge (Egitto & Matienzo, 2006;
Wang et al., 2017; Xu et al., 2018) as observed in our study when ozonation was
applied for long time (60 minutes). The increase in zeta potential seen at 60
minutes could also be due to a drop in pH (Table 6.1). Table 1 shows that the pH
of the silica solution decreased as the ozonation time increased to reach 5.93 from
an initial value of 7.75, which could explain the increase in zeta potential
observed since at lower pH the silanol groups are expected to be less ionized
(Schwarz et al., 1984). The effect of ozonation on the size of the colloidal silica

was insignificant (Table 1).
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Figure 6.1. Effect of ozonation time on the zeta potential of colloidal silica
(Ozone gas concentration =70 g/m3 NTP)

Table 6.1. effect of ozonation on colloidal silica size and pH of the solution

Sample Size (nm) | pH

Colloidal silica 38.9 7.75
C.S ozonated 10 mins 39.6 6.82
C.S ozonated 30 mins 39.2 6.43
C.S ozonated 60 mins 39.0 5.93

6.3.2. Effect of peroxone on colloidal silica
The ozone experiments with colloidal silica were repeated in the presence of

hydrogen peroxide (i.e. peroxone process) (Merényi et al., 2010; Xu & Goddard).
The peroxone process is a commonly used advanced oxidation process for water
treatment since it produces strong oxidants (hydroxyl radicals) (Tizaoui et al.,

2007; Wang et al., 2018; Wu & Englehardt, 2015). The results shown in Table 2
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indicate that the introduction of hydrogen peroxide had minimal effect on
colloidal silica size as was observed when only ozone was used. However,
hydrogen peroxide showed a significant effect on zeta potential which increased
from -17.9omV to -14.30 and -2.64 mV at ozone to hydrogen peroxide ratios of 1:1
and 1:2, respectively. The peroxone is known to be more efficient than ozone in
generating hydroxyl radicals which can lead to faster degradation rates (Cruz-
Alcalde et al., 2020; Freese et al., 1999; Meshref et al., 2017). Thus, the highly
reactive hydroxyl radicals generated by the peroxone process oxidize the surface
of the colloidal silica particles, converting the silanol groups into siloxane groups
as discussed for the case of ozone but at much faster rates. Due to this, the surface
saturation of silanol groups occurs much faster, reducing the surface charge.
These findings demonstrate that oxidation of colloidal silica has potential to be

exploited for enhancing the efficiency of other silica removal technologies.

Table 6.2. Effect of peroxone on colloidal silica size and zeta potential (ozonation

time=30 min)

Sample Size (nm) Zeta potential (mV)
Colloidal Silica 40.9 -17.90

Ozone:H,0, (1:1) 39.4 -14.30

Ozone:H.0, (1:2) 39.4 -2.64

Ozone only 40.1 -25.67
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6.3.3. Ozone and ion exchange

Figure 6.2 presents adsorption isotherms comparing un-ozonated and ozonated
colloidal silica at initial SiO, concentrations of (a) 38 mg/L and (b) 150 mg/L. The
application of ozone clearly enhanced the adsorption capacity of the ion
exchange resin, as reflected by the increased values of ge in both cases—

particularly at higher concentrations.

This improvement is attributed to the ozone-induced reduction in the surface
charge of colloidal silica (as shown previously in Figure 6.1, with 30 minutes of
ozonation). The decrease in negative surface charge enhances electrostatic
interactions between the silica particles and the positively charged functional

groups on the ion exchange resin, facilitating greater adsorption.

The effect was especially pronounced at higher silica concentrations (Figure
6.2b), suggesting that ozone treatment becomes increasingly beneficial as the
colloidal load increases. This supports the hypothesis that ozonation can serve
as a pre-treatment step to improve ion exchange performance in high-silica

waters, such as those encountered in power plant or industrial boiler systems.
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Figure 6.2. Adsorption isotherm of ozonated and un-ozonated colloidal silica at initial SiO, concentrations of (a) 38 mg/L
and (b) 150 mg /L (Gas flowrate was around 480 mL/min, with the ozone gas concentration at approximately 70 g/m> at
normal temperature and pressure (NTP: 20°C and latm), duration 30 minutes)
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6.3.4. Ozone and membrane
Figure 6.3 shows the permeance permeability of the pure water flux before and

after cleaning and ozonated colloidal silica (30 minute ozonation), Figure 6.4
shows the flux recovery ratio. Overall, the permeability followed the order of
PVDF<GO<CNT, as seen in Chapter 3. However, the pure water permeability flux
after cleaning was greater than the initial cleaning, this was consistent with all

membranes. This could be due to the cleaning of the membrane removed any
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Figure 6.5. Permeability of PVDF, GO and CNT of ozonated ~ Figure 6.5. Flux recovery ratio of PVDF, GO, and CNT ozonated
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Figure 6.5. Rejection of ozonated and un-ozonated colloidal silica
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residual fouling from the virgin membrane. Other unlikely reasons could be the
oxidative cleaning of the membrane, as residual ozone was removed prior to
membrane use. Surface conditioning of the membrane by passing the ozonated
colloidal silica may have occurred, modifying the surface properties of the

membrane, subsequently enhancing its performance.

The rejection of ozonated and un-ozonated colloidal silica for all 3 membranes is
presented in Figure 6.5. Results indicate that rejection of colloidal silica is
improved by the ozonation process. This is predominantly seen in the CNT
membrane, where rejection improved from 97.2 to 99%. The enhanced surface
zeta potential of the ozonated colloidal silica has boosted the electrostatic
repulsion between the silica particles and the membrane surface. The increased
repulsion prevents the silica particles approaching and passing through the
membrane pores effectively, thereby improving their rejection. This is further
supported by Table 6.3, which presents the concentration of silica that was
present in the cleaned solution. When the membranes were washed after having
ozonated colloidal silica pass through, the observed concentration of residual
particles was greater due to the weaker attachment of these particles to the
membrane surface. The increased negative surface charge seems to have resulted
in weaker van der Waals forces, consequently silica particles adhere less strongly
to the membrane surface. Subsequently during the cleaning step, these particles
are more easily dissolved and removed, leading to higher concentration of silica
in the wash water. This improved detachment shows the effectiveness of

ozonation in reducing fouling and maintaining membrane performance.
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Table 6.3. Permeate of un-ozonated and ozonated solutions when cleaning with

pure water
Permeate un-
ozonated silica | Permeate ozonated
Membrane after cleaning | silica after cleaning
type (mg SiO./L) (mg SiO./L)
PVDF 0.26 0.41
GO (2 wt%) 0.52 0.82
CNT (1 wt%) 0.71 1.01

6.3.5. Coagulation and membrane
Following the results of Chapter 3, the two most effective coagulants found were

alum and titanium in the removal of colloidal silica. These coagulants were tested
with membranes (PVDF, GO, and CNT) as hybrid technologies. Table 6.4 shows
the parameters of the jar test for titanium, while Table 6.5 shows the results of
the coagulation/membrane hybrid experiments. The permeability of the

membranes is presented in Figure 6.6, where PWF is the pure water flux.

Table 6.4. Parameters for titanium coagulation before membranes

Parameter Value
Coagulant type Titanium
Dosage (mg/L) 15
Volume reactor (L) 1

pH 6

Initial silica concentration (mg/L) 31.46
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Table 6.5. Results of titanium coagulated membrane solution

Permeate
Silica (after silica
coagulation | Permeate | (from Residual Ti | Residual Ti
and silica (after | backwash | (after (after FRR
Sample | settlement) membrane) | cleaning) | coagulation) | membrane) | (%)
PVDF | 10.09 1.42 0.9 0.67 0.06 87.0
GO 9.79 0.01 1.72 0.65 0.00 94.3
CNT 9.83 0.13 1.54 0.54 0.01 95.3
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Figure 6.6. Permeability of titanium coagulated solution.
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Table 6.5 reveals that following coagulation and settlement process, GO
membrane had the greatest rejection of silica, followed by CNT and PVDF. After
cleaning of the membrane, the silica that was removed in the cleaning, was much
greater in all membranes compared to the ozonated silica. This is likely due to
the larger flocs that are formed in the coagulation process, meaning fewer smaller
particles can penetrate and block the membrane within its pore structure. These
larger flocs that are deposited on the membrane surface form a thicker but more
porous cake layer. This porous structure allows for more water to pass through
easier compared to the compact dense layer formed with smaller particles.
Additionally, the coagulation and settlement process removed a large portion of
the fouling load meaning that the membrane is less likely to experience severe
fouling. This is reflected in the flux recovery seen in the membranes. Membranes
which had not been pretreated with coagulant seen in Chapter 4, had a
significantly lower FRR compared to Table 6.5. Additionally, the membranes were
able to remove most of the residual titanium that was found in the coagulated

solution.
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Table 6.6. Parameters for alum coagulation before membranes

Parameter Value
Coagulant type Alum
Dosage (mg/L) 15
Volume reactor (L) 1
pH 6
Initial silica concentration (mg/L) 30.65
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Figure 6.7. Permeability of alum coagulated solution
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Table 6.7. Results of alum coagulated silica solution

Silica  (after | Permeate Permeate | Residual

coagulation silica (after | silica Al  (after | Residual Al

and membrane | (from coagulatio | (after FRR
Sample | settlement) ) cleaning) | n) membrane) | (%)
PVDF 6.55 0.81 0.17 0.49 0.09 86.8
GO 5.24 0.05 0.18 0.56 0.02 90.3
CNT 7.17 0.23 0.23 0.44 0.06 90.1

Table 6.6 shows the parameters of the jar test for Alum. Table 6.7 shows the
results of the experiments of the alum coagulation/membrane hybrid and the
permeability of the membrane results are presented in Figure 6.7. The results
follow a similar trend that was seen with titanium coagulant. The major
differences seen with the alum coagulant was that the permeate during cleaning
contained significantly less silica compared to titanium coagulant. As seen in
previous chapters, the titanium coagulant was seen to produce denser flocs, this
can reduce the likelihood of flocs penetrating the membrane and causing
blockage of the pores, allowing for better cake formation. This is reflected in the
FRR of the membranes where pretreatment with titanium was able to achieve 94-
95% with GO and CNT membranes whereas alum was able to achieve 9o%. Cake
layers formed by smaller particles is much more compact compared to that
formed by larger ones, which imply that smaller particles have higher specific

cake resistance (Chomiak et al., 2013; Lin et al., 20m1).

Overall, the use of a coagulation pretreatment before membrane application
showed improved solute rejection and flux recovery. It was also effective at
removing residual aluminium and titanium that could remain in solution after

coagulation.

Compared to ozone/membrane hybrid systems, the wuse of

coagulation/membrane showed to improve the rejection of silica. However, that
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is offset by reduced permeability. Both of these attributes can be credited to the
cake layer formation on the membrane. The disadvantage of using
coagulation/membrane would be the increased backwashes required to return
the permeability of the membrane, however, that would be offset by the

increased removal of silica.

6.4.Conclusions
This chapter presented the evaluation of various hybrid technologies for the

removal of colloidal silica, with a focus on ozone, ion exchange, membrane and

coagulation. A summary of the findings are as follows:

o Effectiveness of ozone treatment:

o Ozone treatment on colloidal silica significantly altered the zeta
potential of the particles. This change enhances the electrostatic
interactions, which could then be applied and combined with
subsequent technologies

o Ozone effect on particle size of the colloidal silica was minimal,
suggesting that ozone primarily affects the surface chemistry

¢ Ozone and ion exchange integration:

o The integration of ozone-treated colloidal silica with ion exchange
resins demonstrated improved silica uptake. The increased
negative charge of the surface allowed for better electrostatic
attraction between silica and ion exchange resin.

e Ozone and membrane filtration:

o Ozone treated silica improved the rejection rates of colloidal silica
of all membranes (PVDF, GO, and CNT). The enhanced zeta
potential increased repulsion between silica particles and
membrane surfaces, reducing fouling and improving filtration
efficiency.

o Flux recovery ratios were higher for membranes with ozonated
colloidal silica compared to untreated samples, indicating reduced

irreversible fouling.
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e (Coagulation and membrane filtration:

o Pretreatment of coagulation with alum and titanium before
membrane filtration proved effective in improving silica rejection
and mitigating membrane fouling

o Titanium coagulant that formed denser flocs, resulted in fewer
smaller particles blocking the membrane pores, leading to
improved membrane performance and higher flux ratio recoveries
compared to alum.

o Filtered coagulated samples demonstrated effectiveness of

removing residual aluminium and titanium.

Overall, the use of hybrid technologies combining ozone treatment with ion
exchange, and membrane filtration, along with coagulation pre-treatment, has
shown substantial improvements in the removal efficiency of colloidal silica.
These findings highlight the potential for employing these integrated approaches
in water treatment and other applications requiring the efficient removal of

colloidal particles.
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7. Conclusions and recommendations for future work

This thesis aimed to address the persistent challenge of silica removal from boiler
feedwater systems at Tata Steel, Port Talbot. Both the presence of colloidal and
soluble silica has been identified as a significant contaminant leading to scaling,
fouling and corrosion, which adversely affect the efficiency and longevity of
critical equipment including boilers and steam turbines. The research explored
a range of treatment technologies to improve silica removal, focusing on
optimisation of coagulants, advanced membrane enhancements, ion exchange
and hybrid approaches integrating multiple techniques. The key findings are as

follows:
Optimisation of coagulant

o The study investigated various coagulants, including conventional
options such as alum and ferric, alongside novel alternatives such
as titanium and zirconium based coagulants.

o Titanium and alum proved highly effective in removing colloidal
silica, both achieving removal efficiencies exceeding 90%. At
optimal dosages of 2.7 mg Al/L for alum and 4.4 mg Ti/L for
titanium, significant differences in performance characteristics
were observed. Titanium produced larger and denser flocs
compared to alum and demonstrated a broader effective dosage
range. However, alum exhibited superior performance within a pH
range of 6-8, while titanium showed optimal silica removal in a
slightly more acidic environment, with a pH range of 4-6.

o Testing on River Afan water reaffirmed that alum and titanium
were the most effective coagulants, with titanium demonstrating
superior performance by achieving total organic carbon (TOC)

removal rates exceeding 80%.
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Advanced membrane technology:

PVDF membrane matrices enhanced with graphene oxide and
carbon nanotubes showed increased porosity, hydrophilicity and a
more negative surface zeta potential.

Performance testing revealed enhanced pure water permeability,
with increases of 141% for GO and 171% for CNTs, respectively.
Rejection of colloidal silica and BSA was conformed to the
following the order, GO>CNT>PVDF.

Testing of River Afan demonstrated the effectiveness of the
modified membranes in removing colloidal silica. The enhanced
membranes showed improved permeability, colloidal silica
rejection, and flux recovery ratio (FRR). Notably, the rejection of
total silica increased by 10.7% with graphene oxide (GO)
modification and 6.5% with carbon nanotube (CNT) modification.
Despite these improvements, the residual total silica levels
remained relatively high, indicating that ultrafiltration (UF)
membranes alone are only effective primarily for colloidal silica

removal.

Iron impregnated ion exchange resin:

o A comparison of FerrIX A33E resin in its chloride (Cl") and

hydroxide (OH") forms revealed distinct differences in their silica
removal performance. The hydroxide form showed significantly
faster kinetics and higher adsorption efficiency, attributed

primarily to enhanced diffusion properties.

o The Redlich-Peterson and Freundlich isotherm models provided

the best fit for understanding the heterogeneous nature of the
resin. Models like Bohart-Adams, Thomas, and Clark effectively
predicted breakthrough curves in column studies. However,

modified approaches, including the n-order Bohart-Adams and
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fractal models, demonstrated superior accuracy, particularly in
capturing the asymmetric adsorption behaviour observed with the
hydroxide form of FerrIX resin.

o Multicomponent isotherm analysis revealed a significant decline
in silica uptake in the presence of competing ions like nitrate and
phosphate. However, the FerrIX A33E resin demonstrated strong
selectivity for phosphate removal, indicating that pre-selective
removal of phosphate could enhance silica adsorption efficiency in

a multicomponent downstream ion exchange system.
Hybrid water treatment technologies:

e 30 minutes of ozone treatment (ozone gas concentration at
approximately 70 g/m3 at normal temperature and pressure (NTP:
0°C and 1atm)) on colloidal silica significantly altered the zeta
potential of the particles, reducing zeta potential from -15 to -26
mV.

e The integration of ozone-treated colloidal silica with ion exchange
resins demonstrated improved silica uptake. The increased
negative charge of the surface allowed for better electrostatic
attraction between silica and ion exchange resin.

e Ozone-treated silica significantly improved colloidal silica
rejection across all membrane types (PVDF, GO, and CNT). The
enhanced zeta potential increased the electrostatic repulsion
between silica particles and the membrane surfaces, effectively
reducing fouling and boosting overall filtration efficiency.

e Pre-treating with alum and titanium coagulants prior to
membrane filtration effectively enhanced silica rejection and

significantly reduced membrane fouling.
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Figure 7.1. New technologies potential implementation BFD

Figure 7.1 shows the potential location of the new technologies that could be placed in the
existing plant.

7.1. Recommendations and future work

Building on the findings of this thesis, several avenues for further research have

been identified:

Pilot testing of titanium coagulant and its viability.

Pilot testing for silica removal in hybrid systems: To validate the long-term
performance of hybrid treatment systems, a large-scale pilot plant that
combines coagulation and advanced oxidation/membrane technologies is
recommended. Operating this system over an extended period at varying
water sources would allow for a better understanding of the interactions
between silica, coagulants, and the modified membranes. Such testing
would also help determine the optimal operating conditions for silica
removal and the impact of varying pH and organic content on overall
efficiency.

Evaluation of the membrane modification scalability: The enhanced
permeance permeability and fouling resistance achieved with GO- and
CNT-modified PVDF membranes should be tested on a larger scale. A

comprehensive pilot study can assess whether these nanomaterial
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modifications retain their performance benefits in a real-world setting,
particularly under varying colloidal silica concentrations. The study
should also examine long-term fouling behaviour and the maintenance
requirements for these modified membranes.

e Exploration of Multi-Component Adsorption Dynamics in Modified
Resins: The reduced silica uptake observed in the presence of competing
ions, such as phosphate and nitrate, highlights the need for detailed
multi-component isotherm studies. By exploring different concentrations
of these ions, the selectivity and binding mechanisms of modified resins
can be better understood. This would help optimize resin formulations
and operational strategies to enhance silica capture in complex water

matrices.

These further investigations would build upon the foundational results of this
study, contributing to the development of more efficient, scalable, and resilient

water treatment technologies tailored to complex industrial requirements.
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A. Appendices - Calibration curves
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Figure A.1. High performance ion chromatography calibration for chloride

Nitrate
200
180 4 y =29.862x
R%=0.9987

160
= 140
b0
E 120
c
(]
= 100
£
g 80
5
S 60

40

20

0 T T T
0 2 4 6 8
Area

Figure A.2. High performance ion chromatography calibration for nitrate
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Sulfate

160

y = 24.589x
140 4 R2=0.9995

120
100 -~
80 -

60 -

Concentration (mg/L)

40

20

0 T T T
0 2 4 6 8

Area

Figure A.3. High performance ion chromatography calibration for sulphate
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Figure A.4. High performance ion chromatography calibration for phosphate
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Figure A.5. MP-AES calibration curve for manganese
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Figure A.3. MP-AES calibration curve for silica
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Figure A.6. MP-AES calibration curve for aluminium

B. Appendices - FerrIX resin

pH of solution
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Figure B.1 pH titration curve for FerrIX A33E resin

Table B.1. FerrIX A33E bulk density

Vol (mL) Mass total (g) Mass of resin (g)
10 82.26 7.54
20 89.01 14.29
30 96.58 21.86
40 104.2 29.48
50 111.9 37.18

Density (g/cm3)

0.75
0.71
0.73
0.74
0.74
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Figure B.2. Microscopic images of FerrIX A33E
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a. Phosphate breakthrough curves
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Figure B.3 Breakthrough curves for varying flow rates (a) 30 mL/min (b) 60 mL/min and (c) 90 mL/min (bed height = 5cm,
Cinlet =33.3 mg P/L)
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Figure B.4 Breakthrough curves at different inlet concentrations (5cm bed depth and 60 mL/min) (a) 16.7 mg P/L (b) 33.3

mg P/L and (c) 66.7 mg P/L
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Figure B.7. Ozonated colloidal silica FTIR

Figure B.8. Membrane contact angle images
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C. Appendices C

Table C.1. Tata steel Port Talbot Margam C water treatment plant sample results from 29/10/2020

Feed water Feed water (0.45 micron filter) Sandfilter (unit 2) Cation (unit 2) Cation (unit 3) Anion (unit 3) Mixed bed (unit 3) Polisher (unit 3)

29/01/2020

Si02 (ppm) 5.16 4.85 5.03 49
Fe (ppm) 0.14 - 0.1 0.03
Mn (ppm) 0.02 - 0.01 0.0009
Al (ppm) 0.58 - 0.51 0.07

4.79 0.03 0.000 0.000

0.02 0.004 0 0
0.0002 0 0 0

0.02 0.000 0.0000 0

Table C.2. HACH 8282 method for measuring soluble silica results from mixed bed and RO permeate

RO permeate and MB samples - Hach 8282 method

Sample Date Dissolved Si02 (ug/L)

Sample 2 - mRO2 permeate 28/10/2022 5

Sample 3 - mRO1 permeate 07/11/2022 3

Sample 2 - mRO1 permeate 09/11/2022 4

Sample 3 - mRO3 permeate 28/10/2022 4

Sample 2 - mRO3 permeate 07/11/2022 14

Sample 3 - mRO3 permeate 09/11/2022 5

Sample 1 - Common inlet to mROs from MB 28/10/2022 16
Sample 1 - Common inlet toc mROs from MB 07/11/2022 20
Sample 1 - Common inlet to mROs from MB 09/11/2022 12
Sample 2 - Permeate from RO1 17/11/2022 11
Sample 2 - Permeate from RO1 22/11/2022 11
Sample 2 - Permeate from RO1 08/12/2022 3
Sample 3 - Permeate from RO3 17/11/2022 9
Sample 3 - Permeate from RO3 22/11/2022 7

Sample 3 - Permeate from RO3 08/12/2022

Sample 1 - Common inlet to ROs from MB 17/11/2022 13
Sample 1 - Common inlet to ROs from MB 22/11/2022 24
Sample 1 - Common inlet to ROs from MB 08/12/2022 38
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RO cocentrate samples - MP-AES

Table C.3. MP-AES results for silica from Margam C RO concentrate samples

Sample Date Si02 (mg/L) |Si02 (pg/L)
mRO2 concentrate 28/10/2022 0.03 30
mRO1 concentrate 07/11/2022 0.11 110
mRO1 concentrate 09/11,/2022 0.18 180
mRO3 concentrate 28/10/2022 0.04 40
mRO3 concentrate 07/11/2022 0.11 110
mRO3 concentrate 09/11,/2022 0.18 180
mRQO1 concentrate 17/11/2022 0.02 20
mRO1 concentrate 22/11/2022 0.19 190
mRO1 concentrate 08/12/2022 0.25 250
mRO1 concentrate 17/11/2022 0.02 20
mRO1 concentrate 22/11/2022 0.22 220
mRO1 concentrate 08/12/2022 0.26 260
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