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Abstract

Elevated levels of naturally occurring fluoride affect the drinking water of approximately 200
million people worldwide in the Eastern Rift Valley of Africa, India, China and parts of North and
South America. Intake of fluoride above the World Health Organization (WHO) guideline value
of 1.5 mg/L causes dental and skeletal fluorosis. Dental fluorosis results in the darkening and
mottling of teeth while skeletal fluorosis leads to joint stiffness, bone deformation and limited
mobility. Two widely used fluoride removal adsorbents — activated alumina and bone char — suffer
from limitations including low fluoride adsorption capacity, high cost and physical and chemical
instability at extreme pH values. Moreover, bone char can impart an unpleasant color and taste to

treated water and is considered culturally unacceptable in parts of south-Asia.

In recent years, porous clay ceramics have become popular for point-of-use water filtration to
remove solids and filter out or inactivate bacteria and viruses. However, their fluoride removal
capacity is low. Therefore, this research focused on developing porous ceramics from
hydroxyapatite, a material with known affinity for fluoride. Porous ceramics were made by mixing
hydroxyapatite powders with different types of starches and firing the mixture in a kiln at 1200 °C
which left behind a well-connected porous ceramic structure. The maximum fluoride adsorption
capacities of these ceramics, determined by fitting isotherm data to Langmuir parameters, ranged
from 6 to 18 mg/g, depending on the volume ratio of hydroxyapatite and starches as well as their
size.

The ceramic made with 50% hydroxyapatite and 25% each of insoluble rice starch and soluble
starch (by volume) had the best adsorption performance. Using finer hydroxyapatite (dso of 100

pum) had 50% higher fluoride adsorption than larger hydroxyapatite particles (dso of 240 pum).
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Scanning electron micrographs showed that the pore sizes of these ceramics ranged from 0.11 —

2.6 umand 0.11 — 6.9 um, respectively.

The best performing ceramic, with a maximum adsorption capacity of 18 mg/g, was regenerated
with 1 M NaOH, while retaining 70% of its original adsorption capacity for up to four adsorption
cycles. Further, it had good selectivity for fluoride and, of several compounds evaluated, only

chloride competed for adsorbent sites at concentrations commonly found in groundwater.

The kinetic performance of these adsorbents was tested through batch kinetic tests and continuous-
flow columns studies. Equilibrium fluoride concentration and time to reach equilibrium were
found to be independent of adsorbent size, suggesting that the effective intraparticle diffusivity is
independent of adsorbent size. Continuous-flow columns studies revealed that the breakthrough
curves, plotting the effluent fluoride concentration versus number of bed volumes treated, were
dependent on flow rate. As flow rate was increased, the number of bed volumes treated to
breakthrough (when Cefs = 1.5 mg/L) decreased. Interrupting the column flow led to a decrease in
effluent concentration suggesting that the column was run under non-equilibrium conditions and
that mass transport was limited by intraparticle diffusion, i.e., diffusion of fluoride ions into the

pores and along the surface of the pores inside the ceramic.

The Rapid Small-Scale Columns Tests (RSSCT) approach was also applied and validated for this
adsorbent. The RSSCT approach is used to design small-scale columns that can be tested in the
lab in a fraction of the time and consume much less resources compared to a pilot study. If done
correctly, the breakthrough curves of these columns should accurately predict the performance of

larger and full-scale columns. Smaller column designed under the assumption of constant effective
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diffusivity was found to be a good predictor of the breakthrough curve of a larger column,

confirming the validity of the RSSCT approach.

On a bed volume basis, the ceramic performed six to seven times better than activated alumina and
bone char. The cost of manufacturing this media was found to be approximately $1.6 per kg,
estimated from bulk raw material costs and electricity consumption, which is comparable to the
cost of commercially available activated alumina, demonstrating that this media has the potential

to be very cost-effective.

Overall, this research adds to the body of knowledge on the use of porous hydroxyapatite ceramic
adsorbents for water treatment. Smaller size of starting powders resulted in smaller pores and
higher internal surface area, which led to higher adsorption capacity. The ceramic showed strong
affinity for fluoride and chloride, with no interference from nitrate, sulfate, bicarbonate and
phosphate and, retained 70% of its adsorption capacity for up to four adsorption cycles when
regenerated with 1 M NaOH. Intraparticle diffusion-limited adsorption in continuous-flow
columns was scaled up using the Rapid Small-Scale Column Test (RSSCT) approach, establishing
the applicability of this ceramic in community-level treatment systems. Preliminary cost analyses
showed that this media has the potential to be technically and economically competitive with
commonly used activated alumina and should be further developed and evaluated for full scale

implementation.
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Chapter 1 Introduction

Fluoride in drinking water

The Sustainable Development Goals (SDGs) aim to achieve universal access to safe and affordable
drinking water by 2030 and improve water quality by reducing pollution and eliminating untreated,
hazardous waste from being released into the environment (United Nations, 2015). Although 2.6
billion people have gained access to improved drinking water sources in the past two decades, an
estimated 663 million still live without access to safe drinking water, predominantly in rural areas
(United Nations 2016, 2017). Most water-related diseases arise from microbial contamination;
however, a significant number of health issues occur as a result of chemical contamination of
drinking water (WHO, 2017). Of these, fluoride poses a considerable risk because the contribution
of drinking water to overall fluoride intake is considered important in preventing adverse health

effects (WHO, 2017).

Nearly 200 million people worldwide are exposed to elevated levels of naturally occurring
(geogenic) fluoride in their drinking water (Fewtrell et al., 2006). High fluoride concentrations are
found in regions with volcanic activity and in areas where groundwater comes in contact with
igneous rocks such as granite and basalt that are rich in fluoride minerals (Amini et al., 2008).
Regions affected by geogenic fluoride include parts of China, India, the Rift VValley of East Africa,
South Africa, Mexico and the southwest United States (Meenakshi and Maheshwari, 2006; Amini
et al., 2008; Brindha et al., 2010; Odiyo and Makungo, 2012). Fluoride has a strong affinity for
the inorganic component of bones and teeth — hydroxyapatite, a calcium phosphate salt with very
low solubility (Ksp at 25°C = 10°1168) (McCann, 1953; Dorozhkin, 2007). Adults retain 36% of

ingested fluoride while children can retain up to 50% (Buzalaf and Whitford, 2011). Drinking-



water is a major contributor to overall fluoride intake. While at low concentrations, fluoride helps
to strengthen tooth enamel and prevent caries, at high concentrations it is known to cause dental
and skeletal fluorosis (Fawell et al., 2006). Dental fluorosis results in the darkening and mottling
of teeth, which can cause problems resulting from social stigma such as reduced employability and
eligibility for marriage (Narayana et al., 2004). Skeletal fluorosis symptoms include joint stiffness,
bone deformation and limited mobility (Kaseva, 2006; Meenakshi and Maheshwari, 2006). This
can impair the livelihood of those employed in manual labor and farm work. The World Health
Organization recommends 1.5 mg/L of fluoride in drinking water below which the risk of fluorosis

is minimal (WHO, 2011).

Fluoride removal technologies

Fluoride water treatment technologies that have been tested and optimized for field application
include activated alumina (Ghorai and Pant, 2005; Brunson and Sabatini, 2014), bone char
(Brunson and Sabatini, 2009; Medellin-Castillo et al., 2016; Shahid et al., 2019),
electrocoagulation (Gwala et al., 2011), Nalgonda technique (Dahi, 2016; Fawell et al., 2006;
Meenakshi and Maheshwari, 2006) and membrane processes (Mohapatra et al., 2009; Sehn, 2008;
Shen et al., 2015). Activated alumina and bone char are adsorbent media that can be packed in a
column through which fluoride-rich water flows. Electrocoagulation and the Nalgonda technique,
both developed in India, involve precipitating fluoride with dissolved aluminum ions. The
dissolved aluminum is introduced via aluminum electrode plates in the electrocoagulation method
(Gwala et al., 2011), with aluminum dissolving when electric current is applied to the plates. In
the Nalgonda technique, alumina and lime are added to fluoride-rich groundwater under constant

stirring (Nawlakhe and Paramasivam, 1993). In both electrocoagulation and Nalgonda



technologies, aluminum forms a complex with fluoride to form a fluoride-rich precipitate (floc)
which must be periodically removed and disposed of. Membrane processes such as reverse
osmosis (Ndiaye et al., 2005, Hu et al., 2006) and electrodialysis (Sahli et al., 2007) require skilled
operators and significant financial inputs that make them cost-prohibitive in low-income settings

(Ayoob et al., 2008).

Activated alumina (y-Al203) is an extensively studied commercially available fluoride removal
material. Hydrous aluminum oxides found in bauxite are ‘activated’ by heating between 600 and
750°C in the presence of oxygen (a process called calcination). The loss of water molecules at
these temperatures creates a porous material with surface areas up to 350 m?/g (Choi and Chen,
1976; Hao and Huang, 1986). The fluoride adsorption capacity of activated alumina varies
depending on the adsorption pH and method of activation (Dahi, 2000; Leyva-Ramos et al., 2008).
Bhatnagar et al. (2011) and Ku and Chiou (2002) found that the optimum pH range for fluoride
removal is between 6 and 7.5. Below a pH of 6, soluble alumino-fluoro complexes dominate, while
at more alkaline pH, hydroxide and bicarbonate ions compete with fluoride for surface sites (Hao
and Huang, 1986). While the maximum adsorption capacity under laboratory conditions was 16
mg/g at a pH of 6.0 (Ku and Chiou, 2002), field studies have reported adsorption capacities as low
as 1 mg/g because of incomplete activation of aluminum oxides (COWI, 1998). The solubility of
alumina under acidic conditions puts further constraints on its applicability as a fluoride adsorbent.
Studies have reported aluminum leaching at or below a pH of 6 because of formation of soluble
aluminum species (Al Zubaidy et al., 2011). This can pose a real health hazard because aluminum
and its complexes have been reported to increase the risk of Alzheimer’s and cognitive decline

(Davison et al., 1982, Rondeau et al. 2008).



Bone char is also commonly used to remove fluoride from drinking water in low-income settings.
Animal or fish bones are heated in a low-oxygen or anoxic environment up to 700°C (Mlilo et al.,
2009). This drives off volatile organics, leaving behind a porous ‘activated’ material consisting of
hydroxyapatite (60 - 80%), calcium carbonate (6 -10%) and carbon (7 - 10%) (Wilson et al., 2003).
This process, known as thermal activation of bone, can produce chars with a high surface area of
100 — 150 m?/g (Medellin-Castillo et al., 2007; Brunson and Sabatini, 2009). The chemical
composition of bone char coupled with its high surface area make it an attractive option for
adsorption of fluoride and heavy metal ions such as arsenic and lead (Fawell, 2006). Since the
starting material can be procured from waste animal bones, it’s also cost-effective in developing
countries. Medellin-Castillo et al. (2007) and Levya-Ramos et al. (2010) reported a maximum
fluoride adsorption capacity of 12 mg/g at a pH of 3, but it was reduced by half at a pH of 7. The
pH dependence of the fluoride adsorption capacity of bone char indicates that electrostatic
attraction between the surface of bone char and fluoride ions is the dominant mechanism of
fluoride removal. Studies have reported a pHpzc of 8.4 (Brunson and Sabatini, 2009). Below this
pH, the hydroxyl groups of the hydroxyapatite are protonated, and fluoride ions can adsorb to the
positively charged surface. The surface charge density increases as the pH is lowered below the
PHpzc, resulting in increased fluoride adsorption (Medellin-Castillo et al., 2007). Above the pHpzc,
the surface is net negatively charged and fluoride adsorption is negligible. This poses a potential
problem for the applicability of bone char since fluoride-rich groundwaters with pH as high as 9.3

to 9.5 have been reported in Kenya and India (Coetsiers et al., 2008, Salve et al., 2008).

Additional limitations on the use of bone char arise from user acceptability. Dahi and Bregnhgj
(1997) found that charring conditions were critical to the quality of water treated by bone char. In

rural settings, charring is done in kilns, where control of oxygen poses a challenge. Improper
4



charring that doesn’t eliminate volatile organics can lead to an unpleasant taste, smell and color in
the treated water (Jacobsen and Dahi, 1998). In certain parts of the world, use of animal-based
products to treat water is against cultural beliefs. For example, bone chars that are derived from

cows or pigs would be unacceptable in south-Asian communities.

Low-cost adsorbent materials that are easy to fabricate, are stable at a range of pH values, show a
high affinity towards fluoride and are not derived from animal products can be used to address
these challenges. While fine, powdered adsorbents can disperse in water resulting in clogging and
an eventual increase in head loss, granular adsorbents, such as porous ceramics, offer the advantage

of better hydraulic performance in flow-through columns (Chen et al., 2010).

Viability of ceramics for water treatment

Porous ceramic filters have become a viable water treatment option in developing countries in
recent years. They are made by mixing an inorganic material, usually clay, with an organic pore-
forming agent such as saw dust, with compaction and firing at temperatures above 1000 °C
(Lantagne, 2001). The organic materials burn off while the clay particles sinter to form a porous
ceramic body (the coalescence of grains when heated to just below their melting point is referred
to as sintering). Macro porous ceramics (with average pore size larger than 50 nm) have been used
to filter and to remove suspended solids and bacterial pathogens (Lantagne, 2001; Oyanedel-
Craver and Smith, 2008) or as ceramic tablets for the release of microbicidal ions (Ehdaie et al.,
2014). Yang et al. (2005, 2007) fabricated silver-doped hydroxyapatite ceramics for removal of
microorganisms but little research has been done to explore the potential of ceramics for fluoride
removal. Clay-based ceramics have low fluoride adsorption (Hendrickson and Vik, 1984; Moges

et al., 1996) due to low surface area and low affinity of fluoride toward clay. Chen et al. (2010,
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2014) evaluated the fluoride removal capacity of granular ceramics made by combining clay and
starch with ferric and aluminum salts and reported 90% fluoride removal with an initial
concentration of 20 mg/L. However, a systematic study is yet to be done to test the fluoride
adsorption capacity of ceramics made from materials with an intrinsic affinity for fluoride or to
test the effect of properties such as pore size, total pore volume (or porosity), type of pore forming
agent, grain size of raw materials, compaction pressure or sintering temperature on adsorbent

performance.

For ceramics to be effective as fluoride adsorbents, materials with high specific surface areas and
high adsorption affinities for fluoride are needed. These ceramics should have enough strength to
withstand handling and operation and should be easy to synthesize and regenerate in order to

minimize cost of manufacture and disposal.

Hydroxyapatite and its affinity for fluoride

As previously mentioned, hydroxyapatite is a non-toxic, low-solubility calcium phosphate mineral
found in animal bones and teeth (Chao and Poon 1987; McCann, 1953; Dorozhkin, 2007). It is the
most stable form of calcium phosphate above a pH of 4.8 (Somasundaran et al., 1985). Its
suitability as a ceramic adsorbent is reinforced by the fact that it does not undergo phase change
up to 1250°C beyond which it is converted to tricalcium phosphate (Sato et al., 1979; Chen et al.,

1989).

Hydroxyapatite is a versatile adsorbent, capable of removing chemical contaminants and
microorganisms from aqueous systems by surface sorption or ion exchange. It can remove heavy
metals (Jang et al., 2008; Piccirillo et al., 2013; Zendehdel et al., 2016), fluoride (Huang and L.iu,

1999; Hammari et al., 2004), arsenic (Mirhosseini et al., 2014) and pathogenic bacteria (Berry and
6



Siragusa, 1997) from water. Zhang et al. (2012) reported a fluoride adsorption capacity of 40 mg/g
at a pH of 3.0 which decreased to 20 mg/g above a pH 6.0. Lin et al (1981) and Sundaram et al.
(2008) similarly reported a decrease in adsorption with increase in pH. This is explained by the
net surface charge and electrostatic interactions between fluoride and hydroxyapatite, as discussed
above. Hydroxyapatite has a point of zero charge (pHpzc) between 7.8 and 8.5 (Bell et al., 1973;
Sundaram et al., 2008). This refers to the pH at which the net surface charge of a solid is zero.
Under acidic conditions, strong electrostatic attraction exists between fluoride ions and the
positively charged hydroxyapatite surface, resulting in high fluoride uptake. Studies also suggest
dissolution of calcium ions from the apatite lattice below a pH of 4 and the resulting precipitation
of CaF, (Ramsay et al., 1973). As the solution pH approaches the pHpz., the surface of
hydroxyapatite becomes less positive and the attractive forces between the surface and fluoride

ions weaken. Hydroxide and bicarbonate ions also compete with fluoride for surface sites.

The mechanism of uptake of fluoride can be a combination of non-specific physical adsorption,
resulting from electrostatic attraction, ion exchange between fluoride and hydroxide ions to form
fluorapatite and the formation of calcium fluorite (CaF.). The contribution of each mechanism
depends on experimental conditions. Spinelli et al. (1971) studied the impact of pH, concentration
and reaction time on the uptake of fluoride by hydroxyapatite and found that non-specific
adsorption was the predominant mechanism at neutral pH but decreased as the pH was reduced
below 5. Exchange of fluoride and hydroxide ions at the crystal surface occurred with long-term
application of fluoride at acidic pH, leading to the formation of fluorapatite. Hydroxide and
fluoride ions can readily exchange in solution because they have the same charge and similar ionic

radii (1.40 and 1.36 A, respectively) (Lin et al., 1981). Finally, CaF- precipitation occurs at fluoride



concentrations in a narrow range (between 500 and 1000 mg/L) and at very low pH (Spinelli et

al., 1971).

While hydroxyapatite ceramics are widely used as biomedical implants, their potential applications
for water treatment have not been explored. Yang et al. (2005, 2007) fabricated silver-doped
hydroxyapatite ceramics with starch as pore-former and reported more than 99.9% removal of E.
coli and 50% removal of Reovirus Type 3 cells. Yakub and Soboyejo (2013) developed a clay-
hydroxyapatite composite ceramic for the simultaneous removal of fluoride and microorganisms.
While the binding action of clay improved the strength of hydroxyapatite, the fluoride removal

capacity of these composite ceramics decreased with increasing clay content.

The goal of this dissertation is to contribute to the existing knowledge on ceramics for water
treatment by developing porous hydroxyapatite ceramics and testing their viability as a low-cost
fluoride treatment option for emerging regions, where people depend on fluoride-impacted

groundwater for drinking and for sustenance. Specifically, this research seeks to:

1) Synthesize porous hydroxyapatite ceramics using different types of insoluble and soluble

starches and test their fluoride removal capacity (Chapter 2)

2) Study the impact of hydroxyapatite particle size on the pore morphology, surface area and
fluoride adsorption capacity of these ceramics and test their regeneration potential and selectivity

for fluoride (Chapter 3)

3) Evaluate the kinetic performance of these ceramics in batch kinetic and continuous-flow
columns and test the Rapid Small-Scale Column Tests (RSSCT) approach for these adsorbents

(Chapter 4)



Overview of chapters

Chapter 2 discusses the first objective of this research which was to develop porous hydroxyapatite
ceramics with enough strength to withstand operation and handling while achieving desirable
levels of fluoride uptake. Porous ceramic beads approximately 5 mm in diameter were made using
hydroxyapatite powder (dso 240 um) along with different types of insoluble starches and soluble
starch as pore-forming agents. The effect of varying the volume ratios of each component
(hydroxyapatite and pore forming agents), the type of pore forming agent and ceramic fabrication
conditions such as temperature and compaction pressure on fluoride adsorption was tested through
batch adsorption studies. Results from the batch adsorption studies were fitted to the Langmuir
isotherm and the maximum adsorption capacities ranged from 7 to 12 mg/g depending on the
volume ratio of each component. The ceramic with 50% hydroxyapatite and 25% each of insoluble
rice starch and soluble starch exhibited the best fluoride removal (12 mg/g). The fluoride
adsorption directly correlated to open porosity (proportion of pores connected to the surface and

therefore, accessible to fluoride ions).

In chapter 3, the goal of the second phase of this research was to improve upon the fluoride
adsorption capacity of the ceramics by decreasing their pore size. It was hypothesized that smaller
pores would improve fluoride adsorption by increasing the surface area of the ceramic. Since it
has been reported in literature that pore size can be controlled by changing the particle size of the
starting materials, finer hydroxyapatite particles (dso of 100 um as opposed to 240 pum) were used
to make the ceramics. Some practical aspects of the adsorbent performance, such as their
regeneration potential and selectivity for fluoride, were also assessed. NaOH solutions were used

as regenerating solutions and the ceramics were subjected to repeated adsorption and desorption



cycles. Finally, the ceramic’s selectivity for fluoride was examined by adding different
concentrations of anions commonly found in groundwater and studying the change in fluoride
removal. Finer hydroxyapatite grains showed a 50% improvement in maximum fluoride
adsorption capacity. As hypothesized, the maximum pore diameter decreased from 6.9 to 2.6 um
and the maximum fluoride adsorption capacity increased from 12 mg/g to 18 mg/g. The ceramic
showed high selectivity for fluoride relative to anions commonly found in groundwater and natural
organic matter (NOM) and could be regenerated for up to five adsorption cycles using 0.05 M and

0.1 M sodium hydroxide.

Chapter 4 focused on studying the kinetics of fluoride adsorption with these ceramics. Kinetic
studies were conducted using batch adsorption tests as well as continuous-flow column studies.
Columns were operated at different flow rates to assess the impact of residence time on fluoride
adsorption. Mass balances were conducted to determine the fluoride loading in each case. The
mass loading at the point of exhaustion (Ceft = 0.85 Co) increased with decrease in empty bed
contact time (EBCT) while the mass loading at breakthrough (Ces = 1.5 mg/L) showed the opposite
trend. Interrupting the column flow led to a temporary decrease in the effluent fluoride
concentration illustrating that these columns were under non-equilibrium conditions. This suggests
that intraparticle diffusion plays a role in the kinetics of fluoride uptake. The Rapid Small-Scale
Column Tests (RSSCT) approach was also tested and validated for these materials. This approach
uses dimensionless equations to scale down from pilot-scale columns to small-scale columns that
can be tested in the lab in a fraction of the time. Two small columns were designed using the
constant diffusivity (CD) and proportional diffusivity (PD) RSSCT approaches, respectively. The
CD approach was a better fit for these ceramics as there was more overlap between the

breakthrough curves of the large column and the CD RSSCT column.
10



Chapter 5 discusses the main findings of this body of work on developing porous hydroxyapatite

ceramic adsorbents and suggests potential for future research.
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Chapter 2 Macroporous hydroxyapatite ceramic beads for fluoride removal
from drinking water?

Abstract

This study evaluates the capacity of hydroxyapatite ceramics to remove fluoride from drinking
water. Porous hydroxyapatite ceramic beads approximately five mm in diameter were fabricated
using soluble potato starch as well as insoluble rice starch, wheat starch, corn starch, and cellulose
as pore-forming agents. Calcination of hydroxyapatite particles, followed by mixing with starches
and water, compaction, and sintering at 1200 °C resulted in formation of macroporous ceramic
beads with maximum fluoride adsorption capacities ranging from 7 to 12 mg/g, depending on the
relative proportions of different pore-forming agents. Increasing the insoluble starch content from
0 to 25% by volume in ceramics with 50% by volume hydroxyapatite led to a marked improvement
in fluoride adsorption by creating interconnected macropores, as evidenced by scanning electron
microscopy (SEM). Calcination of hydroxyapatite powder at or above 400 °C prior to ceramic
preparation was required to obtain a ceramic material with sufficient structural integrity to

withstand operation and handling after sintering.

! Nijhawan, A., Butler, E. C., & Sabatini, D. A. (2017). Macroporous hydroxyapatite ceramic beads for fluoride
removal from drinking water. Journal of Chemical Technology & Biotechnology, 92(8), 1868-1875.
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Introduction

Naturally occurring elevated fluoride is estimated to affect the drinking water of up to 200 million
people worldwide; regions impacted include South Africa, the Rift Valley of East Africa, China,
India, and parts of the southwestern United States (Fewtrell et al., 2006; Meenakshi and
Maheshwari, 2006; Amini et al., 2008; Brindha et al., 2010; Odiyo and Makungo, 2012). At low
concentrations, fluoride helps prevent dental caries and strengthens tooth enamel, but at higher
concentrations it can cause dental and skeletal fluorosis (Fawell et al., 2006). Dental fluorosis
results in darkening or mottling of teeth, which can cause problems due to social stigma and
reduced employability. Skeletal fluorosis can cause bones to become deformed or stiff, limiting
mobility and/or causing pain (Kaseva, 2006; Meenakshi and Maheshwari, 2006), thus impairing
the livelihood of those who depend on manual activities, including subsistence farming. For these
reasons, the World Health Organization (WHO) recommends a fluoride concentration below 1.5

ppm in drinking water (WHO, 2011).

In recent years, ceramics have gained popularity as a viable water treatment option in developing
countries. Clay ceramics, while effective for removal of microorganisms, have shown limited
fluoride adsorption (Hendrickson and Vik, 1984; Moges et al., 1996) due to low specific surface
area and low affinity for fluoride. Yakub and Soboyejo (2013) developed a clay-hydroxyapatite
composite ceramic that can simultaneously remove fluoride and microbial pathogens. While the
binding action of clay improved the strength of hydroxyapatite, the fluoride removal capacity of
these composite ceramics decreased with increasing clay content. This highlights the need for
ceramic materials with a high intrinsic affinity for fluoride. These ceramics should also have

sufficient strength to withstand handling and operation and should be easy to synthesize and
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regenerate in order to minimize cost of manufacture and disposal. A porous, granular adsorbent
such as a ceramic also has the advantage of better hydraulic performance as a flow-through
material during field operation. Fine powders can disperse in water resulting in clogging (Chen et
al., 2010) and an eventual increase in head loss across a column. A porous ceramic bead adsorbent

can potentially overcome these challenges.

The natural affinity of hydroxyapatite for fluoride is well documented (McCann, 1953; Spinelli et
al., 1971; Lin et al., 1981; Huang and Liu, 1999; Hammari et al. 2004; Sundaram et al., 2008;
Jiminéz-Ryes and Solache-Rios, 2010; Bhatnagar et al., 2011) and porous hydroxyapatite ceramics
have been prepared using different pore-forming agents. Tang et al. (2008) formed macroporous
ceramic disks by compacting and firing hydroxyapatite powders mixed with polystyrene
microspheres and found pores between 1 and 12 um. Komlev et al. (2001) synthesized porous
ceramic granules using a biopolymer as sacrificial template and reported pore sizes ranging from
4 nm to 14 um. The starch consolidation method, using starch as the pore-forming agent, is a
common technique to produce porous ceramics (Lyckfeldt et al., 2001). In addition to their gelling
property, starches are inexpensive, non-toxic and available in both high-income and low-income
countries. Slosarczyk et al. (1999) and Yang et al. (2005, 2007) fabricated macro-porous ceramics
using water-soluble and insoluble starches. Water-soluble starches precipitated on hydroxyapatite
particles before sintering, leaving small pores on the order of one to several micrometers, while
insoluble starches optimized permeability by creating linkages between these small pores (Yang
et al., 2005). Bhattacharjee et al. (2007) reported the use of soluble starch both as a thickener and

a pore-forming agent.
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Ceramics are made by compacting loose granular material or powders into desired shapes and then
heating them to temperatures just below their melting point (Reed 1995) by a process called
sintering (IUPAC, 2006). Under the influence of heat, atoms on the surface begin to diffuse
towards the point of contact between two adjacent grains to minimize the surface curvature and
surface energy (Herring, 1951; Zhang and Gladwell, 1998). This leads to neck formation between
the two grains. As this process continues, a grain boundary develops and diffusion of atoms normal
to this boundary results in densification (Ashby 1974; Zhang and Gladwell, 1998). The properties
of sintered ceramics are influenced by the characteristics of the starting powders, including grain
size, morphology and presence of impurities (Pask, 1979). Heating grains in the presence of air,
or calcination (IUPAC 2006), prior to sintering is an important step in controlling these properties.
Exter et al. (1994) and Wang et al. (2011) reported an increase in grain size during calcination. The
larger grain sizes resulting from calcination lowered the driving force for surface diffusion but
promoted grain boundary diffusion and densification (Landi et al., 2000), resulting in an increase
in the density (Exter et al., 1994) and strength of the resulting ceramics (Juang and Hon, 1996).
For example, Scalera et al. (2013) found that the compressive strength of porous hydroxyapatite

scaffolds improved when calcination temperature was increased from 600 °C to 900 °C.

Although hydroxyapatite ceramics are widely used as biomedical implants, their potential
application in water treatment has not been studied extensively. Yang et al. (2007) developed
silver-doped hydroxyapatite ceramics for bacterial and viral filtration, while Yakub and Soboyejo
(2013) evaluated the fluoride removal capacity of clay-hydroxyapatite composite ceramics.
However, the fluoride adsorption capacity of pure hydroxyapatite ceramics prepared using starch
as organic binder and pore forming agent has not been tested before. Specifically, the optimum

ratio of hydroxyapatite to pore forming agent(s) and the effect of sintering and densification on
21



the capacity of hydroxyapatite for fluoride adsorption is unknown. Thus, the objectives of this
research were to fabricate porous hydroxyapatite ceramics using different types of starches and
cellulose as pore forming agents, and to test their fluoride adsorption capacity. Further, the effect
of varying parameters such as percent volume of pore-forming agents, calcination temperature of

hydroxyapatite, and type of pore-forming agent, was studied.
Materials and Methods
Synthesis of hydroxyapatite

Hydroxyapatite was synthesized by the wet precipitation method (Verwilghen et al., 2007). One
liter of 0.3 M ammonium phosphate solution at pH 10.3 was slowly added to 1 L of 0.5 M solution
of calcium nitrate at pH 10.7, while stirring at 300 rpm at 40 °C. A 5 M solution of ammonium
hydroxide was used to raise the pH of the individual solutions before mixing. All chemicals were
purchased from Sigma-Aldrich Corporation, USA. After preparation, the mixture was allowed to
age for 60 hours at 40 °C and then washed with deionized water to remove ammonium salts.
Finally, the resulting solids were air-dried at room temperature. The literature reports a specific
surface area (SSA) value of 140 m?/g for hydroxyapatite prepared using this method (Verwilghen
et al., 2007). The synthesized hydroxyapatite was sieved and the particle fraction between 40 to
80 mesh (0.420 mm to 0.177 mm) was retained and calcined at 250, 400, 500, 600, 750, or 900 °C

for 6 hours.
Preparation of ceramics

In order to create a porous ceramic material, the calcined hydroxyapatite powder was mixed with
soluble starch (hydrolyzed potato starch) and either insoluble starch or cellulose (all purchased

from Sigma-Aldrich Corporation, USA) in different ratios. Cellulose and three different types of
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insoluble starch — rice, corn and wheat — were used because they varied in size (from 2 to 50 pum)
and shape (Figure S2.1). These pore forming agents were also selected for their low ash content
(< 0.6%) (Product Specification sheet, sigmaaldrich.com) and ready availability in low-income

countries.

Ceramic materials were named according to the following rule: volume of hydroxyapatite —
percent volume of insoluble starch or cellulose — percent volume of soluble starch. For example,
“50-15-35” refers to a ceramic made with 50% by volume hydroxyapatite, 15% by volume
insoluble starch, and 35% by volume soluble starch. All ceramics were made using rice starch as
the insoluble component, except where otherwise noted. Furthermore, all results shown are for
hydroxyapatite calcined at 500 °C, unless a different temperature precedes the abbreviation. Rice
starch was chosen for the majority of experiments because it was reported to have the smallest

granule size (~2 um) of the four insoluble pore-forming materials (Jane et al., 1994).

Calcined hydroxyapatite, insoluble starch or cellulose, and soluble starch solution (1.5 g/10 mL of
deionized water) were mixed in different volume ratios for one minute with a stainless steel
spatula, then pressed into a galvanized steel cylindrical mold of length 30 mm and diameter 15
mm (Scott Fetzer Co., USA) at 10 MPa for 120 seconds using a manual hydraulic press (Dake
Corporation, USA) to form a compacted composite. The compacted material was then demolded
and shaped into beads of approximately 5 mm diameter by hand. Finally, the beads were fired in
an electric kiln (Paragon Calderon Kiln, Paragon Industries, L.P.) at a rate of 5 °C/min and held at

1200 °C for 2 hours to make a porous ceramic material.
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Batch studies

Batch tests were conducted to determine the fluoride removal capacity of the prepared ceramics.
Ten grams of ceramic per liter of fluoride solution were used, with initial fluoride concentrations
ranging from 5 to 100 parts per million (ppm). Fluoride solutions were prepared by diluting 1000
ppm NaF solution with a solution of 4-(2-hydroxythyl)-1-piperazineethanesulfonic acid (HEPES)
buffer to yield a final HEPES concentration of 50 mM and a pH of 7.0. The buffer solution, without
fluoride, was used as a blank to ensure fluoride measurement free of contamination. After
preparation, samples, in duplicate, were equilibrated on a reciprocal shaker at 30 rpm for 24 hours.
After equilibration, the samples were filtered (Whatman, Qualitative filter paper, 150 mm
diameter) and the equilibrium fluoride concentration was determined using an ion selective
electrode (ElectrodesDirect, Canada). A three-point calibration curve was prepared with standard
fluoride concentrations (1, 10 and 100 mg/L). Prior to analysis, samples, blanks, and standards
were diluted with total ionic strength adjustment buffer (TISAB) in a 1:1 ratio to maintain a
constant pH and ionic strength. The undiluted TISAB contained 60 g/L acetic acid, 58.5 g/L NaCl,

and 4 g/L 1, 2-cyclohexylenedinitrilotetraacetic acid (CDTA).

Experimental data were fitted to a Langmuir isotherm by non-linear regression using Sigma Plot
13 (Systat Software, Chicago, Il) to obtain estimates of maximum adsorption capacity, Qmax, in
mg/g and K (affinity of adsorbent for fluoride) in L/mg. Ce is the equilibrium fluoride
concentration in mg/L. The Q15 (mg/g) value (Q at Ce = 1.5 mg/L) was calculated from the fitted

parameters.

Estimates of the sample standard deviations of duplicate C. and Q. measurements were calculated

using Microsoft Excel 2013 and are depicted as error bars in the isotherms. Uncertainties in Qmax
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and Qu.5 represent standard errors determined from nonlinear regression using SigmaPlot 13 (Qmax)

and error propagation (Qx.5).

Material characterization

The specific surface area (SSA) of the ceramics was determined by the BET method using a
Quantochrome Autosorb Automated Gas Sorption System with a Beckman Coulter SA-3100

Surface Area Analyzer and N adsorption.

X-ray diffraction (XRD) analysis of hydroxyapatite powders and powdered ceramic beads was
conducted with a Rigaku Ultima IV powder X-ray diffractometer with Cu Ka radiation and Bragg—
Brentano optics. Jade 5.0 (Materials Data, Livermore, CA) was used for data analysis. XRD
patterns were compared to the powder diffraction file (PDF) of the International Center for
Diffraction Data to identify the phase. The pore structure of ceramic materials was characterized
by scanning electron microscopy (SEM) using a JEOL JSM-840 microscope operating at 15 kV
after sputter coating with gold and palladium. Prior to sputtering, the ceramic beads were cleaved
with a double edge stainless steel blade (Proctor & Gamble Co., USA) to obtain images of the

internal cross-section.

Density and open porosity of different ceramic materials was measured by ASTM C373-14a
(ASTM, 2014). Open porosity is the volume fraction of all interconnected pores and voids that can
be measured by gas or liquid penetration (ASTM, 2015). The 10 Ball-Pan Hardness test (ASTM,
2010) was done to estimate the in-service resistance to abrasion and degradation of these ceramic
materials. While this test does not exactly mimic water treatment conditions, it is able to compare

the hardness and abrasion resistance of different ceramic materials relative to each other, and the
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results of the test seemed to correlate with the material’s ability to undergo adsorption isotherm

experiments without falling apart.

Results and Discussion

Composition and crystallinity of ceramics

X-ray diffraction (XRD) patterns of hydroxyapatite powder (Figure 2.1a) and hydroxyapatite
ceramics (Figure 2.1b) showed that both consisted of a pure hydroxyapatite phase. There was also
an increase in crystallinity upon sintering at 1200 °C, evidenced by the increase in intensity of
peaks in Figure 2.1b (sintered) compared to Figure 2.1a (unsintered). No thermal decomposition

or phase change of hydroxyapatite was observed upon sintering.
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Figure 2.1 XRD pattern of a) hydroxyapatite powder and b) hydroxyapatite ceramic
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Adsorption of fluoride

Batch tests were used to determine the fluoride removal capacity of hydroxyapatite ceramics and
to study the effect of starch content, calcination temperature and type of pore forming agents on
the fluoride removal. The maximum fluoride adsorption capacity (Qmax) Of hydroxyapatite
ceramics, based on a fit to the Langmuir isotherm, was between 7 and 12 mg/g (Figures 2.2 a-d,
Table 2.1). This is higher than literature reported maximum adsorption capacities of activated
alumina (4.1 mg/g) and bone char (6.1 mg/g) (Brunson and Sabatini, 2014), and is comparable to
reported adsorption capacities of hydroxyapatite powder (4.7 to 14.3 mg/g) (Joschek et al., 2000;

Jiminéz-Ryes and Sloache-Rios, 2010; Sternitzke et al., 2012).

Effect of starch content

Ceramic materials formed with hydroxyapatite and only insoluble rice starch in different ratios
showed limited strength and crumbled easily, so no adsorption experiments were conducted with
these materials. Soluble starch was found to be essential for the formation of cohesive ceramic
bodies. Soluble starch granules gelatinized in water and acted as a binder, allowing formation of

compacted shapes prior to sintering (Lyckfeldt and Ferreira, 1998).

In the absence of insoluble starch, an increase in soluble starch content from 40 to 70%, with a
corresponding decrease in hydroxyapatite content, did not have a statistically significant effect on
the maximum adsorption capacities of hydroxyapatite ceramics (Table 2.1). However, the addition
of insoluble starch to hydroxyapatite/soluble starch mixtures significantly increased the adsorption
capacity of the resulting ceramic. In particular, addition of 25% by volume insoluble starch (50-
25-25) resulted in a three-fold increase in Q1.5 compared to the ceramic with no insoluble starch

(50-0-50) (Figure 2.2a, Table 2.1). A series of adsorption experiments using ceramic adsorbents
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with different ratios of hydroxyapatite, insoluble starch, and soluble starch, showed that the 50-
25-25 ceramic was found to have the highest fluoride adsorption capacity (Figure 2.2b, Table 2.1).
At a solid to liquid ratio of 10 g/L, this ceramic adsorbent was able to lower the fluoride
concentration from 10 to 0.2 ppm (a 98% decrease). This is well below 1.5 ppm, the WHO limit

for fluoride in drinking water.
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Figure 2.2 Fluoride adsorption to a) ceramics made with 50% hydroxyapatite (calcined at 500

°C) and varying ratios of insoluble rice starch and soluble starch, b) ceramics made with varying

contents of hydroxyapatite (calcined at 500 °C), insoluble rice and soluble starch, c) 50-25-25

ceramics calcined at different temperatures, and d) 50-25-25 ceramics made with hydroxyapatite

calcined at 500 °C and different types of insoluble starch and cellulose, all with Langmuir

isotherm fits.
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Table 2.1 Adsorption capacity of ceramic materials with varying fractions of hydroxyapatite and

insoluble rice starch and soluble starch, and calcined at 500 °C

Adsorbent Qmax Qis K
(mg/g) (mg/g) (L/mg)

Ceramics without insoluble rice starch

60-0-40 7.4+0.8 15+06 02+01
50-0-50 79+0.6 21+0.7 03%01
40-0-60 85+1.2 25+08 03%01
30-0-70 8.6+0.9 22+11 0302

Ceramics with 50% hydroxyapatite and varying insoluble rice
and soluble starch content

50-0-50 79+0.6 21+0.7 0301
50-15-35 96+14 24+06 0.03+0.01
50-25-25 124 +0.8 5811 0.8+0.2

Ceramics with different ratios of hydroxyapatite, insoluble rice
and soluble starch

30-10-60 9.6+0.7 25+03 02%01
40-15-35 9.7+09 22+06 02%01
50-25-25 12.4+0.8 58+11 08%0.2
60-25-15 94+14 1.8+05 0.1+0.03

Addition of greater than 25% insoluble starch caused ceramics to disintegrate during handling.
This may have been due to the fact that at a higher insoluble starch content, there was insufficient

hydroxyapatite to enclose the pores and form a solid matrix.
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The role of insoluble starch can be explained by its impact on the resulting ceramic pore structure.
Adsorbents with 50% hydroxyapatite, 50% by volume soluble starch, and no insoluble starch (50-
0-50) had pores that were much smaller than 5 um (Figure 2.3a), whereas ceramics with 25% each
of insoluble and soluble starch (50-25-25) had interconnected pore spaces that were larger than 5
pum (Figure 2.3b). (Pore sizes were estimated from SEM images.) The difference in pore structures
of 50-0-50 and 50-25-25 ceramics can be explained by the difference in pore forming mechanisms
of insoluble and soluble starch. Yang et al. (2005) reported that soluble starch adsorbs on the
hydroxyapatite powders, acting as a binder between hydroxyapatite and insoluble starch. This
results in formation of small pores enclosed by hydroxyapatite granules (as in Figure 2.3a). In
contrast, insoluble starch particles aggregate in water at higher temperatures and form large,

interconnected pores on burning (Figure 2.3b).

The difference in pore forming mechanisms is also evident from measurements of open porosity
(Table 2.2). Ceramics made with 30% hydroxyapatite, 0% insoluble starch and 70% soluble starch
resulted in an open porosity of only 37%. In contrast, increasing the content of insoluble starch
from 0 to 25%, with a corresponding decrease in soluble starch content for 50% hydroxyapatite
ceramics (from 50-0-50 to 50-25-25), increased open porosity from 31 to 45% (Table 2.2). The
increase in open porosity upon raising the insoluble starch content from 0-25% for the 50%
hydroxyapatite ceramics also resulted in an increase in fluoride adsorption (Figure 2.2a, Table 2.1)
and SSA (Figure 2.4a). Specifically, increasing the insoluble starch content from 0 to 25% caused
both the Q1.5 (Table 2.1, Figure 2.4a) and SSA values (1.29 m?/g for 50-0-50 to 4.02 m?/g for 50-
25-25 (Figure 2.4a)) to increase by a factor of about three. This suggests that Qs is a function of
surface area. The SSA results are an order of magnitude higher than the surface area reported by

Joschek et al. (2000) (0.1 m?/g) for porous hydroxyapatite ceramics made from natural bone.
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Compared to open porosity, the density of ceramic materials was less sensitive to an increase in
the volume of insoluble starch. Rather, it depended more on the combined volume of both soluble
and insoluble starches. For example, upon increasing the volume of soluble starch from 40 to 70%,
the density decreased 28%, from 1.52 to 1.10 g/cm? (Table 2.2). However, on increasing the ratio
of insoluble to soluble starch while keeping the total starch volume constant for ceramics with
50% hydroxyapatite (i.e., changing from 50-0-50 to 50-25-25), the density decreased only 5%,
from 1.42 to 1.35 g/cm®. This suggests that both open pores (resulting from large pores formed by
insoluble starch) and closed pores (resulting from small pores enclosed by hydroxyapatite granules

formed by soluble starch) contribute to a decrease in density.

Figure 2.3 SEM images of a) hydroxyapatite ceramic without insoluble starch (50-0-50) and b)

hydroxyapatite ceramic with insoluble rice starch (50-25-25) both calcined at 500 °C
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Table 2.2 Density and open porosity of ceramic materials with varying hydroxyapatite and starch

content. Calcination temperature of hydroxyapatite was 500 °C unless otherwise specified.

Adsorbent Density Open SSA
(g/cm?) Porosity (m?/g)
(%)
Effect of soluble starch
60-0-40 1.52 25 nd
50-0-50 1.42 31 1.3
40-0-60 1.34 35 nd
30-0-70 1.10 37 nd

Effect of insoluble rice starch

50-0-50 1.42 31 1.3
50-15-35 1.34 41 2.0
50-25-25 1.35 45 4.0

Effect of calcination temperature

250 °C 50-25-25 not measured* nd
400 °C 50-25-25 1.32 43 nd
500 °C 50-25-25 1.35 45 4.0
600 °C 50-25-25 1.88 42 nd
750 °C 50-25-25 2.55 49 0.8
900 °C 50-25-25 281 47 0.3

* Density and open porosity could not be measured because the material disintegrated during
handling; SSA only measured and reported for select adsorbents; nd: SSA not determined.
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Figure 2.4 Effect of insoluble starch content on a) Qmax and SSA and b) Qmax and open

porosity of ceramics with 50% hydroxyapatite calcined at 500 oC and effect of hydroxyapatite

calcination temperature on ¢) Qmax and SSA, and d) Qmax and open porosity of 50-25-25

ceramics

Since the ceramic made with 25% insoluble rice starch and 25% soluble starch (500 °C 50-25-25)

sintered at 1200 °C achieved the highest fluoride adsorption (Figure 2.2b), subsequent experiments

used this basic formula, but varied the type of insoluble component and the hydroxyapatite

calcination temperature.

33



Effect of calcination temperature

Cohesive ceramic materials could not be formed from uncalcined hydroxyapatite powders under
the fabrication conditions given in the materials and methods section, and calcination at 250 °C
resulted in ceramics that were fragile and crumbled during characterization tests. Calcination at
400 °C and above, on the other hand, resulted in formation of ceramic materials with sufficient
strength to withstand operation and handling. This can be attributed to improved densification of
larger grains, formed upon calcination, during sintering (Exter et al., 1994; Landi et al., 2000).
There was a sharp increase in abrasion resistance of ceramic materials when the calcination
temperature was increased from 250 °C to 400 °C, as is evident by the corresponding increase in
hardness number (Figure 2.5). However, the hardness number remained nearly constant with
further increases in calcination temperatures. Specifically, materials with hardness number above
approximately 70 (made with hydroxyapatite calcined at 400 °C) could withstand operation and

handling and are, therefore, suitable for use as fluoride adsorbents.

The maximum adsorption capacity (Qmax) 0f 50-25-25 ceramic materials decreased by a factor of
four when the calcination temperature increased from 500 °C to 900 °C (Figure 2.2c, Table 2.3).
This increase in calcination temperature from 500 °C to 900 °C resulted in ceramics with higher
densities (Table 2.2) and fewer micrometer-sized pores (compare Figures 2.3b and 2.6), as well as

an order of magnitude decrease in surface area from 4.2 m?/g to 0.43 m?/g (Figure 2.4b).
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Table 2.3 Adsorption capacity of ceramic materials calcined at different temperatures

Adsorbent Qmax (Mg/g) Qus (mg/g) K (L/mg)
250 °C 50-25-25 10.3+0.8 59+09 09+0.3
400 °C 50-25-25 10.3+£0.7 45+1.2 05+01
500 °C 50-25-25 12.4+0.8 58+1.1 0.8+0.2
600 °C 50-25-25 9.0+0.6 3.8%+0.8 04%0.1
750 °C 50-25-25 6.9+10 09+05 0.1+£0.05
900 °C 50-25-25 2718 0.3+0.2 0.1+0.02
100

Hardness number

0 200 400 600 800 1000

Calcination temperature (°C)
Figure 2.5 Increase in abrasion resistance of ceramics with increasing calcination temperature of

50-25-25 ceramics
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Figure 2.6 SEM of 50-25-25 ceramic calcined at a) 750 °C and b) 900 °C. See also see Figure

2.3b, which shows the 50-25-25 ceramic calcined at 500 °C.

Effect of type of pore-forming agents

Changing the type of insoluble starch (i.e., substituting wheat or corn for rice) did not have a
significant effect on the fluoride adsorption isotherms of the 500 °C 50-25-25 ceramics (Figure
2.2d), nor a statistically significant effect on their fluoride adsorption capacities (Q1.5 values (Table
2.5)). This is to be expected since the starch granules are all smaller than 10 um (Supplementary
Information, Figure S2.1 a-d). The pores in ceramics made with rice starch (Figure 2.3b), wheat
starch (Figure S2.2 a) and corn starch (Figure S2.2 b) are orders of magnitude larger than a fluoride
ion (ionic radius of 1.36 A) (Pauling, 1927) and thus would not hinder rates of fluoride diffusion
into the porous matrix. However, the 500 °C 50-25-25 ceramic made with cellulose as the insoluble
component had a significantly lower Q1 5 value than did those made with rice, corn, or wheat (Table
2.4). SEM image of this ceramic (Figure S2.2 c) showed fewer open voids compared to ceramics
made with the other three types of insoluble starches, which is postulated to negatively impact

fluoride adsorption. It is speculated that burn off of larger sized cellulose particles led to less pore
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space, possibly due to partial collapse of pore walls, causing a decrease in adsorption capacity

(Table 2.4).

Table 2.4 Adsorption capacity of ceramic materials (500 °C 50-25-25) prepared with different

types of insoluble starch and cellulose

Adsorbent Qmax (Mg/g)  Qus (Mg/g) K (L/mg)

Rice starch ceramic 12.4+0.8 58+1.1 0.8+0.2

Corn starch ceramic 96+0.9 52+1.2 0.8+0.3

Wheat starch ceramic 8.6 £+ 0.8 6.7+1.0 24 +0.8

Cellulose ceramic 96+0.6 26105 0.3+0.1
Conclusions

Macroporous ceramic beads were formed upon firing compacted hydroxyapatite and plant-based
pore forming agents at 1200 °C. The ceramic beads did not disintegrate or undergo resuspension
when submerged in water. This may eliminate the need for filtration of the adsorbent from the

treated water and will be useful in maintaining a low pressure drop in a continuous-flow column.

The maximum adsorption capacity of these ceramics was between 7 and 12 mg/g, depending on
the volume ratios of hydroxyapatite, insoluble starch, and soluble starch, which is higher than
activated alumina and bone char results reported in the literature (4 to 6 mg/g). The binding effect
of soluble starch was essential for ceramic formation, and the addition of insoluble starch resulted
in formation of interconnected pores. Addition of insoluble starch led to an increase in Q15, open
porosity and SSA of 50% hydroxyapatite ceramics. Ceramic materials with 50% hydroxyapatite

and 25% each of insoluble and soluble starch content had the highest fluoride adsorption. Three
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types of insoluble starch — rice, corn and wheat — and insoluble cellulose were evaluated for their
impact on macroporous ceramic formation and fluoride adsorption. No statistically significant
difference was found in the adsorption capacity (Q15) of ceramics prepared with the three starches.
However, ceramics prepared using cellulose showed lower adsorption. This may be due to a
collapsed pore structure caused by the large size of cellulose particles relative to the synthesized
hydroxyapatite grains. This explanation is supported by SEM images that show less open pore

space in ceramics made with cellulose compared to the other ceramics.

Calcination of hydroxyapatite powders prior to sintering was found to be critical for formation of
ceramics with sufficient strength and abrasion resistance to withstand operation and handling.
Calcination temperatures of 400 °C and higher led to denser ceramics with adequate abrasion
resistance. Calcining beyond 600 °C, however, dramatically lowered the SSA and fluoride

adsorption capacity of these materials.

Hydroxyapatite ceramic beads made with starches as pore-forming agents have potential
applications in community- or household-level fluoride removal. They can be fabricated from
cheap raw materials using simple equipment (e.g., a hydraulic press and a kiln) that is easy to
operate, and that can be procured in developing countries. Both starch and hydroxyapatite are non-
toxic and have no known health hazards. Further research will explore the regeneration potential

and performance of hydroxyapatite ceramics in continuous flow column studies.
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Figure S2.2 SEM images of 500 °C 50-25-25 ceramic prepared with a) wheat starch, b) corn

starch, and c) cellulose. See Figure 2.3b for the 500 °C 50-25-25 ceramic prepared with rice

starch
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Chapter 3 Hydroxyapatite ceramic adsorbents: effect of pore size,
regeneration, and selectivity for fluoride?

Abstract

Fluoride uptake by porous hydroxyapatite ceramics was investigated through batch adsorption
studies to determine the effect of varying the size of hydroxyapatite grains and pore size. It was
found that ceramics made from fine hydroxyapatite (dso of 100 pum) had higher fluoride uptake and
smaller pores compared to coarse (dso of 240 um) hydroxyapatite (18.2 mg/g versus 12.4 mg/qg,
respectively). Fewer processing steps were also required for ceramics made from fine
hydroxyapatite. This ceramic showed high selectivity for fluoride relative to anions commonly
found in groundwater and natural organic matter (NOM) and could be regenerated for up to five

adsorption cycles using 0.05 M and 0.1 M sodium hydroxide.
Introduction

Nearly 200 million people worldwide are exposed to drinking water with elevated levels of
naturally occurring fluoride (Fewtrell et al., 2006). The World Health Organization recommends
a maximum fluoride concentration of 1.5 mg/L in drinking water (WHO 2011) above which it can
cause dental fluorosis (between 1.5 and 4 mg/L) and skeletal fluorosis (> 4mg/L) (Fawell et al.,
2006). Several fluoride-removal technologies have been optimized for field applications, but they
often suffer from certain limitations — activated alumina and bone char show limited fluoride

removal at neutral pH (Fawell et al., 2006), while electrocoagulation and co-precipitation methods

2 Nijhawan, A., Butler, E. C., & Sabatini, D. A. (2018). Hydroxyapatite Ceramic Adsorbents: Effect of Pore Size,
Regeneration, and Selectivity for Fluoride. Journal of Environmental Engineering, 144(11), 04018117.
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generate fluoride-rich sludge that requires safe disposal (Meenakshi and Maheshwari, 2006;
Ayoob et al., 2008). Chen et al. (2010) observed that powdered adsorbents dispersed in water cause
clogging and an increase in head loss in a continuous-flow column. Hydroxyapatite powders turn
into gel in the presence of water while activated alumina dissolves in alkaline solutions
(Padungthon et al., 2014). Granular adsorbents such as porous ceramics, on the other hand, offer
the advantage of better hydraulic performance in flow-through columns and eliminate the need for

a separate filtration step.

Recently, Nijhawan et al. (2017) developed porous hydroxyapatite ceramics capable of removing
fluoride from drinking water with a maximum fluoride adsorption capacity of 12.4 mg/g. Ceramics
made with 50% by volume of hydroxyapatite and 25% each of rice starch and soluble starch had
the highest fluoride uptake. Use of larger pore forming materials such as cellulose fibers led to a
diminished adsorption capacity (Nijhawan et al., 2017). Hydroxyapatite was chosen as the ceramic
based on its affinity for fluoride (McCann, 1953; Spinelli etal., 1971; Lin et al., 1981), its potential
for regeneration at high pH without dissolution (Kamieniak et al., 2017), and the fact that it does
not undergo phase changes at high temperatures as do aluminum and zirconium hydr(oxides) (Sato

etal., 1979; Chen et al., 1989; Mostafa, 2005).

Pore size can be controlled by varying the size of the starting powders used to make the ceramics.
Ceramic filters made from finer clay fractions were found to have a smaller average pore diameter
(Oyanedel-Craver and Smith, 2007), while Parkhomey et al. (2016) reported a decrease in pore

size of hydroxyapatite-glass composite ceramics with decreasing particle size of hydroxyapatite.
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In this research, the first objective was to study the effect of varying the size of hydroxyapatite
grains on fluoride uptake. It was hypothesized that ceramics with smaller hydroxyapatite grains

should show higher fluoride uptake by forming smaller pores.

Before application in the field, it is essential to consider the regeneration potential of adsorbents.
Regenerability is a key feature that impacts the cost-effectiveness of adsorbents in resource-limited
settings. Fluoride adsorbents are most commonly regenerated using NaOH (Bhatnagar et al., 2011)
but NaAlO- (Zhao et al., 2010), AICI3 (Bansiwal et al., 2009), and alum (Jagtap et al., 2009) have
also been used. Thus, the second objective of the study was to determine the regeneration potential

of the ceramic adsorbents by subjecting the adsorbents to repeated adsorption — desorption cycles.

The third objective of the study was to determine the effect of other ground water anions on the
adsorption of fluoride. Phosphate, sulfate, chloride, nitrate, and bicarbonate have all been shown
to compete with fluoride for surface sites (Habuda-Stani¢ et al., 2014), but limited studies have
evaluated the competitive fluoride uptake on hydroxyapatite (Garg and Chaudhari, 2012; Yuetaal.,
2013). Natural organic matter (NOM) was also considered because it is negatively charged at
neutral pH (Macalady and Ranville, 1998) and can reduce fluoride uptake (Mouelhi, 2016). NOM
is a mixture of humic and fulvic acids and is generally found in groundwaters at concentrations

between 1 and 50 mg C/L (Redman et al., 2002).

Materials and methods

Ceramic preparation

Porous ceramic beads were fabricated from hydroxyapatite powders with starch as the pore-
forming agent. Hydroxyapatite was synthesized according to VVerwilghen et al. (2007) as modified

in Nijhawan et al. (2017). A 1 L solution of 0.3 M ammonium phosphate at pH 10.3 was slowly
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poured into 1 L of 0.5 M calcium nitrate solution at a pH of 10.7. A 5 M ammonium hydroxide
solution was used to raise the pH. All chemicals were purchased from Sigma Aldrich Corp, USA.
The resulting precipitate was matured for 60 hours at 40 °C and subsequently washed with DI
water and air dried. The dried powder was sieved between no. 40 and 80 mesh sieves (0.420 mm
and 0.177 mm; coarse hydroxyapatite) or between no. 120 and 325 mesh sieves (0.125 mm and

0.044 mm; fine hydroxyapatite).

The coarse hydroxyapatite powder required calcination at 500 °C for 6 hours before formation of
a ceramic with sufficient cohesion (Nijhawan et al. 2017). The calcined powder was hand-mixed
with different volumes of pore-forming materials (insoluble rice starch and soluble starch) and
molded using a cylindrical stainless-steel mold of diameter 15 mm and length 30 mm (Scott Fetzer
Co. USA), and compacted at 10 MPa using a manual hydraulic press (Dake Corporation USA).

The compacted mixture was then shaped into beads of approximately 4 mm diameter by hand.

The fine hydroxyapatite required fewer steps to form ceramics. Uncalcined powder was mixed
with pore-forming materials as described above and shaped into beads of approximately 4 mm
without calcining or compaction. All beads were fired in an electric kiln (Paragon Calderon Kiln,

Paragon Industries, L.P.) at 1200 °C for 2 hours.

Adsorption studies

Batch adsorption studies were carried out using ceramic beads with a solid to liquid ratio of 5 g
adsorbent/L fluoride solution. Fluoride solutions with concentrations ranging from 5 to 150 mg/L
were prepared by diluting a 1000 mg/L NaF solution in 50 mM HEPES (4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid) buffer solution, and then used in the batch tests, along with a blank.

Duplicate samples were kept on a reciprocating shaker for 24 hours at 30 rpm. The equilibrium
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fluoride concentration was measured using an ion-selective electrode (Thermo Fisher Scientific,
USA). A three-point calibration curve was prepared using 1 mg/L, 10 mg/L and 100 mg/L fluoride
solutions. Standards, samples and blanks were all mixed with a total ionic strength adjustment
buffer (TISAB) in a 1:1 ratio before analysis to decomplex dissolved fluoride complexes (Adriano

and Doner, 1982).

Batch study results were fitted to the Langmuir isotherm to obtain an estimate of the adsorption
parameters — maximum adsorption capacity (Qmax) in mg/g and K (affinity of adsorbent to fluoride)
in L/mg. Sigma Plot 13 (Systat Software, USA) was used for the non-linear regression. The value
of Q15 (Q at an equilibrium fluoride concentration, Ce, of 1.5 mg/L, the WHO recommended level)
was calculated from these parameters. The standard deviations of triplicate Ce and Qe
measurements were calculated using Microsoft Excel 2016 (Microsoft Corporation, USA) and are
depicted as error bars in the figures. Standard errors in estimating Qmax, K and Q1.5 were also
calculated using Sigma Plot 13. The best performing adsorbents were selected for competition and

regeneration studies.

Competition studies

Standard solutions of phosphate, chloride, sulfate, nitrate, and bicarbonate (1 mM, 2 mM, and 5
mM) were prepared and added to 20 mg/L fluoride solutions to determine the effect of competing
ions on fluoride adsorption. The concentration of these ions was within the range commonly found
in fluoride-rich groundwaters (Kundu et al. 2001; Ayenew, 2005). A sodium salt of humic acid
(CAS Number 68131-04-4, 226.14 g/mole, 108 g C/mole) was used as a surrogate for NOM. Four
different concentrations of this salt (NOM, 1 to 30 mg/L) were added to 20 mg/L fluoride solutions

to determine competition.

51



Regeneration studies

Six adsorption-desorption cycles were conducted on the ceramic beads to evaluate the regeneration
potential. Beads were allowed to equilibrate with 10 mg/L fluoride solution at a solid to liquid
ratio of 3.33 g/L for 24 hours at 30 rpm on a rotational shaker. Regeneration experiments were
conducted using a lower solid to liquid ratio (3.33 g/L) than the adsorption tests (10 g/L) to ensure
higher fluoride loading onto the ceramic. With a solid to liquid ratio of 10g/L, there was little
difference in equilibrium dissolved fluoride between the regenerated and control materials.
Desorption was carried out with 0.05 M and 0.1 M NaOH solutions at a solid to liquid ratio of 10

g/L at the same conditions as the adsorption experiment.

Material characterization

The hydroxyapatite powders used to make the ceramics, or starting powders, were imaged using a
Zeiss NEON High Resolution Scanning Electron Microscope (SEM) at 5 kV operating voltage
after sputter coating with iridium. The pore structures of the ceramic beads were characterized by
examining a cross-section under a JEOL JSM-840a SEM operating at 15 kV after sputter coating
with gold and palladium. A stainless-steel blade (Procter and Gamble, USA) was used to cleave
the beads and obtain a flat cross-section. The median particle size of starting powders (dso) was
determined through sieve analysis by standard method ASTM C136 (ASTM, 2014) and ceramic
pore sizes were estimated from SEM micrographs, using Image J (Schneider et al. 2012). Density
and open porosity were measured according to ASTM C373-14a (ASTM, 2014). Open porosity is
the ratio of the volume of all pores connected to the surface of the bead (thus available for gas or

liquid penetration) to its total volume (ASTM, 2015).
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Results and discussion
Effect of hydroxyapatite grain size on fluoride adsorption

Ceramics made with fine hydroxyapatite (dso: 100 um; uniformity coefficient: 1.75)) had a 50%
higher maximum fluoride adsorption (Qmax) than those made with coarse hydroxyapatite (dso:240
pm; uniformity coefficient: 1.86) although the difference in Qw5 was not statistically significant
(Figure 3.1, Table 3.1), perhaps due to the very high affinity shown by both ceramics at low Ce
values. Qmax Values are higher than those reported for activated alumina — 4.1 mg/g (Bhatnagar et
al. 2011) and bone char — 6.1 mg/g (Brunson and Sabatini, 2009), and are comparable to aluminum
amended chars — 18.8 mg/g (Brunson and Sabatini, 2014) and modified chitosan beads — 11.4 to

22.4 mg/g (Ma et al. 2007; Yao et al. 2009).

Qe (Mg/g)

— -a— fine hydroxyapatite (d, - 100 pm)

2 —v—— coarse hydroxyapatite (d,, - 240 um)
0 T T T
0 10 20 30 40
Ce (mglL)

Figure 3.1 Fluoride adsorption by ceramics made with 50% by volume of fine and coarse
hydroxyapatite and 25% each by volume of rice starch and soluble starch (Langmuir isotherm

fits shown)
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Table 3.1 Physical properties and Langmuir isotherm parameters of ceramic adsorbents made

from coarse and fine hydroxyapatite

Material used  Median Open Density  Qmax K Q15  Reference
to form poresize porosity (g/cm?®) (mg/g) (L/mg) (mg/g)

ceramic (dso) and (%)

range
(Lm)

Coarse 0.29 45 1.35 124+ 08+ 5.8+  Nijhawan
hydroxyapatite  (0.11 - 0.8 0.2 1.1 et al.
(dso of 240 pm) 6.9) (2017)

Fine 0.22 42 1.33 18.2 + 03+ 6.0+  This study
hydroxyapatite  (0.11 - 1.6 0.1 0.9

(dso of 100 pm) 2.6)

Note: (Uncertainties represent standard error calculated from non-linear regression using Sigma
Plot 13 (Qmax) and error propagation (Qxs)).

The median grain size (dso) of coarse and fine hydroxyapatite (240 pum and 100 pum) was directly
correlated with the maximum pore diameters of the resulting ceramics (6.9 pum and 2.6 um,
respectively) (Table 3.1). Ceramics made from fine hydroxyapatite had pore sizes ranging from
0.11 to 2.60 pum. The median pore size of these ceramics was 0.22 um and 55% of the pores were
between 0.1 and 0.25 pm (Figure 3.2). As hypothesized, ceramics made with coarse

hydroxyapatite had larger pores in the range of 0.11 to 6.9 um, with a median pore size 0.29 pm.
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Figure 3.2 Pore size distribution of ceramics made from fine and coarse hydroxyapatite

Changing the grain size of hydroxyapatite did not significantly impact the open porosity or density
of the resulting ceramics (Table 3.1). Ceramics made from fine hydroxyapatite had a 50% higher
maximum fluoride adsorption capacity (Qmax) than ceramics made from coarse hydroxyapatite,
even though their open porosity values are similar (Table 3.1). This can be explained by the fact
that open porosity simply refers to the percent by volume of surface-accessible pores, without
giving any information about their size or internal surface area. For cylindrical pores, a single pore
with diameter d will have half the internal surface area or “wall area” compared to two pores with
diameter d/2, even though the volume of the larger pore is equal to the sum of volumes of each of

the smaller pores, as illustrated in Figure 3.3.

pore —dn2

pore

pore Walls: pore pore walls —»

vy

—p Q|

Figure 3.3 Increase in internal surface area of cylindrical pores on decreasing pore size
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The effect of pore size on surface area and adsorption capacity can be explained mathematically
by estimating the surface area of a sphere with cylindrical pores. This geometry seemed to best
approximate the shape and pore structure of the ceramics, which were spherical (not shown) and
had pores that could be approximated by cylinders (Figures 3.3 ¢ and d). Cama et al. (2009)

developed an expression for the theoretical surface area of a sphere with cylindrical pores:

2nry h

A 4
Aror = As + V() =4mrd + f x smd (2 (3.1)

2
Ty h

where Ator is the total surface area of a spherical ceramic bead, As and Vs are the external surface
area and total volume of the bead, f, is the volume fraction of open pores (or open porosity), Ap
and V, are the area and volume of a cylindrical pore, rs and rp are the radii of the ceramic bead and

the pore, respectively, and h is the length of a cylindrical pore.

The specific surface areas (SSA) of each ceramic were estimated by dividing the total surface area
(Aror) by its density (Table 3.1) and volume (calculated for a sphere of radius 2 mm). The values
of SSA were 5.2 and 4.6 m?/g for fine and coarse hydroxyapatite ceramics, respectively. This is
consistent with our previously reported value of SSAget for ceramics (4.02 m?/g) measured by N
adsorption (Nijhawan et al., 2017). The ratio of SSA for ceramics made from fine and coarse
hydroxyapatite is 1.12, while the ratio of their Qmax values is 1.47. Values of pore radii (rp) and the

percent contribution of each to the overall porosity were determined from Figure 3.2.

Aror for different pore radii (rp) and pore fractions (f,) were calculated using Equation 3.1 and
corresponding SSA values were plotted to show the effect of decreasing pore size (Figure 3.4). A
sharp increase in SSA is observed as the value of pore radius drops below 0.2 um. This validated

the effort to make ceramics with smaller pores to increase their surface area and fluoride
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adsorption. The effect of pore fraction (or porosity) also became more significant at smaller pore

radii.
10
\ ——— 1,05
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o 8 1 1 reranarEreres fp: 0.3
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Figure 3.4 Specific surface area of porous spherical ceramics with cylindrical pores as a function

of pore radius (fp: pore fraction, or porosity)

SEM micrographs confirmed the difference in particle sizes of coarse and fine hydroxyapatite
(Figures 3.5 a and b, respectively) and the pore sizes of the resulting ceramics (Figures 3.5 ¢ and
d). Fine hydroxyapatite grains resulted in ceramics with narrower pores and smaller sintered grains
(Figure 3.5 c¢) compared to ceramics made from coarse hydroxyapatite (Figure 3.5 d). This is
consistent with the findings of Yan et al. (2013) and Parkhomey et al. (2016) who reported a
decrease in pore size, but similar pore volumes, of porous composites when the particle size of
starting powders were decreased. After the starch burns off, finer hydroxyapatite grains have better

packing density and smaller void spaces between them, resulting in smaller pores.
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Since the ceramic made from fine hydroxyapatite performed the best, it was selected for further
experiments to determine its selectivity towards fluoride in the presence of competing ions and its

potential for regeneration.

Mag= 40X . Width = 2.856 mm Date | sig 00KV~ Mag= 40X u Width =2.858 mm 12
StageatT= 00° —— T ] StageatT= 00° ——— Ti

Figure 3.5 SEM micrographs of a) coarse hydroxyapatite, b) fine hydroxyapatite and ceramics
made from c) coarse hydroxyapatite* and d) fine hydroxyapatite (*Image reprinted with

permission from Nijhawan et al., 2017)
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Effect of competing ions and natural organic matter

The results of batch adsorption studies in the presence of other anions and NOM are presented in
Figures 3.6 a and b, respectively. Except for chloride, none of the anions competed significantly
with fluoride at concentrations commonly found in groundwater (Figure 3.6 a) and even then, only
when the chloride to fluoride molar ratio was much greater than 1. The affinity of hydroxyapatite
for chloride ions comes from the fact that they can replace hydroxide ions in the apatite crystal to
form chlorapatite, one of the three naturally occurring forms of apatite (Mackie et al., 1972).
Similar competition by chloride for adsorption was reported for modified chitosan beads (Bansiwal

et al., 2009; Jagtap et al., 2009) and nano-goethite (Mohapatra et al., 2010).

18 1.8

164 @ T (WHO Guideline 15 mg/L) | 1.6 ] b (WHO Guideline 1.5 mglL)

141 -t 4] 1 mg/L

12 E=2mM == 10 mg/L

: = 5 mM ) 20 mg/L

10 4 10 1 30 mg/L

0.8 | 0.8 -
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Phosphate Chloride Sulfate Bicarbonate Nitrate  Control NOM Control

Figure 3.6 Results of batch adsorption tests in the presence of a) competing anions and b) NOM

NOM competed strongly with fluoride at concentrations above 10 mg/L (Figure 3.6 b), or 4.8 mg
C/L. This lies within the range of NOM concentrations reported in groundwater - 1 to 50 mg C/L,
as reported by Redman et al. (2002), implying that, at these elevated levels, NOM has the potential
to reduce the fluoride uptake of these ceramics. This can either be a result of competition for

adsorption sites or a result of accumulation of NOM in the pores which can hinder pore and surface
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diffusion of fluoride ions (Worch, 2012). Alfredo (2012) observed reduced fluoride uptake by
alum in the presence of NOM surrogates, likely due to the latter imparting a negative charge onto
aluminum hydroxide precipitates. Similarly, Mouelhi (2016) found lower adsorption of fluoride

onto porous activated alumina in the presence of NOM.

Regeneration potential

Figure 3.7 shows the results of the regeneration experiments done with 0.05 M and 0.1 M sodium
hydroxide solutions. The ceramics retained approximately 70% of their adsorption capacity after
five adsorption cycles (e.g., the adsorption capacity was reduced from 2.5 mg/g in the first cycle
to 1.75 mg/g after 5 adsorption cycles when 0.1 M sodium hydroxide was used for regeneration,

and very similar results were obtained for regeneration with 0.05 M sodium hydroxide (Figure

3.7)).
35
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Figure 3.7 Results of regeneration studies with 0.1 M and 0.05 M NaOH (Co = 10 mg F-/L) (A1,

A2... refer to consecutive adsorption cycles)
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There was no significant difference in the equilibrium fluoride concentration (Ce) between the
regenerated and control (no regeneration) ceramics for up to three adsorption cycles under the
experimental conditions (Figure 3.7). However, the adsorption capacity of the control materials
decreased drastically in the fourth adsorption cycle, indicating that the ceramic was saturated with
fluoride (Figure 3.7). The ceramics did not dissolve even at pH values higher than 12 after repeated
adsorption—desorption cycles, unlike aluminum—based adsorbents (Du et al., 2016) which can form

soluble alumino—fluoro complexes at alkaline pH (Hao and Huang, 1986).

In contrast to regeneration with 0.1 M NaOH, only 9% of the initial adsorption capacity was
recovered when low concentrations of sodium hydroxide (0.001 M and 0.01M) were used to
regenerate the ceramics (data not shown). This is consistent with studies that reported limited
desorption with 0.001 N NaOH (Zhang et al., 2012). The difficulty in desorbing fluoride from the
hydroxyapatite ceramics using low concentrations of sodium hydroxide points to the possibility

that physical adsorption may not be the only mechanism of fluoride removal.

Zhang et al. (2012) reported an increase in pH during batch studies from 6.75 to 8.2 indicating an
exchange of fluoride and hydroxide ions and the release of the latter in a non-buffered system. de
Leeuw (2004) proposed the presence of a superficial layer of fluorapatite of thickness 10 A on
fluoride — treated hydroxyapatite, through simulations. They also postulated that fluoride ions,
once incorporated into the apatite crystal lattice, do not dissolve in water like hydroxide, making

them less susceptible to desorption.
Conclusions

Use of fine hydroxyapatite (dso of 100 pm) led to a 50% improvement in the maximum fluoride

adsorption capacity (Qmax) from 12.4 to 18.2 mg/g compared to ceramics prepared with coarse

61



hydroxyapatite (dso of 240 um). This maximum adsorption is higher than the fluoride adsorption
capacities for activated alumina and bone char (4 to 6 mg/g) and comparable to modified chars
and chitosan-based adsorbents reported in literature (17 to 22 mg/g). Micrographs revealed smaller
pores in ceramics made from fine hydroxyapatite, which provide more surface area for adsorption.
This was mathematically validated by the fact that the ratio of estimates of SSA of fine and coarse
hydroxyapatite ceramics was similar to the ratio of Qmax. The non-linear relationship between
specific surface area (SSA) and pore radii for a sphere with cylindrical pores also justified our
effort to decrease pore size to increase fluoride uptake. The impact of increasing porosity was also
more significant at smaller pore radii. Therefore, future work should focus on developing porous
ceramic adsorbents with pore radii lower than 0.2 um. Fine hydroxyapatite with a higher surface
area has a higher driving force for sintering precluding the need for calcination and compaction.

This could result in significant cost savings in terms of equipment and energy needs.

The fluoride selectivity and regeneration potential were investigated through batch adsorption
studies. At concentrations found in groundwater, only chloride and NOM competed with fluoride.
Chloride ions can be incorporated into the apatite structure, leading to reduced fluoride uptake
while the decreased fluoride uptake in the presence of NOM may be attributed to blocking of pores
of the ceramics or modification of surface charge of the ceramic by negatively charged NOM

particles.

The ceramic beads could be regenerated for up to five adsorption cycles with only a 30% loss in
adsorption capacity. Strong concentrations of sodium hydroxide (0.05 M and 0.1 M) were needed

to remove fluoride ions which can be associated with hydroxyapatite by adsorption, hydrogen
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bonding or ion exchange. Future studies will focus on testing the performance of ceramic

adsorbents in continuous-flow column systems and scale up to field applications.
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Chapter 4 Studying the kinetics of fluoride adsorption on porous
hydroxyapatite ceramics

Abstract

Batch kinetic tests and continuous flow column experiments were conducted to study the kinetics
of fluoride adsorption on porous hydroxyapatite ceramics. Batch tests demonstrated the time-
dependent nature of fluoride uptake, which is expected for ceramics with internal porosity and
sorption sites, with intraparticle mass transfer occurring faster for smaller adsorbent particles with
shorter diffusion distances. Columns with different flow rates had different breakthrough curves.
Fluoride loading on the adsorbent (q) was determined through mass balance for each of the
columns. The mass loading at point of exhaustion (Cefs = 0.85 Co) increased with decrease in EBCT
while the mass loading at breakthrough (Cefs = 0.15 Co) showed the opposite trend. Interrupting
the flow at different points during the run led to a temporary decrease in the effluent fluoride
concentration demonstrating that these columns experienced non-equilibrium conditions and that
intraparticle diffusion plays a significant role in fluoride uptake. The Rapid Small-Scale Column
Test (RSSCT) concept was tested as a scale up approach. Small-scale columns were designed
using the constant diffusivity (CD) and proportional diffusivity (PD) RSSCT approaches and the
resulting breakthrough curves were compared to a large-scale column, with CD found to be the
more suitable approach to predict fluoride breakthrough. Overall, two large columns with an empty
bed contact time (EBCT) of 49 minutes and three small columns with EBCTs of 49, 24.5and 12.3
minutes were run to evaluate the kinetic and scale-up nature of the porous hydroxyapatite ceramics.
These results serve to further validate the use of porous hydroxyapatite ceramics for fluoride
uptake and provide valuable insights into kKinetic considerations in the full-scale column design of

such systems.
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Introduction

Fluoride is a geogenic ground water contaminant, naturally found in ground water with high pH
and low calcium concentrations. It is found in minerals such as fluorite, fluorspar and apatite, in
areas with high volcanic activity and igneous and sedimentary rock formations (Fawell et al. 2006).
Amini et al. (2008) estimated that nearly 200 million people are exposed to drinking water with
elevated levels of fluoride. Nearly 50% of ingested fluoride is retained by the body, depending on
stomach pH and presence of calcium in the diet, and drinking-water is a major contributor to
overall fluoride intake (Fawell et al. 2006). Over time, this exposure manifests itself as dental
fluorosis at concentrations between 1.5 to 4 mg/L and as skeletal fluorosis at higher concentrations
(Fewtrell et al. 2006). The World Health Organization recommends 1.5 mg/L of fluoride in

drinking water below which the risk of fluorosis is minimal (WHO, 2011).

Among the most widely studied adsorbents for fluoride removal are activated alumina (Ghorai and
Pant, 2005; Hao and Huang, 1986; Ku and Chiou, 2002; Levya-Ramos et al. 2008) and bone char
(Brunson and Sabatini, 2009; Kloos and Haimanot, 2002; Mlilo et al., 2009). Activated alumina
(AA) has a reported maximum fluoride adsorption capacity of 16 mg/g at a pH of 6.0 (Ku and
Chiou, 2002). However, it can dissolve in alkaline conditions required for regeneration
(Padungthon et al 2014) which limits its regenerability. Bone char (BC) also suffers from similar
sensitivity to pH and its maximum fluoride adsorption capacity is between 4 and 6 mg/g at a pH
of 7 (Levya-Ramos et al., 2010; Mlilo et al., 2009). Moreover, materials derived from animal bone
can be considered culturally inappropriate in parts of the world such as India. These adsorbents,
when used in powdered form, can also disperse in water causing an increase in head loss in a

continuous-flow column (Chen et al., 2010)
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A granular hydroxyapatite adsorbent was developed to simultaneously address the challenges of
pH instability, cultural unsuitability and dispersion in aqueous medium. Hydroxyapatite powder,
synthesized in the lab, was mixed with insoluble rice starch and soluble starch and fired at 1200°C
to form porous ceramics (Nijhawan et al., 2017). Nijhawan et al. (2018) found that porous
hydroxyapatite ceramic beads can remove up to 18 mg F/g at a pH of 7 with little to no interference
from most anions common in ground water (with high chloride an exception). The ceramic media
could be regenerated for up to four adsorption cycles with a 30% loss in adsorption capacity using

1 M sodium hydroxide (Nijhawan et al. 2018).

While equilibrium adsorption tests give useful information about the maximum adsorption
capacity of adsorbents, continuous-flow column tests are needed to predict adsorbent performance
in a community-scale or point-of-use (POU) flow-through (column) system. Kinetic tests can give
insight into intraparticle mass transfer effects and the effect of non-equilibrium conditions on
fluoride adsorption in the column. Moreover, the adsorption capacity of a material is more
efficiently utilized in a column experiencing constant loading. Tor et al. (2009) studied fluoride
adsorption by granular red mud and reported faster breakthrough and decreased fluoride loading
onto the adsorbent until breakthrough with increase in flow rate. To our knowledge, there are no
reported studies on the kinetics of fluoride removal by porous hydroxyapatite ceramics, therefore,
the first objective of this research was to evaluate the performance of these materials in continuous

flow columns and evaluate mass transfer limitations of fluoride removal.

When properly designed, small lab-scale columns can be used to predict the performance of a full-
scale column. A simple way to do this is the Rapid Small-Scale Columns Test (RSSCT) approach.

The RSSCT approach uses dimensionless mass transport parameters to design small-scale columns
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that can be tested in a short time with significantly less consumption of water and adsorbents
(Crittenden et al. 1986). The small columns use a smaller adsorbent particle size compared to the
larger column. As the size of the adsorbent particle is decreased, the superficial velocity
(determined by the flow rate and cross-sectional area of the column) can be increased to maintain
similar kinetic and mass transfer limitations. This approach is applicable if the equilibrium
adsorption capacity and mechanism of uptake are independent of the size of the adsorbent
(Crittenden et al. 1986) and the porous medium is chemically homogenous (as opposed to amended
materials). Compared to mathematical modeling, with its inherent complexities, the RSSCT
approach has proven to predict the performance of pilot or full-scale columns more accurately so
long as mass transfer parameters are scaled correctly. Doing so should result in identical

breakthrough curves for the large and small RSSCT columns (Crittenden et al. 1986, 1987a).

The general scaling equations are based on the relationship between the effective diffusivity, D,
and particle diameter of the adsorbent, d, and are given in equations 4.1 and 4.2, where X can be
any integer. Effective diffusivity of an ion in a porous media depends on its diffusion coefficient
in the liquid filling the pores, porosity of the media and the constrictivity and tortuosity of the
pores (Grathwohl, 2012). A relationship between the empty bed contact time (EBCT) and
adsorbent diameter is given in equation 4.2 (SC and LC stand for small column and large column,

respectively).
_ (dsc X
Dsc/Dyc = (5) (4.1)

_ dsc 2—-X
EBCTs/EBCT,c = (E) (4.2)
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If the effective (pore and surface) diffusivities are independent of adsorbent particle size (X = 0),
then the small-scale columns can be designed using the constant diffusivity (CD) approach

(Crittenden et al. 1986) and equation 4.2 is reduced to

__ (dsc 2
EBCTs/EBCT, ¢ = (d—w) (4.3)

This approach assumes that the Reynolds numbers of small and large column stay constant, which

gives us the following relationship between superficial velocities, v, and adsorbent diameters, d.
d
Vsc/Vic = (d_;c:) (4.4)

Crittenden et al. (1987a) found that the CD approach did not result in similar breakthrough curves
for their large and small columns. Instead, the proportional diffusivity (PD) approach was
applicable, which assumes that the effective diffusivity increases with increase in adsorbent

particle size. For this approach, X=1 and equation 4.2 becomes

d
EBCTs/EBCT,c = (d—jz) (4.5)

The superficial velocity can be calculated using the EBCTsc (determined from equation 4.5) and

the dimensions of the small column.

Once the dimensions of the small column are determined, the superficial velocity of the small
column, vsc, can be calculated using the bed volume of the column (BVsc), cross-sectional area of

the column Asc, flowrate Qsc and EBCTsc using equations 4.6 and 4.7:

Qsc = (E?;—;ZC) (4.6)
Vee = (i_jz) 4.7)
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RSSCT columns scaled down using the PD approach typically have a longer empty bed contact
time and consequently, longer time to breakthrough compared to the CD RSSCT columns

(Westerhoff et al 2005).

The RSSCT approach, initially developed and validated for granular activated carbon (Crittenden
et al. 1986, 1987a), has been extensively studied for arsenic removal by granular ferric oxides
(Badruzzaman et al. 2004, Westerhoff et al. 2005). It has been applied in a preliminary way to
fluoride removal by bone char and amended wood chars (Brunson and Sabatini, 2014). To the best
of our knowledge, there are no published studies applying the RSSCT approach to porous ceramics
for fluoride removal. It is hypothesized that the RSSCT approach will be valid for these materials
because of the fundamental similarities between porous hydroxyapatite ceramics and granular
activated carbon (GAC) — they are both chemically homogeneous (as opposed to metal amended
chars or resins) and have accessible internal pores that contribute most of the available surface

sites while also introducing kinetic limitations due to intraparticle diffusion.

Materials and methods

Preparation of ceramics

Hydroxyapatite powder was synthesized in the lab according to the procedure described in
Nijhawan et al. (2018). Briefly, calcium nitrate tetrahydrate and ammonium phosphate salts were
mixed at a pH of 10.6 and the precipitated crystals were matured at 40°C for 60 hours (Verwilghen
et al., 2007). After drying, the precipitate was crushed and sieved through numbers 120 (pore size
125 pum) and 325 mesh (pore size 44 um) to obtain a uniform particle size. The powdered

hydroxyapatite was then mixed with rice starch and soluble potato starch in a volumetric ratio of
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50%, 25% and 25% each. During batch adsorption experiments, this volumetric ratio was found

to have the highest fluoride adsorption capacity of 18 mg/g (Nijhawan et al. 2018).

The mixture of powdered hydroxyapatite and the two types of starches was packed into a BD 5
mL syringe with a Luer-Lok tip (Bector, Dickinson and Company, NJ) and pushed out to form
thin strings. These were then allowed to dry and cut into cylindrical pellets. Pellets of approximate
diameter 2 mm and length 3 to 4 mm were used for the small columns (diameter 2.5 cm) and
pellets of 4 mm in diameter and 6 to 8 mm in length were used for the larger column (diameter 5
cm). Usually, a column diameter to pellet diameter ratio of at least 10 to 1 is recommended to
avoid channeling (Rase, 1977), however, a ratio of 7 to 1 has also been found satisfactory
(Arbuckle and Ho, 1990). Finally, these pellets were fired in a kiln at 1200°C for 6 hours to obtain
the porous ceramic. The actual porosity of the packed bed was determined gravimetrically by
measuring the weight of water needed to saturate the bed. The porosity of the porous ceramic along

with the inter-pellet porosity contribute to the overall porosity of the packed bed.

Batch kinetic test

A batch kinetic test was done to (1) assess the kinetics of fluoride uptake and (2) to evaluate the
effect of pellet size on rate of fluoride adsorption and equilibrium fluoride concentration, which
would guide the application of the RSSCT approach. A 10 mg/L fluoride solution was prepared
by diluting a 1000 mg/L NaF solution in 50 mM HEPES (4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid) buffer solution. Ceramic pellets were added to this solution in a
solid to liquid ratio of 5 g/L in 100-mL Nalgene high density polyethylene bottles and kept on a
reciprocating shaker at 30 rpm. Samples were collected for fluoride measurement every 30 minutes

for the first 5 hours and then every hour until hour 48.
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Column adsorption tests

Small-scale column tests were done in a glass column with inner diameter of 2.5 cm and bed depth
of 10 cm (bed volume of 49 mL). Two flow rates were tested — 1 and 2 mg/L — corresponding to
EBCTs of 49 and 24.5 minutes respectively. A 10 mg/L fluoride solution was pumped from the
influent storage to the inlet of the column using a peristaltic pump (Cole-Palmer Masterflex,
Vernon Hills, 1llinois) to maintain a constant flow rate. A pressure gauge was connected between
the pump and inlet of the column to record the inlet pressure (Figure 4.1, P1). The column was
setup as an up-flow column to prevent flow by gravity. Glass wool was placed near the inlet and
outlet of the column to support the adsorbent bed. Glass beads were placed at both ends of the bed
to allow dispersion of the water. The 10 mg/L fluoride solution was prepared according to the
method described in the previous section. An outlet pressure gauge (Figure 4.1, P2) was placed
between the column outlet and the automatic fraction collector (Pharmacia LKB-Frac-100, New
York City, New York), to measure the pressure drop across the column. P1 and P2 were placed at
the same height to avoid a difference in potential energy at the two points. Silicone tubing was

used to connect each part of the column setup.

Ny & o
F2)- & (o
| Fraction collector | QOutlet pressure | Column Inlet pressure Peristaltic pump
gauge, P2 reactor gauge, P1

Figure 4.1 Lab-scale continuous-flow column set up (Influent fluoride concentration, Co = 10

mg/L)
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Large-scale column studies were done in a glass column with an inner diameter of 5 cm and bed
depths of 12 and 18 cm with a flow rate of 4.8 mL/min and 7.2 mL/min (both with an EBCT of 49

minutes), respectively.

For the RSSCT design, EBCTsc and vsc were calculated from equations 4.3 and 4.4 whereas

EBCTLc and vi.c were determined from equations 4.5 and 4.7.

Fluoride Analysis

Fluoride concentrations for the batch kinetic study and the column studies were measured using
an ion selective electrode (Thermo-Scientific Orion, Waltham, Massachusetts) that was calibrated
using 0.025, 0.5, 1, 10 and 100 mg F/L standards. Total ionic strength adjustment buffer (TISAB)
was used to dilute samples, standards and blanks in a 1:1 ratio to maintain a constant ionic strength

and to decomplex dissolved fluoride complexes (Adriano and Doner, 1982).

Breakthrough analysis

Fluoride loading in the column was measured by doing a mass balance. The WHO Guideline for
safe intake of drinking-water containing fluoride, 1.5 mg/L, was chosen as the point of
‘breakthrough’, while 85% of influent concentration, (Co =10 mg/L), 8.5 mg/L was chosen as point
of exhaustion. These values were expressed as o and ge, respectively and refer to the mass of

fluoride (mg) loaded per gram of the adsorbent in the column bed.

Results and Discussion

Batch kinetic study

The applicability of the RSSCT approach was tested through batch kinetic studies which showed

similar equilibrium fluoride concentrations for the small and large pellets (Figure 4.2). The smaller
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pellets showed a higher rate of fluoride removal initially, but the two curves converged around t =
24 hours (see inset) and eventually reached an equilibrium concentration of 0.03 + 0.003 mg/L at
t = 26 hours. The initial rate of fluoride removal was higher for both pellets because of the large
concentration gradient between the fluoride-free pellet surface and bulk solution and between the
pellet surface and the intraparticle pore water. Further fluoride removal took place after fluoride
ions diffused into the interior of the pellets via surface and/or pore diffusion. This process was

faster (steeper) for the smaller pellet size as the intraparticle diffusion distance was shorter.

10

—e— 2 mm pellets 04
+O- 4 mm pellets

Fluoride concentration (mg/L)

0 10 20 30 40 50

time (hours)

Figure 4.2 Results of kinetic study to determine the rate of fluoride removal in small (2mm

diameter) and large pellets (4 mm diameter)

Since the ultimate equilibrium concentration was independent of adsorbent size, the RSSCT

approach is deemed appropriate for use with the porous hydroxyapatite ceramics studied in this

research.

79



Continuous-flow column tests

10

A
o

1 mL/min
2 mL/min

C,, (mg/L)

2 WHO Guideline value = 1.5 mg/L
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Figure 4.3 Breakthrough curves of small columns with flow rates of 1 mL/min and 2 mL/min

(column diameter = 2.5 cm, bed depth = 10 cm)

Two small continuous-flow columns with flow rates of 1 and 2 mL/min were run until exhaustion
(i.e., when the effluent concentration Ce reached 85% of (or 0.85 times) Co). The breakthrough
curves, plotting the fluoride concentration in the effluent against bed volumes of each column had
the characteristic S-shape (Figure 4.3) commonly reported for adsorbent beds with favorable
adsorption isotherms (Brunson and Sabatini, 2014; Du et al. 2016; Tor et al. 2009). The shape of
the breakthrough curve is determined by the length of the mass transfer zone (MTZ) that develops
in the column. The MTZ is the length of bed needed for uptake of a contaminant (Crittenden et al.
1987D); the bed is assumed to be saturated upstream of the MTZ and unused downstream of it,
while the mass transfer of fluoride onto the porous adsorbent takes place in the MTZ. Once the

MTZ reaches the downstream end of the column, the fluoride front appears, and the effluent
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concentration starts to increase. This was observed after approximately 250 to 300 bed volumes
for the columns (Figure 4.3). Before this, the effluent concentration was at or near the detection

limit of the ion-selective electrode (0.02 mg/L).

The shape of the breakthrough curves was influenced by the flow rate. The later appearance of
fluoride and steeper slope of the 1 mL/min breakthrough curve (Figure 4.3) indicates a shorter
mass transfer zone (MTZ) because the longer residence time (determined by the flow rate) allowed
more time for the fluoride ions to diffuse into the pores and occupy available adsorption sites. At
a higher flow rate (2 mi/min), however, the curve rose earlier and had a more gradual slope and a
long ‘tail” (which would likely have been more obvious had this column been run until Cest = Co).
Likewise, at 2 mL/min, the diffusion-limited adsorption caused an earlier breakthrough as
expected for a longer MTZ (). This is consistent with the trends reported by Ghorai and Pant
(2005), Marsh and Rodriguez-Reinoso (2006) and Mohan et al. (2017) who observed shorter time

to breakthrough with increase in flow rate.

A mass balance was conducted on each column to determine the amount of fluoride adsorbed per
gram of ceramic (q) at breakthrough (Cefsr= 1.5 mg/L) and exhaustion (Cetf = 8.5 mg/L), as shown
in Table 4.1. The values of q at breakthrough (qn) were similar for the two columns, but the values
of g at exhaustion (ge) decreased from 11.7 to 10.8 mg/g with increase in flow rate. This is visually
confirmed from Figure 4.3 which illustrates less adsorption (area above the curves) for the 2
mL/min column. If the columns had been allowed to run till Cets = Co = 10 mg/L,, it is possible that
these values would converge toward the same value — albeit with a long, extended tail for the 2

mL/min case.
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Table 4.1 Operational and design parameters of small continuous-flow columns

Parameter Q=2mL/min  Q=1mL/min
EBCT (min.) 24.5 49
Mass of adsorbent () 194 22.8
Bed volume (mL) 49 49
Bed volumes till breakthrough 390 465
Bed volumes till exhaustion 658 640
g until breakthrough (1.5 9.6 9.8
mg/L), gb (Mg/g)
g until exhaustion (8.5 mg/L), 10.8 11.7
Qe (MY/Q)

Langmuir isotherm parameters?
gis 6.0£0.9
gss 11.9+£2.0
g10 126+£1.9

Note: 2 The values of qis5, gss and gio were calculated from batch isotherm data (Nijhawan et al.
2018) using Langmuir isotherm parameters (Qmax = 18.2 £ 1.6 mg/g, K = 0.3 £ 0.1). Uncertainties
represent standard error of non-linear regression

While the ge values for both columns lie within the estimated range of gss obtained from batch
isotherm, the gp was higher than the batch qi.5 (Nijhawan et al. 2018) (Table 4.1). This can be
attributed to the fact when Cett = 1.5 mg/L, the early portion of the column bed is in equilibrium
with concentrations greater than 1.5 mg/L. In fact, a section of the bed near the influent might be
approaching saturation and thus be in equilibrium with the inlet fluoride concentration. Therefore,

the gp value can be thought of as a composite of solid phase fluoride concentrations (q) at local
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equilibria, averaged over the entire length of the column, and thus expected to be greater than qqs

obtained from batch studies.

Constant diffusivity (CD) versus proportional diffusivity (PD) RSSCT approaches

The RSSCT approach was tested by designing a larger column and two small columns — designed
using the proportional diffusivity (PD) and constant diffusivity (CD) approaches to determine
which would predict the breakthrough of the larger column more accurately. The superficial
velocity, vic, and empty bed contact time, EBCT.c, of the large column were 0.24 cm/min and 49
minutes, respectively. The CD column was designed using equations 4.3 and 4.4, while the PD
column was designed using equations 4.5 to 4.7. The design parameters for each column are
presented in Table 4.2. The bed densities and porosities were similar for all three columns

indicating homogeneity in packing density and pore volume with increase in pellet size.

Table 4.2 Operational and design parameters of continuous-flow columns

Parameter PD small column  CD small Large column
column

Flow rate (mL/min) 2 2.4 4.8

Superficial velocity 0.4 0.48 0.24

(cm/min)

EBCT (min.) 24.5 12.3 49

Bed depth (cm) 10 6 12

Bed volume (mL) 49 29.5 236

Bed porosity (%) 72 70 72.5
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Figure 4.4 Breakthrough curves for a large column and two small (RSSCT) columns designed

using the proportional (PD) and constant (CD) diffusivity approaches

The CD approach predicted the breakthrough of the large column better than the PD column, which
suggests that the effective intraparticle diffusivity was independent of adsorbent size (an
assumption of this approach). However, the three curves begin to converge after approximately
500 bed volumes. This is consistent with the findings of Sperlich et al. (2005) for arsenic removal
by granular ferric hydroxide. While the CD RSSCT column was a better predictor of the large
column initially, the CD and PD RSSCT breakthrough eventually converged, and both accurately

predicted exhaustion of the larger column.

The flow was paused for different durations at multiple points during the large column run to
demonstrate the effect of non-equilibrium conditions. As seen in Figure 4.4 inset, interrupting the

flow for 48 hours after 290 bed volumes decreased the effluent fluoride concentration from 2.2
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mg/L to 0.30 mg/L, an 86% decrease. In comparison, an 18-hour flow interruption after 625 bed
volumes only decreased the effluent concentration by 26%, from 7.5 mg/L to 5.3 mg/L. Since this
interruption was done further along in the column run, this could be explained by the fact that the

system was closer to saturation adsorption and less fewer sites remained available for adsorption.

The flow interruption allowed fluoride ions in the intraparticle region more time to diffuse into the
pores of the ceramic pellet, increasing the concentration gradient between the bulk solution and
adsorbent surface. A similar phenomenon was observed by Padungthon et al. (2014) who used
zirconium-amended anion exchange resins to remove fluoride. The temporary decrease in effluent
fluoride concentration indicates that these columns were being operated under non-equilibrium

conditions and that intraparticle diffusion plays a significant role in fluoride adsorption.

Effect of flow rate on length of MTZ

A second large column experiment was conducted to test the reproducibility of the results with
different flow rates and bed depths, designed to keep the EBCT constant e. A column with a bed
depth of 18 cm and flow rate of 7.2 mL/min was chosen to compare to the 12 cm/4.8 mL/min
column while maintaining an EBCT of 49 minutes (Table 4.3). The breakthrough curves of both
columns are shown in Figure 4.5. The two breakthrough curves have significant overlap because
the length of the MTZ increases with increase in flow rate. While the longer column had slightly
lower fluoride effluent concentrations initially (first 100 bed volume), the curves started to

converge around 150 bed volumes, and both reached exhaustion around 740 bed volumes.
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Table 4.3 Operational and design parameters of larger continuous-flow columns

Parameter Q=72mL/min  Q=4.8mL/min
EBCT (min.) 49 49
Bed volume (mL) 353 236
Bed depth (cm) 18 12
Mass of adsorbent () 158 102
Bed volumes till breakthrough 195 253
Bed volumes till exhaustion 740 739
g till breakthrough (1.5 mg/L), gb 4.2 5.6
(mg/g)
g till exhaustion (8.5 mg/L), ge (Mg/g) 9.8 10.7
10
v Q=4.8 mL/min, bed depth = 12 cm
v Q=7.2 mL/min, bed depth = 18 cm
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Figure 4.5 Breakthrough curves of columns with EBCT of 49 minutes and flow rates of 4.8

mL/min and 7.2 mL/min
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Since the shape of the breakthrough curves was similar for both the columns, and exhaustion
occurred after nearly the same number of bed volumes (Table 4.3), these results are consistent with
our hypothesis that the length of the MTZ is correlated with the flow rate and superficial velocity

in the column and thus that the two column results would be quite similar.

Comparison with other adsorbents and preliminary cost analysis

Comparing the porous hydroxyapatite ceramic with other adsorbents, we observe that it performed
3 to 4 times better than activated alumina and bone char, on a bed volume basis, and comparable
to other adsorbents like chemically activated bone (Table 4.4). The ceramics had similar q. 5 values
and similar bed volumes to breakthrough as compared to chemically activated cow bone (Yami et
al. 2016) as well as greater qus values and bed volumes to breakthrough than commonly used

activated alumina and bone char.

Table 4.4 Comparison of column performance indicators and Langmuir parameters for fluoride

adsorbents
Adsorbent Bed volumes to g5 (mg/g) Reference
breakthrough (Cet
=1.5mg/L)
Activated alumina 70 0.5 Brunson and
Sabatini (2014)
Bone char 100 2.1 Brunson and
Sabatini (2014)
Chemically activated cow 400 45+18 Yami et al. (2016)
bone
Porous hydroxyapatite 465 6.0+0.9 This study
ceramics

As a further step in comparing the porous hydroxyapatite ceramics to the commonly used activated

alumina, a preliminary cost analysis was conducted for producing the ceramic media. Based on
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bulk costs of chemicals and typical energy consumption values (see Supplementary Information),
the cost of the porous hydroxyapatite ceramics was estimated to be $1.63 per kg. This cost
compares very favorably with the cost of commercially available activated alumina ($1.50 per kg,
Sorg 2014). This combined with the fact that bed volumes to breakthrough were almost seven
times greater for the porous hydroxyapatite ceramics (Table 4.4) supports the further evaluation of

this adsorbent in pilot and full-scale column and economic studies.

Conclusions

The kinetics of fluoride adsorption on porous hydroxyapatite ceramics were studied through batch
and column adsorption tests. In the batch kinetic test, cylindrical pellets of diameter 2 mm and
length 3 to 4 mm and diameter 4 mm and length 6 to 8 mm were kept in contact with 10 mg/L
fluoride solution for 48 hours. The smaller pellets initially removed fluoride at a faster rate, due to
the shorter intra-particle diffusion distances, but the two curves converged after 24 hours and
reached the same equilibrium concentration of 0.03 mg/L after 26 hours of reaction time, thus
demonstrating the common equilibrium capacity while also confirming the validity of the Rapid

Small-Scale Column Tests (RSSCT) approach for these adsorbents.

Fluoride adsorption under continuous-flow column conditions was studied by running two small
columns at flow rates of 1 and 2 mL/min. The porous hydroxyapatite ceramics performed better
than widely used activated alumina and bone char, measured based on bed volumes to
breakthrough (Ce = 0.15 Co) and exhaustion (Ce = 0.85 Co). Specifically, the effluent concentration
in both the columns was at or below the detection limit of the fluoride selective electrode (0.02
mg/L) for approximately 250 bed volumes, before it started to increase. Eventually, the effluent

fluoride concentration reached 1.5 mg/L after 465 and 390 bed volumes for the 1 mL/min and 2
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mL/min columns, respectively. Since the adsorbent pellet size and bed depth were kept the same,
the breakthrough curve was only influenced by the flow rates of each column. The 2 mL/min
column had a faster breakthrough but exhibited a more gradual slope and a long ‘tail’ because, at
higher effluent concentrations, say Cetf = 7 mg/L, it had more adsorption capacity left as compared

to the 1 mL/min column.

The mass of fluoride adsorbed per gram of the adsorbent was similar for both the columns. The ge
values were 11.7 mg/g at a flow rate of 1 mL/min and 10.8 mg/g at a flow rate of 2 mL/min. This
is approaching the value of gss (11.9 £ 0.9) obtained from batch adsorption tests (Nijhawan et al.

2018).

The RSSCT approach was validated for the adsorption of fluoride. Two small columns were
designed using the constant (CD) and proportional diffusivity (PD) approaches respectively, and
their breakthrough curves were compared to that of a large column. The CD approach was a better
predictor of the fluoride removal performance suggesting that the effective intra-particle
diffusivity is independent of the adsorbent size. On the other hand, the small PD RSSCT column
displayed longer time to breakthrough as compared to the larger column. This is comparable to
results reported by other researchers who found that the PD RSSCT column often results in longer
time to breakthrough. Both the small columns consumed about 1/6™ the volume of water used by

the large column.

Interruption in the column flow at different points in the column run led to a temporary decrease
in the effluent fluoride concentration. The effluent fluoride concentration decreased from 2.2 mg/L
to 0.30 mg/L when the flow was interrupted for 48 hours after 290 bed volumes. This suggests that

the column was being run under non-equilibrium conditions and that intraparticle diffusion
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contributes significantly to fluoride removal. During the interruption in flow, the fluoride ions
diffused further into the pores of the ceramic pellet creating a concentration gradient between the
ceramic surface and bulk fluoride solution. When the flow was restarted, this resulted in adsorption

on the now available surface sites.

Two columns with different flow rates but the same EBCT showed similar breakthrough profiles.
With increase in flow rate, the length of the MTZ also increased, leading to similar breakthrough

curves even though the columns varied in length (12 and 18 cm).

The cost of this ceramic media was found to be approximately $1.63 per kg, which compares
favorably with the cost of commercially available activated alumina. The fact that this adsorbent

performed six to seven times better than activated alumina makes this cost even more competitive.

These results have implications for the use of this adsorbent in a point-of-use or community-scale
treatment system. Continuous-flow column tests with different contact times (and, therefore,
superficial velocities), resulted in a marked difference in g» values ranging from 4.2 to 9.8 mg/g.
It is likely that even higher qg» values will be obtained if columns are operated with interrupted
flow, thereby, maximizing fluoride loading on to the adsorbent before breakthrough. Therefore,
future research should focus on testing adsorption in columns with interrupted loading to determine
the optimum hydraulic residence time to maximize the fluoride removal capacity and cost-

effectiveness of this material.
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Supplementary Information

Cost analysis on manufacturing ceramics at industrial scale

Assumptions

Chemical costs are bulk prices for a minimum purchase of 20 — 25 metric tons
This operation makes 170 kg of ceramic material daily

The electric Kiln is operated for 6 hours daily

The ball mill and sieve shakers are operated for 4 hours daily

The US rate of 12 cents per kWh is used to determine electricity costs

1. Capital expenditure

Table S4.1 Equipment costs

Equipment Cost (USD)
Kiln TL20E = 20ft3 electric kiln 6,650
Ball mill 4,500
Sieve shaker 1,000
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2. Operational expenditure

Table S4.2 Wholesale cost of raw materials

Chemical Cost per kg (USD/kg)
Calcium nitrate tetrahydrate 0.09

Ammonium phosphate monobasic 0.12

Ammonium hydroxide, 25 — 28% 0.18

Rice starch 0.15

Soluble starch 1

Total cost of chemicals per kilogram of prepared adsorbent = 1.5 USD

Table S4.3 Energy consumption of equipment and associated costs

Equipment Electricity cost per day (for Electricity cost per kg
170 kg ceramics) of ceramics
(USD/day) (USD/kg)

Electric kiln 13.8 0.08

Ball mill 1.0 0.04

Sieve shaker 7.2 0.01

Total cost of material (3USD/kg) = 1.5+ 0.13 =1.63 USD

Commercially available activated alumina costs 1.5 USD/per kg.
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Chapter 5 Conclusions

Despite the widespread use of relatively low-cost fluoride removal technologies, fluoride-
impacted drinking water continues to be a health hazard for millions of people worldwide.
Limitations of existing removal technologies include low fluoride removal capacity, high cost,
leaching of toxic metals and color and odor-causing organic compounds into treated water, lack of
cultural acceptability in certain countries, and difficulties in operation and handling because of
instability over a wide pH range. The goal of this dissertation was to develop a fluoride adsorbent
to address several of these limitations, specifically low fluoride removal capacity, physical and

chemical instability at high pH and lack of cultural acceptance.

The specific objectives of this research were to synthesize and characterize porous hydroxyapatite
ceramics; evaluate their fluoride removal capacity; and study the impact of parameters such as size
of hydroxyapatite particles, size and type of pore-forming materials, pore size, pore volume,
synthesis conditions, potential for regeneration, selectivity for fluoride and performance in batch

and continuous-flow column systems.

Porous hydroxyapatite ceramics were made by firing mixtures of synthesized hydroxyapatite
powders and insoluble and soluble pore forming materials at 1200°C (Chapter 2). Three types of
starches — rice, wheat and corn — and cellulose fibers, were used as insoluble pore forming
materials. Soluble starch gelatinized in water and acted as a binder for the hydroxyapatite and
insoluble starch/cellulose granules, allowing for cohesive, compact shapes before firing. The
insoluble starches and cellulose acted as pore formers and created interconnected pores on burning.
The result was the formation of a ceramic matrix with porosities in the range of 25 to 45%,

depending on the volume ratio of soluble and insoluble starches/cellulose. Since pore diameters
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were in the range of 0.11 to 6.9 um, these ceramics can be considered macroporous. No thermal
decomposition or phase change of hydroxyapatite took place during sintering as confirmed by X-
ray diffraction (XRD) patterns of the ceramics which showed a pure hydroxyapatite phase (Figure

2.1).

Batch adsorption tests were done to determine the fluoride adsorption capacity of ceramics and the
results were fit to the Langmuir isotherm to obtain values of best fit parameters. The maximum
fluoride adsorption capacity (qmax) ranged from 7 to 12 mg/g (Figure 2.2, Table 2.1). This was
higher than or comparable to gmax values for activated alumina and bone char reported in the

literature.

Ceramics made with insoluble starch were characterized by low porosities (25 to 37%) and
relatively lower fluoride uptake (gmax values were between 7.4 to 8.6 mg/g). In the absence of
insoluble starch, increasing the soluble starch content did not have a statistically significant impact
on fluoride uptake. Addition of insoluble starch led to an appreciable increase in fluoride
adsorption. The highest adsorption capacity was of the ceramics made with 50% by volume
hydroxyapatite and 25% each of soluble and insoluble rice starch, with a porosity of 45%. This
was a 1.5 times increase in qmax and a three-fold increase in qu.s compared to the ceramics made
without 50% hydroxyapatite and 50% soluble starch. Ceramics with more than 25% by volume of
insoluble starch disintegrated during handling, possibly because there was insufficient

hydroxyapatite to form a solid matrix.

The impact of insoluble starch on fluoride adsorption was explained by examining the pore
structure of the ceramics through scanning electron micrographs (Figure 2.3). While ceramics

made with only soluble starch as the pore forming material had small closed-off pores, adding
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insoluble starch created open and interconnected pores. It is assumed that addition of insoluble
starch facilitated higher fluoride uptake by providing more pores for the fluoride ions to diffuse

through and a higher surface area for adsorption.

Measuring the open porosity of ceramics gave further insight into the pore forming mechanisms
of each type of starch. We compared the open porosities of two ceramics, both with 50% by volume
hydroxyapatite and 50% total porosity (with varying contribution of each type of starch to the total
porosity). Ceramics made with 50% by volume hydroxyapatite and 50% soluble starch had 31%
open porosity. In contrast, ceramics with 50% hydroxyapatite, 25% insoluble starch and 25%
soluble starch had 45% open porosity, an increase of 14%. This led to a 57% increase in qmax (Table

2.1,2.2)

The effect of changing the type of pore forming material was evaluated by substituting the
insoluble rice starch for wheat starch, corn starch and cellulose fibers. The three types of starch
did not result in a statistically significant difference in fluoride adsorption and the g5 values were
in the range of 5.2 to 6.7 mg/g (Table 2.1). However, using cellulose fibers led to a decrease in qi.5
which was 2.6 + 0.5 mg/g. Micrographs of this ceramic revealed fewer open pores compared to

ceramics made with the three types of starches (Figure 2.3).

To further explore the role of pore size and its effect on fluoride removal, ceramics with smaller
pores were made using smaller hydroxyapatite particles (Chapter 3). It was hypothesized that
smaller hydroxyapatite particles would result in smaller pores which would subsequently lead to
an increase in specific surface area and fluoride adsorption. A theoretical explanation for this was
given by plotting internal surface area against pore radii in the range of 0.1 to 1.5 um (Figure 3.4).

Smaller hydroxyapatite particles (dso of 100 um, compared to 240 um used in Chapter 2), were
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mixed with 25% each of insoluble rice starch and soluble starch to form porous ceramics. This
resulted in a 50% increase in gmax from 12.4 mg/g to 18.2 mg/g. The change in qi5 and porosity

was negligible (Figure 3.1, Table 3.1).

Further experiments were done on the best performing adsorbent ceramic to study its selectivity
for fluoride and potential for regeneration. Batch adsorption tests done in the presence of other
ions showed that none of the ions competed with fluoride at concentrations commonly found in
groundwater except chloride (Figure 3.6 a). Even then, only very high concentrations of chloride
(molar ratio of chloride to fluoride much greater than 1:1) decreased fluoride uptake. Chloride can
adsorb onto hydroxyapatite by exchanging with hydroxide ions in the apatite structure, similar to
fluoride ions. Natural organic matter (NOM) also competed strongly with fluoride at
concentrations above 10 mg/L, or 4.8 mg C/L. These concentrations lie within the reported range
of NOM concentrations reported in groundwater, 1- 50 mg C/L (Figure 3.6 b). This interference
can either be a result of competition for adsorption sites or the clogging of pores which can hinder

intraparticle diffusion of fluoride.

The regeneration potential of these ceramics was evaluated through repeated adsorption and
desorption cycles (Figure 3.7). Two sodium hydroxide solutions (0.05 and 0.1 M) were used as
regenerating solutions. The ceramics retained 70% of their adsorption capacity after five
adsorption cycles [the adsorption capacity decreased from 2.5 mg/g in the first adsorption cycle to
1.75 mg/qg after five adsorption cycles when regenerated with 0.1 M sodium hydroxide]. Similar
results were obtained for 0.05 M sodium hydroxide. The ceramics did not dissolve even at pH
values higher than 12; in contrast, aluminum-based adsorbents form soluble alumino-fluoro

complexes at alkaline pH.
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Several practical aspects must be considered before adsorbents can be used as a household or
community-level treatment technology. The kinetics of fluoride removal were studied to test the
performance of hydroxyapatite ceramics in practical settings. This was done through batch and
continuous-flow column tests (Chapter 4). Batch kinetic tests revealed that time to reach
equilibrium and the equilibrium fluoride concentration were independent of adsorbent size (Figure
4.2). While smaller ceramic pellets initially removed fluoride faster, the curves eventually
converged and reached equilibrium after 26 hours. This study confirmed the validity of the Rapid

Small-Scale Column Test (RSSCT) approach for scale up of column design.

Cylindrical ceramic pellets of diameter 2 mm and length 3 to 4 mm were packed in a glass column
of diameter 2.5 mm and their fluoride removal performance was studied at flow rates of 1 and 2
mL/min, by plotting effluent concentrations against bed volumes treated. The effluent fluoride
concentration was at or below the detection limit of 0.02 mg/L for the first 250 bed volumes (Figure
4.3). Eventually, the fluoride concentration in the effluent reached 1.5 mg/L (breakthrough), after
465 and 390 bed volumes for the 1 mL/min and 2 mL/min columns, respectively. The bed volumes
to exhaustion (Ce = 0.85 Co) were similar for both the columns at about 650 bed volumes (Table
4.1). The mass of fluoride adsorbed per gram on to the column was similar at both flow rates. ge
(defined as mass of fluoride per gram of the adsorbent at exhaustion) was between 11 and 12 mg/g
while gp (similarly defined at breakthrough) was close to 10 mg/g for both columns. Values of ge
lie within the range of gs s estimated from Langmuir fitting of isotherm data. g» was understandably
higher than gu.5 since the entire length of the column is not at equilibrium with 1.5 mg/L fluoride
at breakthrough. In fact, a large, up-stream portion of the column would be at equilibrium with a

higher concentration of fluoride.
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The RSSCT approach was tested and validated for fluoride adsorption by porous ceramics. A
larger column of diameter 5 cm was packed with pellets of diameter 4 mm and length 4 to 8 mm.
Two smaller columns were designed according to the CD and PD RSSCT approaches. The CD
approach proved to be a better predictor of the performance of the larger column since there was
a greater overlap between the breakthrough curves (Figure 4.4). This implies that the intraparticle
diffusivity is independent of adsorbent size. Both the columns consumed about 1/6'" the volume
of water used by the large column. While the CD RSSCT column predicted the breakthrough curve
of the larger column more accurately for the first 500 bed volumes, eventually, the CD and PD

RSSCT breakthrough curves converged, and both predicted the exhaustion of the larger column.

Column flow was interrupted at different points in the flow which led to a temporary decrease in
the effluent concentration which suggests that the column was at non-equilibrium and that
intraparticle diffusion contributes significantly to fluoride removal. During the interruption in
flow, the fluoride ions diffused further into the porous ceramic pellet creating a concentration
gradient between the ceramic surface and bulk fluoride solution. When the flow was restarted, the
lowered fluoride concentrations rebounded due to reestablishment of the intra-particle diffusion

limited adsorption.

A second larger column with the same EBCT but different flow rate and bed depth was run to
determine the effect of flow rate (and thus the superficial velocity) on length of the MTZ. The
breakthrough curves had significant overlap (Figure 4.5) thus confirming our hypothesis that

length of the MTZ is correlated with the flow rate and superficial velocity in the column.

The takeaway from the kinetic tests was that the EBCT is critical to maximizing the fluoride

loading on to the adsorbent, and thus, it’s fluoride removal capacity. Column experiments with
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different EBCTSs resulted in starkly different g» values, ranging from 4 to 10 mg/g. This has
implications for the design and scale up of this adsorbent media. To utilize the fluoride adsorption
capacity of this media to its fullest potential, operating the column under interrupted flow

conditions might be more useful, if practical, considering that fluoride uptake is diffusion-limited.

A preliminary analysis was done to determine the cost of manufacturing the ceramics on an
industrial scale. Based on bulk chemical prices and electricity consumption, the cost was estimated
to be $1.63/kg, compared to $1.5/kg for commercially available activated alumina); however, as
shown in Chapter 4 (Table 4.4), the ceramic adsorbent treated approximately 7 times more bed
volumes to breakthrough than activated alumina. This implies that this media is six to seven times

more cost effective than activated alumina.

Recommendation for future research

Three key areas have been identified for future research on fluoride removal using porous
hydroxyapatite ceramics. Building on the research presented in this dissertation, the performance
of these ceramics should be tested using natural ground water with elevated concentrations of
fluoride. Specifically, the optimum pH for fluoride removal and effect of presence of other ions

should be evaluated.

The second area of focus is exploring the potential of low-cost pore forming materials. Bio chars
obtained from waste materials such as rice husk and saw dust are a cheap alternative to starch.
While commercially available activated carbon is relatively expensive, less expensive bio chars
with high specific surface area can be made in the laboratory for further investigation into its use
as a pore-forming material. This has the potential to further reduce the cost of manufacturing this

media at an industrial scale.
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Finally, pilot and full-scale experiments should be conducted to explore the technical and
economic feasibility of using this adsorbent media to treat fluoride-impacted groundwater.
Specifically, future research should focus on designing a pilot-scale treatment system that
maximizes the fluoride adsorption capacity while maintaining practical flow rates for use in low-

income settings and carry out a detailed cost-estimate for the system.
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Appendix A Scanning Electron Micrographs

Figure A- 1 Scanning electron micrographs of 50-25-25 ceramics made with coarse
hydroxyapatite grains (dso = 240 pm) calcined at a) 700 °C and b) 900 °C, each containing rice

starch and soluble starch as pore forming materials
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Figure A- 2 Scanning electron micrographs of a) coarse hydroxyapatite grains (dso = 240 pum)

and b) fine hydroxyapatite grains (dso = 110 um)
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