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Reaction kinetics and breakthrough characteristics in water defluoridation were studied through
experiments with 200 °C-calcined bauxite, gypsum and magnesite and their composite filter. The aim
was to determine defluoridation potential of a composite filter of the three locally sourced natural
materials in contribution towards fluorosis mitigation. The materials were crushed and sieved to particle
sizes of 1.2-1.4 mm diameter, and then heat-treated at 200 °C for 2 h. Their defluoridation capacities and
reaction kinetics were determined in batch. A composite was then prepared in the ratio of the loading

’éz{l‘)"(’i‘igds" capacities. Breakthrough characteristics were experimented on in fixed bed through bed depth service
Defluoridation time (BDST) design model, empty bed residence time (EBRT) optimisation model and the two parameter-
Fluorosis logistics (2-PL) model. Mean loading capacities of 5.6, 3.4 and 1.7 mg F /g were obtained for bauxite,
Gypsum gypsum and magnesite, respectively. Loading capacities decreased, while sorption percentages
Magnesite increased, with increase in dose level. Second order kinetics observed had rate constants

4.07 x 1072, 1.87 x 1072, 1.59 x 102> g mg ! min~!' for bauxite, gypsum and magnesite, respectively.
Composites, bauxite and gypsum decreased, while magnesite increased water pH. Time at 50%
breakthrough (7) obtained experimentally compared well with T obtained through the two-parameter
logistics model indicating good fitness of data to the model. Greater doses obtained higher breakthrough
times that were, 120,210, 255 and 360 min for 45, 75, 120 and 150 g, respectively. Critical bed depth (Z,),
7.71 cm and an operating line, h =4 x 10743 — 0.07573 + 4.86 (h = adsorbent exhaustion rate, d = EBRT)
were obtained. The water quality was within recommended quality limits for pH, apparent colour,
hardness, and residual concentrations of SO4%~, CI~, Fe?*, and AI** in fixed bed. The research showed that
a composite filter of the three materials, prepared in the ratio of their loading capacities and calcined at
200 °C, is a potential defluoridating filter in fixed bed configuration.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction
1.1. Water defluoridation

Research work on removal of fluoride from water, referred to as
water defluoridation, has resulted into the development of a
number of technologies over the years. The well known techniques
include precipitation, adsorption, ion exchange and reverse
osmosis [1]. Adsorption is greatly employed in many high fluoride
areas because it is cost-effective, versatile and easy to operate [2].
The competitiveness of adsorption to other techniques has led to
increasing research interests in adsorption with various synthetic
and natural materials world over. Research has shown that alkaline
earth metal hydroxides/oxides have strong affinity for fluoride [2].
This renders them potential fluoride-adsorbents. Synthetic alka-
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line earth metals, however, are usually expensive as such their use
in the treatment of drinking water is restricted. Naturally occurring
alkaline earth metal salts such as magnesite and gypsum, offer
potential alternatives for fluoride sorption in adsorption. Singano
[3] demonstrated that use of magnesite in water defluoridation
increases the water pH to 10. Gypsum was noted to introduce Ca
and SO42~ in the water [4]. Bauxite and clays raise the turbidity and
colour of the water [4,5]. Preliminary results showed that calcined
gypsum and bauxite were reducing water pH [5]. These outcomes
motivated search for possible combinations of the three materials
that could maintain water pH within recommended WHO pH
limits when employed in defluoridation. The current research
investigated fluoride sorption in batch and fixed bed with bauxite,
Al,05, gypsum, magnesite and their composite calcined at 200 °C.
The aim was to determine the possibility of developing a
composite filter of the three materials that can effectively remove
fluoride from water without altering the water quality beyond
recommended WHO quality standards. The use of naturally
occurring bauxite, gypsum and magnesite ensures availability of
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adsorbent material thus mitigates the cost limitation of such a
technology when synthetic metal oxides have to be purchased.

1.2. Research on fluoride sorption

Fluorine is found in nature as fluoride salts. Fluoride ions
beneficial effects to dental and skeletal health when taken in
quantities below 1.0 mg/l in potable water [6-8]. Quantities
beyond 1.5 mg/l result in dental fluorosis, mottling and browning
of teeth, while quantities around 10 mg/I cause crippling fluorosis
characterised by deformities of bones [9-11]. The effects of
fluoride on human health, and consequent desire to overcome the
problem of excessive fluoride in drinking water, has resulted into
water defluoridation being tried with a variety of materials. Among
adsorbent materials that have been researched on are; bone
charcoal, activated alumina, activated carbon, gypsum, tricalcium
phosphate, activated soil, bauxite, magnesite, defluoron, and
others. Activated alumina, activated carbon and bone char are
employed most often. Each adsorbent does have advantages and
limitations. Adsorption with activated alumina, for instance, is pH
specific being optimum between pH 5.0 and 6.0. At pH greater than
7 silicate and hydroxide compete strongly with fluoride for active
sites, and pH less than 5 lead to dissolution of activated alumina
[12]. Bone char has not been accepted in some cultures due to
social aspects and also the resultant organoleptic water quality and
colour [13,14]. Bauxite introduces traces of aluminium in the water
whereas gypsum increases the sulphate content of the water
beyond WHO recommendations [4,5]. Magnesite was found to give
a low sorption capacity at low and medium pH and increased pH to
beyond 10 [3]. It is therefore apparent that filter identification and/
or improvement in water defluoridation must be on-going.
Bauxite, gypsum and magnesite have previously been researched
on independently in fluoride removal from water [3,5,15]. The
employment of the three materials together was thought through
and tried in a composite filter prepared in a number of
permutations and the ratio of their loading capacities. Batch and
fixed bed configurations were attempted with the composite filter
to determine optimum configuration for the filter identified.
Breakthrough characteristics are particularly important in design
of a fixed bed. Bed depth service time (BDST) design model and
empty bed residence time (EBRT) optimisation model were
employed to characterise optimum design parameters. In a
fixed-bed system, the main design criterion is to predict how
long the adsorbent material will be able to sustain removing a
specified amount of solute from solution before breakthrough i.e.
before regeneration or media replacement is needed. This period of
time is called the service time of the bed. The BDST model describes
arelation between the service time of the column and the depth of
packed bed column. The EBRT is the time required for the liquid to
fill the column, on the basis that the column does not contain
adsorbent packing, and is a direct function of liquid flow rate and
column bed volume. In BDST regression of bed depth and service
time (time at breakthrough) were carried out where as in EBRT the
adsorbent exhaustion rates were plotted against the EBRT values.

2. Results and discussion
2.1. Defluoridation kinetics

Second order kinetics were observed and the kinetic data is
presented in Table 1. The equilibrium concentrations on the solid
phase, g, obtained from the inverse of the slope compared fairly
well with experimental data as demonstrated by the obtained p
value of 0.4359 being much greater than 0.05. Composite
materials, bauxite and gypsum appeared to lower the water pH
while magnesite increased water pH. The decrease in water pH in

Table 1

Kinetic data for bauxite, gypsum and magnesite calcined at 200 °C.
Material Bauxite Gypsum Magnesite
Parameter
ky (gmg 'min~1!) 4.07 x1072 1.87x1072 1.59x 1072
q. kinetics (mg/g) 5.09 533 5.02
q. experimental (mg/g) 5.37 5.16 4.76
R? 0.9912 0.9891 0.9705

defluoridation with bauxite and gypsum may have resulted from
two attributes; firstly the amphoteric nature of oxides of
aluminium and secondly the acidic behaviour of the oxides from
anionic species in water, and in this case the sulphite ions. Table 2
depicts sulphite and metal oxides present in the three raw
materials as obtained through X-ray fluorescence (XRF). Al;03 is
amphoteric as such reacts with both acids (Eq. (1)) and bases
(Eq. (2)) as shown below [16];

Al,03(s) + 6H307(aq) + 3H,0(I) — 2[Al(OH;)]>*(aq) (1)

Al,O5(s) + 20H"(aq) + 3H,0(l) — 2[Al(OH)4] " (aq) (2)

It has also been demonstrated through XPS analysis that the
sorption of fluoride at low pH (pH < pHp,) for nano-AlOOH can be
explained by a two step protonation/ligand exchange reaction
mechanism as described through Egs. (3) and (4).

EAI-OH + H' < EAIOH,* (3)

EAIOH," +F~ < EAIF + H,0 (4)
This gives a net Eq. (5) below;
EAI-OH,* + H* + F~ < EAIF + H,0 (5)

The sorption model proposed by Eqs. (8) and (9) should result in
increase in pH as there is a net removal of H* ions from solution.
However, when initial pH is greater than the point zero charge
(PHpzc = 7.8) nano-AlOOH functions as a cation exchanger and
adsorbs the sodium ions present in solution, releasing protons
resulting in decrease in pH [17]. The probable mechanisms for
fluoride sorption at pH > 7.8 by nano-AIOOH could be as shown in
Eq. (6) [17].

AIOOH - H,0(solid) + Na*(aq) + F(aq)
— AIOOH(x — 1)H,O00H Na*F~(solid) + H*(aq) (6)

In the present experiments the initial water pH was 8.68, fairly
higher than the pHy,. of AIOOH. XRF showed that the bauxite
employed in these experiments contained 30.33% Al,0s;. The
decrease in pH after defluoridation with this bauxite may entail
formation of AIOOH in water and subsequent protonation/ligand
exchange reactions as suggested earlier [17]. The Al,03 being
amphoteric, may have reacted as acid in the basic water medium

Table 2
Percentages of sulphites and metal oxides present in the three raw materials.

Material Constituent

SO3 Al,03 Cao MgO
Bauxite 5.18 30.33 0.76 0.56
Gypsum 34.96 2.26 28.09 1.02
Magnesite 0.51 0.51 1.89 34.57
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(pH = 8.68) as illustrated earlier in Eq. (1). This lowers pH because
it diminishes the OH™ concentration in water. The sorption
reaction may then have occurred as per Eq. (6) enhancing the
decrease in water pH.

The bauxite and gypsum contained 5.18% and 34.96% SO3
respectively obtained through XRF analysis. It is established that
covalent oxides are largely acidic. Such oxides on dissolution bind
water molecules and release protons to the surrounding medium
[16]. The behaviour of carbon dioxide in aqueous medium
illustrates this point.

COz(g) + H,0(l) — [0C(OH)z](aq) (7)
(8)

From the foregoing reactions (Eqs. (7) and (8)) it is highly
plausible that the sulphite from the bauxite and gypsum, upon
entering the aqueous medium, reacted similarly as depicted
below;

$03(aq) + H,0(l) — [025(0H)2](aq)

[0C(OH);](aq) + H,0(l) « [0,C(OH)]"(aq) + H307(aq)

(9)

[025(0OH),](aq) + H,0(l) < [03S(OH)]" (aq) + H30"(aq) (10)

The reactions proposed in Egs. (9) and (10) would lower pH of
the water. This entails that the presence of both Al,03 and SO3 in
bauxite would function in synergy for the decrease in pH in
defluoridation with bauxite. This is in agreement with experimen-
tal data where defluoridation with bauxite obtained lowest pH
values among the three materials. A recap of the compositional
quantities of SOs, Al,O, CaO, and MgO in bauxite, gypsum and
magnesite depicted in Table 2 shows that bauxite and gypsum
contained the sulphite in greater proportions compared to
magnesite as such the effect of the sulphite reactions proposed
may have been negligible for magnesite. Ionic oxides being largely
basic [16] will lower pH of an aqueous medium as illustrated
below.

Ca0(s) + H,0(l) — Ca®*(aq) + 20H (aq) (11)

MgO(s) + H,0(l) — Mg?*(aq) + 20H (aq) (12)

The effect of the CaO reaction may have been overshadowed by
the effect of the reactions of SO5 as proposed in Egs. (9) and (10)
resulting in a net decrease in pH in defluoridation with gypsum,
SO3 being in greater proportion to CaO in gypsum. On the other
hand, magnesite having a very low content of SOs, increased pH as
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effects of MgO reactions overshadowed the effect of SO3 reactions
because of the greater proportion of MgO compared to SOs, see
Table 2. From the foregoing it is plausible that defluoridation with
gypsum and magnesite followed the scheme proposed in Egs. (13)
and (14), respectively;

CaO(s) + H,0 + F~(aq) — Ca(OH)F(aq) + OH(aq) (13)

MgO(aq) + H,0 + F~ — Mg(OH)F(aq) + OH(aq) (14)

2.2. Dose and capacity

Fig. 1 depicts how the sorption capacity (mg/g) decreased with
increase in dose level (g). The percentage removal however
increased with increase in dose level as depicted in Fig. 2. The
decrease in loading capacity with increase in level of dose is
possibly a result of lower ratio of F~ ions to adsorbent mass with
increase in dose, i.e. fewer fluoride ions per unit mass of adsorbent.
The increase in percentage removal was possibly due to greater
availability of binding sites resulting from an increase in adsorbent
dose. Similar observations were made elsewhere in defluoridation
experiments but with aluminium oxide hydroxide, bone char and
other natural materials [17-20]. The following relations between
capacity (mg/g) and dose (g), percentage removal and dose (g)
were obtained from the best fit curves of the experimental data
plots as shown in Table 3.

Analysis of variance indicated significant differences among
mean capacities of different doses, and, significant interaction
between dose and type of material. Post hoc tests showed that the
mean capacity for the 0.5 g dose was significantly greater than all
the means for the other doses p < 0.05. The mean capacity for the
1.5 g dose was significantly greater than those obtained with all
doses above 1.5 g, p < 0.05. Means obtained for each material,
when compared at o =0.05, were all significantly different one
from the other. Mean capacity for bauxite (1.05mgF/g) was
significantly greater than the mean capacities obtained with
gypsum (0.85 mg F/g) and magnesite (0.71 mg F/g), p=0.0252,
p =0.0004, respectively. Gypsum had a significantly greater mean
capacity compared to magnesite p = 0.0052.

2.3. Breakthrough characteristics

Greater doses obtained longer breakthrough times as shown in
Fig. 3.
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Fig. 1. Plot of sorption capacity against dose.
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Fig. 2. Percentage removal of fluoride against dose.

Table 3

Equations for sorption relationships.
Material Relationship between capacity (y) and dose (x) R?
Bauxite y=1.0689x 935 0.8194
Gypsum y=2.1796x"0943 0.9972
Magnesite y=0.0063x> —0.1293x+0.964 0.9881

Equation for % removal (y) and dose (x)

Bauxite y=—0.119x*>+4.8017x+4.5171 0.9738
Gypsum y=—0.2071x%+4.4426x +2.2369 0.9904
Magnesite y=—0.1488x>+4.6245x — 3.33568 0.9853

A comparison of the two-parameter logistic model and
experimental sorption time at C,/2, T (min) revealed that the
values obtained through the model were not significantly different
from the values obtained from the experiments at o =0.05,
p=0.83278. Table 4 depicts data obtained from logistic model and
breakthrough curve.

The operating line obtained from the EBRT optimisation model
(Fig. 4) could be explained by Eq. (15);

h=4x10"%5—0.07578 + 4.86 (15)

In the equation, h is the adsorbent exhaustion rate (AER) in g/
1 and § is the empty bed residence time (EBRT) in seconds. The
significance of the operating line is that once the adsorbent
exhaustion rate is obtained through experimentation, the
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Table 4
Summary of parameters from logistic model and breakthrough curves.

Logistics model Breakthrough curve

Dose (g) k(min~') ¢ (min) R? T (min)  Service time t; (min)
45 7.0x 1073 55.66 0.9202 120 300
75 6.0x103 318.98 0.9709 360 480

120 58x1073 370.05 0.9755 420 660

150 46x1073  562.17 0.9712 480 720

respective empty bed residence time can be read-off from the
operating line curve or calculated from the governing equation,
the size of the column required is then determined from the
empty bed residence time. Fig. 5 shows the BDST plot at 50%
breakthrough. The results show that service time was directly
proportional to bed depth. Earlier experiments with bone char
for the sorption of cations obtained similar results [21]. The
BDST parameters obtained are presented in Table 5. The
critical bed depth was 7.71 cm. This entails that under the
conditions of these experiments at least a bed depth of 6.56 cm
is required to avoid breakthrough being obtained immediately,
i.e. at time zero in the fixed bed defluoridation. The critical
bed depth is one of the essential design parameters in a fixed
bed.

—-+—-45g
75g
e 120g

— =150g

10 12 14 16

Time (hrs)

Fig. 3. Breakthrough curves for different dose levels in fixed beds.
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Fig. 4. Plot of adsorbent exhaustion rate (AER) against empty bed residence time (EBRT).

3. Conclusion

Second order kinetics were observed and bauxite obtained the
highest while magnesite had the lowest defluoridation rate.
Loading capacities (mg F~/g) decreased while percentage sorption
increased with increase in level of dose. There were significant
differences in loading capacities for the nine doses experimented
on, highest loading being obtainable with lowest dose and highest
percentage sorption resulting from largest dose. Relationships
between loading capacity (y) and dose (x) were of the formy = Cx ¢
for bauxite and gypsum but of form y = Cx? - Dx + E for magnesite.
Percentage removal of fluoride (y) and dose (x) were defined by
y =Cx?+Dx+E. The constants C, D and E varied for all the three
materials. Mean loading capacities were 1.05, 0.85 and 0.71 mg F~/
g. The rate constants were 4.07 x 1072, 1.87 x 1072 and
1.59 x 1072 gmg ' min~! for bauxite, gypsum and magnesite,
respectively. A composite of the materials, prepared in the ratio of
their loading capacities, obtained a critical bed depth (Z,) of
7.71 cm and an operating line, h=5 x 1078 — 0.01138 + 0.929
where h is the adsorbent exhaustion rate and & is the empty bed
residence time. Experimental data fitted the two-parameter
logistic model fairly well as such the model is employable to
defluoridation with the 200 °C-B-G-Mc filter within the context of
the present research. Residual sulphate and apparent colour did
not meet the WHO water quality recommendations for batch
configuration; however the water quality obtained through fixed
bed was within standards for apparent colour, hardness, pH, and
residual concentrations of SO42~, AlI>*, Fe?*, and CI. It is plausible
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that a composite defluoridation filter of calcined bauxite, gypsum
and magnesite can be formulated for employment in fixed bed
fluoride sorption.

Work is in progress with calcined bauxite, gypsum, magnesite
and their composites with focus on effects of flow rates on
breakthrough characteristics, effects of initial fluoride concentra-
tion and adsorbent particle size on loading capacity.

4. Experimental
4.1. Sorption capacity and water quality

The three materials were crushed and sieved to particle sizes of
diameter 1.2-1.4 mm, activated at 200 °C for 2 h in an open air
muffle furnace and then employed in batch and fixed bed
defluoridation. To determine loading capacity and water quality

Table 5
Parameters obtained from the BDST plot at 50% breakthrough (C,=12.62, flow
rate=3.7 ml/s, particle diameter=1.2-1.4 mm).

Parameter Value obtained
Z, (cm) 7.71

va(l/mg min) 6.72x 1074
le(r?;?/&m:) ) (min) 1;225
RO 0.987

30 40 50

Bed depth (cm)

Fig. 5. Bed depth service time plot at 1.5 mg/l breakthrough.
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changes in batch experiments, 1 g of each material was placed in
11 of known fluoride concentration. The media was constantly
agitated at 125 rpm. Apparent colour, pH, and concentrations of
A", Ca?*, Mg?", Fe?*, SO4%~, Cl—, and F~ were determined hourly
until equilibrium fluoride concentration was obtained. The loading
capacity was calculated as per Eq. (16) below;

(Co — Ce)V

Qe =" (16)

where ¢, is the amount of adsorbed fluoride at equilibrium (mg/g);
V is the volume of the solution (1); C, and C, are the initial fluoride
concentration and fluoride concentration at equilibrium (mg/l),
respectively. The term m is mass of adsorbent (g). Each experiment
was replicated five times.

4.2. Defluoridation kinetics

To determine order of sorption kinetics batch experiments were
carried out with the 200 °C calcines of bauxite, gypsum and
magnesite. In these experiments 1 g of each material was placed in
11 of water with a known initial fluoride concentration. The
medium was agitated at 125 revolutions per minute and fluoride
concentration was followed; initially every 5 min, later every
15 min and finally every 30 min, for 3 h. Adsorption kinetics was
analyzed using two reaction kinetic models, pseudo first-order and
pseudo second-order-equations, Eqgs. (17) and (18) [22,23].

In(q, — q;) = Inq, — kit (17)
t 1 1

— =4+ —t 18
q:  kage? " q, (18)

The terms ¢g. and g; are equilibrium concentration and
concentration at time t, and k4, k, are rate constants for the first
and second order kinetics, respectively. In examining fitness for
first order kinetics In(q. — q,) was plotted against t, and, in
determining fitness for second order kinetics t/q; was regressed
against t. The rate constants k; and k, were calculated from the
slope and intercept of the regression curves, respectively.

4.3. Breakthrough characteristics

Fixed bed experiments were carried out with masses (column
heights) of 45 g (13 cm), 75 g (21.5cm), 120g (35cm) and 150 g
(44 cm) of composite bauxite:gypsum:magnesite mixed in the
ratio of their optimum loading capacities. Apparent colour, pH, and
concentrations of AI**, Ca%*, Mg?*, Fe?*, S0,2~, CI~, and F~ were
determined hourly until equilibrium fluoride concentration was
obtained. Bed depth was regressed with service time and
adsorbent exhaustion rate (AER) was plotted against empty bed
residence time (EBRT). EBRT is time taken to fill the column volume
with water when it is not packed with adsorbent. The BDST
equation (19) below was employed in characterising fixed bed
defluoridation;

NoZ 1 GCo
t_Cov—k—Coln<C—b—1> (19)
where t is service time/operating time of bed (min) before
breakthrough, N, is volumetric sorption capacity of bed (mg/l), Z is
bed depth (cm), C, is initial solute concentration (mg/l), v is
velocity (ml/s), k is kinetic rate parameter (I/mgh), and C, is
breakthrough solute concentration (mg/l). The service time was
then plotted against bed depth and Z,, critical bed depth, was
obtained as the Z value at t=0 (x-intercept). The slope obtained
equalled the value of N,/C,v and the y-intercept gave the value of
—1/kG,In(C,/Cp — 1). Adsorbent exhaustion rate (AER), calculated
through dividing mass of adsorbent by volume of treated water,

was plotted against empty bed residence time (EBRT). The value of
No/Cov is time required to exhaust a unit length of sorbent in
column under test conditions whereas —1/kC,In(C,/C, — 1) gives
the time required for an adsorption wave front to pass through the
critical bed depth, Z,. The critical bed depth is the minimum bed
depth that can be employed in a sorption column and not result in
instant breakthrough concentrations i.e. exit concentration (Cey;)
being equal to inlet concentration (Cine;) at t = 0. The plot of AER
against EBRT yields operating line [24]. This is the curve that is
indicative of possible optimum for AER with respect to size of
column. When the AER is very high the EBRT must be low entailing
a small column. This is a case of high operating cost, as the bed
material must be changed within short operating times, and low
capital cost, because of the small column required [25]. Conversely
a big column, entailing high EBRT, requires low AER. Two
parameter logistic model was employed to further characterise
breakthrough in fixed beds. This logistic model has been employed
before in modelling defluoridation breakthrough characteristics in
fixed beds albeit with surface-tailored zeolite [26].

The two parameter logistic model, employed to further
characterise breakthrough, is governed by Eq. (20) below;

In (Coc—t Cr) =k(t—1) (20)

where k (min~) is rate constant and a measure of the slope of
the breakthrough curve (BTC). Steeper BTCs have larger k values.
The unit T (min), is time at which exit stream concentration is 50%
that of the inlet stream. C; (mg/1) is concentration at time t, C, (mg/
1) is initial concentration. Through the plotting of In(C/(C, — C;)
against time (t), k and t were obtained as slope and intercept,
respectively.
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