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Abstract

Fluoride in drinking water above permissible levels is responsible for dental and skeletal fluorosis. In this study, removal of
fluoride ions from water using phosphoric acid treated lime was investigated in continuous and point-of-use system opera-
tions. In the continuous column operations, fluoride removal performance was investigated as a function of the fluoride
concentration, flow rate and amount of adsorbent mass. Early saturation and lower fluoride removal were observed at higher
flow rate and initial concentration, and at lower mass. Two domestic defluoridation point-of-use systems operated inter-
mittently to process 20 {-day ' of water were used. High fluoride uptake capacity (FUC) from groundwater was observed
depicting the suitability of the new media in defluoridation. However, further research is required to optimise the point-of-

use systems performances.
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Nomenclature

BV Bed volumes

C, Initial concentration of solute (mg-¢™")
C, Desired concentration of solute at breakthrough (mg-¢™")
DDU Domestic defluoridation unit

FUC Fluoride uptake capacity (mg-kg™)

K Adsorption rate constant ((:'mg'-h™)

N Adsorption capacity (mg-0™)

Point of use

t Service time of column under above conditions (h)
14 Linear flow velocity of feed to bed (cmh™)

X Bed depth of column (cm)

X Critical bed depth (cm)

Introduction

Fluoride in drinking water can be either beneficial or detri-
mental to health, depending on its concentration. The pres-
ence of fluoride in drinking water within permissible limits is
beneficial in the calcification of dental enamel. According to
the World Health Organization (WHO), the maximum accept-
able concentration of fluoride is 1.5 mg-¢™' (WHO, 2006), while
South Africa’s acceptable limit is 0.75 mg-£™' (Regulations on
Fluoridating Water Supplies, 2000). Concentrations above this
level lead to dental and skeletal fluorosis and lesions of the
endocrine glands, thyroid and liver (Meenakshi et al., 2004;
Misra and Mishra, 2007). It is therefore necessary to remove
the excess amount of fluoride from drinking water if the con-
centration is higher than the permissible limit.

The popular technologies for the removal of fluoride from
water include: coagulation followed by precipitation, membrane
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processes, ion exchange and adsorption (Bhatnagr et al., 2011;
Huo et al., 2011; Meenakshi and Maheshwari, 2006; Ndiaye et
al., 2005; Mohapatra et al., 2009). In coagulation, trace amounts
of fluoride ions tend to remain in solution due to solubility
restriction. Other shortcomings include the resulting high pH

of the treated water and the generation of large amount of wet
bulky sludge (Gong et al., 2012; Pinon-Miramontes et al., 2003).
The Nalgonda technique, based on precipitation processes, is
also a common defluoridation technique. The limitations of the
process are: daily addition of chemicals, large amount of sludge
production, and low effectiveness for water having high total
dissolved solids and hardness. Further, increases in residual alu-
minium in the treated water have been reported (Gupta, 1997).
This may endanger human health as concentrations of alumin-
ium, a neurotoxin, as low as 8.0 x 1072 mg-¢"" in drinking water
have been associated with Alzheimer’s disease (Simate et al.,
2012; Yadav et al., 2006). Membrane processes, though effective
in fluoride removal, demineralise water completely, besides the
high initial and maintenance costs. Ion exchange methods are
efficient for fluoride removal, but a tedious and difficult process
of preparation of resins as well as the high cost necessitates a
search for an alternative technique. Adsorption techniques have
been quite popular in recent years due to their simplicity, as well
as the availability of wide range of adsorbents. Research has
focused on various types of inexpensive and effective adsorp-
tion media, such as different clays (Luther et al.,1996; Taleb

et al., 2010; Zevenbergen et al., 1996), solid industrial wastes
like red mud, spent bleaching earths, spent catalysts and fly

ash (Chaturvedi et al., 1990; Cengeloglu et al., 2002; Lai and
Liu, 1996; Pickos and Paslawaska, 1999 and Xu et al., 2011),
activated alumina, carbonaceous materials (Abe et al., 2004; Li
et al., 2003a,b; Ramos et al., 1999), bone charcoal (Mjengera
and Mkongo, 2002), natural and synthetic zeolites and other
low-cost adsorbents, with various degrees of success (Onyango
et al., 2006). This study was motivated by the need to explore
locally-available and inexpensive defluoridation media for safe
and easy use at both household and small community levels.
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Limestone, a natural material, is abundant in South Africa
and several other countries around the world. It has been
applied in water treatment to ensure a stable alkalinity and pH
(Kettunen and Keskitalo, 2000). A few researchers have shown
its potential in (waste) water defluoridation. More recently,
lime, a combustion product of limestone, has been used in fluo-
ride removal (Reardon and Wang, 2000; Fan, Parker and Smith,
2003; Islam and Patel, 2007; Turner, Binning and Stipp, 2005).
The results of those studies indicate that limestone and lime
may either not reduce the fluoride level to low concentrations
applicable to drinking water or not have reasonable fluoride
adsorption capacity. For such media to be of value, therefore,
their performance must be enhanced by tailoring their physico-
chemical properties. Hence, the present study explores the
drinking water defluoridation potential of phosphoric acid
treated lime. The fluoride adsorption performance of the media
in continuous operation, against process variables such as
initial concentration, flow rate and adsorbent dose, was studied.
Besides these, the performance of 2 domestic defluoridation
point-of-use systems was investigated, with varying amounts
of adsorbent, to ascertain the ability of the media in water
defluoridation. The bed depth service time is used to model
breakthrough data while the bed volume and fluoride uptake
capacity are used as performance indicators for the point-of-use
systems.

Materials and methods

Reagents and stock solutions

All of the reagents used in this study were of analytical grade.
Fluoride stock solution (1 000 mg-{™") was prepared, by dis-
solving 2.21 g of NaF in de-ionised water and filling to 1 €.
This was then diluted with deionised water to get the required
subsequent concentrations.

Sorbent preparation

Lime was obtained by calcining limestone. The limestone
used was obtained from Continental Cement (Pty.) Ltd, South
Africa. The calcination process was done at a temperature of
800°C for 24 h using a furnace (Linn High Therm HK 30).
Table 1 shows the chemical composition of the calcined phase
of the limestone. The calcined material was air-cooled to room
temperature and reacted with 50% orthophosphoric acid. The
acid was added drop-wise while the mixture was under con-
stant agitation, and with temperature kept constant at about
50°C. The resultant precipitate was left in the mother solution
overnight and supernatant was then decanted. The precipitate
was washed with distilled water and then air-dried overnight.
The material prepared in this manner is hereafter referred to as
phosphoric acid treated limestone.

Table 1
Chemical composition of calcined
limestone
Component Composition, %
SiO, 5.95
AlLO, 1.53
Fe O, 2.83
CaO 88.39
MgO 1.26
Combustible matter 38.3
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Figure 1
Column experiment set-up

Column studies

Small-scale column tests were carried out to evaluate the
capacity of the media for removing fluoride from water under
continuous flow conditions. A Perspex glass cylindrical tube
of diameter 30 cm and height 2.5 cm was used to conduct the
adsorption tests. The column was packed with the desired
amount of the media to obtain the desired bed height. A sche-
matic diagram of the column is shown in Fig. 1.

Influent water was pumped through the column with a peri-
staltic pump (Dynamax Model RP-1). Upward flow of fluid was
chosen to minimise channelling inside the column. Samples of
the outlet bulk solution were collected at definite intervals of
time and examined for fluoride concentration. An ion-selective
electrode was used to measure fluoride concentrations in raw
and processed waters. The concentration-time data was used to
construct breakthrough curves.

Point-of-use systems

Two point-of-use system designs were used in this study as
shown diagrammatically in Figs. 2 and 3. Adsorbent loads were
1.5 and 2 kg for Model I and 11, respectively, with subsequent
depths of 27 to 17 cm (Table 2). Model 1 is a typical under-the-
sink filter. Water is pumped via the outer concentric cylinder
before flowing upwards though the inner cylinder containing
the adsorbent. In the absence of a water supply, a gravity water
filter (Model II) enables one to have clean filtered drinking
water. Water is poured manually into the upper chamber. It
passes through the filter candles under gravity into the lower
chamber where the defluoridated water can be accessed via a
tap on the side of the filter. Plastic plates with 1.0 mm diameter
holes were used to control raw water flow rate. On the bottom
plate, an additional perforated dome is added to reduce both
flow rate and channelling.

Table 2
Specifications of the point-of-use units
Point-of-use unit Model | Model I
Diameter (cm) (top/bottom) 10/10 25/17.5
Maximum bed height 30 17
Sorbent bed height (cm) 27 17
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Model Il point-of-use system

These units were operated intermittently so as to simulate
field conditions. Around 20 £ of raw water were passed through
the units per day — a value typical of daily drinking water
consumption for a small family. Treated water samples were
periodically collected for fluoride analysis.

In this study, the fluoride uptake capacity (FUC) and num-
bers of bed volume (BV) were used to compare and evaluate
the adsorption performance of the bed under the 2 point-of-use
system designs and 2 field water samples collected from Venda
and Lesodi locations in the Limpopo Province of South Africa.
The number of bed volumes (BV) is given by:

volume of the solution treated

= 1
BV volume of adsorbent bed @

On the other hand, the fluoride uptake capacity was computed
by:
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mass of the adsorbent

Results and discussion

Column studies

In liquid-phase adsorption separation and purification pro-
cesses, there are 3 main configurations in use: batch, fixed-bed
and fluidised bed. Fixed-bed operation is the commonest in
drinking water treatment configurations. Its inherent advan-
tages include the high quality of water produced, simplic-

ity, ease of operation and handling. Fixed-bed operation and
performance is influenced by several operational parameters,
which include the adsorbent bed height, initial adsorbate con-
centration and flow rate. In this section, the effect of these fac-
tors on the sorption performance of acid-treated lime is studied
under continuous operation.

Effect of flow rate on breakthrough

To find out the effect of flow rate on breakthrough curve,
adsorption experiments were carried out by varying the flow
rate between 2.5 and 8 m{'min using fluoride-spiked water.
In this process, the initial fluoride concentration and bed mass
were maintained at 10 mg-¢™" and 20 g, respectively. The effect
of flow rate on breakthrough performance at the above oper-
ating conditions is shown in Fig. 4. The breakthrough curve
becomes steeper when the flow rate is increased and vice versa.
The maximum fluoride uptake capacity for flow rate of 2.5,
5.0 and 8.0 m{'min! were found to be 33.86, 27.84 and 20.93
mg, respectively. With regard to South Africa’s maximum
permissible fluoride value of 0.75 mg-£ ', the breakthrough time
for the 3 flow rates, in ascending order, were 10.6, 4 and 2 h
respectively. Their respective treated volumes and bed vol-
umes are as shown in Table 3. It is clear from the table that as
the flow rate is increased, the treated volume to breakthrough
decreases and vice versa. This can be explained by the fact
that at lower flow rate, the residence time of the adsorbate is
more and hence the adsorbent gets more time to bond with the
adsorbate efficiently. In other words, if the residence time of the
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Breakthrough curves for fluoride sorption onto acid-treated lime
at different masses. Initial fluoride concentration = 10 mg/,
adsorbent mass = 20 g, temperature = 25°C.

solute in the column is not large enough for adsorption equilib-
rium to be reached at the given flow rate, the fluoride solution
leaves the column before equilibrium occurs.

Table 3
Effect of flow rate on column performance
Flow rate Breakthrough | Volume treated BV
(me€-min~") time (h) (me)
2.5 10.6 1590 65
5.0 4.0 1200 49
8.0 2.0 960 39

Effect of initial fluoride concentration on

breakthrough

Fluoride-spiked water with initial concentrations of 5, 10

and 15 mg-0! was passed through the column at a flow rate

of 5 m€'min". Figure 5 shows the breakthrough results. It

is clear that the slopes of the breakthrough curves increase
with an increase in initial concentration. Consequently, the
breakthrough time decreased with increasing influent fluoride
concentration (Table 4). In particular, the times to reach
breakthrough point (outflow with fluoride concentration of
0.75 mg-L") were 2, 4 and 8.5 h for the 15, 10 and 5 mg-¢!
initial concentrations, respectively. The volumes treated at
each of the concentrations are as shown in Table 4. The volume
processed before the breakthrough point is reached, and hence
the BV, increases with a decrease in initial concentration.

Table 4
Effect of initial concentration on breakthrough
Initial conc.( | Breakthrough | Volume treated BV
mg-€) time (h) (me)
5 8.5 2 500 102
10 4.0 1200 49
15 2.0 600 24

During the adsorption process, the initial concentration of
a solute affects the rate of consumption of the active sites. As
the concentration increases, the driving force for adsorption
increases and the active sites are consumed faster. This leads
to treatment of smaller volume of water per unit mass of the

adsorbent.
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Breakthrough curves for fluoride sorption onto acid-treated lime
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Breakthrough curves for fluoride sorption onto acid-treated lime at
different adsorbent masses. Flow rate = 5 mf/min, initial fluoride
concentration = 10 mg/t, temperature = 25°C.

Effect of adsorbent mass/bed height on
breakthrough

In order to find out the effect of bed height on the breakthrough
curve, fluoride solution with an initial concentration of 10
mg-{" and flow rate of 5 m€'min' was passed through the
adsorption columns of varying adsorbent masses. Figure 6
shows the breakthrough curves at adsorbent masses of 20, 30
and 40 g. The slope of the breakthrough curve decreased with
increasing bed height, which resulted in a broadened mass
transfer zone. High uptake was observed at the highest bed
height. This was due to an increase in the surface area of adsor-
bent, which provided more binding sites for adsorption. The
volumes of water treated at breakthrough point (corresponding
to C,= 0.75 mg-t"") were found to be 1 170, 1 740 and 2 220 m{,
for the 20, 30 and 40 g beds, respectively. The corresponding
bed volumes were 48, 47 and 46. From Table 5, it is evident
that the increase in adsorbent mass did not significantly affect
the number of bed volumes compared to flow rate and initial

http://dx.doi.org/10.4314/wsa.v38i2.14

Available on website http://www.wrc.org.za

ISSN 0378-4738 (Print) = Water SA Vol. 38 No. 2 April 2012
ISSN 1816-7950 (On-line) = Water SA Vol. 38 No. 2 April 2012


http://dx.doi.org/10.4314/wsa.v37i4.18

Table 5
Effect of adsorbent dose on breakthrough
Adsorbent Breakthrough | Volume treated BV
mass (g) time (h) (me)
20 3.9 1170 48
30 5.8 1740 47
40 74 2220 46

fluoride concentration. This means that when designing a real
system for practical application, lesser emphasis should be laid
on the sorbent height than the flow rate and fluoride concentra-
tion of the water to be treated.

Application of bed depth service time model (BDST)

The BDST model is used to predict the column performance for
any bed length. Hutchins (1973) proposed a linear relationship
between bed depth and service time as follows,

N, 1/,
t= - (— - 1) 3
AN & ®

where:
C, is the initial concentration of solute (mg-¢™")
C, the desired concentration of solute at breakthrough
(mg-€™1), i.e, 0.75 mg-L! as per South Africa’s standard
K the adsorption rate constant ({:mg"-h™")
N, the adsorption capacity (mg-¢™)
x the bed depth of column (cm)
v the linear flow velocity of feed to bed (cm*h™)
t the service time of column under above conditions (h)

The critical bed depth (x)) is obtained for # = 0 and for a fixed
outlet concentration C, = C,, is given by:

_ Y (C" 1) 4
Yo =¥n, " \c, @)

where:
C, is the concentration at the breakthrough. C, represents
the theoretical depth of adsorbent necessary to prevent the
sorbate concentration from exceeding the limit concentra-
tion C,.

A plot of service time against bed depth, following the above
model, gives a straight line (Fig. 7) [slope = N /C V, intercept =
(I/KC In{(C /C))-1})].

The service time and bed depth are correlated with the
process parameters such as initial concentration flow rate and
adsorption capacity. The slope of the BDST line represents the
time required for the adsorption zone to travel a unit length
through the adsorbent under the selected experimental condi-
tions at a given concentration; in the present study this was
found to be 0.7 h for an initial concentration of 10 mg-™". This
can be used to predict the performance of the bed if there is
a change in the initial solute concentration. The values of K,
N, and x; (minimum bed depth necessary to produce an efflu-
ent concentration, C,, of 0.75 mg-{™") were found to be 0.558
emgh, 428.05 mg-¢! and 0.643 cm, respectively.

Point-of-use systems

Point-of-use (POU) water treatment refers to a variety of
different water treatment methods (physical, chemical and
biological) used to improve water quality for an intended use
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Effect of bed depth on service time

(drinking, bathing, washing, irrigation, etc.), at the point of
consumption. POU treatment encompasses water treatment at
a more decentralised scale, such as in a small community or at
the household level. Furthermore, safely storing water (espe-
cially unclean water) is a huge challenge; therefore, upon water
use, a POU treatment method can be applied to improve the
water quality (Sobsey, 2002).

Two point-of-use systems (Figs. 2 and 3) were used to
test the ability of the modified media to remove fluoride from
drinking water at household level. Environmental water was
sampled from 2 areas in Limpopo Province of South Africa:
Venda and Lesodi, with an average fluoride concentration of 5
and 8 mg-L!, respectively. The physic-chemical composition of
the water is shown in Table 6. The water is drunk by the local
community without any treatment. Working on an average
daily drinking water consumption of 20 £, for a small family,
the units were operated at a flow rate of 2 £-h! for 10 h-day .

Table 6
Physico-chemical composition of the sampled field water
Parameter Lesodi Motlata Venda
Sample date 24/05/09 Sample date
24/05/2009

pH 6.81 6.58

Ca (mg-0™") >110.2 112.8
Mg (mg-0") 10.2 >168.6
Nitrate (mg-£™") 110 471
Fluoride (mg-L™") 8.3 5.3

Na (mg-£™") >333.5 >411.2

K (mg-t™") 34 13.8

The daily performance of the units is shown in Figs. 8 to 11.

As shown in Fig. 8, Model I point-of-use unit managed to deflu-
oridate water from Venda and Lesodi for up to a maximum of
35 and 14 days, respectively, after which the effluent fluoride
concentration surpassed the maximum South African allowable
limit of 0.75 mg-€~!. On the other hand, Model IT POU could
only be operated for 10 and 16 days for the Lesodi-sourced and
Venda-sourced water, respectively (Fig. 9).

Despite the fact that Model I unit had less adsorbent as
compared to Model 11, its performance was better in the 2 cases
studied. With Venda-sourced water, Model I performed almost
twice as well as Model II in terms of treated water capacity
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(Fig. 10). The same performance variation is replicated when Comparative performance of Models I and Il using Lesodi
using Lesodi water with a different fluoride concentration, as groundwater
shown in Fig. 11. It is worthwhile to note that the performance
of the Model I point-of-use system stabilises after about 2 for saturation of the medium with respect to the high fluoride
days. This is due to the air locked in the adsorbent bed which raw water, hence the high capacity utilisation.
increased dispersion. Once the air is driven out, the perfor- Besides this, the adsorbent runs dry after a cycle due to
mance of the unit normalises. the gravity flow characteristic of Model II. Drying the medium
From Table 7 it is evident that the performance of POU results in disturbance of the sorption process and more contact
Model I is superior to that of Model II. The performance is time would be required to re-establish treatment, unlike Model
calculated in terms of the total volume of water treated (yield) [, in which the adsorbent is always submerged in water during
before reaching South Africa’s maximum allowable fluoride the off-periods (Fawell et al., 2006). Overall, higher fluoride
concentration of 0.75 mg-£™!, bed volume (BV) and the adsor- uptake capacity can be due to the intermittent mode of opera-
bent fluoride uptake capacity (FUC). tion of the defluoridation unit. In this mode of operation, the

solid-phase fluoride concentration gradient has a chance to

Table 7 relax completely (approaching equilibrium) during the off-peri-
POU performan.ce. Venda water ods. This leads to a high concentration gradient between the
Water source (g:(e;ﬂ) BV (m';l_‘ik(;_1) liquid and the surface of the solid, thus resulting in improved
Venda Model 1 467 350 2300 gggg)de removal when the unit is used again (Onyango et al.,
Model I1 160 120 796 '
Lesodi Model I 187 140 1350 Conclusion and recommendations
Model 11 100 75 792
In Model I the flow resembles plug flow, where the lower The thermo-chemically converted limestone exhibited effec-
parts of the filter bed become saturated at a time when the tiveness in the removal of fluoride from water. The nature of
upper parts are still fresh. Then the saturation zone moves breakthrough curves was influenced by the flow rate, column
slowly towards the top effluent point. This kind of flow allows bed height and initial fluoride concentration. With increased
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fluoride concentration sharp breakthrough curves were
obtained. On the other hand, the breakthrough curves became
gentler as the bed height increased. The thermo-chemically
converted limestone adsorbent had the ability to lower the fluo-
ride concentration of environmental water to acceptable levels,
using the point-of-use systems, and can therefore be adopted
as drinking water defluoridation media. Model I point-of-use
unit managed to defluoridate water from Venda and Lesodi

for a maximum of 35 and 14 days, respectively. Because of the
longer stay of the adsorbent in the point-of-use systems, there
is some possibility of microbial film growth. Further work is
therefore recommended to investigate methods to mitigate this
growth.
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