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[bookmark: _Toc536418474]Abstract
This report examines the water treatment processes that Felindre uses to purify their source water to safe drinking water. Felindre is the largest water treatment plant in South Wales distributing water to the Gower area and has a peak treatment capacity of 240 megalitres per day. The site was visited on December 5th 2018 to gain an understanding of the treatment processes they use. In brief they use a) aluminium sulphate for coagulation, b) a counter current dissolved air flotation and filtration plant for floc removal, clarification and filtration, c) chlorine assisted manganese oxidation, d) granular activated carbon contactors for organics, manganese, taste & odour compounds, and e) disinfection through chlorination. They further thicken the sludge (for removal to land) resulting from these processes on site, returning the supernatant water to the head of the work. This report further presents how Felindre should deal with an increase in carbonate hardness and presence of toxic heavy metals.  The processes suggested include treatment by ion exchangers and chemical precipitation for carbonate hardness, and a wider variety of options for toxic heavy metal removal. 







Table of Contents
Abstract	1
Introduction	3
General Principles of how Felindre Water Treatment (FWT) Works	4
Technology and Treatment Processes used at FWT	6
Coagulation	6
CoCoDaff	6
Inter-stage Tank and Adsorption in Granular Activated Carbon Contactors (GAC)	7
Disinfection	8
Waste Water and Water Recovery	9
Health and Safety, Sensors, Monitoring	9
Environmental Concerns: Hardness	11
Ion Exchange	11
Calculating the area and regeneration chemicals needed for ion exchangers	12
Chemical Precipitation	13
Environmental Concerns: Toxic Heavy Metals	15
Discussion & Conclusion	18
References	19

Table of Figures
Figure 1-A general overview of Felindre water works	4
Figure 2-Aerial image of Felindre annotated with treatment unit locations. 1) Coagulation & initial flocculation, 2) CoCoDAFF, 3) Manganese Oxidation, 4) GAC, 5) Disinfection contact tank, 6)2x75ML Service tanks. Other facilities include: Chemical storage and operations offices, Sludge thickening and lagoons, dissolved air pumping station, solar panels to offset running costs.	5
Figure 3-CoCoDAFF unit. Image captured in Felindre's lobby.	6
Figure 4-Leopold flooring used in CoCoDAFF unit	7
Figure 5- Solubility-Products Constants of Ionic Compounds (Qasim, Motley, & Zhu, 2000)	13





[bookmark: _Toc536418475]Introduction
The Felindre water treatment (FWT) plant was visited and a tour given on Wednesday December 5th, 2018. The site is the largest in the Southwest of Wales with a peak treatment capacity of 240 megalitres each day and serves the Gower. Other major water treatment works (WTW) which serve the same area include: 
· Crai Treatment Works with a capacity of up to 35 ML/day, 
· BrynGwin (Carmarthen Area) 30 ML/day
· Capel Dewi (Carmarthen Area) 11 ML/day
Felindre is by far the largest WTW, which no other site can compensate for despite some rezoning allowing for other sites (Crai & BrynGwin) to utilize Felindre’s source water, however even this would be at a rate of 10ML/day for each site- minimal when compared to the full 240ML/day treatment rate. The water source feeding Felindre originates at the Llyn Brianne reservoir, which feeds the river Towy through a twin turbine hydroelectricity unit and is extracted downstream at Nantgaredig to pump water into the lower Lliw reservoir (26 km from Nantgaredig). Directly sourcing the water from Llyn Brianne was considered uneconomical when a risk assessment and feasibility study were conducted, even though this system would replace the need for 1000litres/second to be pumped to a height of 110 meters, which currently occurs to transfer water from Nantgaredig to the lower Lliw reservoir. Pumping primarily occurs on weekends and overnight for lower electric costs. Furthermore, solar panels were installed on site, which cover the basic electric needs of the water works. 
The lower Lliw reservoir stores enough water to provide up to a 10-day buffer if pumping from Nantgaredig were to be offline. The lower Lliw reservoir is the direct link providing water to Felindre. Though the full treating capacity is 240ML/day Felindre rarely needs to treat more than 180 megalitres/day and on the fifth of December (when the site was visited) the flow rate was approximately 135 megalitres/day, providing treated water to an estimated 190,000 properties. 
Felindre also has two service reservoirs holding treated water- each with a 75ML capacity so they can continue providing water to their 400,000 customers if there is an emergency shut down (ESD) or scheduled maintenance.
This report will present the technology and processes which are used to treat the water at Felindre and will assess what processes would need to be incorporated were there to be a change in two parameters of the source water. Specifically, the cases that will be examined are:
· hard water with an excess of 200 mg/L in CaCO3 and
· water polluted by toxic heavy metals and other non-degradable substances that potentially pose a significant risk to human health. 




[bookmark: _Toc536418476]General Principles of how Felindre Water Treatment (FWT) Works
A general overview of the stages and chemicals used at Felindre can be seen in figure 1 and the location of these units on-site is presented in figure 2, with the respective number indicating where that unit stands in the treatment sequence. Sludge treatment is in parallel and for this reason does not have a number. Prior to the raw water arriving at Felindre, it has been screened and basic sedimentation has occurred so as not to damage the pumps bringing water to the lower Lliw reservoir. Once on site, the water is dosed with lime (as needed depending on incoming water), aluminium sulphate (at a rate of 210Litres/hour) and polyelectrolyte to assist with the coagulation process. It is rapidly mixed using the maze-like geometry of the waterway and feeds into a counter current flotation and filtration (CoCoDAFF) unit which filters and clarifies the water. To oxidise manganese a dose of lime and prechlorine are rapidly mixed to the semi-treated water (the final outdoor process) prior to organics, the oxidised manganese and taste/odour compounds being adsorbed in a granular active carbon (GAC) unit. The disinfection process occurs from an addition of chlorine that remains in contact with the water for a minimum of 35 minutes. Orthophosphoric acid is also added at this point for protection against plumbosolvency- lead poisoning arising from lead pipework in the distribution network.  Finally, lime is added for a pH correction and the clean, treated water is stored in the two 75ML surface reservoirs prior to distribution to consumers. A small amount of the processed water is used to backwash the GAC and CoCoDAFF units, which occurs every 4 days and every 36 hours respectively. The floc and backwash which arise from the CoCoDAFF and GAC processes are treated on site, with polyelectrolyte used to thicken the sludge, and the supernatant ‘clean’ water returned to the first stage of the treatment process at a maximum quantity of 10% of volumetric flow rate. The remaining thickened sludge is collected in lagoons and removed from the site to be disposed of on land. 
An in-depth analysis of these procedures follows. [bookmark: _Toc536418491]Figure 1-A general overview of Felindre water works




[bookmark: _Toc536418492]Figure 2-Aerial image of Felindre annotated with treatment unit locations. 1) Coagulation & initial flocculation, 2) CoCoDAFF, 3) Manganese Oxidation, 4) GAC, 5) Disinfection contact tank, 6)2x75ML Service tanks. Other facilities include: Chemical storage and operations offices, Sludge thickening and lagoons, dissolved air pumping station, solar panels to offset running costs.


[bookmark: _Toc536418477]Technology and Treatment Processes used at FWT
[bookmark: _Toc536418478]Coagulation
Coagulation is the process whereby particles in water are destabilised by the addition of a chemical (typically metal salts), and small agglomerates are rapidly formed. Specifically, at Felindre aluminium sulphate ( is dissociated in water to form a positively charged complex (Al(OH)2+) at a rate of 210litres/hour. This process occurs outdoors, and rapid mixing is achieved through the maze-like geometry that the water is guided through prior to entering the CoCoDAFF unit. Considering that the dirt particles tend to be negatively charged the two attract and the charge is neutralised. Lime is added as needed at this stage to assist the coagulation process because it is only at a range of normal pHs (5.8-8.5) that the ions will react to provide the hydrolysis products for the (Al(OH)2+) to adsorb onto the negatively charged particles. Furthermore, the reactions between alum and water produce small amounts of sulfuric acid which affect the pH, neutralised by the addition of lime. 
Coagulation lowers the repulsion forces between colloidal and fine particles, so they form aggregates. In this way micrometre size biological organisms, viruses, inorganic solids and organic matter create millimetre size flocs which can much easier be removed. (Parsons & Jefferson, 2006)
The process of dissociating in water to form a positively charged complex is chemically described as:



Other metal salts which are frequently used for this process in other water treatment works are iron sulphate (Fe2(SO4)3, iron chloride (FeCl3) and poly-aluminium chloride (Al2(OH)5Cl). This process is affected by the temperature, the pH of the water, the turbidity of the water and mixing (must be rapid). (Qasim, Motley, & Zhu, 2000)
Flocculation is the next step after coagulation, which is defined as particles adhering to one another once they have collided with each other. At Felindre, this occurs during the transportation from coagulation to the CoCoDAFF tanks and within the CoCoDAFF tanks.
[bookmark: _Toc536418479]CoCoDaff[bookmark: _Toc536418493]Figure 3-CoCoDAFF unit. Image captured in Felindre's lobby.

Felindre’s counter current dissolved air flotation and filtration (CoCoDAFF) unit was built starting in 1995 and commissioned in 2001. This unit has a small footprint and both the clarification and filtration process take place within it. There are 8 CoCoDAFF tanks, each of which has two basins of approximate dimensions 4x20x5 metres (depth, length, width) separated by a channel providing raw water down the middle, depicted in figure 3. 

In the CoCoDAFF unit particles are removed by flotation instead of sedimentation, and the remaining water filtered through a leopold floor that supports anthracite and sand, shown in figure 4 below. Specifically, high pressure water saturated with air (‘fizzy water’) is introduced into the CoCoDAFF tank in a direction counter to the flow of water so that contact time is maximised as is the interaction between air and particles- a representation of this is shown in figure 3. The air-water mixture is made on site, and though originally the operating pressure was 7 bar, this was reduced to 6.5bar for lower operating costs at a similar performance quality. The ‘dissolved air pumping station’ in figure 2 indicates the location of the pumping station in relation to the CoCoDAFF plant. Four pumps provide the ‘fizzy water’ to the CoCoDAFF tanks ensuring full functioning capacity, even if one pump were to malfunction.[bookmark: _Toc536418494]Figure 4-Leopold flooring used in CoCoDAFF unit

This technology was pioneered in Sweden, and the contact zone between air-saturated water and treatment water can be regarded as either a very fine sieve where the air particles act as collector surfaces bringing flocs to the surface, or as a heterogenous flocculation process. (Parsons & Jefferson, 2006) As the flocs accumulate on the surface the resulting clarified water gravitationally seeps through the media (300mm of anthracite, 900mm of sand, leopold flooring) leaving the solids trapped in the sand and anthracite pores. The solids, particles and flocs that accumulate on the surface risk becoming too thick and dropping to block the filter if not removed frequently enough. Hence every 6-8 hours the flocs are hydraulically flushed from the centre of the channel to the sides of the tank where it is taken to the wash water recovery tanks. 
To avoid clogging of the anthracite and sand filter a backwash is performed every 36 hours. This initially involves high-pressure air passing through the filter media to dislodge solids. Second a mixture of air and water further loosens particles and dirt and sends them to the surface to be hydraulically flushed to the wash water recovery system. Finally regrade pumps perform a high velocity wash (1050 litres of water /second) lifting all the media, keeping it suspended and letting it settle in the right order. This step is crucial to ensure that microbiological pathogens do not pass through such as cryptosporidium, Giardia, E. coli and Campylobacter. 
This process clarifies and filters the water, removing the flocculated particles, grease, oils, dirt, fat, suspended solids and turbidity.
[bookmark: _Toc536418480]Inter-stage Tank and Adsorption in Granular Activated Carbon Contactors (GAC)
Once the CoCoDaff has clarified and filtered the water a dose of prechlorine (0.6mg/litre) is administered to increase the pH and speed up the oxidation process of manganese, as when solely in contact with air the thermodynamically favoured reaction is very slow. The manganese oxidation reaction is: (Parsons & Jefferson, 2006)

 The manganese oxide precipitate can then be removed through adsorption in the granular activated carbon gravity filters alongside organic compounds attributed to foul taste and odour. Lime is added again at this stage as the pH controls the polarity and solubility of a molecule, influencing the extent of adsorption. The specific compounds that Felindre is aware of in their water and they actively remove in the GAC include pesticides, manganese, geosmin, herbicides, methyl isoborneal (MIB) and other natural organic matter.
Adsorption describes the process whereby molecules of a dissolved substance accumulate on the surface of an absorbent particle. In this case granular activated carbon is the adsorbent, which can have a surface area of 1000m2/gram and is derived from several sources including coal, vegetable fibres, coconut shell and wood. These sources are carbonised though heating in the absence of air to reduce volatile content and at temperatures near 1000 steam, air or carbon are brought in contact with the media to selectively oxidise the internal carbon atoms, producing the activating effect. (Tebbutt, 1995)
Adsorption efficiency is dependent on the concentration, pH, temperature and the nature of the carbon. To ensure proper operations at Felindre a backwash of the GAC contactors is done every four days, with the backwash water being accumulated in the water recovery tanks for sludge thickening and water recovery to be reintroduced at the head of the works. The adsorptive capacity in each GAC contactor is exhausted when the effluent quality reaches minimum water standards and must be regenerated. Every three years the media is taken to Birmingham to be baked in a kiln and mixed with a portion of virgin media due to losses and carbon destroyed in the regeneration process. Regeneration involves pre-acid washing, reactivation using a kiln, quenching and flue gas treatment, after which it can be reintroduced to the water treatment works. Regeneration on site tends to be cost effective for water treatment works containing at least 500 tonnes. (Parsons & Jefferson, 2006)
It is crucial that the water entering the GAC has previously been filtered to minimize the possibility of bed blockage by too many TDS. Once the chlorinated compounds, oxidised manganese, odour and taste causing compounds and several trace metals have been removed in the granular activated carbon adsorption process, the treated water is ready for the disinfection process.
[bookmark: _Toc536418481]Disinfection
The partially treated water leaving the granular active carbon contactors enters the process of disinfection prior to distribution to customers. Disinfection’s purpose is the inactivation of viruses, protozoa and bacterial pathogens and the prevention of water-borne diseases. This cannot be achieved though standard coagulation or filtration due to the small size of the micro-organisms. The destruction of disease-causing organisms can be achieved though oxidative chemicals such as chlorination (most common), iodine, bromine, ozone, potassium permanganate and ultraviolet radiation. (Qasim, Motley, & Zhu, 2000) At Felindre chlorination is used as the disinfection method
If the turbidity at this stage is above 1 nephelometric turbidity unit, then it is possible that the disinfection process will be masked, so it is crucial that the turbidity is lower than this. Chlorine is dosed (quantities depend on the water source, the organism and the required kill rate) and needs a 35-minute residence time (over the 30minute minimum the World Health Organisation requires) to ensure all bacteria is killed and sufficient disinfection occurs. The general kill rate is:

Where K is a constant dependent on the disinfectant describing the rate of reaction, and N is the possible number of organisms. By integrating, the relationship between the initial number of organisms and the number after a time ‘t’ is given by:

In practice, the same degree of disinfection is achieved with a low dose over a long residency or a high dose over a short residency. (Tebbutt, 1995)
 Originally the contact time was not deemed long enough at Felindre, so an extension was built in 2001 creating a second contact tank extending the residence period. Finally, a dose of lime is added as needed to pH balancing, after which the water is held in the two 75megalitre storage reservoirs and exported to the network as needed. 
Due to the existence of lead pipework in domestic properties during this final stage a dose of orthophosphoric acid is also administered to the water to create a lead phosphate internal coating in the hazardous pipework. This solution for plum solvency will most probably be eradicated by 2030 which is the target for when lead pipework will be eliminated from the domestic distribution network.
[bookmark: _Toc536418482]Waste Water and Water Recovery
The CoCoDAFF flushing waste water, the CoCoDAFF backwash and GAC backwash are conditioned on site by the addition of polyelectrolyte which thickens the sludge, allowing the supernatant water to be recovered and reintroduced at the head of the works at a maximum quantity of 10% of total flow. Considering that the CoCoDAFF surface sludge holds more contaminants than either of the two backwashes, the backwashes undergo a recovery process prior to mixing with the surface sludge, at which point full sludge thickening occurs using polyelectrolyte. Total solids from alum coagulation can vary from 8 to 210 kg/1000m3 of raw water treated, and the density of the remaining sludge depends on water content, with dry sludge having a specific gravity of 1.5-2.5 or density of 1200-1520 kg/m3. (Qasim, Motley, & Zhu, 2000)
Chemical conditioning using polyelectrolyte thickens the sludge as does retention in the dewatering lagoons, which eventually leads to sludge removal from site to be used on land. Considering that the waste is constituted of the substances removed from the water with the additional chemicals used to treat it, the resulting sludge would comprise of dirt, microorganisms, organic materials, polyelectrolyte, aluminium sulphate and some chlorine. The semi-liquid sludge is safe to be dispersed on land in specific landfills or possibly even as a fertiliser. 
[bookmark: _Toc536418483]Health and Safety, Sensors, Monitoring
Felindre takes health and safety of its product, staff and visitors very seriously, and for this reason is equipped with a variety of alarms, emergency shut down procedures, sensors and automated systems. They also provide the necessary PPE such as high-vis for visitors and safety glasses, gloves and boots for staff. 
Their monitoring system is marginally automated, with remote access available from Cardiff, and full control over valves, pumps, security systems and access to SCADA. Weekly manual jar tests are conducted and water samples sent to a lab in Newport to check for heavy metals (mercury, cadmium, lead, aluminium) and VOC. The critical parameter board indicates the quality of water Felindre needs to adhere to. Welsh water has tougher regulations on itself than the DWI enforces. Regular internal checks are conducted to ensure compliance with regulations and the operator knows the acceptable ranges of treated water allowed to be distributed with a weekly ‘manager-on-duty’ report providing updated information on the operating status. 
The water quality is initially measured at the inlet from the river and warnings from Natural Resources Wales (NRW) inform the water treatment work of irregular pollution. This can include spills from industry, farm leakage, chemical or physical pollution from livestock or broken pipes, or naturally occurring phenomena such as large amounts of algae growth. River inlet monitors include:
· Ammonia,
· Conductivity,
· Turbidity,
· Temperature,
· pH,
· Volatile organic compounds (VOC).
It is possible that dirty water will provide a false reading, so good practice involves manually verifying the results.
If these parameters are too extreme to be treated, then the water is not pumped from Nantgaredig to Lliw reservoir until the monitors detect acceptable intake parameters. The lower Lliw reservoir holds a volume of water sufficient to supply Felindre for approximately 10 days were intake from the river to be restricted. After this water would need to be imported by lorry, however the magnitude of Felindre’s water treatment plant makes each lorry comparable to a drop in an ocean.
Monitors of the treatment process on site will sound alarms if any treatment constituent is outside of the acceptable range. For example, the ideal chlorination dose is 1mg/L however chlorine doesn’t carry as well in the summer so seasonal concentrations can be below 0.34mg/L. When below this level an emergency shut down (ESD) is initiated for chlorine to be added. The facilities exist for chlorine to be dosed directly into the disinfection contact tanks, though ideally it would be added to the proper concentrations prior to entering. Sensors within the treatment works also measure and can sound the alarm for:
· Lack of pressure,
· Floc thickness,
· pH,
· Aluminium,
· Turbidity.
Air sensors detect whether there are issues with chemical storage, especially the chlorine, and if there is a noxious leak the air direction is taken into consideration and the Tannoy system informs staff of the safest evacuation locations upwind of the source.





[bookmark: _Toc536418484]Environmental Concerns: Hardness
It has come to the attention of Swansea city council that the quality of the water supplying Felindre has greatly deteriorated and that the hardness of the water now exceeds 200mg/L as CaCO3. Though the repercussions of harder water do not involve harmful effects on humans’ health, it does form scale on surfaces that it is in contact with such as pipes, water heaters, and utensils and can cause taps to leak due to the formation of calcium carbonate crystals. It also causes a reduction in soap lather creating the need to use large quantities of cleaning detergents as well as a toughening of vegetables and discoloration of fabrics. The classification criteria for water hardness are shown in the table below: (Qasim, Motley, & Zhu, 2000)
[bookmark: _Toc536198601]Table 1-Water Hardness Classification (Qasim, Motley & Zhu, 2000)
	Total Hardness mg/L as CaCO3
	Classification

	0-40
	Soft

	40-100
	Moderately hard

	100-300
	Hard

	300-500
	Very hard

	Over 500
	Extremely hard



Water hardness is separated into two types- carbonate and non-carbonate hardness. The difference between the two is dependent on whether the two typical ions causing hardness-- Calcium (Ca++) and Magnesium (Mg++)-- are associated with: (Tebbutt, 1995)
i. Alkalinity causing anions in water (carbonate (CO32-), bicarbonate(HCO3-) and hydroxide(OH-), causing carbonate hardness, or
ii. Other anions such as nitrate (NO3-), chloride (Cl-) and sulphate (SO42-) causing non-carbonate hardness. 
Other ions that are corelated with the prevalence of water hardness include aluminium, copper, barium, zinc, strontium, manganese, iron and lead, however, they tend to exist in trace quantities in natural waters and are thus not considered in this report. 
Two methods for removing hardness are examined: ion exchangers and chemical precipitation.
[bookmark: _Toc536418485]Ion Exchange
An ion exchange if installed at Felindre would operate continuously (not in batches) by passing water through granular-packed bed columns containing a synthetic resin that is responsible for the selective removal of undesired ions including Ca2+, Mg2+, Fe2+, Mn2+, NH4+, NO3-, F-. If a natural resin is desired, zeolite is suitable. A hydrogen or sodium cationic exchanger is most appropriate for removing cations with bicarbonate and hardness combined with either a weakly or strongly based anion exchanger to remove the negative ions in water such as Cl-, NO3-, SO42- and the acids remaining in the water from the cation exchange. The cation exchangers are regenerated using a sulphuric acid and a sodium chloride solution respectively, while the anion exchange requires soda ash and caustic soda respectively. 
Ion exchangers comprise of resins, the ion exchange beds, pumps, regeneration chemical storage, mixing and pumping, backwash and a rinse water system. Typically, the process comprises of four steps: treating water until saturation, backwashing the beds, regenerating the material and variable speed rinsing. Considering that these systems produce distilled water only a portion of the water needs to be treated, which will then be mixed with the main stream to provide a known quantity of hardness. There is no sludge produced in an ion exchange, however the regeneration process creates a high-density stream of the original contaminant.  (Tebbutt, 1995) (Qasim, Motley, & Zhu, 2000)
A precise study of the constituent hardness must be conducted to estimate the precise size and number of ion exchange units. However, a rough indication of the required surface area, volume of resin, and quantity of regeneration materials is calculated below.
[bookmark: _Toc536418486]Calculating the area and regeneration chemicals needed for ion exchangers
To generate a rough indication of if an ion-exchange is feasible at Felindre the following assumptions were made in accordance with the blueprint that Qasim, Motley and Zhu (2000) provide for calculating the volume of reactor bed and quantity of regeneration chemicals.
· Water hardness is 250mg/L (or g/m3) as CaCO3,
· The maximum volume of water needed to be treated is 2/3*240ML/day= 160,000m3, (mixing purified and main stream of water for a total hardness of 250/3= 85mg/L CaCO3),
· The regeneration cycle is once every 6 hours, 
· The ion exchange capacity of both the anion and cation synthetic resins is 70,000 g/m3 as CaCO3, (commercially available resins have a capacity between 50,00-80,000 g/m3)
· Average bed depth is between 1-2metres,
· A typical flow rate through beds is 0.2-0.4m3/m2min,
Initially, the required volume of the anion and cation resins is calculated.
Total mass of anions and cations exchanged per cycle:


This figure is doubled to account for anion as well as cation exchange units. Using a resin exchange capacity of 70,000 g/m3 as CaCO3, the total required volume of the beds for the entire system is:

Because of operation and design limitations, the required volume is typically ~1.5 times the theoretical estimation, bringing the total bed volume to ~430m3.  With a bed depth of 2metres, the total area needed for beds is: . 
Considering a hydrogen cation bed to be regenerated with 93% pure sulphuric acid (a lower strength solution would be used in practice), the quantity of sulphuric acid per cycle amounts to:

For a strongly basic anion exchange bed to be regenerated with 95% pure sodium hydroxide (a lower strength solution would be used in practice), the quantity of sodium hydroxide per cycle amounts to:

The volume of chemicals needed to sustain an ion exchange at Felindre are enormous. The mass of sulphuric acid and sodium hydroxide needed per cycle are a low estimate as in practice two to three times the theoretical amount is used. This correlates to a daily use of 126tonnes of sulphuric acid and 101 tonnes of sodium hydroxide. 
The water coming in to the ion exchange needs to be filtered because organic matter and suspended solids can block the resin columns, reducing their reactive capability. For this reason this treatment if implemented should be placed after the GAC and prior to disinfection. 
Clearly, this method of removing the hardness is prohibitively expensive on such a large scale and would preferably be used for a smaller treatment works such as at Capel Dewi or Crai water treatment works. For this reason, chemical precipitation is advised as described below.
[bookmark: _Toc536418487]Chemical Precipitation 
Water hardness removal is affected by temperature (why scale build up occurs on boilers), CO2 availability and pH. Chemical precipitation reverses the process whereby the hardness initially entered the water by changing the pH and converting soluble compounds to insoluble ones which can then be removed by flocculation and sedimentation. Lime (CaO), hydrated lime (Ca(OH)2) and soda ash (also referred to as lime soda) (Na2CO3) are the primary chemicals used for water softening. (Tebbutt, 1995)
Calcium carbonate (CaCO3) and magnesium hydroxide (Mg(OH)2) are relatively insoluble as displayed in the figure below by the respective KSP values of . The softening process aims to facilitate chemical reactions that supersaturate the solution so that CaCO3 and Mg(OH)2 can be removed as precipitates. 
The value of Ksp displayed in this figure is derived from (Qasim, Motley, & Zhu, 2000)[bookmark: _Toc536418495]Figure 5- Solubility-Products Constants of Ionic Compounds (Qasim, Motley, & Zhu, 2000)



Where  is the solubility product constant of compound ,
 is the molar concentration of the cation, 
 is the molar concentration of the anion. 
Considering that Felindre suffers from carbonate hardness, lime softening treatment is needed. Soda ash is used for all forms of calcium and magnesium hardness but is a more complicated process. Lime treatment raises the pH to 10.3 and the reactions it causes are shown in the following equations:



The quantity of reactant (lime) required for softening in me/L is calculated using:


Where the concentration of each constituent is in me/L, and the excess lime (1 me/L) is needed to maintain a high pH, which provides good disinfection as a by-product possibly eliminating the need for chlorination. 
This process will not eliminate the water hardness but will reduce it to acceptable levels for domestic use. At standard operating temperatures the residual hardness of CaCO3 is ~40mg/L and Mg(OH)2 is ~10mg/L (25mg/L expressed as CaCO3). Once the precipitate is removed (through conventional coagulation/flocculation, sedimentation or filtration), the recarbonation process is needed to lower the pH, ensure that deposition of scale does not occur in the distribution system (from residual hardness) by restabilising CaCO3 and remove the excess lime. This is achieved by introducing CO2, which converts CO32- to more stable HCO3- ions and creates soluble Ca(HCO3)2. This is demonstrated in the following equation:

Lime recovery can create a useful product to be sold for extra revenue by the water treatment work. This is done by calcining the CaCO3 sludge and slaking with water. This process also eliminates issues related to sludge disposal. (Qasim, Motley, & Zhu, 2000) (Tebbutt, 1995)

If incorporated at Felindre, this process should be conducted prior to the coagulation and CoCoDAFF plants. This will reduce scale build-up in the processing plants, and will ensure removal of the deposition of residual hardness in the “fizzy water” of the CoCoDAFF. Moreover, the high pH will assist removal of several heavy metals such as cadmium, selenium, radium, barium, chromium and mercury- if these are present in the water supply and need removing. This is further analysed in the next section considering toxic non-degradable substances. 





 

[bookmark: _Toc536418488]Environmental Concerns: Toxic Heavy Metals
The industrial activities around Swansea have contaminated the Towy river that supplies Felindre’s water with toxic heavy metals and other non-degradable substances that are hazardous to human health. Some metals are needed in trace amounts for biological metabolism (iron, zinc, copper, nickel, cobalt, chromium, manganese) however they are still toxic in large amounts. Other metals (lead, arsenic, mercury, cadmium) are unnecessary for biological metabolism and are toxic even in smaller amounts. This is of concern because of the nature of heavy metals to bioaccumulate. Heavy metals, once ingested, bioaccumulate meaning that even trace amounts can be hazardous for human health when ingested over time. 
 Heavy metals are chemical elements with a specific gravity at least five times that of water. These include mercury, lead, arsenic, cadmium, iron, copper, selenium and zinc. These micro-inorganic pollutants must be removed to ensure the treated water is safe to drink. Traditionally removal of heavy metals is difficult and expensive, especially because no single treatment is effective at removing all the possible toxic elements. 
The units already existing at Felindre that are effective in removing heavy metals, includes coagulation by aluminium sulphate, which marginally removes silver, lead and copper and can reduce the concentrations of selenium, vanadium and mercury by ~50%. The sand filter in the CoCoDAFF will reduce the concentrations of silver, mercury and copper to virtually zero. Coagulation and sand filtration are not effective at removing Chromium, Cobalt, Manganese or Cadmium. If chlorine is introduced prior to coagulation Zinc and Nickel can be effectively removed and a GAC unit also reduces Zinc and Nickel concentrations significantly. High pH conditions, such as in water softening (examined above) removes most heavy metals, and the adsorptive properties of activated carbon will reduce the concentration of toxic ions, while eliminating silver and mercury. (Qasim, Motley, & Zhu, 2000)
Manganese and iron are already effectively removed by chlorine-assisted oxidation and adsorption once passed through the granular activated carbon contactors. 
The metals that remain and need to be removed are (the other 50% of) selenium and vanadium, chromium, cobalt and cadmium. Lime softening is the cheapest and ideal method of removing these metals, as the high pH that arises from lime added to water (as in hardness removal examined in the previous section) causes 
Below various methods of treating water containing non-degradable substances are considered. To show the complexity of choosing a water treatment process for heavy metal removal, a table was devised gathering information from two different sources: the Advanced Purification Engineering Corporation (APEC) and the Water Quality Association (WQA). This table can be seen on the next page. (Contributing members of WQA, 2019) (Contributors of APEC, 2019)





 

[bookmark: _Toc536198602]Table 2-Methods for removing heavy metals (Contributing members of WQA, 2019) (Contributors of APEC, 2019)
	
	Ion Exchange
	Reverse Osmosis
	Distillation
	GAC adsorption
	Activated Alumina Adsorption
	Lime Softening
	Coagulation & Filtration
	Other

	Aluminium
	Y
	Y
	Y
	
	
	
	
	

	Arsenic
	Y
	Y
	Y
	
	Y
	
	
	 [iron & titanium) oxidation & hydroxidation

	Cadmium
	YY
	YY
	Y
	
	
	YY
	YY
	

	Barium
	YY
	YY
	Y
	
	
	Y
	
	Electrodialysis

	Chromium
	Y
	Y
	
	
	
	Y
	Y
	

	Chloramine
	
	
	
	Y
	
	
	
	

	Cyanide
	Y
	Y
	
	
	
	
	
	Chlorine

	Copper
	Y
	Y
	Y
	
	
	
	
	Corrosion Control

	Lead
	Y
	Y
	Y
	
	
	
	
	Solid block & precoat adsorption filters

	Mercury
	
	YY
	Y
	YY
	
	Y
	Y
	Solid block & precoat filters

	Selenium
	Y*
	YY
	Y
	
	YY**
	Y
	Y
	

	Thallium
	YY
	Y
	
	
	Y
	
	
	Electrodialysis

	Silver
	Y
	Y
	Y
	
	
	
	
	

	Uranium
	Y
	Y
	Y
	
	
	
	
	

	Radium
	Y
	Y
	Y
	
	
	Y
	
	

	Nitrites/Nitrate
	YY
	YY
	Y
	
	
	
	
	Electrodialysis X2


Ion Exchange includes all type (Strong Base Anion, Cation, “Selective” Anion)
Legend:
Y= Source is from WQA
Y=Source is from APEC
YY=Both sources suggest this method
*60-95% reduction
**(85-95% reduction)

The ion exchange type needed for heavy metal removal depends on the heavy metal in question, and can include anion, cation or strongly basic resins. As discussed in the previous section this process is very expensive when implemented on a large scale, as are reverse osmosis, electrodialysis and distillation. 
The reverse osmosis technique involves pumping waters at very high pressures (10,000 kN/m2) that overcome the osmotic pressure, causing the water to flow contrary to its natural flow. Reverse osmosis has a very high material rejection capacity (0.001-0.0001 micrometres) and for this reason the water must be treated prior to this process.
Electrodialysis is a membrane process that uses an electric potential to assist the transfer of ions through multiple ion-selective membranes of alternating anion/cation permeability. Polarity is reversed to stop scale from forming on the membrane surface. Water must be treated prior to this process.
Distillation is the process of evaporation and subsequent condensation of demineralised water vapor, traditionally used for desalination.  (Qasim, Motley, & Zhu, 2000)

Prior to any units being integrated with the FWT plant an assessment of the specific toxins present in the water must be conducted. It is possible that the processes already in place at Felindre are adequate to remove the heavy metals in the source water. It is also possible that no new units are needed but merely extra chemical treatment, so the existing CoCoDAFF and GAC can remove the destabilised substances. 
In the Crai treatment plant in South Wales, Manganese removal was an issue, so a 17million GBP investment was made in a new CoCoDAFF unit to clarify and filter the water, which was then brought to a lamella plate settlement process that provides 10m2 of settlement area in every 1m2 of ground surface. This separates the solids to be thickened in the sludge for agricultural use, with the supernatant water returned to the head of the plant. New chlorine and lime dosing points were also incorporated. (Lewis, 2011)





[bookmark: _Toc536418489]Discussion & Conclusion 
This report was written to present the current operating efficiency, performance, and modified functioning of the Felindre water treatment plant. This is the largest plant in South Wales, providing water to the Gower region at a peak rate of 240,000m3/day. Felindre treatment plant derives its source water from the Llyn Brianne reservoir, extracting from the river Towy and holding a ten day buffer in the lower Lliw reservoir. 
The treatment processes include:
i. screening prior to arrival on site, 
ii. coagulation using aluminium sulphate, 
iii. flocculation, clarification and filtration in the counter current dissolved air flotation and filtration units,
iv. manganese oxidation with chlorine for removal in the
v. granular activated carbon adsorbers (removes organics, smell & taste compounds)
vi. disinfection using chlorine with a contact time of 35 minutes. 
The operations at Felindre run smoothly with health & safety a primary concern for employees, visitors and customers. Emergency shut downs occur if monitors discern that water treatment is not at par with the critical parameter board, and remote access is available to apply the required changes. A Tannoy system informs those present on site of any evacuation procedures depending on wind direction and the leaked contaminant.
Were there to be an increase in carbonate hardness an ion exchange was deemed too expensive for the magnitude of water treated at Felindre, despite the quality of the resultant water being high. If this method were to be used however, the incoming water would need to be filtered, thus its ideal placement is after the GAC so that the organic materials and solids do not blind the resin. It is suggested that hardness is treated using lime to cause chemical precipitation. If the hardness was non-carbonate then soda ash would also be used to reduce the hardness levels below 100mg/L as CaCO3 equivalent. This treatment should be incorporated prior to the coagulation and CoCoDAFF units so that scale does not build up on the treatment equipment, and to provide sedimentation for larger particles.
For toxic non-degradable substances including heavy metals the treatment methods are not as easily defined as with water hardness, as different metals require different processes. Moreover with minimal adjustments to Felindre’s current operating procedure silver, lead, copper, mercury, zinc, nickel and manganese will be completely eliminated in the coagulation, CoCoDAFF, oxidation and adsorption (GAC) units. Selenium and vanadium can be decreased by 50% in the aluminium sulphate coagulation process. 
Chromium, cobalt and cadmium are three metals that will not be removed from Felindre’s treatment process as things stand. Ideally these will be removed using lime softening, identical to the water softening treatment, which in fact will also remove the remaining 50% of Selenium that coagulation does not remove.  
Other methods for removing heavy metals and toxic non-degradable substances include distillation, reverse osmosis and ion exchanges, all of which are prohibitively expensive in a plant of Felindre’s size. 
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