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On the Conversion of Bauxite Ores to Highly Activated 
Alumina Media for Water Remediation

Andrew Z. Haddad,* Corey D. Pilgrim, April M. Sawvel, James Nathan Hohman, 

and Ashok J. Gadgil

1. Introduction

Skeletal fluorosis is a debilitating condi-
tion endemic in 20 countries,[1–4] affecting 
an estimated 200 million people predomi-
nantly in rural, semi-arid regions of eastern 
Africa, southern Asia, and India.[5,6] It is a 
result of drinking water with high fluo-
ride concentrations (>10 ppm) and most 
severely impacts children. Most fluoride 
contamination is naturally occurring, origi-
nating in groundwater from the minerals 
sellaite (MgF2), fluorspar (CaF2), cryolite 
(Na3AlF6), and fluorapatite (Ca5(PO4)3F), 
among others.[7] Remediation is commonly 
achieved via reverse osmosis, or related 
technological solutions in developed 
countries, but energy-intensive indus-
trial methods are often not sustainable 
in remote, resource-poor, or rural areas 
for reasons varying from the skilled labor 
requirements, lack of scalability, inherently 
high cost, or poor distribution networks. 
While the majority of groundwater fluoride 
contamination is due to natural causes, 
anthropogenic sources of fluoride are 
also prevalent. Fluoride forms a common 

aqueous effluent resultant in many chemical industries such as 
semiconductor, ceramic, glass, and metal-processing.[8–10] Excess 
fluorides from these effluents pose significant health hazards, 
and underscore the need for cost-effective industrial wastewater 
treatment methods.

Fluoride’s chemical affinity for aluminum makes adsorp-
tion the most attractive option for remediation.[11] The current 
state-of-the-art adsorbent is activated alumina (AA), a refined 
aluminum product with porous γ-Al2O3 crystal structure.[12,13] 
Recently, we and others have explored the use of its precursor, 
bauxite ore, as an alternative adsorbent.[14–24] Bauxite is a globally 
abundant ore of aluminum and is vastly less expensive. Whereas 
AA is about $2000 per ton, bauxite is less than $40.[22,25] One 
advantage of activated alumina is its high porosity and surface 
area in excess of 200 m2 g−1.[12] Recently, we showed that treat-
ment of raw Indian bauxite at 300 °C results in a 15-fold increase 
in specific surface area, from 11 to 170 m2 g−1.[23] Adsorption on 
this material was optimal at pH 6, and presumably the slightly 
acidic environment provides an enhanced attraction between 
hydroxyl sites on the bauxite surface and the anionic fluoride,[14] 
although there has been no systematic study of the coordination 
environment of the bound fluoride.

Good quality drinking water is necessary to maintain a high quality of life. 

Millions lack access to clean and safe drinking water, and current trends 

suggest that billions will face acute water shortages in the coming decades. 

Development of new materials has led to technological impacts on water 

purification, from desalination membranes to atmospheric water scavenging. 

However, the most challenging aspect of technological solutions is cost: 

if the community being serviced cannot afford the solution, it is not likely 

to be sustainable. Repurposing Earth-abundant materials to replace highly 

engineered solutions is an atractive solution. Herein, minimal processing 

of bauxite rocks produces a high-porosity and reactive activated alumina in 

situ, without purification directly from the ore. This acid-treated, thermally 

activated bauxite (ATAB) exhibits a high surface area of 401 ± 6 m2 g−1, a 

40-fold increase relative to its parent ore, and a 2× increase relative to the

state-of-the-art fluoride adsorbent, activated alumina. The composition, 

preparation, and mechanism of adsorption are studied by X-ray diffraction, 

X-ray photoelectron spectroscopy, and multiple-quantum magic-angle

spinning 27Al nuclear magnetic resonance (NMR). The maximum adsorption 

density of ATAB is comparable with that of activated alumina, but ATAB 

requires fewer processing steps, thus warranting future consideration as a 

primary adsorbent of choice for fluoride removal from water.
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 The enhancement of fluoride binding at mildly acidic con-
ditions led us to test whether acid treatment of a thermally 
activated bauxite (TAB) might further enhance its adsorptive 
properties.[1–7,11,14–23,25–27] In this study, we demonstrate that a 
combined thermal and acid treatment effectively converts 
bauxite ore into a highly activated alumina. The resulting acid-
tempered product is highly porous and exhibits fluoride 
adsorption capacities that are competitive with state-of-the-art 
industrial materials. This potentially low-cost treatment pro-
duces a high yield of boehmite, as demonstrated by powder X-
ray diffraction (vide infra). We performed an investiga-tion of 
the performance and mechanism of acid-treated, thermally 
activated bauxite (ATAB), including its synthetic preparation, 
material characterization, a detailed kinetic and 
thermodynamic analysis, isotherm analysis, and exami-nation 
of aluminum coordination environments. Fluoride adsorption 
onto ATAB follows pseudo-second order kinetics and exhibits a 

maximum second order rate constant of 6.57 × 10−2 g mg−1 
min−1 at 25 °C. The chemisorption of fluoride onto ATAB is 
exothermic, spontaneous, and exergonic with a ∆G° of −5.02 kJ 
mol−1 and a ∆H° of −41.6 kJ mol−1 at 25 °C using an initial 
fluoride concentration of 10 ppm.

2. Results and Discussion

Bauxite is a complex composite crystal comprised of various 
aluminum oxides, hydroxides, and additional compounds, 
and they are variable in their composition across the Earth.[28] 
Scheme 1 shows the schematic overview of the conversion 
of bauxite to ATAB. This highly activated form of bauxite 
effectively scavenges fluoride from aqueous solution under 
mildly acidic conditions. In the following sections, we will 
discuss our characterization of the various synthetic and 
physical aspects of the transformation of raw bauxite to ATAB, 
and demonstrate its efficacy and absorption ability in later 
sections.

2.1. Overview of Chemical Formation of ATAB

Figure 1A shows the X-ray diffraction (XRD) pattern of TAB, as 
well as ATAB, where samples were made from the same TAB 
batch. ATAB is shown before and after fluoride adsorption. 
Both patterns of ATAB are indistinguishable from one another, 
displaying peaks at 22 and 34 2θ(°)-λ-Co, assigned as boehmite. 
Other smaller peaks at 48 and 54 2θ(°)-λ-Co are indexed as hem-
atite and anatase, respectively. The appearance of crystalline 
boehmite in ATAB XRD patterns is in stark contrast to the XRD 
pattern observed for TAB, which only shows crystalline features 
corresponding to hematite and anatase.[23]

The treatment of various aluminum oxides and hydrox-
ides with 5 M HCl facilitates the formation of crystalline 
boehmite.[29] While crystalline phase changes are generally 
observed under either extreme heat or pressure exposures, 
crystalline transformations in highly acidic solutions or under 
acidic-hydrothermal conditions (temperatures ranging from 
100 to 300 °C) have been observed previously in iron[30–34] and 
aluminum[29,35] compounds, and are attributed to dissolution, 
precipitation mechanisms. In the case of bauxite, the thermal 
treatment at 300 °C facilitates the transformation of the initial 
aluminum phase in bauxite, gibbsite, to boehmite,[35,36] via 
dehydroxylation of gibbsite (loss of water molecules, and was 
confirmed previously using thermogravimetric analysis-mass 
spectrometry (TGA-MS)).[23] Examination of Figure 1A reveals 
no crystalline boehmite in TAB, rather existing only in the 
amorphous phase. This is rationalized by the dehydroxla-
tion process that occurs when exposed to temperatures of 
300 °C, resulting in consecutive loss of water molecules from 
Al centers over extended periods of time; this prolonged expo-
sure degrades the edge-site packing environment, removing the 
necessary hydroxyl groups, needed for the boehmite packing. 
The Gibbs–Curie–Wulff law[29] supports this claim, telling that 
linear crystal plane growth rates are proportional to the crystal 
surface energy densities. For boehmite, these surface energy 
densities are a direct consequence of the density of bound 

Scheme 1. Overview of the activation of crushed bauxite ore through heat and acid treatments, which converts bauxite into acid-treated thermally 
activated bauxite (ATAB). ATAB then readily adsorbs fluoride from aqueous solutions.



surface hydroxyl groups. The treatment of TAB with a highly  
acidic solution, such as 5 M HCl, provides the necessary pro-
tons needed to generate the desired dense surface hydroxyl 
sites, existing as AlO(OH), or protonated boehmite, existing as 
AlO(OH2)

+. Figure 1B–G shows scanning electron microscopy
(SEM) images of TAB, ATAB, and ATAB after fluoride adsorp-
tion at magnifications of 5 and 35K, and give insight into the 
surface morphologies. The TAB, ATAB, and ATAB + F− materials 
show similar morphology, however, Brunauer–Emmett–Teller 
(BET) results (Figure 3A; Figure S9, Supporting Information) 
show that porosity and BET surface area increases from 169 

in TAB to 401 m2 g−1 in ATAB. Post fluoride adsorption, small 
morphological changes can be seen. We observe small crystal-
lites appearing at a higher contrast in the high magnification 
SEM images post fluoride adsorption, Figure 1G. The crystal-
lites are indicative of bound fluoride onto bauxite, and appear 
similar to light snow dusting on trees.

X-ray photoelectron spectroscopy (XPS) was performed 
on ATAB bauxite, before and after fluoride adsorption, for 
elemental analysis and examination of aluminum phases 
(Figures S1–S4, Supporting Information). Table 1 shows the 
atomic percent changes before and after fluoride adsorption. 
The adsorption of fluoride results in an increase in fluorine per-
centage change in the F1s spectra increasing from 0.25 to 2.76%. 
This increase is concurrent with a decrease in oxygen percent, 
moving from 64.6 to 60.4%, supporting a ligand exchange 
mechanism implicating hydroxyl and fluoride exchange. Com-
parison of the major metal contributions in ATAB and the pre-
viously reported TAB[22] shows a significant decrease in the iron, 
titanium, and aluminum percent compositions, Figure S5 (Sup-
porting Information), attributed to dissolution of mineral sources 
of these elements with 5 M HCl. This is consistent with many 
reports in literature suggesting that acid treatment of bauxite or 
red clays removes iron and titanium oxides, improves crystallinity, 
and increases surface area.[37,38] In line with these reports, spe-
cific surface area of ATAB increases to 401 ± 6 m2 g−1 after treat-
ment with 5 M HCl, a 2.5× increase when compared to previously 
reported TAB,[23] and a 40× increase relative to its parent ore.

27Al magic angle spinning nuclear magnetic resonance 
(MAS-NMR) provides a better understanding of the aluminum 
coordination environment in ATAB. Analysis was performed 
using a 14.1T magnet with νR at 50 kHz. Two peaks are pre-
sent at 70 and 8 ppm indicative of tetrahedral and octahedral 
coordination environments,[39] respectively, as seen in Figure 2. 
Integration of both peaks gives 12.1% tetrahedral and 87.9% 
octahedral. The peak at 70 ppm is consistent with tetra-coordi-
nate γ-alumina, while the peak at 8 ppm is indicative of hexa-
coordinate boehmite.[40] ATAB samples exposed to solutions of 
10 ppm fluoride were subsequently examined and yielded sim-
ilar results, again demonstrating peaks at 70 and 8 ppm, again, 
indicative of tetra-coordinate γ-alumina and hexa-coordinate 
boehmite, respectively.[40] Integration yields values of 12.3% 
tetrahedral and 87.7% octahedral (Figure 2, bottom trace), sug-
gesting that the aluminum coordination environments undergo 
minimal structural changes during adsorption. To rule out any 
hidden 5-coordinate aluminum species, multiple-quantum 
magic-angle spinning (MQMAS) 27Al was performed. Overlays 
indicate that only the two isotropic peaks at 70 and 8 ppm are 
observed, Figure S6 (Supporting Information), confirming only 
two coordination sites of aluminum in ATAB.

Further examination of high-resolution Al2p XPS spectra of 
ATAB before and after fluoride adsorption provides additional 
information about the identity of the aluminum and fluorine 
coordination compounds, Figure 3A. Prior to fluoride adsorp-
tion, Al2p spectra show a broad asymmetric band, centered 
at 75 eV; fit to two bands with binding energies at 74.39 and 
75.57 eV, corresponding to octahedral boehmite and tetrahedral 
aluminum oxide.[41,42] The band corresponding to boehmite 
at 74.39 eV after integration corresponds to 87.5% of the Al2p 
band, while the band assigned to γ-alumina represents 12.5%.  

Figure 1. A) X-ray diffraction pattern of TAB (black), ATAB bauxite (blue), 
and ATAB bauxite after adsorption of fluoride (red). SEM images of 
TAB at B) 5 K magnification and C) 35 K magnification. SEM images 
of ATAB before fluoride adsorption at D) 5 K magnification and E) 35 K 
magnification. SEM images of ATAB + F− at F) 5 K magnification and  
G) 35 K magnification.



These values agree within one percent with the integration 
percentages for tetrahedral and octahedral aluminum spe-
cies obtained via 27Al MAS-NMR. While XPS only assesses 
surface composition, NMR probes the bulk structure. The 
excellent agreement between XPS and NMR data confirms that 
the elemental composition measured at the surface by XPS is 
representative of the elemental composition and Al coordination 
throughout the entire sample.

After exposure to 10 ppm fluoride, Al2p spectra again demon-
strate a broad asymmetric band, centered at ≈74 eV, Figure 3B. 
Two bands can be fit with binding energies at 74.39 and 
75.57 eV, corresponding to octahedral boehmite and tetrahedral 
γ-alumina. The band corresponding to boehmite at 74.39 eV 
integrates to 86.7%, while the peak assigned to aluminum oxide 
represents 13.3%, consistent within one percent of the integra-
tion values for tetrahedral and octahedral aluminum species 
obtained via 27Al MAS-NMR post fluoride adsorption. Based 
on strong literature precedent, coordination of the fluoride 
ions occurs at the six-coordinate boehmite aluminum species 
via ligand exchange between hydroxyl groups and fluoride 
anions.[22,23,43] However, further work including 2D 27Al and 19F 
correlation NMR experiments must be performed for confirma-
tion, and to exclude any other potential aluminum coordination 
environments. These experiments are currently underway in 
our laboratory.

2.2. Adsorption Isotherms and Effect of Adsorbent Dose

Figure 3A shows the relationship between adsorption density 
and equilibrium solute concentration for ATAB, TAB, and raw 
bauxite using a dosage of 1 g L−1. ATAB shows adsorption 
densities higher than our previously reported bauxites,[22,23] 
while also being competitive with reported values for activated 
alumina.[44] The ATAB isotherm was fitted using ISOFIT[45] 
as a Langmuir–linear partition (LLP) model, a dual-mode 

formulation that incorporates both Langmuir and linear iso-
therm behavior. The LLP model is described by Equation (1), 
where q is the adsorption density (mg g−1), Q0 is the calculated
maximum adsorption density (mg g−1), Ci is the equilibrium
fluoride concentration (mg L−1), b is a constant describing the 
affinity of the adsorbent to the adsorbate (L mg−1), and kp is a
linear partitioning parameter constant (L mg−1)[46]

=

+

+q
Q bC

bC
k C

1

0 i

i

p i (1)

Table 2 provides an overview of the values obtained from the 
fit of the LLP isotherm model. The model affords a value of Q0, 
the calculated maximum adsorption density of 7.47 mg g−1. 
This is comparable to AA, which shows a Q0 of 8.40 mg g−1

and also demonstrates LLP isotherm behavior.[11,44] Given the 
high costs associated with producing activated alumina,[22] our 
result suggests that ATAB could potentially be an attractive and 
cost-effective alternative for fluoride remediation, although a 
detailed life cycle assessment cost analysis must be performed, 
and is currently underway in our laboratory.

The observed LLP isotherm behavior is markedly different 
from the Freundlich isotherms observed in raw[22] and thermally 
activated bauxites,[23] and suggests that surface adsorption 
is limited by monomolecular surface coverage and supports 
chemisorption rather than physisorption as the dominant 
adsorption phenomenon.[44,46] This distinction highlights that 
treatment of bauxite with 5 M HCl assists in providing for-
mation of a surface environment primed for chemisorption 
of fluoride, rather than relying on the dispersive, long-chain 
electrostatic forces exploited in physisorption phenomena. 
This, in addition to the increased surface area, could explain 
why maximum adsorption densities are higher for ATAB when 
compared to raw bauxite and TAB.

Adsorbent dose is an important parameter when assessing 
the performance of adsorbents for fluoride removal. Figure 3B  

Table 1. Elemental analysis from high resolution XPS of ATAB bauxite before and after fluoride adsorption.

ATAB at%

Element Carbon Oxygen Fluorine Aluminum Silicon Titanium Iron

% (before F− adsorption) 10.5 ± 0.4 65.6 ± 1 0.25 ± 0.15 14.8 ± 0.35 6.8 ± 0.5 0.4 ± 0.1 2.5 ± 0.2

% (after F− adsorption) 10.5 ± 1.15 60.4 ± 1.77 2.76 ± 0.26 14.4 ± 1.20 6.8 ± 1.74 0.4 ± 0.1 2.57 ± 0.1

Figure 2. A) 27Al MAS-NMR of ATAB before fluoride adsorption (blue) and after adsorption of fluoride (red); * denotes spinning side bands. 
High-resolution Al2p XPS spectra of ATAB B) before and C) after exposure to 10 ppm fluoride, showing original (black), composite fit (green), aluminum 
oxide (blue), and boehmite (red), and corresponding integration percentages.



shows the effect of ATAB dosage on fluoride removal using 
initial fluoride concentrations of 10 mg L−1. Successive dosage 
increases from 1 to 20 g L−1 resulting in successive decreases in 
final fluoride concentration, reaching and then going below 
the maximum permissible fluoride concentration of 1.5 g L−1. 
As seen in Figure 4B (particularly Figure 3B inset), an ATAB 
dose of 1.5 g L−1 remediates solutions with initial fluoride of 
10 mg F− L−1 to final concentrations of 1.3 mg F− L−1, below 
the World Health Organization-maximum contaminant level 
(WHO-MCL) limit. Increasing the ATAB dosage results in 
lower residual levels of 0.27 and 0.08 mg F− L−1 using doses 
of 4 and 10 g L−1, respectively. Initially, the residual fluoride 
concentration decreases sharply with an increase in adsorbent 
dose (up to 4 g L−1) and thereafter decreases asymptotically 
toward zero with increasing ATAB dosage up to 20 g L−1.

2.3. Kinetics Study, Effect of Temperature, and Thermodynamic 
Parameters

Adsorption kinetics represent one of the most important char-
acteristics of adsorbents providing insight about the rate and 
type of adsorption. The rate of fluoride adsorption using ATAB 
with initial fluoride concentration of 10 ppm over 24 h at 25, 
35, and 50 °C using an adsorbent dose of 1.5 g L−1 (based on 
dosage studies) is shown in Figure 4A. At temperatures of 
25 and 35 °C, the adsorption of fluoride is rapid, remediating 
fluoride levels to under 1.5 ppm in 40 and 120 min, respec-
tively. Adsorption reaches equilibrium after 300 min and 

remains steady over the course of the final 19 h. At 50 °C, the 
adsorption is not as robust, achieving equilibrium fluoride 
concentrations of 2.4 ppm after 24 h, indicating that tempera-
ture has a substantial influence on the performance of ATAB as 
a fluoride adsorption agent.

The kinetics of fluoride adsorption using ATAB were 
evaluated pseudo-second-order[47] and intraparticle diffusion[48] 
models. The pseudo-second-order model was determined as 
the best fit for all temperatures (R2 > 0.99), and is described by 
Equation (2)

= +
t

q k q q
t

1 1

t 2 e

2

e

(2)

where k2 is the second-order rate constant for adsorption 
(g mg−1 min−1), qt is the amount of fluoride adsorbed by adsor-
bent at any time (mg g−1),and qe is the equilibrium fluoride
adsorption density (mg g−1). Figure 4B shows the plot of 
t/qt versus t yielding a linear relationship (R2 > 0.99 for all 
temperatures). According to pseudo-second-order kinetics, 
the rate of adsorption is directly proportional to the number 
of active sites on the adsorbent surface.[47] This is consistent 
with the observed LLP isotherm behavior, which specifies 
that activity is defined by availability of binding sites on the 
surface of the material. The second-order rate constant, k2, is 
calculated to be 6.57 × 10−2, and the calculated equilibrium 
adsorption density is 6.08 mg g−1 which is in line with experi-
mentally observed value of 6.20 mg g−1 at 25 °C. A summary 
of all kinetic parameters is presented below in Table 3. Con-
sistent with the observed decreased adsorption density with 
increasing temperatures, the second-order rate constant also 
decreases, as temperature is elevated from 25 to 50 °C, from 
6.57 × 10−2 to 4.24 × 10−2 g mg−1 min−1.

The possibility of intraparticle diffusion resistance affecting 
the sorption behavior was explored using the intraparticle dif-
fusion kinetic model,[48] described below by Equation (3)

= +q k t Ct int
1/2 (3)

where, t is time, kint is the intraparticle diffusion rate constant 
(mg g−1 min−1/2), qt is the adsorption density at t, and C

Figure 3. A) Isotherm plots showing equilibrium [F−] (ppm) versus adsorption density (mg g−1) for raw bauxite (purple), TAB (blue), and ATAB 
(red) with Freundlich (purple dots), Freundlich (blue dots), and Langmuir–linear (red dots) isotherms fits, and corresponding surface areas (“S.A.”) 
in respective colors. B) Adsorbent dose (g L−1) versus equilibrium [F−] (mg L−1) using ATAB in order to reach fluoride levels below the WHO-MCL 
limit of 1.5 mg L−1 (black dotted line), with zoomed figure inset (all isotherms and dosage studies using synthetic water adjusted to pH = 6, see the 
Experimental Section for details).

Table 2. Langmuir–linear partition isotherm values for fluoride adsorp-
tion using ATAB with a dosage 1 g L−1.

Isotherm Equation Parameters Value

Langmuir–linear partition

1
0 i

i
p iq

Q bC

bC
k C=

+
+

Q0 [mg g−1] 7.47

b [L mg−1] 1.67

kp [L mg−1] 4.56E-1

R2 0.99



represents the thickness of the boundary layer.[49] Plotting t1/2 
versus qt should yield a linear relationship if diffusion is a dom-
inating rate-determining step, and thus allows for experimental 
determination of the intraparticle diffusion constant, kint. 
Figure S7 (Supporting Information) shows the intraparticle dif-
fusion plots for ATAB at 25, 35, and 50 °C. The lack of a linear 
response suggests that diffusion is not dramatically involved in 
the mechanism of adsorption of fluoride onto ATAB.

The effect of temperature on fluoride adsorption onto ATAB 
was studied at 25, 35, and 50 °C for an initial fluoride concentra-
tion of 10 ppm, at optimized conditions (pH = 6 and adsorbent 
dosage of 1.5 g L−1). The related thermodynamic parameters 
such as ∆G°, ∆H°, and ∆S° were calculated using the Van’t Hoff 
equation described below by Equation (4) and the equation for 
free energy, given by Equation (5)
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where qe is the equilibrium adsorption density, Ce is the equilib-
rium fluoride concentration, T is temperature, and ∆G°, ∆H°, 
and ∆S° are the changes in free energy, enthalpy, and entropy, 
under standard states, respectively. The thermodynamic param-
eters were calculated from the plots of log(qe/Ce) versus 1/T 
(Figure S8, Supporting Information) to evaluate the thermody-
namic feasibility and the spontaneity of the adsorption process. 
The adsorption process exhibits a ∆H° of −41.6 kJ mol−1 and a 
∆S° of −121.7 J mol−1, resulting in ∆G° values of −5.02, −3.80, 
and −1.98 kJ mol−1 at 25, 35, and 50 °C, respectively. The nega-
tive ∆H° and ∆S° values indicate that an exothermic process 
dominates and overall system entropy decreases. The nega-
tive ∆G° reveals that the adsorption process is spontaneous 
and exergonic in nature. Increasing temperature from 25 to 
50 °C results in ∆G° values becoming more positive, moving 
from −5.02 to −1.98 kJ mol−1, respectively, indicating that the 
favorability of the reaction decreases with increasing tempera-
ture, consistent with the nature of exothermic reactions that are 
entropically unfavorable. The thermodynamic results are con-
sistent with the decrease in adsorption density and decrease in 
percent fluoride removal observed in kinetics studies.

The adsorption of fluoride onto ATAB is useful and poten-
tially industrially relevant given the minimal processing 
needed to generate it. Of most significance is that the adsorp-
tion of fluoride is competitive with the state-of-the-art materials 
(SOTA) currently employed in industrial fluoride removal, such 
as activated alumina and calcium dihydroxide (lime).[50] This 
is significant because lime and activated alumina are highly 
refined homogeneously pure chemical products that are the 
consequence of numerous chemical-processing steps incurring 
significant carbon and monetary cost. This extensive refinement 

process is inherently cost prohibitive and 
cumbersome for industrial use, especially 
considering the large quantities needed for 
fluoride r emediation o n a n i ndustrial s cale. 
ATAB demonstrates comparable adsorption 
capacities to the SOTA materials while under-
going only a minimal refinement p rocess—
from ore to adsorbent material (two steps)—
illustrating the inherent benefit o f u sing 
ATAB with respect to other adsorbents for flu-
oride adsorption. The ability of ATAB to com-
petitively perform as an adsorbent extends the 
boundaries when thinking about how to use 
natural materials for effective ion adsorption 

 

Figure 4. A) Left axis: Plot of adsorption density and final [F-] (right axis) 
versus time with initial [F-] of 10 ppm for using 1.5 g L−1 dosage of ATAB 
at 25 °C (blue ◊), 35 °C (red ◻), and 50 °C (green ▲). Right axis: Plot of
corresponding change in [F-] versus time at 25 °C (blue ), 35 °C (red ◻),
and 50 °C (green ⚫). B) Pseudo-second order kinetic model plots of time 
versus T/Qt at 25 °C (blue ◊), 35 °C (red ◻), and 50 °C (green ⚫) for
adsorption of fluoride onto ATAB (plot with full time range available in 
the Supporting Information). All kinetic experiments were performed 
using synthetic water adjusted to pH = 6, see the Experimental Section 
for details.

Table 3. Kinetic parameters for fluoride adsorption onto ATAB with initial fluoride 
concentration of 10 ppm at temperatures of 25, 35, and 50 °C.

Model Parameter Initial [F−] [mg F− L−1] and temperatures [°C]

10 ppm F−

25 °C 35 °C 50 °C

Pseudo 2nd order k2 [g mg−1 min−1] 6.57 × 10−2 4.37 × 10−2 4.24 × 10−2

qe (exp.) [mg g−1] 6.20 5.77 5.06

qe (calc.) [mg g−1] 6.08 5.60 4.98

r2 1.0 0.9998 0.9998

[F−]eq. Ceq. [mg F− L−1] 0.80 1.33 2.40



from contaminated waters, by illustrating that natural mate-
rial, which undergoes minimal chemical processing, can result 
in the generation of highly organized frameworks displaying 
surface areas and porosities generally seen in synthetic mate-
rials. Furthermore, this synthetic strategy could be envisaged for 
numerous other water remediation technologies in the future, 
such as phosphate and nitrate adsorption.

The mechanism of fluoride removal by ATAB can be described 
by considering the active site and chemical environment during 
adsorption. Given that boehmite is the predominant aluminum 
phase in ATAB, combined with the strong literature precedent 
showing that fluoride readily exchanges with hydroxyl ions, it 
is envisaged that a simple ion exchange occurs. During adsorp-
tion, the acidic environment imparted though treatment with  
5 M HCl facilitates the formation of pseudo-boehmite, or 
boehmite existing in its protonated state.[29] Adsorption of 
fluoride would then follow a simple protonation and ligand-
exchange mechanism, as shown below in Equations (6) and (7) 
(where S refers to the ATAB/boehmite substrate)

( ) ( )( )( ) ( )≡ + → ≡
+ +

S Al OH s H aq S OH s2 (6)

( )( ) ( ) ( )( )≡ + → ≡ +
+ −

S Al OH s F S F s H O l2 2 (7)

The added proton directly to the boehmite substrate makes 
the adsorbent cationic and facilitates an easier ion exchange 
with the anionic fluoride, Scheme 2.

3. Conclusion

We provide a comprehensive examination of the kinetic and 
thermodynamic behavior of, as well as examining the active sites 
in, ATAB which is responsible for the adsorption of fluoride. 
Adsorption onto ATAB obeys Lagergren 2nd order kinetics 
signifying that the rate-limiting step of the adsorption mecha-
nism is chemical adsorption, which results in bond formation 
between adsorbent and adsorbate, in this case the aluminum 
center of boehmite and the fluoride anion. This determination 
is supported by intraparticle diffusion studies, which illustrate 
that diffusive processes are not dominant, and therefore are not 
involved in the rate-limiting step. The LLP isotherm behavior 

shows that adsorption of fluoride onto ATAB is limited by the 
monomolecular surface coverage. This suggests that a column 
adsorption process with ATAB may be more effective than the 
batch processes described herein. One can envisage function-
alization of ATAB onto high surface area exposed materials 
such as steel mesh, which may provide large exposed areas for 
the requisite monomolecular surface coverage. This may create 
an environment in which fluoride adsorption onto ATAB can 
behave optimally. Evaluation of this type of process is currently 
under way in our laboratory.

The identification of the specific aluminum coordination 
environments in this study provides a target for additional 
future processing in order to increase percentage of active 
fluoride adsorption sites in bauxite. Moreover, future studies 
such as 2D-correlation 27Al and 19F MAS-NMR are needed to 
definitively confirm boehmite as the active site in ATAB for the 
adsorption of fluoride, and are currently underway in our lab-
oratory. Additionally, computational models need to be devel-
oped in order to better understand the relationship between 
BET surface area and the adsorption capability of ATAB. Finally, 
a detailed life cycle assessment and carbon and cost analysis 
on the use of ATAB versus activated alumina (produced via 
the Bayer process) for potential use as an industrial fluoride 
adsorbent should be performed. This should shed light into 
the feasibility of implementing ATAB as a potential industrial 
replacement. Nonetheless, the use of ATAB bauxite for adsorp-
tion of fluoride from water shows promising results with 
maximum adsorption densities comparable to state-of-the-art 
AA, thus warranting future consideration as primary material 
choice for adsorption of fluoride from water.

4. Experimental Section

Materials: Hydrochloric acid (37%, ACS reagent) used for acid
treatment studies was purchased from Sigma-Aldrich. Deionized 
(DI) water (>18.2 MΩ) prepared by Millipore (Milli-Q Academic)
water purification system was used for all dilutions and batch
adsorption studies. NaF (Sigma-Aldrich) was used as fluoride source.
4-morpholineethanesulfonic acid (MES) hydrate (Sigma) was used as a
buffer to keep solution pH at 6 ± 0.2. Total ionic strength adjustment
buffer (TISAB) was purchased from Sigma-Aldrich.

Preparation of Adsorbent Material: The bauxite used in this study was 
collected from a mine in Visakhapatnam, Andhra Pradesh, India. It was 

Scheme 2. (Left) Crystal structure representation of boehmite[51] in its protonated form after treatment with 5 M HCl, and (right) representation after 
ion exchange with fluoride, resulting in bound fluoride to aluminum center; gray (Al), green (F), white (H), pink (O1), and red (O2).



dried, ball-milled to a size of 50 µm ± 0.78 (used throughout all isotherm 
adsorption, kinetic, and dosage experiments), and heated to 300 °C, 
following procedures reported previously,[23] to obtain TAB. Three grams 
of TAB was then placed in a 250 mL round bottom flask with a Teflon stir 
bar, to which 70 mL of 5 M HCl was added. The flask was covered with 
a septum and placed on a stir plate and stirred at room temperature for 
24 h. The solution was removed from stirring, allowed to settle, and then 
decanted. The resulting material was washed with 200 mL of DI water 
and vacuum filtered through a glass frit. After filtration, the sample was 
dried for 2 h at 100 °C to remove excess moisture, and subsequently 
weighed affording 2.5 g of ATAB (83% mass recovery).

Specific Surface Area, SEM, and XRD Characterization: The specific 
surface area of newly prepared ATAB was examined with multipoint 
BET measurements using a Micromeritics Tristar II 3020 instrument. 
Approximately 0.33 g of ATAB was added to glass tubes and dried 
overnight in a vacuum at 100 °C and analyzed using N2 gas sorption. 
Determination of bulk crystalline mineral composition was obtained 
from powder XRD patterns obtained using a Bruker diffractometer with 
a Cu source using a coupled scan with 4 frames at 300 s per frame 
(θ1 and θ2 ranging from 10,10 to 40,40). XRD peaks for each bauxite 
sample, processed as 0.1–0.5 g of dry powder, were integrated, merged, 
and identified using the DIFFRAC.EVA software. A Zeiss Gemini Ultra-55 
Analytical Field Scanning Electron Microscope (SEM) was used to obtain 
high resolution images of ATAB.

X-Ray Photoelectron Spectroscopy Analysis: Two samples of ATAB,
fluoride-exposed, and fluoride nonexposed were analyzed by XPS in 
both vertical (top of surface) and horizontal (cross-section) analysis. 
After adsorption experiments, ATAB was collected, filtered, and dried 
for 24 h at 100 °C to remove any excess moisture. The samples were 
then compressed into pellets using a KBr pellet press. The pellets were 
then outgassed under vacuum for 24 h. XPS analyses were conducted 
by the Nanoscale Characterization Facility at the University of Indiana 
(Bloomington, IN) using a PHI VersaProbe II Scanning X-ray Microprobe 
system. Band component analysis was performed using MultiPak XPS 
analysis software, specific for PHI instruments. The binding energies 
obtained in the XPS analysis were corrected by referencing the C1s line 
to 284.6 eV. Band fitting was done using a Lorentz–Gauss cross-product 
function with the minimum number of component bands used for the 
fitting process, and fitting was undertaken until reproducible results 
were obtained with correlations of r2 greater than 0.995.

27Al Magic-Angle Spinning (MAS) NMR Spectroscopy Analysis: 27Al 
MAS-NMR experiments were conducted using a 14.1T (600 MHz) Bruker 
Avance III system equipped with a 1.3 mm MAS HX probe that was tuned 
to 156.35 MHz. The 27Al spectra were externally referenced to the acidic 
aqueous Al3+ cation (δ = 0.0 ppm). Samples were loaded into a zirconia 
ceramic rotor with Vespel caps and were spun at νR = 50 kHz. The 1D 27Al 
MAS-NMR experiments were acquired using the standard zg experiment, 
with an RF field of 100 kHz and a recycle delays of 1.0 s over 128 scans.

2D 27Al MQMAS NMR spectra were acquired using the Bruker three-
pulse MQMAS experiment with a z-filter (mp3qzqf). The RF field for the 
3Q excitation pulse was 79 kHz, the 3Q conversion pulse was 179 kHz, 
and the central-transition selective pulse was 11 kHz. A 20 µs z-filter 
delay was used with an initial t1-period of 1 µs, and the phase-sensitive 
States43 acquisition mode was used. The resulting 2D data were sheared 
and processed using TopSpin 3.5, where the shearing routine sets the 
anisotropic axis parallel with the δ2 axis.

Isotherm Studies/Fitting: All isotherm experiments were conducted at 
room temperature 25 °C. Isotherm studies were performed to assess the 
fluoride adsorption of ATAB. Calibration curves were constructed using 
standards with fluoride concentrations of 0, 1, 2, 5, 10, 20, 40, 80, and 
120 mg L−1 in a synthetic groundwater matrix prepared using 50 × 10−3 M 
MES buffer adjusted to a pH of 6.0 ± 0.2 (in line with our group’s 
previous reports that fluoride adsorption was optimal at pH 6[22,23]), with 
a constant initial ionic strength of 100 × 10−3 M, using sodium chloride 
as an electrolyte to balance ionic strength because chloride is known not 
to influence fluoride adsorption on bauxite.[22]

0.01 g of ATAB was added to polypropylene FALCON tubes containing 
10 mL solutions of DI water with either, 0, 5, 10, 20, 40, 60, and 80 ppm 

fluoride. Each sample was prepared with a constant initial ionic strength 
of 100 × 10−3 M using NaCl, and addition of 50 × 10−3 M MES hydrate 
adjusted to keep solution pH of 6 ± 0.2. Solutions were placed on an 
analog rotisserie tube rotator and left to mix overnight at 25 °C. Upon 
completion of stirring, a 2.8 mL aliquot of the slurry was collected in a 
syringe and filtered through a 25 mm syringe filter with 0.2 µm Nylon 
membrane before analysis. Filtered aliquots were then mixed with equal 
volumes of TISABII to complex any free aluminum or iron, and free 
fluoride was measured using a fluoride ion-selective electrode (Mettler 
Toledo SevenMulti, perfection). The adsorption density was determined 
by subtracting the remaining dissolved fluoride concentration from 
the initial dissolved fluoride concentration and dividing by the mass 
of adsorbent (vide infra). pH was measured before and after addition 
of adsorbent, and again after 24 h of mixing. All experiments were 
completed in triplicate or greater.

Isotherms were modeled using ISOFIT software,[45] which uses a 
combination of particle swarm optimization and Levenberg–Marquardt 
nonlinear regression to minimize the weighted sum of squared 
error. The average across the triplicate experiments as well as the 
corresponding adsorption density measurement errors were input into 
the ISOFIT software. Each observation was assigned weighting inversely 
proportional to its associated measurement error.[52] All isotherms 
supported by ISOFIT were fitted. The goodness of fit was evaluated 
using the correlation between measured and fitted observations, the 
standard deviation of regression, and the corrected Akaike Information 
Criterion (AICc), as computed by ISOFIT. The AICc is a measure that 
allows one to compare and rank multiple models and select which best 
approximates the “true” process. Since the AICc only derives meaning 
in comparison with the AICc values of other models, the correlation 
coefficient and standard deviation were additionally used to evaluate 
overall quality of fit.

Adsorption density, qe (mg g−1), was calculated using Equation (8),
and applied throughout all batch adsorption studies presented in this 
manuscript

( )e 0 e
m

q C C x
V

W
= − (8)

where C0 and Ce are the initial and equilibrium fluoride concentrations 
(mg L−1), and Wm and V are the adsorbent mass used (g) and the
volume (L) of the treated adsorbate solution, respectively.

Minimum Dosage Studies: Minimum dosage experiments were all 
conducted at room temperature (25 °C). Experiments to determine 
the minimum bauxite loading needed to remediate an initial 
fluoride concentration of 10 mg F− L−1 to below the WHO-MCL limit 
(1.5 mg F− L−1) were conducted in 10 mL synthetic groundwater 
solutions in 15 mL to polypropylene FALCON tubes. Synthetic 
groundwater solutions were prepared with 10 mg F− L−1 (NaF), 
adjusted to a constant initial ionic strength of 100 × 10−3 M with 
addition of NaCl, and addition of 50 × 10−3 M MES hydrate adjusted 
to keep solution pH of 6 ± 0.2. Nine different solutions were prepared 
with ATAB loadings of 1, 1.5, 2, 4, 6, 8, 10, 16, and 20 g L−1. Solutions 
were placed on an analog rotisserie tube rotator and left to mix 
overnight (at least 16 h) at 25 °C. Upon completion of stirring, a 2 mL 
aliquot of the slurry was collected in a syringe and filtered through a 
25 mm syringe filter with 0.2 µm Nylon membrane. Filtered aliquots 
were then mixed with equal volumes of TISABII to complex any free 
aluminum or iron, and free fluoride was measured using a fluoride ion-
selective electrode (Mettler Toledo SevenMulti, perfection model).

Kinetic Studies: The time-dependent adsorption reactions were 
conducted over the course of 24 h using a volume of 100 mL in a 
250 mL round bottom flask equipped with a Teflon stir bar. Solutions 
were performed in synthetic groundwater solutions prepared using DI 
water with addition of 10 or 20 mg F− L−1 (NaF), then brought to an 
initial ionic strength of 100 × 10−3 M by addition of NaCl, and addition 
of 50 × 10−3 M MES hydrate adjusted to keep solution pH of 6 ± 0.2. 
Adsorption experiments were conducted at temperatures of 25, 35, and 
50 °C. Solutions were heated by submerging the round bottom flask 



into a temperature-controlled water bath, which was monitored with 
a thermometer over the course of the experiment. An ATAB loading 
amount of 1.5 g L−1 of water was used (in accordance with minimum 
dosage studies), and the flask was constantly stirred. At desired time 
intervals, 2 mL aliquots of the slurry was collected in a syringe and 
filtered through a 25 mm syringe filter with 0.2 µm Nylon membrane 
before analysis. Filtered aliquots were then mixed with equal volumes 
of TISABII to complex any free aluminum or iron, and free fluoride 
was measured using a fluoride ion-selective electrode (Mettler Toledo 
SevenMulti, perfection).
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