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Abstract A low-cost material bauxite is activated thermally
and that thermally treated bauxite (TTB) has been used to
adsorb Cr(VI) and F− ions separately from aqueous solution
in batch methods. The optimum condition for adsorption is
stirring speed—200 rpm for both, contact time—120min for
Cr(VI) and 180min for F−, temperature—30 ◦C for both,
pH—2 to 3 for Cr(VI) and 2 to 8 (very little variation) for
F−. All the kineticmodels used for adsorption studies such as
Freundlich, Langmuir, Lagergren, Ho andMc-kay, Dubinin–
Radushkevich (D.R.), Webber Morris, Temkin isotherms
have been tested with the experimental data. The nature of
both the adsorption processes is similar in all respects. The
main finding in this paper is the effect of presence of both
cationic (Na+, Mg2+ and Al3+) and anionic (Cl−, SO4

2−,
PO4

3−) co-ions on Cr(VI) or F− adsorption. Cr(VI) or F−
adsorptiononTTB is affected by the presence of both cationic
and anionic co-ions. In bothCr(VI) and F− adsorptions, it has
been observed that interference increases with the increase in
size of both the types of ions and charge on the anions. Sim-
ilarly, it decreases with the increase in charge on the cations.

Keywords Thermodynamic parameters · Pzc · Adsorption
isotherms · Co-ions · Ionic strength · FTIR

1 Introduction

Nowadays, environmental pollution is one of themost impor-
tant issues facing humanity. In the past few years, it was
increased epidemically and reached panic levels in terms of
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its effects on living beings. Toxic heavy metals are regarded
as one of the pollutants that have direct effect on human
beings and animals [1]. The industrial activities such as
tanning, metallurgical operation, mining, electroplating and
manufacturing are the causes of release of heavy metals and
other toxic elements into the environment [2]. Unlike the
organic pollutants which are biodegradable, toxic elements
like Cr(VI), F− and other heavymetal ions are not biodegrad-
able [3], therefore, making them a source of great concern.

Usually, chromium exists in the aqueous solution in two
stable forms Cr(III) and Cr(VI). Among them, Cr(III) acts as
an important trace element in plants and animal metabolism.
On the contrary, Cr(VI) is found to be toxic, mutagenic and
carcinogenic [4]. The most electronegative element fluorine
is distributed ubiquitously as fluorides in nature [5]. At low
concentration (∼=1mg/L), F− prevents dental caries,whereas
at high concentration it causes skeletal fluorosis. The Indian
standard of F− in drinking water is 1.5mg/L. Water is the
main source of fluoride intake by humans [6]. Therefore, in
country like India, the problems associated with excess fluo-
ride in drinking water are highly endemic [7]. The pollution
due to the combined effect of hexavalent chromium and fluo-
ride in water bodies causes mass environmental concern, and
therefore its treatment is of utmost importance. These toxic
elements enter our body through drinking, eating, inhaling,
eye and skin contact. The damage that they do is on the cel-
lular level and can cause cancer and many other diseases
[8]. Due to the toxicological effects of these elements, inter-
est in heavy metals and other toxic elements removal from
wastewater has been on the rise.

Several methods have been developed to remove heavy
metals and other toxic elements from wastewater before
release into the water bodies. These methods are precipita-
tion, reduction, ion exchange, reverse osmosis, dialysis and
adsorption. Most of these methods are expensive so are not
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affordable for a developing country like India. They also have
very limited applications because they cannot remove metals
at low concentration [9].

So, adsorption method is being given priority nowadays
[10–12]. Use of natural adsorbents in the adsorption pro-
cesses is being given more importance because of their
easy availability and low cost. Adsorption of heavy metals
and other toxic elements onto adsorbents can be affected
by the surrounding environmental conditions, such as pH,
background electrolyte composition or ionic strength [13].
Several types of background electrolyte ions are present
over a wide range of concentrations in natural or wastew-
ater systems. The concentration and type of electrolyte ions
depend on the source of water [14]. These electrolytes pro-
vide cations and anions which interfere in the adsorption
processes. Generally, co-cations interfere with the posi-
tively charged adsorbates and co-anions interfere with the
negatively charged adsorbates. Co-anions may also form
water-solublemetal-anion complexes or precipitates if heavy
metal ions are present in the aqueous system [15]. Therefore,
in the present study effect of co-ions (both cations and anions)
on Cr(VI) or F− adsorption onto a low-cost natural min-
eral bauxite has been tested by adding different electrolytes
such as NaNO3,Mg(NO3)2 ·6H2O, Al(NO3)3 ·9H2O, NaCl,
Na2SO4 and Na2HPO4 .2H2O to the solution containing
either Cr(VI) or F− ions. These are the electrolytes which
ionize to different cations and anions in aqueous solution.
Bauxite was chosen basing on a preliminary study using var-
ious other natural low-cost adsorbents and minerals.

2 Experimental

2.1 Preparation of Adsorbent and Adsorbate

Bauxite used in this study was procured from Hydro and
Electrometallurgy division of Institute ofMinerals andMate-
rials Technology, Bhubaneswar (A CSIR laboratory). The
same was collected from Panchpatmali of Koraput district
in Odisha. The material was powdered and dried at 110 ◦C
overnight. The 150µmsize fraction of thematerial was taken
for adsorption studies. The required amount of bauxite for
heat activationwas placed in a crucible and heated in amuffle
furnace at four different temperatures (200, 400, 600, 700 ◦C)
for 2h. These temperatures were selected haphazardly. Then,
the samplewas cooled and kept in a desiccator containing sil-
ica gel for further use. Stock solution of 1000mg/L of Cr(VI)
or F− was prepared using requisite quantity of K2Cr2O7 or
NaF of analytical grade in acidified distilled water. During
batch adsorption experiments, the stock solution was diluted
to the required concentration level needed for the adsorption
studies.

2.2 Characterization of the Sample

Fourier transform infrared (FTIR) spectra of the adsorbent
before/after modification and after adsorption were deter-
mined using JASCO FTIR instrument-4100. The samples
were pressed into spectroscopic quality KBr pellet with a
sample/KBr ratio of about 1/100. The FTIR spectra were
observed in the range of 4000–400 cm−1 frequency. By using
KBr method [16], the pH at point of zero charge (pzc)
of the adsorbent was determined. All other physicochemi-
cal parameters were determined by following the methods
reported earlier [17].

2.3 Batch Adsorption Study

Batch experiments were done in 250-mL stoppered coni-
cal flasks containing 100mL of solution containing either
Cr(VI) or F− ion. The pH of the solution was maintained
by adding either 0.1N HCl or 0.1N NaOH solution. Stir-
ring was carried out by a temperature-controlled magnetic
stirrer. Samples were taken at regular time intervals and
filtered through Whatman filter paper (no.1), and filtrate
was analyzed for remaining Cr(VI) or F− concentrations.
Maximum adsorption experiments were conducted in the
following conditions: contact time - 120min for Cr(VI) and
180min for F−, pH—5.0, stirring speed—200 rpm, initial
Cr(VI)/F− concentration—10 mg/L, temperature—30 ◦C,
adsorbent concentration—5g/L. The temperature experi-
ments were carried out by using a temperature-controlled
thermostat. Each experiment was carried out in triplicate in
order to get the repeated results. The mean value was taken
for calculation.

The uptake was calculated according to Eq. (1) as follows:

q = (Co − Ce)V/M (1)

where q amount of Cr(VI)/F− ions adsorbed per unit weight
of adsorbent (mg/g) at equilibrium,Co initial concentration of
Cr(VI)/F− (mg/L), Ce equilibrium concentration of Cr
(VI)/F− (mg/L), V volume of the solution in the reactor
(L), M mass of the adsorbent (g)

Sorption (%) = [(Co − Ce)/Co] × 100 (2)

2.4 Effect of Co-ions

For the study of co-ion effect, different electrolytes such
as NaNO3, Mg(NO3)2 · 6H2O, Al(NO3)3 · 9H2O, NaCl,
Na2SO4 and Na2HPO4 .2H2O (0.01–0.15M) were added
separately to a solution containing either Cr(VI) or F− ions
(10mg/L) and the adsorption studies were conducted at an
adsorbent/adsorbate ratio of 10g/L.
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Fig. 1 % of Cr(VI)/F− adsorption by TTB treated at different tem-
peratures

2.5 Analysis

The concentrations of Cr(VI) or F− in the solution before
and after adsorptionwere determinedbyElicoSL-244double
beamUV–visible spectrophotometer following diphenyl car-
bazide (DPC) method [18] or sodium 2-parasulfophenylazo-
1,8-dihydroxy-3,6-naphthalene sulfonate (SPADNS)method
[19], respectively.

3 Results and Discussion

3.1 Modification of Raw Bauxite

Adsorption of Cr(VI) or F− separately on untreated baux-
ite surface was found to be very less [13.2% for Cr(VI)
and 16.5% for F−]. So, in order to improve the adsorption
percentage the bauxite surface was activated thermally [20].
Bauxite treated at 400 ◦C gave best result [68% for Cr(VI)
and 95% for F−] as shown in Fig. 1. That thermally (400 ◦C)
treated bauxite (TTB) was used for further studies. Higher
adsorption % at higher temperature modified bauxite may be
due to the increase in porosity and surface area after removal
ofmoisture andvolatile substances present onbauxite surface
after heat treatment. The%ofbothCr(VI) andF− adsorptions
by TTB treated at temperatures higher than 400 ◦C again
decreased, which may be due to the formation of more com-
pact mineral phase such as corundum (Al2O3) [21].

3.2 Characterization of Bauxite

The surface of heatmodified bauxitewas analyzed by Fourier
transform infrared (FTIR) spectroscopy, and the result is
shown in Fig. 2. The strong and broad peak at 3436.5 cm−1

indicates hydroxyl (–OH) group. So, it is assumed that
–OH is the major functional group present on the baux-
ite surface. Apart from this, other minor functional groups
present are carbonyl groups (C–O) of alcohols and carboxylic

Fig. 2 FTIR spectra of TTB

acids, aluminum or silicon oxide corresponding to the wave
no. 546.72 cm−1. A medium peak has been observed at
2355.62 cm−1 may be due to sodium metasilicate Na2SiO3,
5H2O [22]. FTIR graphs of both Cr(VI) and F−-loaded baux-
ite look same (graphs not shown), indicating the nature of
both the adsorptions are almost similar. The negative peaks
at 2355.62 cm−1 are converted to positive peaks in both the
cases after adsorption.

K2Cr2O7 is soluble in water and on dissolution it ion-
izes to K+ and Cr2O7

2− ions. Cr2O7
2− reacts with water

to give HCrO4
− or CrO4

2− [23] as shown in Eqs. 3–5. So,
HCrO4

− or CrO4
2− are the two main forms of Cr(VI) in

aqueous solution. Similarly, F− exists as either fluoride (F−)

or bifluoride (HF2−) in aqueous solution. So, the formation
of surface complexes in between TTB surface and negatively
charged Cr(VI) or F− ions may be assumed according to the
following reactions.

K2Cr2O7 → 2K+ + Cr2O7
2− (3)

Cr2O7
2− + H2O ↔ 2HCrO4

− (4)

Cr2O7
2− + H2O ↔ 2CrO4

2− + 2H+ (5)

S−OH + H+ + HCrO4
− ↔ S−OH2

+−HCrO4
− (6)

2S−OH + 2H+ + CrO4
2− ↔ (S−OH2

+)2−CrO4
2− (7)

S−OH + H+ + F− ↔ S−OH2
+−F− (8)

S−OH + H+ + HF2
− ↔ S−OH2

+ − HF2
− (9)

where S–OH is the surface of adsorbent containing hydroxyl
group and S−OH2

+−HCrO4
−, (S−OH2

+)2−CrO4
2−,

S−OH2
+−F− and S−OH2

+−HF2− are the surface com-
plexes [24]. Apart from these, hydroxyl groups present on
TTB surface may get substituted by negatively charged
ions of Cr(VI) or F−. So, the formation of surface com-
plexes and substitution reactions are the key factors of both
Cr(VI) and F− adsorption on TTB surface. Other physico-
chemical parameters were found to be point of zero charge
(pzc)—7.8, pH—6, moisture content—3.3 %, loss of mass
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on ignition—10.6 %, bulk density—1.66g/mL and surface
area—71 m2/g.

3.3 Effect of Different Parameters

200 rpm stirring speed was found to be the optimum. Cr(VI)
and F− adsorptions on TTB surface were carried out by
varying only the contact time keeping all other parame-
ters constant (pH—5, stirring speed—200 rpm, initial Cr(VI)
or F− concentration—10mg/L, temperature—30 ◦C, adsor-
bent concentration—5g/L).As observed byother researchers
[25], here also % of Cr(VI) and F− adsorptions increase at
the initial stage and after 120 and 180min for Cr(VI) and
F−, respectively, adsorption percentage remain unchanged.
So, 120 and 180min contact periods were taken as optimum
for Cr(VI) and F− adsorptions, respectively.

In order to know the effect of pH onCr(VI) and F− adsorp-
tion by TTB, pH of the solution was varied from 2 to 10
keeping all other parameters constant. Adsorption was max-
imum at pH 2 to 3 for Cr(VI), and there was very little
variation in adsorption from pH 2 to 8 in the case of F−.
At higher pH, % of adsorption decreased in both the cases
as observed in Fig. 3. Because the bonds formed between
carbonyl and hydroxyl groups present on TTB surface and
Cr(VI) or F− are comparativelyweaker in basic solution [26].
In the acidic pH also, the formation of surface complexes as
described earlier (Eqs. 6–9) is accelerated. So, % of adsorp-
tion is more in acidic pH. Another important reason for more
adsorption in acidic pH is point of zero charge (pzc). The pzc
of TTB is 7.8. So, below pH 7.8 surface of TTB is positively
charged, whereas above pH 7.8 it is negatively charged. So,
the adsorption of negatively charged anions like Cr(VI) and
F− is more at lower pH and less at higher pH. At pH more
than 6, OH− ions of the solution may compete with nega-

tively charged adsorbate species and reduce the percentage
of Cr(VI) or F− adsorption. The effect of pH on % of Cr(VI)
and F− adsorption is shown in Fig. 3. pH of the solution was
measured after each adsorption and is represented as final
pH. The final pH increases with the increase in initial pH.
The variation of final pH with respect to initial pH has been
marked as dotted lines in Fig. 3.

The amount of adsorbate concentration either Cr(VI) or
F− in the solution was varied from 5 to25 mg/L keeping all
other parameters constant. As observed by other researchers
[25], in this case also % of adsorption decreases from 87.23
to 27.49% for Cr(VI) and from 95.25 to 56.62% for F− with
the increase in adsorbate concentration. The result is shown
in Fig. 4. Similarly, uptake increases from 0.8 to 1.4mg/g for
Cr(VI) and from 0.74 to 3.11mg/g for F− with the increase
in either Cr(VI) or F− ion concentration. The increase in
adsorption with the increase in adsorbate ion concentration
may be due to the higher probability of collision between the
adsorbate and adsorbent surfaces. Here also, final pH of the
solution increases with respect to Cr(VI) or F− concentration
shown as dotted lines in Fig. 4.

TTB concentration was varied from 5 to 30g/L in exper-
iments keeping all other parameters constant. In this case
also, like most of the cases % of Cr(VI) and F− adsorptions
increase from 46.8 to 97.55% for Cr(VI) and from 59.15 to
97.7% for F−. Similarly, Cr(VI) uptake decreases from 2.3
to 0.25mg/g and F− uptake from 2.9 to 0.24mg/g with this
variation. The same trend has been observed for the change
in the final pH as before, and the final pH of the solution
after adsorption with respect to TTB concentration is shown
as dotted lines in Fig. 5.

Temperature of the system was varied from 30 to 60 ◦C
keeping all other parameters constant. In both the cases, %
of adsorption was decreased with the increase in temperature

Fig. 3 Effect of pH on % of
Cr(VI)/F− adsorption (solid
lines) variation of final pH with
respect to initial pH of the
solution (dotted lines)
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Fig. 4 Effect of Cr(VI)/F−
concentration on % of
adsorption (solid lines) variation
of final pH with respect to
Cr(VI)/F− concentrations
(dotted lines)

Fig. 5 Effect of TTB
concentration on % of
Cr(VI)/F− adsorption (solid
lines) variation of final pH with
respect to TTB concentrations
(dotted lines)

as shown in Fig. 6. This may be due to the decomposition
of adsorbent surface at higher temperatures. It may also be
due to the exothermic nature of adsorption. Here also, pH
of the solution after adsorption increases (final pH) with the
increase in temperature shown as dotted lines in Fig. 6.

From temperature experiments, activation energies were
determined using Arrhenius plot [27]. Other thermodynamic
parameters such as entropy changes (�S), enthalpy changes
(�H ) and free energy changes (�G) were calculated by
using the well-known thermodynamic relationship discussed
earlier [28]. �H and �S were calculated by using the equa-
tion

ln KD = (�S/R) − (�H/RT ) (10)

where KD distribution coefficient =
Concentration of adsorbate on adsorbent (mg/g) at equilibrium
Concentration of adsorbate in solution (mg/L) at equilibrium ,

T temperature (K), R universal gas constant.
�H and �S were determined from the slopes and inter-

cepts, respectively, of the plots drawn between ln KD versus
1/T . Again �G can be calculated by using the equation

�G = �H − T�S (11)

The activation energies and other thermodynamic parameters
are shown in Table 1. The negative activation energies indi-
cate ease and exothermic nature of the adsorption processes.
Similarly, the negative values of enthalpy changes and free
energy changes suggest that the Cr(VI) and F− adsorptions
on TTB are exothermic and spontaneous in nature, respec-
tively. Exothermic adsorptions are physical in nature [29].

3.4 Adsorption Isotherms

Freundlich and Langmuir isotherm models [30,31] were
applied to Cr(VI) and F− adsorption on TTB surface. These
two isothermswere determined by varying Cr(VI) or F− con-
centration of the solutions from 5 to 25mg/L at an adsorbent
dose of 5g/L.

The Freundlich isotherm equation is

log qe = log K + (1/n) log Ce (12)

where qe amount of Cr(VI)/F− adsorbed (mg/g) at equilib-
rium, Ce equilibrium concentration of Cr(VI)/F− in solu-
tion (mg/L), K constant related to adsorption capacity,
n constant related to adsorption intensity.
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Fig. 6 Effect of temperature on
% of Cr(VI)/F− adsorption
(solid lines) variation of final pH
with respect to temperatures
(dotted lines)

Table 1 Thermodynamic parameters

Temperature (K) Activation energy (kJ/mol) �H (kJ/mol) �S (kJ/Kmol) �G (kJ/mol)

Cr(VI) F− Cr(VI) F− Cr(VI) F− Cr(VI) F−

301 −73.73 −52.28 −9.49 −45.05 −0. 025 −0.125 −1.965 −7.43

313 −1.665 −5.93

323 −1.415 −4.68

333 −1.165 −3.43

When log qe is plotted against log Ce, a straight line is
obtained. K and n are determined from the intercepts and
slopes of those straight lines, respectively.

The Langmuir adsorption isotherm is as follows
The equation is

Ce/qe = 1/qmb + Ce/qm (13)

where b constant related to energy of adsorption (L/mg),
qm adsorption capacity (mg/g).

b and qm values were obtained from the intercepts and
slopes, respectively, of the plots drawn between Ce/qe and
Ce. It has been observed that the correlation coefficient (R2)

values of Langmuir plots are higher than those of Freundlich
plots. So, Langmuir isotherm is obeyed well compared to
Freundlich isotherm in both the cases. The R2 values of both
the isotherms are shown in Table 2. The Langmuir adsorption
capacity for F− is higher in comparisonwithCr(VI) as shown
in Table 2. So, F− adsorption on TTB is better in comparison
with Cr(VI).

3.5 Adsorption Kinetics

The mechanism and the rate of adsorption are greatly depen-
dent on physicochemical properties of the adsorbent. In
adsorption studies, several kinetic models are proposed to
examine the controlling mechanism of adsorption process.
Data of both the adsorption processes were fitted to Lager-
gren’s equation, Ho and Mc-Kay equation, Morris–Weber,

Dubinin–Radushkevich (D.R.) and Temkin isotherms as fol-
lows [32]. Summary of different models is represented in
Table 2.

3.5.1 Lagergren’s or Pseudo-First-Order Equation

The equation is

log(qe−qt ) = log(qe) − (k1/2.303)t (14)

where qt amount of Cr(VI)/F− adsorbed per unit weight of
adsorbent (mg/g) at time t , qe amount of Cr(VI)/F− ions
adsorbed per unit weight of adsorbent (mg/g) at equilibrium,
k1 pseudo-first-order rate constant of adsorption.

A straight line would be obtained if a graph is plotted
between log (qe−qt ) versus t . The rate constant (k1) for
pseudo-first-order reaction can be obtained from the slope
of this graph.

3.5.2 Ho and Mc-Kay’s or Pseudo-Second-Order Equation

The equation is

t/qt = 1/(k2q
2
e ) + (1/qe)t (15)

where k2 is the equilibrium rate constant of pseudo-second-
order equation.

A straight line would be obtained if a graph is plotted
between t/qt versus t . From the intercept of the plot, k2 can be
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Table 2 Summary of different isotherms studied

Kinetic/isotherm
models studied

R2 Inferences

Cr(VI) F− Cr(VI) F−

Freundlich isotherm 0.13 0.67 – –

Langmuir isotherm 0.95 0.93 Adsorption capacity =
1.38mg/g

Adsorption capacity = 3.01mg/g

Langmuir isotherm constant, a
constant related to energy of
adsorption = 0.87L/mg

Langmuir isotherm constant
=1.02L/mg

Lagergren’s
(pseudo-first-order) equation

0.7–0.9 0.00008–0.84 – –

Ho and Mc-Kay
(pseudo-second-order)
equation

0.9–1 0.5–0.9 Rate constant varies from
0.04–8.04 1/Ms

Rate constant varies from
0.07–7.78 1/Ms

Morris–Weber equation 0.79–0.99 0.76–0.98 Intra-particle transport rate
constant (Rid) = 0.005 to
0.124 mg/g/min0.5

Rid = 0.091 to 0.314 mg/g/min0.5

High R2 value indicates
diffusion through the
intra-particle to be the
rate-limiting step

Here also diffusion through the
intra-article is the rate-limiting
step

High R2 values conclude better
adsorption rate and
adsorption mechanism

High R2 values conclude better
adsorption rate and adsorption
mechanism

The Dubinin–Radushkevich
(D.R.) isotherm

0.76–0.99 0.903–0.908 Adsorption energies in between
0.26 and 2.8 J/mol, suggested
physical nature of adsorption

Adsorption energies in between
0.31 and 0.35 J/mol, suggested
physical nature of adsorption

Temkin isotherm model 0.98–0.99 0.89–0.90 Heat of sorption varies from
0.21 to 0.58 J/mol indicates
physical nature of adsorption

Heat of sorption varies from 0.88
to 1.16 J/mol also indicates
physical nature of adsorption

obtained. From the R2 values of both pseudo-first-order and
pseudo-second-order equations, it has been concluded that
second order is a better fit for both Cr(VI) and F− adsorp-
tion. Rate constants and R2 values are shown in Table 2.
It indicates the dependence of the adsorption rate on both
adsorbent surface and adsorbate.

3.5.3 Weber Morris Equation

It explains well the intra-particle diffusion model of the
adsorption reactions.

The equation is

qt = Rid t
1/2 (16)

where qt amount of Cr(VI)/F− ions adsorbed per unit
weight of adsorbent (mg/g), Rid intra-particle transport
rate constant (mg/g/min0.5), T time (min).

A straight line would be obtained if a graph is plotted
between qt versus t1/2. The slope of the graph gives Rid,
and the rate constant of intra-particle transport and the values
are shown in Table 2. High R2 values in both Cr(VI) and

F− adsorption cases indicate the better understanding of this
isotherm and diffusion through the intra-particle is the rate-
limiting step.

3.5.4 The Dubinin–Radushkevich (D.R.) Isotherm

In linear form, D.R. isotherm is

ln qe = ln X ′
m − K ′Æ 2 (17)

where Æ Polanyi potential = RT ln (1 + 1/Ce), qe amount
of Cr(VI)/F− ions adsorbed per unit weight of adsor-
bent (mg/g) at equilibrium, X ′

m adsorption capacity of the
adsorbent (mg/g), Ce equilibrium concentration of adsor-
bate ions in solution (mg/L), K ′constant related to adsorption
energy (mol2/ kJ2), R gas constant (kJ/K/mol), T
temperature (K).

A plot between ln qe versus Æ 2 gives a straight line.
The slope and intercept of the plot gives constants related
to adsorption energy (K ′) and adsorption capacity (X ′

m),
respectively.
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The mean adsorption energy (E) = (2 K ′)−1/2 (18)

Adsorption energy values of both the adsorptions are shown
in Table 2. Adsorption energies of both the adsorption pro-
cesses are found to be less than 8kJ/mol. It indicates physical
nature of adsorption [33].

3.5.5 Temkin Isotherm Model

How adsorbate interacts with the adsorbent in the adsorption
process is explained by this isotherm and is given by

qe = B ln AT + B lnCe (19)

where qe amount of Cr(VI)/F− ions adsorbed per unit
weight of adsorbent (mg/g) at equilibrium, B constant related
to heat of sorption (J/mol), AT Temkin isotherm equilibrium
binding constant (L/g), Ce concentration ofmetal ions in
solution (mg/L) at equilibrium.

The above equation is equivalent to equation of straight
line. The slope of the straight line plotted between qe and
lnCe gives B, a constant related to heat of sorption. The heat
of sorption values are shown in Table 2 and shows physical
nature of both the adsorptions [34].

3.6 Effect of Co-ions

Effect of presence of other co-ions (cations and anions) on
Cr(VI) or F− ion adsorption on TTB was studied by adding
different electrolytes such as NaNO3, Mg(NO3)2 · 6H2O,
Al(NO3)3 · 9H2O, NaCl, Na2SO4 and Na2HPO4 · 2H2O
in varying concentrations (0.01–0.15M) separately to the
solution containing 10mg/L of either Cr(VI) or F− . These
electrolytes provide cations such as Na+, Mg2+, Al3+ and
anions such as Cl−, NO3

−, SO4
2− and PO4

3−(formation of
HPO4

2− is ignored). These are the ions which are commonly
present alongwith different toxic elements in different indus-
trial wastewaters.

In order to compare the effect of different co-cations,
NaNO3, Mg(NO3)2 and Al(NO3)3 were taken into consid-
eration. These electrolytes provide cations Na+, Mg2+ and
Al3+ where cationic charges are +1,+2 and + 3, respec-
tively, with the same anion nitrate. It has been observed
from Figs. 7 and 8 that interference increases in the order
Al(NO3)3 < Mg(NO3)2 < NaNO3. It is clearly understood
from the result that interference is directly proportional to
the size of the cations or solubility of the electrolytes and
inversely proportional to the charge on the cations and bond
dissociation energy of the electrolytes. The same trend has
been observed for both Cr(VI) and F− adsorption.

In order to study the effect of other co-anions on Cr(VI)
or F− adsorption, three different electrolytes such as NaCl,
Na2SO4, Na2HPO4 having same cation with different anions

Fig. 7 Effect of NaNO3, Mg(NO3)2 and Al(NO3)3 on Cr(VI) adsorp-
tion

Fig. 8 Effect of NaNO3, Mg(NO3)2 and Al(NO3)3 on F− adsorption

were taken. These are the electrolytes which provide anions
like Cl−, SO4

2− and PO4
3− having -1, -2 and -3 charges,

respectively. It has been observed from the graphs (Figures 9
and 10) that Cr(VI) or F− adsorption is greatly interfered
in the presence of anions due to competition. Higher the
charge on the anions higher is the interference. The interfer-
ence of these three electrolytes follow the order Na2HPO4 >

Na2SO4 > NaCl and the%of bothCr(VI) and F− adsorption
follow the reverse order.

4 Conclusions

Bauxite treated at 400 ◦C (TTB) is found to be an effec-
tive remover of both Cr(VI) and F− from aqueous solution.
The optimum conditions for adsorption are stirring speed—
200 rpm, temperature—30 ◦C, contact time—120min for
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Fig. 9 Effect of NaCl, Na2SO4 and Na2HPO4 on Cr(VI) adsorption

Fig. 10 Effect of NaCl, Na2SO4 and Na2HPO4 on F− adsorption

Cr(VI) and 180min for F−. Cr(VI) adsorption is maximum
within pH 2–3, whereas very little variation in adsorption is
therewithin pH 2–8 for F−. In both the adsorption cases, acti-
vation energies were found to be negative (−73.73kJ/mol for
Cr(VI) and −52.28kJ/mol for F−) which indicate exother-
mic nature of the processes. Interpretation to different kinetic
models concludes the physicochemical nature of both the
adsorptions. The nature of both the adsorption processes is
similar in all respects. In a single step batch method, the
uptake of Cr(VI) and F− on TTB is found to be 1.38 and
3.01mg/g, respectively, which can be further increased by
performing the same study in a cyclic or column manner.
TTB is a better adsorbent for F− compared to Cr(VI). Both
Cr(VI) and F− adsorptions on TTB are affected by the pres-
ence of both cationic and anionic co-ions. The interference in
the presence of co-ions is directly proportional to size of both
the ions and charge on the anions and inversely proportional
to the charge on the cations. This small-scale adsorption study
can be extended to field scale using real industrial wastewa-
ters.
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