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ABSTRACT 

Excess fluoride in drinking water causes dental and skeletal fluorosis, which is 

encountered in endemic proportions in several parts of the world. In India the most 

common cause of fluorosis is fluoride laden water derived from bore wells dug deep into 

earth. The severity of fluoride toxicity mainly depends on: the concentration of fluoride in 

drinking water, daily intake of fluoride, continuity and duration of exposure to fluoride 

the calcium and Vitamin D nutrition status. The World Health Organization guideline 

recommendation for maximum limit of fluoride in drinking water is 1.5mg/l. Fluorosis is 

endemic in 20 out of 35 states and union territories of India Republic. Based on the nature 

of the mechanisms involved, defluoridation techniques can be generally grouped into 

coagulation, adsorption and/or ion exchange, electrochemical, and membrane processes. 

The coagulation technique involves precipitation of fluoride by using suitable reagents 

like lime, calcium salts, poly aluminum chloride (PACl), and aluminium sulphate (alum). 

During this process, slight variations in pH, high raw water fluoride concentrations 

requiring high alum dosages can significantly affect the coagulation process, causing the 

formation of stable colloidal aluminium-fluoro micro-flocs that increase turbidity and 

cause high aluminium residuals. Other common defluoridation processes employed in 

field defluoridation plants include adsorption based processes like activated alumina and 

Bio-F techniques; electrocoagulation using aluminum electrodes; and membrane 

processes that have their advantages and limitations compared to the coagulation based 

processes. 

In the present work, performance of alum & PACl coagulants in batch and continuous 

modes of operation for bringing the residual fluoride and aluminium in treated water 

within acceptable limit has been investigated. Initial fluoride concentrations were varied 

from 2- 20 mg/L and different residual parameters including fluoride, Al, TDS, turbidity, 

sulphate and chloride were analyzed in treated water. PACl proved to be more efficient in 

achieving fluoride concentration in treated water within the acceptable limit (<1.5 mg/L) 

and contributed to lesser Al-F suspensions in treated water. Residual Al was found to be 

above than the acceptable limit of 0.2 mg/L for both alum and PACl treated water but it 

was much lesser in PACl as compared to alum treated water. After subsequent 

microfiltration, residual Al was found to be within the acceptable limits besides offering 
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other advantages like lime requirement for pH correction, lesser addition to TDS etc. 

Investigation on the mechanism of Al and F reactions resulting in defluoridation using 

alum and PACl were carried out to explain their removal efficiencies and transformation 

and distribution of various alumino-fluoro species was consequently assessed for 

validating the NALD 2 model available in the literature for NAGONDA process. This 

was done by characterization of the treated water and sludge through ESI-MS analysis. 

Aluminum species in the form AlF5
2-

,AlF2
+ 

, AlF4
-
, Al2(OH)2

2+
, Al(OH)2

+
,  Al(OH)2F2

-
, 

AlOHF
+ 

etc as Al-F were analyzed for a higher level of validation of NALD 2 model 

compared to the total Al and F analysis based validation carried out earlier. 

Similar experiments were then carried out in continuous mode because it can cater higher 

volumetric capacity to treat water Experiments were performed with wide range doses of 

alum & PACl (2- 20 mg/L) and residual parameters were tested in treated water. In the 

continuous mode, there was increase in the treated water turbidity observed as the settling 

ability suffered. To remove residual Al in treated water, a sequential application of 

microfiltration/ ultrafiltration/ sand filtration was tried, which indicated that ultrafiltration 

yielded the best results for bringing down the residual Al in treated water within 

acceptable limits. It can be observed that integration of continuous defluoridation process 

with ultrafiltration unit is a feasible option for bringing the fluoride and aluminium within 

acceptable limits in drinking water. 

During coagulation defluoridation process, a significant amount of sludge was generated. 

The sludge was utilized in solidification/stabilization process by partial replacement of 

fine aggregates in mortar making and the mortar cubes were tested for compressive 

strength tests satisfactory values up to 3 % sludge replacement for both alum and PACl 

sludges and passed through the TCLP test also for the leaching of heavy metals 

suggesting an environment friendly reuse of alum and PACl sludges. 

Actual groundwater samples from Nagaur district and Shivdaspura (Jaipur) of Rajasthan 

with fluoride concentration of 4 mg/L & 4.5 mg/L were treated in batch and continuous 

mode of operations using alum and PACl coagulants, which confirmed the application of 

laboratory results for field defluoridation. 
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Fluoride is a usual element of natural water resources; however its amount differs 

considerably according to the water resource. Even though existence of  F
-
 is majorly 

contributed by the environmental sources.  These sources include watercourses 

containing F
-
 and tributaries that collect F

-
 containing wastewater from the industries. 

Many F
-
 containing elements include rocks.  High fluoride concentration in 

groundwater is found when these minerals break down.  

During the last few years, groundwater is usually known as a harmless and potable 

source of drinking water. This is because the primary concern was on the pathogenic 

quality of water. Very less concern was shown towards pollution caused by chemicals, 

specifically to the existence of amount of F
-
 in water. Intake of water containing high 

levels of F
-
 for a long duration may cause illness which is well-known as fluorosis. 

Occurrence of higher concentration of F
-
 in groundwater is encountered in many of 

the countries in the world which has caused endemic fluorosis.  

1.1 Origin of the problem 

Fluorosis is the chief health concern in several nations round the globe comprising 

India which falls under the topographical F
-
 region. When fluoride concentration 

exceeds  a certain limit, it has found to be lethal. Excessive intake of fluoride for a 

longer duration leads to venomous impacts upon various organs of human body as 

shown in Figure 1.1 (Shekhar and Sarkar, 2013). High amount of F
-
 (more than 1.5 

mg/L) leads to teeth mottling and yet large amount causes health  threats comprising 

skeletal and neaurological issues (Sachan et al., 2014). Dental fluorosis is categorised 

by yellowing, pitting and mottling of the dental enamel. Although, much greater 

amount (~ 4 mg/L & above) and intake for longer duration causes crippling skeletal 

fluorosis and osteoporosis (Yakub et al., 2013).  

In India, about 80% people are living in rural and the main source of water is 

groundwater (Soni and Bhatia, 2015). Endemic fluorosis resulting from high fluoride 

concentration in groundwater is a public health problem in India and it is one of the 

worst fluorosis affected countries, with large number of people suffering from 

different manifestations of fluorosis (Majumdar, 2015). In India 62 million people 

including 6 million children are estimated to have serious health problems due to 

consumption of fluoride contaminated water. Mainly this problem is observed in 

villages of India especially in Karnataka, Jharkhand and Rajasthan regions, where the 

sources for water are mainly wells and boreholes, and the people are not aware of this 
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endemic fluorosis problem (Maheshwari et al., 2012). As per WHO (World Health 

Organisation) report, 20 % of the fluoride-affected villages in the whole world are in 

India (Gorchev and Ozolins, 2017). Spatial distribution of fluoride in India is shown 

in Figure 1.2. Out of 33,211 fluoride-affected villages in the country Rajasthan has 

16,560 villages, accounting for more than 51 % of the total. Spatial distribution of 

fluoride in Rajasthan is shown in Figure 1.3. From these data, we can draw an 

inference that nearly 10 % of fluoride-affected habitation in the world is in the 

Rajasthan alone (Gudesaria et al., 2018). Drinking water with excessive concentration 

of fluoride causes fluorosis which progresses gradually and becomes a crippling 

malady in the long run. It has been reported that F
-
 amount in groundwater which is 

considered as the chief source of drinking water in Rajasthan, was more than the 

permissible limit set by World Health Organisation and this has caused functional 

ailments including dental and skeletal fluorosis among the people of village (Hussain 

et al., 2012; Sharma et al., 2012). The State Government of Rajasthan has 

implemented a scheme for F extenuation known as Rajasthan Integrated Fluoride 

Mitigation Program (RIFMP) under Public Health Engineering Department (PHED) 

for all cities of Rajasthan. UNICEF, PHED & several national organisations have 

initiated the RIFMP for battling the fluoride problem in India (Savita et al., 2008). The 

categorisation of the RIFMP is performed on the basis of quantity of F. RIFMP has 

established several defluoridation plants based on activated alumina (AA) and Bio-F 

(BF) adsorbents. Phase-I of this programme aims to cover all villages/habitations 

where sources of drinking water are having fluoride concentration >5ppm. All 

villages/habitations having drinking water source > 1.5ppm fluoride are being covered 

in II
nd

 (3 to 5 ppm) and III
rd

Phases (1.5 to 3 ppm) of the programme. Presently, 

Nalgonda technique has been banned in RIFMP due to the reports of high 

residual aluminum in the treated water. The gaps in existing technology demands 

its improvement or alternative technology, which can provide drinking water, with 

both, aluminum and fluoride concentrations, within prescribed limits. 
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Figure 1.1 Images showing (a) Dental fluorosis and (b) Skeletal Fluorosis (Rao et al., 

2009; wikimedia.org, n.d.) 

 

 

Figure 1.2 Spatial distribution of fluoride in India (Mukherjee and Kumar, 2018) 
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Figure 1.3 Spatial distribution of fluoride in Rajasthan, India (Munoth et al., 2015) 

 

1.2 Fluoride Removal Techniques 

Various fluorosis mitigation programmes have been carried out worldwide through 

technological interventions involving a host of defluoridation technologies. In India, 

Government of India has set up National Drinking Water Mission to provide safe 

drinking water to its people and to combat fluorosis problem under which many sub 

programmes have been initiated (Vaish and Vaish, 2000). Various defluoridation 

techniques in India have been developed for maintaining the concentration of fluoride 

in water up to the permissible limit like coagulation Technique, reverse osmosis, 

adsorption using activated alumina, Bio-F process, etc. They all have their 

applications and limitations for the treatment of water on a community scale.  

1.2.1 Coagulation technique 

One of the most popular precipitation processes is the coagulation technique, which is 

a means of fluoride removal that depends on the flocculation involving chemisorption, 

sedimentation and filtration of fluoride with the addition of aluminium sulphate or 
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aluminium chloride and lime. Coagulation Technique is preferred at all levels because 

of its low price and ease of handling (Dahi et al., 1995; Jagtap et al., 2012). 

Aluminium salt may be added as aluminium sulphate or aluminium chloride or a 

combination of these two, which is decided based on their original concentration in 

the water (Dubey et al., 2018a; George, 2009). The dose of aluminium salt increases 

with increase in the fluoride and alkalinity levels of raw water. Aluminium sulphate 

(Al2(SO4)3.18H2O) is added to the water to act as a flocculent (Ingle et al., 2014). 

Though aluminium sulphate is usually applied in conventional water treatment as a 

coagulant, the doses used in defluoridation are considerably high (150 mg/mgF or 

1000 mg/L or almost 20 times the normal dose used for coagulation). Since this is 

typical with coagulation process that the water must be carefully mixed to confirm 

distribution of the flocculant. Since, the reaction results in an additional amount of H
+
 

ions, lime (Ca(OH)2) is introduced to the solution water through the process to sustain 

a neutral pH and accelerate the sedimentation process (Bulusu et al., 1994). Lime 

facilitates forming dense floc for rapid setting.  The major drawback with this process 

is that, it can give rise to a large number of dissolved complexes such as aluminium 

fluoride and aluminium hydroxyl fluoride complexes in treated water due to the 

presence of aqua-complex aluminium ions formed during alum hydrolysis reactions 

and they have high charge to radius ratio (Waghmare and Arfin, 2015). 

Concentrations of as aluminium fluoride and aluminium hydroxyl fluoride complexes 

depend on the nature of the aluminium hydroxide precipitates/ alumina surfaces, pH, 

fluoride content and temperature. The overall residual aluminium in the treated water 

would be due to both dissolved and colloidal aluminium present in it (George, 2009). 

The WHO standards and BIS 10500 (2017) permit only 0.2 mg/L as a safe limit of 

aluminum in drinking water, which is generally much lower than actual concentration 

of aluminum, treated by above method (BIS, 2012; Gorchev and Ozolins, 2017; 

Selvapathy and Arjunan, 1995). Production of excessive amounts of sludge is among 

some of other limitations of coagulation technique (Jagtap et al., 2012; Pokhara, 

2015). Alum sludge remains an inescapable byproduct of the water treatment process. 

A huge volume of alum sludge is produced every year, which raises considerable 

concern over its disposal and the associated costs for disposal and handling 

(Elangovan and Subramanian, 2011). The majority of plants discharge the sludge with 

huge volumes of water directly into nearby water bodies. The limited availability of 
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land and the possible environmental liabilities that may arise from land disposal pose 

a difficult challenge for water purifying agencies (Desai, 2016; Owaid et al., 2013). 

1.2.2 Adsorption by activated alumina 

Apart from the coagulation technique, various adsorbents have been tried to categorise 

an competent and economic material for fluoride removal (Loganathan et al., 2013). 

Activated alumina (AA) has been extensively exmamined over a past few years for 

defluoridation of drinking water. Adsorption of fluoride onto AA depends on various 

factors such as raw water characteristics as well as AA grade, particle size, flow rate 

and adsorbent depth. If the bed depth is decreased, even though the other conditions 

are maintained constant, concentration of the solute in treated water will rise sharply 

from the time the effluent is first discharged from the adsorbent (Kamble et al., 2010). 

The major drawback of the process is that alumina leaches Al and its F complexes at 

pH less than 6 and therefore causes major health hazards (George et al., 2010). Recent 

studies to enhance the adsorption capacity of activated alumina using Mn/Mn-O, 

magnesium, and iron hydroxide/AA mixtures appear to have been successful (Alemu 

et al., 2014; Biswas et al., 2007; Maliyekkal et al., 2008; Teng et al., 2009; Tripathy 

and Raichur, 2008). Regenerating adsorbent bed is a vital procedure that intensely 

affects the economical capability of adsorption procedure (Mumtaz et al., 2015). The 

activated alumina and Bio-F techniques based adsorption for fluoride removal also 

have their field problems related to requirement of frequent recharging (Gautam, 

2015). Also, the flow rate is governed by the minimum contact period required that 

results in low volumetric capacity of treatment thus limiting their application for 

larger communities (Gill et al., 2014). 

1.2.3 Electrocoagulation 

Electrocoagulation (EC) has been demonstrated as an effective process for 

defluoridation by researchers (Emamjomeh and Sivakumar, 2009; Hu et al., 2003). 

Production of less waste sludge by the EC process might replace the conventional 

chemical coagulation (Emamjomeh et al., 2011). Recent work on electrochemical 

process for defluoridation has indicated a good efficiency for the removal of F and Al 

simultaneously using Al electrodes under 230 V DC regulated power supply (Sinha et 

al., 2015, 2012). Results obtained from their experiments revealed that more the 

detention time, more is the fluoride removal. Also charge loading and effluent fluoride 

concentration do not hold a linear relationship. Charge loading was found to be a 
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critical parameter in defluoridation experiments, as increase in charge loading initially 

decreases the fluoride concentration in the effluent but after a critical point the 

decrease in fluoride concentration is insignificant. Turbidity in the treated water in a 

continuous flow system was observed as another major concern. 

1.2.4 Reverse Osmosis 

In reverse osmosis, the hydraulic pressure is exerted on one side of the semi 

permeable membrane which forces the water across the membrane leaving the salts 

behind (Wimalawansa, 2013). The removal of fluoride in the reverse osmosis process 

has been reported to vary from 45-90% as the pH of the water is raised from 5.5-7 

(Jagtap et al., 2012). The membranes are very sensitive to pH and temperature (Anand 

Babu et al., 2011). The economics of the approach also deserves evaluation under 

specific circumstances (Singh et al., 2016). The units are also subject to chemical 

attacks, plugging, fouling by particulate matter and leave a large quantity of 

concentrate to be safely disposed. The waste volumes are even larger than those 

produced by the ion exchange process (Dubey et al., 2018b). Sometimes, the pre-

treatment requirements are extensive. Another major disadvantage of reverse osmosis 

process is that it removes all the ions present in water including some essential 

minerals and therefore, remineralisation may be required after treatment. The process 

is expensive in comparison to other options. The water becomes acidic and needs pH 

correction and lots of water gets wasted as brine (Kumar and Gopal, 2000). The 

essential requirement of electricity and the exorbitant cost of the RO process make it 

unsuitable for community supplies in developing countries like Africa and India, and 

it cannot compete economically with general field processes used for defluoridation 

(Ndiaye et al., 2005; Waghmare and Arfin, 2015). 

1.3 Rationale of the study 

The coagulation technique has been claimed as a simple and highly effective 

technique for fluoride removal. Unlike AA process, the coagulation technique has a 

relatively higher capacity to treat water in its present batch operation mode and also 

does not face any regeneration problem. Discarding the sludge is often thought of as a 

serious environmental health problem (Mouelhi et al., 2015). Researchers have 

observed that the application of the solidification/stabilization technique for handling 

AA sludge was not very encouraging as there was a significant reduction in 

compressive strength and acid resistivity of the bricks manufactured with 0–40% of 
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fine aggregates being substituted with sludge (Pokhara, 2015). This was perhaps due 

to the fact that high concentrations of acids and alkalis are used in the AA 

defluoridation process making the sludge chemically offensive. The sludge generated 

after the coagulation process, on the other hand, may yield much better results with 

the solidification/ stabilization process as it operates under neutral pH (Agarwal et al., 

2017). On the contrary, the coagulation technique has been the most economical 

defluoridation technique and brings the fluoride level within acceptable limit 

regardless of the initial fluoride concentration (Eswar and Devaraj, 2011; Singh et al., 

2016). It does not involve any membrane, and therefore there are no problems with 

membrane fouling and operational pressure. 

The fluoride removal efficiency varies according to many site-specific chemicals, 

geographical, and economic conditions, so actual applications may vary from the 

generalizations made herein  (Jagtap et al., 2012). Any particular process, which is 

suitable for a particular region, may not meet the requirements at some other place. 

Therefore, any technology should be tested using the actual water to be treated before 

implementation in the field. Therefore, it can be inferred from the literature that the 

use of the coagulation technique is the most cost-effective technique for developing 

countries like Africa and India where the communities cannot afford purchasing and 

operating RO in drinking water due to high initial cost and skill requirements for its 

operation. The coagulation technique using aluminum sulfate and lime, being a batch 

process, suffers from a limitation in terms of the amount of water being treated 

(Loganathan et al., 2013). Another limitation of the technique is the high amount of 

residual aluminum left in the treated water, which is due to high concentration of 

suspended solids that primarily comprise alumino-fluoro complexes not being able to 

settle under plain sedimentation (Ayoob et al., 2008). Presently, the coagulation 

technique has been banned in RIFMP due to the reports of high residual aluminum in 

the treated water (Hustedt et al., 2008). In the recent years, defluoridation of water 

using poly-aluminium chloride (PACl) is being tried by some researchers (Muthu et 

al., 2003; Sharma et al., 2015). These studies indicate that the use of PACl can be a 

good alternative to alum for defluoridation purpose. 

1.4 Scope of the present research 

The gaps in existing technology demand its improvement or development of an 

alternative technology, which can provide water, with both, aluminum and fluoride 
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concentrations, within prescribed limits. Improved method for reliable assessment of 

suspended fluoride and Al in the treated water is required for which a detailed 

characterization is needed. Speciation of the particles (precipitated, colloidal and 

dissolved) present should be carried out in order to understand the defluoridation 

mechanism and validation of the NALD-2 model developed by George et al., 2009. 

For the colloidal fraction, deeper analysis of size distribution and surface charge can 

be carried out to improve settling characteristics of suspensions as well as requirement 

of a post membrane/sand filter treatment for the removal of Al-F complexes. The 

process can be converted to continuous process to cater larger communities. During 

coagulation defluoridation process, though regeneration of the media is not required, a 

significant amount of sludge is generated, which is expected to contain aluminium, 

sulphate, fluoride, chloride, iron, etc. Research is required to modify the sludge 

suitably using solidification/stabilization approach for its higher substitution in 

concrete. 

The objective of the present work was to study the performance of alum & PACl 

coagulants in batch and continuous mode of operation for making the residual fluoride 

and aluminium within acceptable limit. The other objective was to perform the 

detailed speciation of the products of the fluoride complexation reactions with alum 

and PACl and differentiate various species as: colloidal, dissolved and perceptible 

entities. Also, the experiments were aimed to study the efficiency of sand filter for the 

removal of Al-F complexes formed and study the performance of microfiltration and 

ultrafiltration membranes for the removal of Al-F complexes. To perform the 

solidification process for the defluoridation sludge generated from the process by 

partial replacement of fine aggregates in cement mortars. 

1.5 Specific Research objectives 

Based on the understanding of research gap the following research objectives have 

been chosen for current research work: 

 To study the performance of alum & PACl coagulants in batch and continuous 

mode of operation for making the residual fluoride and aluminium within 

acceptable limit. 
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 Detailed speciation of the particles formed during the fluoride complexation 

reactions with alum and PACl and differentiate various species as: colloidal, 

dissolved and precipitated. 

 To study the efficiency of sand filter for the removal of Al-F complexes 

formed. 

 To study the performance of microfiltration and ultrafiltration membranes for 

the removal of Al-F complexes. 

 To reuse the defluoridation sludge generated from the process as partial 

replacement of fine aggregates in cement mortars. 

 

1.6 Structure of thesis 

For the convenience in understanding the thesis is divided into five chapters as 

follows: 

 Chapter 1 Introduction: Chapter 1 gives a detail about the fluoride problem 

and the harmful effects that are caused by it. It also describes the various 

techniques for fluoride removal and their limitations. The origin of the 

problem along with need and scope of present research has been highlighted. 

 Chapter 2 Literature Review: Chapter 2 critically reviews the recent 

developments in the coagulation technique for defluoridation along with its 

comparison to other defluoridation techniques. The description about the 

suspension of alumino-fluoro complexes that constitute a substantial part of 

the residual aluminum after alum treatment has been narrated in the paper that 

helps in a deeper understanding of the defluoridation mechanism. To make the 

process highly suitable for communities, appropriate technological 

interventions, such as converting it to a continuous mode of operation, 

replacing alum with PACl, and attaching a micro-filtration unit in series of the 

existing process, can be done. Also, coagulation process with subsequent sand 

filtration and ultrafiltration has to be considered for making the process more 

efficient. Conclusions are then drawn for objectives of present studies.  

 Chapter 3 describes the methodology and material used for the study. In 

particular, this section describes the procedure of all the batch and continuous 

mode of operations performed for fluoride removal. Details of coagulation 

process in continuous mode have been described. Subsequent processes 
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including microfiltration, sand filtration and ultrafiltration for residual 

aluminium removal has been described. 

 Chapter 4 describes the experimental results and detailed discussions 

pertaining to the variables used and all critical observations. Results of 

characterization of reactants and products for both the systems studied have 

been discussed in detail.  

 Chapter 5 comprises the conclusions and recommendations for future work. 
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2.1 Introduction 

Systemic fluorosis is an endemic problem over worldwide. In India, with people of 

725 districts in 36 states and union territories drinking groundwater is contaminated in 

many regions with high fluoride content (Majumdar, 2015; Ravi Kiran and Vijaya, 

2012). Rajasthan is also one of the hyper-endemic states in the country, where all 33 

districts have been identified as fluorosis prone. While the WHO standards and 

Bureau of Indian Standards (BIS 10500) permit only 1.5 mg/L as a safe limit of 

fluoride for human consumption, people in 24.79 % of the total villages/habitations of 

Rajasthan are consuming water with fluoride concentrations above this limit (BIS, 

2012; Dhindsa, 2006; Gorchev and Ozolins, 2017; Yadav et al., 2015b). It has been 

observed that F
-
 greater than the maximum limit is very much harmful to the human 

body. Intake of fluoride in higher amount for a longer duration of time causes harmful 

impacts on various organs of the body including teeth, bone and other soft tissues 

(Shekhar and Sarkar, 2013). Consumed F
-
 is promptly engrossed into the intestinal 

tract and lungs. The peaks are reached after 30 min inter in blood. The rapid excretion 

takes place through renal system over a period of 4 to 6 hour. In children less than 

three years of age, only about 50% of the total absorbed amount is excreted but in 

adults and children over 3 years about 90% is excreted. The biological half-life of 

bound fluoride is several years. Fluoride is the most important trace element affecting 

bones and teeth. Approximately 90% of fluoride retained in the body is deposited in 

skeleton and teeth. In groundwater, the natural concentration of fluoride depends on 

the geological, chemical and physical characteristics of the aquifer, the porosity and 

acidity of the soil and rocks, the temperature, the action of other chemical elements, 

and the depth of the aquifer.  

Rajasthan is one of the dominant states in India where people suffer from the fluorosis 

problem because of having fluoride concentration in groundwater, higher than the 

consent limit prescribed by WHO, 2017.  Therefore, the State Government of 

Rajasthan has implemented a scheme for F
-
 extenuation known as RIFMP under 

PHED for all cities of Rajasthan  (Khairnar et al., 2015). RIFMP has established 

several defluoridation plants based on activated alumina (AA) and Bio-F (BF) 

adsorbents. Also, fluoride removal capacity of activated alumina and bio-sorbents 

based plants in two districts of Rajasthan (Nagaur and Jodhpur), has evaluated along 

with the statistical analysis to examine the relation F
-
 adsorption capability along with 
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water quality constraints (Yadav et al., 2015a). The amount of F
-
 in varies from 0.9 - 

3.61 mg/L in Nagaur & 1.18-2.54 mg/L in Jodhpur. Fluoride adsorption capacity 

exhibited relationship with amount of F
-
 in raw water and alkalinity. The additional 

constraints like TDS and nitrates were above the prescribed limit of BIS 10500, but 

this process had no effect of nitrates or TDS. Therefore, it was inferred that the areas 

surpassing the limits for fluoride presence should be aimed in RIFMP. The main 

limitation was the regeneration of the adsorbent bed after 75 days of operation which 

was a cumbersome process and can only be done with the help of trained staff (Eswar 

and Devaraj, 2011; Yadav et al., 2015a). The regeneration process also adds up to the 

cost of the technique and the process was time-consuming (Hussain et al., 2012). 

Defluoridation of drinking water with AA in developing countries can only be cost-

effective when AA is reused for multiple cycles (Chauhan et al., 2007). 

One of the technologies, which have been successfully translated from the laboratory 

to the field by the National Environmental Engineering Research Institute (NEERI), 

Nagpur, India is the Nalgonda Technology which is based on the mechanism of 

coagulation with aluminum sulfate (alum) and lime (Bulusu et al., 1994; Nawalakhe et 

al., 1974). The first community defluoridation plant for removal of fluoride from 

drinking water was constructed in the district of Nalgonda in Andhra Pradesh, in the 

town of Kadiri. It is accepted as the most economical and simple method for removal 

of fluorides from drinking water and is reported to have high removal efficiency 

(Daw, 2004; Nawalakhe et al., 1975; Nawlakhe and Bulusu, 1989). 

2.2 Various Defluoridation technologies 

Various defluoridation techniques in India have been developed for maintaining the 

concentration of fluoride in water up to the permissible limit like coagulation, reverse 

osmosis (RO), activated alumina (AA) adsorption, biosorbents adsorption process, etc. 

(Vaish and Vaish, 2000). The evaluation of various defluoridation methods by the 

social and economic structure of India revealed that activated alumina adsorption and 

coagulation technique using alum & lime is the most promising (Hussain et al., 2012). 

Table 2.1 reviews the different defluoridation units developed in India with their field 

experiences. From Table 2.1, it can be observed that the community and household 

defluoridation systems have pros and cons. The aim is not just to experiment with 

more efficient methods of defluoridation but rather to develop workable strategies to 
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provide safe drinking water. Simple, economical and efficient procedures for water 

defluoridation are needed.  

2.2.1 Coagulation process and its mechanism 

The process involves the addition of aluminum salts, lime and bleaching powder into 

the water followed by rapid mixing, flocculation sedimentation, filtration, and 

disinfection.  The dose of lime depends upon the alkalinity of the raw water 

(Nawalakhe et al., 1975). If the raw water has adequate alkalinity, the addition of lime 

is not required (Wang et al., 2002). Alum solution is added after the addition of lime, 

stirred gently for 10 minutes and the flocs formed are allowed to settle (Ezzeddine et 

al., 2014). This process of flocs formation and settling requires about an hour (Yadav, 

2009). In rural areas where people practice domestic defluoridation, the advice given 

is to mix the water with lime and alum and leave it overnight, so that the next morning 

the clean supernatant is decanted for use and is safe for consumption (Gumbo and 

Mkongo, 1995). Ferric salts as coagulant have also been used for fluoride removal, 

and the effects of coagulant nature and concentration at a fixed initial fluoride 

concentration of 50 mg/L and initial pH 6 has been studied (Drouiche et al., 2012). It 

was clear that coagulant, based on aluminum cations, is more efficient than iron one. 

This can be interpreted by the fact that the affinity between fluoride and Fe(OH)3, 

which is the prevalent form in these pH conditions, is much smaller than that of 

Al(OH)3 (Hicyilmaz et al., 1997; Shen et al., 2003; Song et al., 2015). This is in 

agreement with previous works which concludes that in terms of chemical 

coagulation, aluminum ions are, in most cases, more efficient than ferric or ferrous 

ions (Yang and McGarrahan, 2005). Furthermore, aluminum salts are preferred to 

ferric salts as coagulant due to the color that ferric ion transfers to water (Domínguez 

et al., 2007). 

Aluminum sulfate (Al2(SO4)3.18H2O) is added to the water to act as a flocculant (Dahi 

et al., 1995). Though aluminum sulfate is commonly used in general water treatment 

as a flocculant for turbidity removal, the amounts used in defluoridation are much 

higher (150 mg/mgF
-
 or 1000mg/L which is 10-20 times the normal dose) (Lagaude et 

al., 1988). As is typical with flocculation processes, water must be thoroughly stirred 

to ensure dispersal of the flocculating agent (Bulusu et al., 1994). Because the reaction 

results in excess of H
+
 ions, lime is added to water during the process to help maintain 

a neutral pH and hasten the settling of the sediments (Al-ahmady and Znad, 2013). 
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The amount of lime added is typically 5% (by mass) of the aluminum sulfate added, 

empirically 1/20th that of the dose of aluminum salt (Nawalakhe et al., 1974). Lime 

facilitates the formation of dense flocs for rapid settling (Boruff, 1934). Bleaching 

powder (calcium hypochlorite) is added to the raw water at an average dose of 3mg/L 

for disinfection (Padmashri, 2001). The following reactions describe the chemistry of 

the process (Bulusu et al., 1994). 

3Al2(SO4)3.18H2O + Na
+
 +F

-
 + 18Na

+
 +9CO3

2-
        5Al(OH)3 + Al(OH)2F +18Na

+
 

+ 9SO4
2-  

+   Na
+
 + HCO3

- 
+ 

8CO2 + 45H2O                   (1)                                                                                                

3Al2(SO4)3.18H2O + Na
+
 + F

-
 +17Na

+
 + 17HCO3

-
 → 5Al(OH)3 + Al(OH)2F + 

18Na
+ 

+9SO4
2-

+ 17CO2 + 

54H2O                           (2) 

 

This process principally involves the hydrolysis of alum and the preferential 

adsorption of fluoride ions onto the insoluble aluminum hydroxides that undergo 

precipitation. The pKsp solubility value of 29.8 to 31.5 has been reported for freshly 

precipitated amorphous polymeric aluminum hydroxides (bayerite) in the Nalgonda 

alum hydrolysis reactions and relevant in practical applications of aluminum-based 

coagulants (Parthasarathy and Buffle, 1986; Wesolowski and Palmer, 1994). The 

dissolved aluminum A1
3+

 ions occur in their hydrated form (Al(H2O)6
3+

), and with 

increasing pH, they undergo deprotonation reactions. The polymeric aluminum 

hydroxide Aln(OH)3n
0
 acquire charge by adsorbing and desorbing H

+
 ions and form 

positively and negatively charged particles depending upon the pH of the aqueous 

medium (pHpzc in 7.5 to 8.5 pH range). Defluoridation occurs due to fluoride 

complexing with protonated sites on Aln(OH)3n
0
 species to precipitate in its 

complexed form Aln(OH)3n-1F
0
.  

This technique is accepted as the most economical and simple method for removal of 

fluorides from drinking water and is reported to have high removal efficiency (Muthu 

et al., 2003). This technique is promoted in the rural areas in India due to the low costs 

involved compared to the expensive activated alumina process adopted in the 

towns/cities and among the affluent people (Gautam, 2015). Coagulation technique 
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using aluminum sulfate and lime, being a batch process, suffers from a limitation in 

terms of the amount of water being treated. Another limitation of the technique is the 

high amount of residual aluminum left in the treated water, which is due to high 

concentration of suspended solids that primaril1y comprise alumino-fluoro complexes 

not being able to settle under plain sedimentation (Dubey et al., 2016). Generation of 

excessive amounts of sludge in the form of Al(OH)3 and presence of traces of Al & 

Al-F complexes in treated water are among some of the major limitations of this 

method (Jagtap et al., 2012). 

2.2.2 Adsorption 

The efficiency of fluoride adsorption from drinking water performed using several 

adsorbents have been elaborated in Table 2.2. While doing the comparison among the 

adsorbent capabilities, attention is required due to the differences in data 

demonstration comprising different methods and considerations applied in the studies 

(pH value, temperature, initial fluoride concentration value, co-ions present, etc.). A 

standard adsorbent used for fluoride removal should comprise of the features 

including cost effectiveness, a higher fluoride uptake capability, swift adsorption of 

fluoride, easy regeneration after exhaustion. Various adsorbents have been tried to 

examine an effective and economic fluoride removal agent out of which Activated 

alumina (AA) is the most widely used adsorbent (Jagtap et al., 2012; Mumtaz et al., 

2015; Papee and Tertian, 2016; Tang et al., 2009). Calcium-based adsorbents without 

impregnating aluminum or an aluminum compound have seldom been reported but 

have the major drawback of less affinity towards fluoride ion (Wajima and Rakovan, 

2013). Natural adsorbents, as well as clay and soil based adsorbents when used, are 

not harmful after consumption in any way, but their low capacity for fluoride removal 

compared to other means remains a challenge (Chakrabarty and Sarma, 2012; 

Mamilwar et al., 2002; Thakre et al., 2010). Li et al., (2003) concluded that specific 

carbon adsorbents like A-CNT (aligned carbon nanotubes) have higher adsorption 

capability than activated carbon. Surface modification can also increase their 

adsorption capacity, but this will incur additional cost (Loganathan et al., 2013). As 

far as the ion exchange resins are concerned, they have poor F
-
 adsorption capacities 

but the adsorption capacities and selectivity for F
-
 adsorption in the presence of other 

ions can be significantly increased (up to 61 mg/g) by surface modification of the 
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adsorbents by loading with organic functional groups and metals but are relatively 

expensive (Solangi et al., 2010).   
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Table 2.1 Evaluation of defluoridation units in India 

Project Establi

shed in 

year 

Raw water 

fluoride 

concentrat

ion (mg/L) 

Defluoridation 

technique 

Defluorida

tion 

efficiency 

Remarks Reference 

Andhra Pradesh, National 

Environmental 

Engineering Research 

Institute, Nagpur 

1961 5 Coagulation 

using alum 

&lime 

80% It can be used at domestic and 

community level. The major cause for 

concern with the lime and alum 

technology in that if the dose of alum is 

not adhered to, there is a possibility of 

excess aluminum contaminating the 

water. 

(Eswar 

and 

Devaraj, 

2011) 

Domestic defluoridation 

units launched by 

UNICEF in Andhra 

Pradesh, India 

1998-

2003 

6-7 Adsorption 

using AA 

90% Long time required for the regeneration 

of activated alumina 

(Iyenger, 

2005) 

Domestic defluoridation 

units launched by 

UNICEF in Rajasthan, 

India 

2003 10 Adsorption 

using AA 

93 % No major maintenance problem but 

community involvement during 

regeneration was minimal. 

(Daw, 

2004) 

Indian Domestic 

Defluoridation Unit 

1997 8.73 Adsorption 

using AA 

96% Stainless steel units are corrosion 

resistant, and filter media was reusable 

(Eswar 

and 

Devaraj, 

2011) 

Solar power based 

Electrolytic 

Defluoridation Plants by 

NEERI, Nagpur 

2008-

2011 

2-5 Electrolytic 

defluoridation 

using Al plates 

79 % In summer season plant was operated 

on full charge battery supplying stable 

20-ampere current throughout the batch 

process. In winter season it was 19.4-

20 A, and in the rainy season because 

of the cloudy sky, the intensity of 

sunlight was not sufficient to charge 

the battery fully using the solar 

(Gautam, 

2015) 
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photovoltaic system. It was observed 

that solar charge battery  was able to 

supply DC in the range of 16-20 

ampere throughout the batch process. 

 

Table 2.2  Characteristics of adsorptive removal of fluoride from water by different adsorbents 

Adsorbent Adsorption 

method: 

batch(B), 

column(C) 

Working 

pH; 

temperature 

(
o
C) 

Initial(I), equilibrium (E) 

concentration(mg/L);column 

height-ht; diameter-d; FL, 

flow rate(m
3
/m

2
h) 

Adsorption (Ads) 

capacity (mg/g) 

and other results. 

Maximum (max) 

Research findings Reference 

Metal oxides 

and 

hydroxides 

Granular ferric 

hydroxide 

B 3-12 I,1-100 Max ads pH 3–8, 

then decreased 

with increased pH 

to 12; Langmuir 

ads max (pH 6–7) 

10◦C, 3.68; 25◦C, 

5.97 

At the neutral pH of 

natural water, these 

adsorbents have 

positive surface 

charge which is 

advantageous for 

adsorbing the fluoride 

having negative 

charge. 

(Kumar et 

al., 2009) 

Manganese 

oxide coated 

alumina 

(MOCAA) 

B, C  B, 3-12; 

25 

 C,5.2; 25 

 B,I,6.2-42.1; 

 C,I, 5;140;50 cm-ht, 2.4 

cm-d, FL 2.39 

 B, Max ads pH 

4–6, decreased 

with increased 

pH from 6 to 

12. Langmuir 

ads max 7.1 at 

pH 5.2 

 C, 

breakthrough 

point 669 bed 

volume 

Because manganese 

oxides have a high 

specific surface area, 

a micro-porous 

structure and a high 

adsorption capacity 

towards anions, 

activated alumina 

was coated with these 

oxides and F 

adsorption capacities 

(Teng et al., 

2009) 
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have been studied. 

Activated 

alumina 

B, C  B, 3-12; 

30 

 C,7; 30 

 B,I 2.5-30 

 C, 3.5; 

0.5*0.028 m-d,0.3 m-ht, 

FL-2.19 

 B, Max ads pH 

4–7, lowest at 

pH 

12;Langmuir 

ads max 1.08 

at pH 7 

 C, Bed 

saturation F 

concentration 

0.47 g/L 

 

The superiority of 

MOCAA over AA in 

the adsorption of F 

was reported to be 

not due to the 

variation in surface-

area difference since 

the specific surface 

area of activated 

alumina was 204 

m
2
/g & for   

MOCAA, it was 170 

m
2
/g.  

 The reason for this 

could be the 

increased zeta 

potential (surface 

charge) of the 

MOCAA, although 

no supporting data 

were presented 

(Maliyekkal 

et al., 2006) 

Activated 

alumina 

B, C  B,4-10; 

Room 

Temperat

ure 

 C,7; 

Room 

temperat

ure 

 B,I,2.5-14 

 C,5; 200 

      550 cm- ht, 51 mm-d,        

FL - 20,30 ml/min 

Max ads at pH 7 In basic conditions, 

oxides of aluminium 

contain surface with 

negative charge that 

results in decrease in 

affinity for fluoride 

ions with negative 

charge at these pH. 

Furthermore, 

enhancement in OH
-
 

(Ghorai and 

Pant, 2004) 
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ions in basic 

environment contests 

with fluoride for 

adsorption. Hence the 

optimal pH for 

fluoride adsorption is 

deliberated to be 

adjacent to neutral 

pH. 

Activated 

alumina 

B 4-11;30 - Max ads  at pH 5-

7 

The removal 

efficiency was 

influenced 

significantly by 

solution pH and the 

presence of sulphate 

ion also inhibited the 

adsorption of fluoride 

ion to a certain extent 

by forming various 

aluminum-sulphate 

complexes in aqueous 

solutions. 

(Ku and 

Chiou, 

2002) 

Layered 

double 

hydroxides 

(LDH) Mg/Al 

LDH calcined 

and 

uncalcined 

B 7; 25 E,0-70 Calcination 

increased F ads 

(130 ◦C optimum).  

Ads capacity 35 at 

equilibrium F 

concentration 70 

mg/L. 

 The increase in F 

adsorption 

capacity of LDH 

as a result of 

calcination was 

due to the higher 

specific surface 

area, porosity, 

and surface 

reactivity of the 

(Wang et 

al., 2007) 
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Mg/Al oxide 

produced by 

calcination. 

 Another reason 

reported was the 

incorporation of F 

into the structure 

of Mg/Al oxide 

resulting in the 

formation of the 

original structure 

of the LDH. 

Ion exchange 

resins and 

fibres Thio-

urea modified 

Amberlite 

(TUA) 

B, C  B:1-10; 

25 

 C:7; 25 

 B:E,2-13; 

 C:I,16;  

2;0.8 mm-d, 50 mm- ht, 

FL -1 ml/min 

B: ads max at pH 

7 for TUA and pH 

9–10 for amberlite 

(A).  

At pH 7, ads 

capacity of TUA 

three times that of 

A. 

Langmuir max for 

TUA at pH 7, 61 

C: column ads 

capacity 50 

Interference of other 

co-existing anions 

present at the 

concentration ratio of 

1:5 (F: other ions) 

was insignificant. 

Therefore the authors 

concluded that the 

modified resin can be 

effectively used for 

defluoridation of 

water. 

(Solangi et 

al., 2010) 

Al loaded four 

synthetic 

zeolites 

B 2-11; 25 I,5-80; Ads max pH 4–8; 

F
-
 ads at 

equilibrium 

concentration 40 

mg F
-
/L and pH 

4–6 was 6–16. 

At high pH, the 

negatively charged 

adsorbent (last 

equation) repels the 

negatively charged F
−
 

as well as the 

increased competition 

of OH− for 

(Onyango 

et al., 2004) 
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adsorption. 

Al, La loaded 

synthetic 

zeolites (Z) 

B C;3.5-9; 20-

40  

C: I, 10-80 C: max 20 ◦C, 

Al(Z) 34, La(Z) 

45. At 40 mg/L 

equilibrium conc., 

ads capacity 16 vs. 

8 for Al(Z) vs. 

La(Z). (F): F conc. 

reduction more by 

Al(Z) than La(Z) 

This suggested that 

the mechanism of 

adsorption of F onto 

Al-zeolite was mostly 

by a chemical 

adsorption process 

(ligand exchange) 

and adsorption onto 

La-zeolite was mostly 

by a physical 

adsorption process 

(coulombic 

attraction). 

(Onyango 

et al., 2006) 

Carbon 

materials 

KMnO4 

modified 

activated 

carbon 

B 2-10; 

25,45,55 

E, 5-20; Ads max at pH 2, 

then decreased 

with pH. 

Langmuir ads max 

at 25◦C, 15.9. Ads 

decreased with 

temperature 

increase 

Lower temperatures 

favor fluoride 

adsorption by 

Activated Carbon at 

an optimum pH of 2 

(Daifullah 

et al., 2007) 

Chitosan/nano 

hydroxyapatite 

composite 

B 3-11; 30 I,9-15 Ads max at pH 3, 

decreased with 

increased pH to 

pH 11; At pH 7, 

10 mg F
-
/L, 

adsorbent 5 mg/L, 

composite ads 

capacity 1.56, 

hydroxyapatite 

1.30, chitosan 

Defluoridation of 

water from a fluoride 

endemic village using 

nHAp-chitosan 

composite was found 

to be higher as 

compared to using 

nHAP. 

(Sundaram 

et al., 2008) 
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0.05; Langmuir 

ads max 2.04 

LDH 

composite 

Chitin/nano-

hydroxypatite 

composite 

B 3-11; 30 I: 6-12 Ads max at pH 3, 

decreased with 

increased pH to 

pH 11; Langmuir 

ads max 8.4 at pH 

7 

Similar results were 

obtained like when 

chitosan composite 

was used as the 

adsorbent.  However, 

adsorption capacity 

of this composite was 

higher than that of the 

composite made with 

chitosan 

(Sundaram 

et al., 2009) 
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2.2.2.1 Adsorption using Activated Alumina 

Alumina and aluminum-based adsorbents have been used extensively due to high 

affinity between aluminum and fluoride ions. Many attempts have been made to 

modify alumina for higher fluoride removal (Mondal and George, 2014). Researchers 

have observed that removal was due to the exchange of ions as well as adsorption 

phenomena (Ghorai and Pant, 2004). The alumina surface offers a plane for Al–F 

complexation reactions leading to defluoridation of water, which in turn, depends on 

the surface site density and surface potential at the adsorption plane (Goldberg et al., 

1996).  

Defluoridation using AA is feasible just at a particular possible only at a specific scale 

of, requiring before and after pH adjustment of the water (Suneetha et al., 2015). At a 

solution pH < 6, the exterior of activated alumina holds a positive charge and 

therefore possesses an excellent capacity for fluoride adsorption (Ghorai and Pant, 

2004; López Valdivieso et al., 2006). At neutral pH, the liking of the surface for 

fuoride is much lesser, limiting the realistic usages of activated alumina (Hiemstra and 

Van Riemsdijk, 2000). Adsorption of fluoride onto AA in continuous systems depends 

on various factors such as raw water characteristics as well as AA grade, particle size, 

flow rate and adsorbent depth (Goswami and Purkait, 2012). If the bed depth is 

decreased, even though the other conditions are maintained constant, the concentration 

of the solute in treated water may rise sharply from the time the effluent is first 

discharged from the adsorbent (Mulugeta et al., 2015). When the water passed through 

a packed column of activated alumina, pollutants and other components in the water 

were adsorbed onto the surface of the grains. The activated alumina process was 

carried out in sorption filters (Maliyekkal et al., 2008; Teng et al., 2009). In order to 

avoid the monitoring of water quality, the unit was supplied with a water meter 

allowing for direct indication of the cumulative water flow. After treatment of, for 

example, 2000 L of water containing about 5 mg/kg, the unit was opened for renewal 

of the 8 kg of the medium. Alternatively, the unit was dismounted for regeneration by 

the dealer. Therefore, the formation of various fluoride complexes is an essential 

factor on the adsorption of fluoride by activated alumina. Recent research has found 

that identification of the optimum uptake capacity for alumina is essential so that 

fluoride adsorption is not offset by the aluminum dissolution mechanism on the 

alumina surface in the presence of high fluorides (Waghmare and Arfin, 2015a). 

Recent attempts to increase the uptake capacity of AA with manganese/manganese 
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oxides, magnesium, and iron hydroxide/AA mixtures appear to have been successful 

(Biswas et al., 2007). Recent researchers have indicated a high potential of using 

hydroxyapatite (HAP) impregnated with alum for defluoridation (Mondal and George, 

2015). The Mg-HAP adsorbent developed for fluoride removal from aqueous solution 

has very good potential for defluoridation with a capacity of 1.4 mg/g. Fluoride 

removal of 92.34 % was achieved with 10 g/L, and equilibrium was reached in 180 

min. A study conducted for fluoride removal on alumina having alkoxide base stated 

fluoride removal efficiency ranging from 3.14 to 0.59 mg/g for dose varying between 

0.5 and 8 g/L (Kamble et al., 2010). Because of the high surface area and high 

porosity of activated alumina adsorbent, it was modified using aluminium sulphate 

and examined for enhancement in fluoride removal capacity (Tripathy and Raichur, 

2008). The developed adsorbent was able to remove 99 % of F
-
 at optimal pH of 6.5 

with the time of contact of 3 h, and adsorbent dose of 8 g/L for initial fluoride 

concentration of 20 mg /L.  

Presently domestic defluoridation plants based on AA (activated alumina) plants have 

been used in the field that requires very little skill of operation. Regeneration of these 

units requires a highly skilled operation that is conducted in centralized facilities. 

Other technologies are community-based which are operated under-skilled labor 

(Yadav et al., 2015a). Fluoride removal efficiency as well residual Al in treated water 

has been measured extensively in the field and found to be within limits by AA 

(Gupta et al., 1999; Savita et al., 2008). 

2.2.2.2 Adsorption using biosorbents  

The bio-mass generated from plants, agricultural wastes, and by-products from 

industries can be applied for highly effective F
-
 adsorption capacity and hence the 

concern regarding the dumping of waste is well managed (Rajkumar et al., 2015). The 

impregnation of adsorbing materials with appropriate substances or complex 

adsorbents was observed for the increase of effectiveness of defluoridation 

(Waghmare and Arfin, 2015a). A summary of some relevant published data with some 

of the latest important results and giving a source of current literature on the 

adsorption properties of different biosorbents is presented in Table 2.3. Parlikar and 

Mokashi, (2013) have examined the fluoride removal capacity of alkali & acid 

impregnated drumstick seed powder from aqueous solution. The defluoridation 

capacity of alkali impregnated adsorbent was improved. The optimal dosage of 400 

mg/L alkali impregnated adsorbents removed 76% and 68% of 10 mg/L of initial F
-
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concentration by adsorbents having particle size of 0.212 mm and 0.6 mm at pH of 8 

and time contact for 2 hours and 2.5 hours respectively.  

Msagati et al., (2014) investigated the defluoridation capacities of lignite and modified 

surface of lignite utilizing a bio-material. The modified adsorbent had three times 

higher surface area than lignite and the amount of carbon was enhanced by 13 %. 

Defluoridation capacity of modified adsorbent and lignite was 15.8 mg/g and 13.8 

mg/g at pH of 7.93 ± 0.03 respectively, with particle sizes of 0.15-0.09 mm and 20 

g/L of dosage. 

Emmanuel et al., (2015) utilized a cost effective adsorbent called as activated carbon 

from Pitacelobium dulce carbon for fluoride removal and evaluated the developed 

adsorbent the commercially available activated carbon. The defluoridation capacity 

enhanced with enhancement in dosage of adsorbent, time of contact and solution pH 

and initial F
- 

concentration. The defluoridation capacity of modified adsorbent and 

commercially activated carbon was 0.81 mg/g and 0.2267 mg/g at pH of 7 and a 

dosage of 3g/L for initial F
-
 concentration of 3mg/L.  

 Ajisha and Rajagopal, (2015) utilized pyrolyzed Delonix regia pod carbon at 800 °C 

for fluoride removal. The highest removal of 97% was achieved at optimal constraints 

(pH 2.0, a dose of 1.5g and contact time of 300 min) with maximum adsorption 

capacities of 33.4 mg/g and 107.15 mg/g at 303K and 333K respectively.  

Besides activated alumina-based plants, the Rajasthan government has installed many 

defluoridation units based on biosorbents adsorption process that involves a base of 

hydroxyapatite, which is impregnated with alum for carrying out defluoridation 

(Kumari, 2015). In a recent study, community level defluoridation plants based on 

biosorbents adsorption process were investigated for their fluoride removal capacity 

and amount of Al remaining in defluoridated water was monitored in cities of 

Rajasthan, India. Around 38 groundwater samples were gathered from different 

community level bio-sorbents adsorbent based fluoride removal units in F
-
 containing 

towns of the region, and the adsorption capacities of respective places are shown in 

Table 2.4. The defluoridation capacity of plants in Nagaur ranged from 88 to 100%, 

while, those in Jodhpur showed 97 to 100% removal. The existence of Al remaining 

after defluoridation was found to be in trace amounts (Yadav et al., 2015a). Also, 

biosorbents beds utilized for defluoridation requires renewal and backwashing 

regularly. The incidence of renewal and backwashing is done once in two months; 
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although it depends on initial F
-
 concentration and the everyday treatment capacity of 

water from the unit (Singh et al., 2016). 

2.2.3 Membrane Processes  

In the last decade, the RO membrane process has emerged as a preferred alternative to 

provide safe drinking water without posing the problems associated with other 

conventional methods (Hu and Dickson, 2006). There are two types of membranes 

that can remove fluoride from water: Nano-filtration (NF) and RO membranes (Singh 

et al., 2016). NF is a relatively low-pressure process that eliminates the larger 

dissolved solids primarily as compared to RO. Conversely, RO operates at higher 

pressures with a more significant rejection of all dissolved solids. The recent 

researches citing the defluoridation using membrane processes are given in Table 2.5. 

2.2.3.1 Reverse Osmosis 

 In reverse osmosis, the hydraulic pressure is exerted on one side of the semi-

permeable membrane, which forces the water across the membrane leaving the salts 

behind (Malaeb and Ayoub, 2011). The membranes used for RO have dense layers in 

the polymer matrix where the chemical separation occurs (Shen et al., 2016). In most 

cases, the membrane is designed to allow only water to pass through this dense layer 

with the cut-off limit of approximately 200 Daltons, while preventing the passage of 

solutes, such as organic molecules, salt ions, and heavy metals. Applied pressure 

varies on the surface of the membrane, usually between 2 and 17 bars (30–250 psi) for 

fresh and brackish water (Wimalawansa, 2013). 

The removal of fluoride in the reverse osmosis process has been reported to vary from 

45-90% as the pH of the water is raised from 5.5-7 and membrane fouling is a major 

problem (Assefa, 2006). Using a very small 7 cm reverse osmosis cell containing a 

commercially available cellulose acetate membrane on aqueous solutions containing 

only fluoride, the concentration of fluoride can be lowered from 58.5 to 1.0 g/L (Arora 

et al., 2004; Fox, 1981; Fu et al., 1995; Huxstep, 1981; Schneiter and Middlebrooks, 

1983). The process is expensive in comparison to other options. The treated water 

becomes acidic and needs pH correction, and lots of water gets wasted as brine 

(Kumar and Gopal, 2000).  
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Table 2.3 Adsorption capacity for different Biosorbents 

Adsorbent Adsorption process: 

Batch(B); Column 

(C) 

Initial fluoride 

concentration (mg/L); 

pH 

Flow rate(C); Bed 

height ,cm (C); 

contact time (B) 

Adsorbent 

capacity  

Reference 

      

Bio-F C 10-30; 6.7 10 cm; 10 ml/min(C)  9.86 mg/g (Yadav et al., 2015b) 

Bermuda grass based 

nano-carbon fibre 

B 10; 4 60 min(B) 0.5g/100 mL (Rout et al., 2015) 

 Hyacinth  

 Elephant grass 

B 5; 2-10 210 min (B) 5 mg/g 

7 mg/g 

(Manna et al., 2015) 

Carbonised punica 

granatum 

B 2-10 75 min (B) 1.68 mg/g (Kanaujia et al., 2015) 

Dry fruits based 

adsorbent carbon 

materials 

B; 7-8 4 45 min(B) 4 g/L (Maheshwari et al., 

2012) 

Cow dung carbon B; 7.5 2-8 30 min (B) 15 mg/g (Rajkumar et al., 2015) 

Banana peel 

Passion fruit seed 

Passion fruit peel 

B;  0.2-1 20 min(B) 100g/L (Saranya and Anu, 2016) 

Lantana camera B; 7 5 300 min 2.5 g/L (Sharma et al., 2017) 

Moringa Oleifera B; 8 10 2 hrs 400 mg/L (Parlikar and Mokashi, 

2013) 

Cuminum cyminum B; 7.9 3 280 min 15.8 mg/g (Msagati et al., 2014) 

Pitacelobium dulce 

carbon based activated 

carbon  

B; 7 3  0.81 mg/g (Emmanuel et al., 2015) 

Pyrolyzed delonix regia 

pod carbon 

B; 2 10 300 min 15 g/L (Angelina Thanga Ajisha 

and Rajagopal, 2015) 
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Table 2.4 Fluoride uptake capacity of biosorbents media in community based 

defluoridation plants in Rajasthan (Yadav et al., 2015a) 

Villages in 

Nagaur 

district, 

Rajasthan, 

India 

Fluoride 

concentration(mg/L

) 

TDS 

of 

raw 

wate

r 

pH 

of 

raw 

wate

r 

Fluorid

e 

uptake 

capacity 

(mg/g) 

Residual 

fluoride 

after 

treatmen

t (mg/L) 

Residua

l TDS 

(ppm) 

Jharod 1.79 1700 8.46 2.415 0.18 1230 

Chugani 0.9 1200 8.42 1.35 0 1200 

Chapri 

Kallan 3.49 

1730 8.26 

5.235 

0 1750 

Chapri 

Kallan 2 3.61 

1760 8.40 

2.49 

1.95 1730 

Fogari  2.95 2300 8.51 3.93 0.33 2380 

Fogari 2 3.07 2350 8.32 4.605 0 2400 

Bardwa 2.48 1810 8.38 3.72 0 1890 

Mangalpur

a 2.24 

2970 7.74 

3.36 

0 3320 

Mangalpur

a 2 2.31 

3160 7.43 

6.465 

0 3440 

Managalur

a 3 1.96 

3340 8.40 

2.415 

0 3380 

Villages in Jodhpur, Rajasthan India 

Sinla 2.39 2290  3.585 0 2620 

Dungarna 2.45 2380  3.585 0.06 2560 

Julanda 1.51 1650  1.335 0.62 1830 

Balunda 1.18 2510  1.77 0 2750 

Pichyak 2.50 2280  3.705 0.03 2500 

Lamba 2.34 2220  3.225 0.19 2310 

Bala 2.54 2320  3.81 0 2440 

Ravar 1.82 3130  2.73 0 3260 

Dhavi 1.87 3120  2.805 0 3210 

 

It has been reported that RO process requires high functioning pressure and F
-
 being 

smaller molecule than chloride, its rejection is relatively lower than that of chloride 

and the residual fluoride after a routine RO process may not be able to satisfy the 

drinking water requirement (Diawara, 2011). In such cases, an additional reaction, 

such as lime addition, for enhancing the size of fluoride bearing molecule has to be 

introduced to improve the efficiency of fluoride removal. In a study, membrane reject 

water was recycled through polyamide RO membrane for various runs, and 

experimental data shows that recycling membrane reject water through RO is within 

BIS (10500) limit of drinking water recycling, but at the same time, feasibility and 

practicability of reject recycling need to be researched intensively (V. Gedam, 2012). 
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Increase in temperature increases % recovery, fluoride concentration, permeate 

concentration (TDS) but decreases the % salt rejection (Zhao et al., 2009). Increase in 

pressure, increases % recovery, % salt rejection, but reduces the permeate 

concentration (TDS) and fluoride concentration (Djebedjian et al., 2009). Brião et al., 

(2014) used reverse osmosis for desalination of water from the Guarani Aquifer 

System for drinking purpose in southern Brazil. The rejection of 100% of fluoride, 

97% of total dissolved solids (TDS) and 94% of sulfate ions was achieved by RO at 

2MPa pressure and 1.61 m/s of cross-sectional velocity. (Wang et al., 2015) studied 

the performance of seven membranes that included four RO, two LPRO (low-pressure 

reverse osmosis) and one NF membrane. Four RO and LPRO systems which were not 

affected by membrane fouling gave similar rejection ratios for conductivity (~98.5%), 

sodium ions (~98.5%) and fluoride ions (~99%) when the water recovery was about 

55%. 

2.2.3.2 Nano-filtration 

 Nano-filtration (NF) makes use of a similar overall development as reverse diffusion. 

For nano-filtration, the membranes have slightly larger pores than those used for 

reverse osmosis and provide less resistance to passage each of solvent and solutes 

(Singh et al., 2016; Wimalawansa, 2013). As a consequence, pressures needed are a 

lot of lower, energy needs are less, removal of solutes is far less complete, and flows 

are quicker (Paugam et al., 2003; Tripathy and Raichur, 2008). From Table 2.5 it can 

be observed that nano-filtration membranes have certain advantages over RO 

membrane. Bejaoui et al., (2014) used nano-filtration (NF-90) and reverse osmosis 

(RO-SG) to lessen fluoride ions and total salinity of a metal packaging industrial 

effluent. The retention of fluoride was more than 90% by both the membranes. The 

Spiegler-Kedem model was used to determine reflection coefficient of the membrane 

(r) and solute permeability coefficient of ions. A modeling and simulation study along 

with economic evaluation was carried out for removal of fluoride from contaminated 

groundwater in a flat sheet cross flow nano-filtration membrane module. It was not 

only successful in removing 98% fluoride from contaminated water, but also high pH 

of the water was reduced to the desired level while yielding a high flux of 158 Lh
−1

m
2
 

(Chakrabortty et al., 2013). Pontie et al., (2013) studied the possibilities of producing 

drinking water from F- polluted brackish water using NF membranes, and NF process 

appeared to be more efficient process than RO. This study confirmed the good 

performances of the NF90 membrane for defluoridation of a brackish drinking water. 
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NF permits to reduce the total salinity partially and to reject the fluoride ions excesses 

in brackish waters with higher flow yield ratio, lower pressure, and lower energy 

consumption. In a study where removal of fluoride ions from aqueous solutions was 

investigated using a polyamide thin film composite NF membrane, it was concluded 

that at higher pressure, fluoride retention is practically unaffected by pressure because 

the passage of this ions is mainly due to diffusion (Mnif et al., 2010). By contrast at 

lower pressure, the fluoride retention was much more influenced by pressure; this 

implies that the transfer is primarily convective. 

2.2.4 Electrocoagulation  

 Electrocoagulation (EC) has been demonstrated as an effective process for 

defluoridation by various researchers (Emamjomeh et al., 2011; Hu et al., 2003). 

Production of relatively lesser amount of waste sludge by the EC process compared to 

the conventional chemical coagulation might prove it as a good replacement (Sinha et 

al., 2012). The electro coagulation is the process of utilizing electricity and sacrificed 

anodes to form active coagulant which is used to remove pollutant by precipitation 

and flotation. The conductive metal plates are commonly known as sacrificial 

electrodes (Chen, 2004). Electro coagulation process requires less space and does not 

require chemical storage, dilution and pH adjustment (Li, 1985). The fluoride in the 

electro coagulation process can be distributed into three parts, i.e. remained in water, 

adsorbed by flocs generated and formed in situ, and removed by the gelatinous layer 

attached on the electrodes (Mills and Am, 2000; Zuo et al., 2008). It is proven to be 

effective in water treatment such as drinking water supply for small or medium sized 

community (Ghosh et al., 2008). Electro coagulation process has been widely studied 

in water and wastewater treatment to remove fluoride (Kabdaşlı et al., 2012). The EC 

process is highly dependent on pH of the solution (Sinha et al., 2015; Takdastan et al., 

2015).
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Table 2.5 Performance of different membranes for fluoride removal 

Type of 

membrane; 

effective 

membrane area 

(m
2
) 

Initial 

fluoride 

concentration 

(mg/L) 

Fluoride 

rejection 

Operating 

pressure (bar); 

Temperature 

(
o
C); pH 

Research findings Reference 

 Reverse 

osmosis 

membrane 

(BW30); 7.6 

 nano-filtration 

(NF90)membr

ane; 7.6 

5-15  98.6% 

 96 % 

 19.1; 20;7.9 

 9.2; 20;7.9 

The performance of NF90 membrane for 

defluoridation of a brackish drinking water is good. 

NF permits to reduce the total salinity partially and 

to reject the fluoride ions excesses in brackish waters 

with higher flow yield ratio, lower pressure, and 

lower energy consumption. 

(Pontie et 

al., 2013) 

 Nanofiltration 

membrane(NF 

90); 0.0341 

 Nanofiltration 

(NF 270); 

0.0341 

5-20  98-

97.5 

% 

 90-88 

% 

10;25; 7 

 

The NF 90 has the ability to keep fluoride permeate 

concentration below 0.5 up to 20 mg/L feed 

concentration. Hence the NF 90 can be 

recommended for nitrate and fluoride removal even 

for high feed concentrations and consequently offer 

a viable option for RO membranes.  

(Hoinkis 

et al., 

2011) 

 Nano-

filtration 

membrane 

 Low-pressure 

reverse 

osmosis 

membrane 

(LPRO) 

2  71-63 

% 

 98% 

7.9-8.9; 30; 8 The results of this work demonstrated that the NF 

membranes are more adapted than the LPRO ones 

for the treatment of drinking water with 

concentrations slightly above recommendations in 

both fluorine and salinity. 

(Diawara, 

2011) 

Reverse osmosis 

membrane(TW30-

1812-75); 0.1054 

2.13 95 % 5.512 RO membrane was very sensitive to various 

operating parameters such as feed water temperature, 

pressure, and pH and it is a very efficient process for 

defluoridation of water as it works at very low 

(V. 

Gedam, 

2012) 
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pressure and besides fluoride, other inorganic 

pollutants are also effectively removed. pH has 

significant effect on the rejection ratio of fluoride 

and the observed optimum pH was 7. 

Reverse osmosis 

membrane (3838 

HR-NYV); 7.1 

2.14 99 % 20 Increased pressure applied to the RO membrane feed 

enhanced the permeate flux while the cross-flow 

velocity increased the rate of sulfate rejection.  

(Brião et 

al., 2014) 

Nanofiltration 

membrane: 

 TFC-SR3; 

 Sel Ro MPF 

34 

2.6 - 4.45  95 % 

 54 % 

12; ambient 

temperature; 8 

TFC-SR3 membrane was more effective and more 

suitable than the SelRo MPF-34 membrane with a 

rejection rate of fluoride varying from 87% to 95% 

whereas for the SelRo MPF-34 membrane, the 

fluoride rejection rate and salt varied respectively 

from 25% to 52% and 24% to 60%. The 

experimental data showed that the fluoride rejection 

decreases according to time due to the membrane 

fouling. 

(Diallo et 

al., 2015) 

Nanofiltration 

membrane 

 NFDK; 

 NFHL; 

Reverse osmosis 

membrane 

 RO-AK 

 RO-AP 

 RO-AG 

 

-  90 % 

 80 % 

 94 % 

 93 % 

 96 % 

 - ; 37.8 ;8 

 - ; 37.8; 8 

 6.89; 37.8; 8 

 4.823; 37.8; 8 

 13.78 ; 37.8; 8 

Inlet conductivity, primary pressure, pH, 

temperature, and recovery rate were the key 

parameters affecting the quality of produced water 

for both types of membranes. The effects of 

operating parameters should be coupled with the ion 

rejection capability of reverse osmosis and 

nanofiltration membranes in order to provide the 

most favorable option. 

(Vaseghi 

et al., 

2016) 

 Reverse 

osmosis 

membrane 

(RO) 

 Low-pressure 

reverse 

0.98- 1.1  99 % 

 99 % 

 95 % 

 15; ambient 

temperature; 

7.8 

 9; ambient 

temperature; 

7.8 

The overall treatment costs were estimated to be 

0.18, 0.146 and 0.14 $/m
3
 for a typical RO, LPRO or 

tight NF membrane system, respectively. Therefore, 

the recommended treatment process consists of 

either LPRO or tight NF membranes with a multi-

media filtration pre-treatment unit for colloidal and 

(Wang et 

al., 2015) 
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osmosis 

membrane 

(LPRO) 

 Nanofiltration 

membrane 

(NF) 

 6; ambient 

temperature; 

7.8 

fine particles to protect the membranes. It is 

suggested that these membranes be further tested on 

their resistance to membrane fouling. 
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Various electrocoagulation studies conducted for the efficient removal of fluoride 

from water has been compiled and presented in Table 2.6 as available in the literature. 

Studies revealed that pH plays an important role in the formation of Al(OH)3 flocs. 

The solid Al(OH)3 is most prevalent between pH 6 and 8, and above pH 9, the soluble 

species Al(OH)4
-
 is the predominant species. (Emamjomeh and Sivakumar, 2009) 

found that the defluoridation efficiency decreases from 90 to 75% when the final pH is 

more than 8. Researches show that more efficiency is obtained when the pH ranges 

from 6–8 (Maheshwari et al., 2012). 

 Recent work on the electrochemical process for defluoridation has indicated a good 

efficiency for the removal of F and Al simultaneously using Al electrodes under 230 

V DC regulated power supply (Sinha et al., 2012). Results obtained from the 

experiments revealed that more the detention time, more is the fluoride removal. Also 

charge loading and effluent fluoride concentration do not hold a linear relationship 

(Drouiche et al., 2008). Charge loading was found to be a critical parameter in 

defluoridation experiments, as increase in charge loading initially decreased the 

fluoride concentration in the effluent but after a critical point the decrease in fluoride 

concentration was insignificant (Battula et al., 2014). 

In another work on EC process, it was observed that aluminum content in water 

increased with an increase in the energy input (Sinha et al., 2015). Therefore, 

experiments were optimized for a minimum energy input to achieve the target value 

(0.7 mg/L) of fluoride in treated water. Availability of electricity supply is to be 

ensured for a successful operation of such plants and increase in turbidity is observed 

resulting in high residual aluminum in continuous operation. Recent experimental 

investigations have revealed that use of bentonite clay as coagulant in the process 

brings down the residual aluminum concentration of treated water significantly 

(Mollah et al., 2001; Sinha et al., 2015).  

Although large numbers of studies are available in literature further studies are 

required to elucidate the capability and limitations of the process. In order to scale up 

the method, future work should be focused on investigating the influence of various 

operational parameters including residence time, energy consumption and initial 

fluoride concentration as well as interference from factors such as calcium ions in 

effluents (Garg and Sharma, 2016). 
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Table 2.6 Various studies for fluoride removal using electro-coagulation 

Electrod

e(coagul

ant) 

Coagulati

on 

method: 

Batch(B); 

Column(C

) 

Initial 

fluoride 

concentration 

(mg/L); 

Working pH 

Residenc

e time 

(min)(B)

; flow 

rate (C)  

Charge 

loading 

Applied 

Current 

Density 

(A/m
2
)/ 

Applied 

Voltage(V

); Applied 

Current 

(A) 

Defluorida

t-ion 

efficiency 

Research findings Reference 

Al B 15; 6 20(B)  4.97 

F/m
3
 

 87% The experimental results 

showed that weakly acidic 

condition is favored in this 

treatment, while too high or 

too low pH can meet the 

formation of the Al(OH)3 

flocs 

(Shen et al., 

2003) 

Fe B 25; 6 40(B) 2400 C/l 30 V, 1A 60 % In electrocoagulation, when 

the distance between the 

electrodes increases, the 

electrical current is 

decreased since the ohmic 

potential drop is 

proportional to the inter-

electrode distance. Reducing 

this distance is of great 

importance for reducing the 

electrolysis energy 

consumption especially 

when the conductivity is 

low. 

(Drouiche et 

al., 2012) 

Al B 5 5 (B) - 0.49A 90% The pH of the influent is (Khatibikam
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found as a very important 

variable which affects 

fluoride removal 

significantly & pH 

readjustment is needed after 

treatment. Increasing 

number of aluminum plates 

between anode and cathode 

plates in bipolar system does 

not substantially affect 

fluoride removal. 

al et al., 

2010) 

Al C 6; 6 150 

ml/min 

(C) 

- 25 A/m
2
 79% The problem of residual 

aluminium can be overcome 

in EC process by efficient 

use of aluminium under 

ideal operational parameters. 

(Sinha et al., 

2012) 

Al C 25 ; 6 460 

l/h(C) 

- 30 V 60 % The quality of EC treated 

solution depends on the 

amount of coagulant 

produced which is closely 

dependant on applied 

potential and electrolysis 

time. 

(Drouiche et 

al., 2008) 

Al B 3-15; 6-7 10(B) 2.07 

F/m
3
 

9.26 A/m
2
 80% The removal by electrodes is 

the dominant contributor to 

the defluoridation of EC 

process, but the complexes 

near the electrode would 

more or less passivate the 

electrodes. From the 

engineering viewpoint, more 

practical issues should be 

(Zhu et al., 

2007) 
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considered before the final 

purpose of designing a 

fluoride removal system 

would be achieved. 

Al & Fe B 1-10; 5-9 10(B) - 40 V 80 % The author further reported 

that neutral pH and 

aluminium electrode was the 

best suitable for the process. 

(Battula et 

al., 2014) 

Al B; C 10-20; 5 10(B); 1 

l/min(C) 

1.5 – 3 

F/m
3
 

60 A/m
2
 85 – 92 % EC reactors with low 

Surface/Volume ratios are 

adequate tools for 

defluoridation because they 

favour F− removal in the 

bulk on electro-generated 

fluoro-aluminum complexes, 

which is less mass- and 

energy consuming than the 

direct electrochemical 

fluoride removal on or in the 

vicinity of electrodes located 

everywhere in the reactor. 

(Bennajah et 

al., 2009) 

Al B 2-8;  10- 

50(B) 

- 0.31- 0.75 

A 

65 – 91 % The abundant amount of 

sludge produced during the 

coagulation-flocculation 

process using chemical 

coagulants remains a serious 

problem to the operator in 

handling the sludge. 

Mishandling of chemical 

sludge leads to deterioration 

of the environment. 

Therefore, various types of 

(Sinha et al., 

2015) 
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coagulants with little sludge 

at final discharge of the 

treatment process should be 

developed 

Al B 5; 6 5 min(B) 1910 C/l 5 A/m
2
 97.6 % The experimental results 

revealed that the fluoride 

removal efficiency in the 

aluminium electrode was 

higher than that observed in 

iron electrodes because of 

the reaction between the 

aluminium hydroxide and 

fluoride to form aluminium 

fluoride hydroxide 

complexes. Fluoride 

removal could be enhanced 

by increasing either the 

current density or the 

electrocoagulation time. 

(Tezcan Un 

et al., 2013) 
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2.3 Comparison of coagulation technique with other field processes 

Coagulation technique has been claimed as a simple and highly effective technique for 

fluoride removal (NEERI, 1978). A comparison of this process is made vis a vis other 

field processes to understand the limitations of the process and bring out possible 

ways to upgrade it for revival.  

2.3.1 Adsorption vs. coagulation 

Alumina and aluminum-based adsorbents have been used extensively due to high 

affinity between aluminum and fluoride ions. Many attempts have been made to 

modify alumina for higher fluoride removal (Mondal and George, 2014). Apart from 

being costly, the major drawback of the AA process is that alumina begins to leach 

aluminium and fluoride complexes with it below pH 6 and poses severe threats to 

human health, as aluminium and its fluoride complexes have been reported to cause 

Alzheimer’s disease and other health complications (George, 2009; He et al., 2016). 

Agarwal et al., (1999) reported that the treated water from activated alumina 

defluoridation process has moderately high residual aluminum ranging from 0.16 

mg/L to 0.45 mg/L. Some researchers have performed batch experiments for 

developing adsorption kinetics using specific dosages of alumina treating varying 

fluoride water concentrations and reported that when fluoride concentrations were 

high, at low alumina dosages, the formation of dissolved and colloidal aluminum 

fluorides was favored in pH range of 6.5 to 7.5, which may lead to increase in residual 

aluminum in treated water (George et al., 2010). It has been reported that regeneration 

of adsorbent bed is an important operation, which strongly influences the economic 

performance of adsorption process besides requiring skilled manpower  as 

summarized in Table 2.7 (Lounici et al., 2001; Vazquez-Guerrero et al., 2016). 

Development of community-based defluoridation unit is needed for rural areas with an 

adsorbent which is cost-effective, technologically simple in operation which can keep 

the fluoride level within the permissible limit (Yadav et al., 2015a). Defluoridation 

using activated alumina needs thousands of defluoridation units to treat a large 

volume of water, for large Indian population (Mohapatra et al., 2009; Singh et al., 

2016).  The activated alumina and biosorbents based adsorption processes for fluoride 

removal have their common field problem of the requirement of frequent recharging 

(Gautam, 2015; Khichar and Kumbhat, 2015). Also, the output quantity is limited by 

the minimum contact period required in the adsorption bed, which restricts their 
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application for larger communities (Meenakshi and Maheshwari, 2006). On the other 

hand, coagulation technique has a relatively higher capacity to treat water in its 

present batch operation mode and also does not face any regeneration problem. 

Several regeneration methods for an activated alumina column saturated with fluoride 

ions have been reported in the literature (Habuda-Stanić et al., 2014; Schoeman, 

2009). During the regeneration process, the adsorbed fluoride is washed away, and 

even some alumina is eluted resulting in the formation of activated alumina sludge 

(Iyenger, 2005; Mulugeta et al., 2015). Discarding the sludge is often thought of as a 

serious environmental health problem (Gupta et al., 2015; Mouelhi et al., 2015). 

Researchers have observed that the application of solidification/stabilization technique 

for handling AA sludge was not very encouraging as there was a significant reduction 

in compressive strength and acid resistivity of the bricks manufactured with 0-40% of 

fine aggregate being substituted with sludge (Pokhara, 2015). This was perhaps due to 

the fact that high concentrations of acids and alkalis are used in the activated alumina 

defluoridation process making the sludge chemically offensive. The sludge generated 

after the coagulation process, on the other hand, may yield much better results with 

the solidification/stabilization process as it operates under neutral pH (Agarwal et al., 

2017). 

2.3.2 Membrane processes vs. coagulation 

The essential requirement of electricity and the exorbitant cost of RO process make it 

unsuitable for community supplies in developing countries like Africa, India, etc. and 

it cannot compete economically with general field processes used for defluoridation 

(Ndiaye et al., 2005; Waghmare and Arfin, 2015a). Also, it is effective for chloride 

ions because the sodium fluoride particle had lesser size than sodium chloride particle. 

In an experimental study, when fluoride contaminated water was pre-treated with 

calcium carbonate and then passed through RO membrane, fluoride rejection 

increased from 73 % to 93.5 %. However, it might become less cost-efficient, because 

of the initial cost (Anand Babu et al., 2011). This happens because calcium carbonate 

aids in increasing the alkalinity of feed water which in turn helps in the effective 

combination of fluoride ions with calcium. Similar work in Rajasthan, India has 

indicated very high removal percentage of fluoride because of the presence of 

hardness in feed water which was also removed with similar efficiency. In a study, 

groundwater was initially blended with lime and carbon dioxide to adjust the hardness 

before treating it with reverse osmosis (Sehn, 2008). The low operating pressure of 
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average 8 bars at a temperature of average 8 °C resulted in a low energy consumption. 

The operational cost of the produced permeate was calculated to be 0.1 $/m
3
. On the 

contrary, coagulation technique has been the most economical defluoridation 

technique and brings the fluoride level within acceptable limit regardless of the initial 

fluoride concentration (Eswar and Devaraj, 2011; Singh et al., 2016). It does not 

involve any membrane, and therefore there are no problems with membrane fouling 

and operational pressure. Bejaoui et al., (2014) stated that surface charge of the 

membrane could affect the flux at both high and low pH. Also, the stage cut factor 

affects the reject percentage of the membrane. As the stage cut increases, it results in 

the decrease in retention of a particular ion. Although, RO is efficient for fluoride 

removal high initial cost requirement makes it less accessible for developing countries 

as compared to coagulation technique.   

2.3.3 Electrocoagulation vs. coagulation 

Electrocoagulation is an effective process for defluoridation, but when it is operated in 

a continuous mode to serve relatively large communities, there is a problem of high 

turbidity in the treated water (Hu et al., 2003). In this process, availability of 

electricity has to be ensured, and charge loading has been found to be a critical 

parameter in defluoridation experiments (Emamjomeh et al., 2011; Sinha et al., 2012). 

Also, it requires a minimum conductivity depending on the reactor design that limits 

its use with water containing low dissolved solids (Garg and Sharma, 2016). It has 

also been reported that residual aluminum content in water increases with an increase 

in the energy input (Sinha et al., 2015). The amount of sludge generated in 

electrocoagulation process is much lower than that from the coagulation process. 

Also, time required in defluoridation using electrocoagulation is five times lower than 

that using coagulation process. A continuous bipolar electrocoagulation–floatation 

system for the treatment of high fluoride containing wastewater following calcium 

precipitation with sodium dodecyl sulfate (SDS) has been developed (Hu et al., 2008). 

In this system, wastewater could be effectively treated by the system, but a higher 

dose of SDS than the batch system was needed that resulted in a higher amount of 

suspended solids. Coagulation process is not dependent on electricity for batch 

operation, and can easily be adapted in case of electricity failure in the continuous 

mode of operation. 



Literature Review 

 

44 
 

The literature survey and the laboratory experiments have indicated that each of the 

discussed techniques can remove fluoride under specific conditions. In Table 2.7, a 

comparison of different fluoride removal techniques has been made for groundwater 

by various parameters like initial fluoride concentration, sludge handling, residual 

aluminum, the capacity of the scale-up, operational handling and cost, etc. This is also 

worth mentioning here that groundwater is different than sea water with respect to 

fluoride concentration and the operational costs. Due to high salt concentration, the 

fouling of membrane is much faster in case of seawater than groundwater; therefore 

the operational costs are higher for seawater compared to groundwater. The fouling 

and energy costs mentioned in Table 2.7 are for groundwater. The fluoride removal 

efficiency varies according to many site-specific chemicals, geographical, and 

economic conditions, so actual applications may vary from the generalizations made 

herein (Jagtap et al., 2012). Any particular process, which is suitable for a particular 

region, may not meet the requirements at some other place. Therefore, any technology 

should be tested using the actual water to be treated before implementation in the 

field. Therefore, it can be inferred from the literature that use of coagulation technique 

is the most cost-effective technique for developing countries like Africa and India 

where the communities cannot afford purchasing and operating RO in drinking water 

due to high initial cost and skill requirements for its operation.   

2.4 Specific limitations of the coagulation technique due to residual complexes in 

treated water  

Coagulation technique using aluminum sulfate and lime, being a batch process, suffers 

from a limitation in terms of the amount of water being treated (Loganathan et al., 

2013). Another limitation of the technique is the high amount of residual aluminum 

left in the treated water, which is due to high concentration of suspended solids that 

primaril1y comprise alumino-fluoro complexes not being able to settle under plain 

sedimentation (Ayoob et al., 2008). Presently, coagulation technique has been banned 

in RIFMP due to the reports of high residual aluminum in the treated water (Hustedt et 

al., 2008). 

Shifting of the system to continuous mode to serve relatively larger communities has a 

risk of the possible increase in the treated water turbidity as the settle ability suffers in 

these systems compared to the batch mode operation and, as such, alumino-fluoro 

complexes are fragile and have low density (Agarwal et al., 2015). It is further 
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perceived that the low turbidity of the raw groundwater, where high fluoride exists, 

may not permit efficient sweep floc mechanism, the major mode of action of 

aluminum sulfate, resulting in the high concentration of suspensions of these 

complexes (Schutte et al., 2006). These issues are discussed in details in the 

subsequent sections, which also present major conclusions of the on-going research to 

revive this process by removing its aforementioned limitations. The different analysis 

methods for the detection of floc size have also been discussed as it results in the 

residual complexes and turbidity after the flocculation process. 

2.4.1 Problem of residual Al in treated water 

2.4.1.1 Health effects of Al-F compounds and residual Aluminum in treated water after 

coagulation  

Aluminum was earlier regarded as a relatively innocuous element, but recent research 

has found that its various bound forms with the hydroxide ion and inorganic ions are 

toxic (Crapper et al., 1976; Craun, 1990).  Existence of Al in defluoridated water 

drinking water is turned out to be the major problem globally, and flocculants having 

Al salts fall for examination with conclusions of neurological noxiousness when Al is 

consumed in various forms, and epidemiological surveys suggest that dissolved 

aluminum entering the bloodstream may cause Alzheimer’s disease (AD) (George et 

al., 2010; Krishnan et al., 1988). A study showed that excess Al in dialysate fluid was 

harmful to dialysis patients (Berend and Tom, 1999). The excerpts from the Abridged 

Final Report on the Review of Toxicological Literature on Aluminium Compounds 

prepared by (Masten, 2000), also elaborates on the toxicity of aluminum. In a study, 

the pharmacological and toxicological effects of alumino-fluoride complexes on 

animal and human cells, tissues, and organs have been identified (Strunecka and 

Patocka, 1999). Alumino-fluoride complexes mimic the action of many 

neurotransmitters, hormones, and growth factors. Alumino-fluoride complexes also 

affect the activity of a variety of phosphatases, phosphorylases, and kinases (Candura 

et al., 1991; Chabre, 1990; Nadakavukaren et al., 1990; Publicover, 1991). It has also 

been reported that Al is absorbed by the intestines and is rapidly transported to bones 

where it disrupts mineralization and bone cell growth and activity (Malluche, 2002). 

Its toxicities result in or exacerbate severe forms of renal osteodystrophy. Since Al is 

sequestered in bone for extended periods, its toxic effects are cumulative. The effects 

of aluminium accumulation on cancellous bone mass and histomorphometric 

parameters of bone formation and resorption were evaluated and the results 
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demonstrated that aluminium accumulation in bone is associated not only with 

impaired mineralization but also with loss of cancellous  bone  mass, and that  

removal  of  aluminium  from  bone  results in gain in  bone  volume (Faugere et al., 

1986). A recent neuro-toxicological study has emphasized the fact that aluminum is 

still being ingested in food sources by humans (Bondy, 2010; Kennedy et al., 2016). 

Even low levels of aluminum in the drinking water of experimental animals induce 

elevation of inflammatory markers in their brains, and inflammation is a significant 

factor in Alzheimer’s disease, Parkinson’s disease, autism, and other neurological 

disorders (Bondy, 2014). 

The coagulation process for fluoride removal principally involves the hydrolysis of 

alum and the preferential adsorption of fluoride ions onto the insoluble aluminum 

hydroxides that undergo precipitation. It utilizes much higher dosage of alum varying 

from 16 to 181 mg/L as aluminium for defluoridating water the F
- 
concentration from 

2 to 8 mg/L at varying alkalinity, which is approximately 5 times high as compared to 

the dose applied in typical water treatment processes (George, 2009; Selvapathy and 

Arjunan, 1995). The presence of high fluoride concentrations, inadvertent dosing of 

alum and pH variations during water treatment result in increased residual aluminum 

concentrations in the treated water due to the formation of the dissolved and colloidal 

aluminum fluoride and aluminum hydroxyl fluoride complexes (Wasana et al., 2015). 

Alumino-fluoride complexes are formed spontaneously in a water solution containing 

fluoride and trace amounts of aluminum. The complexes are not permanent; equilibria 

exist between the various possible complexes, and the proportions of multi fluorinated 

species such as AlF3, AlF3(OH)
-
 and AlF4

-
, depend on the excess concentration of free 

F
-
 ions and the pH of the solution ((Bigay et al., 1987; Goldstein, 1964). Presence of 

traces of Al & Al-F complexes after defluoridation through coagulation has been a 

great concern for human health due to the reported osteo and neurotoxicities of 

aluminum. The aqua-complex aluminum ions formed during alum hydrolysis 

reactions have the high charge to radius ratio, and they undergo reactions immediately 

with F
-
 ions leading to dissolve Al-F and aluminum hydroxyl fluoride complexes 

(Chowdhury et al., 1991). During this process, slight variations in pH, high fluoride 

concentrations, and high alum dosages can also affect the coagulation process, causing 

the formation of stable colloidal aluminum/micro flocs that will increase turbidity and 

cause high aluminum residuals in treated water (Driscoll and Letterman, 1988). The 

concentrations of aluminium fluoride and aluminium hydroxyl fluoride complexes in 
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treated water depend on the nature of the aluminium hydroxide precipitates/ alumina 

surfaces, pH, fluoride content and temperature moderate to high quantities of 

aluminum in output water, which is objectionable (George, 2009; Kvech and 

Edwards, 2002; Parthasarathy and Buffle, 1986; Sanjuan and Michard, 1987). 

2.4.1.2 Speciation of residual Al in treated water 

It has been observed in a study that Al was present in the range of 2 to 6.9 mg/L after 

pH adjustment in the treated water (after coagulation) of Chennai City when alum 

dose of  4 to 20 mg/L (as Al) was used  to treat water having fluoride concentration 

range from 1.8 to 8 mg/L (Selvapathy and Arjunan, 1995). The permissible dissolved 

aluminum concentrations in treated drinking water under the USEPA (United States 

Environmental Protection Agency) secondary drinking water regulation is 0.05– 0.2 

mg/L and WHO and Indian Regulations (BIS 2012)  allow a maximum of 0.2 mg/L 

(Gorchev and Ozolins, 2017). Similar values of residual aluminium ranged from 0.16 

mg/L to 0.45 mg/L have been reported in the treated water from activated alumina 

defluoridation process proving it to be safer than the coagulation treated waters and 

hundreds of community defluoridation plants were shifted for coagulation to AA in 

various parts of the country (Driscoll and Letterman, 1995). The coagulation process 

for fluoride removal uses high dosages of aluminium sulphate varying from 145 to 

1600 mg/L, which leads to the formation of stable colloidal aluminum / micro flocs 

(size less than 2 µm) resulting in high turbidity because of high colloidal aluminum 

residuals (Agarwal et al., 1999; George, 2009). Some researchers have investigated 

hydrous aluminum oxide colloids produced by hydrolyzing aluminum sulfate at 98 °C 

and initial SEM studies showed that the colloidal particles were spherical, with an 

average diameter of 0.5 + 0.1 μm at pH of 7.8 (Driscoll and Letterman, 1995). The 

overall residual aluminum in the treated water was attributed to both dissolved and 

colloidal aluminum present in it. The dosages of alum and lime in coagulation were 

originally designed to account for the reduction in pH during this hydrolysis process 

and to maintain the residual pH range between 6 to 8 which is the region for the 

maximum formation and flocculation of insoluble Al tri-hydroxides (Martyn et al., 

1989). It was suggested that approximately 11% of aluminum inputs remained in the 

treated water as residual aluminum (Chowdhury et al., 1991). 

Studies have been performed for aluminum characterization by adopting the method 

developed by Driscoll and Letterman with some changes (Driscoll and Letterman, 
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1995; Srinivasan and Viraraghavan, 2002). A Perkin Elmer graphite furnace atomic 

absorption spectrophotometer (GFAAS) (2380 Spectrophotometer, - HGA 400 

furnace with D arc background corrector and AS 40 autosampler) was used for 

measurement of Al present in water samples during both phases of Al characterization 

study at BPWTP. Standard Al solutions (10, 30, 50, 80 and 100 µg/L) were prepared 

by diluting Anachemia AAS grade Al reference (stock) solution of 997µg/L for 

calibration of GFAAS. Magnesium nitrate (0.1%) was used as a matrix modifier for 

the measurement of Al by GFAAS. All chemicals used were of ACS reagent grade. 

Some authors have also reported Al speciation using inductively coupled plasma-mass 

spectrometry (ICP-MS) (Berube and Brule, 1994; Kerr, 1997). 

A model simulator NALD-2, for representing the coagulation process for 

defluoridation has been developed that can estimate amount of all Al and F
-
 species in 

the dissolved (AlF, AlF2
+
, AlF4

-
, AlF5

2-
 and AlF6

3-
, AlOHF

+
, Al(OH)2F2

-
, free Al

3+
, 

AlOH2
+
, Al(OH)2

+
, and Al2(OH)22

+
), colloidal (Aln(OH)3n-1

+
 and Aln(OH)3n-1O

-
) and 

precipitated (AlF3
0
 , AlOHF2

0
, Al(OH)3

0
, Aln(OH)3n

0
 (OH)) (George, 2009).  

Defluoridation occurs due to fluoride complexing with protonated sites on 

Aln(OH)3n
0
(OH) species and precipitates in its complexed form Aln(OH)3n-1F

0
. The 

model was experimentally validated for the experimental data obtained under 

controlled laboratory conditions (George 2009) as well as for residual Al in treated 

water using secondary data of Selvapathy and Arjunan, (1995). Simultaneous 

aluminum ion relations with fluoride and hydroxides were also positively included 

into the model to predict the aluminum concentrations remaining in treated water and 

also the influence of alum dose, pH of the solution, initial fluoride concentrations, etc. 

on the fluoride removal capacities. The NALD-2 simulator (Figure 2.1) also helps in 

predicting optimum alum dosages for minimum residual aluminum in the treated 

water. The optimum alum dosage was found to be approximately 40 mg/L, which 

gave the residual fluoride concentrations of 0.86 mg/L and dissolved and colloidal 

aluminum concentrations at its minimum at 1.23 mg/L and 0.387 mg/L respectively. 

However the total residual aluminium in the treated water even with NALD-2 

predicted optimum doses was very high at 1 to 2 mg/L, and hence it was concluded 

that the doses of alum prescribed in the coagulation method are not able to meet the 

permissible limit of 0.2mg/L in the treated water. 
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Table 2.7 Comparison of coagulation technique with other field processes for the removal of fluoride in groundwater 

Parameters Coagulation Technique Reverse Osmosis Electrocoagulation Adsorption by AA 

Initial fluoride 

concentration, Fo (ppm) 
 1.8-8 (George, 2009); 

 2-21 (Nawlakhe and 

Bulusu, 1989); 

 5-10 (Dahi et al., 1995) 

 1.8-20 (Tahaikt et 

al., 2007); 

 5-15 (Pontie et al., 

2013);  

 2-10 (Hoinkis et 

al., 2011);   

 1.4-2 (Sehn, 2008) 

 10 (Emamjomeh et 

al., 2011); 

 5-25 (Emamjomeh 

and Sivakumar, 

2009); 

 6.2 (Sinha et al., 

2012); 

 2-8 (Sinha et al., 

2015); 

 5 (Mouelhi et al., 

2015); 

 8-10 (Mulugeta et al., 

2015); 

 4-10 (George et al., 

2010); 

 

Residual fluoride 

concentration(ppm) 
 0.86 (George, 2009); 

 0.5-2 (Nawlakhe and 

Bulusu, 1989); 

 0.2-1(Dahi et al., 1995) 

 

 

 0.07-0.09 for 

NF90 & 0.9-2.78 

for NF400 

(Tahaikt et al., 

2007); 

 0.2-0.6for NF90 & 

0.1 for BW30 

(Pontie et al., 

2013); 

 0.01-0.5 for NF90 

membrane & 0.5-

2.5 for NF270 

membrane 

(Hoinkis et al., 

2011); 

 0.02-0.03 (Sehn, 

2008); 

 0.1 (Emamjomeh et 

al., 2011); 

 0.25-2.25 

(Emamjomeh and 

Sivakumar, 2009); 

 1.3 (Sinha et al., 

2012); 

 0.7 (Sinha et al., 

2015) 

 1.1 (Mouelhi et al., 

2015); 

 0.01-2.18 (Mulugeta et 

al., 2015); 

 1.3-9.6 (George et al., 

2010); 
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Residual aluminium 

(ppm) 

1.685 (George, 2009); No Residual 

aluminium  
 < 0.2 (Emamjomeh 

and Sivakumar, 

2009) ; 

 0.058 (Sinha et al., 

2012); 

 13.7-16.86 ; 

 0.0128-0.0594 

(Mulugeta et al., 

2015); 

 0.16-0.45 (George et 

al., 2010); 

Capacity of the Scale-

up plant 

Full scale plant - 94.5m
3
 for 

1hr, Fo=4.8 ppm (Bulusu, 

1984) 

Full scale plant 33m
3
 

for 1 hr Fo= 4.67ppm 

(Pontie et al., 2013) 

Pilot plant – 0.018m
3 

for 

1 hr, Fo =5 ppm 

(Emamjomeh and 

Sivakumar, 2009) 

 0.074 m
3
 for 1 hr, Fo= 8-

10 ppm (Mulugeta et al., 

2015) 

Cost of 

Chemicals/materials 

consumed 

 0.5 kg/m
3
of  

Aluminium sulphate – 

6.3$/kg 

 0.025 kg/m
3
 of lime- 6 

$/kg 
  (Bulusu, 1984) 

 NF90-400 (DOW 

Filmtec) 

membrane with 

area of 7.6 m
2
 – 

954$ 

 2 Aluminium(98% 

purity& 950mm 

width, 200 mm 

height & 3 mm 

thickness) plates for 

anodes and cathodes 

– 15$/plate; 

  NaCl electrolyte 

solution- 6$/kg 

  HCl 0.01M/m
3
 for 

pH adjustment- 

45$/litre 
(Emamjomeh and 

Sivakumar, 2009) 

 7.5 kg/m
3
 of Activated 

Alumina with specific 

surface area of 

250m
2
/g- 1.05$/kg 

 6.25m
3
 of 0.25 M 

NaOH for 

regeneration- 

54.45$/litre 

 25 m
3
 of 0.02 M 

H2SO4 for rinsing & 

neutralising-48.9$/litre 

 2.5 kg/m
3 

of Calcite for 

maintaining pH of 

treated water- 6$/kg 

(Mulugeta et al., 2015) 

Operating parameters Reaction pH between 6.5-

7.5 (George, 2009) 
 Constant 

temperature of 

21
o
C 

 Applied pressure- 

0-20 bars 

(Pontie et al., 

2013) 

 Applied current – 2-

8 A; 

 Electrical 

conductivity- 0.99-

1.01 mS/cm 

(Emamjomeh and 

Sivakumar, 2009) 

 Flow rate of raw 

water- 3 litre/min 

 Electrical 

conductivity- 

1500µS/cm 

 (Mulugeta et al., 2015) 
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Total Operational cost 0.017$/m
3 

(Bulusu, 1984)  0.1$/m
3 

(Pontie et 

al., 2013) 

0.27 $/m
3 

(Emamjomeh 

and Sivakumar, 2009) 

22.8 $/m
3
  

(Mulugeta et al., 2015) 

Actual energy needed 0.028 kWh/m
3 

(Bulusu, 

1984; Bulusu et al., 1994) 

~0.24 kWh/m
3
 

(Batista-Garcia et al., 

2015; Pontie et al., 

2013) 

0.706 kWh/m
3
 

(Emamjomeh and 

Sivakumar, 2009) 

0.019kWh/m
3
(Mulugeta et 

al., 2015) 

Recharging of 

bed/Charge 

loading/adsorbent 

regeneration 

No such limitation 

(Maheshwari et al., 2013; 

Waghmare and Arfin, 

2015b) 

No such limitation 

(Pontie et al., 2013) 

Periodical replacement 

of the sacrificial anodes 

and minimum 

requirement of 

conductivity necessary 

to facilitate the flow of 

current (Maheshwari et 

al., 2013) 

Common field problem for 

requirement of frequent 

recharging which strongly 

affects the economic 

performance (Mulugeta et 

al., 2015; Yadav et al., 

2015a) 

Sludge handling Sludge can be handled with 

solidification/stabilisation 

and may yield much better 

results as it operates under 

neutral pH 

(Jagtap et al., 2012) 

No sludge is produced 

in case of treatment of 

groundwater (Maxime 

et al., 2008; 

Wimalawansa, 2013) 

For 8 h of operational 

time, sludge volume 

increased from 0.7 to 

2.75 litre and this needs 

to be handle 

(Emamjomeh and 

Sivakumar, 2009) 

Disposal of fluoride laden 

sludge and concentrated 

regenerant & solidification 

/ stabilisation technique 

for handling AA sludge 

was not very encouraging 

(Maheshwari et al., 2013; 

Pokhara, 2015).  

Fouling problem No problem of fouling 

(Bulusu, 1984; Jagtap et al., 

2012) 

No problem of fouling 

with low salt content 

and treating 

groundwater (Pontie et 

al., 2013; Singh et al., 

2016; Wimalawansa, 

2013) 

No problem of fouling 

was observed 

(Emamjomeh and 

Sivakumar, 2009) 

High concentration of 

TDS can result in fouling 

of adsorbent bed 

(Meenakshi and 

Maheshwari, 2006; Yadav 

et al., 2015a) 

Operational handling Community based plants 

which are operated under 

skilled labor (Jagtap et al., 

Community based 

central large units 

operated by 

There was no problem 

of chemical handling. 

(Emamjomeh and 

Does not require skilled 

labour; regeneration is 

done at centralized 
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2012; Yadav et al., 2015a) professionals but 

domestic based small 

membranes systems 

can be mounted under 

the counter at  the 

kitchen (Pontie et al., 

2013; Wimalawansa, 

2013) 

Sivakumar, 2009) facilities (Jagtap et al., 

2012; Schoeman, 2009) 

 

 

 

Figure 2.1 Flow Chart of NALD-2 
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2.4.1.3 Analysis methods for detecting the size of the particles formed during Flocculation 

process 

During flocculation, particle sizes, structures, and shapes can all affect the aggregation 

behavior and collision efficiency (Jiang and Logan, 1991). It was reported that 

concentration of fine particles (less than 5 μm diameter) is proportional to water 

turbidity in the range of 0–40 Nephelometric turbidity units (NTUs) (Yao et al., 

2014). Later, it was suggested that flocs in different size ranges contribute differently 

to the decrease in turbidity after sedimentation. Some of the fundamental mechanisms 

that control flocculation are still not well understood (Jun et al., 2009). For instance, it 

was observed that small particles do not readily attach to big flocs so that aggregation 

occurs slowly (Swetland et al., 2014). There appears to be something about the 

collisions between particles that are very different in size that makes aggregation 

difficult. The development of an analytical tool to non-destructively characterize 

temporally evolving flocculant particle size distributions can lay a foundation for 

studies of particle collisions and the mechanisms that control aggregation. 

Understanding how does the floc size distribution influence the flocculation process 

can, in turn, contribute to the optimization of treatment system design. 

Particle size characterization can be accomplished using a Coulter counter or by the 

electrical sensing zone method (Gibbs, 1982; Zhang et al., 2007). Some of the 

researchers used a laser beam as the light source to obtain the instantaneous size 

distribution of flocs (Coufort et al., 2008). Particle image velocimetry software for 

image acquisition has been used by some researchers to characterize alum flocs 

(Chakraborti et al., 2000)). A fully automated image processing script to attain more 

precise size distributions were also developed (Keyvani and Strom, 2013; Sun et al., 

2016). Sun et al., (2016) developed a fully automated tool for image analysis of 

flocculant particle suspensions.  

In a study, the nature of the flocs formed with alum and PACl, the zeta potential and 

size of the suspensions remaining after flocculation and settling were analyzed using 

Zeta sizer nano series (Malvern) (Agarwal et al., 2015). The Zeta potential on the 

surface of the suspensions of alumino-fluoro complexes remaining after the treatment 

of fluoride-containing groundwater with alum was found to be 1.62 mV and the 

average size of suspensions was 5.134 µm. The Zeta potential for the similar alumino-

fluoro complexes for treatment with PAC was found to be 4.10 mV with the average 

size being 1.931 µm. This indicates that both the suspensions were in a fast 



Literature Review 

 

54 
 

coagulating range of zeta potential but the cut-off particle size with PACl was much 

lower and hence a much lesser turbidity was obtained in the treated water with PACl. 

The flocs of alum settled well under quiescent conditions but tended to remain under 

suspension in continuous flow regime that does not facilitate settling comparable to 

that of batch mode. This also confirms the superiority of the coagulation mechanism 

of bridging by PACl over sweep floc action of alum under low turbidity suspensions. 

2.4.2 Issues related to sludge generated in the defluoridation process 

Production of excessive amounts of sludge is among some of other limitations of this 

method. Batch coagulation technique has been switched to continuous mode to treat 

large amount of water (Agarwal et al., 2017). It was observed that there was 

considerable amount of sludge is generated which needs to be handled well. 

Disposal of sludge is a major concern for environmental health (Hashemi et al., 2018; 

Mohammed Breesem et al., 2014). The sludge is quite toxic because it contains 

excessive concentrations of removed fluoride and leached aluminium, which is a 

proven neuro-toxin (Jagtap et al., 2012). The sludge is typically retained or discarded 

in a pit or soaked away (Breesem et al., 2014). The dried sludge is often left 

unattended at many places as currently there is no proven technology for safe disposal 

or reuse of this material. The generation of excessive amount of sludge has raised a 

great environmental concern regarding the disposal and handling costs. As a result, 

sludge with high amount of water is discarded into adjacent aquatic systems (de 

Azevedo et al., 2018). Water purifying organizations have major environmental 

responsibilities since the land for throwing the sludge is limited (de Oliveira Andrade 

et al., 2018). In addition to this, an extra burden by the pollution control board has 

been given to the water industries regarding legal and constitutional necessities for 

disposing the sludge (Ahmad et al., 2016). In Rajasthan state, India, Bisalpur dam 

supplies 16.2 TMC per day out of which 5.1 TMC is supplied to Ajmer district and 

11.1 to Jaipur district (Stearns, 2009). About 16.5 metric tons sludge is generated per 

day which is a huge quantity. As aluminium sulfate is used as coagulant in water 

treatment plant, this sludge is highly toxic as it contains metals like aluminium so its 

disposal is a major problem for PHED (Public Health Engineering Department) (2008 

CPCB, n.d.). According to CPCB (Central Pollution Control Board, India), India is 

producing huge amount of inevitable waste everyday at their water treatment plants 

which requires proper handling and disposal. But, due to lack of sludge management 

strategies most of the water treatment plants in India discharge their filter backwash 
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water and sludge into nearby drains which ultimately meet the water source. Some of 

the water treatment plants dispose the clarifier sludge on nearby open lands (2011 

CPCB, n.d.). Therefore, it points to an urgent need to use this metal-containing sludge 

in a gainful manner to reduce environmental pollution and development of clean 

technology with zero waste generation. 

2.5 Possible solutions for the revival of the coagulation technique through recent 

researches  

2.5.1 Replacement of   poly-aluminum chloride (PACl) as a substitute for 

Aluminum Sulphate 

In the recent years, defluoridation of water using poly aluminum chloride (PACl) is 

being tried by some researchers (Muthu et al., 2003; Sharma et al., 2015). These 

studies indicate that the use of PACl can be a good alternative to alum for the 

defluoridation purpose. In a study, the fluoride adsorption by water treatment sludge 

was suggested to be a promising method for removing fluoride from aqueous 

solutions (Oh and Chikushi, 2010). Removal of fluoride content from synthetic water 

using coagulation technique by adding PACl dosages in varying percentages has also 

been reported (Kumbhar and Salkar, 2014). It was found that the optimum 

combination of PACl and lime was in 1:0.5 proportions. The further increase in lime 

dose resulted in the excessive rise in pH of the treated water. PACl dose of 50 mg /L 

with the lime dose of 25 mg/L were found to reduce fluoride content from 4 mg/L to 

1.5 mg/L. The use of PACl alone was found to be feasible to remove fluoride. The 

optimum dose of 72.5 mg/L was required for removing fluoride concentration to 1.5 

mg/L from 4 mg/L.  

In a recent research, suitable methods have been developed to overcome the resulting 

problems and get the water with the desired permissible limit of aluminum, which can 

serve small to large communities. Since high fluoride is present in relatively deep 

groundwater that carries low suspensions, application of PACl may have the 

advantage that its coagulation mechanism of bridging would prove better than the 

sweep floc mechanism of alum, which has limitations under such conditions (Mirzaiy 

et al., 2012; Yang et al., 2010). The effect of this substitution was studied for its 

possible implications on residual turbidity as well as residual Al (Serra et al., 2008; 

Sharma et al., 2015; Yao et al., 2014). The results showed that while PACl was 

equally effective in removing fluoride from water compared to alum, the removal of 
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turbidity was far superior with its use. This indicates that use of PACl can result in the 

sharp reduction in suspensions of alumino-fluoro complexes that constitute a 

substantial part of the residual aluminum after alum treatment (Coufort et al., 2008; 

He and Nan, 2012). Moreover, the application of PACl resulted in the much lesser 

addition to the TDS of the raw water as it would require lesser pH compensation, and 

also it contains lesser soluble salts compared to alum. However, in both the cases, the 

treated water was not able to meet the residual aluminum standards of 0.2 ppm and a 

subsequent micro filtration membrane can be integrated to meet this target.  

To make the coagulation process able to serve relatively larger communities shifting 

of the process to the continuous mode with the integration of micro-

filtration/ultrafiltration/sand-filtration can be done which would enhance the treatment 

capacity significantly.    

As filtration through membranes is essentially required after the process, in order to 

bring the residual aluminum content within the acceptable limit, so, here also PACl 

gives an advantage of presenting less turbid water to the membrane as compared to 

alum and hence reducing the need for cleaning or replacing the membrane besides 

cutting down the operating expenses. With the incorporation of membrane filtration in 

the process, the need for adding bleaching powder can also be eliminated or at least 

reduced, as the membrane itself can provide some disinfection. This has a potential to 

reduce the cost of the process significantly. 

2.5.2 Sand Filters 

When selecting technology and systems of treatment, it is vital that as full a picture as 

possible of the source water quality is available. It is important to characterize the 

water quality before trying to design appropriate treatment systems. It is equally 

important to maintain a thorough monitoring program through the plant to ensure that 

each stage of treatment is working effectively and efficiently. In a seminar pack for 

drinking water quality submitted by (Who Seminar Pack For Drinking-Water Quality, 

2009) it has been reported that slow sand filters can be installed with the coagulation 

treatment for fluoride removal. Slow sand filters operate at low flow rates, 0.1 - 0.3 

meters per hour. The top layers of the sand become biologically active by the 

establishment of a microbial community on the top layer of the sand substrate. Slow 

sand filters require low influent turbidity, below 20 NTU and preferably below 10 

NTU. This means that efficient pre-treatment is necessary to ensure that the filters do 
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not become overloaded. Slow sand filters can cope with shock turbidity of up to 50 

NTU, but only for very short periods of time before they block. In a technology used 

by Dryden Aqua Technology, Europe, aeration mixing is done followed by the 

flocculation mechanism, and then AFM (Activated filter media) filters are used to 

remove the suspended fluoride. Then these filters are backwashed to release all the 

fluoride. But high initial costs and unsuitability of higher concentration of iron and 

other impurities are some of the major disadvantages of aeration filtration method 

(Vigneswaran et al., 2009). By providing roughing filter pre-treatment, suspended 

solids are decreased. Rapid sand filtration is still a viable method of water treatment 

most suitable for raw water sources with turbidity and suspended solids. Multistage 

filtration has been shown to be an efficient and effective drinking water treatment 

technique for source water with high turbidity, organic matter, and suspended solids 

(Ravikumar and Sheeja, 2013). 

2.5.3 Roughing filters as a pre-treatment 

Roughing filters are often used to pre-treat water by removing suspended solids from 

the water that could rapidly clog a slow sand filter (Brikké and Bredero, 2003). 

Roughing filters can also considerably reduce the number of pathogens in the water, 

as well as the amount of iron and manganese. There are many types of roughing filters 

with different flow directions (downflow, up-flow, and horizontal flow filters), and 

with different types of the filter medium (e.g., sand, gravel, coconut husk fibre). Up-

flow roughing filters are relatively cheap and easier to clean than downflow or 

horizontal flow filters. If raw water with turbidity below 50 NTU is used as the source 

for a roughing sand filter, the outflow has turbidity below 12 NTU. Approximately 

84–98% of suspended solids are removed. Better results are obtained with two or 

three filters in series.  

A pilot-scale of roughing filters was operated, and it was noted that the most 

influential design variable for kaolin removal was filtered length or depth. For algae 

removal, the most important variable was hydraulic loading rate (Collins et al., 1991). 

For either kind of particles, longer residence time in the roughing filter was related to 

improved removal. The variables studied by Collins et al. (1991) were gravel size 

(2.68 mm, 5.53 mm and 7.94 mm), filtration rate (0.5 m/h, 0.75 m/h and 1.0 m/h) and 

gravel depth (30 cm, 60 cm and 90 cm). Roughing filters have also been studied by 

many researchers, and it was concluded that roughing filtration is receiving renewed 
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interest as a result of its potential application in small-scale systems. Modified 

roughing filtration systems have proven to produce exceptional quality water and 

require minimal maintenance, despite operating in cold temperatures and highly 

variable water conditions and encountering a variety of contaminants, making them a 

suitable alternative to conventional treatments for developing countries (Mahvi and 

Moghaddam, 2004; Nkwonta and Ochieng, 2009; Nkwonta et al., 2010). 

2.5.4 Utilization of sludge generated from the defluoridation process 

Researchers have performed solidification/stabilization for activated alumina sludge 

but there was a decrement in the strength of the bricks and acid resistance prepared 

having 0-40 % replacement of fine aggregates with sludge (Pokhara, 2015). The 

reason behind the reduction in strength was the application of high amount of acids 

and alkalis in activated alumina fluoride removal technique that makes the sludge 

chemically offensive. On the contrary, sludge generated from the coagulation process 

may provide impressive outcomes because it works at neutral pH (Agarwal et al., 

2015).  

Weng et al. (2003) investigated the reuse of sludge collected from an industrial 

wastewater treatment plan for the manufacturing of bricks. With up to 20% sludge 

added to the bricks, the strength measured at temperatures 960 ºC and 1000 ºC met the 

requirements of the Standards. Toxic characteristic leaching procedure (TCLP) tests 

of brick also showed that the metal leaching level is low. The conditions for 

manufacturing good quality bricks was 10% sludge with 24% of moisture content 

prepared in the moulded mixtures and fired at 880–960 ºC. 

Ramadan et al. (2011) studied effect of addition of sludge with ratios 50, 60, 70, and 

80 % of the total weight of sludge-clay mixture. By operating at the temperatures 

commonly practiced in the brick factories, 50 % was the reasonable sludge addition to 

produce sludge-clay brick. 

Owaid et al. (2013) examined the influence of alum sludge powder as partial Portland 

cement type I replacement on the mechanical properties of high-performance mortar.  

The percentages of the alum sludge by weight of cement were: 0%, 6%, 9%, 12%, and 

15%. It was found that the mortar with 6% alum sludge cement replacement 

demonstrated improved compressive strength and splitting tensile strength at all ages, 

compared with the control mortar. Kaosol 2010 reused the water treatment sludge 

from a water treatment plant to make hollow mortar blocks. The results in this study 

showed that the water treatment sludge mixtures can be used to produce hollow non-
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load bearing mortar blocks, while 10 and 20% water treatment sludge mixtures can be 

used to produce the hollow load bearing mortar blocks. Economically, the 10 % and 

20% water treatment sludge mixtures can reduce the cost at Rs. 1.376 and 2.257 per 

block, respectively. In recent times, there is a growth of industries that work for 

fundamental utilization of waste and by-product materials and produce eco-friendly 

building materials from reprocessed waste (Desai 2016). Explorations and 

investigations are required to manage these wastes in a controlled and safe way 

because of land shortage and high expenses related to it (Srinivasan et al., 2016).  

de Oliveira Andrade et al. (2018) studied the effect of replacing water treatment plant 

sludge with fine aggregates on the strength of the mortars. It was clear from the study 

that the addition of sludge increases the porosity of the mortars which affects the 

properties of the mortar and the results showed that compressive strength was 

acceptable up to 5 % of water treatment sludge.  

2.6 Conclusions drawn from the literature survey 

Coagulation technique, a commonly employed field technology for defluoridation in 

India, has been banned in Rajasthan due to its severe limitation of high residual 

aluminum in treated water. A critical review of the international literature available on 

the mechanism of the process identifies the reasons for its major shortcoming. In this 

process, alum is used as the coagulant which follows sweep-floc mechanism that is 

more efficient under high turbidity. Alumino-fluoro complexes formed during 

flocculation are responsible for the fluoride removal. Since groundwater has less 

turbidity which affects the compactness of the flocs that consequently results in poor 

settling ability. Therefore it results in residual aluminum in treated water higher than 

the permissible limit. The review also describes the other field technologies for 

defluoridation along with the pros and cons of each technique. As inferred from the 

text, coagulation is the most cost-effective technique in developing countries like 

India and Africa, where the communities cannot afford purchasing and operating RO 

for drinking water due to its high initial cost.  A summary of the results of recent 

studies conducted suggests that this process can be effectively revived and adapted for 

serving large communities by converting it to a continuous mode of operation; 

replacing alum with PACl which works under particle bridging mechanism for 

flocculation and attaching a micro-filtration unit in series of the existing process. 

Speciation of the particles (precipitated, colloidal & dissolved) formed should 

also be done in to understand the defluoridation mechanism and hence 
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identification of the species mentioned in NALD-2 model developed by George et 

al. (2009) could also be done experimentally. 

For the colloidal fraction, deeper analysis of size distribution and surface charge can 

be carried out to improve settling characteristics of suspensions as well as 

requirement of a post membrane/sand filter treatment for the removal of Al-F 

complexes.  During coagulation defluoridation process, though regeneration of the 

media is not required, a significant amount of sludge is generated, which is expected 

to contain aluminium, sulphate, fluoride, chloride, iron, etc. Research is required to 

modify the sludge suitably using solidification/stabilization approach for its higher 

substitution in concrete. 
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The clear information about material used and methods adopted in the research has 

been given in detail in the chapter. It gives all the relevant information for the research 

in different ways such as procedure, methods, characterization techniques, etc. This 

chapter explains about the materials and methods for the batch and continuous studies 

for fluoride removal. This section also includes the design and fabrication of 

continuous experimental set up (defluoridation set-up) used in this study. This 

experimental setup was fabricated at the Chemical Engineering Department, Malaviya 

National Institute of Technology (MNIT), Jaipur. Characterization methods for treated 

water and the sludge generated in defluoridation set-up are also explained. All the 

characterization experiments were carried out in Material Research Centre (MRC) at 

MNIT Jaipur. The materials, equipment list and the apparatus used in this research are 

also shown in this chapter.  

3.1 Materials and Chemicals  

All chemicals used for the study, namely, sodium fluoride (NaF, AR grade-make 

ACS), aluminium sulphate (Al2(SO4)3.16H2O, AR grade-make ACS), calcium oxide 

(CaO, AR grade-make Hi media), Cyclo-hexane-di-amine-tetra-acetic acid (CDTA, 

AR grade-make Merck), sodium chloride (NaCl, AR grade-make ACS), sodium 

hydroxide (NaOH, AR grade-make ACS), glacial acetic acid (AR grade-make ACS), 

ethanol (AR grade-make Merck), glycerol (AR grade-make ACS), Hydrochloric acid 

(HCl, AR grade-make ACS), hydrazine sulphate (AR grade-make ACS), hexamine 

(AR grade-make ACS), isopropyl alcohol (AR grade-make ACS), potassium chromate 

indicator (AR grade-make ACS), silver nitrate (AR grade-make ACS), EDTA (AR 

grade-make ACS), NH3-NH4Cl buffer (AR grade-make ACS), EBT indicator (AR 

grade-make ACS), sulphuric acid (H2SO4, AR grade-make ACS), methyl orange 

indicator (AR grade-make ACS) were purchased from Savita Chemicals, Jaipur. 

Polyaluminium chloride solution (KANPAC 10 HB) was obtained from Aditya Birla 

Chemicals, Grasim Industries Limited (Chemical division) Birlagram, Nagda, India), 

with aluminium content of 10.2% as Al2O3 as per the specifications provided by the 

supplier (Table 3.1). All standard chemicals were used without purification. Some 

experiments were also performed using groundwater samples of Nagaur district and 

Shivdaspura (Jaipur), Rajasthan, India. 
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Table 3.1 Specifications of PACl 

Molecular Formula {Al
n
(OH)

m
Cl

(3n-m)
}

x
 

Appearance Clear Transparent liquid 

Al
2
O

3 
 (%) 10.5 

Specific Gravity at 20 °C (gm/ml) 1.22 

Cl (%) 10±0.5 

Basicity 64±4 

 

3.2 Physical properties of raw water used 

Alkalinity of raw water was measured by titrating with standard sulphuric acid using 

phenolphthalein indicator and methyl orange indicator. Fluoride analysis of the raw 

water was also done and the procedure is explained below. The dose of aluminium salt 

for fluoride removal increases with increase in the fluoride and alkalinity levels of the 

raw water (Bulusu et al., 1994).  

3.2.1 Alkalinity 

The alkalinity of water is a measure of its capacity to neutralize acids. The alkalinity 

of natural water is due to the salts of carbonate, bicarbonate, borate, silicate and 

phosphate along with the hydroxyl ions in free state. However, the major portion of 

the alkalinity in natural waters is caused by hydroxide, carbonate and bicarbonates 

which may be ranked in order of their association with high pH values. Alkalinity 

values provide guidance in applying proper doses of aluminium sulphate or 

aluminium chloride or both to the water to be defluoridated. Alkalinity of a sample 

can be estimated by titrating with standard sulphuric acid. 

Procedure: 

25 ml sample was taken in a conical flask and add 2-3 drops of phenolphthalein 

indicator were added to it. If pink colour develops, titration with 0.02 N H2SO4 was 

done till it disappeared. Volume of H2SO4 required is A. Then 2-3 drops methyl 

orange were added to the same flask, and titration was continued till colour changes to 

orange to pink. Vol. of H2SO4 added is B. 

Calculation: 
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 Alkalinity, mg/I as CaCO3 = (K*N*50000) / (mL of sample used) 

Where, N =Normality of H2SO4 used and 

K = ml standard acid used to reach end point. 

 The alkalinity of raw water was found to be 270 mg CaCO3/l. 

3.2.2 Analysis of Fluoride 

The residual fluoride content in the treated water samples is determined by fluoride 

ion selective electrode (Thermo scientific Orion star A214 sown in Figure 3.1), which 

is a type of ion selective electrode sensitive to the concentration of the fluoride ion. 

The amount of a specific ion contained in an aqueous solution can be determined by 

direct potentiometric measurement of the voltage of a galvanic cell. The ion-selective 

electrode (ISE) typically consists of an inner reference electrode plus a membrane that 

provides the interface between the sample solution and the ISE. A potential develops 

across the membrane that depends on the difference in the activity of a specific ion on 

each side of the membrane. An internal solution with a fixed concentration (activity) 

of the analyte ion means that the potential developed across the membrane is related to 

the analyte activity in the sample solution. 

Steps of Calibration:  

 Three fluoride standards of 0.1, 1 and 10 ppm were prepared.  

 The standards were prepared in DI water and then mixed with TISAB (Total 

Ionic Strength Adjustment Buffer) in 1:1 ratio.  

 After pressing calibrate on the screen, the electrode was dipped in the standard 

of lowest concentration (0.1 ppm). The meter showed a reading. After the 

reading stabilized, it was set to the known value (0.1 ppm).  

 The electrode was cleaned with DI water and dipped in the next standard (1 

ppm). Again the meter will show a reading. After the reading stabilized, it was 

set to the known value (1 ppm).  

 Similarly, the instrument was calibrated for the third standard. After 

calibration, the slope was checked, which should lie between -54 to -64 mV.  

Then after pressing measure the fluoride concentration of the samples was determined.  
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TISAB is Total Ionic Strength Adjustment Buffer, which is added to the samples in 

order to break fluoride complexes of iron and aluminum, adjust the pH to 5-5.5, and 

provide a constant ionic strength (Manual, 1976). Fluoride sample concentration is 

determined, using this method, independent of the level or nature of dissolved 

minerals. It is prepared by dissolving 4 gm CDTA, 58 gm NaCl and 57 gm Acetic 

acid in DI water. The pH of this mixture is then maintained between 5-5.5 by adding 5 

M NaOH. Then make up the volume to 1000 ml with DI water. 

 

Figure 3.1 Fluoride Ion meter 

3.3 Batch Experiments 

Alkalinity of raw water was measured by titrating with standard sulphuric acid using 

phenolphthalein indicator and methyl orange indicator. The alkalinity of raw water 

was found to be 230 mg CaCO3/l.. A 1,000 mg/L fluoride stock solution was prepared 

by dissolving 2.21 mg NaF in 1,000 ml water. Fluoride solutions of different known 

concentrations were prepared from stock solution by appropriate dilution. The 1,000 

ml of known fluoride concentration solution was taken in a beaker and dose of 

alum/PACl was added to it as per the specifications of Nalgonda process. The 

approximate alum dose as per Nalgonda specifications is shown in Table 3.2 (Bulusu 
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et al., 1994). The dosage of PACl was kept equivalent in terms of aluminium to that of 

alum and the calculations are given below:  

PACl is 10.2% Al2O3; 1 ml of PACl = 1.23 gm of PACl; 1 ml PACl = 0.125 gm of 

Al2O3 =0.066 gm of Al; Therefore, 1 ml of PACl = 0.066 gm of Al. 

Optimization of lime dosage was done by performing batch experiments at different 

lime doses (1/5
th

, 1/20
th

 and 1/10
th

 of alum doses) and the residual fluoride was 

analyzed. The optimized lime dosage was obtained for operating pH of 6.5 which is 

the desired operating pH for efficient coagulation because the solubility of alumino-

fluoro complexes formed during coagulation is less as sown in Figure 3.3. 

Table 3.2 Approximate alum dose (mg/L) required to obtain acceptable limit of 

fluoride in water at various alkalinity and fluoride levels 

Test Water Alkalinity, mgCaCO3/l 

Test 

Water 

Fluorides 

mgF/l 

125 200 300 400 500 600 800 1000 

2 145 220 275 310 350 405 470 520 

3 220 300 350 405 510 520 585 765 

4 * 400 415 470 560 600 690 935 

5 * * 510 600 690 715 885 1010 

6 * * 610 715 780 935 1065 1210 

8 * * * * 990 1120 1300 1430 

10 * * * * * * 1510 1690 

*To be treated after increasing the alkalinity with lime or sodium carbonate 

 

The content of beaker was then flash mixed at 100–130 rpm for initial 10 minutes 

followed by slow stirring at 7–10 rpm for 20 minutes (Figure 3.2). After the 

settlement for 30 min, the supernatant was analyzed for residual parameters including 

fluoride, aluminium, sulphate, chloride, TDS (Total dissolved solids) and turbidity. 

The analyzed sample was then filtered through micro-filtration membrane with a pore 
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size of 0.2 micron and filtrate was again analyzed for residual fluoride using fluoride 

ion meter and residual aluminium using atomic absorption spectroscopy. The detailed 

procedure for the analysis of all the residual parameters in treated water is given 

below.  

 

Figure 3.2 Batch Experiments procedure 

 

 

Figure 3.3 Solubility of alumino-fluoro complexes with pH (Lisbona and Steel, 2008) 
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3.3.1 Analysis of Aluminium 

The residual aluminium content in the treated water is analyzed by Atomic Absorption 

Spectroscopy (LABINDIA analytical AA8000 shown in Figure 3.4). Atomic 

absorption spectrometry (AAS) is an analytical technique that measures the 

concentrations of elements. Atomic absorption is a very sensitive technique which can 

measure down to parts per billion of a gram in a sample. The technique makes use of 

the wavelengths of light specifically absorbed by an element. They correspond to the 

energies needed to promote electrons from one energy level to another, higher, energy 

level. When a metal salt is heated in the Bunsen flame, characteristic flame color is 

observed. In the flame, ions are reduced to gaseous metal atoms.  

Compound Atoms  

The high temperature of the flame excites a valence electron to a higher-energy 

orbital. The atom then emits energy in the form of (visible) light as the electron falls 

back into the lower energy orbital (ground state). The ground state atom absorbs light 

of the same characteristic wavelengths as it emits when returning from the excited 

state to the ground state. The intensity of the absorbed light is proportional to the 

concentration of the element in the flame. In AAS, the sample is atomized – i.e. 

converted into ground state free atoms in the vapor state. The greater the number of 

atoms there is in the vapor, the more radiation is absorbed. The common source of 

light is a ‘hollow cathode lamp’. This contains a tungsten anode and a cylindrical 

hollow cathode made of the element to be determined. These are sealed in a glass tube 

filled with an inert gas such as neon or argon, at a pressure of between 1 Nm
–2

 and 5 

Nm
–2

. The ionization of some gas atoms occurs by applying a potential difference of 

about 300–400 V between the anode and the cathode. These gaseous ions bombard the 

cathode and eject metal atoms from the cathode in a process called sputtering. Some 

sputtered atoms are in excited states and emit radiation characteristic of the metal as 

they fall back to the ground state. The analysis of aluminium content was done at two 

stages, one just after giving the settling time of 30 min to the samples and another 

after filtering the contents through a microfiltration membrane of 0.2 micron size. 
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Figure 3.4 Atomic Absorption Spectrometer 

                 

3.3.2 Analysis of Turbidity 

The turbidity of the samples was analysed by digital turbidity meter shown in Figure 

3.5, calibrated using turbidity meter standard which was prepared as follows: 1 gm 

Hydrazine sulphate was taken and dissolved in DI water and made up to 100 ml (Sol 

1). 10 gm Hexamine was dissolved it in DI water and made up to 100 ml (Sol 2). 5 ml 

of each of the solutions were taken in another flask and mixed and allowed to stand 

for 24 hours. Then the solution was made up to 100 ml by adding DI water. This 

standard was of 400 NTU.  

After the calibration was done, the unknown sample was put in the vial and the value 

was recorded shown by the turbidity meter.  

 

Figure 3.5 Digital Turbidity Meter 

 

3.3.3 Analysis of Total Dissolved Solids 

TDS was determined using digital bench-top TDS calibrated meter (Hanna make 

shown in Figure 3.6) and reported in mg/L. Total dissolved solids (TDS) comprise 
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inorganic salts and small amounts of organic matter that are dissolved in water. TDS 

is expressed in units of mg per unit volume of water (mg/L) or also referred to as parts 

per million (ppm). The U.S. EPA sets the maximum contaminant level for TDS as 500 

ppm. 

 

Figure 3.6 TDS meter 

3.3.4 Analysis of pH 

The pH was analyzed during the flocculation in the reactor, using digital pH meter 

(HANNA make shown in Figure 3.7). The pH is determined by measurement of the 

electromotive force of a cell comprising an indicator electrode (an electrode 

responsive to hydrogen ion such as glass electrode) immersed in the test solution and 

a reference electrode (usually a mercury calomel electrode). Contact between the test 

solution and the reference electrode is usually achieved by means of a liquid junction, 

which forms a part of the reference electrode. The e.m.f. of this cell is measured with 

pH meter. This is a high impedance electrometer calibrated in terms of pH. 

Reagents: Buffer solutions for pH 4, 9.2 and 10 (ACS) were used for the calibration of 

pH meter. 

 

Figure 3.7 Digital pH meter 
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3.3.5 Analysis of Sulphate 

Aluminium sulphate introduces sulphate content in the samples being treated. The 

sulphate concentration was determined using UV-Vis spectroscopy (SHIMAZU make 

shown in Figure 3.8). The basic reaction involved is:  

SO4
2-

 + BaCl2           BaSO4  

The absorbance of the barium sulphates formed is measured by a spectrophotometer at 

420 nm and the sulphates concentration is determined by comparison of the reading 

with a standard curve.  

Preparation of Reagents:  

Conditioning reagents:  

25 ml glycerol was poured to a dry clean beaker and 15 ml of concentrated 

hydrochloric acid was added to it. To the same beaker, exactly 50 ml of 95% 

isopropyl alcohol was added and mixed well. Then, 37.5 gm NaCl was dissolved in 

distilled water. Then all the contents were mixed and made up to 250 ml using 

distilled water.  

Standard Sulphate solution  

1.479 gm anhydrous sodium sulphate was weighed and dissolved in 1000 mL distilled 

water. (1 ml = 1.0 mg SO4
2-

). 5 standard solutions of 100, 200, 300, 400 and 500 mg/L 

SO4
-2

 were made from the 1000 mg/L SO4
-2

 stock solution. A pinch of BaCl2 and 5 

mL conditioning reagent was added to all the flasks and immediately the absorbance 

was measured by using UV spectrophotometer at the wavelength corresponding to the 

maximum absorbance of 420 nm. 
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Figure 3.8 UV spectrophotometer 

3.3.6 Analysis of Chloride 

Chloride ion is generally present in natural waters. The salty taste produced by 

chloride depends on the chemical composition of the water. The limit in the absence 

of alternate sources is 1000 mg/L, a cause for rejection of water source. Chloride 

determination is, therefore, necessary as routine. The change in the chloride 

concentration is a measure of the quantity of aluminium chloride added to the water 

for defluoridation. 

Reagents: Potassium chromate indicator: Dissolve 50 g K2CrO4 was dissolved in 

distilled water was added AgNO3 till definite red precipitate was formed and the 

solution was allowed to stand for 12 hrs. Then the solution was filtered and diluted to 

1000 ml. Silver nitrate (0.0141 N) was prepared by dissolving 2.395 gm AgNO3 to 

1000 ml. 

Procedure: 50 ml sample was taken and adjusted to pH between 7.0 and 8.0. Then, 1.0 

ml K2 CrO4 was added to the sample and titrated with standard AgNO3 solution till 

AgCrO4 starts precipitating. 

Calculation: 

Chloride, mg/I = 
                   

         
 

, where A = ml AgNO3 required for sample 
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B = ml AgNO3 required for blank 

N = Normality of AgNO3 used. 

3.3.7 Microfiltration 

In the coagulation experiments, there is residual aluminium (> 0.2 mg/L) that is left in 

the treated water which consists of suspended and dissolved alumino-fluoro 

complexes. To bring down the residual aluminium within acceptable limit, vacuum 

filtration of the treated water using microfiltration membrane was done. The 

microfiltration membrane characteristics are shown in Table 3.3. After filtration, the 

samples were again analyzed for residual aluminium and fluoride. 

Table 3.3 Micro-filtration membrane characteristics 

Membrane diameter 0.05 m 

Membrane pore size 0.2 micron 

Effective area 0.00196 m
2
 

Permeate flux 305 kg.m
-2

.h 

Vacuum pump power 0.25 hp 

 

3.3.8 Zeta Sizing and Zeta potential 

The particle size analysis and zeta potential of the treated water was done using Zeta 

sizer (MALVERN make shown in Figure 3.9) to determine the characteristics of 

suspensions present in the treated water after alum and PACl treatment. It is an 

analytical technique by which the distribution of sizes in a sample of particulate 

material is measured and reported. The particle may be solid or liquid. The Particle 

Size Analyzer is capable of measuring particle size distribution of emulsions, 

suspensions and dry powders. It can perform a wide range of analyses within a very 

user friendly operating environment.  
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Figure 3.9 Malvern particle size and Zeta potential analyser 

 

3.3.9 Characterization through ESI-MS 

To identify the different species present in treated water i.e. colloidal and dissolved, 

ESI-MS analysis of the same has been done before and after filtration. The analysis 

was done using Xevo G2-S Q Tof (Waters, USA shown in Figure 3.10) which 

provides a wide range of mass analysis of small organic/inorganic/ organometallic 

compounds to large polymeric & proteomics samples including proteins & peptides. 

Mass spectrometry is an analytical technique that can provide both qualitative 

(structure) and quantitative (molecular mass or concentration) information on analyte 

molecules after their conversion to ions. The molecules of interest are first introduced 

into the ionisation source of the mass spectrometer, where they are first ionised to 

acquire positive or negative charges. The ions then travel through the mass analyser 

and arrive at different parts of the detector according to their mass/charge (m/z) ratio. 

After the ions make contact with the detector, useable signals are generated and 

recorded by a computer system. The computer displays the signals graphically as a 

mass spectrum showing the relative abundance of the signals according to their m/z 

ratio. To identify the reactant species, alum was mixed in water and the ESI-MS 

analysis was done. The reactant species were identified as their respective m/z ratio. 

To identify species after flocculation, water after flocculation was analyzed using ESI-

MS. The treated water after the coagulation process was analyzed using ESI-MS 

method to identify the different species present in suspended form. To analyze 

dissolved species, treated water after microfiltration was analyzed through ESI-MS. 

Precipitated species were determined by characterization of generated sludge by ESI-

MS.  
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Figure 3.10 Xevo G2-S Q Tof ESI-MS (Waters) 

 

3.3.10 Characterization of sludge through Scanning Electron Microscopy (SEM) 

analysis 

Scanning electron microscopy (SEM) images and surface elemental analysis were 

recorded by FESEM FEI system (Nova Nano 450 shown in Figure 3.11). The sludge 

generated in the defluoridation process was analyzed using SEM. The cement mortars 

prepared after the solidification process were analyzed for examining their 

microstructural properties.  SEM analysis was also used to determine the pores and 

scaling on the different membranes used in the study. Firstly, the samples were dried 

at 100°C in a hot air oven for 24 h to remove low moisture for the SEM analysis. Then 

all the dried samples were mounted on double coated carbon tape without any coating 

and put into the sample holder for SEM with EDS analysis with different resolutions. 

Scanning electron microscopy (SEM) was used to visually inspect the surface of the 

samples. 
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Figure 3.11 FE-SEM (Nova Nano 450) 

3.3.11 Characterization of sludge through X-ray Diffraction (XRD) analysis 

X-Ray Diffraction (XRD) was done to know the structure and chemical composition 

of the samples. The XRD analysis was performed for 2θ ranging from 0-90° using X-

Ray Diffractometer (Made– Pananalytical, Model- Xpert pro shown in Figure 

3.12).Thin layer of each sample is placed on the sample plate one by one and record 

the XRD graph with different peaks of chemical component for XRD analysis.  

 

Figure 3.12 Xpert-pro diffractometer 

  

3.3.12 Characterization of sludge through Fourier Transform Infra-red 

Spectroscopy (FT-IR) analysis 

Fourier Transform Infrared (FTIR) spectroscopy was performed to identify the 

functional groups present within the sludge samples. For this study an FTIR 
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spectrometer (Make – Perkin Elmer, Model- FTIR spectrum 2) as shown in Figure 

3.18 was used with scanning measurement range of 4100-400 cm
-1

 for solid samples 

in form of KBr (Potassium Bromide) pellet. Samples were dried at 80°C in a digital 

oven for 24 h to remove any traces of moisture.  Pellets of all prepared samples were 

then tested with in the wavelength of 4000-400 cm
-1

. 

 

 

Figure 3.13 Fourier Infra-red Spectrometer (Perkin Elmer) 

 

3.3.13 Characterization of sludge through Particle size analysis 

To measure the particle size of the sludge generated in the process, Mastersizer 3000 

as shown in Figure 3.14 was used. In a laser diffraction measurement a laser beam 

passes through a dispersed particulate sample and the angular variation in intensity of 

the scattered light is measured. Large particles scatter light at small angles relative to 

the laser beam and small particles scatter light at large angles. The angular scattering 

intensity data is then analyzed to calculate the size of the particles that created the 

scattering pattern using the Mie theory of light scattering. The particle size is reported 

as a volume equivalent sphere diameter. Mastersizer 3000 provides an impressive 

particle size range from 10nm up to 3.5mm. 
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Figure 3.14 Particle size analyser (Mastersizer 3000) 

 

3.4 Mass balance Verification for different species during coagulation process in 

batch mode 

Mass balance verification of different species including fluoride, aluminium, calcium, 

sulphate and chloride was done. The following equation was used to balance the 

species: 

Mass of species in into the coagulation process with input water = Mass of species out 

with treated water after coagulation + Mass of species out with sludge generated after 

coagulation 

To verify the mass balance, it is desired to calculate the concentration of different 

species in all the feed and outlet streams. Analysis of fluoride, aluminium, sulphate 

and chloride in treated water and sludge was done as explained in previous sections 

and analysis of calcium is explained below. 

3.4.1 Analysis of Calcium 

The classic method of determining calcium and other suitable cations is titration with 

a standardized solution of ethylene di-amine tetra acetic acid (EDTA). 

Experimental Procedure 

50 mL of the unknown solution was taken. 10 mL of 8.5M NH3-NH4Cl buffer was 

added to it. Then, 2-3 drops of EBT indicator were added to the flask, and the solution 

was titrated with 0.1 M EDTA. 
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[(mL, EDTA) * (Molarity EDTA)] / (mL, unknown solution) = Molarity, unknown 

solution 

Ca
+2

 concentration= [Molarity, unknown solution * 40] g/L 

3.5 Continuous mode experiments 

3.5.1 Development of continuous set-up 

The line diagram of the continuous set-up for fluoride removal is shown in Figure 

3.15. A defluoridation set-up was fabricated for carrying out the coagulation 

defluoridation experiments in continuous mode as shown in Figure 3.15. The set-up 

consisted of a raw water storage tank of 160 L capacity for storage of fluoride water, 

and two tanks of 5 L each for storage of alum or PACl and lime. Alum or PACl acts 

as coagulants, while lime was added to maintain the desired pH for flocculation, 

which lied in the range 6.5–8.5. The flow of chemicals was maintained according to 

their dosages using peristaltic pumps and the flow of fluoride containing raw water 

was regulated using rotameter. The contents were allowed to flash mix at high speed 

using magnetic stirrer for 2–3 minutes in a small reactor of 4 L capacity, after which 

they were transferred to a big reactor of 10 L capacity, where they were allowed to 

mix slowly for 30 minutes, so as to enhance floc formation. Then the contents were 

allowed to settle for another 30 minutes in a settling tank, where most of the slurry 

formed as a result of flocculation, settled down and the supernatant (treated sample) 

was taken out from the settling tank. 

 

Figure 3.15 Schematic view of continuous defluoridation set-up 
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Figure 3.16 Pictorial view of continuous defluoridation set-up 

 

3.5.2 Procedure for continuous mode of experiments 

The water solution of fluoride was passed to flash mixing tank from feed tank using a 

centrifugal pump with the flow rate of 0.4 lpm. Various doses of alum / PACl and 

lime were put to alum and PACl tank respectively and the flow rate of 20 mL/min 

(alum) and 9 mL/min (lime) respectively was maintained using the peristaltic pump.  

In the flash mixing tank of 4 L capacity, the reactant were mixed at high speed for 2-3 

minutes using an agitator and afterwards transported to flocculation tank of 10 L 

capacity. In the flocculation tank, the contents were under slow mixing for 30 minutes 

to carry out flocculation process. Afterwards, the water was left for 30 minutes to 

allow the suspended particles to settle down under sedimentation process in the 

settling tank. Then the supernatant water was taken as feed to the sand filter for the 

removal of alumino-fluoro suspensions leading to residual aluminium. 
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3.5.2.1 Ultrafiltration 

Ultrafiltration (UF) membranes are normally applied in order to separate water from 

large particles and are characterized by their ability to remove suspended and colloidal 

particles. They are also known as low pressure driven systems, since high flux can be 

reached with a pressure difference of 0.2 – 2 bar. UF membranes have a nominal pore 

size of 0.01 to 0.1 μm.
 
Commercial hollow fiber membranes obtained from Aquafresh, 

India were used and the membrane characteristics are shown in Table 3.4. The 

ultrafiltration unit used for the process is shown in Figure 3.17. A RO booster pump 

was used to pump the supernatant water from sedimentation tank of defluoridation 

set-up.  

 

Figure 3.17 Pictorial view of continuous defluoridation set-up with ultra-filtration unit 
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Table 3.4 Ultrafiltration Membrane characteristics 

Type of membrane Hollow fiber ultra-filtration membrane 

Fiber length  0.3 m 

Fiber diameter  0.5 mm 

Pore size 0.07 µm 

No. of fibers 650 

Total Effective surface area (m
2
) 0.16 m

2
 

Permeate flux  187.5 kg.m
-2

.h 

 

3.4.2.2   Sand filtration 

The filter column made of glass was used for laboratory experiments with internal 

diameter of 0.05 m and 1 m length. This column was vertically fixed, having an inlet 

at bottom so that filter can be run for up flow mode of operation (Figure 3.18). The 

media was filled in the column in three layers at different bed heights. Prior to packing 

each layer in column, filter media was washed thoroughly with tap water. Media was 

packed in the column in different increments and tamped down before pouring 

additional media. A centrifugal (0.25 hp) pump was used to pump the supernatant 

water from sedimentation tank of defluoridation set-up. The filter was run at the 

constant flow rate. A flow control valve at the outlet of the column was used to 

control of flow rate. Figure 3.19 shows the pictorial view of the sand filter unit 

connected with the continuous defluoridation set-up. 
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Figure 3.18 Schematic view of the sand filtration set-up 

 

Figure 3.19 Pictorial view of Continuous defluoridation set-up with sand filtration unit 
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3.5.3 Solidification/Stabilization procedure for sludge 

Alum and PACl sludge were produced after the operation of continuous operation for 

fluoride removal. Therefore, partial replacement of fine aggregates with sludge 

generated from the defluoridation continuous set-up process. Both the sludges were 

white. For the preparation of mortars, Ordinary Portland Cement (OPC) of grade – 43 

under the industrial name Binani, in compliance with the Indian Standard IS 

8112:1989 43 Grade OPC was used. The locally available fine aggregate of maximum 

size 20 mm and 10 mm have been used in the present work. 

A control mortar mix of proportion 1:4 (cement: fine aggregates) was chosen with a 

28-day target strength of 3 to 5 MPa as per BIS 2250-1981. As per trail test sand was 

replaced by the alum & PACl sludge by a fix percentage value 1%, 2%, 3%, 4%, 5%. 

The mortar mixes with alum replacement were named as 1A, 2A 3A, 4A, 5A and for 

PACl they were named as 1P, 2P, 3P, 4P, 5P (1%, 2%, 3%, 4% & 5% replacement 

respectively) as shown in Table 3.5. The cube samples were casted in the mould of 

size 50 x 50 x 50 mm with different w/c ratios. After about 24 h, the cubes were de-

moulded followed by the water curing process for 7 days and 28 days. The procedure 

has been described in Figure 3.20. The compressive strength for all the mixes was 

tested to determine the optimum replacement. Aluminium leaching from sludge by its 

stabilization in mortars has also been tested. To study the effect of impact of alum and 

PACl sludge on the microstructural properties of various mortar mixes, SEM, XRD 

and FT-IR analysis were performed. 
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Figure 3.20 Process for Solidification of sludge 

Table 3.5 Composition of various mortar mixes 

Mortar mix Cement (gm) Sand (gm) Sludge (gm) 

Control mix 

1A 

60 240 0 

60 237.6 2.4 

2A 60 235.2 4.8 

3A 60 232.8 7.2 

4A 60 230.4 9.6 

5A 60 228 12 

1P 60 240 2.4 

2P 60 237.6 4.8 

3P 60 235.2 7.2 

4P 60 232.8 9.6 
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5P 60 230.4 12 

 

3.4.3.1 Compressive strength of the cement mortars 

The compressive strength of the mortar cubes was examined on compression testing 

machine with three samples per batch and the average value was taken and reported in 

the paper. A set of three identical cube samples were crushed after 7 days of curing, 

and another set of three identical test specimens were crushed after 28 days of curing. 

The failure load was divided by the average cross-sectional area to calculate 

compressive strength. The average value of compressive strengths of the three 

samples was taken as the compressive strength of a particular set. The capacity of the 

compressive strength testing machine was 5000 kN, and it was manufactured by 

AIMIL (Figure 3.21). At the test age, the specimens were taken out of the curing tank 

and wiped off to remove surface water and loose grit, etc. Each specimen was placed 

on the steel plate, and then the test was carried out at the loading rate of approximately 

140 kg/cm
2
/min as specified in BIS: 516-1959 . Maximum load at which the specimen 

failed to take a further increase in load was recorded as failure load.  
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Figure 3.21 Compression Testing machine (AIMIL) 

3.4.3.2 Toxic Characteristic Leaching Procedure (TCLP) 

Defluoridation sludge contains mainly aluminium, so aluminium content test was 

conducted by Toxicity Characteristics Leaching Procedure (TCLP-USEPA Method 

1311).  A granular sample of mortar was prepared by crushing mortar and sieving the 

crushed mortar through 9.5 mm sieve. The sample of sludge, natural fine aggregate, 

and cement was used as it is.  

Preparation of extraction fluids 

 Extraction fluid 1 was prepared by adding 5.6 ml of glacial acetic acid to 500 

ml of reagent water followed by addition of 64.3 ml of 1N sodium hydroxide 

solution and making up the volume to 1000 ml by adding reagent water. The 

extraction fluid so prepared had the pH of 4.93 ± 0.05.  

 Extraction fluid 2 was prepared by adding 5.7 ml glacial acetic acid to 500 ml 

of reagent water and making up the volume to 1000 ml by addition of reagent 

water. The extraction fluid so prepared had the pH of 2.88 ± 0.05. 

For a selection of the extraction fluid, 5 gm of the sludge sample was mixed with 96.5 

ml of reagent water taken in a beaker, and the mixture was vigorously stirred with a 
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magnetic stirrer for five minutes. The pH of the mixture was checked, and it was more 

than five. Therefore 3.5 ml of 1N hydrochloric acid was added. It was again 

vigorously stirred for another five minutes, and then the pH of the mixture was 

determined. If the pH is <5.0, extraction fluid 1 was used and if the pH is >5.0, 

extraction fluid 2 was used. The pH of the mixture was < 5.0. 

Then, 20 grams of granular sample and 400 ml of fluid 2 (i.e. 20 times of solid waste 

sample) as leachant were taken in a beaker. It was stirred on a magnetic stirrer at a 

speed of 30 ± 2 rpm for 18 ± 2 hours. After agitation, it was filtered through Whatman 

filter paper Grade 41. Then 100 ml of filtrate was taken in a beaker and acidified by 

adding concentrated nitric acid to get a pH below 2 and digested over a hot plate till 

the volume reduces to 50 ml. The digested filtrate was cooled and filtered through 

Whatman filter paper Grade 42 and diluted to 100 ml by adding reagent water. The 

leachate so formed was collected in a beaker and checked for Al concentration. 

 

3.6 Experiments with groundwater samples 

Groundwater samples were taken from two different areas of Rajasthan, India and 

analyzed for different quality parameters. The samples were treated in batch and 

continuous mode to bring down the fluoride within acceptable limit of 1.5 mg/L. 

Figure 3.22 gives a summary of the implemented flow chart of this research. 
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Figure 3.22 Flow chart of research methodology 

 

Batch study for fluoride removal using alum/PACl as coagulants Analysis 
of treated water for all residual parameters 

Identification of various colloidal and dissolved species that contribute to 
residual aluminium and validation of developed model (NALD-2) 

Shifting to the continuous mode of operation to treat large amount of 
water and analysis of treated water. 

Analysing the performance of microfiltration, ultrafiltration and sand 
filtration for the removal of residual Al in treated water 

Solidification of sludge generated by partially replacing it with fine 
aggrgates in cement mortars and checking the compressive strength 
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This chapter discusses in details the results of various physical and chemical 

properties of treated water. This chapter also includes characterization of treated water 

for the identification of complexes formed after defluoridation. Results of fluoride 

removal through coagulation in batch mode have been presented. ESI-MS analysis of 

the defluoridated water was performed to identify the alumino-fluoro complexes and a 

mechanism has been proposed for the same. The process was converted to continuous 

mode to treat large volume of water and the detailed analysis of treated water was 

performed. To solve the problem of residual Al in treated water, microfiltration, 

ultrafiltration and sand filtration have been tried.  For evolving a strategy for safe 

disposal of the sludge generated in the continuous process, its solidification in cement 

mortars has been attempted, which has further been tested for its stabilization in the 

matrix by performing the TCLP test. 

4.1 Physical properties of raw water 

Physical properties of raw water used for fluoride removal were measured as shown in 

Table 4.1. 

Table 4.1Physical properties of raw water 

Alkalinity 230 mg/L CaCO3 

Fluoride 0.3 mg/L 

pH 7.0 

TDS 250 mg/L 

4.2 Batch Experiments for fluoride removal 

Alkalinity of raw water was measured and it was found to be 230 mg CaCO3/l. 

According to the alkalinity different doses of alum and PACl were decided. The 

optimum dose of lime was decided after doing the preliminary experiments for 

fluoride removal at different lime doses. The results are shown in Table 4.2. It can be 

observed that the optimum dose for fluoride removal is 1/20
th

 of that of alum at 

operating pH of 6.5. Since the acidity of PACl is half to that of alum, it required half 

quantity of lime as compared to the dosage required in case of alum. The different 

doses of alum and PACl are shown in Table 4.3. Fluoride solutions of different known 
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concentrations (2, 4, 6, 8, 10, 15 and 20 mg/L) were prepared from stock solution by 

appropriate dilution. After the coagulation process explained in section 3.3, the treated 

water was analyzed for different residual parameters. Approximate alum dose (mg/l) 

and equivalent PACl (mg/l) dose as Al required to obtain the acceptable limit of 

fluoride (1.5 mg/l) of fluoride in water at various alkalinities and fluoride levels were 

taken from Nawalakhe et al. (1975).  

Table 4.2 Analysis of fluoride removal at different dosage of lime for initial fluoride 

concentration of 4 ppm and Alum dosage of 510 ppm in Batch mode 

Lime Dosage Residual Fluoride(ppm) pH 

1/20
th

 of Alum 0.998 6.35 

1/10
th

 of Alum  0.67 6.5 

1/5
th

 of Alum   0.88 6.77 

 

Table 4.3 Different doses of alum and PACl for fluoride removal 

Initial fluoride 

concentration 

(mg/L) 

Alum dose 

(mg/L) 

Lime dose 

(ppm) 

PACl dose (mg/L )in 

terms of equivalent 

aluminium 

Lime dose 

(mg/L) 

(half to that 

required alum) 

2 275 27.5 438 13.75 

4 415 41.5 660 20.75 

6 610 61 971 30.5 

8 990 99 1574 49.5 

10 1510 151 2410 75.5 

15 1800 180 2875 90 

20 2000 200 3194 100 
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4.2.1 Analysis of treated water 

4.2.1.1 Residual fluoride 

The residual fluoride measured for different initial fluoride concentrations in water for 

different doses of alum and PACl in batch mode are shown in appendix A-table A1. It 

is clear from the Figure 4.1 that residual fluoride increases with increase in initial 

concentration of fluoride in raw water but remained within acceptable range up to 20 

mg/L of initial fluoride concentration of raw water for both alum and PACl in batch 

mode of operation. From the tables in appendix, it can be observed that PACl at half 

dosage of lime showed defluoridation efficiency comparable to that of alum, though 

alum appeared to have slight edge over PACl.  

 

Figure 4.1 Residual fluoride for different initial fluoride concentrations (mg/L) 

(Experimental data has been shown in Appendix A -Table A1) 

 

The residual fluoride was within the acceptable limit (< 1.5 mg/L) for drinking water 

on treatment with either alum or PACl. Although from the Figure 4.1, it appears that 

alum is better than PACl in terms of residual fluoride but when treated samples were 

digested with HNO3 and again analyzed for total fluoride content, it was found that 
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PACl had comparable fluoride removal efficiency to alum as shown in Figure 4.2. The 

residual fluoride in case of PACl is lower than present in alum treated water. 

 

Figure 4.2 Residual fluoride after acid digestion (mg/L) (Experimental data has been 

shown in Appendix A -Table A2) 

This may be due to the presence of colloidal suspensions (Al-F complexes) 

present in defluoridated water after treatment using alum that were not 

measured by Ion selective electrode (Liebman and Ponikvar, 2005). The mechanism 

for fluoride removal was studied and it was reported that due to the addition of OH
–
 

because of lime, Al-F complexes are partly dissociated to Al
3+,

 free fluoride and other 

species, such as Al(OH)2
+
 and AlF(OH)

+
 (Gong et al., 2012a; Liu et al., 2013; 

Parthasarathy and Buffle, 1986). With addition of lime most of Al species were 

precipitated at neutral pH (Plankey et al., 1986). So, it was concluded that Al-F 

complexes reacted with less OH
–
 and a new precipitate of Al-F-OH was formed 

(Radic and Bralic, 1995). Therefore the main reactions for the fluoride removal are 

expressed as equations  (Gong et al., 2012b):  
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Compared with Al
3+

, the Al-F complexes enhance the coagulation process and result 

in higher removal of fluoride which could react with less OH
–
 and then act as the 

precursor or nucleus of co precipitate. For higher fluoride concentrations, higher alum 

dosage is required and hence more sites for complexation of fluoride are available for 

its fluoride removal (Gong et al., 2012a). This can be explained from the results 

shown in Figure 4.3(a) and 3(b) where fluoride removal was better at higher initial 

concentrations of fluoride in raw water. Both these chemicals (alum and PACl) follow 

the aforementioned basic mechanism for defluoridation and hence were expected to 

produce similar results (Tang et al., 2015). However, the marginal difference in 

residual fluoride was perceived due to difference in turbidity resulting from 

suspensions of alumino-fluoro complexes, which may have different settling 

properties as the mechanism for their removal would be different as explained in the 

subsequent section (Jiao et al., 2015; Lin et al., 2008b). This was further expected to 

result in differences in residual aluminium in the two systems. Highly basic PACl was 

used which had lesser acidity as compared to alum and hence required half dose of 

lime for maintaining the optimum pH for floc formation (Matsui et al., 1998). 

Chowdhury and Amy reported that during the coagulation of alumina colloids with 

alum, the primary mechanism was precipitation (Chowdhury et al., 1991). The main 

reaction mechanism followed was as follows: 

To maintain the proper pH following reaction occurred: 

Ca(HCO3)2 (alkalinity of raw water) +  Ca(OH)2             2CaCO3 + H2O           (4.1) 

Alum reacted with the bicarbonates present in water and yields aluminium hydroxide 

ions: 

Al2(SO4)3 .18 H2O +   3Ca(HCO3)2           2Al(OH)3+ 3CaSO4+6CO2 + 18H2O      (4.2)    

                                     (protonation) +H
+                     

(deprotonation) 

                                       Aln(OH)3n-1
+                                                   

Aln(OH)3n-1O
- 
+ H

+ 
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Defluoridation occurred due to fluoride complexing with protonated sites on 

Aln(OH)3n species to form Aln(OH)3n-mFm (precipitate) (Bennajah et al., 2009): 

Aln(OH)3n + m·F
−
 → AlnFm(OH)3n−m +m·OH

−
             (4.3) 

In accordance with the “sweep flocculation” model, the particulates are incorporated 

into precipitate following the two paths: the first pathway is the heterogeneous 

nucleation constituting charge neutralization and successive development of 

precipitate at lower pH value, and the second pathway is homogeneous nucleation 

including precipitation & subsequent particle aggregation at elevated pH (Liebman 

and Ponikvar, 2005; Tang et al., 2015). The virtual prominence of the aforementioned 

mechanisms is greatly influenced by pH and coagulant dosage. At neutral pH, the 

solution is highly supersaturated with respect to the amorphous hydroxide, and there is 

rapid precipitation of nanosized particles (Yu et al., 2012). Concerning the 

coagulation/flocculation mechanism of PACl, particle bridging was perceived to be 

the dominating flocculation mechanism (Li et al., 2006). During the hydrolysis–

polymerization–precipitation process of Al
+3

 ions under particular conditions, the 

intermediate products were the hydroxyl Al clusters in PACl products. Extensive 

investigation and practical application depicted that AlO4Al12(OH)
7

24
+ 

(simplified as 

Al13) were highly efficient species in PACl coagulant (Lin et al., 2008b; Xu et al., 

2003). 

4.2.1.2 Residual Aluminium 

The labile form of inorganic aluminium consists of a free Al
3+

 ion, bonds of 

aluminium with fluorides, sulfates and hydroxyl groups. Among these, Al
3+

, Al(OH)
2+

 

and Al(OH)2
+
 penetrate into the food chain and may be toxic for all living organisms 

(Frankowski et al., 2011). He et al., (2016) stated that Al hydrolysis forms a series of 

Al species such as bimomer, oligimer, Al polymer, sol/gel besides monomer Al as 

Al(OH)n(3-n)+ (n=0-2). 

The total dissolved aluminium in the treated water including all dissolved species is 

described as (Wesolowski and Palmer, 1994):   

{AlD}={Al
3+

}+{AlF
2+

}+{AlF2
+
}+{AlF4

-
}+{AlF5

2-
}+{AlF6

3-
} + {AlOHF

+
} +  {Al(OH)2 

F2
-
} +{AlOH

2+
}+ {Al(OH)2

+
} + {Al(OH)4

-
 } + 2{Al2(OH)22

+
}                        (4.4) 
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The permissible limit of Al in drinking water is 0.2 mg/L (Gorchev and Ozolins, 

2017). Since coagulation technique uses aluminium salts for defluoridation, therefore 

a fraction of the dosage utilized remains in the solution with F
-
 in the form of small 

flocs comprised of dissolve and suspended forms (Agarwal et al., 2017). The pH 

chosen for the process is 6.5 because it has been reported that at the region of pH 6–

6.5, the solubility of Al is the lowest because of the main species of Al(OH)3 . This is 

the reason that the residual Al is the lowest at pH 6.5. In the low pH range, the 

formation of soluble aluminum–fluoride complexes has been reported to inhibited the 

hydrolysis of Al
3+

 and result in the formation of Al(OH)3 precipitates thereafter, and 

this effect increases residual Al levels (Liu et al., 2013). In overdosed Al and the 

absence of fluoride, the remarkable consumption of OH
−
 by Al

3+
 hydrolysis 

significantly decreased pH, and the further hydrolysis of Al
3+

 was inhibited and the 

residual Al levels increased accordingly (Tang et al., 2015). According to Liu et al., 

2013, with fluoride present, however, fluoride substitutes for OH
−
 to react with Al

3+
 

and avoids the significant decrease of pH, and this effect contributes to the decrease in 

residual Al values. At strongly basic pH, the buffering effect of fluoride inhibits the 

transformation of Al(OH)3 precipitates to soluble aluminates due to the formation of 

Al–F and Al–OH–F complexes, and decrease in residual Al values was observed. 

From Figure 4.3, it can be concluded that the Al concentration remaining in 

defluoridated water increases with an enhancement in initial fluoride concentration 

due to the elevation in coagulant dose.  
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Figure 4.3 Residual Al before filtration (mg/L) (Experimental data has been shown in 

Appendix A -Table A3) 

Also, it can be seen that the residual aluminium is less in case of PACl as compared to 

alum but it was beyond the acceptable limit. PACl proves to be efficient in making 

the fluoride concentration in treated water within the acceptable limit and 

contributes to lesser Al-F suspensions in treated water. Al-F species have been 

reported to vary between 0.1 to 0.5 µm in size, whereas we took 0.2 µm filter as per 

availability and that was why stating that the standard was almost met, with a 

microfiltration membrane of typically 0.2 micron cut off, we may meet the standards 

as reflected in the experiments (Agarwal et al., 2017). Therefore, integration of micro-

filtration membrane of 0.2 micron was carried out and from Figure 4.4 it can be 

noticed that Al concentration remaining in treated water is able to come within the 

acceptable limit.  
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Figure 4.4 Residual Al after filtration (mg/L) (Experimental data has been shown in 

Appendix A -Table A4) 

 

 

Figure 4.5 SEM image of used microfiltration membrane 
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Figure 4.6 EDS analysis of used micro-filtration membrane 

The SEM and EDS images of the microfiltration membrane after filtration are shown 

in Figure 4.5. It could be observed through EDS analysis that particles were retained 

on the surface of the membrane (Figure 4.6). The results establish that microfiltration 

is sufficient to reduce the residual aluminium content to acceptable limits in treated 

samples after treatment with either alum or PACl. Presence of high fluoride 

concentrations and low pH can cause the immediate formation of aluminium fluoride 

(Parthasarathy and Buffle, 1986; Xu and Gao, 2012). The hydroxide ions have a 

greater affinity than fluoride ions for Al ions and therefore at highly alkaline pH, 

when the concentration of the hydroxyl ions exceed than the fluoride ion 

concentrations, formation of the aluminates ions (Al(OH)4
-
), is predominant (Plankey 

et al., 1986; Yu et al., 2010a). The complexes that may precipitate along with 

Al(OH)3
0
 during  the hydrolysis reactions, will include neutrally charged AlF3

0
 and 

AlOHF2
0
 (Radic and Bralic, 1995; Sarpola et al., 2007). The monomeric forms of 

Al(OH)3
0
  aggregate to form polymeric aluminium hydroxide species that plays the 

dominant role in fluoride removal mechanism (Craun, 1990). The dissolved 

monomeric forms and inert finely divided microcrystalline colloidal particles of solid 

aluminium hydroxide coexist in equilibrium with the polymeric species (George, 

2009). The overall fluoride mass balance can be obtained by considering the 
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dissolved, free and complexed fluoride species formed as described by the following 

equation (George et al., 2010). 

{FTOTAL}={F}+{AlF
2+

}+2{AlF2
+
}+3{AlF3}+4{AlF4}+5{AlF5

2
}+6{AlF6}+{AlOHF

+
}+

2{AlOHF2
0
}+{Al(OH)2F

0
}+2{Al(OH)2F2}+[≡AlOH2F

0
]                                        (4.5) 

The colloidal suspensions of before mentioned alumino-fluoro complexes, if not 

removed efficiently can result in high residual Al in treated water and contribute even 

more significantly than the dissolved Al species (Feng et al., 2011; Muthu et al., 

2003). It was postulated that the presence of these suspensions is also the reason for 

relatively lower residual fluoride in treated water with alum as the ion meter was able 

to analyze only the dissolved concentration of fluoride. Alumino-fluoride complexes 

mimic the action of many neurotransmitters, hormones, and growth factors (Kennedy 

et al., 2016). Alumino-fluoride complexes also affect the activity of a variety of 

phosphatases, phosphorylases, and kinases (Bondy, 2014; Lefebvre and Conway, 

1998). Gebbie (2001) observed that aluminum salts and NaF mimicked the action of 

guanosine triphosphate in stimulating phosphoinositide turnover and generation of 

inositol phosphates in rat cerebral cortical membranes. A much greater hydrolysis of 

phosphoinositides was observed when AlCl3 and NaF were present together, 

supporting that AlF
-4

 is the active stimulatory species. Nadakavukaren et al. (1990) 

demonstrated accumulation of inositol phosphates in the suprachiasmatic nuclei 

region of rat hypothalamus over 40-min incubation with aluminum fluoride. Presence 

of traces of Al & Al-F complexes in coagulation treated water has been a great 

concern for human health due to the reported osteo and neuro toxicities of aluminum. 

This gives the answer to why we need to change the coagulant and shifted to PACl. 

4.2.1.3 Residual TDS 

Figure 4.7 shows that both alum and PACl add to the TDS content of water being 

treated. But PACl was found to add lesser to the TDS as compared to alum, as it 

required almost half dose of lime as required by alum for floc formation (Gebbie, 

2001; Ye et al., 2007). TDS values of solutions with equivalent doses of alum and 

PAC along with required lime dose were determined. In case of batch mode, on 

varying the concentration of alum from 275 to 2000 mg/L, the TDS was found to 

increase from 590 to 800 mg/L, whereas on varying the concentration of PACl from 

438 to 3194 mg/L, the TDS was found to increase from 438 to 570 mg/L.  Both alum 
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and PACl lead to an increase in the TDS levels of water. Since PACl requires half of 

the amount of lime required for alum, hence the residual TDS of water treated with 

PACl was lower than that treated with alum and fell within the acceptable limits for 

drinking water.  

 

Figure 4.7 Residual TDS for different initial fluoride concentrations (mg/L) 

(Experimental data has been shown in Appendix A -Table A5) 

According to drinking water guidelines by WHO, the palatability of water with a total 

dissolved solids (TDS) level of less than about 600 mg/l is generally considered to be 

good; drinking-water becomes significantly and increasingly unpalatable at TDS 

levels greater than about 1,000 mg/l  (Gorchev and Ozolins, 2017).  

4.2.1.4 Residual turbidity 

Figure 4.8 shows the effect of initial fluoride concentration on the residual turbidity in 

batch mode after treatment with alum and PACl. The samples treated with PACl, 

appeared less turbid than those treated with alum. This implied that the flocs formed 

with PACl had better settling ability than those of alum. The polymeric structure 

remains intact within the PACl precipitate and particles are more positively charged 

and produce lower turbidity than alum floc (Benschoten and Edzwald, 1990; Yang et 

al., 2010). It can be seen that the turbidity levels of water treated with alum are very 

high and are beyond the acceptable limit (5 NTU) for drinking water (Gorchev and 

Ozolins, 2017), but the turbidity of water treated with PACl is much lower and is 

close to the acceptable limits.  
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Figure 4.8 Residual turbidity for different initial fluoride concentrations (Experimental 

data has been shown in Appendix A -Table A6) 

A higher coagulant dose contributed to higher residual turbidity (Ferhat et al., 2016). 

The effect of fluoride on the removal of turbidity by aluminum coagulation were 

dependent on both F:Al (Fluoride to Aluminium ratio) values and solution pH (Liu et 

al., 2013). In a study, at the strongly basic pH of  9 and 10 fluoride showed little effect 

and the residual turbidity was consistently high, close to 40 NTU at different F: Al 

values. In the pH range from 6 and 8, residual turbidity showed little variation at F: Al 

values below 2:10. Elevated F: Al values contributed to a significant increase in 

residual turbidity, which was determined to be 40.7, 26.6, and 32.9 NTU at pH 6, 7, 

and 8 (F: Al = 30: 10), respectively (Liu et al., 2013). It was noted that other anionic 

species such as carbonate, sulfate, and phosphate showed much less effect on the 

removal of turbidity at the same molar ratios of anions to Al (Liu et al., 2013).  

4.2.1.5 Residual sulphate and chloride 

Since alum is the sulphate salt of aluminium, so it adds sulphate content to the water 

being treated. The sulphate concentration in the samples was determined using UV-vis 

spectroscopy and the results are shown in Figure 4.9. 
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Figure 4.9 Residual sulphate for different initial fluoride concentrations (Experimental 

data has been shown in Appendix A -Table A7) 

The acceptable limit for sulphate in drinking water is 80 mg/l, which is exceeded with 

the use of alum. The samples treated with PACl did not contain sulphate content, as 

PACl is a chloride salt of aluminium, so it does not add sulphate to water. 

Polyaluminium chlorides are synthetic polymers dissolved in water (Yu et al., 2010b). 

They react to form insoluble aluminium poly-hydroxides which precipitate in big 

volumetric flocs. Use of PACl results in residual chloride but within the acceptable 

(200-250 mg/l) as shown in Figure 4.10. The acceptable limit for chloride in drinking 

water is 200 mg/l. 
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Figure 4.10 Residual chloride for different initial fluoride concentrations 

(Experimental data has been shown in Appendix A -Table A8) 

4.2.1.6 Zeta potential and zeta sizing  

For aluminium sulphate Alum, (Al2(SO4)3.18 H2O), 18 molecules of water are 

attached to the Al2(SO4)3 but do not participate in the chemical reaction. The water 

molecules must, however, be taken into account when a solution of Al2(SO4)3 with a 

specific concentration is prepared (Schutte et al., 2006). 

Al2(SO4)3 .18H2O + 3Ca(HCO3)2 → 2Al(OH)3 + 3CaSO4 + 6CO2 + 18H2O         (4.6) 

For hydrated lime Ca(OH)2 : 

Ca(HCO3)2 + Ca(OH)2 → 2CaCO3 + 2H2O                                                            (4.7) 

In case of alum G value is more; therefore compactness of the flocs is less which 

lessens the settleability of alum flocs in continuous systems. Defluoridation occurs 

due to fluoride complexing with protonated sites on Aln(OH)3n species to form 

Aln(OH)3n-mFm(precipitate) (Bennajah et al., 2009): 

Aln(OH)3n +m·F
−
 → AlnFm(OH)3n−m +m·OH

−
                                               (4.8) 

The formation of Al-F complexes reflect in the increases turbidity after treatment. 

Polyaluminium chloride, on the other hand promotes bridging action for the removal 

of suspensions as shown in Figure 4.11 (a) & (b) and works well at low raw water 

turbidity levels, which are generally found in ground water containing high fluoride 

values.  
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Under sweep coagulation, the hydroxide precipitate formed can re-coat the inactive 

surface points caused by shear breakage, leading to full re-growth of broken flocs (Yu 

et al., 2016, 2010a). However, the ability to re-activate inactive points was observed 

to be short-lived for hydroxide precipitate. Under bridging coagulation, the optimal 

coagulation condition for particles was the ‘half-surface coverage point (Wang et al., 

2017). To further study the nature of the flocs formed with alum and PACl, the zeta 

potential and size of the suspensions remaining after flocculation and settling were 

analyzed using zeta sizer nano series. The zeta potential on the surface of the 

suspensions of alumino-fluoro complexes remaining after the treatment of fluoride 

containing groundwater with alum was found to be 1.62 mV and the average size of 

suspensions was 5.134 μm as shown in Figures 4.12 (a) and (b). The zeta potential for 

the similar alumino-fluoro complexes after treatment with PACl was found to be 4.10 

mV with the average size being 1.931 μm as shown Figures 4.13(a) and (b). 

From the results, it could be concluded that the reason behind the large residual 

turbidity in case of alum was due to the larger particle size. According to He and Nan 

(2012) water turbidity was mostly affected by the particles larger than 5 µm. In a 

study conducted by Yao et al. (2014), dynamic analysis of the relationship between 

particle number and the fractal dimension of particles during the flocculation process 

was conducted by an on-line particle counter. It was observed that at lower turbidity, 

smaller particles predominated, and it was difficult to produce high-fractal flocs due to 

the lower collision rate among particles. 
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Figure 4.11 Mechanistic difference between coagulation mechanism of (a) Alum and (b) PACl
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Figure 4.12 (a) Zeta size and (b) zeta charge of alum treated water 
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Figure 4.13 (a) Zeta size and (b) zeta charge of PACl treated water 
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4.2.3 Chemical speciation of alumino-fluoro species through ESI-MS 

A model was developed to identify the type and dispersal of Al species in different 

forms in alum-treated water, that helps understand the speciation reactions for Al 

(George, 2009). According to the model, overall residual Al in the defluoridated water 

was because of the presence of colloidal and dissolved forms of aluminium and their 

concentrations depend on the pH, alum and fluoride concentrations. Figure 4.14 

depicts the possible Al-F species present in colloidal, dissolved and precipitated form 

as per the literature reported (George et al., 2010; Parthasarathy and Buffle, 1986). 

Defluoridation occurred due to fluoride complexing with protonated sites on 

Aln(OH)3n
0
 species to precipitate in its complexed form Aln(OH)3n−1F

0
 as depicted in 

Eq. (4.3). To validate the theoretical species reported in the literature with the species 

formed after defluoridation experiments, ESI-MS was done and Figures 4.15(a) & (b) 

and 4.16 (a), (b) & (c) illustrate the ESI-MS spectra of alum coagulant; water after 

flocculation; alum sludge; and treated water before & after filtration respectively. It 

could be observed that the dominating complexes were of monomeric, dimeric, 

trimeric nature. The reactant species, colloidal and dissolved species and species 

present in sludge are shown in Table 4.4 and 4.6. Tables 4.5 & 4.7 compile a set of 

reactions for alum and PACl, which indicate that the dominant aluminium species of 

Al-F complexes were AlF5
2−

 and AlF2
+
 etc.; the same was closely validated by the 

model output (George, 2009).  In Figures 4.17(a) & (b) and 4.18 (a), (b) & (c) ESI-MS 

spectra of PACl coagulant; water after flocculation; alum sludge; and treated water 

before and after filtration can be seen respectively. From the results, it could be 

observed that lesser concentrations of these species were formed in case of PACl, 

which confirmed the fact that PACl worked better for the fluoride removal and 

settling of the particles was better because the superiority of its main flocculation 

mechanism, particle bridging, over sweep floc mechanism of alum under low turbidity 

suspensions. It could also be observed that certain colloidal particles were removed 

after subsequent microfiltration that contributed to residual Al, therefore, bringing 

down the residual Al concentration further in the treated water. Hence, the results 

illustrated that the particles that pass through the microfiltration membrane were the 

dissolved species and the particles that were removed corresponded to the colloidal 

species. Thus we were able to bring out a validation of NALD 2 model to a more 
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advance stage compared to the total Al and F analysis carried out earlier (George 

et al., 2009). 

4.2.3.1 Effect of addition of F
−
 ions and transformation of aluminium species 

The hydrolysis process of alum and PACl could be highly influenced by F
-
 insertion 

and, the explanation can be acquired with the help of Figures 4.15, 4.16, 4.17 and 

Figure 4.18. In case of alum, the relative intensity of some peaks (m/z = 103, 121, 

130, 158, 175, 212, 302) diminished and formation of new species (m/z = 61, 65, 83, 

101, 125, 139, 166, 177, 181, 216, 306 etc.) appeared (Feng et al., 2015; Sarpola et 

al., 2007; Urabe et al., 2009; Zhao et al., 2011). This could be due to the formation of 

new species comprising Al2OF2·6H2O
−
, Al2F2O(OH)

+
, Al2F4·2H2O

−
, AlF(OH)(H2O)

+
, 

Al2F2O(OH)
+
 etc. (Jin et al., 2014). The dominating complex reactions representing 

the interactions for alum and PACl are shown in Tables 4.5 & 4.7 
 
respectively. 

 

Figure 4.14 Forms of Residual Al in treated water (George, 2009) 

4.2.3.2 Effect of initial fluoride concentration on the residual species 

To analyze the effect of initial fluoride concentration on the formation of residual 

species, experiments were performed for different fluoride concentrations at 

optimized dosages of alum and PACl and ESI-MS analysis of treated water was done. 

The results are shown in Figure 4.21, and it can be observed that there was no 
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significant difference in the type of residual species in treated water, indicating  that 

the reaction mechanism are similar for all the initial fluoride concentrations. 

4.2.3.3 Reaction path for the precipitating species in alum sludge 

The precipitation of the polymeric aluminium hydroxide sol was considered to be a 

stepwise process, and there were several schemas about the process (Table 4.8). When 

the ESI-MS analysis of the alum sludge was done to analyze the species, the spectrum 

gave the charged species which represent the neutral forms of the species found in 

dried sludge. The neutral compounds present in the sludge including Al2O3, AlF3, 

Al(OH)3 etc. were well supported by doing the XRD analysis which is shown in 

Figure 4.21. Computational chemistry gives an alternative path for the formation of 

precipitating species present in alum sludge and PACl sludge as shown in table 4.8. 

4.2.3.4 The suggested mechanism for removal of fluoride by various Al species 

Hydrolysis of Al
+3

 occurred immediately after the dosing of alum/ PACl into the 

solution, and the new Al species including monomer, bimomer, oligimer etc. were 

formed. The addition of fluoride resulted in the complex reactions extensively. The 

foremost mechanism involved in the fluoride removal by various Al species is 

depicted in Figure 4.20. At higher pH (6–7), monomeric aluminium and, complexes of 

aluminium & fluoride precipitated with OH
–
 ions and Al-F co-precipitation were 

mostly responsible for fluoride removal (He et al., 2016). Further, at higher pH the 

concentration of OH
–
 ions were significantly higher which contributed to more 

dissolution of OH
–
 ions and consequently Al-F precipitated significantly because of 

the competition between OH
– 

and F
−
. As a result, the availability of colloidal 

aluminium species for removal of fluoride was reduced which lead to the growth of 

soluble aluminates and hence the removal of fluoride was constrained. The removal of 

fluoride was attained when it was adsorbed onto aluminium flocs through attraction of 

charge and physical adsorption reactions (Pommerenk and Schafran, 2005; Tang et 

al., 2015). PACl contained more aluminium species in comparison with alum& 

further complex mechanisms were involved in the fluoride removal (Zhao et al., 

2009). Primarily, polymeric aluminium species were highly positive charged than 

monomeric aluminium species and hence exhibited sturdier attraction for fluoride 

ions. On the contrary, polymeric Al had lesser average charge density in comparison 

to monomeric aluminium species (Bi et al., 2004). Therefore, Al polymer with a high 

degree of polymerization consumed comparatively lesser hydroxyl or fluoride ions to 



Results & Discussion 

110 

 

attain charge neutralization. This was the explanation for PACl requiring lesser lime 

to maintain the alkalinity as compared to alum. Polymeric aluminium showed the net 

structure in comparison to monomeric aluminium, and fluoride might adsorb on the 

inner and outer region of polymeric aluminium (Lin et al., 2008a, 2008b). The outer 

fluoride attachment was accomplished by the exchange of ions & neutralization of 

charge and was easily replaced by OH
–
 ions. In comparison to outer fluoride, the 

inside fluoride was more stable due to its removal through sweep flocculation, and it 

was disinclined to be replaced by hydroxyl ions. This was supported by the fact that 

fluoride ions generated from alum flocs were more substantial than PACl flocs (Lu et 

al., 2000). This was the reason for PACl showing better fluoride removal efficiency 

than alum at elevated pH. 
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Figure 4.15 ESI-MS spectra for (a) alum (b) water after flocculation 
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Figure 4.16 ESI-MS spectra for (a) settled sludge (b) treated water before filtration (c) 

treated water after filtration
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Table 4.4 Molecular Formulas for the different m/z ratios of the species formed after treated with alum 

Reactant species Colloidal species Dissolved Species Species present in sludge 

103 - Al2O2(OH)
+
 216- Al2OF2.6H2O

-
 61-   AlF5

-2
 79- Al(OH)2H2O

+
 

121 Al2O2(OH)(H2O)
+
 306-Al6F2(OH)2.4H2O

+
 65 -  AlF2

+
 101- AlF2(H2O)2

+ 

130- Al4O(OH)8
+2

 311- Al4(OH)11O
-
 83 -  AlF2H2O 115- AlF(OH)3H2O

-
 

143 - Al2OH.4H2O
-
 389- Al5(OH)14O

-
 125 - Al2F2O(OH)

+
 129- Al3O4

+
 

158- Al2(OH)4.2H2O
-
  166 - Al2F4.2H2O

-
 137- AlF2(H2O)

+
 

175- Al2(OH)5.2H2O
-
  181 - Al2F3(OH).2H2O

-
 163-  Al3O4 H2O

 +
 

212- Al2O(OH)2.6H2O
-
   177- Al2FO2(H2O)4

+
 

302- Al6(OH)4.4H2O
+
   241- Al3F3O2(OH)(H2O)3

+
 

   259- Al3F3O2(H2O)5
+
 

   309–Al13O8(OH)20(H2O)6
+
 

   339-  Al4O(OH)7(SO4) 
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Table 4.5: The dominating complex reactions representing the reactions between alum and fluoride followed by the generation of Al-F 

complexes 

 

m/z value Species reactions   m/z value (after 

complexation) 

121 Al2O2(OH)(H2O)
+      

- 2OH
- 
+ 2F

-
  Al2F2O(OH)

+
 125 

130 Al4O(OH)8
+2

  Al3O4
+
 129 

158 Al2(OH)4.2H2O
-           

– 4OH
- 
+4 F

-
  Al2F4.2H2O

-
 166 

175 Al2(OH)5.2H2O
- 
–3OH

- 
+3F

-
  Al2F3(OH).2H2O

-
 181 

212 Al2O(OH)2.6H2O
-
 – 4OH

- 
+4 F

-
  Al2OF2.6H2O

-
 216 

302 Al6(OH)4.4H2O
+
 – 4OH

- 
+4 F

-
  Al6F2(OH)2.4H2O

+
 306 
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Figure 4.17 ESI-MS spectra for (a) PACl (b) water after flocculation 
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Figure 4.18ESI-MS spectra for (a) settled sludge (b) treated water before filtration (c) 

treated water after filtration 
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Table 4.6 Molecular Formulas for the different m/z ratios of the species formed after treated with PACl 

Reactant species Colloidal species Dissolved Species Species present in 

sludge 

 246- Al5F3.3H2O
+
 81- Al F(OH)(H2O)

+
 79- Al(OH)2(H2O)

+
 

102- Al2O2(OH)
+
 250- Al6(OH)4.4H2O

+
 85- HAlF3

-
 115- AlF(OH)3H2O

-
 

121- Al2O2(OH)(H2O)
+
  112- Al4O3(OH)4

+2
 129-  Al3O4

+
 

130- Al4O(OH)8
+2

  125- Al2F2O(OH)
+
 137-  AlF2(H2O)

+
 

158- Al2(OH)4.2H2O
-
  166- Al2F4.2H2O

-
 143-  Al2OH.4H2O 

143- Al2OH.4H2O   159- Al2FO2(H2O)3
+
 

175- Al2O2(OH)(H2O)
+
   177-  Al2FO2(H2O)4

+
 

240- Al5(OH)3.3H2O
+
   232-   Al8O7(OH)8

2+
 

   241-  

Al3F3O2(OH)(H2O)3
+
 

   309-  

Al13O8(OH)20(H2O)6
+
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Table 4.7: The dominant complex reactions representing the polyaluminium chloride and fluoride interactions and the generation of Al-F 

complexes 

m/z value Species reactions   m/z value (after 

complexation) 

79 [Al(OH)2(H2O)]
+ 

 – 2OH
- 
+ 2F

- 

 – 4OH
- 
+4 F

-
 

 

 

[Al F(OH)(H2O)]
+
 

[HAlF3]
-
 

81 

85 

121 Al2O2(OH)(H2O)
+ 

- 2OH
- 
+ 2F

-
  Al2F2O(OH)

+
 125 

130 Al4O(OH)8
+2

   Al3O4
+
+ 3 H2O 129 

158 Al2(OH)4.2H2O
-      

– 4OH
- 
+4 F

-
  Al2F4.2H2O

-
 166 

175 Al2(OH)5.2H2O
- 
– OH

- 
+F

-
  Al2FO2(H2O)4

+
 177 

212 Al2O(OH)2.6H2O
-
 – 4OH

- 
+4 F

-
  Al2OF2.6H2O

-
 216 

   319-  Al5O3(OH)8
+
 

   337-  Al5O3(OH)8 H2O
 +

 

   385-   Al7O7(OH)4
+
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                        Table 4.8 Alternative path for formation of species present in sludge 

Charged Species   Neutral species precipitated in sludge 

79 - Al(OH)2H2O
+
 + OH

-
  Al(OH)3   +  H2O 

101- AlF2(H2O)2
+ 

+ F
-
  AlF3       + 2H2O 

129- Al3O4
+
 + OH

-
 + H2O  Al2O3 + Al(OH)3    

137- AlF2(H2O)
+
 + F

-
  AlF3     +  H2O 

163-  Al3O4 H2O
 +

 + OH
-
  Al2O3 + Al(OH)3    

241- 

Al3F3O2(OH)(H2O)3
+
 

+ OH
-
  AlF3 + Al2O3 + 4H2O 

309 –

Al13O8(OH)20(H2O)6
3+

 

+ 3OH
-
  6Al2O3 + Al(OH)3   + 9H2O 
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Figure 4.19 Variation in residual species for treating different initial fluoride concentrations in case of (a) alum & (b) PACl 
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Figure 4.20 Proposed mechanisms for alum and PACl 
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4.2.4 Characterization of sludge 

4.2.4.1 XRD analysis 

To investigate the different species present in the precipitated form after the 

defluoridation process, XRD analysis of the PACl sludge and alum sludge was done, 

and the results are shown in Figure 4.21 (a) & (b). It can be observed from Figure 4.21 

(b) that the precipitated species formed after defluoridation mechanism with alum as 

coagulant include Al2O3 (JCPDS 00–010-0414), AlF3, Al(OH)3 etc. and from Figure 

4.21(a) it can be inferred that in case of defluoridation using PACl as coagulant, the 

precipitated species formed include Al2O3 (JCPDS 00-016-0219), AlF3, Al(OH)3 etc. 

The more intense peaks and some new peaks were observed in the XRD pattern of 

PACl sludge due to the formation of multi-phases (Miqueleiz et al., 2013). The 

polymeric nature of PACl and its bridging mechanism caused the formation of better 

and stable flocs compared to alum (Li et al., 2006). The results showed that the 

precipitated species positively validated with that mentioned in the reported model as 

shown in Figure 4.14 (George, 2009). From the results, it could be seen that the 

dominant compound that was present in the sludge was alumina which could be used 

as a binder with sand in cement mortar cubes (Jagtap et al., 2012). It was also well 

justified that the removed fluoride was in the form of alumino-fluoro compounds as 

shown in Figure 4.21. 

4.2.4.2  FT-IR analysis 

FT-IR analysis of the alum sludge and PACl sludge was carried out to investigate the 

bonds and stretches present, and the results are shown in Figure 4.22 (a) & (b) 

respectively. In Figure 4.22(a), the stretching around 590 cm
−1

 corresponded to F-Al-F 

bend of AlF3 (Ghosh et al., 2008). The peak at 1633 cm
−1

 corresponded to O-H stretch 

in the Al(OH)3 structures (Jain and Jayaram, 2009). The stretching around 1089 cm
−1

 

corresponded to Al-O bend with tetrahedron structure (Vasudevan et al., 2011). The 

peak at 3440 cm
−1

 corresponded to O-H stretch (Saikia and Parthasarathy, 2010). The 

results obtained from FT-IR also confirmed the presence of AlF3 and Al2O3 which 

corroborated well with the results of XRD. In case of FT-IR of PACl sludge (Figure 

4.20(b)), the 1641.26 cm
−1

 peak indicated the bent vibration of H-O-H (Saikia and 

Parthasarathy, 2010). The absorption band observed at 3421 cm
−1

 could be assigned to 

the -OH vibrational mode of the hydroxyl molecule (Tarte, 1967). The peak at 713 

cm
−1

 may be assigned to some stretching vibrations of a lattice of interlinked Al-O, 
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with tetrahedral structure (Yang et al., 2006). Thus FT-IR results indicated that the 

precipitated species in the sludge were AlF3, Al(OH)3 and Al2O3 etc. and strengthened 

the observations of XRD in explaining the stability mechanism of fluoride and Al in 

the mortar matrix proving this method as a good alternative to achieve circularity in 

the process. 

4.2.4.3 SEM analysis 

SEM analysis of alum and PACl sludge was done to observe the surface morphology. 

Both the sludges were dried before scanning through SEM. It could be observed from 

Figure 4.23 that both the sludges were amorphous. The results were found in good 

agreement with the work done by Yang et al. 2006.  
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Figure 4.21 XRD analysis of (a) PACl sludge & (b) alum sludge 
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Figure 4.22 FT-IR analysis of (a) alum sludge & (b) PACl sludge 

 

Figure 4.23 SEM analysis of (a) alum sludge & (b) PACl sludge 



Results & Discussion 

126 

 

4.2.5 Mass Balance for different species in batch process for fluoride removal 

4.2.5.1 For alum treated water 

Mass balance verification of different species including fluoride, aluminium, calcium, 

sulphate and chloride was done for initial fluoride concentration of 10 mg/L. Amount 

of raw material input into the coagulation process, amount of specie in treated water 

and sludge is shown in Figure 4.24. Equation 4.9 was used for the mass balance the 

species and hence percentage error was calculated for each species. 

Mass of species in into the coagulation process with input water = Mass of species out 

with treated water after coagulation + Mass of species out with sludge generated after 

coagulation                  (4.9) 

 

 

Figure 4.24 Mass balance for different species after alum treatment 

 

The mass balance for different species was carried out for after treatment with alum 

for fluoride removal and the results are shown in Figure C1. Percentage error for 

fluoride, Al, sulphate and calcium is calculated as ±5 %, ±0.38 %, ±0.9 % and ±0.9 % 

respectively. 
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sedimentation 

Treated water 

F = 1.5 mg 

Al  =  0.54 mg 

SO4
-2 =  210 mg 

Ca = 42.8 mg 

 

Sludge generated 

F = 8 mg 
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SO4
-2 = 432 mg 

Ca = 63.2 mg 

 

CaO = 151 mg 

Ca = 107 mg 

Al2(SO4)3.18H2O= 1500 
mg 

Al= 121 mg 

SO4
-2=  648 mg 

NaF= 8.8 mg 

F = 10 mg 
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4.2.5.2 For PACl treated water 

The mass balance for different species was carried out for after treatment with alum 

for initial fluoride concentration of 10 mg/L. Amount of raw material input into the 

coagulation process, amount of specie in treated water and sludge is shown in Figure 

4.25. Percentage error was for fluoride, Al, chloride and calcium is calculated as ±5.8 

%, ±0.4 %, ±3.3 % and ±0.18 % respectively. 

 

Figure 4.25 Mass balance for different species after PACl treatment 

 

4.3 Continuous mode experiments 

Shifting to Continuous coagulation technique would cater larger community as it can 

provide higher volumetric capacity to treat water though increase in turbidity and 

residual aluminum in output water was of some concern. The micro and ultra-filtration 

membranes in combination or alone have been tried, which require less operating 

pressure compared to the expensive reverse osmosis technique. Experiments were 

performed in continuous mode using the optimized doses as done in batch 

experiments and the treated water was analysed for different residual parameters.  

4.3.1 Analysis of treated water 

4.3.1.1 Residual fluoride 

The residual fluoride of the treated water was measured and the results are shown in 

Figure 4.26. The trend of residual fluoride concentration for different initial fluoride 

concentrations is similar to that obtained in batch mode. At high fluoride 

concentrations slight reduction in the effectiveness of defluoridation was observed, 
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which may be explained due to the formation of soluble Al−F complexes  (Yu et al., 

2016). 

 

Figure 4.26 Residual fluoride for different initial fluoride concentrations in continuous 

mode (mg/L) (Experimental data has been shown in Appendix B -Table B1) 

4.3.1.2 Residual Aluminium 

The residual aluminium was also analyzed in continuous mode as shown in Figure 

4.27. The results depict that the residual Al is more as compared to batch mode as the 

settling ability suffers in case of continuous mode but after the integration 

microfiltration membrane, the residual Al is able to come within the acceptable limit.  

Residual Al was found to be above the acceptable limit after defluoridation, but it was 

less for PACl as compared to alum, but after the subsequent microfiltration, residual 

Al almost met the acceptable limit of 0.2 ppm (Jiao et al., 2015). Figure 4.23 shows 

the effect of initial fluoride concentrations on residual Al in treated water which was 

due to the presence of soluble and suspended Al-F complexes formed during 

coagulation. Amorphous Al oxides are thought to be the most important 

environmental sink for fluoride. During coagulation process, adsorption of fluoride 

ion on Al hydroxides occur which ultimately leads to defluoridation of water. 

Therefore, large amounts of soluble aluminum may be released into aquifers as a 

result of formation of soluble Al−F complexes which is harmful for the environment. 
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The release of Al is especially significant with amorphous precipitates. At high F/Al 

ratios and pH < 6, it has been found that most of an amorphous Al(OH)3 gel can be 

dissolved. 

 

Figure 4.27 Residual Al for different initial fluoride concentrations in continuous 

mode (mg/L) (Experimental data has been shown in Appendix B -Table B2) 

 

4.3.1.3 Residual TDS 

In case of continuous mode, the TDS was found to increase from 620 to 280 ppm for 

increasing dose of alum and the TDS was found to increase from 500 to 640 ppm for 

PACl (Figure 4.28). 
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Figure 4.28 Residual TDS for different initial fluoride concentrations in continuous 

mode (mg/L) (Experimental data has been shown in Appendix B -Table B3) 

4.3.1.4 Residual turbidity 

The residual turbidity was measured after proper settling time as shown in Figure 

4.29. In the continuous mode, there is increase in the treated water turbidity as the 

settling ability suffers in such systems compared to the batch mode (Figure 4.30).  

Turbidity was relatively higher for alum related water compared to that of PACl 

treatment. This can be attributed to the bridging action employed by the polymer 

PACl, which functions well at low raw water turbidity levels commonly found in 

underground water  (Mirzaiy et al., 2012). On the contrary, the sweep floc action of 

alum requires high raw water turbidity and alkalinity for efficient fluoride removal 

and hence did not function as efficiently (He et al., 2016). Ground water has very low 

turbidity which doesn’t fulfill the ideal conditions for the sweep floc mechanism to 

occur. The measure of the intensity of flocculation usually used is known as the G 

value (Schutte et al., 2006). G is not measured directly but is calculated, either using a 

factor taken from a table or from the formula: G = (P /( F.V))
1/2

 ,where 

G = velocity gradient, s
-1

 

P = power dissipated, kg m
2
 s

-3 

F = viscosity of the water, kg m
-1

 s
-1

 



Results & Discussion 

131 

 

V = volume of reactor, m
3 

Velocity gradient depends on: rate of particle collision, shear force and total number 

of particle collisions. 

 

Figure 4.29 Residual turbidity for different initial fluoride concentrations in 

continuous mode (mg/L) (Experimental data has been shown in Appendix B -Table 

B4) 

In case of alum, G value is more; therefore compactness of the flocs is less which 

lessens the settling ability of alum flocs in continuous systems. Matsui et al., 1998 

stated that the collision–attachment efficiency of particles coagulated by PACl could 

be larger than that of particles coagulated by alum at the same Al dosage. Greater 

collision attachment efficiency at the same Al concentration may be attributable to the 

more stable polymeric species of PACl after dosing and dilution that destabilize 

particles more adequately than alum. Therefore, the residual turbidity of samples 

treated with alum was very high and significantly exceeding the acceptable limit for 

drinking water (Wang et al., 2017; Yu et al., 2010b). Although on treating with PACl 

also, the residual turbidity is high in continuous mode and exceeding the acceptable 

limit but compared to alum it was much lesser indicating it to be chemically less 

harmful, but it still required membrane filtration. 
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Figure 4.30 Residual turbidity for different initial fluoride concentrations in batch and 

continuous mode (mg/L) 

 

4.3.1.5 Residual sulphate and chloride 

The treated water in continuous mode of operation was analyzed for residual sulphate 

(Figure 4.31). Residual sulphate was found in the treated water because of the 

dissolved sulphate present in alum. Since PACl contained chloride, some of the 

chloride was found in PACl treated water (Figure 4.32). 
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Figure 4.31 Residual sulphate for different initial fluoride concentrations in 

continuous mode (Experimental data has been shown in Appendix B -Table B5) 

 

Figure 4.32 Residual chloride for different initial fluoride concentrations in 

continuous mode (Experimental data has been shown in Appendix B -Table B6) 

4.3.2 Micro-filtration for treating residual Al 

To treat residual Al, treated water was passed through microfiltration unit and the 

results are shown in Figure 4.33. The results depict that aluminium was within the 

acceptable limit of 0.2 mg/L after microfiltration for both alum and PACl treated 
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water. The SEM images of the microfiltration membrane before and after filtration are 

shown in Figure 4.34. It can be observed that particles were retained on the surface of 

the membrane. 

 

Figure 4.33 Residual Al after micro-filtration (Experimental data has been shown in 

Appendix B -Table B7) 

In the earlier studies, coagulation performances of alum and PACl were compared, 

and it was proved that PACl resulted in less residual Al especially dissolved 

monomeric Al (Yang et al., 2010). At the pH range of 6–6.5, the solubility of 

aluminium was the lowest mainly due to Al(OH)3 formation which corroborated well 

with the observation that residual Al was the lowest at pH 6.5. Alum tends to form 

larger flocs as compared to flocs formed during PACl treatment because the flocs 

formed by charge neutralization were more compact whereas the flocs formed by 

sweep floc mechanism were looser (Xu and Gao, 2012; Yu et al., 2010b).  Hence the 

flocs formed by alum would easily break leading to high residual Al in treated water. 

The experiments were also performed for varying initial fluoride concentrations of 2-

20 ppm, and the residual aluminium was monitored. The results are shown in Figure 

4.33 and it can be inferred that residual Al was lesser in case of PACl treatment and 

increased for increasing initial fluoride concentrations. 
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4.3.3 Ultra-filtration for treating residual Al 

Figure 4.34 depicts the analysis of treated water in terms of residual aluminium and 

turbidity after ultrafiltration. It could be observed that residual aluminium was well 

within the acceptable limits (0.2 mg/L) for different initial fluoride concentrations.  

 

Figure 4.34 Residual Al after ultra-filtration (Experimental data has been shown in 

Appendix B -Table B8) 

 

The SEM analysis of the ultrafiltration membrane after 5 hrs. of run time is shown in 

Figure 4.35. It could be seen that there was significant amount of scaling on the 

membrane surface and EDS analysis shown in Figure 4.36 corroborates that the 

scaling consist of elements including Al, S, O and Ca.  Membrane fouling is one 

factor that limits the spread of membrane technologies in water treatment plants. 

Fouling is a deposition of suspended or dissolved substances on external surfaces, at 

the pore openings or within the pores of a membrane, resulting in loss of performance. 

Fouling is a result of the interactions between the membrane and solute(s) in the feed 

and perhaps between the adsorbed solutes and other solutes in the feed stream. 

Fouling is generally influenced by three factors: membrane properties, solute 

(solution) properties, and operating parameters. 
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Figure 4.35 SEM image of used ultra-filtration membrane 

 

Figure 4.36 EDS analysis of used ultra-filtration membrane 

4.3.4 Sand-filtration for treating residual Al 

4.3.4.1 Residual Al 

The alumino-fluoro complexes contributed to the residual Al in treated water. It can 

also be seen that the residual Al rises with rise in initial fluoride concentration due to 

the rise in alum dose. Also, it can be seen that the residual aluminium is less in case of 
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PACl as compared to alum but it was beyond the acceptable limit. Hence, subsequent 

up-flow rapid sand-filtration was done. To find the optimum conditions, effect of flow 

rate and contact time were studied for the removal of aluminium and turbidity present 

in defluoridated water. 

 

Effect of flow rate and contact time 

For determining the optimum flow rate for sand filter, the filter runs were carried out 

on varying flow rates (0.5 - 0.6 lpm) as shown in Figure 4.37. It was desired to have 

effluent turbidity below 10 NTU. Results obtained from the roughing filtration for 

treatment of water, and show that flow rates when lower will remove turbidity more 

effectively (Nkwonta and Ochieng, 2009). Therefore, operational flow rate for a 

desired turbidity to be achieved was considered and implemented. The effect of 

different flow rates on residual aluminium is shown in Figure 4.37. The inlet 

aluminium concentration was 0.58 mg/L in case of water treated with alum. It can be 

observed that the residual aluminium concentration (0.35 mg/L) was found to be 

lowest at flow rate of 0.54 lpm. In case of water treated with PACl, the residual Al 

concentration of 0.34 mg/L was fed to the sand filter and residual aluminium 

concentration was measured at different flow rates . It can be observed that residual Al 

concentration (0.25 mg/L) was lowest at 0.54 lpm. Therefore, this flow rate was 

considered the optimum flow rate for further operations. Filtration rate in slow sand 

filters is an important factor affecting removal mechanisms. In a study, it was 

observed that removal of viruses decreased with increased filtration rate (Guchi, 

2015). One  of  the  major  types  of  transport  mechanisms  in  slow  sand  filtration  

is  straining  or screening,  where  particles  larger  than  the  pore  size  of  media  are  

physically  removed. However, as the pore size of the media progressively decrease 

due to particle deposition and biofilm  growth;  straining  will  become  more  efficient  

in  capturing  particles  that  are  even smaller in size (Weber-shirk and Dick, 1997).  

Particles in the colloidal range (less than 1μm in diameter) are influenced by diffusion 

and will deviate from flow paths toward the filter media, depending on the 

electrostatic interaction between the particles and the media  (Montgomery, 1985). As 

particles are transported to the filter media, attachment mechanisms will act to capture 

the particle resulting in a successful collision.  Such  attachment  mechanisms  include  

mass attraction  (van  der  walls  force)  and  electrostatic  attraction  between  

oppositely  charged particles  (Montgomery,  1985).  Effect of contact time on residual 
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Al concentration is shown in Figure 4.38. The contact time was varied between 10-60 

minutes and the optimum contact time was found to be at 30 minutes. Therefore this 

interval of time was considered optimum for the removal of Al and further 

experiments were carried out at this contact time. 

 

Figure 4.37 Residual Al after sand -filtration at different flow rates for (a) alum & (b) 

PACl (Experimental data has been shown in Appendix B -Table B9) 
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Figure 4.38 Residual Al after sand -filtration at different contact time for (a) alum & 

(b) PACl (Experimental data has been shown in Appendix B -Table B10) 
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4.3.4.2 Residual turbidity  

The  removal  of  turbidity  generally  depend  on  the  type  of water  source. In  

addition,  the  turbidity  removal  efficiency is  strongly  influenced  by  suspension  

particles  diameter. The percent of turbidity removal will be increased by using of 

polymer with alum for coagulation.   

 

Effect of flow rate and contact time 

The effect of different flow rates on residual turbidity is shown in Figure 4.39. The 

inlet turbidity was 25 NTU in case of water treated with alum. It can be observed that 

the residual turbidity (15 NTU) was found to be lowest at flow rate of 0.54 lpm. In 

case of water treated with PACl, the residual turbidity of 15 NTU was fed to the sand 

filter and residual turbidity was measured at different flow rates (Figure).  It can be 

observed that residual Al concentration (12 NTU) was lowest at 0.54 lpm. The higher 

flow rates strongly affected the resultant effluent turbidity values because the main 

mechanism for removing turbidity is filtration. The higher the flow rate, the less time 

a particle has to travel the settling distance and stick onto the media’s surface and 

layers or be adsorbed (Affam and Adlan, 2013). Results obtained from the roughing 

filtration for treatment of water, show that flow rates when lower will remove 

turbidity more effectively (Nkwonta et al., 2010). The removal of turbidity with 

increasing contact time is shown in Figure 4.40. It can be observed that after 30 

minutes of contact time the removal in turbidity became constant. Therefore, this was 

considered as the optimum for further studies. 
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Figure 4.39 Residual Turbidity after sand -filtration at different flow rates for (a) alum 

& (b) PACl (Experimental data has been shown in Appendix B -Table B11) 
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Figure 4.40 Residual Turbidity after sand -filtration at different contact time for (a) 

alum & (b) PACl (Experimental data has been shown in Appendix B -Table B12) 
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4.3.4.3 Residual Al and turbidity with optimal operating parameters 

To evaluate performance of the sand filtration unit, effluent turbidity and head losses 

at different level and at different time intervals are very expedient. The treated water 

from the defluoridation set-up had different turbidity and Al levels for treating 

different initial fluoride concentrations. To treat the aluminum present in defluoridated 

water, it was fed to sand filter unit and the results are shown in Figure 4.41. The filter 

runs were conducted with influent turbidity 5-32 NTU at flow rate of 0.54 lpm and 

contact time of 30 min. It can be observed that sand filter was able to bring down the 

aluminium closer to the acceptable limit i.e. 0.2 mg/L in case of alum and PACl 

treated water. 

 

Figure 4.41 Residual Al after sand filtration  (Experimental data has been shown in 

Appendix B -Table B13) 

4.3.5  Comparison of micro-filtration, sand filter and ultrafiltration on the basis of 

removal efficiency  

The aluminium concentration in treated water after micro-filtration, sand filtration and 

ultrafiltration is shown in Figures 4.42 and 4.43. It can be observed that ultrafiltration 

and micro-filtration were able to bring down the aluminium concentration within 

acceptable limits of 0.2 ppm for all initial fluoride concentrations. On the contrary, 

sand filter was able to reduce the aluminium concentration almost to the acceptable 

limits. It can be observed that integration of continuous defluoridation process 

with ultrafiltration unit is a feasible option for bringing the fluoride and 

aluminium within acceptable limits in drinking water. 
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Figure 4.42 Residual Al after micro-filtration, sand filtration and ultra-filtration for 

alum treated water 

 

Figure 4.43 Residual Al after micro-filtration, sand filtration and ultra-filtration for 

PACl treated water 

 

4.3.6 Solidification of sludge for by making cement mortars 

4.3.6.1 Compressive strength of mortars 

Of the various strength parameters of mortar, the determination of compressive 

strength has received a large amount of attention because the mortar is primarily 

meant to withstand compressive stresses. Cube specimens of size 50x50x50 mm were 

used to assess the compressive strength of various mortars per the protocols followed 

by Sahu and Gayathri, (2014). Fine aggregate was partially replaced using alum & 
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PACl sludge with different percentages between 1-5 %. The particle size of sludge 

was comparable with the fine aggregates used in the mortar making which was passed 

through the sieve of 4.75µm mesh size. The particle size distribution for alum and 

PACl sludge is shown in Figure 4.44. The D10 values of both the sludges was 

obtained using the data from the graph and it was 4.06 µm for PACl sludge and 3.84 

µm for alum sludge.  

 

 

Figure 4.44 Particle size distribution of PACl and alum sludge 
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Compressive strength for different replacements was tested for 7 and 28 days (Figure 

4.41). The composition of the various mortar mixes for constant water to cement (w/c) 

ratio of 0.76 is shown in Table 3.4. The compressive strengths of various mortar 

mixes are shown in Figure 4.45.  At 1 % sludge replacement, the compressive strength 

increased by 2.5 % for alum sludge and 6 % for PACl sludge. At 2 % replacement, 

compressive strength decreased by 14 % for alum sludge and 7 % for PACl sludge. At 

3 % replacement, the decrease in compressive strength was about 22 % for alum 

sludge and 15 % for PACl sludge and the mortar can be used for low end applications. 

The compressive strength growth in alum sludge mortar was affected by the 

modification of microstructure, the conversion of calcium silicates into C-S-H 

(calcium silicate hydrate) gel through the pozzolanic reaction and formation of a 

denser interfacial transition zone which has been later explained by SEM and XRD 

analysis (Vijayalakshmi et al., 2013). The different hydration reactions are shown in 

Table 4.6. C-S-H gel formation contributed majorly to the compressive strength of the 

mixes (Balasubramanian et al., 2016). As the sludge content increased, there was a 

hindrance in the formation of C-S-H gel and the setting time was also retarded. The 

retardation in setting timed was contributed by the increase in sulphate content as 

alum sludge contained calcium sulphate (Hanhan, 2004; Tran, 2011). In the presence 

of sulphate ions, the tri-calcium aluminate phase reacts rapidly to form ettringite 

(Table 4.6- equation 5). When the sulphate ions are consumed by this reaction, 

ettringite slowly reacts with the exceeding aluminate phase to form mono-sulphates 

(Table 4.9- equation 6). The increase in sulphur content in case of alum sludge can be 

proven by the EDS results shown in Figures 4.48 to 4.50. The EDS analysis also 

shows that the sulphur content was lesser in case of mortars prepared with PACl 

sludge (Figures 4.50-4.56). To prove this experimentally, casting of mortars was done 

by using sludge after washing with sludge so that the water soluble sulphate was 

removed. The results for compressive strength are shown in Figure 4.46. It can be 

observed that the compressive strength increased by 28 % for 2 % and 4 % sludge 

replacement after 7 days of curing.  In the case of PACl sludge mixes, the strength 

was decreased at high replacement of sludge due to the improper utilization of 

silicates to convert into C-S-H gel structures. This could be attributed due to the 

presence of chlorides in PACl sludge. Chlorides interact with calcium silicate hydrate 

(C-S-H) at three different levels as either chemisorbed layer on C-S-H, in the C-S-H 

inter layer spaces or be intimately bound in the C-S-H lattice (Ramachandran, 1971) 
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Chlorides are also known to promote the leaching of Ca(OH)2 and promote the 

formation of porous C-S-H involving complex reactions (Lee et al., 2000). The above 

explanation was supported by the results of SEM analysis that depicted that the 

formation of C-S-H gel was disturbed with higher sludge replacement. In addition to 

this, at high level of replacement of sludge; the additional fine particles were likely to 

attach to the surface of fine aggregates and avert proper attachment linking the cement 

paste and the aggregate that contributed to lower compressive strength (Aliabdo et al., 

2014). This resulted in the formation of a weak bond of aggregate with the paste that 

induced severe segregation and weakened the mortar. Compressive strength increased 

by 28 % after rinsing of sludge because the water soluble sulphate was washed which 

helped in the strength increment. In a recent study, synthetic zeolite was obtained 

from waste of aluminum fluoride production by low-temperature synthesis and added 

in concrete mix up to 10% as Portland cement replacing admixture in order to improve 

concrete properties and durability (Girskas et al., 2016). Therefore, 

solidification/stabilization of defluoridation sludge can be used in the mortar making 

after process up to 3 % sludge replacement with fine aggregates. 

4.3.6.2 TCLP Analysis 

Aluminium sulfate and polyaluminum chloride are widely used as coagulants in water 

treatment plants. Since dried sludge has high aluminium content, recycling this metal 

has become a significant environmental issue. Hence by using it as a replacement in 

mortar, it’s toxicity to the environment was highly reduced. The results show that 

aluminium concentration was reduced when solidified in mortar aluminium content 

was well within the limit as the permissible limit in the absence of alternate source is 

0.2 ppm as per (IS 10500:2012). Leaching from mortar cube was well within the 

TCLP limits of Al, and these results indicate environmental acceptability (Table 4.10).
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Figure 4.45 Compressive strength of mortars (a) 28 days & (b) 7 days (Experimental 

data has been shown in Appendix B -Table B14) 
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Figure 4.46 Compressive strength after rinsing of alum sludge (Experimental data has 

been shown in Appendix B -Table B15
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Table 4.9 Cement hydration reactions for mortar mixes  

(1) 2(3CaO.SiO2) 

(Tri-calcium silicate) 

       6H2O  3CaO.2SiO2.3H2O 

(C-S-H) 

 3Ca(OH)2 

(calcium hydroxide) 

(Govindarajan and 

Gopalakrishnan, 2011) 

(2) 2(2CaO.SiO2) 

(Di-calcium silicate) 

 4H2O  3CaO.2SiO2.3H2O 

(C-S-H) 

 3Ca(OH)2 

(calcium hydroxide) 

(Govindarajan and 

Gopalakrishnan, 2011) 

(3) 3CaO.Al2O3    

(Tri-calcium aluminate) 

 3CaSO4 

(gypsum) 

 

 

32H2O  Ca6Al2(SO4)3(OH)12.26H2O 

(ettringite) 

(Govindarajan and 

Gopalakrishnan, 2011) 

(4) Ca6Al2(SO4)3(OH)12.26H2O 

(ettringite) 

 2(3CaO.Al2O3)    

 

 4H2O  CaAl2O3.CaSO4.12H2O 

(mono-sulphate) 

(Govindarajan and 

Gopalakrishnan, 2011) 

(5) 3(CaO).Al2O3  3[CaO.SO4.(H2O)2]  26H2O  Ca6Al2(SO4)3(OH)12.26H2O (Tran, 2011) 

(6) 2[3(CaO).Al2O3]  6(CaO)Al2O3(SO4)3 (H2O)32]  4H2O  3[4(CaO).Al2O3.SO4. (H2O)12] (Tran, 2011) 

(7) Ca27Si9(Ob)36(Oi)9  0.5xCaF2  [Ca27Si9(Ob)36(Oi)9-x(Fi)x]
x+

  0.5x.CaO    (Tran, 2011) 

(8) Ca27Si9(Ob)36(Oi)9-x(Fi)x  0.5x.3CaO.Al2O3  Ca27Si9-xAlx(Ob)36(Oi)9-x(Fi)x  x.SiO2  1.5xCaO (Tran, 2011) 

 

1 



Results & Discussion 

151 

 

Table 4.10 Aluminum concentration in different samples 

Samples   Aluminum conc. (in ppm) 

1A 0.15 

2A 0.165 

3A 0.18 

4A 0.191 

5A  0.22 

1P 0.11 

2P 0.14 

3P 0.15 

4P 0.17 

5P 0.19 

 

4.3.6.3 Characterization of the cement mortars 

 SEM Analysis 

SEM analysis is helpful in determining morphological structure of mortar mixes. It is 

also important in analyzing structure of mortar mixes at micron level which is very 

complicated. The utmost significant phase in the mortars is the C-S-H gel structure. 

The different aspects that play an important role in the mechanical behavior of C-S-H 

phase include size, shape, distribution and concentration of particles, the composition 

of phases, orientation of particles in the matrix etc. SEM micrographs and EDS 

analysis of the cement mortars with replacement of 0%, 1 %, 3% & 5% using alum & 

PACl sludge can be seen in Figures 4.47-4.53. The surface of the control mix 

displayed a heterogeneous distribution of fibre-like C–S–H due to the fast hydration 

of silicate phases of Portland cement and needle-like ettringite crystals from the 

hydration of aluminates. There were also fibrillar and foil-like structures due to the C-

S-H structure. In case of 1A and 1P matrix was observed to be more compact because 

of the presence of lesser voids. Appropriate dispersion calcium silicate hydrate gel and 
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sludge and additionally the optimal concentration of sludge directed to a higher 

compressive strength as compared to all the mixes and control mix. This demonstrated 

that there was a perfect mix of all the contents and reactions have been taken place in 

a proper manner. In case of 1P, more ettringite was observed. The primary ettringite 

crystals were formed due to the conversion of sulphates present in cement and these 

crystals primarily governs the stiffness of the mortars (Govindarajan and 

Gopalakrishnan, 2011; Siddique et al., 2011). The formation of secondary ettringite 

crystals occurred after 28 days of curing and these crystals were present in the form of 

whisker-like crystals mainly between the cracks and voids of the matrix (Portland 

Cement Association, 2015).  This consequently reduced voids present in the mortar 

leading to a denser matrix which made the mortar more durable.  

As the percentage of sludge was increased, the C-S-H gel formation was hindered due 

to unavailability of sufficient SiO2 content in the mortar mix. Moreover, increase in 

percentage of sludge particles had disturbed the binding action of the gel/paste and 

thus, resulted in a weak and porous microstructure of mortar. In case of 3A, amount of 

calcium sulphate increased slightly which resulted in the delay of setting process and 

lesser compressive strength. In case of 3P, decrease in compressive strength was 

observed to insufficient hydration reaction of silicates as shown in Figure 4.52. In case 

of 5A, higher amount of calcium sulphate whiskers can be observed (Figure 4.53). As 

the amount of sulphate  was increased, the amount of gel formation was decreased and 

simultaneously decrement in the intrinsic strength occurred (Hanhan, 2004). The 

optimal amount of gypsum signified where quality and quantity combined. With the 

progress of hydration process, the quality factor became more significant and 

therefore the optimal gypsum content decreases. In case of 5P, hexagonal plate-like 

structures of calcium hydroxide can be observed in high amount which implies that 

the concentration of calcium hydroxide was more than the C-S-H gel which decreased 

the durability of the mortar mix (The Science of Mortar, 2015).  From the EDS 

analysis, it can be observed that in case of 1A, 3A and 5A, the sulphur and aluminium 

quantity increases which delays the setting time of the mortar. The percentage of 

calcium also increases which corroborates the result of SEM images showing high 

calcium sulphate structures in 3A and 5A. On the contrary, in case of 1P, 3P and 5P, 

sulphur and calcium percentages were quite less and therefore the decrement in 

compressive strength was lesser. 
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Figure 4.47 (a) SEM image and (b) EDS analysis of control mix mortar 

(a) 

(b) 



Results & Discussion 

154 

 

 

 

Figure 4.48 SEM image and EDS analysis of 1A 

(a) 

(b) 
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Figure 4.49 SEM image and EDS analysis of 3A 

(b) 

(a) 
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Figure 4.50 SEM image and EDS analysis of 5A 

(b) 

(a) 
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Figure 4.51 SEM image and EDS analysis of 1P 

(a) 

(b) 
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Figure 4.52 SEM image and EDS analysis of 3P 

(a) 

(b) 
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Figure 4.53 SEM image  and EDS analysis of 5P 

(b) 

(a) 
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XRD Analysis 

XRD analysis plays an important role for finding the tests helps in determining the 

relative intensities of the peaks of the compounds present in the sample. The 

diffraction patterns were applied in associating the mineralogical nature and 

compositions of the samples (mortar mixes) (Bacarji et al., 2013). Figures 4.54-5.60 

clearly shows the XRD analysis of mortar mixes.  

 

(a) Effect of silica on compressive strength 

XRD analysis of CM shows the peak of silica at 2θ = 20.69º, 24.55º, 26.24º, 50.02º, 

54.7º, 59.8º. In 1A mortar mix the intensity of the peaks at 20.69º, 50.02º increased 

due to the additional amount of sludge content. In the XRD analysis of 1P, the 

intensities of the peaks were more closely related to the CM mix. This could be 

attributed to the reason that optimum amount of silica has been obtained leading to 

maximum compressive strength.  In the XRD analysis of 3A mix, the intensities at 2θ 

= 20.69º, 59.8º increased and a new peak was observed at 68.4º. In case of 3P, the 

peaks were somewhat similar to 1P. In case of 5P, some new peaks were observed at 

2θ = 23.3729º, 49.13º, 68.4. Silica contributed to the increase in strength of mortar as 

it reacted with the major amount of Ca(OH)2 that was formed during the hydration 

reactions (Balasubramanian et al., 2016). This enhanced the compressive strength of 

mortar. The reaction of silica with calcium hydroxide formed in the vicinity of fine 

aggregate particles and also with the calcium hydroxide distributed all over matrix, 

influenced the pore size dispersion of the matrix. Furthermore, the existence of 

smaller silica particles improved the porosity in the matrix of mortar because there 

was a uniform distribution of these particles in cement aggregate matrix (Singh et al., 

2016). Therefore, silica influenced denser packing and compactness of cement-

aggregate matrix in mortar and consequently the compressive strength of the mixes 

was influenced by the silica content. The optimal content of silica was achieved at 1-3 

% replacement of fine aggregates by sludge while at 5% sludge content lead an 

opposing influence on the compressive strength which was less than that of control 

mix. This could be attributed to the reason that the increment in sludge percentage 

more than 3 % reduced the binding action of cement and aggregate as the contact area 

of sludge became higher than the desired level. The presence of high silica content 

also corresponded to the fact that there was insufficient utilization of silicates for the 
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formation of C-S-H which results in the decrease in compressive strength. These 

results also corroborated the results of SEM analysis. 

 

(b) Effect of C-S-H on compressive strength 

Calcium silicate hydrate was the most important product of hydration reaction. It 

governed the overall strength of mortar as it bound the cement and aggregates into a 

compact matrix. Higher concentration of C-S-H gel leads to higher compressive 

strength of mortar (The Science of Mortar, 2015). In the XRD analysis of control mix, 

the peaks at 27.8º, 36.38º, 40.19º, 45.68º and 67.98 corresponded to C-S-H. The 

intensity of C-S-H peaks in case of 1A were almost similar to CM except the peak at 

36.38º increased resulting in higher compressive strength than CM. In case of 1P, 

peaks were almost similar to CM but the intensity of peak at 40.19º increased 

contributing to high compressive strength. As compared to Ca(OH)2, the 

concentration of C-S-H gel was higher in all the mixes. Higher concentration of C-S-

H was preferable as Ca(OH)2 did not contribute much in strength development of 

mortar. The compressive strength of 1A and 1P is which means that optimum amount 

of C-S-H has been formed. The intensity of C-S-H peaks decreased as the sludge 

content increased. 

 

(c) Effect of calcium sulphate, alumina and fluoride on compressive strength 

Calcium sulphate is in the form of gypsum and its function is to increase the initial 

setting time of cement. Calcium sulphate peaks were observed at 29.22º in all the 

mixes. In case of 3A some additional peaks were also observed at 32.17, 39.39 due to 

the sulphate content present in alum sludge. This resulted in the retarding of setting 

time of the mortar mix. In case of 5A, the intensity of the peaks increased because as 

the sludge content increased calcium sulphate content also increased.  

As the percentage of sludge increased more peaks of alumina were also observed. In 

general, higher alumina content has a positive influence on initial compressive 

strength but it weakens the long term strength of mortar (Ramachandran, V.S. 

Beaudoin, 2008) . Alumina content is present in alum and PACl sludge both which 

results in variation in peaks of alumina with variable sludge content. The number of 

peaks also increased as the amount of sludge content increased in the mortar mixes.  
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In a recent study, fluoride mineralization was done in the form of addition of fluorspar 

and effect of fluoride on hydration reactions of cement was observed (Tran, 2011). It 

has been demonstrated in earlier studies of synthetic alite (Ca3SiO5) that a small 

amount of fluoride can be incorporated in this phase, most likely in accordance with 

an O2 F
-
 substitution. Charge balance can be preserved by the incorporation of a 

similar amount of Al
3+

 ions substituting for Si
4+

 in the alite structure, tentatively 

forming a solid solution with the chemical formula Ca3[Si1-xAlx][O5-xFx], where the 

upper limit for x is approximately 0.15. The reactions are shown in Table 4.6-equation 

7. It was also observed that the quantity of fluoride ions strongly influences the 

hydration of the aluminate phases after one day of hydration. However, the effect 

from fluoride anions is less apparent as the hydration proceeds to seven day of 

hydration. Thus, the presence of fluoride ions in high concentrations may result in a 

decrease in the quantity of C-S-H phases and therefore, the early strength 

development for the cement is reduced. Furthermore, it also retains a large amount of 

aluminium ions in the anhydrous alite phase leading to a retarding effect on the 

conversion of ettringite into mono-sulphate phases.  Another effect that also needs 

consideration is the decreased SiO2 content in fluoride-mineralized alite as a 

consequence of the coupled incorporation of F
-
 and Al

3+
 ions. This result in a 

reduction in the quantity of the C-S-H phase formed during the early hydration period, 

since only a small amount of belite (Ca2SiO4) has reacted with water at this time. As 

the hydration process proceeds, the cement grain will expand due to the gradual 

hydration of alite and belite (Ca2SiO4). Hence, the protecting layer of fluorspar is 

broken and the retarding effects from the fluoride ions become less apparent with 

time. However, in the present study, the fluoride content in the mortars is quite less 

which should not adversely affect the compressive strength. The fluoride in sludge is 

present in the form of AlF3 which has insignificant effect on the cement hydration 

process (Vaiciukyniene et al., 2012). 
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Figure 4.54 XRD analysis of Control mix 

 

Figure 4.55 XRD analysis of 1A 
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Figure 4.56 XRD analysis of 3A 

 

Figure 4.57 XRD analysis of 5A 
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Figure 4.58 XRD analysis of 1P 

 

Figure 4.59 XRD analysis of 3P 
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Figure 4.60 XRD analysis of 5P 

 

FT-IR Analysis 

FT-IR frequencies help in determining the chemical composition of the sample 

because of the functional groups that absorb the radiation at various frequencies. The 

FT-IR spectra of different mixes are shown in Figures 4.61 -4.67. 

The FTIR spectrum of the control mix Figure shows a sharp band at 3433 cm
-1

 

associated to O-H stretching vibrations of portlandite (Ca(OH)2). This sharp band was 

also observed in other mortar mixes. The peak between 1100-900 cm
-1

 corresponded 

to Si-O stretching of the C-S-H compounds. These peaks were observed at 1082 cm
-1

, 

1084 cm
-1

, 1050 cm
-1

, 1009 cm
-1

, 1025 cm
-1 

in case of CM, 1A, 1P, 3A, 3P and 5P 

respectively.  The shifting of the peaks to lower wavenumbers signifies decreasing 

polymerisation. The peak at 1111 cm
-1

 in
 
3A and 5A mix corresponded to the S-O 

bond due to the stretching vibration of SO4
-2

. The peak at 777 cm
-1

 in all the mixes 

corresponded to Si-O stretching of silica. The carbonates peak at 1420 cm
-1

 was 

observed due to the reactions of atmospheric CO2 with calcium hydroxide. The 

absorption spectrum at 874 cm
−1

, which deepens with time, is because of the dissolution of 

the CaOSiO2 clinker phase. Out of plane Si-O bending (ν4) was observed at 523 cm
-1

. 
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The band assignments were in good agreement with those reported in the previous 

studies (Balasubramanian et al., 2016). The peak at 777 cm
-1

 corresponded to the S-O 

symmetry.

 

Figure 4.61 FT-IR analysis of Control mix

 

Figure 4.62 FT-IR analysis of 1A 
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Figure 4.63 FT-IR analysis of 3A 

 

Figure 4.64 FT-IR analysis of 5A 
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Figure 4.65 FT-IR analysis of 1P 

 

Figure 4.66 FT-IR analysis of 3P 
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Figure 4.67 FT-IR analysis of 5P 

 

4.4 Testing on groundwater samples 

Groundwater samples from Nagaur district and Shivdaspura (Jaipur) of Rajasthan 

were analyzed for fluoride and treated in batch and continuous mode of operations 

using alum and PACl coagulants. The results are shown in Table 4.11 and Table 4.12. 

It can be observed that the results were comparable as done with the synthetic 

solutions. 

Table 4.11 Residual fluoride concentrations in treated groundwater in batch mode 

Place Initial F
-
 concentration 

(mg/L) 

F
-
 concentration after 

treatment 

  alum PACl 

Nagaur district 4 1.35 1.255 

Shivdaspura 4.5 1.37 1.27 
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Table 4.12 Residual fluoride concentrations in treated groundwater in continuous 

mode 

Place Initial F
-
 concentration 

(mg/L) 

F
-
 concentration after 

treatment 

  alum PACl 

Nagaur district 4 1.39 1.288 

Shivdaspura 4.5 1.401 1.295 

 

Table 4.13 Effect of alum and PACl on various parameters of groundwater samples 

after treatment 
 

Place Alkalinity (ppm) TDS (ppm) Turbidity (NTU) 

Before 

treatme

nt 

After 

Treatment 

Before 

Treatme

nt 

After 

Treatment 

Before 

Treatme

nt 

After 

Treatment 

Alu

m 

PA

Cl 

Alu

m 

PA

Cl Alu

m 

PA

Cl 

Nagau

r 

354 355  1745 1900 1820 15 10 5 
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The conventional coagulation based Nalgonda technique, has been banned in RIFMP 

due to the reports of high residual aluminum in the treated water due to the presence 

of high concentration of residual aluminium in the treated water, a major fraction of 

which comprises alumino-fluoro complexes in micro suspension. 

In the present study, batch experiments have been performed to compare alum & 

PACl coagulants for achieving residual fluoride and aluminium within acceptable 

limit in the treated water. The nature of the flocs formed with alum and PACl was 

analyzed through measurement of zeta potential and size of the suspensions remaining 

after flocculation and settling using zeta sizer nano-series. Detailed speciation of the 

particles formed during the fluoride complexation reactions with alum and PACl was 

carried out using ESI-MS analysis and various species were differentiated as: 

colloidal, dissolved and precipitated. The experimental data were used for validation 

of an already available NALD-2 model. Reaction path for alum and PACl was also 

proposed during coagulation process. 

To treat large amount of water, batch process was converted to continuous process and 

experiments were performed in the continuous mode for the fluoride removal. To treat 

the residual Al in water, subsequent microfiltration/ ultrafiltration/ sand filtration was 

carried out to assess its efficacy and optimize the overall process. During coagulation 

defluoridation process  a significant amount of sludge is generated, which contains 

aluminium, sulphate, fluoride, chloride, iron, etc. Therefore, 

solidification/stabilization of the defluoridation sludge generated from the process was 

attempted through partial replacement of fine aggregates in the preparation of cement 

mortars, which were further tested for their engineering and environmental 

acceptability. 

5.1 Conclusions from the present study 

Batch experiments using alum and PACl coagulants for defluoridation: 

 The results of alum and PACl reactions in batch mode on residual F and Al 

were studied for initial fluoride concentrations of 2- 20 mg/L, which showed 

that alum is better than PACl in terms of residual fluoride. But when treated 

samples were digested with HNO3 and again analysed for total fluoride 

content, it was found that PACl had comparable fluoride removal efficiency to 

alum. This may be because of colloidal suspensions (Al-F complexes) 
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remained in alum treated water which were not detected by Ion selective 

electrode. 

 Residual fluoride in case of PACl was found to vary from 1.104-1.51 mg/L 

and for alum residual fluoride varied from 1.131-1.55 mg/L after acid 

digestion. The residual fluoride in case of PACl is slightly lower than that 

observed in alum treated water after acid digestion. Residual Al varied from 

0.36-0.76 mg/L in case of alum treated water and for PACl, it varied from 

0.22-0.65 mg/L, again proving superiority of PACl.  

 Microfiltration of treated water  residual Al was found to bring the aluminium 

residual  within acceptable limits of 0.2 mg/L. 

 Residual turbidity varied from 2-5 NTU for PACl treated water and 4-7 NTU 

for alum treated water. The results show that PACl results in lesser residual 

turbidity as compared to alum because of its bridging action in coagulation 

mechanism, which proved more efficacious than the sweep floc mechanism of 

alum coagulation.  

 Residual TDS varied from 438- 570 mg/L for PACl treated water and 590-800 

mg/L for alum treated water.  As PACl requires half the amount of lime to 

bring the pH to the desired level, hence it adds lesser TDS to the water being 

treated, whereas with alum higher amount of lime is required, which adds 

significantly to the TDS of the water.  

 As alum is the sulphate salt of aluminium, so it adds sulphate (76.26-300 

mg/L) content to the water being treated that is beyond the acceptable limit. 

While PACl results in the residual chloride (45-220 mg/L) in the treated water 

within the acceptable limit.  

 The zeta potential on the surface of the suspensions of alumino-fluoro 

complexes remaining after the treatment of fluoride containing groundwater 

with alum was found to be 1.62 mV and the average size of suspensions was 

5.134 μm representing a highly unstable suspension. The zeta potential for the 

similar alumino-fluoro complexes after treatment with PACl was found to be 

4.10 mV with the average size being 1.931 μm. 

 This indicates that both the suspensions were in a fast coagulating range of 

zeta potential but the cut off particle size with PACl was much lower and 

hence a much lesser turbidity was obtained in the treated water with PACl and 
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also load on the membrane was also reduced. The flocs of alum settle well 

under quiescent conditions, but tend to remain suspended under continuous 

flow regime that does not offer settling comparable to batch mode. 

 The mass balance for different species was carried out for after treatment with 

alum for fluoride removal and percentage error for fluoride, Al, sulphate and 

calcium was calculated as ±5 %, ±0.38 %, ±0.9 % and ±0.9 % respectively. 

After treatment with PACl, mass balance was carried out and percentage error 

for fluoride, Al, chloride and calcium was calculated as ±5.8 %, ±0.4 %, ±3.3 

% and ±0.18 % respectively. 

Speciation of the treated water through ESI-MS: 

 Investigation on the transformation and distribution of various aluminium 

species through ESI-MS method was carried out for consequently validating 

the reported model NALD 2. Aluminium species in the form of Al-F 

complexes were AlF5
2−

and AlF2
+
 etc., which were positively validated with the 

reported model.  

 From the results, it could be observed that lesser residual species were formed 

in case of PACl which concluded to the fact that PACl worked better for the 

fluoride removal and settling of the particles was better because the main 

flocculation mechanism was particle bridging which worked efficiently under 

low turbidity.  

 These aluminium species depicted a critical change in molecular structure and 

charge density and the variability in the capability to remove fluoride was 

noticed afterwards. 

 In addition to this, the interactions between aluminium and fluoride affected 

the dispersion and conversion of aluminium species & impacted the 

proficiency in removing fluoride afterwards.  

 Precipitated species formed were identified by characterization of sludge 

produced after defluoridation was done through XRD and FT-IR analysis 

which included Al2O3, AlF3 etc. 

Continuous mode experiments for fluoride removal using alum & PACl: 

 Experiments were performed with alum & PACl as coagulant for different 

fluoride concentrations (2- 20 mg/L) and residual parameters were tested in 
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treated water. Residual fluoride in case of PACl was found to vary from1.12-

1.58  mg/L and for alum residual fluoride varied from 1.15-1.65 mg/L after 

acid digestion. Residual Al varied from 0.38-0.78 mg/L in case of alum treated 

water and for PACl it varied from 0.255-0.68 mg/L proving PACl to be more 

effective. 

 Residual turbidity varied from 5-15 NTU for PACl treated water and 15-32 

NTU for alum treated water. In the continuous mode, there is increase in the 

treated water turbidity as the settling ability suffers in such systems compared 

to the batch mode. 

 Residual TDS varied from 620-820 mg/L for PACl treated water and 500-640 

mg/L for alum treated water.   

 To remove residual Al in treated water, subsequent microfiltration/ 

ultrafiltration/ sand filtration were used and the results were compared. 

Residual Al varied between 0.169-0.47 mg/L for alum treated water and 0.12-

0.28 mg/L for PACl treated water after subsequent microfiltration with 

membrane pore size of 0.2 µm. After using ultrafiltration membrane with pore 

size of 0.07 µm,residual Al was between 0.16- 0.42 mg/L for alum treated 

water and 0.11-0.25 mg/L for PACl treated water. Sand filter was able to bring 

down the aluminium closer to the acceptable limit i.e. 0.22-0.65 mg/L in case 

of alum treated water and 0.182-0.59 mg/L for PACl treated water. 

 It can be observed that ultrafiltration membrane gave the best results for 

removing residual Al present due to the Al-F suspensions and therefore 

integration of continuous defluoridation process with ultrafiltration unit is a 

feasible option for bringing the fluoride and aluminium within acceptable 

limits in drinking water. 

Solidification/stabilisation of sludge generated in continuous process: 

 Characterisation of sludge generated in the continuous process was done 

through SEM, XRD and FT-IR. The particle size of sludge was comparable 

with the fine aggregates used in the mortar making which was passed through 

the sieve of 4.75µm mesh size. The D10 values of both the sludges were 

obtained using the data from the graph and it was 4.06 µm for PACl sludge 

and 3.84 µm for alum sludge.  
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 Cubes of cement mortars were cast with partial replacement of defluoridation 

sludge (1-5 %). Compressive strength for different replacements was tested for 

7 and 28 days and it was observed that at 1 % sludge replacement, the 

compressive strength increased by 2.5 % for alum sludge and 6 % for PACl 

sludge. At 2 % replacement, compressive strength decreased by 14 % for alum 

sludge and 7 % for PACl sludge. At 3 % replacement, the decrease in 

compressive strength was about 22 % for alum sludge and 15 % for PACl 

sludge and the mortar can be used for low end applications. 

 As the sludge content increased, there was a hindrance in the formation of C-

S-H gel and the setting time was also retarded. The retardation in setting timed 

was contributed by the increase in sulphate content as alum sludge contained 

calcium sulphate. 

 To prove this experimentally, casting of mortars was done by using sludge 

after washing with sludge so that the water soluble sulphate was removed. The 

results for compressive strength. It can be observed that the compressive 

strength increased by 28 % for 2 % and 4 % sludge replacement after 7 days of 

curing. 

 Therefore, alum and PACl sludge generated from defluoridation process can 

be used in solidification/stabilization process with up to 3 % replacement of 

fine aggregates in mortar making. 

Experiments with real groundwater for fluoride removal: 

 Groundwater samples from Nagaur district and Shivdaspura (Jaipur) of 

Rajasthan with fluoride concentration of 4 mg/L & 4.5 mg/L and treated in 

batch and continuous mode of operations using alum and PACl coagulants. 

 It can be observed that fluoride was found to be within the acceptable limit of 

1.5 mg/L after treatment with alum and PACl coagulants. 

 

5.2 Recommendations for future Work 

The scopes for further studies have been identified as: 
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 Quantification of the alumino-fluoro complexes present in treated water using 

rigorous methods and a more structured validation of NALD 2 may be 

attempted. 

 Continuous coagulation set-up can be scaled up to treat large amount of water 

in a community based system. 

 Defluoridation sludge can be tried as a constituent material in the formation of 

bricks due to its sulfate content, which tends to reduce the strength of cement 

mortars. 
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APPENDIX-A 

 

Table A1 Residual fluoride after alum and PACl treatment in batch mode 

Initial fluoride 

concentration (mg/L) 

Residual fluoride 

after Alum treatment 

(mg/L) 

Residual fluoride after PACl 

treatment 

2 0.54 0.78 

4 0.7 0.82 

6 0.71 0.89 

8 0.828 0.91 

10 0.88 0.99 

15 0.97 1.1 

20 1.2 1.3 

 

 

Table A2 Residual fluoride after acid digestion in batch mode 

Initial fluoride 

concentration (mg/L) 

Residual fluoride 

after Alum treatment 

(mg/L) 

Residual fluoride after PACl 

treatment 

2 1.131 1.104 

4 1.236 1.2 

6 1.324 1.289 

8 1.45 1.378 

10 1.5 1.42 

15 1.53 1.48 

20 1.55 1.51 
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Table A3 Residual Al in treated water in batch mode 

Initial fluoride 

concentration (mg/L) 

Residual Al after 

Alum treatment 

(mg/L) 

Residual Al after PACl 

treatment 

2 0.36 0.22 

4 0.4 0.28 

6 0.477 0.37 

8 0.499 0.42 

10 0.54 0.487 

15 0.64 0.55 

20 0.76 0.65 

 

 

Table A4 Residual Al in treated after micro-filtration 

Initial fluoride 

concentration (mg/L) 

After Alum treatment 

(mg/L) 

After PACl treatment (mg/L) 

2 0.15 0.1 

4 0.167 0.13 

6 0.185 0.145 

8 0.26 0.16 

10 0.33 0.18 

15 0.38 0.22 

20 0.44 0.25 
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Table A5 Residual TDS in treated water in batch mode 

Initial fluoride 

concentration (mg/L) 

Residual TDS after 

Alum treatment 

(mg/L) 

Residual TDS after PACl 

treatment (mg/L) 

2 590 438 

4 620 450 

6 650 470 

8 700 500 

10 750 520 

15 780 550 

20 800 570 

 

 

Table A6 Residual Turbidity in treated water in batch mode 

Initial fluoride 

concentration (mg/L) 

Residual Turbidity 

after Alum treatment 

(NTU) 

Residual Turbidity after PACl 

treatment (NTU) 

2 4 2 

4 5 2.5 

6 5.36 3 

8 5.8 3.42 

10 6 3.7 

15 7 4.2 

20 7 5 
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Table A7 Residual sulphate in treated water in batch mode 

Initial fluoride concentration (mg/L) Residual sulphate after Alum 

treatment (mg/L) 

2 76.26 

4 124 

6 130 

8 170 

10 210 

15 260 

20 300 

 

 

Table A8 Residual chloride in treated water in batch mode 

Initial fluoride concentration (mg/L) Residual chloride after PACl 

treatment (mg/L) 

2 45 

4 65 

6 105 

8 140 

10 165 

15 190 

20 220 
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APPENDIX –B 

 

Table B1 Residual fluoride after acid digestion in continuous mode 

Initial fluoride 

concentration (mg/L) 

Residual fluoride 

after Alum treatment 

(mg/L) 

Residual fluoride after PACl 

treatment 

2 1.15 1.12 

4 1.29 1.25 

6 1.36 1.3 

8 1.5 1.39 

10 1.56 1.44 

15 1.6 1.5 

20 1.65 1.58 

 

 

Table B2 Residual Al in treated water in continuous mode 

Initial fluoride 

concentration (mg/L) 

Residual Al after 

Alum treatment 

(mg/L) 

Residual Al after PACl 

treatment (mg/L) 

2 0.38 0.255 

4 0.468 0.3 

6 0.5 0.41 

8 0.57 0.46 

10 0.63 0.5 

15 0.68 0.58 

20 0.78 0.68 
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Table B3 Residual TDS in treated water in continuous mode 

Initial fluoride 

concentration (mg/L) 

Residual TDS after 

Alum treatment 

(mg/L) 

Residual TDS after PACl 

treatment (mg/L) 

2 620 500 

4 670 530 

6 695 550 

8 710 565 

10 780 595 

15 800 620 

20 820 640 

 

 

 

Table B4 Residual Turbidity in treated water in continuous mode 

Initial fluoride 

concentration (mg/L) 

Residual Turbidity 

after Alum treatment 

(mg/L) 

Residual Turbidity after PACl 

treatment 

2 15 15 

4 16 16 

6 17 17 

8 19 19 

10 25 25 

15 27 27 

20 32 32 
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Table B5 Residual sulphate in treated water in continuous mode 

Initial fluoride concentration (mg/L) Residual sulphate after Alum 

treatment (mg/L) 

2 100 

4 135 

6 160 

8 192.7 

10 220 

15 240 

20 260 

 

 

Table B6 Residual chloride in treated water in continuous mode 

Initial fluoride concentration (mg/L) Residual chloride after PACl 

treatment (mg/L) 

2 50 

4 70 

6 120 

8 160 

10 175 

15 190 

20 210 
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Table B7 Residual Al in treated water after micro-filtration 

Initial fluoride 

concentration (mg/L) 

Residual Al after 

Alum treatment 

(mg/L) 

Residual Al after PACl 

treatment (mg/L) 

2 0.169 0.12 

4 0.18 0.15 

6 0.195 0.168 

8 0.24 0.1701 

10 0.34 0.192 

15 0.392 0.25 

20 0.47 0.28 

 

 

Table B8 Residual Al in treated water after ultra-filtration 

Initial fluoride 

concentration (mg/L) 

Residual Al after 

Alum treatment 

(mg/L) 

Residual Al after PACl 

treatment (mg/L) 

2 0.15 0.12 

4 0.169 0.15 

6 0.195 0.168 

8 0.24 0.1701 

10 0.33 0.192 

15 0.392 0.25 

20 0.47 0.28 
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Table B9Residual Al after sand -filtration at different flow rates for alum & 

PACl 

Flow rates (lpm) Residual Al after 

Alum treatment 

(mg/L)  

Residual Al after PACl 

treatment (mg/L) 

0.5 0.48 0.28 

0.54 0.3708 0.25 

0.57 0.38 0.248 

0.6 0.41 0.247 

 

 

Table B10 Residual Al after sand -filtration at different contact time for alum & 

PACl 

Contact time (min) Alum treated water 

(mg/L) 

PACl treated water (mg/L) 

0 0.58 0.34 

15 0.45 0.27 

30 0.3808 0.25 

45 0.41 0.251 

 

 

Table B11 Residual Turbidity after sand -filtration at different flow rates for 

alum & PACl 

Flow rates (lpm) Alum treated water 

(NTU) 

PACl treated water (NTU) 

0.5 13 20 

0.54 13 15 

0.57 13 13.8 

0.6 13 13.9 

 

 



215 
 

Table B12 Residual Turbidity after sand -filtration at different contact time for 

alum & PACl 

Contact time (min) Alum treated water 

(NTU) 

PACl treated water (NTU) 

0 25 15 

15 20 14 

30 15 12 

45 14.99 12.11 

60 14.98 12.12 

 

Table B13 Residual Al after sand filtration for (a) alum treated water and (b) 

PACl treated water 

Initial fluoride 

concentration (mg/L) 

Residual Al after 

Alum treatment 

(mg/L) 

Residual Al after PACl 

treatment (mg/L) 

2 0.22 0.182 

4 0.28 0.25 

6 0.32 0.3 

8 0.44 0.38 

10 0.52 0.44 

15 0.58 0.501 

20 0.65 0.59 
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Table B14 Compressive strength of mortars for 28 days curing & (b) 7 days 

Mortar mix Compressive strength 

after 7 days curing  

Compressive strength after 28 

days curing 

CM 
8.8 9 

1A 
9 9.2 

2A 
7.56 7.8 

3A 
5.5 6 

4A 
2 3.5 

5A 
1.4 1.6 

1P 
9.2 9.5 

2P 
8.2 8 

3P 
6.4 7.5 

4P 
2.2 4.6 

5P 
1.5 1.8 

 

 

Table B15 Compressive strength after rinsing of alum sludge 

Mortar mix Compressive strength 

after 3 days curing  

Compressive strength after 7 

days curing 

CM 
7.2 8.8 

2A with sludge rinsing 
6 8.8 

2A without sludge rinsing 
4.8 7.2 

4A with sludge rinsing 
2.2 3.8 

4A without sludge rinsing 
1.4 2 
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