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ABSTRACT

The article reports on an investigation into the ability of zirconium (IV)-loaded carboxylated
orange peel to remove the fluoride ion from drinking water and the parameters involved in
this process. Various spectroscopic and microscopic techniques were used to characterize
the adsorbent. The results suggested that the adsorbent exhibited reasonably significant
fluoride removal over a wide range of pH value (3.0–8.0). The kinetic studies indicated that
the adsorption process followed pseudo-second-order model. The adsorption isotherm has
been modeled by the Langmuir, Freundlich, Temkin, and DR equation. The adsorption
isotherm was well described by DR equation. The negative value of ΔG˚ and positive value
of ΔH˚ revealed that the adsorption process was spontaneous and endothermic. The pres-
ence of NO�

3 , Cl
−, and SO2�

4 ions have negligible effect, whereas PO3�
4 and HCO�

3 retarded
the fluoride removal capacity to some extent. The reuse study of the adsorbent resulted in
retention of 83% capacity in 8th cycle. Desorption studies showed that the fluoride can eas-
ily be desorbed by using 0.1 N NaOH solution. The wide pH range, second-order kinetics,
operation at normal temperature, high adsorption capacity, and good recycle potential of
the new adsorbent would make it an ideal material for the removal of fluoride from
drinking water.
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1. Introduction

Fluoride contamination of ground water is caused
by natural and anthropogenic sources. The ubiquitous
presence of fluoride in ground water has become a
worldwide environmental issue because of its detri-
mental effects on human health. Excess of fluoride
ingestion for a long time would lead to dental and
skeletal fluorosis, bone disease, and nonskeletal fluoro-
sis [1]. The problem of excess fluoride in drinking

water has engulfed in many parts of the world.
According to WHO, fluorosis is endemic in at least 25
countries across the globe and has affected millions of
people [2]. In India, 62 millions of people including 6
million children are suffering from fluorosis due to
consumption of water having high fluoride concentra-
tion [3]. Hence, it becomes necessary to bring down
the fluoride concentration within the permissible limit
of 1.5 mg L−1 prescribed by WHO.

Many techniques of water defluoridation have
been developed based on adsorption and biosorption
[4–7], ion exchange [8], chemical precipitation [9,10],
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and membrane process, such as reverse osmosis [11],
donnan dialysis [12], nanofilteration [13], and electro-
dialysis [14]. Most of the observed methods are effec-
tive and can remove the fluoride to the permissible
level, but the shortcomings of most of these methods
are high operational and maintenance cost, secondary
pollution (generation of toxic sludges), and compli-
cated procedure involved in the treatment. Among
these methods, adsorption is considered to be better
as compared to other methods in terms of cost,
simplicity of operation, and selectivity. Different
adsorbents have been reported for the removal of
fluoride from drinking water, such as activated
alumina [15,16], metal oxides [17–23], carbon
nanotubes [24], layered double hydroxides [25], and
Mg/Al hydrotalcite [26,27]. The shortcomings of most
of these materials are high cost, low fluoride adsorp-
tion capacity, and pH-dependent. So, the development
of cheap and eco-friendly sorbent that would effec-
tively remove the fluoride at neutral pH is, therefore,
a challenging area of research and deserves immediate
attention.

Since the operational cost of the adsorption process
is dependent on the price of adsorbent, so there is a
growing interest for using precursors (i.e. waste as an
adsorbent). The natural occurrence of abundant
amount of functional groups make various agricul-
tural wastes a good alternative to expensive synthetic
adsorbents prepared through complicated synthetic
routes for the decontamination of various toxic chemi-
cals [28]. Many low-cost adsorbents prepared from
various wastes or generated from fisheries have been
studied to remove the toxic ions from the aqueous
solution. Some of the reported adsorbents include
peanut hulls, wheat shell, apple residues, crab shell,
rice husk, etc [29–34].

The bio-waste material investigated in this study is
the orange peel (OP) generated from orange juice fac-
tories. Orange waste contains cellulose, hemicelluloses,
lignin, and pectin. Pectin constitutes 10% of orange
waste as an intracellular cementing material in its cell
wall. Pectin is a polysaccharide that mainly consists of
esterified D-galacturonic acid residing in alpha (1–4)
chain. It essentially consists of hydroxyl and methyl
ester groups. The ester and hydroxyl groups of pectin
do not bind significantly with metals [35]. Hence, the
present article reports the modification of OP by
saponification of ester group with sodium hydroxide
followed by the carboxylation of hydroxyl group with
chloroacetic acid, thereby increasing the number of
carboxylate ligands. The modified OP increases the
zirconium binding ability of the biomass that can
uptake fluoride from aqueous solution by ligand-
exchange mechanism.

The prepared adsorbent material was characterized
by FTIR, TGA/DTA, and XRD techniques. Surface
morphology of the prepared material was studied
using scanning electron micrography (SEM) coupled
with energy-dispersive spectrum (EDS) technique. The
textural properties of the synthesized material were
determined by the N2-BET method using a surface
area porosimeter analyzer. The fluoride adsorption
capacity of zirconium (IV)-loaded carboxylated orange
peel (ZCOP) has been investigated in a batch mode.
Batch adsorption studies were conducted under vari-
ous experimental conditions such as pH, contact time,
initial fluoride concentrations, temperature, and the
presence of interfering ions. Attempts have also been
made to understand the adsorption isotherm, kinetic,
and mechanism of adsorption. The defluoridation
capacity of the present adsorbent was also studied
with the real ground water samples collected from
endemic fluorosis area.

2. Materials and methods

2.1. Preparation of adsorbent

OP, zirconium oxychloride (Aldrich) and chloro-
acetic acid (Aldrich) were used for the synthesis of
adsorbent. OP was collected from a fruit shop at BIT
Mesra. OP was first cut into pieces, washed exten-
sively with deionized water in order to remove water
soluble organic compounds that may hinder the
saponification process and was dried in an oven at
50˚C until constant weight. The dried product was
crushed and sieved to obtain smaller sized particles
(OP). Hundred grams of washed OP was added to
0.1 M sodium hydroxide solution and was left for
24 h. It was then washed with deionized water until
neutral pH and dried in an oven at 50˚C to get saponi-
fied orange peel (SOP). Ten grams of SOP was added
to 0.1 M chloroacetic acid solution, and 0.1 M sodium
hydroxide was added dropwise to it until pH 8–10. It
was aged for 24 h and was washed with deionized
water until pH 7.0 and dried at 50˚C yielding carbox-
ylated orange peel (COP). Ten grams of COP was
added to 0.1 M zirconium oxychloride solution. Then,
the mixture was stirred for 24 h at at a temperature of
(25 ± 2)˚C. After a time period of 24 h, the stirring
process was stopped, but both the metal solution and
carboxylated OP were allowed to remain in contact
for further 48 h to ensure the maximum loading of
zirconium on to the COP. After filtration, it was
washed several times with distilled water followed by
hot water in order to remove the free zirconium ions
from the COP. The final product was dried at 60˚C
and thereafter named as ZCOP. The product was
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crushed and sieved to obtain a particle size of
100–150 μm. The amount of zirconium loaded on COP
was evaluated by measuring the zirconium concentra-
tion in the filtrate by ICPOES. The zirconium content
in ZCOP was found to be 4.17 m mol g−1 which is
higher than the SOJR-Zr which is 1.62 m mol g−1 as
reported by Paudyal et al. 2012 [36].

2.2. Batch adsorption study

The removal of fluoride was tested in a batch pro-
cess. Thus, 100 mL fluoride solution of desired con-
centration was taken into PVC conical flask to which
known amount of adsorbent (ZCOP) was added. The
entire mixture was shaken for 24 h using horizontal
rotary shaker (shaking speed 200 rpm) to attain the
equilibrium. Initial fluoride concentration was main-
tained at 10 mg L−1 for all the experiments except in
those where the effects of initial fluoride concentration
is to be studied. The residual concentration of fluoride
in filtrate was determined using ion selective
electrode. All adsorption experiments were carried out
at room temperature (25 ± 2)˚C, except for the case
where temperature variation is a parameter. The pH
of the solution was adjusted using either HCl or
NaOH. The effect of co-anions, such as chloride, sul-
fate, nitrate, bicarbonate, and phosphate, upon the
adsorption process was studied by adding required
amount of NaCl, Na2SO4, NaNO3, NaHCO3, NaH2PO4

to a 100 mL of 10 mg L−1 fluoride solution. The
concentration of fluoride on adsorbent was calculated
using following equation:

qe ¼ ðC0 � CeÞðV=WÞ � 100 (1)

where qe is the adsorption capacity (mg g−1) in the solid
at equilibrium; C0 and Ce are initial and equilibrium
concentrations of fluoride (mg L−1), respectively; V is
volume of the aqueous solution (L), and W is the mass
(g) of adsorbent used in the experiments. The reusabil-
ity of adsorbent material was checked by adding 0.7 g
of adsorbent to 100 mL of 10 mg L−1 fluoride solution.
The adsorbent was filtered and dried in an oven at
50˚C in vacuum. Subsequently, the dried adsorbent
material was used repeatedly for fluoride removal in
various samples to determine the extent of adsorption.
Each experiment was carried out in duplicate, and the
average results were presented in the work.

2.3. Analytical measurements

The FTIR spectra of all the sample materials were
recorded at room temperature at a resolution of

4 cm−1 and 64 scans using Shimadzu IR Prestige-21
FTIR instrument. SEM of the sample was obtained in
a JSM 6390 LV apparatus coupled with EDS. The
X-ray diffraction pattern was obtained on a Shimadzu
model XD3A diffractometer (40 kV/30 mA), in the
range of 2θ = 1.5–70˚ with a nickel-filtered Cu Kα
radiation, at wavelength of 1.54 Å. BET surface area
measurement was taken using Quantachrome auto-
mated gas sorption system. The Thermogravimetric
analysis (TGA/DTA) was carried out using Shimadzu
DTG 60 in nitrogen atmosphere under a flow of
30 mL min−1 and heating rate of 10˚C min−1 varying
the temperature from 25 to 1,000˚C. The metal ion con-
centration was determined by Perkin–Elmer, Optima
2100 DV, ICPOES. Concentration of fluoride in the
solution, before and after adsorption, was determined
using ion selective electrode (Orion 720 A + Ion
analyzer). The metal ion concentration was deter-
mined by Perlin–Elmer Optical 2100DV, ICPOES.

3. Results and discussion

3.1. Adsorbent characterization

3.1.1. Infrared

The FTIR spectrum of the adsorbent material was
recorded and was analyzed for the detection of
surface functional groups on adsorbent. The FTIR
spectrum of the prepared zirconium-impregnated
modified orange peel (ZCOP) and fluoride adsorbed
ZCOP (FZCOP) is shown in Fig. 1. In the spectra of
ZCOP, a broad peak around 3,569 cm−1 shows the
presence of surface –OH groups. A peak at 496 cm−1

in ZCOP indicating the presence of Zr–O bond [37].
Also, the peak at 3,569 cm−1 in case of ZCOP shifts to
3,615 cm−1 showing the participation of hydroxyl
anion in ligand exchange with the fluoride ion.

Fig. 1. FTIR spectrum of ZCOP and FZCOP.

2146 R. Jha et al. / Desalination and Water Treatment 53 (2015) 2144–2157



3.1.2. Thermogravimetric analysis

TGA is an important way to determine the thermal
stability of a material. The TGA-DTA curves of both
COP and ZCOP in the range of 25–1,000˚C are shown
in Fig. 2(a) and (b). The weight loss observed in the
range of 25–185˚C and the corresponding endothermic
peak in the DTA curve can be attributed to the evapo-
ration of chemically and physically adsorbed water
molecules and other volatile chemicals. The degrada-
tion of pectin, hemicelluose, and cellulose could be
concluded by the weight loss in the range 185–300˚C.
The weight loss observed in the range of 300–550˚C is
due to the degradation of lignin. In case of COP, the
total weight loss observed was 99.71%, while the total
weight loss occurred in case of ZCOP was 97.21%
within the range of study which showed a total of
2.79% of metallic residue due to the impregnation of
zirconium on COP.

3.1.3. Scanning electron micrography

The scanning electron micrographs of the ZCOP
and FZCOP are shown in Fig. 3(a) and (b). The corre-
sponding EDS spectrum is also embedded on the
micrographs. The adsorption of fluoride on ZCOP can
be concluded by the presence of whitish spots distrib-
uted all over the material as shown in the micrograph
of FZCOP which is further confirmed by its EDS
spectrum.

3.1.4. X-ray diffractometry and surface area
determination

Fig. 4 shows the XRD pattern of the prepared
material. The result is compared with similar kind of

research work published by Kobayashi et al. [38]. The
composite material indicated the presence of Zr(OH)4
and polymerized species. It is indicated that the
loaded Zr(OH)4 is transformed to an amorphous
phase composed of polymerized species by incorporat-
ing water molecules. The specific surface area, micro-
pore volume and average micropore diameter of
ZCOP were determined to be 20.56 m2 g−1,
0.0001 cm3 g−1, and 2.62 nm, respectively.

3.2. Sorption studies

3.2.1. Effect of variation of adsorbent dose

The effect of variation of adsorbent dose on
fluoride removal was studied by varying the dose
from 0.2 to 1.2 g at a temperature of (25 ± 2)˚C with
contact time period of 60 min and initial fluoride
concentration of 10 mg L−1. It was observed that with
increase in adsorbent dose, fluoride adsorption
increased which can be attributed to availability of
more adsorption sites. The percentage of maximum
fluoride removal was found to be 97.2% with an
adsorbent dose of 0.7 g L−1 and further increase in
adsorbent dose showed no quantitative effect upon
adsorption. It is to be noted that no such adsorption
was observed for raw OP.

3.2.2. Effect of variation of pH

The pH of solution strongly affects the sorption
ability of any adsorbent material. The adsorption
of fluoride onto ZCOP was studied at a pH range of
2–12. The graphical representation given in Fig. 5

(a) (b)

Fig. 2. TGA curve of COP and ZCOP.
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clearly shows that the adsorption by ZCOP increases
as the pH increases showing 90% removal at pH 2
and 95–97% removal at a pH range 5–7. Adsorption of
F− at lower pH can be attributed to the electrostatic
force of attraction provided by the positively charged
surface of ZCOP and ligand exchange at neutral pH.
However, at lower pH, the H+ ions present in solution
binds with the F− ions to form HF due to which F−

ions are less available which accounts for lesser F−

adsorption at lower pH when compared to neutral
pH. As the pH increases, the adsorption potential
decreases which may be due to strong competition
between hydroxyl and fluoride ions in solution.

3.2.3. Effect of variation of contact time period

The effect of variation of contact time period was
studied at an initial fluoride concentration of 10 mg L−1

and increase in fluoride adsorption was observed with
increase in contact time as shown in Fig. 6(a). Equilib-
rium was observed at a time period of 50 min
accounting 97% fluoride removal after which no
further removal was observed. This may be due to the
fact that initially all adsorbent sites were available for
anions and the initial solute concentration gradient
was also high.

In order to interpret the experimental data, the
time-dependent sorption data have been analyzed
using three kinetic models: pseudo-first-order,
pseudo-second-order, and intraparticle diffusion
model. The mathematical representations of these
models are given in Eqs. (2)–(4) [39].

Fig. 3. SEM (embedded with EDS) of ZCOP and FZCOP.

Fig. 4. X-ray diffractogram of ZCOP.
Fig. 5. Effect of pH on extent of removal of fluoride, conc.
of fluoride: 10 mg L−1; time of contact: 60 min; adsorbent
dose: 7.0 g/L (average value of two tests, error < 5%).
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Pseudo-first-order model:

logðqe � qtÞ ¼ logqe � Kft=2:303
(2)

where qe and qt denote the amount of fluoride
adsorbed (mg g−1) at equilibrium and at time t,
respectively. Kf (min−1) is the rate constant of pseudo-
first-order adsorption reaction.

Pseudo-second-order model: t=qt ¼ 1=KsðqeÞ2 þ t=qe

(3)

where Ks is the rate constant for the pseudo-second-
order reaction (g mg−1 min−1). qe and qt are the
amounts of solute sorbed at equilibrium and at any
time t (mg g−1), respectively.

The intraparticle diffusion model: qt ¼ Kit
1=2 þ C (4)

where Ki is the intraparticle diffusion constant
(mg g−1 min−1/2), and C is the intercept. The rate
constants and other parameters obtained from the
graphs of the kinetic models (Fig. 6(b) and (c)) are
presented in Table 1.

Analyzing the data, it can be concluded that the
adsorption of fluoride on to ZCOP follow pseudo-
second-order model for which the value of correla-
tion coefficient (R2) is found to be 1 and the values
of qe,exp and qe,cal are also found to be very close to
each other. From the Weber–Morris intraparticle
diffusion plot, the value of intercept C provides
information about the thickness of boundary layer,
that is, the resistance to the external mass transfer.
The larger is the value of the intercept, and the
higher is the external resistant. The deviation of
straight line from the origin, as shown in Fig. 6(c),

(a) (b)

(c)

Fig. 6. Effect of contact time (a) Pseudo-second-order kinetic plot (b) and Weber–Morris intra-particle diffusion plot (c) for
fluoride adsorption on ZCOP; conc. of fluoride: 10 mg L−1; adsorbent dose: 7.0 g/L; pH: 6.0 (average values of two tests,
error < 5%).
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may be due to the difference between the rate of
mass transfer in the initial and final stages of adsorp-
tion, which indicates that the pore diffusion is not
the sole rate-controlling step.

3.2.4. Effect of variation of initial fluoride concentration

The relationship between the initial fluoride
concentration and adsorption was investigated by
varying the fluoride concentration within the range of
2–100 mg L−1. For this experiment, a contact time per-
iod of 50 min, an adsorbent dose of 0.7 g L−1 and
solution volume of 100 mL was maintained. A
decreasing behavior of fluoride removal was observed
with increase in fluoride concentration. It may be due
to the fact that with increase in concentration of fluo-
ride in solution, the available co-ordination sites get
saturated, thereby reflecting a decreased trend of bind-
ing ability of adsorbent. With the lowest initial fluo-
ride concentration, the removal of fluoride was almost
98.5% which reduced to 67% at initial concentration of
100 mg L−1. To quantify the adsorption capacity of
ZCOP, four isotherm models, that is, Langmuir,
Freundlich, Temkin, and D–R model have been
adopted. Langmuir isotherm model is based on the
monolayer adsorption on a structurally homogeneous
surface, whereas Freundlich isotherm model is based
on the multilayer adsorption of an adsorbate on to the
heterogeneous adsorbent surface. Temkin isotherm
model is based on the adsorbent/adsorbate interac-
tions that are linear in nature and the adsorption is
characterized by uniform distribution of binding ener-
gies. D–R isotherm is used to find out the free energy
of adsorption and hence the adsorption mechanism.
These models are represented mathematically as
follows [40]:

Langmuir isotherm: 1=qe ¼ ð1=KLqmÞð1=CeÞ þ 1=qm (5)

where Ce (mg L−1) is the concentration of fluoride
at equilibrium, KL (L mg−1) and qm (mg g−1) are
the Langmuir constants related to the energy of

adsorption and maximum adsorption capacity,
respectively.

Freundlich isotherm: ln qe ¼ lnKF þ 1=n lnCe (6)

where KF (mg1 − (1/n) L1/n g−1) and 1/n are the
Freundlich constants related to adsorption capacity
and intensity, respectively.

Temkin isotherm: qe ¼ B1 ln Aþ B1 lnCe (7)

where A is the equilibrium binding constant (L mol−1)
corresponding to the maximum binding energy, and
the constant B1 is related to the heat of adsorption.

D–R isotherm: ln qe ¼ ln qm � Ke2 (8)

where ε2 is the Polanyi potential which is equal to RT
ln(1 + 1/Ce). qe is the amount of adsorbate adsorbed at
equilibrium per unit of adsorbent (g g−1), qm is the
theoretical saturation capacity (g g−1), Ce is the equilib-
rium solid concentration (g L−1). K is the constant
related to adsorption energy and gives the value of
mean free energy of adsorption. R is the gas constant
and T is the temperature in Kelvin.

In order to understand the mechanism of fluoride
adsorption onto ZCOP, the experimental data was
subjected to Langmuir, Freundlich, Temkin, and D–R
isotherm models. The experimental data on adsorption
isotherm together with the predicted Langmuir,
Freundlich, Temkin, and D–R isotherm simulation
curves are presented in Fig. 7 and corresponding
values are presented in Table 2.

Optimization of regression analysis data was done
using six different six different error functions, that
is, the sum of square of errors (SSE), the sum of
absolute errors (SAE), the average relative errors
(ARE), the hybrid fractional errors (HYBRID), the
Marquardt’s percent standard deviation (MPSD), and
relative standard deviation (R2). The computational

Table 1
Kinetic parameters for fluoride adsorption onto ZCOP at pH 6.0; adsorbent dose: 7.0 g L−1 temp: 298 K, initial fluoride
conc. 10 mg L−1

Pseudo-first order* Pseudo-second order* Intra-particle diffusion*

qexp Kf qe,cal R2 Ks h qe,cal R2 Ki C R2

1.387 0.0833 0.226 0.969 0.886 1.751 1.405 1.0 0.033 1.1741 0.8713

*The units for qexp, qe,cal: mg g−1; Kf : L min−1; Ks, h: (mg g−1 min−1); KB: min−1; Ki, C: mg. (g min1/2)−1
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result of all six different error functions are presented
in Table 3 which indicated that D–R isotherm model
is the most suitable model to satisfactorily describe
the adsorption phenomenon based on the highest R2

value and lowest SSE, SAE, ARE, HYBRID, and
MPSD values.

3.2.5. Effect of variation of temperature

The spontaneity of the adsorption process was pre-
dicted by observing the effect of change of tempera-
ture upon adsorption and hence calculating the
various thermodynamic parameters. The temperature
was varied from 10 to 50˚C. It was observed that with

increase in temperature, fluoride adsorption increased
which may be attributed to the fact that adsorption is
endothermic in nature. The feasibility of the process
can be determined by calculating the value of ΔG˚
which is given by the Vant Hoff equation:

�G� ¼ �RT lnKD (9)

where ΔG˚ is the change in free energy, T is the
absolute temperature, R is the universal gas constant
(8.314 J mol−1 K−1), and KD is the equilibrium con-
stant. Negative values of ΔG˚ as shown in the Table 4
indicate the spontaneity of the adsorption process.
With increase in temperature, ΔG˚ values increases
showing the increase in spontaneity. The values of
ΔH˚ and ΔS˚ associated with the process can be
calculated by the equation:

lnKD ¼ �S�=R��H�=RT (10)

Values of ΔH˚ and ΔS˚ can be obtained from
the straight line equation of the plot between lnKD

and 1/T Fig. 8. Endothermic nature of the adsorption
process can be concluded by the positive value of
ΔH˚. Sticking probability (S*) was further computed
which is related to the surface coverage (θ) by the
adsorbed molecule and associated activation energy.

S� ¼ ð1� hÞ exp ð�Ea=RTÞ (11)

where θ gives the surface coverage which is given by

h ¼ 1� Ce=C0 (12)

where C0 and Ce represent the initial and equilibrium
fluoride ion concentrations, respectively. Both values of
Ea and θ can be calculated, respectively, from the slope
and intercept of the plot of ln(1 − θ) vs. 1/T. The posi-
tive values of ΔH˚ and activation energy Ea confirm the
endothermic nature of the sorption process. The value
of S* is found to be 0, clearly indicating that the adsorp-
tion follows a chemisorption process.

3.2.6. Mechanism

The proposed mechanism of fluoride adsorption
and desorption by ZCOP is presented in Fig. 9. The
fluoride removal by ZCOP could be due to the
exchange between the water coordinated with
the adsorbent and fluoride which is similar to adsorp-
tion of arsenic on zirconium(IV) loaded orange waste
gel and antimony on Fe(III) loaded gel [41,42]. The use
of zirconium ion, in particular, preferred as a material
of choice due to the fact that the tetravalent zirconium

Fig. 7. Adsorption isotherm modeling of fluoride removal
by ZCOP using linear regression analysis; adsorbent dose:
7.0 g/L; pH 6.0, temp (25 ± 2)˚C; contact time: 50 min.

Table 2
Linear Freundlich, Langmuir, Temkin, and D–R isotherm
constants related to the sorption of fluoride onto ZCOP

Model/parameters Linear method

Freundlich
KF 2.226
1/n 0.491
Langmuir
KL 1.555
qm 5.605
Temkin
b 1715.889
A 14.425
D–R
qm 0.015
K 0.0061
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in its hydrated form can generate tetranuclear ions as
well as octanuclear species with abundant hydroxyl
ions and water molecules that can take part in ligand
substitution reactions with fluoride ion [43]. Further,
the hydroxyl ion and water molecule that may be avail-
able in the coordination sphere could also be contribut-
ing to the ligand-exchange reactions with fluoride ion
[36]. Thus, a comparative feature of fluoride removal
capacity of some commercially available sorbents with
ZCOP is presented in Table 5. In comparison, ZCOP,
which shows a higher defluoridation capacity, confirms
its selectivity toward fluoride removal.

3.2.7. Effect of coexisting ions

Drinking water may contain several other ions
such as sulfate, chloride, and nitrate, along with fluo-
ride, which may compete with fluoride for active sorp-
tion sites. Therefore, the effect of various diverse
ions/competing co-ions upon adsorption of fluoride
was also investigated using the experimental condition
for initial fluoride concentration at 10 mg L−1, while
varying the initial concentration of co-ions (chloride,
sulfate, nitrate, bicarbonate, and phosphates) from 0 to
600 mg L−1 The result of the observation for the effect
of co-ions is shown graphically in Fig. 10 which
indicates that NO�

3 , Cl−, SO2�
4 had little effect upon

fluoride removal processes, whereas the presence of
both PO3þ

4 and HCO�
3 reduces the fluoride uptake to

almost 65–70% at an initial fluoride concentration of
600 mg L−1. Hence, it is recommended to use other
treatment processes that can be helpful in removal of
both phosphate and bicarbonate prior to the removal
of fluoride. The defluoridation efficiency of adsorbent
was tested with the ground water sample collected
from Odisha, India. A comparison between fluoride
removal by the prepared adsorbent in case of syn-
thetic water and collected ground water is presented
graphically in Fig. 11. The synthetic water samples
were prepared by adding sodium fluoride to de-ion-
ized water. More fluoride removal was observed in
case of synthetic water samples as compared to the
collected ground water samples. The presence of large
number of cations and anions in ground water could

Table 3
Isotherm error deviation data related to the sorption of fluoride onto ZCOP using six commonly used functions

Error functions R2 SSE SAE ARE HYBRID MPSD

Linear approach
Freundlich 0.956 21.038 12.416 20.361 24.433 25.022
Langmuir 0.988 50.097 18.102 23.453 28.144 28.92
Temkin 0.959 5.541 6.232 53.657 64.388 154.69
D–R 0.994 3.103 4.919 9.187 11.024 12.395

Table 4
Thermodynamic parameters for the sorption of fluoride on ZCOP

Temp (˚C) ΔH˚ (kJ mol−1) ΔS˚ (kJ mol−1 K−1) ΔG˚ (kJ mol−1) Ea (kJ mol−1) S*

10 41.111 0.206 −17.413 39.69 0
20 −.19.481
30 −21.549
40 −23.617
50 −25.685

Fig. 8. Plot of log10 KD vs. 1/T for ZCOP.
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be the most probable reason for this since they could
interfere with the adsorption process.

3.2.8. Reuse and regeneration

Effective reuse of adsorbent material directly
affects the cost factor, and hence, its utility in continu-
ous batch adsorption process. Only the adsorbent

material that can be reused have practical value in real
systems. The test of reusable capacity of ZCOW was
performed with dried ZCOW. The percentage of
adsorption of fluoride by ZCOW was found to be
reduced from 97 to 83% following a sequence of 1st to
8th cycle of operation Fig. 12. Desorption studies were
carried out with different strengths of NaOH
solutions. It was observed that at low concentration of
NaOH (0.001 M), leaching of fluoride from adsorbent

Fig. 9. Chemical modification of peel waste and proposed mechanism of adsorption/desorption of fluoride.
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was only 4%. However, with increased concentration
of NaOH (0.1 M), leaching of fluoride from adsorbent
reaches to 91%. Thus, it can be concluded that the

prepared adsorbent ZCOP can be regenerated and
used for several cycles of operations.

Fig. 10. Effect of co-ions upon removal of fluoride from
solution; amount of adsorbent: 7.0 g/L; concentration of
fluoride: 10 mg L−1; time of contact: 50 min; temperature:
(25 ± 2)˚C.

Table 5
Comparative assessment of adsorption capacity of zirconium loaded carboxylated orange peel (ZCOP) with some litera-
ture available data

Adsorbent qm mg/g Experimental conditions Reference

Manganese oxide coated alumina 2.85 pH: 7.0 [44]
C0: 2.5–30

Montmorillonite 3.365 pH: 6.0 [45]
C0: 2–120

Zr(IV) impregnated collagen fibre 2.18 pH: 5.5 [46]
C0: 19–95

Activated alumina 2.41 pH: 7.0 [16]
C0: 2.5–14

Aluminum impregnated activated alumina 1.07 pH: 3 [6]
C0: 0.5–15

Aluminum-amberlite resin 4.6 pH: 4.0 [47]
C0: 4–9.1

La(III) impregnated carboxylated chitosan 4.711 pH: 7.0 [48]
C0: 11–19

Protonated chitosan beads 1.664 pH: 7.0 [49]
C0: 11–19

Boehmite 2.057 pH: 4.5–7.5 [50]
C0: 5–50

MnO2 coated tamarind fruit 1.99 pH: 6.5 [51]
C0: 2–5

ZCOP 5.605 pH: 6.0 Present work
C0: 2–50 mg L−1

Fig. 11. Comparison of adsorption of fluoride in synthetic
water and collected ground water sample; amount of
adsorbent: 7.0 g/L; time of contact: 50 min; temperature:
(25 ± 2)˚C.
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4. Conclusion

This study reports the formation of a new adsor-
bent zirconium-impregnated modified orange waste
(ZCOP) which was used for the removal of fluoride
from ground water. The conclusions of the study are
reported below:

(1) Maximum fluoride removal could be achieved
at an adsorbent dose of 0.7 g L−1 at neutral
pH which shows that the adsorbent can be
used directly with the sample water at its nat-
ural pH without any pre-treatment.

(2) The adsorption process followed a pseudo-sec-
ond-order kinetic model. By the analysis of
the compiled data of the error functions, it can
be concluded that the D–R isotherm model is
the most suitable model to satisfactorily
describe the studied adsorption phenomenon
based on the highest R2 value and lowest SSE,
SAE, ARE, HYBRID, and MPSD values.

(3) The value of E was found to be 9.0535 kJ mol−1

suggesting that the adsorption proceeds by
ion-exchange process. The value of ΔG˚ at all
temperatures was negative showing the spon-
taneity of the adsorption process. Further, the
positive value of ΔH˚ confirms the endother-
mic nature of the process. The value of ΔS˚
was 0.206 kJ mol−1 K−1 indicating a relatively
ordered state rather than a chaotic distribution.

(4) The presence of co-anions in the water sample
such as NO�

3 , Cl
−, SO2�

4 had no effect on the
removal of fluoride. However, the presence of
HCO�

3 and PO3�
4 reduced the efficiency of

adsorbent for selective fluoride removal.

(5) The adsorbent can be regenerated and hence
can be reused up to 8th cycle which makes it a
potential adsorbent for the removal of fluoride.
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