ABSTRACT
FITZSTEVENS, MAIA GISELLE. Bone Char Removal of Fluoride and Arsenic from
Contaminated Water in the Presence of Competing Ions and Alkaline Conditions. (Under the
direction of Dr. Matthew Polizzotto).
Arsenic (As) and fluoride (F-) naturally occur in groundwater throughout the world, posing
health threats for people who rely on groundwater for drinking. The problem is particularly acute
in rural areas of developing countries, where access to water treatment technology is limited.
Globally, 200 million people are exposed to elevated levels of F- in groundwater and 140 million
people are exposed to elevated levels of As. Furthermore, F- and As are often found as cocontaminants in groundwater, a documented phenomenon in many parts of Asia, Africa and
Latin and South America. Appropriate water treatment technologies are needed at the local level
to reduce F- and As exposure from drinking water. Sorption technologies are ideal for these
settings, as they tend to be easy to use and cost effective. Bone char, or charcoal made from
animal bones, is an ideal sorbent because of its low cost and the effectiveness of its major
constituent, the calcium phosphate mineral hydroxyapatite. It has been found to readily remove F
from contaminated water and has shown some promise for As removal. In addition to assessing
sorbents for simultaneous removal of co-occurring water contaminants, quantifying the efficacy
of sorbents and anionic contaminants at alkaline pH, conditions where anion indications can
differ from circumneutral to acidic solution, is important for developing water treatment systems
for areas in the world where groundwater is alkaline, such as in Latin America. The goal of this
work is to assess the ability of bone char to co-remove fluoride and arsenic from groundwater
matrices similar to those found in Guanajuato, Mexico, a particularly afflicted region of Latin
America, and to help inform the design of household-scale water-treatment systems. This study
quantifies the capacity of bone char for removing F- and As at pH 8 and 10, individually and

simultaneously, and quantifies the effects of phosphate and silicate, competing anions typically
found in Mexican groundwater, on the removal capacity of bone char for F- and As. Results
show that the F- sorption capacity for bone char is 0.471 mmol/g (7.6 mg/g) at pH 8 and 0.316
mmol/g (5.6 mg/g) at pH 10. The As sorption capacity for bone char is 0.048 mmol/g (3.6 mg/g)
at pH 8, and negligible As sorption occurs at pH 10. Arsenic, silicate, and phosphate reduce the
sorption capacity of F- by 32%, 36%, and 69%, respectively, at pH 8, and by 28%, 44%, and
80% at pH 10. Additionally, F-, silicate and phosphorus inhibit As uptake at pH 8 and pH 10,
with the potential for As mobilization from bone char at pH 10. These results indicate that bone
char may be a viable treatment technology for the removal of F-, depending on the alkalinity and
presence of other anions in groundwater, and that bone char is not viable for As removal, in the
concentration ranges evaluated in this study. Future studies should quantify the removal capacity
of bone char for F- and As in flowing water systems at alkaline conditions and the presence of
commonly occurring anions. These results are relevant specifically to the design of water
treatment systems in Guanajuato, Mexico and may be relevant to other regions as well with
similar groundwater conditions.
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CHAPTER 1.
Introduction
1.1. Global distribution of fluoride and arsenic in groundwater and threats to human
health
Groundwater is a primary drinking water source for more than two billion people in low
income countries around the world (Graham and Polizzotto, 2013). Although often considered
safer than surface water due to its lower likelihood of bacterial contamination, groundwater can
contain harmful chemical contaminants. Whereas some of these chemical contaminants are
introduced to the environment through human activity (ie., industrial processes, mining,
agriculture), others are geogenic, or naturally-occurring, in groundwater. Two of the major
geogenic chemical contaminants in groundwater that are toxic for human health are fluoride
(Amini et al., 2008a) and arsenic (Amini et al., 2008b), and both can be found around the world
at concentrations in groundwater above WHO limits (Figure 1.1 and 1.2). Globally, 200 million
people are exposed to unsafe levels of fluoride in drinking water (Taiyuan Declaration, 2004),
whereas 140 million people are exposed to unsafe levels of arsenic (Ravenscroft et al., 2009).
Fluoride and arsenic in groundwater occur together in Latin America (Alarcon-Herrera et al.,
2013), Mexico (Armienta and Segovia 2008), Pakistan (Brahman et al., 2013; Farooqi et al.,
2007), the Main Ethiopian Rift (Rango et al., 2010), India (Chakraborti et al., 2016), Argentina
(Warren et al., 2005), and China (Zhu et al., 2006). Drinking untreated groundwater is the main
exposure pathway for both fluoride and arsenic (Ayoob et al., 2006; Ravenscroft et al., 2009).
Due to the threats they both pose to human health, arsenic and fluoride contamination of
groundwater is considered a global public health problem. Fluoride exposure leads to crippling
skeletal deformities and dental discoloration (fluorosis), increases the risk of cancer, and lowers
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IQ (Ayoob et al., 2006; Ozsvath 2009). The health effects of exposure to arsenic include elevated
risk of several types of cancer, skin lesions, increased rates of kidney and cardiovascular disease
and diabetes, adverse pregnancy outcomes, and reduced intelligence and growth in children
(Chen et al., 1992; Milton et al., 2005; Ng et al., 2003; Smith et al., 1992; Vahter 2008; Wang et
al., 2007; Wasserman et al., 2004). Access to clean water is a human right (Gleick 1998), and the
lack of access to clean water is an issue of environmental justice (Bullard et al., 1993; Lee 2002).
Arsenic and fluoride over-exposure often occurs in rural regions of low- and middle-income
countries, where communities often have no access to municipally treated water and little capital
to pay for water treatment. Thus, the development of technically sound and practical water
treatment solutions to remove fluoride and arsenic is a global public health, human rights, and
environmental justice priority.
1.2. Bone char as an appropriate technology for fluoride and arsenic removal
Water treatment technologies for fluoride and arsenic removal must be both
technologically sound and appropriate for rural, low-income settings in developing countries.
Although many methods of arsenic and fluoride removal from contaminated water - including
electrocoagulation, co-precipitation, reverse osmosis, and sorption to aluminum and iron oxides,
biochar, and bone char, among other sorbents (Bibi et al 2017; Bibi et al., 2015; Bhatnagar et al.,
2011; Choong et al., 2007; Jadhav et al., 2015; Mohapatra et al 2009; Mohan et al. 2007;
Mumtaz et al., 2015; Thakur et al., 2017) - have been deemed effective, many of these methods
are too expensive or energy intensive to be appropriate for rural, low-income settings. Bone char,
or charcoal made from animal bones, is one treatment technology that is particularly promising:
practically, it is a low-cost and widely available material, and chemically, its composition of
primarily hydroxyapatite, a calcium phosphate mineral, allows for the potential for several
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different removal processes to occur that would remove arsenic and fluoride from solution.
Hydroxyapatite is uniquely suited to sorb anions such as fluoride and arsenic, either through
surface adsorption or through substitution of fluoride and arsenic for hydroxide and phosphate,
respectively, in the mineral structure. Bone char has been previously studied for fluoride (Abe et
al., 2004; Brunson and Sabatini 2014; Medellin-Castillo et al., 2014; Ma et al., 2008; MedellinCastillo et al., 2007; Rojas Mayorga et al., 2013; Brunson and Sabatini 2009; Mutchimadilok et
al., 2014; Levya-Ramos et al., 2010; Kawasaki et al., 2009; Sorlini et al., 2011) and arsenic
(Begum et al., 2016; Brunson and Sabatini 2009; Mlilo et al., 2010; Liu et al., 2014; Sneddon et
al., 2005) removal from drinking water, and it has been found to be effective for removing both
from solution at circumneutral pH (Brunson and Sabatini 2009; Mlilo et al., 2010). The rest of
this chapter will introduce bone char as a sorbent for fluoride and arsenic removal, present the
existing research gaps in the literature, and state the goals and objectives of this thesis.
1.3. Bone char for fluoride removal from contaminated water
Fluoride removal from contaminated water by bone char has been studied in several ways:
through kinetics studies, where the rate of removal is measured over time, adsorption isotherms,
which measure the partitioning of a sorbate to a sorbent at different concentrations of sorbate
(Sparks 2003), and column studies, which measure the concentration of a solution before and
after it enters a column of a sorbent and assess the ability of a sorbent to remove a sorbate
through flowing water. All three types of experiments provide needed data to assess a water
treatment technology’s effectiveness. Studies for each type of experiment for fluoride removal
by bone char are described in the following sections. Lastly, the effects of competing ions
commonly found in groundwater will be discussed.
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1.3.1. Kinetics of fluoride removal by bone char
The kinetics of fluoride removal by bone char ranged from less than one hour to several
days in the literature (Table 1.1). For most studies on fluoride sorption to bone char, a full set of
kinetic data were not given, only the time required to reach equilibrium between fluoride sorbed
to the char surface and fluoride in solution. Leya-Ramos et al. (2010) measured the rate of
fluoride sorption to bone char with kinetic and diffusional models and found that pore volume
diffusion controlled the rate of fluoride sorption, and that diffusional models were more
appropriate for evaluating the sorption process. The times determined to be sufficient for
reaching equilibrium have been determined to be 1 hour (Brunson and Sabatini 2009), 3 hours
(Abe et al., 2004), 24 hours (Brunson and Sabatini 2014; Kawasaki et al., 2009; MedellinCastillo et al., 2007), and 5 to 7 days (Medellin-Castillo et al., 2014 and 2016). More kinetic data
would help determine what conditions affect characteristic times required to reach sorption
equilibrium. In the literature, a quantitative definition of equilibrium is not given, which makes
comparisons between datasets more challenging, as different authors may have used different
definitions of equilibrium. Defining equilibrium would contribute to a more comprehensive
evaluation of sorption data for fluoride. In addition, the experimental conditions for kinetic
studies, including char dose, initial fluoride concentrations, and length of experiments, are often
not listed in the literature, which could account for the differences in equilibrium time across
studies. More detailed information, building on the work of Levya-Ramos et al. (2010) is needed
to draw more conclusions about the kinetics of fluoride removal by bone char.

5
1.3.2. Fluoride adsorption isotherms for bone char
Adsorption processes are generally described using adsorption isotherms, a type of
experiment where the amount of sorbate sorbed to the surface of a sorbent at varying
concentrations of sorbate is measured (Sparks 2003). Adsorption isotherms can be modeled to
further describe the data. Two models that are commonly used are the Freundlich and Langmuir
isotherm models. The Freundlich model is an empirical model. The Freundlich equation is as
follows:
S = KfCn
Where S = amount of sorbate sorbed to the surface of the sorbent, Kf = Freundlich adsorption
constant, C = concentration of sorbate in solution, and n = Freundlich fitting parameter. The
Langmuir model shows a sharp slope at low concentrations of sorbate, then plateaus as vacant
sites on the surface fill up. This indicates a high affinity for the sorbate to the sorbent at low
sorbate concentrations. This model yields a maximum sorption capacity value. The Langmuir
equation is as follows:
S = SmaxKLC / [1 + KLC]
Where Smax = maximum sorption capacity and KL= Langmuir adsorption constant.
Bone char sorption of fluoride has been well studied using adsorption isotherms (Table
1.2). Based on Langmuir-modeled data, the range of Smax found across studies is 1.29 mg/g to
11.9 mg/g, excluding negative values, and KL values ranged from 0.08 to 2.58 L/g (Table 1.2).
The experimental conditions and key results from the studies found in the literature are in Table
1.2 and Figures 1.3, 1.4, and 1.5. Studies have measured the sorption of fluoride to bone char
under different experimental variables, including pH, char particle size, char pyrolysis
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temperature, experimental temperature, and type of bone. Each of the effects of these variables
on fluoride sorption to bone char will be discussed in detail below.
Fluoride sorption to bone char was evaluated in adsorption isotherms ranging in pH from
3 to 12, and a summary figure showing the range of Smax values found across a range of pH in the
literature can be found in Figure 1.3. The general trend across studies shows that pH has an
effect on the maximum sorption capacity of bone char for fluoride, as shown by the Smax value
calculated in the Langmuir isotherm model, where the capacity for fluoride sorption by bone
char is higher at more acidic pH, a typical behavior for anion sorption (Fig. 1.3; Sparks 2003).
Rojas Mayorga et al. (2013) found Smax to increase from 4.70 mg/g to 8.96 mg/g as pH went
from 8 to 6. Medellin-Castillo et al. (2014) also found Smax at pH 5 (7.74 mg/g) to be higher than
at pH 7 (5.44 mg/g). Medellin-Castillo et al. (2007) found the highest sorption capacity for bone
char (11.9 mg/g) to be at pH 3, with the sorption capacity decreasing to 2.31 mg/g as pH
increased to 10. Sorption capacity was higher at pH 11 (4.04 mg/g), and lowest at pH 12 (1.33
mg/g). However, there is a wide range of Smax values, shown in Figure 1.3, at each pH value. At
pH 7, Smax ranges from around 1 mg/g to 9 mg/g, and at pH 10, Smax ranges from around 1 mg/g
to 6 mg/g. This heterogeneity within and across studies suggests that other factors besides pH are
controlling fluoride sorption to bone char. In general, though, the literature suggests that the
capacity of bone char for fluoride removal is strongly pH-dependent and acidic pH conditions are
ideal for maximizing fluoride removal, as is typical for anionic water contaminants.
Bone char pyrolysis temperatures assessed in the literature ranged from 300°C to 1000°C
and showed an effect on sorption of fluoride to bone char. Figure 1.4 shows the effects of
pyrolysis temperature on Smax values in the literature, for studies that assessed pyrolysis
temperature as an experimental variable. Rojas Mayorga et al. (2013) found that Smax increased
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from 6.88 to 7.69 mg/g when the pyrolysis temperature of the char was increased from 650°C to
800°C, but that from 900C° to 1000°C, the Smax decreased from 3.53 to 1.139 mg/g. Brunson and
Sabatini (2009) found Smax of 5.01 mg/g at a lower pyrolysis temperature of 400°C for fish bone
char and 5.96 mg/g for cow bone char. Their modeled Smax decreased from 4.85 to 3.89 mg/g as
pyrolysis temperature increased from 500°C to 600°C and was lower at 300°C, at 2.15 mg/g.
Kawasaki et al. (2009) also measured the effects of pyrolysis temperature. They found that a
pyrolysis temperature of 800°C was better for fluoride removal than 1000°C. What these trends
from the literature show is that pyrolysis temperature is an important variable to control when
using bone char for fluoride removal, and that pyrolysis temperatures that are either too low
(below 400°C) or too high (above 800°C) reduce sorption capacity of the char. However, the
high level of heterogeneity between studies and small amount of data limit the ability to make
generalizable observations about the effects of pyrolysis temperature on fluoride sorption to bone
char.
Experimental temperatures used for fluoride adsorption isotherms to bone char ranged
from 15°C to 40°C and were shown to have an effect on sorption capacity for fluoride (Figure
1.5). Two studies assessed experimental temperature as a variable for fluoride sorption, and
found opposite trends. Experimental temperature effects investigated by Medellin-Castillo et al.
(2007) at pH 7 show Smax decreases from 6.05 mg/g to 5.07 mg/g as experimental temperature
increased from 15°C to 35°C. Rojas Mayorga et al. (2013) found the opposite trend, where
increasing experimental temperature from 20°C to 40°C increased the Smax from 7.12 mg/g to
8.43 mg/g. More work should be done to determine if increasing experimental temperature
increases or decreases sorption capacity of bone char for fluoride.
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Animal bone type was also assessed as an experimental variable in several fluoride
adsorption isotherm studies, with animal bone types including pig, cow, fish and chicken.
Kawasaki et al. (2009) produced bone char from different animals and pyrolyzed them at 800°C.
Results were pretty similar across chicken (Smax=2.65 mg/g), pig (1.29 mg/g), beef (2.22 mg/g)
and fish (2.25 mg/g) bones, with pig bones resulting in the lowest fluoride adsorption capacity.
Brunson and Sabatini (2009) produced bone char from fish and cow bones (pyrolyzed at 400°C)
and found a higher capacity for cow bone char (5.96 mg/g) than for fish bone char (5.01 mg/g). It
seems that there is slight variation in the sorption capacity of bone char made from bones of
different animals, but not enough studies have been performed to make more definitive
conclusions.
Particle size for bone char ranged from 1.5 mm to 0.08 mm sieve diameter, when
reported as an experimental variable, and particle size is shown to have an effect on fluoride
sorption capacity. Levya-Ramos et al. (2010) assessed char particle size effects on sorption
ranging from 0.65 mm to 1.29 mm and found that qmK was lower at higher particle size: it was
2.61 L/g at 1.29 mm and 6.61 L/g at 0.65 mm, however the highest qmK was found at 0.79 mm at
6.66 L/g. Mutchimadilok et al. (2014) also measured particle size effects on fluoride sorption.
Their highest Smax, at 0.597, was found from a particle size of 1.19 to 2.37 mm. All in all, lower
particle size results in higher sorption capacities for fluoride sorption to bone char and higher
affinities for bone char for fluoride sorption, as predicted from the Langmuir isotherm model.
This behavior is typical for sorbents that rely on surface interactions with sorbates to remove
them from solution; smaller particle size will yield more surface area in an experimental setting,
and higher surface area will lead to more available surface sorption sites for sorbates in solution.
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In conclusion, adsorption isotherms for fluoride have been performed in which sorption
capacity was assessed as a function of pH, bone char particle size, bone char pyrolysis
temperature, experimental temperature, and animal bone type. pH strongly influences bone char
sorption capacity for fluoride, with increasing alkalinity reducing the sorption capacity. Smaller
particle size results in higher fluoride sorption capacity and surface affinity for fluoride. Studies
have shown that pyrolysis temperature and experimental temperature both affect sorption
capacity, but results conflict about both the ideal pyrolysis temperature and the effects of
experimental temperature. Different animal bone chars do produce different results but
differences are slight. The sorption capacity of bone char for fluoride as measured by adsorption
isotherms has been well studied, although some conflicting results about the effects of certain
variables do merit further study.
1.3.3. Column studies for fluoride removal by bone char
Column, or flowing-water, experiments are required when evaluating water treatment
technologies to model actual water treatment systems. Fewer studies have assessed fluoride
removal by bone char in column studies than in batch adsorption isotherm studies. Table 1.3
shows the experimental conditions and results from 2 column studies (6 experiments total)
measuring fluoride sorption to bone char. Brunson and Sabatini (2014) assessed fluoride removal
by bone char in columns with an empty bed volume of 7.9 mL, a flow rate of 1.2 mL/min, a bed
depth of 10 cm, and an initial fluoride concentration of 8.6 mg/L, in the field (pH=8.2) and in the
laboratory (pH=6). Their field column had a pore volume breakthrough point, or the number of
bed volumes required to reach an outflow fluoride concentration above the WHO benchmark of
1.5 mg/L, of 143 and a pore volume exhaustion point, or point at which the bone char in the
column could no longer remove fluoride from solution, of 100, whereas the laboratory column
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had a pore volume breakthrough point of 100 and a pore volume exhaustion point of 5.7. Sorlini
et al., 2011 performed 4 column experiments, 2 in laboratory conditions and 2 in field
conditions. Their laboratory columns had initial fluoride concentrations of 2.5 mg/L and 5 mg/L,
and the pore volume breakthrough points of those columns were 500 and 1000, respectively,
whereas the sorption capacity was 2.88 mg/g and 2.9 mg/g, respectively. Their field columns had
initial fluoride concentrations of 4.8-8 mg/L, and the first was used infrequently whereas the
other was used daily. The infrequently used column had a pore volume breakpoint of 230 and a
fluoride sorption capacity of 1.7 mg/g, whereas the column that was used daily had a pore
volume breakpoint of 410 and a fluoride sorption capacity of 3.7 mg/g. These studies show
promising results for the use of fluoride in flowing water treatment systems.
1.3.4. Effect of competing anions on fluoride removal by bone char
In natural groundwaters, other ions are present in water, other than fluoride, and
evaluating the effects of these ions is important when evaluating bone char in the laboratory to
quantify the impacts of those ions, especially if they will reduce sorption capacity. Several
studies have assessed the effects of ions commonly found in natural groundwaters on fluoride
removal by bone char. Chloride has been found to increase fluoride removal (Abe et al., 2004;
Mwaniki 1992) and to have no effect on fluoride removal (Medellin-Castillo et al., 2014; Sorlini
et al., 2011; Watanesk and Watanesk 2000). Sulfate has been found to compete with fluoride for
removal (Brunson and Sabatini 2014) and to have no effect on fluoride removal (MedellinCastillo et al., 2014; Sorlini et al., 2011). Calcium ions have been found to reduce fluoride
removal (Watanesk and Watanesk 2000). Natural organic matter, iodine, sodium, potassium,
bicarbonate, carbonate, nitrate, and nitrite have all been found to have no impact on fluoride
removal (Brunson and Sabatini 2009; Medellin-Castillo et al., 2014; Watanesk and Watanesk
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2000). Other anions are commonly found in groundwater that should be studied to evaluate their
impacts on fluoride sorption, including phosphate and silicate, which generally bind more
strongly than fluoride to mineral surfaces.
1.4. Bone char for arsenic removal from contaminated water
1.4.1. Kinetics of arsenic removal by bone char
Kinetic studies measuring the rate of removal by bone char of arsenic from solution show
arsenic removal occurring. The kinetics of arsenic sorption to bone char have been relatively
well characterized under different experimental conditions, with arsenic removal ranging from
18% to 95%, depending on experimental conditions (Table 1.4). Begum et al. (2016) evaluated
char doses ranging from 1 to 5 g/L at pH 7 with an initial As concentration of 0.5 mg/L and
found that As removal increased from 43% to 58% as the char dose was increased. Begum et al.
(2016) also evaluated pH effects from pH 1 to 11 and found the highest As removal percentage
of 62% at pH 4, and that removal decreased to 20% as pH increased to 11. The effect of initial
As concentration on As sorption to bone char at pH 4 was that the adsorption capacity increased
from 0.018 mg/g to 0.134 mg/g as the initial concentration increased from 0.1 to 0.8 mg/L. Chen
et al. (2008) also did a series of kinetic experiments for arsenic sorption to bone char where pH,
contact time and char dose were varied for 3 different initial As concentrations: 0.5, 1 and 1.5
mg/L. They found that As removal increased with increasing pH and was also affected by the
initial As concentration, with higher removal at lower initial As concentrations. As pH increased
from 2 to 13, arsenic removal ranged from 50-95% for 0.5 mg/L as the initial As concentration,
40-85% for 1 mg/L, and 30-80% for 1.5 mg/L. When contact time was varied, the highest As %
removal of 95% was found at the lowest initial As concentration of 0.5 mg/L, with 86% removal
at 1 mg/L As and 83% removal at 1.5 mg/L As. Varying initial char dose impacted arsenic
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uptake as well, with removal increasing from 20% to 95% as initial As concentrations increased
from 0.1 to 0.8 mg/L. Sneddon et al. (2005) varied initial As concentrations, char doses and pH.
At a char dose of 10 g/L and initial As concentrations of 4, 10 and 100 mg/L, As removal
decreased from 80% to 75% to 40%, respectively. All in all, higher removal rates are found at
lower initial arsenic concentrations and higher char doses. The effects of pH on sorption are
mixed, with Begum et al. (2016) showing higher removal at lower pH and Chen et al. (2008)
showing higher removal at higher pH. In general, the kinetics of arsenic sorption are quite well
characterized in the literature, and many experimental details are given for kinetic data, unlike
the kinetics of fluoride removal by bone char.
1.4.2. Arsenic adsorption isotherms for bone char
Arsenic adsorption isotherms show that arsenic sorption by bone char does occur, with
removal capacities measured at 0.33 mg/g (Liu et al., 2014), 0.39 mg/g (Begum et al., 2016), and
4.5 mg/g (Sneddon et al., 2005) (Table 1.5). Brunson and Sabatini (2009) used a linear model for
their arsenic isotherm and found Kd=0.038. Mlilo et al. (2010) used a Freundlich model and
found Kf = 0.23 whereas the Freundlich model from Begum et al. (2016) showed a Kf =0.009. All
isotherms from across 5 studies were conducted at neutral or acidic pH, ranging from 4 to 7. The
difference in removal capacities could be explained by the initial arsenic concentration ranges for
these experiments: Sneddon et al. (2005) used the highest range of initial arsenic concentrations
when finding the highest sorption capacity for arsenic to bone char. The small number of studies
and variation between the results of studies makes drawing conclusions about the overall
sorption capacity of bone char for arsenic sorption difficult, indicating the need for further study.
Moreover, all isotherms for arsenic have been performed at acidic or circumneutral pH, pH
conditions that are more relevant for arsenic removal in water treatment plants than in natural
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groundwater conditions in fluoride- and arsenic-afflicted field areas. Arsenic isotherms at
alkaline pH need to be conducted to determine the suitability of bone char for removing arsenic
in alkaline pH groundwaters, which are commonly found in Latin America and Mexico.
1.4.3. Column studies for arsenic removal by bone char
Three column studies have been performed to measure the capability of bone char to
remove arsenic in flowing water systems. Table 1.6 shows the experimental details and results
for these column studies for arsenic sorption to bone char. Liu et al. (2014) conducted column
studies at pH 4 with an initial As concentration of 10 mg/L and an empty bed volume of 69.24
m, and varied flow rate and bed depth. They found higher pore volume break points, pore
volume exhaustion points, retardation factors, or the quantities of arsenic in the mobile phase
divided by the total quantity of arsenic in the system, and Peclet numbers, or the advective
transport rate divided by the diffusive transport rate, at lower flow rates. They found the highest
retardation factor at a bed depth of 15 cm. Sneddon et al. (2005) conducted a column study with
an initial As concentration of 10 mg/L and an empty bed volume of 132 mL, with a pH of 8.2
and a flow rate around 9mL/min. The sorption capacity they found for arsenic to bone char was
0.2 mg/g, with a pore volume breakpoint of at least 15.4. All in all, these results of column
studies show promise for arsenic removal by bone char in flowing water systems. However,
more studies need to be performed at alkaline pH and should also include the effects of
competing ions commonly found in groundwater to account for possible interference from other
ions.

14
1.5. Simultaneous removal of fluoride and arsenic from co-contaminated water by bone
char
The simultaneous removal of fluoride and arsenic is an important area of research, as
introduced in Section 1.1 and 1.2, and groundwater treatment systems must be designed to
prevent the exposure of millions of people to fluoride and arsenic in groundwater. Two studies
have quantified the removal capacity of bone char for fluoride and arsenic simultaneously.
Brunson and Sabatini (2009) and Mlilo et al. (2010) performed adsorption isotherms for fluoride
with and without the presence of arsenic and adsorption isotherms for arsenic with and without
the presence of fluoride (pH not indicated). At environmentally relevant concentrations, they
both found that arsenic did not compete with fluoride because arsenic concentrations were orders
of magnitude lower than fluoride concentrations and the bone char surface was undersaturated
with respect to fluoride. The Smax values they found for fluoride with and without arsenic present
showed no statistical differences. For arsenic isotherms with and without fluoride present,
Brunson and Sabatini (2009) found no statistical difference between arsenic sorption with and
without fluoride present, although Mlilo et al. (2010) found that fluoride reduced arsenic
removal. Mlilo et al. (2010) concluded that bone char has a higher affinity for fluoride than for
arsenic. Brunson and Sabatini (2009) concluded that bone char is a viable technology for fluoride
and arsenic removal. These results are promising, but neither assess bone char’s capacity for
simultaneous removal at alkaline pH or in the presence of other competing ions commonly found
in groundwater. Bone char adsorption isotherms should be conducted at alkaline pH for fluoride
and arsenic co-removal to assess if bone char would be a viable water remediation technology
for areas of the world that have alkaline groundwater.
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1.6. Research gaps
For fluoride removal from contaminated water by bone char, research gaps exist for
kinetics studies, adsorption isotherms with competing ions, and column studies. Except for the
work of Levya-Ramos et al. (2010), published studies in the literature give very little details
about the experimental conditions for kinetic studies, and most sorption studies publish no
kinetic data at all, raising questions as to whether equilibrium is achieved for all sorption
measurements given in studies that assess fluoride adsorption to bone char with isotherm models.
Given the effects that starting solute concentration, char dose, time of experiment, and pH have
on kinetics, knowing this type of information is important for making informed choices about
how to design adsorption isotherm experiments. For adsorption isotherms, many fluoride
adsorption isotherm experiments have been carried out in the literature, but there are a few
potentially competing anions that are commonly found in groundwater that have not yet been
evaluated, including phosphate and silicate. For column studies, several columns have already
been done, but none above pH 8.2. Future studies should be done to address these research gaps
and more fully develop designs for bone char treatment of contaminated water.
Several research gaps also exist for arsenic removal from contaminated water by bone
char. Arsenic isotherms at alkaline pH need to be conducted, because the efficacy of sorbents for
removing anions is known to decrease at alkaline pH, and many groundwaters in Latin America
and Mexico have alkaline pH and arsenic contamination. There are also no published studies on
the effects of competing anions commonly found in groundwater for arsenic as there are for
fluoride. Phosphate and silicate are two among many competing anions for which no data on the
effects of competition for arsenic removal are found. For column studies, it would be beneficial
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to know more about the removal capacity of arsenic at alkaline pH and at environmentally
relevant concentrations of arsenic.
Simultaneous removal of fluoride and arsenic has been shown to be promising at
circumneutral pH, but several research gaps still exist. Combined fluoride and arsenic isotherms
have been performed at circumneutral, but not at alkaline, pH. The efficacy of combined removal
has been shown at environmentally relevant concentrations of fluoride and arsenic, but the
chemical limits of bone char’s capacity for simultaneous removal, above environmentally
relevant concentrations, has not been quantified. Adsorption isotherm experiments designed
empirically, using initial background concentrations that will be around where the Smax is
reached, should be performed to attempt to quantify chemical limits of simultaneous uptake.
Additionally, there are no column studies that have been performed to measure the simultaneous
removal of fluoride and arsenic by bone char. Much work remains to be done to understand the
capacity of bone char for arsenic and fluoride removal at aqueous conditions that are common to
many natural groundwaters in the world.
1.7. Objectives for this thesis
This thesis will address some of the research gaps articulated above in regards to the
simultaneous removal of fluoride and arsenic by bone char. Specifically, the objective of Chapter
2 is to quantify the capacity of bone char for simultaneously removing fluoride and arsenic in
alkaline pH waters and to quantify the impacts of phosphate and silicate on fluoride and arsenic
removal by bone char. Phosphate and silicate are commonly found ions in groundwater in
Guanajuato, Mexico, the study site of this thesis. Chapter 2 will use and will also characterize a
locally produced char from Guanajuato, Mexico for all experiments. The overall goal of this
research is to contribute to the design of water treatment systems specific to the context of
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Guanajuato, Mexico, where over half a million people are exposed to elevated levels of arsenic
and fluoride in their drinking water.
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Figure 1.1. Map of the probability of fluoride concentrations above the WHO guideline for
drinking water in groundwater at the global scale. From Amini et al., 2008a.
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Figure 1.2. Map of the probability of arsenic concentrations above the WHO guideline for
drinking water in groundwater at the global scale. From Amini et al., 2008b.
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Figure 1.3. Maximum sorption capacities (Smax) for fluoride sorption to bone char, plotted versus
pH, for all studies in which pH and Smax are reported.
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Figure 1.4. Maximum sorption capacities (Smax) for fluoride sorption to bone char, plotted versus
pyrolysis temperature, for all studies in which pyrolysis temperature and Smax are reported. See
Table 1.2 for pH values and bone type for each study.
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Table 1.1. Time required to reach equilibrium in studies measuring fluoride removal from
solution by bone char.
Study
Abe et al., 2004
Brunson and Sabatini 2009
Kawasaki et al., 2009
Brunson and Sabatini 2014
Medellin-Castillo et al., 2014
Medellin-Castillo et al., 2007
Medellin-Castillo et al., 2016

Time required to reach
equilibrium (hr)
3
1
24
24
120-168
24
168
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Table 1.2. Experimental conditions and Freundlich and Langmuir isotherm model parameters for adsorption isotherms measuring
fluoride removal by bone char given in the literature. PT represents pyrolysis temperature, whereas ET represents experimental
temperature, both of which are given in units of °C. PS represents particle size, and is given in units of mm. D represents duration if
experiment, and is given in units of hours. Initial [F] is given in units of mg/L. CD represents char dose, and is given in unit of g/L.
Units for Langmuir model constants are as follows: Smax= mg/g, KL= L/mg. Units for Freundlich model constants are given in units in
which they were originally reported.
Study

pH

Bone

Abe et al., 2004

4.6,
7,
9.2

chicken

Chathuranga et
al., 2015

3-10

chicken

Chathuranga et
al., 2015

3-10

Chathuranga et
al., 2015

PT

ET

PS

D

Initial [F]

3

0-20

1.5

72

10

1, 2, 3, 4, 5

Kf=0.0013
1/n= 0.314

chicken

0.45

72

10

1, 2, 3, 4, 5

Kf=0.0010
1/n= 0.68

3-10

chicken

0.08

72

10

1, 2, 3, 4, 5

Kf= 0.0012
1/n= 1.39

Brunson and
Sabatini 2014

n/a

fish

0.18- 24
0.43

2.5-100

10

Smax=6.1

Kf= 1.8
(mg/g)(mg/L)1/n
1/n= 0.38

MedellinCastillo et al.,
2014

5

cow

0.79

1-20

1

KL= 1.55
Smax =7.74

K= 3.96 L(1/n)/mg(1/n1)
g
1/n=0.31

10,
24,
40

500

120168

CD

Langmuir
constants

Freundlich
constants
1/n= 0.39
K=1.06
r2=0.998
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Table 1.2. continued.
Study

pH

Bone

MedellinCastillo et al.,
2014

7

cow

Ma et al., 2008

6.87.1

PT

ET

PS

D

Initial [F]

CD

Langmuir
model
constants
KL= 1.22
Smax =5.44

Freundlich
model constants

0.79

120168

1-20

1

22-25

0.2

2

3-100

1

q=0.58Ce(0. q=0.76C(1/1.33)
02Ce+1)
r2=0.93
r2=0.93

K= 2.72 L(1/n)/mg(1/n1)
g
1/n=0.29

Medellin Castillo 7
et al., 2007

cow

15

0.79

72

1-20

1 or 2

Smax=6.05
KL=0.55

K=2.36 (mg11/n
)(L1/n)/g
n=2.94

Medellin Castillo 3
et al., 2007

cow

25

0.79

72

1-20

1 or 2

Smax=11.9
KL=2.58

KF=6.77 (mg11/n
)(L1/n)/g
n=3.29

Medellin Castillo 5
et al., 2007

cow

25

0.79

72

1-20

1 or 2

Smax=7.74
KL=1.55

KF =3.96 (mg11/n
)(L1/n)/g
n=3.28

Medellin Castillo 7
et al., 2007

cow

25

0.79

72

1-20

1 or 2

Smax=5.44
KL=1.22

KF =2.71 (mg11/n
)(L1/n)/g
n=3.52

Medellin Castillo 10
et al., 2007

cow

25

0.79

72

1-20

1 or 2

Smax=2.31
KL=0.52

KF =0.87 (mg11/n
)(L1/n)/g
n=2.95
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Table 1.2. continued.
Study

pH

Bone

PT

ET

PS

D

Initial [F]

CD

Langmuir
model
constants
Smax=4.04
KL=0.05

Freundlich
model constants
KF =0.27 (mg11/n
)(L1/n)/g
n=1.45

Medellin Castillo 11
et al., 2007

cow

25

0.79

72

1-20

1 or 2

Medellin Castillo 12
et al., 2007

cow

25

0.79

72

1-20

1 or 2

Smax=1.33
KL=0.15

KF =0.23 (mg11/n
)(L1/n)/g
n=1.92

Medellin Castillo 7
et al., 2007

cow

35

0.79

72

1-20

1 or 2

Smax=5.07
KL=1.68

KF =2.36 (mg11/n
)(L1/n)/g
n=2.94

Rojas Mayorga
et al., 2013

7

cow

650

30

1

0.524

10-60

2

r2=0.97
KL=0.23
Smax=6.88

r2= 0.89
KF =1.92 mg/g
N= 0.31

Rojas Mayorga
et al., 2013

7

cow

700

30

1

0.524

10-60

2

r2=0.98
KL=0.31
Smax=7.61

r2=0.87
KF =2.27 mg/g
N=0.30

Rojas Mayorga
et al., 2013

7

cow

800

30

1

0.524

10-60

2

r2=0.99
KL=0.13
Smax=7.69

r2=0.88
KF =1.42 mg/g
N=0.40

Rojas Mayorga
et al., 2013

7

cow

900

30

1

0.524

10-60

2

r2=0.99
KL=0.11
Smax=3.53

r2=0.85
KF =0.64 mg/g
N=0.39
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Table 1.2. continued.
Study

pH

Bone

PT

ET

PS

D

Initial [F]

CD

Langmuir
model
constants
r2=0.98
KL=0.15
Smax=1.39

Freundlich
model constants

Rojas Mayorga
et al., 2013

7

cow

1000

30

1

0.524

10-60

2

Rojas Mayorga
et al., 2013

7

cow

70

20

1

0.524

10-60

2

r2=0.98
KL=0.13
Smax=7.12

r2=0.87
KF =1.31 mg/g
N=0.42

Rojas Mayorga
et al., 2013

7

cow

700

40

1

0.524

10-60

2

r2=0.92
KL=0.52
Smax=8.43

r2=0.95
KF =3.22 mg/g
N=0.25

Rojas Mayorga
et al., 2013

6

cow

700

3

1

0.524

10-60

2

r2=0.98
KL=0.25
Smax=8.96

r2=0.94
KF =2.29 mg/g
N=0.36

Rojas Mayorga
et al., 2013

8

cow

700

30

1

0.524

10-60

2

r2=0.92
KL=0.47
Smax=4.70

r2=0.90
KF =1.97 mg/g
N=0.22

Brunson and
Sabatini 2009

n/a

fish

300

0.18- 1
0.43

5-100

10

Smax= 2.15
KL= 0.155
r2=0.999

KF = 0.407
(mg/g)(mg/L)1/n
1/n= 0.403
r2=0.957

Brunson and
Sabatini 2009

n/a

fish

400

0.18- 1
0.43

5-100

10

Smax= 5.01
KL =0.098
r2=0.974

KF = 0.620
(mg/g)(mg/L)1/n
1/n= 0.499
r2=0.998

r2=0.87
KF =0.39 mg/g
N=0.29
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Table 1.2. continued.
Study

pH

Bone

PT

Brunson and
Sabatini 2009

n/a

fish

500

Brunson and
Sabatini 2009

n/a

fish

Brunson and
Sabatini 2009

n/a

cow

Mutchimadilok
et al., 2014

n/a

Mutchimadilok
et al., 2014
Mutchimadilok
et al 2014

ET

PS

D

Initial [F]

CD

Langmuir
model
constants
Smax= 4.85
KL= 0.123
r2=0.958

Freundlich
model constants

0.18- 1
0.43

5-100

10

600

0.18- 1
0.43

5-100

10

Smax= 3.89
KL= 0.104
r2=0.998

KF= 0.573
(mg/g)(mg/L)1/n
1/n= 0.443
r2=0.999

400

0.18- 1
0.43

5-100

10

Smax= 5.96
KL= 0.269
r2=0.982

KF= 0.794
(mg/g)(mg/L)1/n
1/n= 0.423
r2=0.983

cow

2.38- 24
4.74

3.9

50

Smax= 0.28
KL= 0.241
r2=0.973

KF= 0.053
1/n= 0.728
r2=0.901

n/a

cow

1.19- 24
2.37

3.9

50

Smax= 0.60
KL= 0.109
r2=0.946

KF= 0.059
1/n= 0.792
r2=0.940

n/a

cow

0.84
11.18

3.9

50

Smax= 0.22
KL= 0.31
r2=0.984

KF = 0.050
1/n= 0.610
r2=0.934

24

KF= 0.734
(mg/g)(mg/L)1/n
1/n= 0.418
r2=0.998
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Table 1.2. continued.
Study

pH

Bone

PT

ET

PS

D

Initial [F]

CD

Mutchimadilok
et al., 2014

n/a

cow

Levya-Ramos et
al., 2010

7

cow

25

0.65

Levya-Ramos et
al., 2010

7

cow

25

0.79

Levya-Ramos et
al., 2010

7

cow

25

1.29

Kawasaki et al.,
2009

9.6

chicken

800

25

24

Kawasaki et al.,
2009

10

chicken

1000

25

24

Langmuir
model
constants
Smax= 0.24
KL= 1.21
r2=0.928

Freundlich
model constants

<0.8
41

24

3.9

50

qmK= 6.61
L/g
KL=1.16
L/mg
qmK = 6.66
L/g
KL=1.22
L/mg

KF = 2.84
L(1/nf)/mg(1/nf-1)g
nf=3.05

qmK = 2.65
L/g
KL=0.45
L/mg

KF = 1.95
L(1/nf)/mg(1/nf-1)g
nf=2.30

2

KL= 0.20
Smax= 2.65
r2= 0.993

1/n= 0.51
log KF = -0.26.
r2=0.995

2

KL= -0.05
Smax= -0.7
r2= 0.950

1/n= 1.16
log KF = -1.39
r2=0.897

KF = 0.136
1/n= 0.633
r2=0.781

KF = 2.72
L(1/nf)/mg(1/nf-1)g
nf=3.46
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Table 1.2. continued.
Study

pH

Bone

PT

ET

PS

D

Initial [F]

CD

Langmuir
model
constants
KL= 0.28
Smax= 1.29
r2= 0.990

Freundlich
model constants

Kawasaki et al.,
2009

9.6

pig

800

25

24

2

Kawasaki et al.,
2009

10

pig

1000

25

24

2

KL= -0.07
Smax= -0.07
r2= 0.987

1/n= 1.88
log KF = -2.12
r2=0.897

Kawasaki et al.,
2009

9.7

beef

800

25

24

2

KL= 0.12
Smax= 2.22
r2= 0.968

1/n= 0.51
log KF = -2.12
r2=0.897

Kawasaki et al.,
2009

10

beef

1000

2

24

2

KL= 0.08
Smax= 1.11
r2= 0.926

1/n= 0.73
log KF = -1.02
r2=0.893

Kawasaki et al.,
2009

9.7

fish

800

25

24

2

KL= 0.21
Smax= 2.25
r2= 0.944

1/n= 0.42
log KF = -0.44
r2=0.992

Kawasaki et al.,
2009

9.7

fish

1000

25

24

2

KL= -0.09
Smax = -0.12
r2= 0.931

1/n= 2.32
log KF = -2.90
r2=0.998

1/n= 0.62
log KF = -0.39
r2=0.943
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Table 1.3. Experimental conditions and key findings from column studies measuring fluoride removal by bone char given in the
literature. [F] indicates initial fluoride concentration EBV indicates empty bed volume; EBCT indicates empty bed contact time; FR
indicates flow rate; BD indicates bed depth; PVB indicates pore volume breakpoint; PVEP indicates pore volume exhaustion point; S
indicates fluoride sorption capacity.
pH

[F]
(mg/L)

EBV
(mL)

8.2
6
n/a
n/a
n/a
n/a

8.6
8.6
5
2.5
4.8-8
4.8-8

7.9
7.9

0.03
0.03

EBCT
(min)

FR
(L/hr)

BD
(cm)

PVB

PVEP

10
10
13.5
13.5
17
17

143
100
500
1000
230
410

3
5.7

8
8

0.072
0.072
1
1
100
100

S
(mg/g)

2.88
2.9
1.7
3.7

Study

Brunson and Sabatini 2014
Brunson and Sabatini 2014
Sorlini et al., 2011
Sorlini et al., 2011
Sorlini et al., 2011
Sorlini et al., 2011
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Table 1.4. Experimental conditions and key results for studies measuring the kinetics of arsenic removal by bone char given in the
literature. Percent arsenic removal values are given in terms of corresponding char doses or initial As concentrations. % R indicates
percent arsenic removal; S indicates arsenic sorption capacity; [As] indicates initial As concentration; CD indicates char dose; D
indicates duration of experiment; T indicates time to reach equilibrium.
Study

%R

Begum et al., 2016
Begum et al., 2016
Begum et al., 2016

43, 52, 56, 57, 58
62-20

Chen et al., 2008

50-95, 40-85,
30-80
95, 86, 83
20-95
80
18
75
40

Chen et al., 2008
Chen et al., 2008
Sneddon et al., 2005
Sneddon et al., 2005
Sneddon et al., 2005
Sneddon et al., 2005

S (mg/g)

pH

[As]
(mg/L)

CD(g/L)

D (hr)

T (hr)

0.02-0.14

7
1-11
4

0.5
0.5
0.1, 0.2, 0.4, 0.6, 0.8, 1

1, 2, 3, 4, 5
3
3

168
168
168

72
72
72

2-13

0.5, 1, 1,5

0.6

0.5

10
10
5
4.8, 7
4.8, 7
5

0.5, 1, 1.5
0.5, 1, 1.5
4
10
10
100

0.6
0.1-0.8
10
1
10
10

0.16-1
0.5
144
168
168
216
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Table 1.5. Experimental conditions and key findings from column studies measuring arsenic removal by bone char given in the
literature. T indicates length of experiment; R indicates range of initial arsenic concentrations.
Study

pH

T (hr)

R (mg/L)

Char dose
(g/L)

Begum et al., 2016

4

168

0.1, 0.2, 0.4, 0.6, 3
0.8, 1

Isotherm
models

Sorption model
constants

Langmuir and
Freundlich

Freundlich:
r2=0.9801
1/n= 0.8053
KF= 0.009
mg/g*L/mg1/n
Langmuir:
r2=0.9982
Smax=0.399 mg/g
KL=0.00104 L/mg

Liu et al., 2014

4

48

0.5, 1, 5, 10, 20,
50

50

Langmuir

r2= 0.97
Smax= 0.335 mg/g

Mlilo et al., 2010

7

1

0.1-2.5

not stated

Freundlich

KF= 0.23
mg/g*L/mg0.58
1/n= 0.58

Brunson and
Sabatini 2009

not
1
stated

0, 0.05, 0.1,
0.25, 0.5, 1, 2.5

10

linear

KD= 0.038
r2=0.997

Sneddon et al., 2005

5, 7

4, 10, 100

1 or 10

Langmuir

r2= 0.9996
KL= 11.8 L/mg
Smax= 4.5 mg/g

96-360
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Table 1.6. Experimental conditions and key findings from column studies measuring arsenic removal by bone char given in the
literature. [As] indicates initial arsenic concentration; EBV indicates empty bed volume; FR indicates flow rate; BD indicates bed
depth; PVB indicates pore volume breakpoint; S indicates sorption capacity; RF indicates retardation factor.
Study

pH

[As]
(mg/L)

EBV
(mL)

FR
(L/hr)

BD
(cm)

PVB

S
(mg/g)

Liu et al., 2014

4

10

69.24

20

38, 14

50.6, 21.2

Liu et al., 2014
Sneddon et al., 2005

4
8.2

10
10

69.24
132

12.78,
31.92
12.78
28.8-34.2

8, 15, 20

70
>15.4

14, 25, 5
0.2

RF
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CHAPTER 2.
Removal of fluoride and arsenic by bone char in alkaline conditions and the effects of
competing ions on removal capacity
2.1. Introduction
Fluoride (F-) and arsenic (As) contamination of groundwater is a global public health issue,
with 200 and 140 million people exposed to unsafe levels of F- and As, respectively, in drinking
water (Taiyuan Declaration 2004, Ravenscroft et al., 2009). F- and As in groundwater co-occur
in several parts of the world, including Latin America (Alarcon-Herrera et al., 2013), Mexico
(Armienta and Segovia 2008), Pakistan (Brahman et al., 2013; Farooqi et al., 2007), the Main
Ethiopian Rift (Rango et al., 2010), India (Chakraborti et al., 2016), Argentina (Warren et al.,
2005), and China (Zhu et al., 2006). The health effects of F- range from crippling skeletal and
dental fluorosis to decreased IQ (Ayoob et al., 2006; Ozsvath 2009). Arsenic exposure can lead
to arsenicosis; skin, lung and liver cancer; and an increased risk of diabetes, kidney and
cardiovascular disease; as well as negative effects on intelligence and pregnancy outcomes (Ng
et al., 2003; Vahter 2008; Milton et al., 2005; Smith et al., 1992; Wasserman et al., 2004).
Because drinking water is a primary exposure pathway for both F- and As (Ayoob et al., 2006;
Ravenscroft et al., 2009), treatments for contaminated groundwater are a public health priority.
Treating water with multiple contaminants presents unique engineering design challenges,
and designs that can effectively remove multiple contaminants simultaneously and are practical
for daily used in under-resourced settings are needed. Many technologies have been studied to
remove F- and As from drinking water, including those that capitalize on the chemical processes
of adsorption, ion exchange, precipitation, and reverse osmosis for water treatment (Bibi et al
2017; Bibi et al., 2015; Bhatnagar et al., 2011; Choong et al., 2007; Jadhav et al., 2015;
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Mohapatra et al 2009; Mohan et al. 2007; Mumtaz et al., 2015; Thakur et al., 2017). In underresourced settings, sorption technologies dominate due to their relative ease of use and low
demand for electricity or expensive equipment and materials. Using sorption processes for
multiple contaminants can be challenging, however, as contaminants can potentially compete for
limited sorption sites on sorbent surfaces. Additionally, differences in ionic size and other
chemical properties among contaminants can complicate the process of finding appropriate
sorbents.
Biochar, or charcoal made from wood and other carbonaceous materials, has been shown to
be effective and practical for simultaneously removing organic pollutants and cationic metals
(Ahmad et al., 2014; Mohan et al., 2014). Similar pyrolysis procedures as used to make biochar
can be used to make bone char- charcoal from animal bones (Medellin-Castillo et al., 2007). In
this process, dried bones are burned in a low-oxygen environment at a high temperature, and
resulting in a solid that is dominantly hydroxyapatite (Ca10(PO4)6(OH)2), the major mineral
component of vertebrate skeletons. Hydroxyapatite is uniquely suited to sorb anions such as As
and F-, either through surface sorption or through replacement of As and F- in the mineral
structure (Brunson and Sabatini 2009). Bone char has the added practical benefit of being a
widely available and low-cost sorbent, making it technologically appropriate for many rural
regions of low- and middle-income countries that rely on groundwater for drinking.
Bone char has been previously studied for F- (Abe et al., 2004; Brunson and Sabatini 2014;
Medellin-Castillo et al., 2014; Ma et al., 2008; Medellin-Castillo et al., 2007; Rojas Mayorga et
al., 2013; Brunson and Sabatini 2009; Mutchimadilok et al., 2014; Levya-Ramos et al., 2010;
Kawasaki et al., 2009; Sorlini et al., 2011) and As (Begum et al., 2016; Brunson and Sabatini
2009; Mlilo et al., 2010; Liu et al., 2014; Sneddon et al., 2005) removal from drinking water, and
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it has been found to be effective for removing both from solution at circumneutral pH (Brunson
and Sabatini 2009; Mlilo et al., 2010). The removal capacity for F- has been shown to range from
1.3 to 12 mg F/g of bone char, depending on solution pH and pyrolysis temperature during bone
char production (Brunson and Sabatini 2009 and 2014; Medellin-Castillo et al., 2007 and 2014;
Rojas-Mayorga et al., 2013; Kawasaki et al., 2009, Mutchimadilok et al., 2014). The As removal
capacity of bone char has been shown to range from 0.3 - 0.4 mg/g (Liu et al., 2014; Begum at
al., 2016) to 4.5 mg/g (Sneddon et al., 2005). Intriguingly, bone char has been found to be
effective for simultaneously removing F- and As from solution at circumneutral pH in the context
of Ethiopian groundwater, as arsenate at environmentally relevant concentrations did not
compete with F- for sorption sites on bone char (Brunson and Sabatini 2009; Mlilo et al., 2010).
However, As sorption, as well as simultaneous F- and As sorption, to bone char at alkaline pH, a
common condition for As and F- contaminated water in Mexico and many parts of Central
America, has not been previously studied. This knowledge gap is particularly important because
anion sorption is often strongly pH-dependent, and the efficacy of many sorbents, including bone
char, is known to decrease for anions as pH increases.
In addition to alkaline pH, competing ions in groundwater may present challenges for
removing F- and As. Whereas previous studies have measured the potential of chloride, sulfate,
sodium, potassium, calcium, iodine, nitrate, nitrite, bicarbonate, and natural organic matter to
interfere with F- uptake by bone char (Abe et al., 2004; Brunson and Sabatini 2014; MedellinCastillo et al., 2014; Mwaniki 1992; Sorlini et al., 2011; Watanesk and Watanesk 2000), silicate
and phosphate, which are present in high levels in groundwater in many arid regions where Fand As are also elevated and have been shown to be important competitors for F- and As, have
not previously been evaluated as potential interferents for F- or As sorption to bone char.
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To achieve the goal of understanding the efficacy of bone char as a sorbent for F- and As in
alkaline conditions with the presence of potential competing anions, the objectives of this study
are to: 1) characterize bone char currently being produced at a field pilot scale for F- removal; 2)
quantify the sorption capacity of F- and As to bone char individually at alkaline pH values typical
of Latin American groundwater; and 3) quantify the effects of common co-occurring anions
phosphate and silicate as potential competitors of F- and As sorption by bone char. Experiments
were designed to reflect the specificity of groundwater conditions in Guanajuato, Mexico, which
faces high levels of As and F- in groundwater and where groundwater serves as the only drinking
water source for over half a million people. Results show that the design of groundwater
treatment systems at the community scale in Guanajuato, Mexico may consider bone char as an
effective sorbent for both F- and As, depending on pH, and should consider the effects of
competing anions in treatment system design.

2.2. Methods
2.2.1. Study Site
This study focuses on F- and As(V) (arsenate) contaminated groundwater from the
Independence watershed in the Guanajuato province of Mexico (Armienta and Segovia 2008;
Knappett et al., 2018). This aquifer serves as the main drinking water source for 680,000 people,
in addition to providing irrigation water to crops grown mainly for export agriculture to the
United States (Caminos de Agua, 2018). With a 60-fold increase in wells since 1950, mainly for
agricultural purposes, the aquifer is depleting 3-4 meters a year (Caminos de Agua). This usage
is not only a water supply issue but a water quality issue, as concentrations of F- and As in
groundwater appear to be increasing over time as water tables drop, reaching levels that exceed
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the WHO health guidelines of 10 µg/L and 1.5 mg/L, respectively. The mechanisms and sources
of these increasing concentrations of F- and As in groundwater from the Independence watershed
are not yet resolved. In addition to elevated levels of F- and As found in groundwater from this
aquifer, phosphate and silicate are also commonly found anions.
2.2.2. Bone Char Production (field)
Bone char was produced from cattle bones by Caminos de Agua, a community
organization in San Miguel de Allende, Guanajuato, Mexico. Bones were sourced from a local
butcher and dried in the sun before pyrolysis. Pyrolysis took place in a 30 L steel drum placed
within a 220 L top lit up draft (TLUD) gasifier biomass stove made from metal drums. The
temperature of the bones was measured and maintained in a range of 400-600°C for at least 90
minutes. After the completion of the pyrolysis procedure, the 30 L drum containing bone char
was removed from the TLUD and mud was used to seal the drum to allow the bone char to cool
to room temperature slowly in a low oxygen environment. Next, bone char was crushed by hand
and with a corn grinder and sieved to attain a size fraction of 8 by 30 mesh.
2.2.3. Bone Char Preparation (laboratory)
In preparation for experiments, bone char was further crushed in a mixer mill (Spex
Mixer/Mill, Metuchen, NJ) to a fine powder and sieved to a particle size of less than 200 mesh
using a motorized soil sieve shaker. A procedure was developed that optimized for 70% percent
removal of bone char with a particle size less than 200 mesh (74 µm) in the least amount of time.
Aliquots (6 g) of bone char were crushed and sieved in a two-step process: 5 minutes of milling
then 5 minutes of sieving, followed by 3 minutes of milling and 5 minutes of sieving.
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2.2.4. Material Characterization
The Brunauer-Emmett-Teller (BET) specific surface area of bone char was measured
using a MS-17 Monosorb (Quantachrome Instuments, Boynton Beach, FL). Powder X-ray
diffraction (XRD) analysis was performed on bone char to determine mineral phases present in
the material (Rigaku, Japan). X-ray fluorescence (XRF) spectroscopy was used to measure
elemental concentrations (Rigaku, Japan). An acid digestion was performed to determine
elemental concentrations of arsenic, calcium, phosphorus and silicon. Carbon content was
determined by a CHN Elemental Analyzer (Perkin Elmer 2400 Series II, Waltham, MA).
2.2.5. Stock Solution Preparation
Deionized water and reagent grade chemicals were used to make all solutions. All
experiments and stock solutions used a background solution containing 0.02 M NaCl in
deioinized water. This concentration of NaCl was chosen to mimic the highest conductivity
measurements recorded in groundwater samples from Guanajuato, Mexico (Knappett et al.,
2018). F- stock solutions were prepared using NaF and As stock solutions were prepared using
sodium arsenate heptahydrate. NaF was dried for 24 hours in a 100°C oven and stored in a
desiccator before weighing out for stock solution preparation. Sodium metasilicate nonahydrate
was used to make a silicate stock solution, and sodium phosphate dibasic anhydrous was used to
make a phosphate stock solution. Separate stock solutions were made for pH 8.3 and 10.
Concentrations of stock solutions were verified by inductively coupled plasma optical emission
spectroscopy (ICP-OES) analysis (Perkin Elmer ICP-OES Model 8000 Dual View, Waltham,
MA) in the Environmental and Analytical Testing Services Laboratory (North Carolina State
University, Raleigh, NC), and measured concentrations were used for further calculations.
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2.2.6. Adsorption Isotherms
Adsorption isotherms were performed to study sorption of F- to bone char at alkaline pH,
alone and in the presence of competing anions (arsenate, phosphate, silicate), and to study As
sorption to bone char at alkaline pH, alone and in the presence of competing anions (F-,
phosphate, silicate). Preliminary kinetic studies were performed to optimize bone char dose and
time to equilibrium required. Based on these results, a bone char dose of 3 g/L and an
equilibrium time of 72 hours was chosen for use in all isotherms. Centrifuge vials (50 mL) were
used with a suspension volume of 30 mL. A background solution of deionized water containing
0.02 M NaCl was used.
Adsorption isotherms were performed at pH 8.3 ± 0.2 and 10 ± 0.1 for each set of single
or double solute experiments. The pH 8.3 isotherms were conducted at the native pH of the bone
char in solution (8.3 ± 0.2) and the pH 10 isotherms were manually adjusted to pH 10 ± 0.1 with
1 N or 0.01 N NaOH solution before the start of the experiment. During the course of the 72hour experiments, the pH was measured at 0, 24, 48 and 72 hours, and adjusted if needed, using
0.01 N or 1 N NaOH or HCl solutions. During the course of the experiment, the pH 8.3
isotherms were adjusted to the original pH of the solution before adding stock solutions (± 0.1)
and the pH 10 isotherms were adjusted to 10 ± 0.1.
All adsorption isotherms were performed in triplicate and an experimental blank with no
bone char and no F- or As was included in each experiment. Samples were agitated using an endover-end rotator at a speed of 30 rotations per minute. At the end of the experiment (72 h), after
pH measurement and adjustment, 10 mL of sample was filtered with a 0.45 µm nylon filter into a
centrifuge vial (15 mL). All samples were acidified with concentrated HNO3 to 2% HNO3 and
were immediately refrigerated to prevent sample degradation.
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In each adsorption isotherm, the amount of sorbed analyte was calculated as q, as
follows:
S = (Ci*Vi)-(Cf*Vf)/m
Where Ci = initial concentration, Vi = initial volume, Cf = final concentration, Vf = final
volume, and m = mass of char. It was then graphed as a function of final dissolved analyte
concentrations.
Data from adsorption isotherms were analyzed using the Freundlich and Langmuir
adsorption isotherm models using a pre-programmed Excel spreadsheet to fit the data with a nonlinear method (Bolster 2010, Bolster and Hornberger 2007). The Freundlich equation is as
follows:
S = KfCn
Where S = amount of sorbate sorbed to the surface of the sorbent, Kf = Freundlich adsorption
constant, C = concentration of sorbate in solution, and n = Freundlich fitting parameter. The
Langmuir equation is as follows:
S = SmaxKLC / [1 + KLC]
Where Smax = maximum sorption capacity and KL= Langmuir adsorption constant.
F- adsorption isotherms were conducted at pH 8.3 and 10, with fluoride as the only solute
present in solution. Individual isotherm points were conducted at the following initial
concentrations: 0, 0.03, 0.05, 0.14, 0.27, 0.36, 1.36, 2.72, 4.09, 5.45, and 10.90 mmol/L. To
quantify the effect of As on F- sorption to bone char, an adsorption isotherm was performed in
which individual isotherm points were conducted at the following initial concentrations for As:
0, 0.00631, 0.0126, 0.0315, 0.0631, 0.0841, 0.315, 0.631, and 1.26 mmol/L. At each of these As
concentrations (except 0 mmol/L), the F- concentration was 2.73 mmol/L. To quantify the effect
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of phosphate on F- sorption to bone char, an adsorption isotherm was performed in which
individual isotherm points were conducted at the following initial concentrations for phosphate:
0, 0.0329, 0.165, 0.329, 0.494, 0.659, and 0.823 mmol/L. At each of these phosphate
concentrations (except 0 mmol/L), the F- concentration was 2.73 mmol/L. To quantify the effect
of silicate on F- sorption to bone char, an adsorption isotherm was performed in which individual
isotherm points were conducted at the following initial concentrations for silicate: 0, 0.744, 1.86,
3.72, 7.44, 11.2, and 14.9 mmol/L. At each of these silicate concentrations (except 0 mmol/L),
the F- concentration was 2.73 mg/L.
Arsenic adsorption isotherms were conducted at pH 8.3 and 10, with As as the only
solute present in solution. Individual isotherm points were conducted at the following initial
concentrations: 0, 0.00631, 0.0126, 0.0315, 0.0631, 0.0841, 0.315, 0.631, and 1.26 mmol/L. To
quantify the effect of F- on As sorption to bone char, an adsorption isotherm was performed in
which individual isotherm points were conducted at the following initial concentrations for F-: 0,
.03, 0.05, 0.14, 0.27, 0.36, 1.36, 2.72, 4.09, 5.45, and 10.90 mmol/L. At each of these Fconcentrations (except 0 mmol/L), the As concentration was 2.73 mmol/L. To quantify the effect
of phosphate on As sorption to bone char, an adsorption isotherm was performed in which
individual isotherm points were conducted at the following initial concentrations for phosphate:
0, 0.0329, 0.165, 0.329, 0.494, 0.659, and 0.823 mmol/L. At each of these phosphate
concentrations (except 0 mmol/L), the As concentration was 2.73 mmol/L. To quantify the effect
of silicate on As sorption to bone char, an adsorption isotherm was performed in which
individual isotherm points were conducted at the following initial concentrations for silicate: 0,
0.744, 1.86, 3.72, 7.44, 11.2, and 14.9 mmol/L. At each of these silicate concentrations (except 0
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mmol/L), the As concentration was 2.73 mmol/L. Experiments were analyzed and plotted as for
F -.
From single solute adsorption isotherm data, 2.73 mmol/L was chosen as an appropriate
initial concentration for F- and As for these experiments, as a concentration, based in visual
inspection of individual isotherm graphs, at which maximum F- and As sorption has occurred.
Although these F- and As concentrations are much higher than environmentally relevant
concentrations, a potential drawback of this study, they were chosen to attempt to quantify the
maximum capacity of bone char for co-adsorption of F- and As and competition with phosphate
or silicate. The concentration ranges for phosphate and silicate were chosen to reflect roughly
double the range of concentrations found in groundwater in Mexico of 0-0.38 mmol/L for
phosphate and 2.84-7.12 mmol/L for silicate (Caminos de Agua, 2018).
2.2.7. Sample measurement
Fluoride was measured using an ion selective electrode (ISE) (Orion 9609BNWP Sure
Flow Ion-Selective Electrode, Thermo Fisher Scientific, Waltham, MA) with a pH/ISE meter
(Dual Star pH, ISE, mV, ORP and Temperature Dual Channel Benchtop Meter, Thermo Fisher
Scientific, Waltham, MA). The detection limit for F- was 0.00315 mmol/L. The ISE was
calibrated using two ranges: 0.0005 – 0.05 mmol/L or 0.026 – 0.526 mmol/L. Samples above
0.526 mmol/L were diluted to fall within the calibration range. All samples were mixed in a 1:1
ratio with either total ionic strength adjustment buffer (TISAB) II buffer or low-level TISAB, for
samples below 0.026 mmol/L. Low-level TISAB was made using glacial acetic acid.
Arsenic, phosphate and silicate samples from adsorption isotherms, competition series
experiments, and samples from the acid digestion of bone char were detected as As, P, and Si,
respectively, using inductively coupled plasma optical emission spectroscopy (ICP-OES; Perkin
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Elmer ICP-OES Model 8000 Dual View, Waltham, MA) in the Environmental and Analytical
Testing Services Laboratory (North Carolina State University, Raleigh, NC). The limits of
detection for this instrument are 0.00013 mmol/L for As, 0.0016 mmol/L for phosphorus, and
0.0035 mmol/L for silicon.

2.3. Results
2.3.1. Char Characterization
The carbon content of the bone char was 9.17 ± 0.13%. The BET specific surface area
was 90.1 m2/g. X-ray fluorescence results (Table 2.1) show that the bone char is chemically
composed of Ca and P (57.7% CaO and 38.8% P2O5 by oxide-based weight percentage). The
remaining 3.5% (oxide weight basis) of the bone char is composed of Na2O, MgO, K2O, Cl, SO3,
SiO2, Al2O3, SrO, Fe2O3, and ZnO, in descending order. The bone char contained <4.79 mg/kg
As, 31.3 weight percent calcium, 13.8 weight percent phosphorus, and 32.5 mg/kg silicon, as
determined by acid digestion of the char (Table 2.2). Figure 2.1 shows the results of the X-ray
diffraction pattern of the bone char (red line), overlaid with the diffraction patterns of
hydroxyapatite (blue lines) and calcium carbonate (green lines). These results indicate that the
bone char mineralogy is primarily composed of hydroxyapatite with some calcium carbonate
present as well.
2.3.2. Fluoride isotherms
Results from adsorption isotherms in this thesis are presented in units of molarity; results
in mass units are found in the Appendices. Figure 2.2 shows adsorption isotherm data for F- at
pH 8.3 and 10, with Langmuir isotherm model fits for each isotherm. This data is shown in mass
units in Appendix D, Figure S1. As the dissolved F- concentration increases, the amount of
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sorbed approaches a maximum at 2 mmol/L dissolved F-, with more F- sorbed for pH 8.3 than
pH 10. Langmuir model constants are shown in Table 2.3. The Smax calculated from the
Langmuir model for F- at pH 8.3 was 0.471 mmol/g, whereas at pH 10 the Smax was 0.316
mmol/g, 0.155 mmol/g lower than the Smax for F- at pH 8.3 (Table 2.3). The equilibrium constant
was also much higher for pH 8.3 (KL= 4.44), than for pH 10 (KL=1.837). Freundlich isotherm
models were also fit to the data, but the goodness-of-fit parameter was consistently better for the
Langmuir model than the Freundlich model, across all isotherms performed in this study.
Fluoride data and Freundlich models can be found in Figure S2 of Appendix E (Molar units) and
Figure S3 in Appendix F (mass units). Freundlich model constants, in molar and mass units, can
be found in Table S1 in Appendix A.
2.3.3. Arsenic, phosphate and silicate competition with F- for bone char sorption
Figure 2.3 shows the effects of As on F- sorption to bone char at pH 8.3 and 10,
expressed as the amount of F- sorbed to the surface of the bone char at a range of initial As
concentrations. This data is shown in mass units in Appendix D, Figure S4. More F- is sorbed at
lower concentrations of dissolved As (below 0.1 mmol/L As), and F- symptotically approaches a
constant minimum for >0.1 mmol/L dissolved As concentrations. Less sorption occurs at pH 10
than pH 8.3. As reduced F- sorption to bone char at pH 8.3 by32% and reduced F- sorption to
bone char by 28% at pH 10 (Table 2.4). This experiment also yielded results showing an
adsorption isotherm of As with F- present: these results can be found in Figure S5 in Appendix H
and Table S2 in Appendix B.
Figure 2.4 shows the effect of phosphate on F- sorption by bone char at pH 8.3 and 10,
expressed as the amount of F- sorbed to the surface of the bone char at a range of initial
phosphate concentrations. This data is shown in mass units in Appendix J, Figure S7. More F-
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was removed from solution at pH 8.3 than pH 10. At pH 8.3, F- sorption was between 0.13 and
0.15 mmol/g across initial dissolved phosphate concentrations. Except for several points in the
pH 10 dataset, F- sorption is minimal at pH 10, with less than 0.02 mmol/g F- sorbed. At pH 10,
F- sorption is also consistent across a range of initial phosphate concentrations. Phosphate
reduced F- sorption to bone char by 69% at pH 8.3 and 80% at pH 10 (Table 2.4). These
experiments also yielded results showing an adsorption isotherm of phosphate sorption to bone
char in the presence of F-: these results can be found in Figure S6 in Appendix I.
Figure 2.5 shows the effect of silicate on F- sorption by bone char at pH 8.3 and 10,
expressed as the amount of F- sorbed to the surface of the bone char at a range of initial silicate
concentrations. This data is shown in mass units in Appendix K, Figure S8. More F- was sorbed
to bone char at pH 8.3 than pH 10 and F- removal is around 0.3 mmol/g at pH 8.3 across the
range of dissolved silicate concentrations, and 0.15 – 0.2 mmol/g at pH 10, over the range of
dissolved silicate concentrations. At pH 10, there is a slight decrease in sorbed F- from 0.2
mmol/g to 0.15 mmol/g as the concentration of dissolved silicate increases. Silicate reduced Fsorption to bone char by 36% at pH 8.3 and 66% at pH 10 (Table 2.4). These experiments also
yielded adsorption isotherms for silicate sorption to bone char in the presence of F-: these results
can be found in Figure S9 in Appendix L and Table S3 in Appendix C.
2.3.4. Arsenic adsorption isotherms
Arsenic adsorption isotherm data are presented for pH 8.3 and 10 in Figure 2.6, with the
Langmuir model fit for pH 8.3. This data is shown in mass units in Appendix K, Figure S8. More
As is sorbed to bone char at pH 8.3 than at pH 10. At pH 10, negligible As is sorbed to bone char
(up to 0.02 mmol/g, Figure 2.6). Langmuir isotherm model constants and goodness-of-fit
parameters are shown in Table 2.3 for pH 8.3. The Smax calculated in the Langmuir model for As
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at pH 8.3 was 0.048 mmol/g and the KL constant was 3.818. The pH 8.3 isotherm was also
modeled with a Freundlich fit, but the Langmuir model was a better fit to the data. The
Freundlich fit and model constants are shown in Figure S11 in Appendix O (molar units), Figure
S12 in Appendix P (mass units), and Table S1 in Appendix A. pH 10 data were not modeled due
to the small amounts of sorbed As.
2.3.5. F-, phosphate and silicate competition with As for bone char sorption
The effects of F- on As sorption to bone char at pH 8.3 and 10 are presented in Figure 2.7,
expressed as the amount of sorbed As at a range of dissolved F- concentrations. This data is
shown in mass units in Appendix P, Figure S12. For pH 8.3, some As is sorbed at low
concentrations of initial F- (0.01 – 0.02 mmol/g), and the amount of sorbed As decreases as the
concentration of dissolved F- increases, to below zero. At 4 mmol initial dissolved F- and higher,
As sorption is negative, indicating that more As was found in solution at the end of the
experiment than was added at the beginning, and arsenic within the bone char may be mobilized
in the presence of high F- concentrations. For pH 10, the sorbed As amount is negative through
all dissolved F- concentrations, also showing that more As was present in solution at the end of
the experiment than was added at the beginning of the experiment. This experiment also
generated isotherms for F- with As present, and these data are shown Figure S14 in Appendix R
and Table S2 in Appendix B.
The effects of phosphate on As sorption to bone char at pH 8.3 and 10 are shown in
Figure 2.8, expressed as the amount of sorbed As at a range of dissolved phosphate
concentrations. This data is shown in mass units in Appendix S, Figure S15. The amount of
sorbed As steadily became more negative as the concentration of phosphate increased, for both
pH 8.3 and pH 10. The trend was the same for both pH values studied, with the pH 10

54
experiment having a more negative starting sorbed As amount. The more negative sorbed As
values measured indicate that the As concentration in solution is higher at the end of the
experiment than that what was added to the experiment at the beginning. No As sorption is
occurring. This experiment also generated adsorption isotherms for phosphate in the presence of
As, and these data are shown in Figure S16 in Appendix T.
The effects of silicate on As sorption to bone char at pH 8.3 and 10 are shown in Figure
2.9, expressed as the amount of sorbed As at a range of dissolved silicate concentrations. This
data is shown in mass units in Appendix U, Figure S17. Arsenic sorption to bone char in the
presence of silicate is also not occurring. As seen with phosphate, As sorption is strongly
inhibited by the presence of silicate. Sorbed As amounts at pH 8.3 is found around zero and then
decrease at higher silicate concentrations. Sorbed As is negative for the whole range of dissolved
silicate at pH 10, with more negative sorbed amounts at higher levels of silicate. This experiment
also generated adsorption isotherms for silicate in the presence of As: these data can be found in
Figure S18 in Appendix V and Table S3 in Appendix G.

2.4. Discussion
2.4.1. Bone char characterization
The physical and chemical characteristics of bone char found in this study are
comparable to results found in other investigations of bone char characteristics. The results of the
acid digestion showed bone char containing Si and As, neither of which are present in the
mineral structure of hydroxyapatite. The source of As in the bone char may be from cows who
drank As contaminated water. Si, likely in the form of silica, could be naturally present in the
bones, since silica is a chemical component of bones in mammals and is an important mineral for
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bone health and bone strength. Medellin-Castillo et al. (2014) found their bone char to have a
carbon content of 6.31%, a surface area of 104 m2/g, and 15% phosphorus by weight percent.
Their X-ray diffraction pattern data also showed bone char to be mostly composed of
hydroxyapatite. Brunson and Sabatini (2009) also found their cow bone char to have a specific
surface area of 110 m2/g.
2.4.2. F- sorption to bone char
The Langmuir model was the best fit for the data in this study, in alignment with the
work of others studying F- sorption to bone char (Brunson and Sabatini 2009; Mutchimadilok et
al 2014; Rojas-Mayorga et al., 2013). The Smax found at pH 8.3 (7.6 mg/g; 0.471 mmol/g) is
similar to that found in previous studies (See Table 1.2). Differences in experimental design or
slight variations in bone char material or particle size may result in the differences found
between Smax values across studies. Consistent across studies is the observation that pH effects
on F- sorption are strong, with decreasing sorption capacity and affinity of the bone char surface
to F- at pH 10. Above the point of zero charge of bone char (around 8.3) (Medellin-Castillo et al.,
2014), the charge of the surface of the char will be negative, which may result in more
electrostatic repulsion between F- ions and the surface of the char, and that there would be fewer
available sites for ion exchange of F- on the surface of the char due to hydroxide competition.
2.4.3. As, phosphate, and silicate effects on F- sorption to bone char
Results from Figure 2.4 showing the effect of dissolved As on sorbed F- indicate that Foutcompetes As for sorption to bone char at low concentrations of As. However, F- sorption is
reduced at higher concentrations of dissolved As, indicating that some type of inhibition has
occurred. It is possible that F- and As may be competing for one type of site on the char. In the
presence of As, a 32% reduction at pH 8.3 and a 28% reduction at pH 10 of sorption is observed,
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as compared to the no As case (Table 2.4). Abe et al. (2004) assert that phosphate sites, which
are chemically and structurally similar to those for the arsenate anion, may be a more important
ion exchange site for fluoride than the hydroxyl groups. However, bone char has an order of
magnitude higher sorption capacity for F- (Smax= 0.417 mmol/g at pH 8.3) than As (Smax=0.048
mmol/g at pH 8.3), suggesting that F- may bind to bone char surface sites that As is not able to.
This can be explained by a number of possibilities. F- has a higher affinity for the surface, and
thus may simply bind more to phosphate sites than does As. The arsenate anion is also larger
than F-, suggesting that there may be steric hindrance to some binding sites. It is also possible
that F- may exchange hydroxyl groups in a manner that As does not, allowing for a different type
of sorption. F- is of similar ionic radius and char to hydroxyl groups whereas As is not. Although
this would manifest itself in the need for 2-site fitting, more studies and detailed surface
complexation modeling would be required to accurately quantify this mechanism.
Competing ions phosphate and silicate are also impacting F- sorption onto bone char, as
shown in this study. More F- is sorbed in the presence of silicate than in the presence of
phosphate, indicating that less competition is occurring between F- and silicate for sorption sites
than there is between F- and phosphate. In the presence of phosphate, a 69% reduction at pH 8.3
and an 80% reduction at pH 10 of sorption is observed, as compared to the no phosphate case
(Table 2.4). A similar trend is observed with silicate as was observed with phosphate: increasing
amounts of silicate do not decrease the amount of F- sorbed, but the presence of silicate even at
low concentrations does inhibit some F- removal (Table 2.4). In the presence of silicate, a 36%
reduction at pH 8.3 and a 44% reduction at pH 10 of sorption is observed, as compared to the no
silicate case (Table 2.4). As observed from the single solute isotherm data, a strong pH effect
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was shown, as less F- was sorbed at pH 10 than at pH 8.3 in all cases. The amounts of F- sorbed
to bone char are similar for both As and silicate competition.
Other studies have assessed the effects of other competing anions found in natural
groundwaters on F- removal by bone char. F- removal by bone char has been found to be
unaffected by chloride (Medellin-Castillo et al., 2014; Sorlini et al., 2011; Watanesk and
Watanesk 2000), and chloride has also been found to increase F- removal by bone char (Abe et
al., 2004; Mwaniki 1992). Sulfate has also been found to have no effect on F- removal (MedellinCastillo et al., 2014; Sorlini et al., 2011) and to compete with F- for sorption sites on bone char
(Brunson and Sabantini 2014). Calcium has been found to compete with F- for sorption sites on
bone char (Watanesk and Watanesk 2000). Natural organic matter- (Brunson and Sabatini 2014)
does not compete with F-, nor does bicarbonate, carbonate, nitrate, nitrite (Medellin-Castillo et
al,. 2014), iodine, sodium or potassium (Watanesk and Watanesk 2000). Studying potentially
competing anions in laboratory experiments is important, because real world settings (i.e.,
natural groundwaters) contain multiple ions.
This study shows that arsenic, phosphate and silicate inhibit fluoride sorption to bone
char at pH 8.3 by32%, 36%, and 69%, respectively, and by 28%, 44%, and 80% at pH 10. These
results may inform water treatment systems using bone char in regions where these ions are
found in groundwater along with fluoride.
2.4.4. As sorption to bone char
Bone char is sorbing small amounts of As at pH 8.3, but hardly at all at pH 10, based on
the results of this study. At pH 8.3, the Smax is 0.048 mmol/g (3.6 mg/g), showing a low sorption
capacity of As to the bone char surface. Previous studies on As sorption to bone char yielded
Smax values of 0.39 and 0.33 mg/g at pH 4 (Begum et al., 2016; Liu et al 2014), and an Smax value
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of 4.5 mg/g at pH 5 and 7 (Sneddon et al., 2005). Brunson and Sabatini (2009) used a linear
model for As sorption to bone char and found sorbed As to be around 0.06 mg/g at an initial As
concentration of 1.5 mg/L. Results from Mlilo et al. (2010) from arsenate isotherms show that
arsenate adsorption to bone char is non-linear: they used the Freundlich model for this data.
Mlilo et al. (2010) determined that bone char can remove As from solution, with or without the
presence of F-, due to the low concentrations of As that are present in the environment. To the
author’s knowledge, this is the first study that quantifies As sorption to bone char at alkaline pH,
and is also the first study that attempts to quantify the limits of As sorption to bone char by using
a high range of initial As concentrations. This study shows that some sorption occurs at pH 8.3,
whereas almost none occurs at pH 10, a significant result that could prevent bone char for being
a viable water treatment technology in very high pH groundwaters.
2.4.5. F-, phosphate and silicate effects on As sorption to bone char
The presence of F- in solution has an impact on As sorption to bone char, as shown in
Figure 2.7. At pH 8.3, with lower concentrations of dissolved F-, some As sorption occurs,
whereas above 4 mmol/L dissolved F-, As sorption is completely inhibited. Negative sorbed As
values above 4 mmol/L F- indicate that more As was found in solution at the end of the
experiment than was added at the beginning, a surprising results that indicated that As may be
contained in bone char and is then released into solution. This trend of negative sorbed As values
is also shown with the pH 10 data on Figure 2.7, where all sorbed As values are negative. This
additional As could not be accounted for by experimental or analysis error; thus, it is likely that
As contained in the bone char is dissolving and coming into solution at alkaline pH and in the
presence of concentrations of F- above 4 mmol/L. Considering mass balance within this
experiment, in which around 5 mg As/kg char was measured and 0.3 kg char/L was used for
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experiments, the maximum As that could be released from the char into solution is 1.5 mg/L or
0.02 mmol/L. Bone char used in this study is sourced from Guanajuato, Mexico. If cattle in this
region drink contaminated water, their bones may contain As. If calcium arsenate is found in
their bones instead of calcium phosphate, the fluoride in solution could be exchanging for the
arsenate in the char, and releasing As into solution, explaining why sorbed As values are more
negative (i.e., more As in solution at the end of the experiment) with increasing amounts of F-.
At pH 10, this effect could be more pronounced due to the decreased ability of F- to exchange
with hydroxyl groups on the bone char surface, and the potential of ion exchange with phosphate
(or arsenate) to be the primary mechanism of sorption. More inquiry into this process is needed
to fully understand what is happening in this experiment, as adsorption isotherms cannot
elucidate specific mechanisms of sorption, but what can be ascertained from the current data
makes it clear that As is not being sorbed to bone char at all in the presence of F- at pH 10 or at
high F- concentrations, a relevant result for designers of low-cost water treatment systems for Fand As affected groundwater aquifers that people rely on for drinking water.
Mlilo et al. (2010) and Brunson and Sabatini (2009) studied the co-removal of F- and As
by bone char: they measured As adsorption to bone char with and without F- and F- adsorption to
bone char with and without As. Their findings showed that the presence of F- had little impact on
As sorption at pH 7, but their experiments were at lower concentration ranges than in this study
and it is assumed that because the char was not close to surface saturation, there was no
competition between F- and As in solution for sorption sites. This study adds to the current body
of knowledge of F- and As co-removal by bone char sorption, with further data about the limits
of As and F- co-removal at high concentrations, and provides a quantification of the limits of the
capacity of the material for simultaneous removal at alkaline pH.
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Arsenic sorption by bone char in the presence of phosphate (Figure 2.8) did not occur, as
shown by the negative sorbed As values. This indicates the possible release of arsenic from bone
char into solution, as discussed above in the context of As and F- co-removal by bone char. All in
all, the presence of phosphorus affects both F- and As uptake by bone char, and the results
presented in this study indicate that further research should elucidate these interactions between
competing anions in solution, especially the potential for As in char to be mobilized from within
the char due to hydroxyapatite dissolution at high pH and in the presence of other anions.
Arsenic sorption by bone char in the presence of silicate (Figure 2.9) also did not occur,
as shown by the negative sorbed As values. The trend is less negative for silicate than phosphate.
If As in the bone char is being mobilized through the process of hydroxyapatite dissolution, it
seems that the presence of silicate mobilizes less As from the char than phosphate does. As with
the other competing anions for As sorption, the negative sorbed As trend is more pronounced at
pH 10.
2.4.6. Implications for water treatment
Results of this study indicate that bone char has a higher affinity for F-, and that there is
competition between anions for sorption. This indicates that caution should be used for As
removal by bone char or for simultaneous As and F- removal, particularly at input water pH >
pHPZC of bone char (~8.3). Water treatment is more difficult at alkaline pH, and this study
indicates that the effectiveness of bone char is lower with increasing pH. This poses a significant
challenge to designing water treatment systems in areas with alkaline pH groundwaters.
However, it should be noted that adsorption isotherms done in this study were conducted at
concentrations well above what would be considered environmentally relevant, to explore the
fundamental properties of bone char as a sorbent for As and F- and to quantify the maximum

61
capacities of binding. At environmentally relevant concentrations of As and F-, the modest As
sorption capacitites found in this study may be sufficient to reach water treatment objectives, and
ensure healthy water to end users of treatment systems. Further studies should be done to verify
whether bone char can be safe for removing low levels of As when F- is the main treatment
objective. In cases where As concentrations in groundwater are high, a separate As treatment
step may be necessary to ensure the safety of drinking water provided.
Bone char is removing silica from solution as well as phosphorus, a result which
immediately indicates that the presence of these competing anions in natural groundwaters
should be considered in the design of water treatment systems in Guanajuato, Mexico. Results of
this study indicate that water treatment system design in Guanajuato, Mexico, where elevated
levels of these anions are found, may need to be amended to ensure end users are drinking safe
water. This study provides maximum sorption capacities for fluoride, fluoride with arsenic,
phosphate and silicate, arsenic, and arsenic with fluoride, phosphate and silicate. These values
can be used to design column studies for combined fluoride and arsenic removal in the presence
of phosphate and silicate. A series of column experiments investigating effects of these
competing anions are indicated as avenues for future work, based on the results of this study. The
effects of competing anions and pH make a “one size fits all” solution for the entire region of
Guanajuato, MX difficult, because the spatial variability of groundwater pH and competing
anions will dictate the specific water treatment design specifications for that area.
2.5. Conclusion
Appropriate technologies are needed to remove F- and As, which co-occur in
groundwater in many regions of the world. This study found that bone char can remove F- from
solution individually, and in the presence of arsenic and common anions found in groundwater,
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phosphate and silicate, at alkaline pH, with less removal capacity at increasing alkalinity.
Arsenic removal was very minimal in comparison to fluoride at pH 8 and was negligible at pH
10. Bone char is a far more effective sorbent for F- than for As, and both F- and As sorption are
inhibited by the presence of competing anions phosphate and silicate. F- sorption capacity at pH
8 was reduced by 32%, 36% and 69% in the presence of arsenic, phosphate and silicate,
respectively, and by 28%, 44%, and 80%, respectively, at pH 10. Next steps for this research
should include column studies, performed to determine the viability of bone char for
simultaneous F- and As removal at environmentally relevant concentrations with the presence of
competing anions. Despite the limitations of bone char as a sorbent found in this study, the
sorption capacity for fluoride is chemically viable. As F- and As have serious impacts on the
health of hundreds of millions of people globally, mainly from rural regions of low- and middleincome countries, further developing bone char water treatment system designs, especially given
bone char’s practical and chemical viability, is a public health, human rights, and environmental
justice priority.
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Table 2.1. Chemical analysis of bone char composition from X-ray fluorescence results. Oxidebased compounds are reported in units of oxide-based mass percent.
Compound
CaO
P 2 O5
Na2O
MgO
K2 O
Cl
SO3
SiO2
Al2O3
SrO
Fe2O3
ZnO

Mass Percent
57.7
38.8
1.40
1.16
0.33
0.19
0.15
0.08
0.06
0.06
0.03
0.03
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Table 2.2. Chemical composition of bone char, as determined by acid digestion of bone char.
Note As was below reporting limit for instrument.
Compound
As
Ca
P
Si

Concentration
<4.79
31.3
13.8
32.5

Unit
mg/kg
weight %
weight %
mg/kg
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Table 2.3. Langmuir isotherm model constants for fluoride isotherms at pH 8.3 and 10 and
arsenic isotherm at pH 10, in mass units and molar units.

Experiment
F- pH 8.3
F- pH 10
As pH 8.3

Langmuir constants
Mass units
KL (L/g)
Smax (mg/g)

r

1.276
0.096
0.026

0.965
0.958
1

7.6
5.6
3.6

2

Molar units
KL
Smax
(mmol/g)
4.44
0.471
1.837
0.316
3.818
0.048

r2
0.925
0.959
0.837
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Table 2.4. Smax values for fluoride at pH 8 and 10 are shown. For F- with As average S values, S
values from the 0.0315 – 1.26 mmol/L dissolved As concentrations were used to calculate sorbed
F- values. For F- with P and F- with Si, the full concentration range for P and Si was used to
sorbed F- values. Sorbed F- was used as the initial value for calculating percent reductions in
sorption capacity. Averages are given with standard deviations.
Experiment
-

F
F w/ As
F w/ Si
F w/ P

Sorbed F
(mmol/g)
0.471
0.323 ±
0.0246
0.301 ±
0.00736
0.145 ±
0.0072

pH 8
% decreased
adsorption capacity
32
36
69

-

Sorbed F
(mmol/g)
0.316
0.227 ±
0.0189
0.176 ±
0.0144
0.0641 ±
0.0951

pH 10
% decreased
adsorption capacity
28
44
80
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Figure 2.1. X-ray diffraction pattern results showing the mineralogical fingerprint of bone char
sample. Red line indicates sample results, blue bars represent hydroxyapatite, green bars
represent calcium carbonate.

73
0.7
Sorbed F (mmol/g)

0.6
0.5
0.4

pH 8

0.3

pH 10

0.2

pH 8 Langmuir
pH 10 Langmuir

0.1
0.0
0

2

4
6
8
Dissolved F (mmol/L)

10

12

Figure 2.2. Adsorption isotherm data for fluoride at pH 8.3 and 10. Langmuir model fits are
represented by dashed lines, and each data point represents an experimental measurement.
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Figure 2.3. The effects of initial dissolved arsenic concentration on fluoride removal by bone
char at pH 8.3 and 10. Each data point represents an experimental measurement.
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Figure 2.4. The effects of initial dissolved phosphate concentration on fluoride removal by bone
char at pH 8.3 and 10. Each data point represents an experimental measurement.
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Figure 2.5. The effects of initial dissolved silicate concentration on fluoride removal by bone
char at pH 8.3 and 10. Each data point represents an experimental measurement.
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Figure 2.6. Adsorption isotherm data for arsenic at pH 8 and 10. The Langmuir model fit for pH
8 is represented by the dashed line, and each data point represents an experimental measurement.
pH 10 data were not modeled due to low sorption.
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Figure 2.7. The effects of initial dissolved fluoride concentration on arsenic removal by bone
char at pH 8.3 and 10. Each data point represents an experimental measurement.
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Figure 2.8. The effects of initial dissolved phosphate concentration on arsenic removal by bone
char at pH 8.3 and 10. Each data point represents an experimental measurement.
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Figure 2.9. The effects of initial dissolved silicate concentration on arsenic removal by bone
char at pH 8.3 and 10. Each data point represents an experimental measurement.
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Appendix A
Table S1. Freundlich isotherm model constants for single solute fluoride and arsenic isotherms,
at pH 8 and 10, in mass and molar units.

Experiment
F pH 8.3
F pH 10
As pH 8.3

Mass units
K
2.76
1.19
0.23

n
0.239
0.317
0.53

2

r
0.924
0.972
0.978

Molar Units
K
n
0.31
0.247
0.16
0.316
0.04
0.483

r2
0.90
0.971
0.762
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Appendix B
Table S2. Langmuir and Freundlich isotherm model constants for fluoride with arsenic
isotherms and arsenic with fluoride isotherms at pH 8.3 and 10, in mass units.
Experiment
As pH 8.3
As w/ F pH 8.3
F w/ As pH 8.3
F w/ As pH 10

Langmuir constants
K
Smax
0.026
3.6
0.001
17.3
0.887
8.8
0.568
3.1

r2
1
0.999
0.984
0.613

Freundlich constants
K
n
0.23
0.53
0.12
0.603
3.44
0.213
1.32
0.193

r2
0.978
0.958
0.886
0.461
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Appendix C
Table S3. Langmuir and Freundlich isotherm model constants for silica isotherms with fluoride
and silica isotherms with arsenic at pH 8.3 and 10, in mass units.
Experiment
Si w/ F pH 8.3
Si w/ F pH 10
Si w/ As pH 8.3
Si w/ As pH 10

Langmuir constants
K
Smax
0.006 23.1
0.002 40.5
0.003 50.7
0.001 175

r2
0.819
0.946
0.826
0.943

Freundlich constants
K
n
0.61
0.562
0.3
0.688
0.55
0.67
0.15
0.934

r2
0.743
0.916
0.785
0.937
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Figure S1. Adsorption isotherm data for fluoride at pH 8.3 and 10, in mass units. Langmuir
model fits are represented by dashed lines, and each data point represents an experimental
measurement.
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Figure S2. Adsorption isotherm data for fluoride at pH 8.3 and 10, in molar units. Freundlich
model fits are represented by solid lines, and each data point represents an experimental
measurement.
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Figure S3. Adsorption isotherm data for fluoride at pH 8.3 and 10, in mass units. Freundlich
model fits are represented by solid lines, and each data point represents an experimental
measurement.
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Figure S4. The effects of initial dissolved arsenic concentration on fluoride removal by bone
char at pH 8.3 and 10, in mass units. Each data point represents an experimental measurement.
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Figure S5. Fluoride with arsenic isotherms and Freundlich and Langmuir isotherm model fits at
pH 8.3 and 10, in mass units. Freundlich model fits are represented by solid lines and Langmuir
model fits are represented by dashed lines. Each data point represents an experimental
measurement.
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Figure S6. The effects of initial dissolved phosphate concentration on fluoride removal by bone
char at pH 8.3 and 10, in mass units. Each data point represents an experimental measurement.
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Figure S7. Phosphorus isotherms with fluoride at pH 8.3 and 10, in mass units. Each data point
represents an experimental measurement.
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Figure S8. The effects of initial dissolved silicate concentration on fluoride removal by bone
char at pH 8.3 and 10, in mass units. Each data point represents an experimental measurement.
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Figure S9. Silica isotherms with fluoride at pH 8.3 and 10 and Langmuir and Freundlich
isotherm model fits, in mass units. Dashed lines represent Langmuir model fits and solid lines
represent Freundlich model fits. Each data point represents an experimental measurement.
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Figure S10. Adsorption isotherm data for arsenic at pH 8 and 10, in mass units. The Langmuir
model fit for pH 8 is represented by the dashed line, and each data point represents an
experimental measurement. pH 10 data were not modeled due to low sorption.
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Figure S11. Adsorption isotherm data for arsenic at pH 8 and 10, in molar units. The Freundlich
model fit for pH 8 is represented by the solid line, and each data point represents an experimental
measurement. pH 10 data were not modeled due to low sorption.
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Figure S12. Adsorption isotherm data for arsenic at pH 8 and 10, in mass units. The Freundlich
model fit for pH 8 is represented by the solid line, and each data point represents an experimental
measurement. pH 10 data were not modeled due to low sorption.
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Figure S13. The effects of initial dissolved fluoride concentration on arsenic removal by bone
char at pH 8.3 and 10, in mass units. Each data point represents an experimental measurement.
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Figure S14. Arsenic with fluoride isotherms at pH 8.3 and 10 and Freundlich isotherm model
fits at pH 8.3, in mass units. The Freundlich model fit is represented by a solid line and each data
point represents an experimental measurement.
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Figure S15. The effects of initial dissolved phosphate concentration on arsenic removal by bone
char at pH 8.3 and 10, in mass units. Each data point represents an experimental measurement.

100
Appendix S
2.5

Sorbed P (mg/g)

2.0
1.5
pH 8

1.0

pH 10

0.5
0.0
0
-0.5

5

10

15

20

25

Dissolved P (mg/L)

Figure S16. Phosphorus isotherms with arsenic at pH 8.3 and 10, in mass units. Each data point
represents an experimental measurement.
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Figure S17. The effects of initial dissolved silicate concentration on arsenic removal by bone
char at pH 8.3 and 10, in mass units. Each data point represents an experimental measurement.
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Figure S18. Silica isotherms with arsenic at pH 8.3 and 10 and Langmuir and Freundlich
isotherm model fits, in mass units. Dashed lines represent Langmuir model fits and solid lines
represent Freundlich model fits. Each data point represents an experimental measurement.

