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ABSTRACT: Fixed-bed column adsorption studies are performed with metal-complexed polyvinyl alcohol (PVA) hydrogel beads
to remove fluoride from groundwater. The fixed-bed column (bed height = 8 ± 0.2 cm) of copper−zirconium−PVA (PCZH),
zirconium−PVA (PZH), and iron−zirconium−PVA (PFZH) hydrogel beads have equilibrium fluoride removal capacities of 17.26
± 0.05, 31.67 ± 0.05, and 11.84 ± 0.05 mg g−1 from a 10 ± 0.20 mg L−1

fluoride solution of pH 6.5 maintained at a flow rate of 1 ±
0.01 mL min−1. The breakthrough curves for fluoride adsorption are analyzed by non-linear empirical models of Thomas, Bohart−
Adams, Yoon−Nelson, and semi-empirical bed depth service time models. The maximum fluoride adsorption capacities obtained
from the Thomas model are 25.66 ± 0.05, 38.17 ± 0.05, and 13.75 ± 0.05 mg g−1 for PCZH, PZH, and PFZH. Moreover, the
column of PZH (bed height = 4 ± 0.2 cm) removes about 1.67 ± 0.05 mg g−1 of fluoride from the alkaline groundwater sample with
high total dissolved solids containing 2.84 ± 0.20 mg L−1

fluoride maintained at a flow rate of 0.5 ± 0.01 mL min−1. The fluoride
removal efficiency decreases marginally (<1 ± 0.02%) in the presence of interfering ions such as chlorides, sulfates, phosphates,
bicarbonates, and nitrates. Furthermore, the fixed-bed column (bed height = 4 ± 0.2 cm) of PCZH, PZH, and PFZH remove 7.40 ±
0.05, 14.85 ± 0.05, and 6.53 ± 0.05 mg g−1 fluoride, respectively, even after the third regeneration cycle. Additionally, the hydrogel
beads are effective in the removal of arsenate (≤90 ± 0.02%) and chromate ions (≤96 ± 0.02%) from 100 ± 0.20 mg L−1 solution in
batch adsorption studies. Therefore, the hydrogel beads could be used as potent filters for the removal of fluoride, chromate, and
arsenate ions from water.

1. INTRODUCTION

Groundwater is widely used for domestic needs. However,
the presence of high fluoride content in groundwater is a
matter of concern. Earth’s crust has about 625 mg kg−1 of
fluoride, which is mainly present in minerals such as fluorite,
topaz, cryolite, amphiboles, sellaite, apatite, villiaumite, mica,
and certain clays.1 The concentration of fluoride in
groundwater also depends on lithology, residence time,
seasonal changes, and local pollution caused mainly by
anthropogenic sources such as industries, oil refineries, coal
burning, or leakages in the aquifers.1,2 Fluoride contamination
of groundwater is a global issue affecting several million
populations of Asia, Africa, and United States of America.3

In India, fluoride contamination is rampant in the southern
and western regions encompassing the districts of Andhra
Pradesh, Telangana, Kerala, Uttar Pradesh, Uttarakhand,
Bihar, Jharkhand, and West Bengal. The fluoride concen-
tration in groundwater varies from 0.6 to 7.8 mg L−1 in these
regions.1,2,4Dfig6 The permissible limit of fluoride in drinking
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water is 1 mg L−1, as per the Bureau of Indian Standards
(BIS), while it is 1.5 mg L−1 according to the World Health
Organization (WHO). Ingestion of excess fluoride causes
dental, skeletal, and non-skeletal fluorosis. Moreover,
accumulation of fluoride in the body has adverse effects on
the gastrointestinal, reproductive, and nervous systems.5

There are several mitigation strategies used to curb the
fluoride menace, namely, ion exchange, precipitation,
adsorption, electrocoagulation, nanofiltration, and other
membrane processes.6,7 Membrane filtration and electro-
coagulation techniques are energy-intensive and have high
maintenance costs. The membrane and electrodes used for
the process need frequent replacement and are often costly.8

However, adsorption has attracted wide attention of
researchers due to its cost-effectiveness, high selectivity, and
good efficiency. In order to establish a contact between the
adsorbate and the adsorbent, different adsorption techniques
are used which include batch, continuous fixed-bed,
continuous moving bed, continuous fluidized bed, and
pulsed-bed adsorption.9 Though batch fluoride adsorption
studies are effective in the optimization of various parameters,
column fluoride adsorption studies are effective in proving
the practical applicability of the adsorbents for water
treatment. The adsorbent is tightly packed in a column,
and the fluoride solution passes through it continuously at a
fixed flow rate. This model is widely used in industries to
treat a large quantity of pollutants.9 Thus, in the current
work, fixed-bed adsorption studies are carried out with the
metal ion-complexed PVA hydrogel beads for efficient
fluoride removal to develop potent filters for defluoridation.
Although there are many reports on batch adsorption

studies for fluoride removal, there are a few reports in
literature about fixed-bed column studies as the process is
time-consuming and requires a longer optimization time.9

Nevertheless, mathematical modeling of the fixed-bed column
adsorption process reduces the time required for optimization
of column parameters for efficient adsorption. Moreover,
careful experimental design of different parameters involved
in the study could be done by using a surface response
methodology to make the process very efficient and to
minimize the optimization time.10,11 So far, researchers have
used clays, metal-loaded bio-sorbents, mixed metal oxides,
and carbonaceous materials as adsorbents for the fixed-bed
fluoride adsorption studies. However, the materials reported
so far have not been effective in the defluoridation of
groundwater due to high interference from other competing
ions.6,7,12−17 Moreover, these adsorbents have good fluoride
removal capacity predominantly at an acidic pH. To
overcome these challenges, self-assembled zirconium
(PZH)-, iron−zirconium (PFZH)-, and copper−zirconium
(PCZH)-complexed PVA hydrogel beads are synthesized,
which have good regenerability, wide pH applicability, and
good selectivity for fluoride even for groundwater samples.18

In the current study, the fluoride adsorption efficiency by the
fixed-bed column of cylindrical metal−PVA hydrogel beads is
explored by experimental techniques. In addition, mathemat-
ical modeling of the breakthrough curve is done to obtain the
parameters for fixed-bed column adsorption. To the best of
our knowledge, this is the first study on a fixed-bed column
of metal−PVA hydrogel beads for effective fluoride
adsorption from the groundwater sample. Moreover, due to
good anion binding ability of the hydrogel beads, they are
also tested for the removal of potentially toxic metal ions likeT
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arsenic (V) and chromium (VI), which predominantly exist
as AsO4

3− and CrO4
2−, respectively, in aqueous solution.19,20

Therefore, the hydrogel beads could be used for the effective
removal of fluoride, arsenate, and chromate ions.

2. MATERIALS AND METHODS

2.1. Materials. Zirconium oxychloride octahydrate
(ZrOCl2·8H2O, 98%) and trans-1,2 diaminocyclohexane-
N,N,N,N-tetraacetic acid monohydrate (CDTA monohydrate,

98%) were purchased from Sigma-Aldrich. Polyvinyl alcohol
(molecular weight = 1,45,000; degree of hydrolysis = 98−
99%), sodium fluoride (NaF, 99.99%), sodium hydroxide
(NaOH, 99%), hydrochloric acid (HCl, 37−38%), acetic acid
(CH3COOH, 96%), copper sulfate pentahydrate (CuSO4·
5H2O, 99%), ferric nitrate nonahydrate [Fe(NO3)3·9H2O,
98%], glutaraldehyde [OHC(CH2)3CHO, 50 wt % solution
in H2O], and potassium chromate (K2CrO4, 98.5%) were
procured from Merck, India. Sodium arsenate heptahydrate
(Na2HAsO4·7H2O, 98%) was obtained from Loba Chemie

Figure 1. Breakthrough curves (Ct/C0 vs time) for the fixed-bed fluoride adsorption by PCZH, PFZH, and PZH, variation in: (i) flow rate
(a,c,e), and (ii) bed height (b,d,f).

Figure 2. Breakthrough curves (Ct/C0 vs effluent volume) for fluoride adsorption by PCZH, PFZH, and PZH, variation in: (i) flow rate (a,c,e),
and (ii) bed height (b,d,f).
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Pvt. Ltd., India. All chemicals were of analytical grade and
used without further processing. The solutions were prepared
in Milli-Q water (Direct Q UV-8, 18 MΩ cm−1).
2.2. Synthesis of Metal-Ion−PVA Hydrogel Beads.

The metal-ion−PVA hydrogel beads are obtained by simple
one-pot synthesis. A 10 wt % (w/v) solution of PVA and
0.20 ± 0.02 mol L−1 of the metal salt with 20 ± 0.02 μL of
50 wt % (v/v) glutaraldehyde are added in a vial, and the
solution is homogenized in a vortex shaker. The solution
gelates and self-assembled cylindrical beads are formed on
heating at 70 ± 2 °C. The hydrogel beads are washed and
subjected to freeze−thaw cycles.18 Finally, the polymer
hydrogel beads are dried at 90 ± 2 °C and used for column
adsorption studies.
2.3. Optimization of Column Parameters. The

physico-chemical characterization of the metal-ion-incorpo-
rated hydrogel beads is performed. The effects of pH,
temperature, interfering ions, and initial fluoride concen-
trations on the batch adsorption process are optimized
(Table 1). The experimental results of fluoride adsorption
studies and the characterization of the hydrogel beads
establish that fluoride uptake occurs mainly by chemical
bonding, hydrogen bonding, and pore diffusion. The

thermodynamic parameters of adsorption are computed
from the adsorption equilibrium studies at 25, 35, and 45
°C.21,22 The standard Gibb’s free energy of adsorption (ΔGo)
is calculated as

G RT Klno
cΔ = − (1)

where KC, the dimensionless equilibrium constant, is obtained
by converting Langmuir constant KL, which is given by eq 2.

K K M55.5 1000C L w= × × × (2)

where Mw is the molar mass of the analyte used in the study
(i.e., NaF).
The standard enthalpy (ΔHo) and standard entropy (ΔSo)

of adsorption are obtained from the van’t Hoff equation

K
H

R T
S

R
ln

1
C

o o
= −Δ × + Δ

(3)

The evidence of chemisorption of fluoride by the hydrogel
beads is confirmed by thermodynamic calculations of batch
adsorption studies (Table 1).18 This is also reinforced by the
Fourier transform infrared (FT-IR) spectral analysis of the
hydrogel beads. The spectra of hydrogel beads are obtained
using a FT-IR spectrophotometer (Spectrum 2, PerkinElmer,

Figure 3. Non-linear mathematical model fit (Thomas, Bohart−Adams, and Yoon−Nelson) for the breakthrough curves of PCZH, PFZH, and
PZH, variation in: (i) flow rate (a,c,e) and (ii) bed height (b,d,f).

Figure 4. BDST model: (a) PCZH, (b) PFZH, and (c) PZH.
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USA). Furthermore, for the fixed-bed column adsorption
studies, parameters such as bed height and flow rate are
optimized.

2.3.1. Lab-Scale Fixed-Bed Column Adsorption Studies.
Fabricated borosilicate glass columns with 1.3 cm inner and
1.5 cm outer diameters and lengths of 5 and 10 cm are used
for the study. These dimensions are chosen to make a potent
portable fluoride water filter for commercial applicability.23

The dried hydrogel beads are packed into the column and
plugged with cotton on either side of inlet and outlet, for
continuous flow fixed-bed studies. Columns with bed heights
of 2 ± 0.2, 4 ± 0.2, and 8 ± 0.2 cm are chosen for the study.
On passing the fluoride solution, the hydrogels swell up due
to the high swelling ability, thereby reducing the void spaces
in the column. As the hydrogels exhibit pH-independent
behavior in a wide pH range (3.0 ± 0.2−9.0 ± 0.2), the
column adsorption is carried out with a fluoride solution of
pH 6.5 ± 0.2 (Table 1).18 The groundwater fluoride
concentration is generally found to be ≤10 ± 0.20 mg L−1

in India.1,2,4 Hence, for fixed-bed column adsorption, the
influent fluoride concentration (C0) is maintained at 10 ±
0.20 mg L−1, and all the studies are conducted at 25 °C.
Three different flow rates (0.10 ± 0.01, 0.50 ± 0.01, and 1.0
± 0.01 mL min−1) are maintained using a peristaltic pump
(Ismatec Reglo ICC, Cole Parmer, Germany) with the
fluoride influent pumped in the upward direction to avoid
channeling.17 The adsorbent bed heights are fixed at 2 ± 0.02
cm (adsorbent dosage = 0.9 g), 4 ± 0.02 cm (adsorbent
dosage = 1.8 g), and 8 ± 0.02 cm (adsorbent dosage = 3.6
g). Water is collected from the column outlet every hour, and
the effluent fluoride concentration (Ct) is measured using a
bench top meter with a fluoride-ion selective electrode
(Orion A124, Thermo Fischer Scientific, USA) using TISAB
II.24 The fluoride ion-selective electrode has a limit of
detection of ±0.02 mg L−1 (10−6 mol L−1) and could be used
in the temperature range of 0−80 °C. The reproducibility of
data is ±2% on regular calibration, and the electrode has a
linear range of operation for a slope between −54 and −60
mV. This is obtained by calibrating the electrode with three
fluoride standards of a 10-fold difference in the concentration.
The electrode could be used for the detection of the fluoride
concentration as low as 0.02 mg L−1.

2.4. Evaluation of the Breakthrough Curve. The
performance of the column packed with PZH, PCZH, and
PFZH beads are evaluated based on the breakthrough curves.
Breakthrough curves are a plot of the ratio of effluent
concentration to the influent concentration (Ct/C0) versus
time. The shape of the breakthrough curve and time required
for breakthrough plays a significant role in interpreting the
dynamic behavior of the column and improves the opera-
tional design. The steepness of the breakthrough curve also
provides the information about the extent to which the
adsorbent bed could be utilised.25

The column breakthrough time (tb) is taken when Ct ≤1.5
± 0.2 mg L−1 and the saturation time (ts) is chosen when theT
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Table 4. Parameters Obtained from the BDST Model for
the Hydrogel Beads

beads N0 (±0.05 mg L−1) kBDST (±0.0001 L mg−1 min−1) R2

PCZH 67.04 1.51 × 10−2 0.95
PFZH 57.67 1.74 × 10−2 0.99
PZH 60.47 3.47 × 10−2 0.99
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effluent concentration is 95% of the initial concentration (10
± 0.2 mg L−1).14,26 The effluent volume (Veff) passing
through the column is given by

V Q teeff = (4)

where Q is the flow rate (L h−1) and te is the column
exhaustion time.27

The amount of fluoride in the column (min,t, mg) at time, t

(h), is given by

m C Q tin,t 0= (5)

where Q is the flow rate (L h−1) and C0 is the initial

concentration of the fluoride solution (mg L−1).

Figure 5. FT-IR spectra of polymer hydrogel beads before and after fluoride adsorption.

Scheme 1. Mechanism of Fluoride Adsorption by Fixed-Bed Column of Metal−PVA Hydrogel Beads

Table 5. Evaluation of the Column Performance

beads flow rate (±0.01 mL min−1) bed height (±0.2 cm) DoSU (±0.02%) SUR (±0.05 g L−1) number of bed volumes (±0.10)

PCZH 0.50 2 54.94 12.50 135.68
0.10 4 56.93 6.52 52.01
0.50 4 37.42 2.61 138.03
1.00 4 28.03 1.58 214.83
0.50 8 59.30 0.85 197.87

PZH 0.50 2 52.14 13.64 124.37
0.10 4 22.07 11.53 29.40
0.50 4 25.68 2.61 130.03
1.00 4 5.82 1.43 237.44
0.50 8 34.20 2.18 155.47

PFZH 0.50 2 61.71 18.75 90.45
0.10 4 65.42 5.66 59.93
0.50 4 38.05 3.00 113.07
1.00 4 51.67 1.67 203.52
0.50 8 55.09 2.03 166.77
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The amount of unadsorbed fluoride (mout,t, mg) at time, t,
is calculated by multiplying the area under the dimensionless
curve with the initial concentration, C0, and the flow rate (Q)
is given by the equation

m C Q
C
C

td
t

out,t 0
0

t

0
∫=

i
k
jjjjj

y
{
zzzzz (6)

The amount of fluoride adsorbed (mad,t, mg) by the
column is given by

m m mads,t in,t out,t= − (7)

The equilibrium uptake capacity (qe, mg g−1) by the
column at saturation time (ts) is given by the equation

( )
q

m

M

C Q t

M

1 d
t C

C

e
ads,t 0 0s

s t

0
∫

= =
−

(8)

The uptake at breakthrough is given by

( )
q

m

M

C Q t

M

1 d
t C

C

b
ads,t 0 0b

b t

0
∫

= =
−

(9)

where M is the mass of the adsorbent in grams.23

The fluoride adsorption efficiency of the column packed
with hydrogel beads is given by

m

m
% Fluoride removal 100ads, t

in, t
= ×

(10)

The empty bed contact time (EBCT) of the column is
defined as

EBCT
Bed volume(mL)

Flow rate(mL min )1= − (11)

The greater values of removal efficiency, breakthrough
time, and saturation time indicate the good adsorption ability
of the hydrogel beads packed in the column.

3. RESULTS AND DISCUSSION
The efficiency of fluoride removal is largely dependent on the
bed height of the column and the flow rate of the analyte.9

The nature of the breakthrough curve is understood by
predicting the mass-transfer zone (MTZ) that exists in a
fixed-bed column. This is given by the equation

t
t

LMTZ 1 b

s
= − ×

i
k
jjjjj

y
{
zzzzz (12)

where L is the length of the column, tb is the breakthrough
time, and ts is the saturation time.
As a fluoride solution passes through the adsorbent in the

column, in the upward direction, the adsorbent in the lower
layers of the column adsorbs rapidly (Ct/C0 = 0). With time,
the lower layers get saturated and adsorption occurs in the
unadsorbed layers of the adsorbent and eventually, the
column gets saturated (Ct/C0 = 1). Thus, at a particular
initial concentration of the analyte, the rate at which the
column saturates depends on the flow rate (Table 2).
Moreover, the time required for column saturation also
escalates on increasing the bed height (Table 2). The
breakthrough curves are plotted with respect to time and
treated effluent volume (Figures 1 and 2).

3.1. Effect of the Flow Rate on Fluoride Adsorption
by Metal−PVA Hydrogel Beads. The fixed-bed fluoride
adsorption by the hydrogel beads is studied at three different
flow rates with a constant bed height of 4 ± 0.2 cm and an
inlet fluoride concentration of 10 ± 0.2 mg L−1. It is
observed that on increasing the flow rate from 0.10 ± 0.01 to
1 ± 0.01 mL min−1, the breakthrough and saturation time
decrease.28 This is because the contact time of fluoride with
the adsorbent decreases on increasing the flow rate (Table
2). Moreover, the fluoride removal efficiency is better for the
hydrogel beads at a lower flow rate as fluoride gets sufficient
time for interaction with the hydrogel beads. This also
justifies the higher breakthrough time for PCZH, PZH, and
PFZH at 46 ± 0.02, 26 ± 0.02, and 53 ± 0.02 h, at a flow
rate of 0.10 ± 0.01 mL min−1 (Figure 1a,c,e). However, on
increasing the flow rate, the equilibrium fluoride adsorption
capacity and the treated effluent volume increases. This is
because at a flow rate of 1 ± 0.01 mL min−1, more amount
of fluoride passes through the column (mint) and the fluoride
adsorbed (mads) by the column increases (Table 2).25 The
fluoride removal capacities are 31.67 ± 0.05 mg g−1 (PZH),
17.26 ± 0.05 mg g−1 (PCZH), and 11.84 ± 0.05 mg g−1

(PFZH) for an effluent flow rate of 1 ± 0.01 mL min−1.
Hence, a greater volume of fluoridated water is treated at a
higher flow rate (Figure 2). However, to facilitate sufficient
adsorbent contact time with fluoride and to improve the
fluoride removal efficiency, the flow rate of the analyte is
fixed at 0.50 ± 0.01 mL min−1.

3.2. Effect of Bed Height on Fluoride Adsorption by
Metal−PVA Hydrogel Beads. The adsorbent bed height
also plays a crucial role in designing the column for
groundwater treatment. Raising the height of packed
adsorbent in the column from 2 ± 0.2 to 8 ± 0.2 cm at
0.50 ± 0.01 mL min−1 flow rate brings about an increase in
the column breakthrough time (tb), saturation time (ts),

Figure 6. Regeneration curves for the fixed-bed column adsorption: (a) PCZH, (b) PFZH, and (c) PZH.
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treated effluent volume (Veff), and MTZ (Table 2). Hence,
the column efficiency depends on the adsorbent bed height.
It is observed that the effective MTZ increases on raising the
bed height in the fixed-bed column.29 The EBCT increases as
the bed height is increased. EBCT of the column with bed
heights, 2 ± 0.2, 4 ± 0.2 and 8 ± 0.2 cm are 5.31 ± 0.03,
10.62 ± 0.03 and 21.24 ±0.03 min, respectively. It is
observed that the fluoride removal efficiency of the column is
higher for 8 ± 0.2 cm bed height as the adsorbate−adsorbent
interaction is prolonged due to high EBCT (Table 2).30 Not
only that, the column saturation time nearly triples for PCZH
(47 ± 0.02 to 167 ± 0.02 h), PZH (74 ± 0.02 to 255 ± 0.02
h), and PFZH (39 ± 0.02 to 153 ± 0.02 h) when the bed
height changes from 2 ± 0.2 to 8 ± 0.2 cm. This
substantiates that the column with a greater bed height
could be used for a longer period of time (Figure 1b,d,f).
Moreover, a larger effluent volume is treated and the
efficiency of the column also improves at a bed height of 8
± 0.2 cm (Figure 2b,d,f).

3.3. Column Adsorption Models. The breakthrough
curves are analyzed using the three empirical kinetic models,
namely, Thomas, Bohart−Adams, Yoon−Nelson, and a semi-
empirical bed depth service time (BDST) model, to obtain
different parameters for fixed-bed adsorption31 (Figures 3 and
4). These models are chosen specifically to obtain the
maximum adsorption capacity and half-time of breakthrough
of the column, to understand the mechanism of adsorption
and efficacy of the column for fluoride removal.25 The
empirical models can be mathematically simplified into the
following non-linear expression23,31 which is given by

C
C

1
1 e a bt

t

0
( )

=
+ − (13)

However, the parameters “a” and “b” are different in the
models.

3.3.1. Thomas Model. The Thomas model is based on the
assumption that equilibrium adsorption data follows the
Langmuir adsorption isotherm and obeys pseudo-second-
order kinetics.27 The model assumes that the rate-limiting
step is devoid of diffusion and axial dispersion.
The linear equation of the Thomas model is given by

C
C

k q m

Q
k C tln 10

t

Th 0
TH 0− = −

i
k
jjjjj

y
{
zzzzz (14)

where kTh is the Thomas rate constant (L mg−1 h−1), C0 is
the initial fluoride concentration (mg L−1), Ct is the fluoride
concentration at any time, t (mg L−1), q0 is the fluoride
adsorbed per unit gram of the adsorbent (mg g−1), m is the
mass of the adsorbent (g), and Q is the flow rate of the
adsorbent (L h−1).
The non-linear equation of the Thomas model can be

expressed in the form of eq 13, which is given as

C
C

1

1 e k C t

t

0 ( )
k q m

Q
Th 0

Th 0

=
+ − (15)

The data obtained from the fixed-bed column studies are
fitted in the Thomas model (Figure 3). Parameter kTh
decreases with the increase in the flow rate (Table 3). This
indicates that a fluoride uptake predominantly occurs by
chemisorption. Moreover, the equilibrium adsorption data for
hydrogel beads fit well in the Langmuir adsorption isothermT
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in the batch adsorption studies.18 The value of q0 obtained
from the Thomas model is in good agreement with the
calculated equilibrium capacity, qe, indicating that this model
best describes the dynamic behavior of the column.26

3.3.2. Bohart−Adams Model. This model is based on the
assumption that equilibrium does not occur instantaneously.
The rate of adsorption is proportional to residual capacity of

the adsorbent and concentration of the adsorbate.27 The
linear equation of the Bohart−Adams model is given as
follows

C
C

k N L
u

k C tln 10

t

BA 0
BA 0− = −

i
k
jjjjj

y
{
zzzzz (16)

The non-linear equation for the Bohart−Adams model is
given by

C
C

1

1 e k C t

t

0 ( )k Z N
F

BA 0
BA 0

=
+ − (17)

where kBA is the Bohart−Adams rate constant (L mg−1 h−1),
N0 is the saturation concentration (mg L−1), Z is bed depth
of the column (cm), and F is the linear velocity (cm min−1).
The fixed-bed column data are fitted in the Bohart−Adams

model. It is observed that at a higher flow rate, the value of
N0 increases while kBA decreases (Table 3). However, the
value of N0 decreases on raising the bed height, which implies
that external mass transfer in the column adsorption process
plays a role and the adsorption occurs slowly.27

3.3.3. Yoon−Nelson Model. The Yoon−Nelson model is
based on the assumption that the decrease in the adsorption
rate depends on the probability of adsorption of the

Figure 7. (a) Borosilicate-column packed with PFZH beads, (b) laboratory-scale column set up, (c) ion-interference studies, and (d) non-linear
model fit (Thomas, Bohart−Adams, and Yoon−Nelson) for breakthrough curves of groundwater sample.

Table 7. Physico-Chemical Analysis of Groundwater
Before and After Fluoride Adsorption

after adsorption

parameter
before

adsorption PCZH PFZH PZH

pH (±0.01) 8.12 7.10 7.20 6.72
TDS (±2 mg L−1) 1100 245 257 290
hardness
(±0.01 mg L−1)

856.00 821.76 770.40 719.04

Na+ (±0.01 mg L−1) 308.10 299.70 304.81 288.80
K+ (±0.01 mg L−1) 3.38 3.26 3.35 3.11
Mg2+ (±0.01 mg L−1) 618.60 540.30 575.20 402.70
Ca2+ (±0.01 mg L−1) 856.65 721.65 590.05 714.89
conductivity
(±0.001 mS cm−1)

0.070 0.063 0.061 0.061

fluoride (±0.01 mg L−1) 2.84 0.00 0.00 0.00

Table 8. Parameters of Fixed-Bed Column Studies for Fluoride Adsorption by Hydrogel Beads Obtained from Breakthrough
Curves in the Presence of Interfering Ions

beads

flow rate
(±0.01
mL

min−1)

bed
height
(±0.2
cm)

min
(±0.02
mg)

mads
(±0.02
mg)

tb
(±0.02
h)

ts
(±0.02
h)

qe
(±0.05
mg g−1)

qb
(±0.05
mg g−1)

Veff
(±1
mL)

EBCT
(±0.03
min)

MTZ
(±0.02
cm)

DoSU
(±0.02%)

SUR
(±0.05
g L−1)

% fluoride
removal
(±0.02%)

PCZH 0.50 2 12.60 7.24 10 36 8.05 5.06 1260 5.31 1.44 62.88 3.00 57.46
PZH 0.50 2 24.68 12.75 11 60 14.17 6.15 2040 5.31 1.63 52.55 2.72 51.64
PFZH 0.50 2 10.80 5.38 6 30 5.98 3.45 1080 5.31 1.60 57.67 5.00 49.83
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adsorbate and the occurrence of breakthrough at the
adsorbent, which is given by the linear equation

C
C

k k tln 10

t
YN YNτ− = −

i
k
jjjjj

y
{
zzzzz (18)

The Yoon−Nelson model could be written in a non-linear
mathematical form given by

C
C

1
1 e k k t

t

0
( )YN YN

=
+ τ− (19)

where kYN is the Yoon−Nelson rate constant coefficient and τ
is the time required for 50% breakthrough.14

On fitting the data in the Yoon−Nelson model, it is
observed that the value of τ reduces at a higher flow rate
(Table 3). This is because the breakthrough is attained faster
due to reduction in the EBCT.23 It is observed that kYN is
inversely related to the bed height.14 The column with a
greater bed height has a longer saturation time as indicated
by a higher value of τ for PCZH (τ = 116 ± 0.02 h), PZH (τ
= 164 ± 0.02 h), and PFZH (τ = 113 ± 0.02 h) (Table 3).
3.3.4. Bed Depth Service Time Model. The efficiency of

the column depends on its ability to provide clean water for a
longer duration. The service time of the column for a specific
bed height is determined using the BDST model (Figure 4).
The model assumes that the rate of adsorption depends on
the interaction between the adsorbate and the unused
adsorbent in the column bed.9 This model was initially
proposed by Bohart and Adams and later modified by
Hutchins.31 The model is based on the linear relationship
between the bed height and service time of the column. This
is based on the assumption that the adsorbate is directly
adsorbed onto the adsorbent and there is a negligible
contribution by intraparticle diffusion or mass transfer. The
BDST model is given by the equation

t
N

C F
Z

k C
C
C

1
ln 10

0 BDST 0

0

t
= − −

i
k
jjjjj

y
{
zzzzz (20)

where t is the time at which breakthrough is attained (min),
F is the linear flow velocity (cm min−1), N0 is the adsorption
capacity of the bed in mg L−1, Z is the bed depth (cm), and
kBDST is the rate constant (L mg−1 min−1).
The bed saturation capacity obtained from the BDST

model indicates that PCZH removes a greater amount of
fluoride compared to other hydrogel beads (Table 4).
3.4. Mechanism of Fluoride Adsorption. Adsorption

equilibrium of the adsorbate in aqueous medium and the
solid adsorbent in a fixed-bed column is generally attained
due to axial dispersion, intra-particle diffusion resistance
(pore and surface diffusion) and film resistance.9 This can be
explained by considering the following stages of adsorption:
(1) fluoride is transported from the bulk solution into an

immobile layer of ions surrounding the hydrogel beads by
advective transport or axial dispersion to the hydrogel beads,
(2) fluoride can penetrate through the immobile layer to
reach the adsorbent surface sites, (3) adsorption can occur by
the binding of fluoride to the specific sites of the adsorbent,
and (4) the fluoride can also diffuse into the pores of the
hydrogel beads by intraparticle diffusion. The rate of fluoride
removal by hydrogel beads is dependent on one or more of
these commonly reported phenomena.32 In batch adsorption
studies, stage 1 and stage 2 can be neglected as the adsorbent
is stirred vigorously. However, in the fixed-bed column
adsorption studies, stage 1 and 2 also play a role in the rate-
determining step especially for the column of a greater bed
height.32 The binding of fluoride to the metal-incorporated
PVA hydrogel beads may occur by electrostatic interaction,
hydrogen bonding, and pore diffusion.18 FT-IR analysis of
spectra of the metal-incorporated hydrogel beads, post-
fluoride adsorption, proves the existence of the interaction
between fluoride and hydrogels (Figure 5). In the FT-IR
spectrum of metal−PVA hydrogel beads, characteristic peaks
of PVA such as the O−H, C−H, C=O, and C−O are
present.33 The peak corresponding to the O−Hstr is observed
at 3429 cm−1 in the FT-IR spectra. This can be attributed to
the M−OH and the free −OH groups present in the
polyvinyl alcohol of the hydrogel beads.34 The slight
broadening of the O−Hstr peaks could be due to the
hydrogen-bonded interaction existing between PVA
chains.35−37 The peak at 1630 cm−1 corresponds to the
stretching of the CC groups formed due to the heat
treatment of the hydrogel beads during the synthesis.38 The
semi-crystalline nature of PVA in the hydrogel beads is
confirmed by the appearance of a peak around 1100 cm−1

due to C−Ostr in the metal−PVA hydrogel beads. The
presence of the acetal group is confirmed by the appearance
of a peak at 1020 cm−1, which is due to the cross-linking of
PVA with glutaraldehyde.39 Apart from this, the characteristic
peaks in the region 450−850 cm−1 are attributed to the
existence of M−O bonds.40,41 The peaks at 801 and 466
cm−1 are due to the presence of Zr−O bonds in PZH, PFZH,
and PCZH beads.42 The peak for Fe−O in PFZH beads
appears at 663 cm−1, whereas the peak at 666 cm−1 is due to
the Cu−O bond in PCZH beads.41,43,44 After fluoride
adsorption, the peaks in the FT-IR spectra of the hydrogel
beads shift to a higher frequency with reduced intensity,
indicating the interaction of fluoride with the metal ions.45

The Zr−O peaks in the spectrum of PZH beads shift to 817
and 478 cm−1. After fluoride adsorption, the Zr−O peaks in
PFZH shift to 817 and 478 cm−1. The Fe−O peak is shifted
to 670 cm−1 in the spectrum of PFZH. A peak appears at 678
cm−1 in the spectrum for PCZH beads post-fluoride
adsorption. These changes can be taken as the evidence of
fluoride binding to the metal ions because the M−F

Table 9. Parameters of the Fixed-Bed Column of Hydrogel Beads for Fluoride Adsorption Obtained from Breakthrough
Curves for Groundwater Sample

beads

flow rate
(±0.01 mL
min−1)

bed
height
(±0.2
cm)

min
(±0.02
mg)

mads
(±0.02
mg)

tb
(h)

ts
(h)

qe
(±0.05
mg g−1)

qb
(±0.05
mg g−1)

Veff
(±1
mL)

EBCT
(±0.03
min)

MTZ
(±0.02
cm)

DoSU
(±0.02%)

SUR
(±0.05
g L−1)

% fluoride
removal
(±0.02%)

PCZH 0.50 4 5.70 2.71 34 57 1.50 1.12 2010 10.62 1.61 76.67 1.76 47.44
PZH 0.50 4 5.28 3.01 41 58 1.67 1.39 1860 10.62 3.72 85.74 1.46 56.92
PFZH 0.50 4 3.49 1.39 15 36 0.77 0.44 1230 10.62 2.33 61.23 4.00 40.10
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absorptions generally occurring in far IR regions are
undetectable by the FT-IR spectrophotometer.45

Moreover, the pore volume for the hydrogel beads is
comparatively smaller indicating that intraparticle diffusion
does not play a predominant role in enhancing the fluoride
removal capacity. Besides, the breakthrough curve shows a
steep increase, initially. This indicates that fluoride adsorption
before the breakthrough occurs rapidly due to the availability
of greater adsorbent sites (Scheme 1). Eventually, as the
fluoride gets adsorbed in the lower layers of the column, the
rate of adsorption slows down due to a decrease in the
availability of the binding sites (Scheme 1). After the
breakthrough, the fluoride adsorption might occur by
physisorption and pore diffusion. The adsorption of fluoride
at this stage may be controlled mainly by the mass-transfer
process involving the movement of fluoride ions into these
pores.46 Therefore, the overall rate of fluoride adsorption
slows down as confirmed by the low value of the rate
constant obtained by fitting the breakthrough curves in the
column adsorption models (Table 3).
However, the evidence of spontaneity of the fluoride

adsorption on hydrogel beads is obtained by calculating the
standard Gibbs free energy (Table 1). The ΔGo of the
adsorption process is −37.13 ± 0.02, −43.48 ± 0.02, and
−43.07 ± 0.02 kJ mol−1 for PCZH, PZH, and PFZH. The
high negative value of standard Gibbs free energy and the
enthalpy indicates chemisorption of fluoride on hydrogel
beads.8,21,47 Hence, based on the column adsorption models,
analysis of the breakthrough curves and the thermodynamics
of adsorption, it is proved that the fluoride adsorption to the
hydrogel beads occurs mainly by chemisorption.

3.5. Column Performance Indicator. The performance
of the column is evaluated based on the degree of sorbent
used (DoSU), sorbent usage rate (SUR), and the number of
bed volumes processed.
The DoSU during the adsorption is the ratio of fluoride

uptake at the breakthrough (qb) to the fluoride uptake at
equilibrium (qe), which is given by the equation

q

q
DoSU b

e

=
(21)

In addition, the SUR is defined as the unit mass of the
adsorbent (M in g) required to obtain a clean effluent before
the breakthrough (Vb in L) which is given by

M
V

M
Qt

SUR
b b

= =
(22)

Another, important parameter is the number of bed
volumes processed by the column, which is given by the
equation

V
Number of bed volume

Volume treated at breakthrough( )
Volume of adsorbent bed

b=
(24)

The higher value of DoSU indicates that the adsorbent
used for column adsorption has good fluoride removal
efficiency at the breakthrough. Similarly, a lower value of
SUR implies that lesser amount of the adsorbent is required
to treat contaminated water. The higher value of bed volumes
signifies that the column can be used for the treatment of a
larger volume of contaminated water.48T
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The degree of sorbent usage is higher for the column of
smaller bed height and lower flow rate. However, the degree
of sorbent usage is enhanced for a column of greater bed
height, even at a higher flow rate, as more adsorbent sites are
available for adsorption. Among the hydrogel beads, PCZH
exhibits the highest DoSU implying good fluoride removal
efficiency before the breakthrough.
On increasing the bed height, the SUR decreases, which

implies that a lower adsorbent dosage is required for
obtaining clean water at a greater bed height. For PCZH,
PZH, and PFZH beads, the SUR for a bed height of 8 cm is
0.85 ± 0.05, 2.18 ± 0.05, and 2.03 ± 0.05 g L−1, while
fluoride removal efficiencies are 74 ± 0.02%, 62 ± 0.02%,
and 61 ± 0.02%, respectively (Tables 2 and 5). Moreover,
the SUR are 1.58 ± 0.05 (PCZH), 1.43 ± 0.05 (PZH), and
1.67 ± 0.05 g L−1 (PFZH) at a flow rate of 1 mL min−1,
while a larger adsorbent dosage is required to treat 1 L of
fluoride-containing water at a lower flow rate.
The number of treated bed volumes depends mainly on

the flow rate of the fluoride solution. Increasing the column
bed height at a constant flow rate does not bring about a
drastic change in the treated bed volume. However, on the
flow rate from 0.10 ± 0.01 to 1 ± 0.01 mL min−1 increases
the number of processed bed volumes increase from 52.01 ±
0.10 to 214.83 ± 0.10 for PCZH, from 29.40 ± 0.10 to
237.44 ± 0.10 for PZH, and 59.93 ± 0.10 to 203.52 ± 0.10
for PFZH. The number of bed volumes processed by the
column of PCZH with a bed height of 4 ± 0.2 cm at a flow
rate of 1 ± 0.01 mL min−1 is the highest, which implies that
PCZH could be used for treating a larger volume of water.
3.6. Adsorbent Regeneration. The economic viability

of the adsorbent is determined by its reusability. In the
column adsorption studies, the fixed-bed column is recharged
by eluting with 0.10 ± 0.02 mol L−1 HCl for 2 ± 0.02 h at a
flow rate of 1 ± 0.01 mL min−1 (Figure 6). PFZH retains 51
± 0.02% efficiency, while PCZH and PZH have 54 ± 0.02%
and 46 ± 0.02% fluoride removal efficiency after the third
regeneration cycle (Table 6). This shows that fluoride
adsorption in the continuous flow system might require a
longer regeneration time. However, the calculated value of
equilibrium adsorption capacity does not change significantly
on reusing the hydrogel beads as the time required for the
saturation of the column is less affected on regeneration
(Table 6). This shows that the hydrogel beads have good
regenerability.18,49

3.7. Practical Applicability of Metal−PVA Hydrogels
for Water Treatment. The metal-incorporated hydrogel
beads exhibit good selectivity toward fluoride. A simulated

solution containing 10 ± 0.2 mg L−1
fluoride and 100 ± 0.2

mg L−1 of interfering ions such as nitrates, chlorides,
phosphates, bicarbonates, and sulfates is fed into a column
of 2 ± 0.2 cm bed height containing 0.90 ± 0.01 g of
hydrogel beads maintained at a flow rate of 0.50 ± 0.01 mL
min−1 (Figure 7c). Generally, these ions compete for the
adsorbent sites and lower the fluoride removal efficiency of
the adsorbent.48,50 However, in the case of the hydrogel
beads, the fluoride removal efficiency decreases marginally
even in the presence of interfering ions. The fluoride removal
efficiency is lowered by < 1 ± 0.02% in the simulated
solution containing interfering ions when compared with a
column subjected to a feed solution containing only 10 ±
0.20 mg L−1

fluoride (Tables 2 and 8). The fluoride removal
capacity of the column follows the order: PZH (14.17 ± 0.05
mg g−1) > PCZH (8.05 ± 0.05 mg g−1) > PFZH (5.98 ±
0.05 mg g−1). However, PCZH has good fluoride removal
efficiency at the breakthrough as DoSU is the highest (62.77
± 0.02%). This indicates that the column containing PCZH
reduces the fluoride content of water containing interfering
ions below the permissible limit for a longer duration.
However, a slight decrease in the column breakthrough time,
saturation time, and treated effluent volume is observed for
all the hydrogel beads in the presence of interfering ions.
Furthermore, the efficiency of the fixed-bed column of

PCZH, PZH, and PFZH is checked for its practical
applicability by subjecting it to a continuous feed of the
groundwater sample collected from the Anantapur district of
Andhra Pradesh, India (Figure 5). The physico-chemical
analysis of the groundwater is done before and after
adsorption (Table 7). The concentrations of K+, Mg2+,
Ca2+, and Na+ are estimated by microwave-assisted atomic
emission spectroscopy (MP-AES 4200, Agilent, USA). The
fixed-bed column adsorption of fluoride by the hydrogel
beads shows promising results (Tables 7−9). About 57 ±
0.02% of fluoride is removed from the groundwater by PZH
beads. The degree of sorbent usage is 86 ± 0.02% for PZH,
while it is 77 ± 0.02% and 61 ± 0.02% for PCZH and PFZH
beads which implies that the column could be used effectively
for defluoridation of groundwater (Table 9).
Mathematical models (Thomas, Bohart−Adams, and

Yoon−Nelson) are used for the analysis of the breakthrough
curve (Figure 7d). The equilibrium fluoride capacity
calculated from the Thomas model is well correlated with
the results obtained from the fixed-bed column adsorption
studies (Table 10). The time required for 50% saturation of
the column is PZH (48 ± 0.02 h) > PCZH (41 ± 0.02 h) >
PFZH (14 ± 0.02 h). Likewise, the saturation concentration

Figure 8. Removal of potentially toxic metal ions by the hydrogel beads from a solution containing: (a) only arsenate/chromate (volume = 10
mL) and (b) mixture of fluoride (volume = 5 mL), arsenate (volume = 5 mL), and chromate (volume = 5 mL).
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also follows a similar trend, PZH (61.87 ± 0.05 mg L−1) >
PCZH (53.59 ± 0.05 mg L−1) > PFZH (18.70 ± 0.05 mg
L−1). Thus, the hydrogel beads have good fluoride removal
capacity from alkaline groundwater containing high total
dissolved salts (Table 10).
Furthermore, the efficacy of the hydrogel beads for the

removal of other anionic contaminants such as arsenate and
chromate is also tested in batch adsorption studies. The
ingestion of these potentially toxic metal ions cause organ
failure and can be fatal.19,20 Therefore, the hydrogel beads are
used as adsorbents for the removal of arsenate and chromate
from 100 ± 0.2 mg L−1 solution of these ions. The residual
concentration of As (V) and Cr (VI) ions present in the
solution are estimated by microwave-assisted atomic emission
spectroscopy. About 90 ± 0.02%, 88 ± 0.02%, and 77 ±
0.02% of arsenate and 74 ± 0.02%, 90 ± 0.02%, and 96 ±
0.02% of chromate is removed by PFZH, PCZH, and PZH,
respectively (Figure 8a). The ability of the hydrogel beads to
simultaneously adsorb these contaminants is determined by
immersing 0.18 ± 0.02 g of hydrogel beads in a solution
containing 10 ± 0.2 mg L−1 of F−, and 100 ± 0.2 mg L−1 of
AsO4

3−and CrO4
2−. All the hydrogel beads are efficient in

bringing about instantaneous removal of contaminants
(Figure 8b). PFZH exhibits excellent removal efficiencies of
99 ± 0.02% (CrO4

2−), 92 ± 0.02% (AsO4
3−), and 96 ±

0.02% (F−). This shows that the hydrogels have multifarious
applications in water treatment.

3.8. Comparative Assessment of Fluoride Adsorb-
ents for Fixed-Bed Column Studies. Polyvinyl alcohol is
an environmentally benign and economically viable polymer.
Metal ions and glutaraldehyde are reacted with PVA to
obtain self-assembled hydrogel beads by one-pot synthesis.18

The metal−PVA hydrogel beads are more efficient in
bringing about defluoridation of water when compared to
the other adsorbents, which are used for fixed-bed adsorption
studies, as reported in the literature (Table 11). These
hydrogel beads remove fluoride at a wide pH range of 3−9,
while most of the adsorbents exhibit good defluoridation
capacity only at acidic pH.7,18,51 Moreover, the metal ions are
bound to the PVA matrix, which prevents secondary
contamination of the treated water (Table 1).18 The fixed-
bed column of bio-based adsorbents have shown good
fluoride removal efficiency from solutions containing higher
initial fluoride concentrations. These adsorbents remove
fluoride effectively at a greater flow rate. However, the
adsorbents reported in literature have been used only for the
removal of fluoride from simulated water samples (Table 11).
Because the fixed-bed columns of metal−PVA hydrogel beads
are used at a lower flow rate of 1 mL min−1, the columns
have a high exhaustion time for a bed height of 4 cm.
Moreover, the fixed-bed columns of metal−PVA hydrogel
beads are also effective in the removal of fluoride from
alkaline groundwater. This proves that metal−PVA hydrogel
beads can be used for the defluoridation of groundwater.

4. CONCLUSIONS
Defluoridation by a continuous-flow fixed-bed column of
PCZH, PZH, and PFZH indicate that the hydrogel beads
could be used to develop potent fluoride filters. The
breakthrough time of the column nearly tripled on increasing
the adsorbent bed height from 2 ± 0.2 to 8 ± 0.2 cm at a
constant flow rate. The hydrogel beads have a good fluoride
removal efficiency [PCZH (74 ± 0.02%), PFZH (61 ±T
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0.02%), and PZH (58 ± 0.02%)] when subjected to a
continuous feed of 10 ± 0.2 mg L−1

fluoride concentration.
The parameters obtained by fitting the breakthrough curves
in Thomas, Bohart−Adams, and Yoon−Nelson models
indicate that chemisorption predominates the adsorption
process in the fixed-bed column. The fixed-bed column of
hydrogel beads (bed height = 2 ± 0.2 cm) has good fluoride
removal capacities of 8.05 ± 0.05, 14.17 ± 0.05, and 5.98 ±
0.05 mg g−1 for PCZH, PZH, and PFZH, respectively, from a
10 ± 0.20 mg L−1

fluoride solution containing interfering
ions such as nitrates, bicarbonates, sulfates, phosphates, and
chlorides. Thus, the hydrogel beads exhibit good selectivity
toward fluoride. Additionally, the column of hydrogel beads
effectively removes fluoride even from the groundwater
sample and has good reusability. Moreover, PFZH exhibits
removal efficiencies of 99 ± 0.02% (CrO4

2−), 92 ± 0.02%
(AsO4

3−), and 96 ± 0.02% (F−) from a solution containing
100 ± 0.2 mg L−1 of chromate and arsenate ions and 10 ±
0.2 mg L−1 of fluoride ions in batch adsorption studies. This
indicates that these metal-complexed hydrogel beads have the
ability to simultaneously remove arsenate, chromate, and
fluoride anions from water and have potential industrial
applications.
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