
  

 

Abstract—Vast amounts of water are used to operate power 

stations, such as Grootvlei Power Station. It is essential for the 

industry to reduce the amount of surface water used due to the scarcity 

of water in South Africa. The raw water feed to the Grootvlei Power 

Station is obtained from the Lower Vaal. Surface water commonly 

have turbidity levels of 20 – 200 NTU owing to suspended solids in the 

water comprising of biological material and undissolved minerals. 

This study investigates a variety of monomeric and polymeric 

coagulants and flocculants that can be used to treat the raw water feed 

to the Grootvlei Power Station. The mechanism of coagulation and 

flocculation is applicable during the treatment of raw water. The 

treatment of the raw water is optimized with regard to coagulant and 

flocculent type, dosage of coagulant and flocculent and mixing 

conditions. The optimum coagulant is determined as poly-aluminium 

chloride at 30 mg/L and the flocculent as polyamine at 0.8 mg/L. The 

optimum jar test conditions were determined as 60 s rapid mixing after 

the coagulant was added, followed by the addition of the flocculent 

and a further period of 30 s rapid mixing. The sample was then slowly 

mixed for 20 min after which it was allowed to settle. 
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I. INTRODUCTION 

Coal and water are used at primary energy sources in power 

plants [1]. The vast amounts of water used to operate power 

plants is especially concerning with water scarcity in South 

Africa increasing daily [2 - 15]. Eskom aims to achieve a 

zero-liquid effluent discharge by supplementing the raw water 

feed to the plant with treated process water. This requires that 

the raw water be treated to an acceptable standard. 

Three major concerns exist when untreated raw water is sent to 

the plant: corrosion, scaling and biological fouling resulting in 
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deterioration of equipment, deposits on equipment and 

accumulation of microorganisms in the reverse-osmosis 

membranes and ion-exchange resins [16, 17]. The treatment of 

raw water at Grootvlei Power Station is focused on removing 

the scale forming agents from the water in an attempt to reduce 

the damage caused to the RO-membrane in the downstream 

processes [16].   Coagulation-flocculation has been the 

conventional method for over a century to remove suspended 

solids from raw water, improving the turbidity and colour of 

water [17]. The mechanism involves the destabilization of 

suspended solids, by reducing the forces that keep them apart, to 

form aggregates [17]. Aluminium sulphate and ferric chlorides 

are commonly used inorganic coagulants in the treatment of 

wastewater and drinking water. Aluminium is especially 

desirable due to its low cost and ease of application [18]. 

Flocculation occur when a polymeric chain is added to the 

destabilized suspended solids. The suspended solids collide to 

form larger aggregates, referred to as flocs, which can be 

separated from the water [3, 19 - 25].  Flocculation will follow 

coagulation, as the suspended solids form particles large enough 

to promote adequate settling of the suspended solids [17, 26]. 

The flocculation mechanism must be effective to the extent that 

the flocs formed settle out at a satisfactory settling velocity after 

which the settled particles can be separated from the water in a 

clarifier. Coagulant aids, such as polyamines, can be added to 

the primary coagulant to achieve denser, more stable flocs 

which will settle faster [27]. 

II. COAGULANTS AND FLOCCULANTS 

A. Monomeric Coagulants 

    Most commonly used monomeric, inorganic coagulants are 

multivalent cations such as aluminium and iron based salts [27]. 

When added to water aluminium and iron salts hydrolyse and 

form soluble monomers and polymers. The hydrolysed salts 

bind strongly with the negatively charged suspended solids and 

promote settling [17, 27]. 
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B. Polymeric Coagulants 

     Due to the limitations of traditional flocculants and the 

increase in variation of physicochemical properties of water 

(wastewater, mine drainage, surface water etc.) alternatives to 

traditional flocculants are now considered. Recent years have 

seen variations of polymeric aluminium and iron based 

coagulants gain popularity. Poly-aluminium chloride is 

advantageous over monomeric flocculants as it i) is more 

thoroughly dispersed, ii) doesn’t have an impact on the clarifier, 

iii) forms no insoluble residues and iv) achieves better turbidity 

removal than alum. However, it is less effective in improving 

the water colour than traditional flocculants [27, 28].  

C. Coagulant Aids 

     The coagulation mechanism on its own is not always 

adequate to promote a satisfactory settling velocity of 

aggregates. Coagulant aids provide increased floc sizes to 

promote faster settling [29]. Commonly used coagulant aids 

include a range of polyamines, chitosan and bentonite clay. The 

driving force behind the production of the polyamine based 

flocculent stemmed from the need of a flocculent not affecting 

the downstream reverse-osmosis membrane and ion-exchange 

resins as severely [16]. The use of inorganic coagulants 

promotes concerns with secondary pollution, hence recent years 

have seen several investigations into the use of organic 

flocculants. Organic flocculants are advantageous over 

metal-based flocculants, as they have no degradable effect on 

the environment [16]. The macromolecular structures of organic 

polymers consist of several functional groups [30]. When added 

to water, these functional groups combine with impurities to 

form flocs [17, 30]. Chitosan effectively neutralize and 

destabilize suspended solids in water, adsorb impurities and 

precipitate out of the water as it has a high cationic charge. The 

presence of amino groups in chitosan gives the polymer the 

ability to be protonated in acidic conditions and therefor 

allowing for interaction with negatively charged impurities [16, 

17]. However, the presence of amino groups in organic 

polymers make the coagulant especially pH sensitive and at pH 

above 6.0 most organic polymers lose their charge when 

dissolved in water [16]. 

III. WATER CHARACTERIZATION 

     The raw water was characterized according to pH, 

temperature and turbidity. The water samples were collected on 

four occasions to which slight variations in the turbidity 

occurred. However, the pH and temperature variations is due to 

seasonal changes. TABLE 1 show the initial water 

characteristics as measured upon the day of sampling. 

 

TABLE 1: INITIAL WATER CHARACTERIZATION 

 Sample 1 Sample 2 Sample 3 Sample 4 

pH 7.55 7.98 8.01 7.65 

Temperature (°C) 16.8 13.9 16.4 15.5 

Turbidity (NTU) 21.07 30.69 15.58 22.46 

IV. METHODOLOGY 

     The samples were collected from the raw water feed line at 

the Grootvlei Power Station. The samples were transported in 

25 L containers. The samples were covered with black plastic 

bags and stored in a fridge to prevent microorganism growth. 

     A LoviBond SensoDirect 150 water quality meter was used 

to measure the pH and temperature of the water [31 - 36]. The 

turbidity of the water was measured with a Hach 2100Q 

turbidimeter. 

      The jar tests were conducted using a 6 beaker jar test 

apparatus with stirring paddles. The jar test apparatus has a 

speed range of 50 – 300 rpm. 1 L beakers were used that were 

filled with 500 mL of raw water sample. The jar tests were 

conducted to optimize the coagulant type and dosage, the 

flocculent type and dosage as well as the time between addition 

of the coagulant and flocculent. 

A. Coagulation Optimization 

    A single jar test run consisted of 6 water samples treated with 

the same coagulant at different dosages. The coagulants tested 

include: poly-aluminium chloride (PAC), aluminium 

chlorohydrate (ACH), sodium aluminate and alum. The samples 

were treated with coagulant, followed by 60 s rapid mixing at 

150 rpm, 20 min slow mixing at 50 rpm and allowed to settle for 

30 min where no further disturbances were allowed. 

B. Flocculent Optimization 

     The water samples were treated with the optimum coagulant 

dosage and varying coagulant aid dosages. The coagulant aids 

that were tested in conjunction with the optimum coagulant 

include: RHEOFLOC 5414, ARFLOC 100 and chitosan. The 

samples were treated with coagulant, followed by 60 s rapid 

mixing at 150 rpm, after which the coagulant aid was added. 

The samples were rapidly mixed at 150 rpm for a further 30 s 

followed by slow mixing for 20 min at 50 rpm and allowed to 

settle for 30 min where no further disturbances were allowed. 

C. Time Between Addition Optimization 

     The water samples were treated with the optimum dosage of 

coagulant and coagulant aid. The time between addition of the 

coagulant and coagulant was varied from 0 – 90 s followed by a 

further 30 s of rapid mixing at 150 rpm and slow mixing at 50 

rpm for 20 min. The samples were allowed to settle undisturbed 

for 30 min. 
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V. RESULTS AND DISCUSSION 

A. Coagulant Screening 

    PAC, ACH, aluminum sulphate and sodium aluminate were 

tested to see which coagulant delivers the optimum suspended 

solids removal. The initial average turbidity of the raw water 

prior to coagulant screening was 21.07. Fig 1 show the turbidity 

as noted after completion of the jar test where each sample was 

treated with a varying dosage of coagulant. Alum was tested 

across a dosage range of 2 – 25 mg/L. Sodium aluminate and 

PAC was tested from 5 – 30 mg/L. ACH was tested from 5 – 40 

mg/L. 

 
Fig 1: Coagulant screening 

    Sodium aluminate show a slight increase in the turbidity of 

the water. This is an indication of ineffective coagulation and 

more suspended solids is released with the addition of sodium 

aluminate. Alum show an insignificant turbidity removal. At a 

dosage of 30 mg/L PAC performed better than ACH with the 

turbidity reaching 1.31 NTU. PAC at 30 mg/L was selected as 

the optimum coagulant. 

B. Flocculent Screening 

     The optimum coagulant, PAC was combined with three 

flocculants: ARFLOC 100, RHEOFLOC 5414 and chitosan. 

The flocculants were dosed in the range of 0.2 – 1.2 mg/L. Fig 2 

show the turbidity removal for each combination of PAC with 

ARFLOC 100, RHEOFOC 5414 and chitosan. 

 
Fig 2: Flocculent screening 

      Chitosan removed the least turbidity and initially increase 

the turbidity at 0.4 mg/L. ARFLOC 100 and RHEOFLOC 5414 

performed very similar with RHEOFLOC 5414 delivering 

slightly better performance at 0.4 – 1 mg/L dosages. Since the 

plant is only capable of handling flocculants up to dosages of 

0.8 mg/L the optimum flocculent dosage was determined as 0.8 

mg/L/ With PAC dosed at 30 mg/L and RHEOFLOC dosed at 

0.8 mg/L a final turbidity of 2.13 NTU is achieved. 

C. Time Between Addition of Coagulant and Flocculent 

     The time between the addition of PAC and RHEOFLOC 

5414 was varied in the range 0 – 90 s. At 0 s PAC and 

RHEOFLOC 5414 was added simultaneously where after 

RHEOFLOC 5414 was added in 15 s increments.  

 
Fig 3: Time between addition of coagulant and flocculent 

     When PAC and RHEOFLOC 5414 is added simultaneously 

during rapid mixing a turbidity of 7.24 NTU is obtained. This is 

a result of the bonds between the suspended solids not 

completely broken before flocculation can occur. For a period 

of 60 s between the addition of PAC and RHEOFLOC 5414 the 

lowest turbidity is achieved, 2.46 NTU. 

VI. CONCLUSION AND RECOMMENDATIONS 

The following can be concluded about the characteristics of the 

raw water: 

 The raw water has an average turbidity of 20 NTU, but vary 

over time 

 The pH of the raw water is in the range of 7.8 – 8.2 

throughout the study 

      The optimum coagulant to use for the treatment of the raw 

water was determined as PAC at 30 mg/L. The best performing 

flocculent in combination with the PAC was determined as 

RHEOFLOC 5414 at 0.8 mg/L. This is the same flocculent and 

dosage that is currently implemented at Grootvlei Power 

Station. The jar test conditions achieved optimal turbidity 

removal when the flocculent was added during rapid mixing, 60 

s after the addition of PAC. At the optimum conditions, it is 

possible to achieve a turbidity removal of 2 NTU. 

     The following point are recommended to be revised for a 

similar study: 
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 The slowest mixing speed of the jar test was 50 rpm. It is 

recommended that a speed of 20 – 30 rpm is investigated 

which could lead to better floc formation. 

 There is a small-time delay when adding the 

coagulant/flocculent to the different samples. A system that 

injects the coagulant/flocculent at exactly the same time 

would ensure that all the samples are treated for exactly the 

same time period. 
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