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Abstract 

Soils as our natural capital assets need to be well preserved to maintain their quality to be 

productive for farmland use and livestock rearing. Water is the most vital ingredient which 

influences the soil quality to a significant level, hence its quality need to be controlled to 

be free of pollutants and by economical means. There is also a huge pressure on the pastoral 

landscape which is becoming more dynamic and sophisticated by the day. Micro pollutants 

in water are a rapidly emerging global problem that seriously threatens the environmental 

and human health. There are some natural and synthetic compounds that are attracting 

attention due to their interference with the normal functioning of the endocrine system in 

humans and animals commonly known as endocrine disrupting chemicals. Steroid 

estrogens are one such class of endocrine disruptive chemicals which are considered to be 

harmful at extremely low levels if not monitored strictly. 

Water Pollution is a matter of grave concern these days. One of the steroid estrogen 

contaminant, 17β-estradiol found in waste water effluents was selected for this study. Bone 

char was used as an adsorbent for the adsorption of 17β-estradiol from water. Bone char 

was obtained from cattle bones which are considered as a novel low cost adsorbent. A 

systematic process was designed to eliminate this compound from water and develop an 

understanding of the possible reactions taking place: 1) Optimising the operating 

parameters for the preparation of bone char; 2) Conducting sorption studies on the prepared 

bone char; 3) Comparative sorption studies on the adsorbents (raw bone powder, bone char 

and commercial hydroxyapatite) and monitoring the adsorption reactions. The 

hydroxyapatite nanocrystals were studied in detail using Transmission electron microscopy 

(TEM) and understand the activation mechanism, the bone chars were activated using KOH 

(Potassium Hydroxide) as the activating agent.  

The operating parameters such as temperature and holding time play a significant role in 

the preparation of bone char. The physiochemical characteristics were studied using various 

characterisation techniques such as TGA, XRD, SEM, FT-IR and BET. The results indicate 

that the microstructure, pore diameter and the crystal size have strongly been influenced by 

the increasing temperature and residence time. The bone char prepared at 400 oC with 2 h 

residence time had the highest surface area of 114.15 m2 g-1 which was considered as the 

novel low cost adsorbent. 
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This adsorption experiments involve studying the batch adsorption process with respect to 

the effect of contact time, initial concentration and dosage of adsorbent. The surface 

functionality plays a dominant role in determining the adsorption efficiency of the prepared 

carbon. Based on the experimental results, the point of zero charge (pHzpc) for the bone 

char was measured to be 5.9. The adsorption studies were conducted below the pHzpc; i.e 

pH 5 since the surface is positively charged and may enhance the removal of E2 from 

aqueous solution. The adsorption of E2 was affected by the concentration of adsorbent. The 

adsorption kinetic studies revealed that the adsorption of E2 on bone char obeys the pseudo 

second order kinetic model. In addition, the adsorption kinetics was also assessed for the 

intraparticle diffusion model. This study shows that the adsorption of E2 on bone char has 

a very complex mechanism involving the diffusion process. The experimental adsorption 

isotherm data was fitted to Langmuir and Freundlich isotherm models due to the presence 

of both homogenous and heterogenous surface. The saturated bone char was regenerated 

with ethanol/ water (1/1; v/v) solvent and the regenerated bone char was effective up to 

three cycles of adsorption and regeneration and the adsorption capacity was restored to 

85% of its initial capacity in the third cycle.  

Comparative adsorption studies were conducted using the raw bone powder, bone char and 

the commercial hydroxyapatite. The bone char showed the higher adsorption capacity when 

compared to the other two adsorbents. The adsorbents mostly followed the pseudo- second 

order kinetics model. The contact time between the adsorbent and adsorbate played a 

significant role in the entire adsorption process. The FT-IR analysis indicated that the E2 

molecules get bonded to the phosphate group which became intense after the adsorption 

process.  

Transmission electron microscopy (TEM) and X-ray diffraction was used to study the 

microstructure before and after the heat treatment. The heat treatment influences the 

crystallinity and growth of these hydroxyapatite nano- crystals.  

The bone char was then activated using potassium hydroxide (KOH) as an activating agent 

using varying char: KOH ratio. It was found that the bone char prepared with char: KOH 

ratio 1:2 has a comparatively higher surface area along with the average pore volume and 

the micropore volume. 
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1.1 Introduction 

Micro pollutants in water are a rapidly emerging global problem that seriously threatens 

the environmental and human health. Emerging contaminants (ECs) are defined as 

chemicals present in the environment that are attracting attention due to their interference 

with the normal functioning of the endocrine system in humans and animals. There are 

several ECs detected in water, air and soils and few of them are estrogenic in nature. These 

include pesticides, fungicides, steroid estrogens, pharmaceuticals and personal care 

products. These ECs enter the environment from a range of sources. Some countries 

implemented a strict approach and placed bans on usage of certain ECs. 

Water pollution being a global concern these days, the key sources are identified to be 

industrialisation and intensive agriculture and farming activities [1]. New Zealand has an 

agro-dependent economy with dairy and meat processing industries being the prime movers 

of the industry as well as major export earners. In 2014, there were 4.9 million cows being 

milked [2]. In 2013/14, dairy companies’ processed 20.7 billion litres of milk containing 

1.83 billion kilograms of milk solids [2, 3] followed by Meat products at $5.2 billion. Fruits 

and Wine also figure among the top 10 export earners [4].  In addition, nearly 10 million ha 

out of the 15.3 million ha is occupied by the sheep and beef farming used for agriculture 

and forestry [5].  

1.1.1 New Zealand Dairy and Farming Industry 

Apart from New Zealand, the top 10 milk producing countries are the United States, India, 

China, Russian Federation, Brazil, Germany, France, United Kingdom and Turkey [6]. The 

United States produces 14.6% of world milk where as New Zealand accounts for 2.8% as 

shown in Figure 1.1. 

With the time, the New Zealand dairy and farming industry has come up with major 

changes with expanding the use of pastoral land and intensifying the dairy and horticulture 

industry. Although New Zealand only contributes about 2.8% of dairy production, it has 

been exporting about 95% of its dairy products due to its relatively small population [7]. 

Since 1985, New Zealand farmers have been competing in the global marketplace as the 

New Zealand government withdrew subsidies from agriculture industry. Therefore, New 

Zealand dairy industry is highly influenced by worldwide shifts and changes in agri-food 

structures.  
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Figure 1.1: World Milk Production (%) 

1.1.2 Changes in the New Zealand Dairy industry 

The dairy and farming industry in New Zealand has profound changes over recent years. 

New Zealand is the world’s single largest exporter of milk and milk products [8] with 30% 

of the world-free trade. The dairy and agriculture industry has hugely contributed towards 

New Zealand’s economy and export market. The milk products exported include whole 

milk powder (42%), skim milk powder (14%), butter & cream products (16%), cheese 

(12%), casein and albumins (12%) [2].  

This intensification has eventually resulted in conversion of pastoral lands to dairy farms, 

especially in South Island. Since 2007, the numbers of dairy farms have been stable in New 

Zealand, whereas, the herd size has increased two times [9]. Figure 1.2 gives a regional 

distribution of dairy herds. 

Currently, New Zealand dairy industry has approximately 11,927 herds producing 1825 

million kgs of milk solids. The majority of the herds are in the North Island but the farm 

sizes are comparatively bigger in the South Island. Though the numbers of herds have 

decreased over the years, they have been producing 1,731,985 litres of milk per herd 

(Table1.1).  
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Table 1.1: Changes in the New Zealand Dairy industry [3] 

Year 1985/ 86 2000/01 2013/2014 

Milk Processed (million Litres) 7326 12,925 20,657 

No of herds 15,753 13,892 11,927 

Avg. Herd Size 147 251 413 

Milk solids processed (million kgs) 609 1096 1825 

Average litres/herd  930,047 1,731,985 

Total Herds in New Zealand   11,927 

Herds in North Island   8859 

Herds in South Island   3068 

Average effective hectares   144 

North Island   122 

South Island   207 

 

Figure 1.2: Regional Distribution of Dairy herds 2013/2014 [3] 
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1.1.3 Fate and Transport of ECs to Waterways: Facts and Figures 

 

Figure 1.3: Potential pathways of ECs reaching water ways 

Since the mid of 20th century, concerns have grown on maintaining the natural resources 

such as lakes, mountain lands, coasts and wetlands. Figure 1.3 shows a potential pathway 

of ECs reaching our water ways. 

A National Academy of Science committee was formed in the United States to access the 

threat of these endocrine disrupting chemicals. In 1996, the United States Environmental 

Protection Agency (USEPA), was required to establish the Endocrine Disruptor Screening 

and Testing Advisory Committee (EDSTAC) to devise a plan for screening all chemicals 

that are potential endocrine disruptors [10]. Since then such chemicals are receiving 

international regulatory attention. For example, diclofenac, 17β-estradiol (E2) and 17α-

ethinylestradiol (EE2) will soon be included in a watch list of emerging pollutants in the 

European Union [11]. However, New Zealand currently does not have any current 

regulatory policy on endocrine disruptive chemicals [11]. New Zealand is already having 
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limited resources and therefore it is important to have clean water resources for the farming 

and agricultural systems [1].  

In order to avoid the potential risks caused by these compounds, their removal from the 

Sewage treatment Plants, before their final release into the environment is significantly 

important [12]. To detect the presence of these steroid hormones, a number of field surveys 

across many countries were done. 

1.1.4 Presence of potential emerging contaminants in various pathways and sources 

In the last two decades, world has a growing concern towards the quality of drinking water 

and waste water released in the receiving environments.  

Due to the fact that these ECs occur from various pathways and main sources; waste water 

effluents, agricultural and livestock activities, the surface and ground water gets 

contaminated. A number of surveys have been conducted in different parts of the world and 

presence of free estrogens, sulfate conjugates [13], steroid hormones, pharmaceuticals and 

other organic contaminants [14] have been detected. These results are as shown in Table 

1.2. 

Table 1.2: EDCs found in water systems of the USA, UK, Canada, Australia, and New 

Zealand 

Location/ Area Source Ref. 

USA   

Massachusetts 14 wastewater sources and drinking 

water supplies (public and private 

wells) 

[15] 

Arizona, Colorado, Georgia, Iowa, 

Kansas, Minnesota, Nevada, New 

Jersey, New York, and South Dakota 

Nine upstream sites, 11 wastewater 

effluents, and 20 downstream sites 

during low- and normal-flow 

conditions 

[16] 

Southern California Drinking water and reclaimed 

wastewater (raw and finished water 

samples) 

[17] 

Arkansas 18 sites on seven streams (upstream 

and downstream from the influence 

of effluent discharges in north-

western Arkansas and at one 

[18] 
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relatively undeveloped stream in 

North Central Arkansa 

New York Upper glacial and Magothy shallow 

ground water aquifers (61 wells) 

[19] 

Florida, Hawaii, Idaho, Massachusetts, 

Montana, Nebraska, New York, Ohio, 

Puerto Rico, Texas, Virginia, West 

Virginia, and Wisconsin 

Groundwater and surface water 

sources of drinking water 

[20] 

California, Florida, Georgia, Idaho, 

Indiana, Minnesota, Missouri, New 

Mexico, New York, Oklahoma, 

Oregon, Pennsylvania, Texas, Utah, 

Vermont, Virginia, Washington, and 

West Virginia 

Groundwater sites [21] 

10 states (Colorado, Nevada, Oregon, 

Massachusetts, Georgia, North 

Carolina, Maryland, Texas, and 

Indiana) 

Nine community water systems 

(surface water and finished water 

prior to distribution) 

[22] 

UK   

Hesse, Germany Parent and metabolite in STW 

effluent, surface water and 

groundwater 

[23] 

Norway Ground water [24] 

Ouse, west Sussex WTW [25] 

Leipzig, Germany STW [26] 

France Regional survey, catchments [27, 

28] 

Canada   

Calgary WWTP effluent, Surface Water and 

Drinking water 

[29] 

Toronto STP [30] 

Australia   

West Sydney WTP [31] 

New Zealand   

Waikato Farm effluents [32] 

Hamilton STP [33] 

Auckland (Coxs Bay, Meola, Motions, 

Milford Marina, Westhaven Marina, 

Hobson Bay, Hillcrest, Halfmoon Bay 

Marina, Pakuranga, Whau, Taihiki 

River, Mahurangi, Puketutu Island. 

Estuarine sites [11] 
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1.2 Release of contaminants in New Zealand water 

The New Zealand dairy industry faces a lot of pressure to improve its environmental 

performance while maintaining economic efficiency. Being a small country with limited 

resources, intensive farming is followed with extensive use of inorganic fertilizers, 

herbicides, pesticides and fungicides [34]. With the application of fertilisers and pesticides 

farmers have been able to increase their crop yield but at the cost of adding possible 

negative effects of trace metal contaminants like Cd, Mn, Cu, Zn, Pb, and Ni [35]. 

Horticultural properties have only recently been recognised in New Zealand as potentially 

contaminated sites and are now included in the Hazardous Activities and Industries List 

(HAIL) prepared by the Ministry for the Environment [36].  

Cows are raised outdoors where their waste are excreted directly on the pastures. Due to 

these wastes the low land native forests have been reduced by 18% since the beginning of 

European settlement [37] and therefore the New Zealand dairy system’s environmental 

impact has been widely criticised. Since open grazing is practised in New Zealand, animal 

faces and urine gets deposited directly on the pastures and about 6-10% of excreta get 

deposited in the sheds [7]. Most of the Regional Councils allow the application of farm 

effluents to the farms [32] and these days it is very common to return the shed wastes to 

the land [7]. 

1.3 Chemistry of selected estrogens 

Due to the release of faeces and urine to the receiving environment, the EDCs such as 

antibiotics, pesticides, fungicides and estrogens get leached in the water systems. Also, 

irrigation and rain plays a very important role, where these EDCs get sorbed to the soil and 

contaminate the water systems. It has been well reported that the livestock has about 40% 

of excretal input towards the environment than the human population. Since, the estrogens 

are non-volatile and are of low water solubility, they tend to be sorbed onto soils.  

Estrone is a major mammalian estrogen which is converted from androstenedione directly, 

or from testosterone via estradiol. It is considered to be a weaker form of estrogen. Among 

the available estrogens, 17β-estradiol excreted from animals and human being at ng L-1 

levels in surface waters is identified to have the highest endocrine disrupting activity [38]. 

All farm animals excrete these estrogens, but in different proportions. For example, cattle 

excrete 90% of estrogens as 17α-estradiol, 17β-estradiol and estrone as free and conjugated 
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metabolites. Pigs and poultry excrete 17β-estradiol, estrone, estriol and their respective 

conjugates [32]. 

Table 1.3: Chemistry of selected estrogens [39] 

Estrogens Representative Properties 

17β-estradiol 

 

Mol. wt=272.4 

Log Kow=3.1-4.0 

Solubility=12.96-13.0 

 

Estrone 

 

Mol. wt=270.4 

Log Kow=3.13-3.43 

Solubility=12.4-13.0 

Estriol 

 

Mol. wt=288.4 

Log Kow=2.6-2.8 

Solubility=3.2-13.3 

17α-ethynylestradiol 

 

Mol. wt=296.4 

Log Kow=3.67-4.15 

Solubility=3.8-4.8 

Progesterone 

 

Mol. wt=288.4 

Log Kow=3.32 

Solubility=23 

Testosterone 

 

Mol. wt=314.2 

Log Kow=3.87 

Solubility=8.8 

Kow= Octanol-water partition coefficient, solubility (mg L-1) 



 Adsorption of 17β- Estradiol on to Bone char derived from Cattle bones 

10 

1.4 Evidence for endocrine disruption in wildlife and aquatic population 

EDCs are a special group of chemicals that can upset the normal endocrine functions 

directly or indirectly even at very low concentrations due to their steroid like structure. 

They can result in a diverse range of functional and behavioural effects in both aquatic 

species and humans [40].  

The adverse effects of endocrine disrupting chemicals gained attention when the population 

of the bald eagle, the national symbol of the United States significantly declined. The 

exposure to such chemicals caused the thinning of the egg shell resulting in deformities of 

the offspring’s and eventually affecting their survival [10]. The population of the dog-

whelk in England started declining due to the presence of male sex hormones in females. 

This is when researchers discovered that EDCs induced functional changes affecting 

reproduction. Alligator population in Lake Apopka also started declining due to the male 

penis size reduction and testosterone levels [10]. Mouse development was found to be 

altered at EE2 level ≤ 0.3 µg kg-1. In addition, intersex in male Medaka fish was also 

reported. Exposure to E2, in rats caused a delay in the age of first estrus and vaginal opening 

along with disorders in ovarian and mammarian development. Chrysemys Pictall, female 

painted turtles suffered vitellogenin induction for eggs [41]. 

Human exposure to these EDCs has induced a range of cancers and disorders. These include 

prostate cancer, Polycystic ovary syndrome, decreased sperm counts, uterotrophic effects 

and increased prolactin release [41]. 

1.5 Dairy Effluent Treatment 

1.5.1 Two pond Systems 

In New Zealand, the dairy effluents are treated in two pond systems, out of which one is 

aerobic and other anaerobic. This system is efficient in removing suspended solids and 

carbon. However, it is inefficient in complete removal of nutrients such as N, P etc. 

Therefore, the treated effluents are rich in nutrients and disposed of to the nearby streams 

and rivers [7]. 

1.5.2 Advanced pond system 

This technology has been used recently in New Zealand, where there are four types of 

ponds. The first is an anaerobic pond where the anaerobic breakdown of organic solids 

takes place. The effluent from this pond is discharged to high rate pond where algae play a 
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very important role. The tank is shallow and the water is continuously mixed by a paddle 

wheel. The effluents are then discharged to algal settling ponds which are deep. In this tank, 

the effluents are allowed to stay for 2-3 days and then treated in a series of maturation pond. 

The maturation ponds use a combination of solar-UV radiation, sedimentation and 

zooplankton grazing [7]. 

1.6 Sustainable Agriculture 

The municipal solid wastes are increasing day by day due to the increasing population, 

urbanisation and industrialisation. In addition, dairy and food industry add up their wastes 

polluting the soil and water quality. Over the time, it is a requisite to have ‘sustainable 

agriculture’ meaning (1) increasing the productivity per unit area (2) improving the quality 

of water resources (3) managing the resources and addressing the concerns (4) Not over 

fertilising the land with excessive use of fertilisers and pesticides, so that the agriculture 

and dairy ecosystems are sustainable in long run [42]. 

1.6.1 Rationale behind using bone char 

It has recently been suggested that animal bone char, which consists of a poor crystallite 

structure, might represent a low cost and readily available phosphate source for adsorption 

[43]. It is a solid granular material which is produced by the pyrolysis of animal bones [44]. 

In this process the bones are heated to a temperature ranging from 400-500 oC, in a limited 

supply of oxygen so as to control the quality of the product and its adsorption capacity. 

Bone Char mainly consists of calcium phosphate (hydroxyapatite form-90%) and carbon 

(10%) and this hydroxyapatite is the major contributor towards the adsorption activity [44, 

45].  

In most of the countries, animals are slaughtered for meeting people demands of eating 

meat resulting in big amounts of bone wastes. These waste bones need to be disposed in a 

safe way. The usual disposal methods of these bones are incineration or burial in large pits. 

This is also perceived to be equivalent with pollution. This can give rise to odor issues or 

the fear of dioxins and furans being released into the air as a result of incomplete or 

uncontrolled combustion [46]. Burial could allow the residue runoff to leach back into 

ground drinking water or local streams and tributaries [47]. Since, there is a significant 

increase in the meat production, so is the difficulty rising on the disposal of the animal 

wastes. Being readily available, a twofold advantage is being proposed i.e. the animal bones 

can be safely disposed by using them for water treatment via adsorption. Hence, using bone 
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char as a raw material for adsorption provides a useful and safe way of disposing these 

waste bones. The New Zealand animal slaughter statistics is as shown in Table 1.4. 

Table 1.4: New Zealand Cattle, sheep and animal slaughter statistics 2014/15 [48] 

Animal Slaughter Numbers Avg. Carcass Weight (kg/carcass) 

Sheep 23,486,827 19.11 

Lambs 19,562,623 17.92 

Adult Sheep 3,924,204 25.06 

Other adult sheep 3,603,795 25.05 

Hoggets 280,251 24.39 

Cattle 2,905,541 206.48 

Calves & Vealers 488,427 16.06 

Calves 488,119 15.99 

Adult cattle 2,417,114 244.55 

Cows 1,021,014 197.56 

Bulls 461,266 297.65 

Pigs 526,859 71.61 

Goats 96,354 11.10 

 

1.6.2 Adsorption Mechanism 

Adsorption is a process where a solute accumulates on the solid surface (adsorbent) forming 

a thin film (adsorbate). This phenomenon finds its place in most of the chemical, biological 

systems and is widely used in industries. In a bulk material, all the atoms are bonded to 

each other but the atoms close to the surface are bond deficient as they are not completely 

surrounded with atoms. Hence, these atoms try and bond with whatever happens to be 

available to them. But the type of bonding; that is physisorption or chemisorption, usually 

depends on the kind of species available [43]. Just to name a few, adsorbents widely used 

in the industrial applications are charcoal, silica gel, activated carbon, zeolites etc. 

Ideally, an activated carbon is considered as a versatile adsorbent used to remove odour, 

colour, organic and inorganic pollutants. The mechanism through which it removes 

pollutants is referred as physical adsorption, where electrostatic forces of attraction play a 

major role. Adsorption is dependent on a number of parameters such as the physiochemical 

properties of the activated carbon, molecular size, octanol water partitioning coefficient 

and concentration of the pollutant [49]. The mechanism of adsorption is shown in Figure 

1.4. 
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Figure 1.4: Adsorption Mechanism in an activated carbon 

To adsorb these organic pollutants, various kinds of adsorbents have been used, specially 

activated carbon which is in use till this date either in a powdered form or granular form 

[49]. Activated carbons can be prepared from a wide range of carbonaceous materials which 

consists of a porous network and high surface area. Various processes used to obtain these 

activated carbons are either carbonisation, partial combustion or thermal decomposition 

[50]. A wide range of carbons exist for possible use as adsorbents and these days activated 

carbons are derived from different raw materials such as wood [51, 52], fruit stones [53, 

54], leaves [55, 56], coconut shells [57, 58], rice husks [59-61], nut shells [53], etc. Each 

material chosen has its own applications and limitations. 

1.6.3 Adsorption on bone char 

Bone chars from various sources have been used in the removal of pollutants from aqueous 

solutions. Researchers have also claimed that the sorption is due to ion exchange on 

hydroxyapatite since calcium phosphate acts as a centre for adsorption site [62]. Though 

bone char has a low surface area, it has higher adsorption capacities for heavy metals like 

copper, cadmium and zinc [63, 64]. Additionally, the material can also adsorb chlorine and 

fluoride [65, 66] and many of the organo-chloro pesticides and herbicides. Removal of 

radio-nuclides are also well documented [67]. The summary of these studies done on bone 

char are shown in Table 1.5. 
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Table 1.5: Use of bone char as an adsorbent 

Pollutant Source Opt 

Parameters 

BET Pore 

vol. 

Conc. Experimental 

conditions 

Isotherm & 

parameters 

Kinetics Ref 

Estrogens          

17β-estradiol Cattle bones 

(bovine, bull) 

Pyrolysed at 

400 oC - 2 h, 

rate of 

heating- 10 oC 

min-1 

114.15 0.3 5-9 mg L-1 Batch 

Adsorption, 

pHzpc-5, 

adsorbent mass- 

2.5 g L-1 

Freundlich 

Isotherm 

𝐾𝑓=0.346 

1/n=1.043 

 

Langmuir 

𝑞0=10.12 

b=0.033 

𝑅𝐿=0.92 

 

Low conc.- 

pseudo 

second 

order 

High 

Conc.-  

Intraparticle 

diffusion 

model 

[68] 

Chemicals/ 

Plasticizers 

         

Nitrobenzene Hap prepared by 

mixing 

Ca(NO3)2.4H2O, 

(NH4)2-EDTA, 

NH4H2PO4 

Calcined at 

800 oC- 4 h in 

air 

42.32 - 5-50  

mg L-1 

Batch 

Adsorption, 

pHzpc-7.9, 

adsorbent mass- 

2-10 g L-1 

Freundlich 

Isotherm 

𝐾𝑓=0.862 

1/n=0.792 

- [69] 

2-4, Dinitrophenol Bovine bones Pyrolysed in 

inert 

atmosphere, 

N2=80 cm3 

min-1 in a 

tubular 

furnace at  

800 oC -2 h at 

3 oC min-1 

171 0.07 10-100   

mg L-1 

Batch 

Adsorption, pH-

5, adsorbent 

mass- 2.5 g L-1 

Toth model 

A=207.34 

B=13.92 

D=0.45 

 

Pseudo 

second 

order 

kinetics 

 

[70] 
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Pesticides/ 

Herbicides/  

         

Tribenuron-methyl Synthetic Hap 

 

Dropwise 

addition of 

the solution of 

(NH4)2H(PO4) 

in the solution 

of Ca(NO3)-

4H2O at       

80 °C 

47 - 0.25×l0-3 

mol L-1 

Batch 

Adsorption, pH-

5, adsorbent 

mass- 1 g, 

 

- - [71] 

Carbofuran Animal bone 

meal 

First Calcined 

at 900 °C for 

2 h. After 

washing and 

drying, it was 

again calcined 

to 400 °C- 4 h 

at a heating 

rate of 2 oC 

min-1 

85 - 5-20       

mg L-1 

Batch 

Adsorption, pH-

5, adsorbent 

mass- 1 g L-1 

Freundlich 

Isotherm 

𝐾𝑓=14.78 

1/n=0.477 

 

Langmuir 

Isotherm 

𝑞0=18.5 

b=3.6 

𝑅𝐿=0.014-

0.053 

- [72] 

Carbamate 

herbicides 

(isoproturon, linuron 

and chlortoluron) 

Bone charcoal - - - 1 mg L-1 Column 

filtration, 150 

cm3, adsorbent 

mass = 0.75 g 

- - [73] 

Chlorphenoxy acids 

( 2-methyl-4-

chlorophenoxyacetic 

acid and Mecoprop) 

Bone charcoal - - - 1 mg L-1 Column 

filtration, 150 

cm3, adsorbent 

mass = 0.75 g 

- - [73] 

Organochlorine 

pesticides  

Calcium 

phosphate matrix 

- - - 0.008-0.02 

ppm 

Column 

filtration. 3 cm 

- - [74] 
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(Alpha –endosulfon 

Beta –endosulfon 

Endosulfon-Sulfate 

Landa-cyhalothrin 

Tertadifon 

Chlorothalonil 

Dichlorofluanid 

Delthamethrin 

Fenarimol Iprodion, 

Lindan Bifenthrin 

Landa-cyhalothrin 

Délthaméthrin 

Azoxystrobin) 

layer of 

hydroxyapatite 

Ethylenthiourea Bone-powdered 

activate carbon 

from bovine 

bones -Maring´a-

PR,Brazil 

- 101 0.009 10 mg L-1 Batch 

Adsorption, 

pHzpc-6.8, 

adsorbent mass- 

1 g L-1 

Freundlich 

Isotherm 

𝐾𝑓=0.377 

1/n=0.575 

 

Pseudo 

second 

order 

kinetics 

 

[75] 

1,2,4-triazole Bone-powdered 

activate carbon 

from bovine 

bones -Maring´a-

PR,Brazil 

- 101 0.009 100 mg L-1 Batch 

Adsorption, 

pHzpc-6.8, 

adsorbent mass- 

5 g L-1 

Freundlich 

Isotherm 

𝐾𝑓=0.0004 

1/n=1.306 

 

Pseudo 

second 

order 

kinetics 

 

[75] 

Pharmaceuticals          

Naproxen Commercial 

Bone char 

produced from 

bovine bones 

supplied by 

Carbotecnia 

- 74 0.093 20-250   

mg L-1 

Batch 

Adsorption, 

pHzpc-8.5, 

adsorbent mass- 

10 g L-1 

 

 

Sips model 

𝑞𝑠=3.659 

𝑎𝑠=0.060 

n=0.929 

 

 

 

Pseudo first 

order 

kinetics 

[76] 
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company 

(Mexico) 

Carbamazepine Fish wastes Carbonised at 

650 oC- 1 h in 

a N2 atm at a 

heating rate of 

10 oC min-1. 

56 0.132 100 mg L-1 Batch 

Adsorption, 

pHzpc-8.5, 

adsorbent mass- 

5 g L-1 

 

Langmuir-

Freundlich 

Isotherm 

𝑞0=9.7 

𝐾𝑓=0.021  

n=0.79 

- [77] 

Metals/ Metalloids          

Arsenic (V) Bone char, 

Sichuang Ltd., 

China 

- 150 0.23 0.5-1.5   

mg L-1 

Batch 

Adsorption, pH 

10, adsorbent 

mass- 0.1-0.8   

g L-1 

 

- Pseudo first 

order 

kinetics, 

Intraparticle 

diffusion  

[78] 

Chromium (VI) Bone char, 

anthracite filter 

media (AFM), 

USA 

Calcined 

cattle bones at 

450 oC 

100 0.225 10 mg L-1 Batch 

Adsorption, pH 

1, adsorbent 

mass- 2 g L-1 

 

Langmuir 

Isotherm 

𝑞0=4.8  

Pseudo 

second 

order 

kinetics 

 

[79] 

Cobalt Swine bones Calcined the 

bones at    

800 oC- 4 h,  

2 oC min-1 

- - 100-1000 

mg L-1 

Batch 

Adsorption, pH-

4-8, adsorbent 

mass-  4 g mL-1 

 

Freundlich 

Isotherm 

𝐾𝑓=0.133 

1/n=0.909 

 

Pseudo 

second 

order 

kinetics, 

Intraparticle 

diffusion 

 

[80] 

Cadmium Brimac 216, 

20/60 Tyler 

Mesh supplied 

by Tate & Lyle 

- - - 2.15-3.21 

mM 

Batch 

Adsorption, 

adsorbent mass 

-8.5-10.5 g 

Elovich 

equation 

0.556 mmol 

g-1 

Modified 

second 

order 

equation 

[81] 
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Process 

Technology 

Mercury (II) Camel bones Carbonised in 

an inert 

atmosphere at 

800 oC-5 h 

72.24 0.225 10 mg L-1 Batch 

Adsorption, pH-

2, adsorbent 

mass -0.01-1.5 

g L-1 

Langmuir 

Isotherm 

𝑞0=28.24 

b=1.09 

 

- [82] 

 Sheep bones 400 oC for 40 

min and the 

activation 

with ZnCl2 at 

800 oC for 40 

min under 

inert 

atmosphere 

83.98 0.246 80 mg L-1 Batch 

Adsorption, pH-

3, adsorbent 

mass -4 g L-1 

Freundlich 

Isotherm 

𝐾𝑓=2.280 

1/n=0.418 

 

- [83] 

Fluoride Cattle bones 

obtained from 

APELSA, 

Guadalajara, 

Mexico 

- 104 0.3 1-20       

mg L-1 

Batch 

Adsorption, pH-

3-12, adsorbent 

mass -0.25-

1.046 g L-1 

Freundlich 

Isotherm 

𝐾𝑓=6.77 

1/n=0.304 

- [65] 

Copper (II) Fish bones Pre-treated 

fish bones, 

washed with 

hot distilled 

water followed 

by 10-3 M 

HNO3, 0.5% 

H2O2 soln, 0.1 

M NaOH, 

Ethanol and 

Hexane. 

- - 1000      

mg L-1 

Batch 

Adsorption, pH-

5, adsorbent 

mass -4 g L-1 

Langmuir 

Isotherm 

𝑞0=129.8 

b=1.1×10-3 

𝑅𝐿=0.94 

Pseudo 

second 

order 

kinetics 

 

[84] 
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Lead Meat and Bone 

meal 

Calcined in an 

electric 

furnace 

programmed 

to reach 800 
oC at 2 oC 

min-1. 

11 - 500-1500 

ppm 

Batch 

Adsorption, pH-

5, adsorbent 

mass -2.5g/L 

Lead 

uptake= 

275 mg/g 

- [85] 

Radionuclides          

Uranium-233 Natural bone 

char obtained 

from the Kerr-

McGee 

Corporation 

- 100-

115 

- 2.25×10-10- 

1.1×10-7 g 

mole litre-1 

Batch 

Adsorption, 

pH=7-10, 

adsorbent mass 

-10 g L-1 

Freundlich 

Isotherm 

𝐾𝑓=18.6 

n=1.21 

 

- [86] 

Plutonium-238  Natural bone 

char obtained 

from the Kerr-

McGee 

Corporation 

- 100-

115 

- 2.25×10-10- 

1.1×10-7 g 

mole litre-1 

Batch 

Adsorption, 

pH=7-10, 

adsorbent mass 

-10 g L-1 

Freundlich 

Isotherm 

𝐾𝑓= 

1.57×l0-12 

n=4.7 

 

- [86] 

Strontium Bovine bones Bones 

chemically 

treated 

(oxidation) 

with H2O2 

83 - 6×10-3 mol 

dm3  -1 

Batch 

Adsorption, 

pHzpc-6.83, 

adsorbent mass 

-5 g L-1 

Freundlich 

Isotherm 

𝐾𝑓=0.204 

n=0.457 

 

Pseudo 

second 

order 

kinetics 

 

[87] 

Dyes          

Methylene blue Cattle and sheep 

bones 

Pyrolysed in a 

rectangular 

electrical 

furnace at 400 
oC-2 h. 

92.5 0.36 50-200   

mg L-1 

Batch 

Adsorption, 

pHzpc-8.3, 

adsorbent mass 

-5 g L-1 

Langmuir 

Isotherm 

𝑞0=5 

b=0.167 

Pseudo 

second 

order 

kinetics 

 

[88] 
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Reactive black 5 Bone char, 

Brimac 216 

purchased from 

Brimac 

Charcoals 

Limited, UK 

- 107 0.255 50-200   

mg L-1 

Batch 

Adsorption, 

pHzpc-9.83, 

adsorbent mass 

-0.5 g L-1 

Redlich–

Peterson 

model 

𝐾𝑅=1490   

L g-1 

𝑎𝑅=19.23 

𝑏𝑅=0.87 

Intraparticle 

diffusion 

[89] 

Organic/ Inorganic 

compounds 

         

Formaldehyde Cattle and sheep 

bones 

Pyrolysed in a 

rectangular 

electrical 

furnace at 450 
oC for 4.5 h. 

Surface 

modified with 

1N acetic 

acid. 

118.58 0.374 20-200   

mg L-1 

Column 

adsorption 

loaded with 100 

g adsorbent. 

Langmuir 

Isotherm 

𝑞0=291.91  

b=0.06  

- [90] 

Phenol Synthetic Hap Dropwise 

addition of 

(NH4)2H 

(PO4) solution 

in the solution 

of Ca (NO3)2.  

The Nano 

powders were 

calcined at a 

temperature 

of 120 oC. 

43.75 - 10 mg L-1 Batch 

Adsorption,  

pH-6.4, 

adsorbent mass 

- 2-12 g L-1 

Freundlich 

Isotherm 

𝐾𝑓=0.295 

1/n=0.649 

 

Pseudo 

second 

order 

kinetics 

 

[91] 

Others     
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Dailysis Commercial 

bone char 

obtained from 

Birmac Biolab, 

Oakville, Canada 

- 100  0.022-

0.298 ppm 

Column 

adsorption with 

bone char 2×3 

cu ft adsorption 

tank.  

- - [92] 

Endotoxin Cattle and Sheep 

bones 

Pyrolysed in 

an electrical 

furnace at 850 
oC- 4 h at a 

heating rate of 

35 K min-1 

130.75 8.8 80 Eu mL-1 Batch 

Adsorption, 

pHzpc-8.3, 

adsorbent mass 

-40 g L-1 

Langmuir 

Isotherm 

𝑞0=28.82 

Eu g-1 

b=1.1 mL 

Eu-1 

𝑅𝐿=0.011 

- [93] 

E.coli Sheep bone Pyrolysed in 

an electrical 

rectangular 

furnace that 

was 

externally 

heated at 

450 °C for 4.5 

h. 

130.75 8.8 103 -107 

CFU 10 

mL-1 

Column reactor 

(8 cm length, 

1.2 cm 

diameter), 

pHzpc-8.5. 

- - [94] 

 

𝑞0 (mg g-1) is the maximum adsorptive capacity, 𝑏 (L mg-1) is the binding energy constant, 𝑅𝐿  is the dimensionless separation factor. 𝑘𝑓 mg g-1 

(mg L-1)-1/n is the measure of adsorption capacity, the Freundlich intensity parameter 1 𝑛⁄  indicates the intensity of adsorptive interactions, 𝐾𝑅 (L 

g−1) is the Redlich–Peterson isotherm constant, 𝑎𝑅 is also having a constant unit of (L mg−1 ), 𝑏𝑅 is an exponent that lies between 0 and 1, 𝑞𝑠 (mg 

g-1) is Sips maximum adsorption capacity, 𝐾𝑆 (L mg−1) m is the Sips equilibrium constant, A (mg g–1) represents the maximum adsorption capacity, 

B is the equilibrium constant of Toth and D is the Toth model exponent. 
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1.7 Research Objectives 

This research focuses on development of a novel adsorbent efficient in removing 17β-

estradiol from water. This novel adsorbent is prepared from waste cattle bones, pyrolysed 

in a furnace at 400 oC. The saturated bone char was regenerated using ethanol/water solvent. 

To access the relative efficiency of the prepared bone char, the adsorption efficiency is 

comparatively evaluated using raw bone powder and commercial hydroxyapatite. 

This study also includes understanding of activation mechanism; where bone char is 

activated using potassium hydroxide (KOH) as an activating agent.   

1.8 Thesis Framework 

In this thesis, the work was presented following the below outline. 

Chapter 1 introduces the background of the conducted study. This includes a brief 

introduction about the chemical properties of the estrogens and their fate in the receiving 

environments. This chapter also includes the various removal processes along with their 

advantages and disadvantages. Removal of pollutants using physical process has been 

discussed in detail where bone char has been introduced for the removal of estrogens from 

waste water treatment plants. 17β-estradiol (E2) has been selected as a model estrogen for 

the adsorption studies because it is the most persistent with highest endocrine disrupting 

activity. 

Chapter 2 introduces a detailed study about the preparation of the bone char where muffle 

furnace with a limited supply of oxygen was used to prepare the bone char under varying 

temperatures and residence time. Optimisation was done based on these operating 

parameters. Various characterisation methods were used to study these prepared bone char 

samples. The results indicate that the bone char prepared at 400 oC with 2 h residence time 

had a higher surface area and this sample was then tested for its adsorption efficiency. The 

work in this chapter has been published in Journal of Environmental Chemical 

Engineering. 

Chapter 3 introduces the work on removal of 17β-estradiol (E2) from water using the 

prepared bone char. Bone char, for the first time was measured for its E2 adsorption 

efficiency. High Performance Liquid Chromatography (HPLC) was used to analyse the 

concentration of E2 samples. The adsorption kinetics and isotherms were analysed in detail. 
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The bone char regeneration and reusability tests were also conducted. The work in this 

chapter has been published in Journal of Environmental Chemical Engineering. 

Chapter 4 presents the comparative adsorption studies between the bone char, chemically 

activated bone char and commercially available hydroxyapatite. In this case, bone char was 

prepared in a tubular furnace under nitrogen atmosphere and was tested for its E2 

adsorption efficiency. The adsorption kinetics and isotherms were also investigated. The 

results indicate that the prepared bone char was highly efficient when compared to the 

commercial hydroxyapatite and the raw bone powder.   

Chapter 5 involves the Transmission electron microscopy analysis of hydroxyapatite 

nanocrystals originated from the cattle bones. The TEM results indicate that natural bone 

consists of collagen and hydroxyapatite nano-crystals which are needle shaped and the heat 

treatment influences the crystallinity and growth of these hydroxyapatite nano-crystals. The 

work in this chapter has been published in the journal Materials Characterization. 

Chapter 6 aims towards the preparation of activated carbon using chemical activation 

method. Potassium hydroxide (KOH) has been used as the activating agent. The surface 

chemistry and the textural characterisation were studied for the activated bone chars 

prepared. The work in this chapter has been published in the journal Chemical Science 

Review and Letters. 

Chapter 7 summarizes the results in this thesis and their significance in environmental 

research and application. Further work for the future development of this study was also 

discussed. 
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CHAPTER 2 

Synthesis and Characterisation of 

mesoporous bone char obtained by 

pyrolysis of animal bones 

(Published: Journal of Environmental Chemical Engineering, 2015. 3(4, Part A): p. 2368-2377) 
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CHAPTER ABSTRACT 

In this study, bone char was obtained by pyrolyzing bovine and bull bones. The physical 

and chemical properties of the bone char have been investigated in detail using a number 

of characterisation techniques such as TGA, XRD, SEM, FT-IR and BET. The 400-600 oC 

temperature range with two varied residence time (1 h and 2 h) was considered for bone 

char synthesis. The results indicate that the microstructure, pore diameter and the crystal 

size have strongly been influenced by the increasing temperature and residence time. The 

sample prepared at 400 oC for 2 h possesses the structure of mesoporous carbon, which can 

be considered as a novel low cost adsorbent. The bone char has been used for removal of 

17β-estradiol from water.  
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2.1 Introduction 

Low cost adsorption techniques are gaining interest in recent years because of their proven 

efficiency in purification industries and chemical recovery applications (liquid and gaseous 

media) [95]. In such industries, the most commonly used sorbents are activated carbon 

materials. The adsorption characteristics of an activated carbon depend on its pore 

structure, pore volume, surface chemistry [95, 96] and the type of activation [97]. Extensive 

research is being carried out in this field to explore new, low cost and high capacity 

adsorbents. Activated carbon is generally considered to be a versatile sorbent as it can be 

used for a wide range of applications. Some of these include decolourising sugar solutions, 

removing taste & odour from domestic and industrial waters and is widely used in 

purification of gases. However, the application of the activated carbon is getting limited 

since they are expensive, non-selective, difficult to recycle and involve in higher operating 

costs [98]. Therefore, affordable cost materials are being identified and explored for their 

adsorption efficiency. 

Recently, animal bone char which consists of a poor crystallite structure is being proposed 

for adsorption applications [93, 99]. In most of the countries, animals are used for meeting 

people demands of eating meat. This ultimately results in big amounts of bone wastes 

affecting the environment. Hence, these waste bones need to be disposed in a safe way. 

Using of bone char as a raw material for adsorption provides a useful and safe way of 

disposing these waste bones. Moreover, its usage is inexpensive and is readily available. In 

the present study, cattle bone char is studied as a novel low cost adsorbent. 

Bone charcoal is a solid granular material which is produced by the pyrolysis of animal 

bones. In this process the bones are heated to a temperature ranging between 400-600 oC, 

in an atmosphere with limited supply of oxygen to control the quality of the product and its 

adsorption efficiency. Among various other elements, animal bone consists of about 30% 

organic compounds whereas the remaining 70% is inorganics [100]. The principal 

component in the inorganics is hydroxyapatite (HAP) which has the ability to substitute 

cations and anions [99, 101]. It also has the ability to bond with organic molecules which 

can be in different sizes [65]. This hydroxyapatite is the major contributor towards the 

adsorption activity. Apart from having good sorption efficiency, HAP is highly stable under 

oxidation-reduction conditions with a good buffering capacity [102]. Therefore bone chars 
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gets distinguished from other available adsorbents, because it consists of about 80-90% 

hydroxyapatite and 10% amorphous carbon in it [103]. 

The properties of the hydroxyapatite can be greatly influenced by the temperature and the 

residence time of the heat treatment [104]. At elevated temperatures, the hydroxyapatite 

begins to dehydroxylate [105] . This process gives rise to a new and complex structure of 

calcium phosphate, known as oxyhydroxyapatite (Ca10(PO4)6(OH)(2-2x)Ox□x), where □ = 

vacancy [106]. The hydroxyapatite also decomposes to other forms of calcium phosphates 

as shown below: 

Ca10(PO4)6(OH)2 → 2β – Ca3(PO4)2 + Ca4P2O9 + H2O↑                                                 (1) 

Therefore, to maintain the phase stability, the influence of heat treatment is of major 

importance at low and high temperatures. Also, the surface area and surface functionality 

plays a very dominant role in determining the adsorptive characteristics and the 

heterogeneity of the surface [107, 108].  

A simple case analysis was done by Abdel-Fattah et. al, who studied the effect of thermal 

treatment on animal bone and reported that the optimum weight losses for the animal bone 

is up to 500 oC. Below 400 oC, the surface area of the samples increased and above 400 oC 

the surface area decreased significantly [105]. Up to 400 oC, the hydroxyapatite retains its 

physical form [109]. Figueiredo et. al concluded that at 600 oC the organics were removed 

and a carbonate apatite was obtained for animal bones [110]. In another study, Kaseva 

reported, that at temperature higher than 600 oC, the apatite structure of the animal bone 

might get affected [111]. On the other hand, Kawasaki et al. concluded that the bone char 

obtained at pyrolysis temperature 800 oC had higher adsorption efficiency when compared 

to bone char prepared at 1000 oC [112]. However, the heat treatment between 500-600 oC 

is the temperature range where the organics from the bone gets removed. In addition to this, 

the microstructure of the bone changes extensively. When the organics get burnt off, it 

gives rise to pores. This could also influence the pore diameter and volume. The porosity 

of the bone char is reduced when the samples undergo thermal treatment at elevated 

temperatures due to the close structure interlocking [111].  

Despite many contributions towards the study of the thermal treatment on hydroxyapatite, 

the microstructure and porosity changes with respect to residence time at low temperature 

ranges are seldom investigated. From the above conclusions derived, it can be inferred that 
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the thermal treatment conditions play an important role in determining the adsorption 

capacity of the prepared adsorbent. 

Based on these facts, the present study details the effects of heat treatment and the residence 

time on the physical and chemical characteristics of the adsorbent prepared from cattle 

bones. A muffle furnace with limited supply of air was used to perform the heat treatment 

on the cattle bones, known as pyrolysis. The temperature range for this study was 

considered to be between 400-600 oC as below 400 oC, the bone char may not be accepted 

for its bad taste [45] and above 600 oC the apatite structure might get disrupted [111]. The 

residence time was varied between 1 h and 2 h for all the temperatures mentioned. The 

microstructure changes, BET Surface area, total pore volume, pore diameter, crystal size 

and the functional groups of the prepared bone char have been investigated in detail. 

Current study also demonstrates the use of bone char as a new class of solid adsorbent for 

treating 17β-estradiol (E2) from water. The efficiency of the prepared bone char has been 

studied in a batch adsorption process. 

2.2 Experimental 

2.2.1 Materials 

The cattle (bull and bovine) bones were collected from the biomaterials laboratory. 

Potassium Bromide- FTIR grade (KBr), 17β-estradiol (≥98%) and Sodium Chloride (≥ 

99.5%) was purchased from Sigma- Aldrich. Acetonitrile (HPLC grade) was supplied by 

Tedia and deionised water (18.2 MΩ) was obtained from the laboratory MilliQ water 

purification system.  

2.2.2 Precursor Preparation 

The bone residues were washed thoroughly with water for several times. Then, bones were 

boiled in deionised water to remove the remaining fat and protein. The cleaned bones were 

then oven- dried at a temperature 110 oC. These samples were then ground to small granules 

using mortar and a pestle followed by sieving to a particle size of about 1-2 mm. The surface 

of these bone granules was treated with acetone. This process was then followed by 

washing, with hot distilled water. Whatman Filter paper was used to filter the samples after 

washing. Then the washed samples were dried and finally stored in a plastic container, and 

then kept in the desiccator for future use.  
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2.2.3 Bone Char Fabrication 

The crushed bone powder after proximate analysis was then transferred to the furnace to 

carry out the pyrolysis of the crushed bone powder. It was carbonised at the temperatures 

of 400, 450, 500 and 600 oC for 1 h or 2 h time. Pyrolysis of the samples took place in a 

rectangular closed muffle furnace where the heating rate was set to 10.2 oC min-1. The 

schematic of the process is as shown in Figure 2.1. 

 

 

 

 

 

 

 

 

Figure 2.1: Schematic of the preparation of bone char in a muffle furnace with limited 

oxygen supply. 

2.2.4 Physiochemical characterisation of raw precursor and bone char 

There were several characterisation techniques employed to determine the physiochemical 

properties of both raw precursor powder and the bone char samples. To perform the 

Thermogravimetric analysis (TGA), 27.1 mg of raw bone powder sample was heated in a 

platinum crucible at a rate of 10 oC min-1 from room temperature to 1000 oC under Argon 

atmosphere set at a flow rate of 80 mL min-1. TGA 50-H Analyser was used for the TGA 

measurements.  

X-ray Diffraction (XRD) was used to study the phase composition of the samples before 

and after the pyrolysis at 400, 450, 500, 600 oC with varying holding time of 1 h or 2 h 

respectively. The X-ray spectra was analysed using BRUKER D2 PHASER operating with 

Cu-Kα (λ=1.54184 Å) radiation at a current of 10 mA and an accelerating voltage of 30 

kV. The data was collected with a step count of 0.02o in the range of 2θ = 10 -70o.   

Temperature 

Indicator 

Power 

Supply 

Furnace Wall 

Ceramic Basket 

Brick 



 Adsorption of 17β- Estradiol on to Bone char derived from Cattle bones 

30 

To study the morphological changes to the bone char composition and to study the major 

and minor elements, analysis was performed on FEI ESEM (FEI Quanta 200 F, 

manufactured in USA). Before analysis, the samples were sputter coated with platinum 

under vacuum for about 30 seconds. 

The functional groups were determined using FT-IR spectrometer (IRAffinity-1 

Shimadzu). 1 mg of each sample was mixed with 300 mg of KBr (Potassium Bromide, IR-

grade) powder.  The mixture was grinded in a laboratory agate-mortar. To prepare the 

pellets, the mixture was transferred to a pellet making die. Vacuum was pulled for about 1-

2 minutes and then a pressure of 4000-4500 psi pressure was induced while continuing the 

vacuum to the die. Finally, the die set was disassembled and the pellet was twisted out. The 

Infrared spectrum was measured in the range of 400-4000 cm-1 with a resolution of 4 cm-1 

and averaging over 30 scans. 

Transmission Electron Microscope (TEM) was used to study the crystal orientation of the 

samples prepared. The micrographs were obtained using Technai TF20 operating at 200 

kV. For the TEM analysis, the samples were prepared by dispersing a very small amount 

of it in ethanol under ultasonication. After this a drop of the diluted sample was placed on 

the copper grid coated with a thin carbon film. 

The textural parameters were evaluated using N2 adsorption at 77.35 K and a relative 

pressure (P/P0) range of 0.0001-1 using TriStar 3000 surface area analyser. All samples, 

prior to analysing was outgassed at 100 oC for several hours. The Brunauer- Emmett- Teller 

(BET) total surface area along with the Cumulative pore volume and average pore diameter 

was analysed using Barrett-Joyner-Halenda (BJH) method and was recorded from the 

adsorption data acquisition program. 

The adsorption experiments were carried out in a batch process. Stock solutions were 

prepared at a concentration of 200 mg L-1 by dissolving the 17β-estradiol (E2) solid 

compound in ethanol. The concentrated solution was placed in an incubator with shaker to 

enable complete and through mixing of the E2 solids and then stored at 5 oC. Working 

aqueous solutions of the standards were prepared by diluting the stock solution with 

deionised water. Following this procedure predetermined concentration of E2 solutions 

were prepared for calibration measurements. 

E2 solution samples were analysed on a Shimadzu Prominence® HPLC system equipped 

with a UV detector. The analysis was performed using a C18 reverse-phase column (5 μm, 
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4.6 × 150 mm, Agilent) at 205 nm wavelength with 0.2 μL sample injection. Acetonitrile 

and deionised water were mixed at the volume ratio of 45:55, vol. and used as mobile phase 

at a flow rate of 1.0 mL min-1.  

2.2.5 Adsorption Experiments 

Batch adsorption experiment was conducted to investigate the efficiency of the prepared 

bone char as an adsorbent for removing E2 from aqueous solutions. E2 working solution 

was diluted from 200 mg L-1 stock solution to a measurable concentration of 6 mg L-1.  

To analyse the efficiency of bone char, the adsorption experiment was carried out at an 

adsorbent dosage of 2.5 g L-1 into the prepared 20 mL E2 solution. The solution was 

agitated for 24 h at 150 rpm in an incubator shaker at a controlled temperature (25 oC). 

After 24 h, the samples were extracted and filtered using 0.2 µm regenerated cellulose 

syringe filters (13mm dia., Phenomenex). The filtered samples were collected in glass vials 

for the Chromatography analysis. The retention time of E2 was determined as 5.8 min. 

2.3  Results and Discussion  

2.3.1 Proximate Analysis 

The proximate analysis of the raw precursor was conducted using ASTM methods. ASTM 

C559-90(2010), ASTM D1506-99(2007), ASTM D1509-95(2012), ASTM D5832-

98(2008), ASTM D1512-05(2012) was used to calculate the bulk density, ash content, 

moisture content, volatile matter and pH respectively. The results are summarised in Table 

2.1. 

Table 2.1: Physiochemical properties of the raw precursor 

Proximate Analysis Raw Precursor 

Bulk Density 1325 kg (m3)-1 

Volatile Matter 16.5 wt% 

Moisture Content 5 wt% (Maximum) 

Ash Content 52.5 wt% 

pH (Raw Precursor) 7.2 
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2.3.2 Thermogravimetric Analysis (TGA) 

Figure 2.2 shows the thermogravimetric (TG) and differential thermal gravimetric (DTGA) 

analysis results for the cattle bones which was used as the precursor. The sample was loaded 

in a platinum crucible and placed in the furnace under argon atmosphere and heated from 

the room temperature to 1000 oC. The results obtained are summarised in Table 2.2. 

Depending on the rate of weight loss, the thermogram has been divided into three steps. 

The first stage is from the room temperature to 200 oC, the second one is between 200-600 

oC, followed by 700-900 oC. The curve shows a low endothermic peak with a maximum at 

90.44 oC which is due to the evaporation of moisture from the surface of the bone sample 

[105, 110].  This is followed by a broad exothermic peak with a maximum at 214.38 oC, 

which can be attributed to the degradation of the organic substance including fats and 

collagen [105, 110]. The next endothermic peak with a maximum of 335.93 oC is possibly 

due to the complete loss of water present. The rate of loss increases drastically from 200 to 

400 oC, indicating removal of carbon to some extent in addition to water and gases [105]. 

Since there is no other characteristic peak observed, it can be inferred that such reactions 

get completed by the temperature 600 oC [113] with a rate of loss to smaller extent. After 

this temperature, the very low weight losses can be related to the carbonate decomposition 

[110].  

 

Figure 2.2: Cattle bone TGA and DTGA curves. 



 Adsorption of 17β- Estradiol on to Bone char derived from Cattle bones 

33 

Table 2.2: Weight percentage of the main constituents of cattle bone sample 

 

2.3.3 X-ray Diffraction Analysis 

Figure 2.3 and Figure 2.4 reports the XRD patterns of raw bone precursor and bone char 

samples at different temperatures with the variations in the residence time. The XRD 

patterns below revealed that the crystal structural is of hydroxyapatite in all the samples 

prepared.  

From the XRD patterns observed, the raw bone powder consists of a poorly crystalline 

phase, possibly due to the presence of organic substances [110] and therefore there is no 

visible peak splitting [114, 115]. A decrease in the peak width and a considerable increase 

in the peak height can be observed with the increasing temperature.  This indicates an 

increase in the crystallinity and grain size. It can be noted that the hydroxyapatite phase 

was stable up to 600 oC, and no decomposition phase was detected. The peak positions for 

2θo angles are 25.89, 31.73, 32.76, 34.074 corresponding to (0 0 2), (2 1 1), (1 1 2), (3 0 0), 

(2 0 2) Miller planes, respectively. On these patterns, the relative intensity decreases as I 

(211) > I (112) > I (300) > I (002).  

 

Bone Constituents Temperature (oC) Cattle Bone (wt%) 

Water 25-200 5.72 

Organics 200-600 31.64 

Carbonate Apatite >600 62.62 

CO3
-2 700-900 2.32 



 Adsorption of 17β- Estradiol on to Bone char derived from Cattle bones 

34 

 

Figure 2.3: XRD patterns of raw bone powder and bone char samples at various 

temperatures with residence time of 1h. 

   

Figure 2.4: XRD patterns of raw bone powder and bone char samples at various 

temperatures with residence time of 2 h. 
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With an increase in the temperature to 400 oC the colour of the sample has a distinct change 

and becomes black. This indicates the oxidation of organic carbon due to which there is a 

slight increment in the intensity with a visible peak splitting. But a considerable increment 

in the peak intensity can be noticed when the operating temperature is increased from 500 

oC to 600 oC. The average size of hydroxyapatite is estimated by the Debye-Scherrer 

equation: 

   cos

K


 


                                                                                                                                         (2)      

Where τ is the mean crystal size, K is the shape factor taken as 0.9, λis the X-ray 

wavelength in nm, β is the line broadening at the half maximum intensity (FWHM) on the 

2θ scale in radians and θ is the Bragg angle of the peak in degrees.  

The average crystal size along the (002) plane in raw bone powder was estimated to be 25.3 

nm and with the increase in temperature and residence time, the crystal size increased to 

50.2 nm for the bone char obtained at 600 oC for 2 h.  Hence, it can be inferred that the 

increase in crystallinity is in good agreement with the general fact that there is a loss of 

carbonate amount in the bone material. 

2.3.4 Microstructure Analysis 

Figure 2.5 shows the morphology of the raw bone and bone char samples at temperature 

400, 450, 500 and 600 oC with a residence time of 1 h and 2 h respectively. The raw bone 

powder particles had very irregular shapes and presented a texture varying from rough to 

smooth surface. The surface of the samples after pyrolysis have become rough with an 

undefined geometry and the morphology in all the bone char samples look very similar to 

each other, except for the bone char sample prepared at 400 oC with 2 h residence time 

(Figure 2.5(F)) where the surface of the sample looks porous. All the rest of the samples 

above 400 oC look dense, possibly due to the solid-state sintering phenomena causing a 

considerable increment in the crystal size and grain growth, which results in densification 

of the bone char samples.   
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(B) Sample after annealing at 400 oC for 1 h 

(A) Raw bone powder 
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(C) Sample after annealing at 450 oC for 1 h 

(D) Sample at after annealing 500 oC for 1 h 
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(E) Sample after annealing 600 oC for 1 h 

(F) Sample after annealing at 400 oC for 2 h 



 Adsorption of 17β- Estradiol on to Bone char derived from Cattle bones 

39 

 

 

 

 

 

 

 

 

 

(G) Sample after annealing at 450 oC for 2 h 

(H) Sample after annealing at 500 oC for 2 h 
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Figure 2.5: SEM images of raw bone powder and bone char samples obtained after 

annealing at temperature various temperatures and residence time. 

2.3.5 EDX Analysis 

Figure 2.6 shows the EDX spectrum of the various elements present in the bone matrix and 

Table 2.3 summarises the main constituents of raw precursor and bone char samples at 

different temperatures in wt.%. As per the analysis, the bone matrix has its major inorganic 

constituents as Calcium (Ca) and Phosphorus (P). The minor constituents are Carbon (C), 

Oxygen (O), Sodium (Na) and Magnesium (Mg).  

The effect of heat treatment on the [Ca/P] ratio is shown in Figure 2.7. In general, the 

stoichiometric [Ca/P] ratio is 1.67. However, in the present study, the [Ca/P] ratios were 

quite variable. The values for the samples with 1 h residence time remained somewhat 

constant. But, for samples with 2 h residence time, the maximum was obtained at 400 oC 

as 3.37 from 2.03, after which the [Ca/P] showed a decreasing trend. The same nature of 

decrease in [Ca/P] ratio was reported by Ooi et. al [104]. On the other hand, Tang et.al 

suggested that with the increase in molar ratio, the specific surface area also increased 

[116], which was fairly in agreement with our results. With the increase in [Ca/P] molar 

ratio, the BET surface area also increased for the samples prepared with 2 h residence time 

and not for the samples prepared with 1 h residence time. 

(I) Sample after annealing at 600 oC for 2 h 
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Figure 2.6: EDX spectrum of main constituents of bone matrix after annealing at 

temperature 400 oC for 2 h. 

 

Table 2.3: Ca/P ratios of raw precursor and bone char samples 

 

 

 

 

 

 

 

 

 

The variation can possibly be due the presence of the other minerals or minor calcium 

compounds such as oxide, hydroxide or carbonate forms [117].  

 

Samples [Ca/P] Ratio 

Raw Bone Powder 2.03 

BC 400 oC -1 h 2.13 

BC 450 oC -1 h 2.14 

BC 500 oC -1 h 2.22 

BC 600 oC -1 h 2.20 

BC 400 oC -2 h 3.37 

BC 450 oC -2 h 2.50 

BC 500 oC -2 h 2.28 

BC 600 oC -2 h 2.14 
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Figure 2.7: Effects of heat treatment on the Ca/P ratios of the cattle bone char. 

2.3.6 FT-IR Analysis 

The FTIR spectrum of the raw bone powder and bone char samples pyrolysed at different 

temperatures with the residence time of 2 h is shown in Figure 2.8. The bands were of 

typical hydroxyapatite.  

The broad band observed at 3410 cm-1 can be attributed to the presence of surface water 

molecules [117] which gets reduced due to the increase in temperature. The OH- stretching 

vibration was observed at 3500 cm-1 whereas 1650 cm-1 is been assigned to physically 

adsorbed water molecules [117, 118]. The C-O stretching vibrations at 1450 and 1415cm-1 

has been assigned to CO3
2- group, which appears under all temperatures indicating that 

CO3
2- is present until 600 oC. This band originates due to the carbonate substitution in the 

crystal lattice [119]. Additionally, the bands of C=O and C=C (protein & collagen) were 

assigned to the peaks at 1500-1600 cm-1 corresponding to the organic phase [120] of bone 

material. This peak disappears with increasing temperature, indicating its removal from the 

bone material during pyrolysis. The absorption band at 2830 and 2910 cm-1 has been 

assigned to C-H vibrations, which were present in all samples with reduced intensities. The 

bands at 1100 and 950 cm-1 has been assigned to the P-O stretching vibrations of PO4
3- 

group. The bands at 600, 560 and 475 cm-1 corresponds to PO4
3- bending vibrations. The 

band at 874 cm-1 has been assigned to CO3
2- which is evident in all the samples prepared 

[119]. This band again originates due to the ionic substitution. The region 1950-2200 cm-1 

has a weak intensity band which is due to overtone [104].  
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Figure 2.8: FTIR spectrum of (A) raw bone powder and bone char samples pyrolysed at 

(B) 400 oC, (C) 450 oC, (D) 500 oC and (E) 600 oC with 2 h residence time.  
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2.3.7 Surface Area and Porosity Analysis 

Adsorption characterisation for cattle bone chars obtained at different pyrolysis 

temperatures was determined using N2 adsorption at 77.35 K and a relative pressure (P/P0) 

range of 0.0001-1. 

Table 2.4 summarises the results of BET surface area (𝑆𝐵𝐸𝑇), total pore volume (𝑉𝑇𝑜𝑡𝑎𝑙) 

and pore diameter (𝐷𝑝) of raw bone powder and bone char samples obtained at various 

temperature with a residence time of 1 h and 2 h respectively. The results were obtained 

from the nitrogen adsorption data using the data acquisition program. 

Table 2.4: BET Surface area, pore volume and pore diameter of raw bone powder and bone 

char at various temperatures and residence time. 

Samples SBET (m2 g-1) VTotal (cm3 g-1) Dp (nm) 

Raw bone powder 0.461 0.004 32.340 

400 oC-1 h 98.626 0.291 10.798 

450 oC-1 h 98.138 0.305 10.740 

500 oC-1 h 78.172 0.294 13.176 

600 oC-1 h 57.939 0.293 18.089 

400 oC-2 h 114.149 0.294 9.633 

450 oC-2 h 83.948 0.302 12.238 

500 oC-2 h 69.788 0.321 15.878 

600 oC-2 h 50.370 0.305 21.720 

400 oC-3 h 92.402 0.315 11.736 

From the results obtained, it can be noted that with the increase in pyrolysis temperature up 

to 400 oC, the surface area increased. This increase can possibly be due to the release of 

gases, decarbonisation and loss of water molecules that allows more available surface for 

adsorption. This result was in good agreement with the conclusion drawn by Abdel-Fattah 

et.al. From 450 oC to 600 oC the surface area decreased with an increase in pore diameter. 

This could have happened due to the sintering phenomena. The pore volume in almost all 

the treatments was seen to be similar. To analyse the effect of residence time on the surface 

area, one more sample with temperature 400 oC and residence time 3 h was prepared. But 
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a decrease in the surface area was observed. The maximum surface area was obtained for 

the bone char sample pyrolysed at 400 oC with a residence time of 2 h as 114.149 m2g-1, 

with a pore volume of 0.294 cm3 g-1 and pore diameter of 9.63 nm.  

 

Figure 2.9: BJH adsorption dV/dD pore volume distribution for bone char pyrolysed at 

400 oC with residence time of 2 h (high surface area, SBET) 

The BJH method was used to determine the pore size distribution of the adsorbent. Figure 

2.9 shows the pore size distribution curve for the bone char sample prepared at a pyrolysis 

temperature of 400 oC with a holding time of 2 h. The curve shows a pore size distribution 

in the nanopore (<2 nm), mesopore (2-50 nm) and macropore regime (>50 nm). The sample 

analysed exhibit the range between 1.7 and 75 nm but majorly distributed in the mesoporus 

regime. The nitrogen adsorbed at low relative pressure, indicated that the pyrolysis and the 

operating conditions could induce the formation of nanopores to some extent; and this 
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assumption can be confirmed by the isotherm shape as shown in Figure 2.10. The 

continuous augmentation of nitrogen adsorption on the samples indicated a major 

development of mesoporous structure.  

 

 

Figure 2.10: Nitrogen Adsorption isotherms for raw bone powder and pyrolysed chars at 

different temperatures with residence time 1 h and 2 h. 

A brief comparison with other results from literatures is shown Table 2.5. With the 

pyrolysis conditions described in the current study, comparatively higher surface area has 

been achieved.  
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Table 2.5: Comparison of operating parameters on various types of bones 

 

Source 

 

Operating parameters 

Surface 

Area 

(m2g-1) 

Pore 

Volume 

(cm3g-1) 

Ref. 

Cattle and Sheep 

bones 

Temp-400 oC, Residence time-2 h, 

pyrolysed in rectangular furnace. 

92.5 0.36 [88] 

Cattle and Sheep 

bones 

Temp-450 oC, Rate of heating-4.5 oC 

min-1, Residence time-4.5 h, pyrolysed 

in a rectangular furnace. 

105.24 0.367 [90] 

Bovine bones Temp-400 oC, Residence time-4 h, 

annealed in an electric furnace 

85 NA [99] 

Animal bone Temp-550 oC, Rate of heating-2 oC 

min-1, calcined in an electric furnace 

18 NA [121] 

Fish bones Temp-500 oC, Residence time-4 h, 

burned in an oven 

111 NA [66] 

Cattle bones 

(Bovine and 

Bull) 

Temp-400 oC, Rate of heating-10 oC 

min-1, Residence time-2 h, pyrolysed 

in rectangular muffle furnace 

114.15 0.294 This 

study 

NA- Data not available 

2.3.8 Adsorption Experiments 

To analyse the efficiency of bone char, experiment was carried out with the E2 measured 

concentration keeping constant at 6 mg L-1. The bone char having the highest surface area 

(114.15 m2 g-1) was used to study the efficiency of the bone char in E2 removal.  

Figure 2.11 shows the time profile of E2 adsorption on bone char where it can be observed 

that the E2 concentration in solution decreases rapidly in the first 6 h from the beginning 

of the batch adsorption process. This initial uptake of E2 is due to the available sites of 

adsorption which is mesopores and macropores. After 24 h the removal of E2 increased to 

41.4% indicating the prepared bone char to be efficient in adsorbing E2 from aqueous 

solutions. 
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Figure 2.11: Time profile of E2 adsorption on to bone char with a bone char dosage:         

2.5 g L-1  

2.4 Summary 

We report the effects of pyrolysis conditions on the physical and chemical characteristics 

of the prepared adsorbent. The results show that the pyrolysis temperature and the residence 

time play a very significant role in changing the properties of bone samples. 

TGA and DTG curve indicates that most of the organics get removed and a carbonate 

apatite is obtained by 600 oC which is also confirmed from the FTIR analysis where C=C 

and C=O disappear with increasing temperature. After this temperature, there is no 

significant weight losses observed as per the TGA profile. Additionally, from the XRD 

results, the poorly crystalline hydroxyapatite shows high crystal size at elevated 

temperatures with visible peak splitting. This result is in agreement with the microstructure 

analysis where the samples look dense due to solid state sintering phenomena. The [Ca/P] 

ratios for the samples obtained are much higher than the stoichiometric ratio. The 

microstructure for all the samples pyrolysed from 400 oC to 600 oC is similar to each other 

showing irregular geometry but the sample prepared at 400 oC with a residence time of 2 h 

seems to be porous. In the FTIR analysis, the bands of PO4
-3 and CO3

2- group are very 
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intense and evident in all the samples. From the nitrogen adsorption isotherm, the N2 

molecules get majorly adsorbed to the mesopores of the bone char. With the increase in 

temperature from 400 oC to 600 oC the porous structure gets interlocked with each other 

giving rise to large pore diameter and decrease in the surface area. The pore size distribution 

curve shows that the prepared bone char is mesoporous in nature. 

This work shows that the operating conditions for the bone char sample pyrolysed at 400 

oC with a residence time of 2 h, exhibit a promising physical and chemical characteristic 

which can be used as a very good alternative as a new low cost adsorbent.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 



 Adsorption of 17β- Estradiol on to Bone char derived from Cattle bones 

50 

 

 

 

 

 

 

CHAPTER 3 

Sorption of 17β-estradiol from aqueous 

solutions on to bone char derived from 

waste cattle bones: Kinetics and 

isotherms 

(Published: Journal of Environmental Chemical Engineering, 2015. 3(3): p. 1562-1569) 

 

 

 

 

 

 

 

 

 



 Adsorption of 17β- Estradiol on to Bone char derived from Cattle bones 

51 

CHAPTER ABSTRACT 

This study is aimed at investigating the removal of 17β-estradiol (E2) from aqueous 

solutions using bone char derived from waste cattle bones. The cattle bones were surface 

treated with acetone and pyrolysed in an oxygen depleted environment. The obtained bone 

char was then used for the adsorption of 17β-estradiol.  This work involves studying the 

batch adsorption process with respect to the effect of contact time, initial concentration 

and dosage of adsorbent. The adsorption kinetic studies revealed that the adsorption of E2 

on bone char obeys the pseudo second order kinetic model. In addition, the adsorption 

kinetics was also assessed for the intraparticle diffusion model. This study shows that the 

adsorption of E2 on bone char has a very complex mechanism involving the diffusion 

process. Increasing the bone char dosage led to an increase in the removal of E2. With a 

bone char dosage of 50 g L-1, about 95.3% of E2 was removed from aqueous solutions. 

The experimental adsorption isotherm data was fitted to Langmuir and Freundlich 

isotherm models. The saturated bone char was regenerated using ethanol/water solution. 

The preliminary reusability study showed that the adsorption capacity was restored to 85% 

of its initial capacity in the third cycle. 
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3.1    Introduction 

Soils as our natural capital assets need to be well preserved to maintain their quality to be 

productive for farmland use and livestock rearing. Water being the most vital ingredient 

influences the soil quality to a significant level. Therefore, its quality needs to be controlled 

to be free of pollutants by economical means. There is also a huge pressure on the pastoral 

landscape which is becoming more dynamic and sophisticated by the day.  

There are several natural and synthetic chemicals that interfere with the endocrine system 

of humans and animals. These are known as the endocrine disruptive chemicals (EDCs) 

which have antagonistic effect on the aquatic species and human beings. Research shows 

that a variety of chemicals enter the environment and the amounts are increasing day by 

day [11]. Only 20% of  the animals urine is taken up by the grass and the rest goes down 

directly to the water ways resulting in 40% of New Zealand’s lakes becoming worse [122]. 

In addition, due to the growing dairy demands, there is an expansion of the dairy industry 

being planned in Waikato and Canterbury region. Researchers say, growing plants across 

the river banks are unable to stop the animal wastes getting into the water ways [122].  

There are some EDCs which are being commissioned nationwide along with gaining the 

international regulatory attention [11]. A number of survey reports were presented where 

the ubiquitous presence of EDCs were identified in receiving water ways and treated 

effluents [32]. Also, there are several reports on the adverse effects of these EDCs, which 

include reproductive abnormalities in fishes and alligators. An unusual sexual behavior was 

observed in female herring gulls. In addition, animals were observed to have thyroid 

problems, metabolism changes and defects in off springs, whereas humans developed 

cryptorchidism, hypospadias and testicular cancer [10]. EDCs include a wide range of 

synthetic and natural chemicals. But among them, the steroid hormones are the most potent 

ones. The steroid hormones commonly found in the waste waters are estrone (E1), 17β-

estradiol (E2), estriol (E3) and 17α-ethinylestradiol (EE2) [123]. These hormones reach the 

environment through the animal wastes and sewages since all humans and animals excrete 

these steroid hormones. Therefore, an efficient and cost effective treatment process needs 

to be developed. 

Presently, the treatment technologies to remove these EDCs from the wastewater include 

adsorption, advanced oxidation, biological degradation and membrane filtration [124]. 

Adsorption using activated carbon (AC) is generally used to remove organic pollutants 
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[124] which has proved to be a promising method to remove estrogens. Usually, these 

activated carbons are manufactured from a wide range of carbon based materials. Due to 

high surface area and porosity these AC is efficient in adsorbing pollutants [103], but the 

regeneration of the used AC proves to be a difficult task.  Recently, many new adsorbents 

are being prepared and tested for their efficiency in estrogen removal. These include 

activated carbon prepared from agro wastes [125], slurry wastes [126], chitin [127], moso 

bamboo [128] and biochar [129]. 

Nowadays, bone char is being explored for its adsorption capacity and efficiency. Bone 

char is a readily available source which is prepared by pyrolysis process, where they 

undergo a thermal treatment at a range of 400 -500 oC   in a limited supply of air. It has a 

long history of removing color from sugar solution, defluoridation and removing heavy 

metals but to the best of our knowledge, it has not been used for the removal of estrogens. 

Being a mixed adsorbent having about 80-90% hydroxyapatite and 10% amorphous carbon, 

it gets distinguished from other available adsorbents [103]. It has already proved its 

efficiency in removing pyrogen such as endotoxin [93], air pollutant [90], bacterial spores 

[130],  heavy metals [63, 80, 131], dyes [88, 89] and organic compounds [70] from aqueous 

solutions.  

This study demonstrates the use of bone char as a new class of solid adsorbent for treating 

E2 from water. 17β-estradiol is human sex hormone which is essential for the development 

of female reproductive tissues including bone health. It has been selected for this study 

since it is persistent in treated effluents and highly estrogenic. The efficiency of the bone 

char has been studied in a batch adsorption process. 

3.2 Experimental 

Bone char prepared under laboratory conditions was tested for the adsorption of E2 in 

water. Cattle bones (bovine and bull) were obtained from Biomaterials Laboratory. 17β-

estradiol (≥98%), sodium chloride (≥ 99.5%) was purchased from Sigma- Aldrich. Details 

on E2 characteristics are shown in Table 3.1. Acetonitrile (HPLC grade) was supplied by 

Tedia and deionised water (18.2 MΩ) was obtained from the laboratory MilliQ water 

purification system.  

Stock solutions were prepared at a concentration of 200 mg L-1 by dissolving the solid 

compound in ethanol and stored at 5 oC. Working aqueous solutions of the standards were 
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prepared by diluting the stock solution with deionised water. Following this procedure 

predetermined concentration of E2 solutions were prepared for calibration measurements.  

Table 3.1: Structure and properties of E2 [32] 

 

Molecular Formula-C18H 24O2 

CAS# 50-28-2 

Mol. Mass                                                                                               272.38 g mol-1    

Solubility                                                                                            3.90 mg L-1 (27 oC) 

Vapour Pressure    3×10-8 Pa 

Log Kow       3.1-4.01  

pKa      10.5-10.7  

 

3.2.1 Preparation of bone char 

Bone char was prepared from waste cattle bones. The bones were initially washed and 

boiled in deionised water for about 3-4 h to get rid of the protein pieces. These cleaned 

bones were dried in an oven (Contherm, Thermotec 2000) at 110 oC for 80- 85 h and were 

allowed to cool at room temperature. After this, the bones were broken down and ground 

to a desired mesh size 1-2 mm.  The obtained granules were treated with acetone followed 

by washing with hot distilled water. These washed samples were dried and transferred to a 

muffle furnace to carry out the pyrolysis process in a limited supply of air.  
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1- Temperature Controller 

2- Heater coil 

3- Furnace outer wall 

4- Crucible with sample 

5- Brick 

Figure 3.1: Schematic of the preparation of bone char in a muffle furnace with limited 

oxygen supply 

3.2.2 Analytical and Characterisation methods 

The textural characterisation was done by Brunauer- Emmett- Teller (BET) method using 

N2 adsorption at 77.35 K and a relative pressure (P/P0) range of 0.0001-1 using TriStar 

3000 surface area analyser. All the samples, prior to analyzing was outgassed at 100 oC for 

2-3 h.  

The surface morphology of the prepared bone char was characterised by Philips XL30S 

field-emission scanning electron microscope (SEM). 

Transmission Electron Microscope (TEM) was used to study the crystallinity and 

diffraction patterns of the samples prepared. The micrographs were obtained using Technai 

F20 operating at 200 kV. For the TEM analysis, the samples were prepared by dispersing 

a very small amount of it in ethanol. This solution was kept in an ultrasonic bath for about 

2 h until the powder was broken down into fine particles. After this a drop of the diluted 

sample was placed on the copper grid coated with a thin carbon film. 
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17β-estradiol solution samples were analysed on a Shimadzu Prominence® HPLC system 

equipped with a UV detector. The analysis was performed using a C18 reverse-phase 

column (5 μm, 4.6 × 150 mm, Agilent) at 205 nm wavelength with 0.2 μL sample injection. 

Acetonitrile and Deionised water were mixed at (45:55, vol.) and used as mobile phase at 

a flow rate of 1.0 mL min-1.  

3.2.3 Point of zero charge measurements 

To quantify the pH at the point of zero charge (pHpzc) the below given procedure was 

followed [132]. A series of 20 mL of 0.1 mol L-1 NaCl solutions in glass bottles was 

prepared. The initial pH of the NaCl solution was adjusted by 0.1 mol L-1 of NaOH or HCl. 

After this 0.01 g of bone char was added to each glass bottle and sealed thoroughly. These 

bottles were then allowed to equilibrate at the room temperature (18 oC) for 3 days. The 

final pH was measured and plotted against Δ pH. 

3.3 Adsorption Experiments 

3.3.1 Parameters affecting the adsorption process 

Adsorption of E2 on bone char was studied as a function of contact time, initial 

concentration and dosage of adsorbent. The samples were prepared with an initial 

measured concentration of 5 mg L-1 and 9 mg L-1. To analyse the effect of adsorbent mass, 

the dosage was varied between 0.5-50 g L-1. These affecting parameters have been 

discussed in detail in the results section. 

3.3.2 Kinetics experiments 

Batch adsorption experiment was conducted to investigate the efficiency of the prepared 

bone char as an adsorbent for removing E2 from water. Initial concentrations of 5 and 9 

mg L-1 were prepared by diluting the 200 mg L-1 stock solution. A constant dosage of 2.5 

g L-1 of bone char was added into E2 solution. The solutions were agitated for 24 h at 150 

rpm in an incubator shaker at a controlled temperature (25 oC). The adsorption kinetics 

was studied by adding bone char into 40 mL of E2 solution. The samples were extracted 

at regular intervals and filtered by 0.2 µm regenerated cellulose syringe filters (13mm dia., 

Phenomenex). The filtered samples were collected in glass vials for the Chromatography 

analysis. A calibration curve was established for the HPLC peak area and the concentration 

of E2 in water. The retention time of E2 was determined as 5.8 min.  
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3.3.3 Equilibrium Isotherms 

The equilibrium experiments were carried out by adding bone char into a series of 20 mL 

of E2 solutions. The E2 solution was prepared at a concentration of 2 mg L-1 and the bone 

char dosage was varied between 0.5 - 50 g L-1. The solutions were agitated for 24 h at 150 

rpm in an incubator shaker at a controlled temperature (25 oC). The equilibrium of 

adsorption is usually evaluated by Langmuir and Freundlich isotherm models. 

The Langmuir isotherm model is expressed as: 

1

𝑞𝑒
=

1

q𝑜
+ (

1

q𝑜b
) (

1

C𝑒
)                                                                                                (3) 

where 𝑞𝑒 (mg L-1) is the amount of solute adsorbed at equilibrium; 𝐶𝑒(mg L-1) is the 

equilibrium concentration of solute in the solution; 𝑞0(mg L-1) is denoted as the maximum 

adsorption capacity and 𝑏 (L mg-1) is the binding energy constant. 

The dimensionless separation factor 𝑅𝐿 can be expressed as 

RL =
1

1+bC𝑜
                                                                                                                       (4) 

where 𝐶0 is the initial concentration of the solute. The 𝑅𝐿value indicates the adsorption 

situation to be Irreversible: 𝑅𝐿 = 0, Favourable: 0 < 𝑅𝐿 < 1, Linear: 𝑅𝐿 = 1 and 

Unfavourable: 𝑅𝐿 >1 [88, 133]. 

The Freundlich isotherm model is an empirical equation, which in its linear form is 

expressed as: 

log 𝑞𝑒 =  log k𝑓 + (
1

n
) log C𝑒                                                                                           (5) 

where 𝑞𝑒 (mg g-1) and 𝐶𝑒 (mg L-1) represent the same parameters as denoted in Langmuir 

isotherm model. 𝑘𝑓 (mg g-1) (mg L-1)-1/n is the measure of adsorption capacity and the 

Freundlich intensity parameter 1 𝑛⁄  indicates the intensity of adsorptive interactions.  

If 1 𝑛⁄  =1, partition between the two phases are not concentration dependent. If 1 𝑛⁄ < 1, 

it indicates a normal adsorption and if 1 𝑛⁄  >1, it indicates cooperative adsorption [134]. 

The experimental data was then fit to Langmuir and Freundlich isotherm model and 

analysed further. 
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3.3.4 Sorbent Regeneration and Reuse 

Saturated bone char from the adsorption studies was used in the regeneration studies. 

Since, 17β-estradiol is sparingly soluble in water; it was expected that using a solvent 

would facilitate desorption of E2 from bone char [135]. The bone char was regenerated by 

solvent washing method, where ethanol/ water (1/1; v/v) was used as a solvent. The 

saturated bone char was agitated in 20 mL solvent for 2 h (150 rpm) on a shaker. After 

this desired time, the regenerated bone char was filtered and reused. The bone char 

reusability was assessed by conducting three cycles of E2 adsorption and regeneration. 

3.4 Results and Discussion 

3.4.1 Characterisation of bone char 

3.4.1.1 Surface Area and SEM Analysis 

The nitrogen adsorption isotherm was obtained from the adsorption data acquisition 

program at a relative pressure (P/P0) range of 0.0001-1. The surface area, 𝑆𝐵𝐸𝑇 of the 

prepared bone char was found to be 114.15 m2 g-1 with a pore diameter of 9.63 nm and a 

total pore volume of 0.294 cm3 g-1. This value of the bone char surface area is expected to 

be advantageous for its usage in removing E2 from aqueous solutions. The prepared bone 

char was found to be mesoporous in nature. The surface morphology of the prepared bone 

char is shown in Figure 3.2. As per the morphology, the prepared bone char has a rough 

surface with a porous structure.  
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Figure 3.2: Surface morphology of the bone char 

3.4.1.2 TEM Analysis 

From the TEM images and diffraction patterns obtained for both raw bone powder and as 

prepared bone char, shown in Figure 3.3. The high-resolution images of the raw bone 

powder indicate that it is poorly crystalline whereas the prepared bone char is crystalline, 

with most of the crystals oriented in a single direction.  

The obtained diffraction pattern for the raw bone powder does not show sharp rings which 

is also an indicative of being amorphous in nature. Whereas the diffraction pattern for the 

bone char shows sharp whereas distinct rings indicating comparatively well crystalline 

structure.  
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Figure 3.3: TEM image and Diffraction pattern of the (a,b,c) raw bone powder (d,e,f) 

prepared bone char.  

3.4.2 Point of Zero charge 

As per Yang et al. often surface functionality plays a dominant role in determining the 

adsorption efficiency of the carbon [107]. Though the effect of surface functionality is 

complicated but the overall impact of these functional groups determines the point of zero 

charge (pHzpc) or neutral charge on its surface. Based on the experimental results, the point 

of zero charge for the bone char was measured about 5.9 from the Figure 3.4.  

 

Figure 3.4: Point of zero charge measurement 
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It has been well reported that below pHpzc, the surface charge is positive whereas above 

pHzpc the surface charge is negative [107, 136]. The positive charge on the adsorbent 

surface may enhance the removal of E2 [125]. Therefore, in this study, it was decided to 

work at pH below the pHpzc value and hence the adsorption studies were conducted at pH 

5. 

3.4.3 Adsorption Studies 

Adsorption of E2 on bone char was studied using batch adsorption process with respect to 

contact time, initial concentration and dosage of adsorbent.  

The amount of E2 adsorbed at equilibrium (𝑞𝑒) and the estrogen removal efficiency were 

calculated from the equations as below: 

𝑞𝑒 =
(𝐶0−𝐶𝑒)𝑉

𝑀
                (6) 

𝐸𝑓𝑓𝑒𝑐𝑖𝑒𝑛𝑐𝑦 =  
𝐶0−𝐶

𝐶0
×100                                       (7) 

Where 𝐶𝑒 and 𝐶0 are the equilibrium and initial concentrations of E2 (mg L-1), 𝑞𝑒 is the 

equilibrium E2 concentration on the adsorbent (mg g-1), 𝑉 is the volume of E2 solution 

(L), 𝑀 is the mass of adsorbent (g). 

The results obtained have been discussed in more detail in the following sections. 

3.4.3.1   Effect of contact time  

The contact time also plays a major role in the E2 adsorption on to bone char. The effect 

of contact time on the adsorption of E2 is shown in Figure 3.5. It can further be observed 

that initially the uptake of E2 was greater up to 6.5 h and after that it slowly reached 

apparent equilibrium. This initial rapid uptake of E2 could be due to the availability of the 

adsorption sites, macropores and mesopores. The adsorbed amount of E2 adsorbed on to 

bone char increased by increasing the contact time. After 24 h the removal of E2 was 50% 

and 41% for 5 mg L-1 and 9 mg L-1 respectively. 
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Figure 3.5: Effect of contact time on the adsorption of E2 on bone char at pH 5 with bone 

char dosage of 2.5 g L-1. 

3.4.3.2   Effect of initial concentration 

The effect of initial concentration of E2 on bone char sorption characteristics was 

investigated as shown in Figure 3.5. As per these plots the amount of E2 adsorbed on bone 

char with a dosage of 2.5 g L-1 was evaluated with initial concentrations of 5 - 9 mg L-1. It 

was observed that the amount of E2 adsorption increased when the initial concentration 

increased from 5 mg L-1 to 9 mg L-1. The amount adsorbed was 0.10 and 0.14 mg g-1 

respectively after 24 h. As seen in Figure 3.5, the removal efficiency decreased with the 

increase in the initial concentration of E2. At the contact time of about 360 min, the 

removal of E2 was 41.59% and 17.63% for 5 mg L-1and 9 mg L-1respectively. 

3.4.3.3   Role of dosage in adsorption 

Dosage of adsorbent plays a very important role in the entire adsorption process. 

Experiments were carried out with the E2 concentration keeping constant at 2 mg L-1 with 

the rotation speed 150 rpm and temperature 25 oC. Increasing the amount of adsorbent 

gives more number of available adsorption sites to the pollutants to get attached to the 
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adsorbent. Therefore, increasing the amount of the adsorbent eventually increases the 

absorbable area giving rise to an increased removal percentage of E2 from aqueous 

solutions. The effect of increasing the mass of adsorbent on the removal of E2 is shown in 

Figure 3.6. The results show that the adsorbent dosage at 50 g L-1 could remove 95.3% of 

E2 from aqueous solutions.  

 

Figure 3.6: Effect of adsorbent dosage on E2 adsorption onto bone char with an initial 

concentration of 2 mg L-1, rotation speed 150 rpm, and temperature 25 oC. 

3.4.4 Adsorption Kinetics 

To access the feasibility of the adsorption process, the adsorption kinetics was studied. 

Kinetic studies describe the interactions between the adsorbent and adsorbate through the 

mathematical models. The pseudo first order kinetic model, pseudo second order kinetic 

model and the intraparticle diffusion model were evaluated. The results did not fit the 

pseudo first order kinetic model; hence the other two models have been studied in detail 

in the following section. 

3.4.4.1   Pseudo second order kinetic model 

Figure 3.7 shows the time profile of E2 adsorption by bone char under batch process, for 

two different initial E2 concentrations (5 and 9 mg L-1).  

The pseudo- second order kinetic model is given as 

0

10

20

30

40

50

60

70

80

90

100

0 10 20 30 40 50

R
em

o
va

l 
(%

)

Adsorbent dosage (g L-1 )



 Adsorption of 17β- Estradiol on to Bone char derived from Cattle bones 

64 

𝑡

𝑞
=

1

𝑘𝑞𝑒
2 +

𝑡

𝑞𝑒
                                                           (8) 

where 𝑘 is the rate constant of pseudo-second order sorption, 𝑞 and 𝑞𝑒 represent the 

adsorption capacity at time 𝑡 and equilibrium respectively. 

It can be observed that the E2 concentration in solution decreases rapidly in the first 6 h of 

the beginning of the batch adsorption process. The best adsorption data was obtained for 

the pseudo second order kinetic model as shown in Figure 3.8(a).  This model assumes that 

a chemisorption mechanism is involved in the adsorption process and the rate of site is 

proportional to the square of number of unoccupied sites [137]. The results are summarised 

in Table 3.2. 

 

 

Figure 3.7: Adsorption kinetics, time profile of E2 with various initial concentrations and 

bone char dosage: 2.5 g L-1. 

The adsorption kinetics shows a linearised form for the plot of pseudo-second order model. 

This suggests that the rate limiting step could be chemical sorption or ion exchange [137]. 

Such behavior of bone char has been reported by various researchers [88, 99, 138]. 
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3.4.4.2 Intraparticle diffusion model 

The kinetic data of E2 adsorption was also analysed using Weber-Morris intraparticle 

diffusion model. Theoretically, this model gives a complex mathematical relationship.  

The intra-particle diffusion model is given as 

𝑞𝑡 = 𝑘𝑝𝑡0.5 + 𝐶                         (9) 

where 𝑞𝑡 is the adsorption capacity at time 𝑡,  𝑘𝑝 is the intraparticle diffusion rate constant 

and 𝐶 is the intercept.  

This adsorption mechanism involves three steps. In the first step, the mass transfer of 

adsorbate from the bulk phase to particle surface takes place. The second step involves the 

boundary layer diffusion, sorption on the sites and the final step is given by intra particle 

diffusion [89].  The sorption on the sites is considered to be a very rapid step, hence 

requirement of longer contact time for equilibrium is said to be governed by intraparticle 

diffusion [139]. 

The general approach to analyse the adsorption process controlled by intraparticle diffusion 

is to plot the amount adsorbed q (mg g-1) versus the square root of time, t0.5 as shown in 

Figure 3.8(b). The plots show several stages indicating the occurrence of the diffusion in 

the pores [140]. 𝑘𝑝 values are obtained from the slope of the linear portion of the curve at 

each solute concentration. The results obtained are summarised in Table 3.2. From the 

results, it was clear that the intraparticle diffusion was slow and the rate limiting step. But 

the linear portions did not pass through the origin, indicating that the E2 adsorption process 

on to bone char was very complex process, where along with the surface adsorption, 

intraparticle diffusion also contributes to the rate determining step. 
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Figure 3.8: Data fit to (a) pseudo- second order kinetic model where 𝑡 represents time, 𝑞 

is the adsorption capacity at any particular time and (b) intraparticle diffusion model with 

various initial concentrations and bone char dosage: 2.5 g L-1. The dashed lines are the 

linearised kinetic models. 
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Table 3.2: Kinetic parameters of E2 adsorption onto bone char 

 

Model 

 

Parameters 

Initial Concentrations 

5 mg L-1 9 mg L-1 

Pseudo-second order model 

 

𝑘 (g mg-1 min-1) 0.0024 0.0008 

𝑅2 0.999 0.943 

Intraparticle diffusion model 

 

𝑘𝑝 (mg g-1 min-1/2) 0.027 0.04 

𝑅2 0.981 0.991 

 

3.4.5 Adsorption equilibrium and isotherms 

Studies were conducted to observe the adsorption capacity of bone char for E2 in water. 

The adsorption isotherm of E2 was established on bone char by batch adsorption. The 

Adsorption data were fit to the Langmuir and Freundlich isotherm models as shown in 

Figure 3.9. These models have been used extensively to describe the adsorption 

phenomena. The correlation coefficient (𝑅2) suggests that both models fitted the 

experimental data and the results summarised in Table 3.3. The bone char has a maximum 

adsorption capacity of 𝑞0 = 10.12 mg g-1, 𝑘𝑓=0.346 mg g-1 (mg L-1)-1/n.  

The Langmuir dimensionless constant separation factor, 𝑅𝐿 indicates the adsorption 

process to be favourable [88]. Whereas, the Freundlich isotherm intensity parameter 1/n 

indicates linear adsorption leading to identical adsorption energies for all sites [141].  
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Figure 3.9: Adsorption isotherms of bone char for E2 in water. Data fit to (a) Langmuir 

and (b) Freundlich isotherm models. 
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Table 3.3: Langmuir and Freundlich constants for E2 sorption by bone char  

Model Parameters 𝑹𝟐 

Freundlich isotherm 

model 

𝑘𝑓= 0.346 mg g-1 (mg L-1)-1/n 

1 𝑛⁄ =1.043 

0.995 

Langmuir isotherm 

model 

𝑞0=10.12 (mg g-1) 

𝑏=0.033 (L mg-1) 

𝑅𝐿=0.92 

0.996 

 

3.4.6 Sorbent Regeneration and Reuse 

To test the leachability of the sorbed compounds, experiments were conducted by washing 

the saturated bone char with ethanol/ water (1/1; v/v) solvent. The solution was agitated for 

2 h (150 rpm) on a shaker. Due to the high octanol-water partitioning coefficient 

(𝑙𝑜𝑔 𝐾𝑜𝑤=3.1-4.01), 17β-estradiol is highly soluble in the organic solvents. Hence, the 

solvent washing method was chosen for the regeneration [135] and this method was 

effective in desorbing E2 from bone char.  

 

Figure 3.10: Adsorption capacity of E2 adsorbed per cycle (150 rpm, dosage= 5 g L-1) 
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The reusability of the regenerated bone char was assessed by conducting three cycles of E2 

adsorption and bone char regeneration. The results in Figure 3.10 show that the regenerated 

bone char can be used effectively and the adsorption capacity was restored to 85% of its 

initial capacity in the third cycle. 

3.5 Summary 

In summary, this study demonstrated that bone char derived from waste cattle (bovine and 

bull) bones was a suitable adsorbent to remove 17β-estradiol from water. Bone char was 

prepared under laboratory conditions where the BET surface area of the bone char was 

found to be 114.15 m2 g-1. The adsorption of E2 on bone char followed pseudo-second 

order kinetics. From the intraparticle diffusion studies, the mechanism on E2 adsorption 

onto bone char was found to be very complex where not only the surface adsorption but 

also the intraparticle diffusion contributes to the rate limiting step. The adsorption of E2 

was affected by the concentration of adsorbent. Increasing the dosage, eventually, increased 

the E2 removal from water. About 95.3% of E2 was removed from water with a maximum 

adsorption capacity of 10.12 mg g-1. Solvent washing method ethanol/ water (1/1; v/v) was 

effective in desorbing E2 from saturated bone char and the regenerated bone char was 

efficiently reused. 
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CHAPTER ABSTRACT 

Bone char was prepared from waste cattle bones (bull & bovine). The cattle bones were 

initially surface treated with acetone and pyrolysed in a tubular furnace at 400 oC 

temperature for 1 h under nitrogen atmosphere. The BET specific surface area of 108.24 

m2/g was obtained with a high degree of micropore area (8.51 m2 g-1). Batch adsorption 

study was conducted to investigate the sorption process of 17β-estradiol (E2) from aqueous 

solutions on the bone char. Comparative sorption studies were conducted using raw bone 

powder and commercial hydroxyapatite. It was found that the E2 uptake on to the bone 

char was significantly higher than the other two adsorbents. This work also reveals that the 

adsorption of E2 on bone char was a very complex mechanism. The kinetics study shows 

that the adsorption of E2 on these adsorbents follow pseudo second order kinetic model. 

The experimental adsorption isotherm data was fitted to both Langmuir and Freundlich 

isotherm models. This study demonstrates that the bone char can be used as a new class of 

solid adsorbent for treating (E2) from water. 
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4.1 Introduction 

Estrogens are non-volatile and are of low water solubility which tend to be sorbed onto 

soils. Even though they are adsorbed to soils they can release to waters whenever there is a 

water runoff due to desorption [11]. Common steroid estrogens include estrone (E1), 17β-

estradiol (E2), estriol (E3) and 17α-ethynylestradiol. E2 is a sex hormone considered to be 

the most potent endocrine disrupting chemical [142]. Even at trace levels, they can alter the 

reproductive health of the aquatic species coming in contact with it [143]. They can enter 

the water systems from the human & animal faces and urine. Therefore, presence of these 

estrogens in the water resources pose an environmental risk to the humans, animals and 

aquatic species [76].   

Bone char, with its proven capability of adsorbing organic pollutants has been investigated, 

for the first time, as a low cost proven technology for treating E2 from water [144, 145]. In 

this study, we investigate the efficiency of three adsorbents; raw bone powder, bone char 

and commercial hydroxyapatite to adsorb E2 from aqueous solution. The bone char has 

been prepared on a laboratory scale in the presence of nitrogen atmosphere. A number of 

characterisation techniques were utilised to study these adsorbents and a general 

comparison was made on the treatment efficiency. 

4.2 Materials and Methods 

4.2.1 Materials 

The raw bone powder was obtained from our previous experiments [144] and bone char 

was prepared in the laboratory. Commercial hydroxyapatite and 17β-estradiol (≥98%) was 

purchased from Sigma- Aldrich. Deionised water (18.2 MΩ) was obtained from the 

laboratory MilliQ water purification system. 

4.2.2 Bone char preparation 

The raw bone powder was transferred to a tubular furnace as shown in Figure 4.1. The 

pyrolysis took place under nitrogen atmosphere at a pre-set temperature of 400 oC for 1 h. 

The sample was allowed to cool down to the room temperature and finally stored in the 

desiccator. 
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Figure 4.1: Schematic for the preparation of bone char from cattle bone. 

4.2.3 Physiochemical Characterisation 

To determine the physiochemical properties of the adsorbents, a number of characterisation 

techniques were used. 

X-ray Diffraction (XRD) was used to study the phase composition of the samples. The X-

ray spectra was analysed using BRUKER D2 PHASER operating with Cu-Kα (λ=1.54184 

Å) radiation at a current of 10 mA and an accelerating voltage of 30 kV. The data was 

collected with a step count of 0.02o in the range of 2θ=10-70o.   

The textural parameters were evaluated using N2 adsorption at 77.3 K and relative pressures 

(P/P0) range of 0.05-1 using Micrometrics 3Flex 3.01 instrument. All the samples, prior to 

analysing was outgassed under vacuum at 125 oC for 12 h. The Brunauer- Emmett- Teller 

(BET) surface area, average pore volume, pore diameter and the micropore area were 

recorded from the adsorption data acquisition program. 

The functional groups were determined using FT-IR spectrometer (Spectrum 100, 

PerkinElmer). The Infrared spectrum was measured in the range of 380-4000 cm-1 with a 

resolution of 4 cm-1 and averaging over 4 scans. 

The adsorption experiments were carried out in a batch process. Stock solutions were 

prepared at a concentration of 100 mg L-1 by dissolving the 17β-estradiol (E2) solid 

compound in ethanol. Working aqueous solutions were prepared by diluting the stock 

solution with deionised water. E2 solution samples were analysed on a Shimadzu 
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Prominence® HPLC system equipped with a UV detector. The analysis was performed 

using a C18 reverse-phase column (5 μm, 4.6 × 150 mm, Agilent) at 205 nm wavelength 

with 0.2 μL sample injection. Acetonitrile and Deionised water were mixed at (45:55, vol.) 

and used as mobile phase at a flow rate of 1.0 mL min-1. 

4.3 Adsorption Experiments 

4.3.1 Adsorption Kinetics  

Batch adsorption experiments were conducted on all the three adsorbents to investigate 

their efficiency for removing E2 from aqueous solutions. An initial concentration of 2.5 mg 

L-1 was prepared by diluting the stock solution. The adsorption kinetics was studied by 

adding 0.1 g of the adsorbents in 40 mL of E2 solution. These solutions were agitated in an 

incubator shaker for 24 h at 120 rpm. At regular intervals of time, the samples were 

extracted and immediately filtered (0.2 µm regenerated cellulose, 13 mm dia., 

Phenomenex) into glass vials for the chromatography analysis.  

4.3.2 Equilibrium Isotherms 

The equilibrium experiments were carried out by adding varying amount of adsorbents (5-

25 g L-1) into a series of 20 mL E2 solutions with a concentration of 2 mg L-1. The solutions 

were agitated at 120 rpm in an incubator shaker for 24 h. The equilibrium adsorption 

isotherms are usually evaluated by Langmuir and Freundlich isotherm models. 

The Langmuir isotherm model equation is expressed as: 

1

𝑞𝑒
=

1

q𝑜
+ (

1

q𝑜b
) (

1

C𝑒
)                                                                                              (1) 

where 𝑞𝑒 (mg g-1) is the amount of solute adsorbed at equilibrium; 𝐶𝑒(mg L-1) is the 

equilibrium concentration of solute in the solution; 𝑞0(mg g-1) is denoted as the maximum 

adsorption capacity and 𝑏 (L mg-1) is the binding energy constant. 

The Freundlich isotherm model equation is expressed as: 

log 𝑞𝑒 =  log 𝑘𝑓 + (
1

n
) log C𝑒                                                                                 (2) 

where 𝑞𝑒 (mg g-1) and 𝐶𝑒 (mg L-1) represent the same parameters as denoted in Langmuir 

isotherm model. 𝑘𝑓 (mg g-1) (mg L-1)-1/n is the measure of adsorption capacity and the 

Freundlich intensity parameter 1 𝑛⁄  indicates the intensity of adsorptive interactions.  
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The experimental data was then fit to Langmuir and Freundlich isotherm model and 

analysed. 

4.3 Results and Discussion 

4.3.1 Physiochemical Characterisation 

4.3.1.1 XRD Analysis 

Figure 4.2 shows the XRD patterns of the raw bone powder, bone char and commercial 

hydroxyapatite used as adsorbents for this study. The XRD patterns obtained were the 

crystal structure of hydroxyapatite. 

The commercial hydroxyapatite indicates a higher degree of crystallinity compared to bone 

char and raw bone powder. The peak positions for 2θo angles are 25.89, 31.73, 32.76, 

34.074 corresponding to (0 0 2), (2 1 1), (1 1 2), (3 0 0), (2 0 2) Miller planes.      

 

Figure 4.2: XRD patterns of raw bone powder, bone char and commercial hydroxyapatite 
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4.3.1.2 Textural Analysis 

Table 4.1 summarises the results of BET surface area of the raw bone powder, bone char 

and commercial hydroxyapatite.   

From the results obtained, it can be noted that the bone char has a higher surface area (𝑆𝐵𝐸𝑇), 

total pore volume (𝑉𝑇𝑜𝑡𝑎𝑙) along with a micro pore area (𝑆𝑀𝑖𝑐) when compared to the raw 

bone powder and the commercial hydroxyapatite.  

Table 4.1: BET Surface area, pore volume and pore diameter of raw bone powder, bore 

char and commercial hydroxyapatite 

Samples 𝑺𝑩𝑬𝑻 (m2g-1) 𝑽𝑻𝒐𝒕𝒂𝒍 (cm3g-1) 𝑫𝑷 (Å) 𝑺𝑴𝒊𝒄 (m2g-1) 

Raw bone powder 0.461 0.004 323.4 - 

Bone char 108.24 0.344 127.15 8.51 

Commercial 

hydroxyapatite 
20.67 0.053 103.43 

0.32 

 

4.3.1.3 FT-IR Analysis 

The FT-IR spectrum of the raw bone powder, bone char and commercial hydroxyapatite 

before and after adsorption is shown in Figure 4.3, Figure 4.4 and Figure 4.5. The spectrum 

is of typical hydroxyapatite. 

The bands at 1647.52 cm-1 is due to the presence of water molecules [117, 118] and the 

band at 1460.59 cm-1 has been assigned to the C-O stretching vibrations due to the presence 

of CO3
2-  group. The adsorption bands originated at 2920.29 and 2853.37 cm-1 has been 

assigned to the C-H vibrations. The band at 1014.10 cm-1 has been assigned to the P-O 

stretching vibrations, whereas 561.46, 394.33 and 388 cm-1 is due to P-O bending belonging 

to the PO4
3-group. After E2 adsorption on the bone char surface, some changes were 

observed in the adsorption spectrum. The phosphate peaks at 1014.10 and 561.46 became 

intense. This suggests that the binding of E2 molecules with the phosphate group takes 

place. 
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Figure 4.3: FT-IR spectrum for E2 on raw bone powder (a) before adsorption and (b) after 

adsorption. 

 

Figure 4.4: FT-IR spectrum for E2 on bone char (a) before adsorption and (b) after 

adsorption. 
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Figure 4.5: FT-IR spectrum for E2 on commercial hydroxyapatite (a) before adsorption 

and (b) after adsorption. 

4.4.2 Adsorption studies 

Batch adsorption process was used to study the adsorption of E2 on the three adsorbents. 

The time profile is as shown in Figure 4.6. The contact time between the adsorbent and the 

target compound play a significant role in the adsorption process. It can be observed that 

as compared to the raw bone powder (RBP) and commercial hydroxyapatite (HAP); the 

uptake of E2 on bone char (BC) was quite significant.  Unlike BC, the RBP and HAP 

reached their apparent equilibrium after 7 h. This behavior is possibly due to the availability 

of adsorption sites on the adsorbent surface [145].  

4.4.2.1 Adsorption kinetics 

To study the adsorption kinetics, pseudo first and second order kinetic models were 

evaluated. The kinetics study describes the adsorbent-adsorbate interactions through 

mathematical models. Since, the pseudo first order model did not fit, the pseudo second 

order model has been studied in detail. These results were in accordance with the results 

obtained from our previous experiments [145].  
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Figure 4.6: Adsorption kinetics, time profile of E2 on adsorbents raw bone powder (RBP), 

bone char (BC) and commercial hydroxyapatite (HAP) with each adsorbent dosage of 2.5 

g L-1 

 

 

Figure 4.7: Data fit to pseudo- second order kinetic model where t represents time, q is the 

adsorption capacity at any particular time. 
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The pseudo- second order kinetic model is given as 

𝑡

𝑞
=

1

𝑘𝑞𝑒
2 +

𝑡

𝑞𝑒
                                                                                                                        (3) 

where 𝑘 is the rate constant of pseudo-second order sorption, 𝑞 and 𝑞𝑒 represent the 

adsorption capacity at time 𝑡 and equilibrium respectively. 

This model assumes chemisorption mechanism being involved in the adsorption process. 

The results are as shown in Table 4.2. The linearised form as shown in  Figure 4.7 for the 

model suggests the chemical sorption could be the rate limiting step [137].  

Table 4.2: Pseudo second order kinetic parameters of E2 adsorption on raw bone powder, 

bone char and commercial hydroxyapatite 

Adsorbents 𝒒𝒆 (g mg-1) 𝒌 (g mg-1 min-1) 𝑹𝟐 

Raw bone powder 0.119 0.024 0.966 

Bone char 2.305 0.002 0.994 

Commercial hydroxyapatite 0.266 0.018 0.992 

 

4.4.2.2 Adsorption isotherms 

The adsorption isotherm of E2 was established on the three adsorbents by batch adsorption 

process. The adsorption data were fit to the Langmuir and Freundlich isotherm models as 

shown in Figures 4.8(a) and (b). This could be due to the distribution of both homogeneous 

and heterogeneous adsorption sites on the surface of the bone char [145]. The correlation 

coefficient (𝑅2) suggests that these models fitted the experimental data and the results are 

summarised in Table 4.3. 
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Figure 4.8: Adsorption isotherms of raw bone powder (RBP), bone char (BC) and 

commercial hydroxyapatite (HAP) for E2 in aqueous solution. Experimental Data fit to 

(a) Freundlich and (b) Langmuir isotherm models.  
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Table 4.3: Isotherm parameters for the adsorbents raw bone powder, bone char and 

commercial hydroxyapatite. 

Adsorbents Isotherm Parameters 

 Freundlich Isotherm Langmuir Isotherm 

Raw bone powder 𝑘𝑓= 1.3×10-6 mg g-1 (mg L-1)-1/n 

1 𝑛⁄ =1.647 

𝑅2= 0.99 

𝑞0=0.023 (mg g-1) 

𝑏=0.00023 (L mg-1) 

𝑅2= 0.99 

Bone char 𝑘𝑓= 3×10-5 mg g-1 (mg L-1)-1/n 

1 𝑛⁄ =1.208 

𝑅2=0.993 

𝑞0=0.013 (mg g-1) 

𝑏=0.003 (L mg-1) 

𝑅2= 0.992 

Commercial 

hydroxyapatite 

𝑘𝑓= 1.8×10-6 mg g-1 (mg L-1)-1/n 

1 𝑛⁄ =1.568 

𝑅2=0.997 

𝑞0=0.021 (mg g-1) 

𝑏=0.0003 (L mg-1) 

𝑅2= 0.996 

 

4.5 Summary 

This study demonstrated the adsorption process of 17 β-estradiol from water onto three 

adsorbents raw bone powder, bone char and commercial hydroxyapatite. Bone char was 

prepared under laboratory conditions which was used for the batch adsorption process. The 

BET surface area of 108.24 m2 g-1 was obtained with a very high degree of micropore area. 

The adsorption of E2 on all the three adsorbents followed the pseudo second order kinetics. 

The contact time between the adsorbent and adsorbate played a significant role in the entire 

adsorption process. The experimental data fitted both the Langmuir and Freundlich 

isotherm models, possibly due to the homogenous and heterogeneous surface adsorption of 

the adsorbents. 

 

 

 

 



 Adsorption of 17β- Estradiol on to Bone char derived from Cattle bones 

84 

 

 

 

 

 

 

 

CHAPTER 5 

Transmission electron microscopy 

analysis of hydroxyapatite nanocrystals 

from cattle bones 

 (Published: Materials Characterization, 2015.109: p. 73-78)  
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CHAPTER ABSTRACT 

In this present study, hydroxyapatite which was obtained from cattle bones has been heat 

treated at temperature 400 oC and 600 oC. The microstructure after the treatment has been 

studied in detail using Transmission electron microscopy (TEM) and X-ray diffraction 

techniques. The TEM results indicate that natural bone consists of collagen and 

hydroxyapatite nano-crystals which are needle shaped. The heat treatment influences the 

crystallinity and growth of these hydroxyapatite nano-crystals known as ‘crystal 

maturation’ or ‘crystal ageing’. 
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5.1 Introduction 

Bone comprises of two major phases: organic phase consisting of collagen and the 

inorganic phase consisting of hydroxyapatite nanocrystals [146]. Collectively, they form 

95% of the dry bone weight [146, 147]. The remaining consists of some organic non 

collagenous proteins and amorphous inorganic salts [146]. All these phases together make 

a tough material.  

Recently, most research  are focussed on the structural morphology and synthesis of 

replicate materials [147]. Due to some of its superior known properties such as good 

biocompatibility, bioactivity, osteoconductivity, hydroxyapatite finds its application in 

medical field [148]. In addition, due to its adsorption properties, it is being used in removing 

pollutants from waste waters [96]. Bone apatite consist of poorly crystalline structure along 

with some ionic substitutions [146, 149]. Apart from this, carbonate ion is found in 

abundant in the bone mineral. It plays a major role in the crystal stability since its 

substitution at the phosphate position can distort the lattice structure [149]. It is a very well-

known fact that the natural bone powder is poorly crystalline and after thermal treatment, 

the crystallinity increases. This crystallinity is due to the hydroxyapatite nanocrystals which 

are majorly oriented towards their c- axis [150] and are arranged in a parallel array. When 

the crystal ages, the size, shape, composition and the crystal lattice structure change rapidly 

[151]. 

This present study gives an overview of the entire journey of these hydroxyapatite 

nanocrystals before and after thermal treatment. Cattle (bull and bovine) bones were 

selected for the study. The temperature for the study has been chosen as 400 oC and 600 

oC. It is an attempt to study the changes occurring during the crystal aging at molecular and 

nano scale level. 

5.2 Experimental Section 

5.2.1 Precursor preparation 

The precursor for the bone char has been prepared as described in our previous studies 

[145].The precursor was then pyrolysed at the temperature 400 oC and 600 oC for 2 h 

respectively.  These temperatures were chosen for detailed study since at 400 oC there is 

loss of carbon, water and volatiles and at 600 oC, the organic matrix gets completely 
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removed [152]. Pyrolysis of the samples took place in a rectangular muffle furnace with a 

limited supply of air and the heating rate was set to 10.2 oC min-1.  

5.2.2 Physiochemical Characterisation 

X-ray Diffraction (XRD) was used to study the phase composition of the samples before 

and after the heat treatment. The X-ray spectra was analysed using BRUKER D2 PHASER 

operating with Cu-Kα (λ=1.54184 Å) radiation at a current of 10 mA and an accelerating 

voltage of 30 kV. The data was collected with a step count of 0.02o in the range of 2θ=10-

70o.   

Transmission Electron Microscope (TEM) was used to study the crystal orientation of the 

samples prepared. The TEM micrographs were obtained using Tecnai F20 operating at 200 

kV. For the TEM analysis, the samples were prepared by dispersing a very small amount 

of it in ethanol under ultasonication. After this a drop of the diluted sample was placed on 

the copper grid coated with a thin carbon film.  

5.3 Results and Discussion 

5.3.1 Color of the bone char 

In the bone, the collagen fibres form an organised matrix within which the nanocrystals of 

the hydroxyapatite are located. The amorphous phase of the mineral is dominant in early 

bone and as the bone matures, the crystallinity of the apatite increases [149]. Also, the 

colour of the charred samples is an indication of the bone being altered due to the heat 

treatment [153]. The raw bone samples obtained were pale yellow in colour. When these 

samples were charred at 400 oC, the colour changed to black and at 600 oC, the colour 

changed to light grey as shown in Figure 5.1. 

 

Figure 5.1: Colour change during heat treatment 
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5.3.2 XRD Analysis 

The XRD studies were performed on the raw bone powder and charred samples as shown 

in Figure 5.2. The XRD patterns show that both raw bone powder and charred samples are 

hydroxyapatite (HAP). Strong peaks are observed at (002) which is also the c- axis [154] 

of HAP and the other peaks are merged at (211), (112) and (300) planes. The XRD pattern 

does not show changes after raw bone powder has been treated at 400 C for 2 h. However, 

the peaks of HAP become sharp with increasing the thermal treatment temperature to 600 

C, indicating the crystallinity of HAP phase increased. The morphologies and structure of 

HAP have been further investigated by the TEM techniques.  

The average size of hydroxyapatite is estimated by the Debye-Scherrer equation: 

cos

K


 


 

Where τ is the mean crystal size, K is the shape factor taken as 0.9, λ is the X-ray 

wavelength in nm, β is the line broadening at the half maximum intensity (FWHM) on the 

2θ scale in radians and θ is the Bragg angle of the peak in degrees.  

The average crystal size [144] along the (002) plane is as shown in Table 5.1. 

 

Figure 5.2: XRD Patterns of (a) raw bone powder and bone chars at (b) 400 oC and (c) 

600 oC. 
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Table 5.1: FWHM values and mean crystal size for raw bone powder and bone char 

samples at temperatures 400 oC and 600 oC. 

Sample FWHM Value (radians) Mean Crystal size (nm) 

Raw bone powder 0.005763 25.34 

400 oC 0.006885 37.15 

600 oC 0.006307 50.15 

 

5.3.3 TEM Analysis 

Figure 5.3 shows the TEM results of the raw bone powder.  Figure 5.3(a) and (b) shows the 

bright field (BF) and dark field (DF) images of raw bone powder which shows that the raw 

bone powder was crystalline. Only the (002) diffraction was used to obtain the DF images 

since it is less intense and far from other diffraction rings.   

It also can be seen that the raw bone powder has spherical shaped particles along with some 

needle shaped crystals of bone apatite. The small spherical ones are the youngest 

nanocrystals and the long needle shaped ones are the older crystals [151]. The 

hydroxyapatite nanocrystals get highlighted which appears to be distributed on the 

amorphous matrix. Moreover, a well-developed grain boundary is also observed. The 

average lengths of the nanocrystals are as shown in Table 5.2.  

The detailed crystal structure of the hydroxyapatite has been studied by high-resolution 

TEM (HRTEM), as shown in Figure 5.3(c). This analysis indicated the presence of well-

defined nanocrystals and the (002) and (004) planes are oriented parallel to their longer 

axis. The HRTEM analysis revealed that the lattice fringes corresponding to the (002) plane 

is 0.34 nm. And the crystals are preferably oriented towards their (002) direction (𝑐-axis) 

[154, 155]. The FFT pattern and a selected area HRTEM is also shown as an insert. The 

diffraction pattern was also obtained for the raw bone sample as shown in Figure 5.3(d). It 

reveals that the raw bone powder is amorphous showing diffuse rings corresponding to the 

organic material. Similar studies were performed on bone char samples prepared at 400 oC. 

In this sample BF and DF images were obtained along with the HRTEM and SAED patterns 

as shown in Figure 5.4(a-d). The (002) plane exhibit a sharp and distinct ring typically for 

a crystalline material corresponding to the carbonated hydroxyapatite. The 𝑑-spacings of 
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the (112), (211) and (300) planes nearly overlap with each other giving rise to a combined 

ring [156]. The arching of the diffraction pattern indicates that the nanocrystals are slightly 

tilted with a mis-orientation [156] and the FFT insert indicated the correlation between the 

longitudinal axis and the crystal orientation. The hydroxyapatite nanocrystals had grown 

up as the temperature increased to 600 oC as shown in Figure 5.5. The average dimensions 

of these nanocrystals are as shown in Table 5.2. 

 

Figure 5.3: Morphologies of raw bone powder (a) Bright field image of HAP needle shaped 

nanocrystals dispersed on amorphous matrix (b) Dark field image taken at (002) ring with 

the HAP nanocrystals getting highlighted (c) HRTEM of mineralised collagen fibrils with 

FFT and enlarged selected area as an insert (d) SAED Pattern 
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Figure 5.4: Morphologies of bone char at 400 oC (a) Bright field image of nanocrystals (b) 

Dark field image taken at (002) ring with the HAP nanocrystals getting highlighted (c) 

HRTEM with FFT and enlarged selected area as an insert (d) SAED Pattern 
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Figure 5.5: Morphologies of bone char at 600 oC (a) Bright field image of HAP 

nanocrystals (b) Dark field image taken at (002) ring with the HAP nanocrystals getting 

highlighted (c) HRTEM with FFT and enlarged selected area as an insert (d) SAED 

Pattern. 
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Table 5.2: Crystal dimensions of raw bone powder and bone char obtained at 400 oC and 

600 oC. 

 

Table 5.3: Illuminated patches and Moiré fringe dimensions of raw bone powder and bone 

char obtained at 400 oC and 600 oC. 

DF images 

Raw Bone Powder 

(nm) 

Bone char-400 oC   

(nm) 

Bone char-600 oC   

(nm) 

Length Width Length Width Length Width 

Illuminated 

Patches 
1.04±0.09 0.87±0.02 5.2±0.002 2±0.02 13.81±0.06 4.28±0.08 

Moiré 

fringes 
2.99±0.14 2±0.1 2.7±0.1 

 

5.3.4 Uniformly illuminated patches and Moiré fringes 

The dark field (DF) images from Figure 5.3(b), Figure 5.4(b) and Figure 5.5(b) show some 

illuminated patches which are uniform.  There are also some patches having parallel lines 

on it. The uniformly illuminated patches are said to be single crystals consisting of same 

crystallographic orientation. It is supposed to be a single crystal but sometimes, two or 

more crystals in homoaxial orientation can give such an image. The lattice defects are 

identified as dark narrow lines as a separator in between the illuminated patches and the 

patches having parallel lines on it are said to be the Moiré patterns usually formed due to 

some misaligned identical lattices [157].  

The dimensions for the uniformly illuminated ones and the Moiré fringes were measured 

by selecting some random patches and the results are summarised in Table 5.3.  

 

Dimensions 
Raw bone powder 

(nm) 

Bone char 400 oC 

(nm) 

Bone char 600 oC 

(nm) 

Length 48.58±0.13 63.30±0.1 70.45±0.16 

Width 5.41±0.09 15.42±0.08 17.48±0.12 
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5.4 Summary 

In summary, the nucleation or maturation of the hydroxyapatite is a very important aspect 

of bone formation. These nanocrystals grow with the increasing temperature. Additionally, 

from the XRD results, the poorly crystalline hydroxyapatite shows high crystal size at 

elevated temperatures with visible peak splitting. Usually, these nanocrystals are oriented 

with their 𝑐-axis parallel to the collagen fibrils. The DF images indicate that along with 

some single crystals also exist crystals which are slightly mis- oriented which is also 

confirmed by the arching of diffractions patterns.  Increasing the temperature has a 

considerable effect on the colour and carbon content of the bone char. The dimensions for 

the illuminated patches and the Moiré fringes were also measured.  
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CHAPTER 6 

Surface chemistry and textural 

characterisation of activated carbon 

prepared from animal bone chars, using 

potassium hydroxide (KOH) as an 

activating agent 

(Published: Chemical Science Reviews and Letters, 2015.4(15): p. 821-826) 
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CHAPTER ABSTRACT 

Raw bone powder from waste cattle bones is the precursor which has been impregnated in 

the KOH solution. The char to KOH ratio was varied keeping the temperature constant at 

600 oC with 1 h residence time. The surface chemistry and the textural characterisation has 

been studied for the activated bone chars prepared. The bone char prepared with char: KOH 

ratio 1:2 has a comparatively higher surface area along with the average pore volume and 

the micropore volume. 
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6.1 Introduction 

Activated carbons are considered to be versatile carbons. Since they have highly developed 

surface area [158, 159] they are used in numerous fields, such as separation, purification of 

liquids and gases, catalysts etc.  The use of activated carbon is becoming restricted because 

of its high cost [160]. Therefore, researchers are focussing on preparing activated carbon 

from low cost materials such as agricultural wastes, manure, clay, fly ash and so on. They 

are of major importance in industrial applications because of their efficient adsorption and 

a well-developed porous structure [161]. Hence, their applications have been well 

exploited.  

Activation methods are of two types; physical and chemical activation [162]. Physical 

activation includes carbonisation of the raw material in inert atmosphere followed by 

oxidation in presence of oxygen, steam or carbon dioxide [162, 163]. Chemical activation 

includes impregnation of the precursor in a suitable chemical agent followed by 

carbonisation at temperatures about 400- 900 oC [162].  

Chemical activation is considered to be more advantageous as compared to physical 

activation. This includes lower activation temperature, higher yield, large surface area and 

short activation time [162, 164]. The chemical agents commonly used are KOH, NaOH, 

ZnCl2, H3PO4 etc. Numerous studies are present in the literature where carbonaceous 

materials are activated using various activating agent. Among various chemical agents, 

KOH is readily available and has been in use since 1978 [165]. It is widely used as it can 

induce narrow micropores and small amount of mesopores to the precursor resulting in high 

surface area [164]. But the pore structure mostly depends on some of the activation 

parameters; such as mass ratio of KOH to carbon and activation temperature [165].  

Recently, animal bone char is being considered to be a novel low cost adsorbent. This novel 

adsorbent has proven its efficiency in removing heavy metals [131, 166], dyes [88, 89], 

fluoride   [65, 120] etc. from waste water. Research has been conducted to investigate the 

effect of activating agent on the pore volume, surface area and pore diameter. For example, 

Dawlet et al. prepared AC originating from sheep bones and chemically activated using 

ZnCl2 suitable for mercury adsorption from aqueous solutions. Rezaee et al. prepared 

activated carbon from cattle and sheep bones activating it using acetic acid for removal of 

formaldehyde from air. Lurtwitayapont and Srisatit prepared activated carbon from swine 

bone char using NaOH as the activating agent. In their study, they focussed on the removal 
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capacities of both bone char and activated carbon. They concluded that bone char had better 

adsorption efficiency. 

Till this date, there are many contributions towards the activation of these carbons and they 

reveal few possibilities of inducing a well-developed pore network in the carbonaceous 

materials. Though there are a number of research contributions towards the preparation of 

activated carbon with various chemical agents, using KOH is limited.  

In this present paper, raw cattle bone powder is utilised as the precursor for production of 

activated carbon and the effect of mass ratio to the texture and surface chemistry was 

investigated. 

6.2 Experimental 

6.2.1 Materials and Reagents 

Cattle bone powder and bone char was used from our previous experiments [161]. KOH 

(Potassium Hydroxide- Analytical grade) was obtained from Sigma- Aldrich and deionised 

water (18.2 MΩ) was sourced from the laboratory MilliQ water purification system. 

6.2.2 Precursor preparation  

The raw bone powder (RBP) was used as the precursor. This was impregnated with KOH 

solution with a presumed carbon to KOH ratio (dry weight) (1:1, 1:2, 2:1, char/KOH) and 

was allowed to stand for 12 h. The resultant mass was then filtered and dried in an oven 

overnight. This step was then followed by carbonisation in a vertical tubular furnace under 

limited supply of oxygen as shown in Figure 6.1. The sample with char/KOH ratio 1:1 was 

named as BC-1, 1:2 as BC-2, and 2:1 as BC-3 respectively. The temperature was set at 600 

oC with a holding time of 1 h. The samples were allowed to cool down to room temperature 

in a natural way and then washed thoroughly with hot distilled water so as to remove KOH 

from the carbon matrices. This obtained char sample was dried and stored in the desiccator 

for further analysis.  
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Figure 6.1: Vertical tubular furnace to carry out the pyrolysis process 

6.2.3 Characterisation of Activated carbon 

The textural parameters were evaluated using N2 adsorption at 77.3 K and relative pressures 

(P/P0) range of 0.05-1 using Micrometrics 3Flex 3.01 instrument. All the samples, prior to 

analyzing was outgassed under vacuum at 125 oC for 12 h. The Brunauer- Emmett- Teller 

(BET) surface area, average pore volume, pore diameter and t-plots were recorded from the 

adsorption data acquisition program. 

The functional groups were determined using Furrier Transform Infrared Spectrometry 

(FT-IR, Spectrum 100, PerkinElmer). The Infrared spectrum was measured in the range of 

380-4000 cm-1 with a resolution of 4 cm-1 and averaging over 4 scans. 

6.3  Results and Discussion 

6.3.1 Textural Characterisation 

The textural properties of the prepared activated bone chars were studied from N2 

adsorption isotherms using the method developed by Brunauer- Emmett Teller (BET) and 

t-plot analysis. From the adsorption data acquisition program, the surface area (SBET), 

average pore diameter (Dp), total pore volume (Vp), micropore area (Smic-area), exterior 

surface area (Sext) and the micropore volume (Vt-plot) were obtained. The results have been 

summarised in Table 6.1. From the results obtained, the specific surface area (SBET) 

increased with the KOH mass. The value of the total pore volume (Vp), is too low. This 

could be due to the penetration of metallic K into the carbon matrices, which possibly did 
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not get removed completely. Apart from this, the reaction process majorly depends on the 

activation parameters such as temperature, furnace and the KOH mass [162]. These 

parameters can be optimised to obtain high surface area and pore volume. 

In Figure 6.2, the BET plots with the linear fits are shown. For the sample having 

comparatively high micropore volume (BC-2), the linear region is restricted to smaller 

relative pressure range. 

Table 6.1: Surface Area and Pore volumes obtained from BET and t-plot method. 

 

 

Figure 6.2: Linear fitted BET- Surface area plots. 
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To distinguish between the external surface area and the micropores, the t-plot method is 

used [167]. The micropore volume was obtained from Harkins and Jura co-relation. 

The t-plot method is usually applied to analyse hierarchical porous materials and in our 

case we have raw bone powder and bone char samples which after heat treatment induces 

meso/macropores  in addition to some micropores [161]. The Multi-layer formation is 

modelled mathematically to calculate a layer “thickness, t” as a function of pressure [167].  

The resulting t-curve is compared with the experimental isotherm in the form of a t-plot.  

That is, experimental volume adsorbed is plotted versus statistical thickness for each 

experimental P/P0 value. If the t-plot has a linear fit, adsorption is taking place for that 

particular pressure range and if the sample is microporous, the linear fit does not pass 

through the origin and the intercept is taken as the microporous volume [167] as shown in 

Figure 6.3.  

 

 

Figure 6.3: t-plot of N2 adsorbed on BC-1, BC-2 and BC-3 using Harkins and Jura 

reference isotherm. 

6.3.2 Surface Chemistry 

The FTIR spectrum of the raw bone powder and bone char samples pyrolysed with different 

char: KOH (dry weight) ratio was obtained. The bands were of typical hydroxyapatite as 

shown in Figure 6.4. This is the main component of the bone char. 
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The broad band observed at 3142.09 cm-1 is due to the presence of surface water molecules 

[117] whereas the wavenumber 1645.91cm-1 has been assigned to physically adsorbed 

water molecules [117, 118]. This peak disappears when the raw bone powder is subjected 

to the heat treatment at 600 oC. The C-O stretching vibrations at 1453.59 cm-1 has been 

assigned to CO3
2- group, which becomes strong and intense indicating that CO3

2- is present 

until 600 oC. This band originates due to the carbonate substitution in the crystal lattice 

[119]. The C=O and C=C bands corresponding to the organic matrix of the bone mineral 

were assigned to the wavenumber 1742.14 and 1645.91 cm-1 [120]. The peaks at 2923.02 

and 2853.02 cm-1 has been assigned to C-H vibrations. All these peaks disappear at higher 

temperature, indicating its removal from the bone material. The band at 1017.01 cm-1 has 

been assigned to the P-O stretching vibration of PO4
3- group. The band at 563.67 cm-1 

corresponds to PO4
3- bending vibrations. The band at 873.03 cm-1 has been assigned to 

CO3
2- which is evident in all the samples prepared [119] and is more intense in BC-2. This 

band again originates due to the ionic substitution.  

 

Figure 6.4: FT-IR of raw bone powder (RBP) and activated bone chars BC-1, BC-2 and 

BC-3. 
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6.4 Summary 

In conclusion, activated bone char was prepared using chemical activation method using 

KOH as the activating agent. Impregnation with KOH, induced the formation of micropores 

along with mesopores and macropores. The texture and the surface chemistry was analysed 

with respect to the impregnation ratio of char to KOH. BC-2 which was prepared with 1:2 

ratio of char: KOH had the highest BET surface area along with the micropore volume. 

Also, the average pore volume was higher as compared to RBP, BC-1 and BC-3. Therefore, 

from this study it can be inferred that the chemical activation of cattle bone powder using 

KOH can induce the formation of micropores in the bone char increasing the surface area 

and pore volume. 
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Sheep and cattle account for over 80% of New Zealand’s grassland use.  The intensification 

of the pastures and grasslands use has been increased day by day in order to increase the 

productivity and the export market. Agriculture is the greatest consumer of water and so 

are the raising concerns of intensive dairy farming activities. In New Zealand, the dairy 

farm effluents are usually treated using two pond systems and then discharged into water 

ways. We suggest that before the discharge of this final effluent, using bone char for 

adsorption can be an effective way of retaining cations and anions.  

Bone char from animal bones has been prepared and tested for its adsorption efficiency. 

17β-estradiol has been used as the target compound; and the adsorption of E2 from aqueous 

solutions was studied by the HPLC analysis.  

The operating parameters including temperature, holding time and pyrolysing atmosphere 

plays a very important role in the preparation of bone char with high surface area and large 

pore volume. At higher temperatures, the porous structure gets fused giving rise to lager 

pores and decreasing the surface area. The bone char pyrolysed at 400 oC with a residence 

time of 2 h, exhibited a promising physical and chemical characteristic which can be used 

as a very good alternative of new low- cost adsorbent. Optimising the operating parameters 

appeared to be a major challenge. These properties, also depend on the type of furnace and 

operating atmosphere being used. In our experiments, we have used rectangular and tubular 

furnace which were in nitrogen atmosphere and oxygen depleted conditions.  Therefore, 

we suggest that caution should be taken when deciding on the bone char pyrolysis.  

In the present study, the adsorption of E2 was affected by the concentration of adsorbent. 

Increasing the dosage, eventually, increased the E2 removal from water. Although the 

effect of surface functionality is complicated, but the overall impact of these functional 

groups determines the point of zero charge (pHzpc) or neutral charge on its surface. The 

point of zero charge for the bone char was measured to be about 5.9. The positive charge 

on the adsorbent surface may enhance the removal of E2. In this study, therefore, it was 

decided to work at pH below the pHpzc value and hence the adsorption studies were 

conducted at pH = 5. The pH of the solution is an important factor when conducting the 

adsorption process. Hence, we suggest that the pH value be adjusted depending on the target 

pollutants. In our study, the experimental results indicated that about 95.3% of E2 was 

removed from water with a maximum adsorption capacity of 10.12 mg g-1. Our studies 

showed that the 17β-estradiol molecules bonded to the phosphate groups present on the 
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surface of the bone char. In addition to this, at low concentration the bone char followed 

pseudo second order kinetics and at higher concentration it followed intra particle diffusion 

model, suggesting that the adsorption mechanism on bone char is a complex process. 

Solvent washing method using ethanol/ water (1/1; v/v) was effective in desorbing E2 from 

saturated bone char; and the regenerated bone char was efficiently reused up to three cycles. 

The comparative sorption studies on the other adsorbents (raw bone powder and 

commercial hydroxyapatite) indicated a certain degree of adsorption to 17β-estradiol 

solutes. 

The microstructure of the hydroxyapatite crystals before and after the thermal treatment 

has been studied in detail using transmission electron microscopy. The heat treatment 

influences the crystallinity and growth of hydroxyapatite nano-crystals.  The poorly 

crystalline hydroxyapatite shows better crystallinity and larger crystal size after annealing 

at elevated temperatures. Increasing the temperature had a considerable effect on the colour 

and carbon content of the bone char. 

As an extended part, study was carried out to prepare activated carbon using the raw bone 

powder from waste cattle bones which was impregnated in the KOH solution. The bone 

char prepared with char: KOH ratio 1:2 had a comparatively higher surface area along with 

the pore diameter (Dp) and pore volume (Vp). The surface chemistry and the textural 

properties were studied for the activated bone chars prepared. From this study, it is inferred 

that the chemical activation of cattle bone powder using KOH can induce the formation of 

micropores in the bone char. This eventually increases the surface area and pore volume. 

Here, we would like to recommend that the surface area and pore volume could be enhanced 

using certain kind of acids or bases. In addition to this, the impregnation ratio and the 

operating temperature is vital when considering the chemical activation of the bone char. 

It can also be physically activated using inert atmosphere or steam. 

The methodology used in this study may be extended for removal of other steroid estrogens, 

pharmaceuticals and other phenolic compounds which could be a subject of further studies.  
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