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Sol—gel synthesis of alumina gel@zeolite X
nanocomposites for high performance water
defluoridation: batch and column adsorption
studyT
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Fluoride content in groundwater above the permissible limit is a major concern worldwide due to its
detrimental effects toward human beings. The development of a suitable adsorbent for water
defluoridation with high efficiency still remains a great challenge. In this work, an alumina gel@zeolite X
nanocomposite was prepared by modification of rice husk ash derived zeolite X with sol-gel derived
alumina sol at 70 °C/2 h. The crystallinity of zeolite X and the presence of the Si—O—Al vibrational band
in the nanocomposite material were confirmed by X-ray diffraction (XRD) and Fourier transform infrared
spectroscopy (FTIR), respectively. The presence of the adsorbed hydroxyl (OH™) group was confirmed by
an X-ray photoelectron spectroscopy (XPS) study indicating the binding energy (BE) at 533.2 eV of the O
1s spectra. During the adsorption process an electrostatic force of attraction and ion exchange
mechanism occur between protonated hydroxyl/surface hydroxyl groups and fluoride ions (F7). The
nanocomposite with a BET surface area of 257 m? g~ shows >99% fluoride removal for a 1-2 g L™!
adsorbent dose. In the batch study, the Langmuir model was found to be the best fitted adsorption iso-
therm showing the maximum adsorption capacity of 103.6 mg g™ for the adsorbent doses of 0.5 g L2,
while in the column study, the bed depth service time (BDST) model shows an adsorption capacity of

rsc.li/materials-advances 2933.55 mg L%,

Introduction

Fluoride levels in groundwater are due to the dissolution of
rocks as well as hydrogeological and geothermal factors. Based
on the concentration level, fluoride has both beneficial and
detrimental effects on the human body. Fluoride concentration
in the range of 0.8-1 mg L ™" as a micronutrient helps to prevent
dental caries particularly in children. However, a fluoride level
above a certain limit (>1.5 mg L") as prescribed by the World
Health Organization (WHO) causes dental and skeletal fluorosis.
Apart from this, fluoride toxicity has harmful effects on human
beings causing headaches, joint pains, non-ulcer dyspepsia,
polyuria, polydipsia, fatigue, anemiaetc, etc.! Defluoridation of
groundwater is becoming essential worldwide in terms of health
concerns.

For fluoride remediation from groundwater, different methods
are reported like coagulation and flocculation,” precipitation using
calcium containing ore,” anion exchange resin,’ electrodialysis,”
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membrane based technology,”” electrolysis,® adsorption,’ etc.
Among all these processes, the adsorption technique is widely
acceptable in terms of cost effectiveness, relatively low sludge
disposal, technological viability and better efficiency. Selection
of an effective adsorbent material is another key issue for
defluoridation via the adsorption technique. The adsorbents are
chosen based on their physico-chemical properties like porosity,
surface area, favourable kinetic and transport properties, thermo-
chemical stability, regenerative capacity and low cost. Ceramic
based metal oxides (alumina, magnesia, calcia, iron oxide, etc.),"
layered double hydroxides,"* ™ activated alumina,'® alumina
dispersed charcoal,"” porous alumina,® etc. are generally used for
water defluoridation.” Zeolite can be used as a potential adsor-
bent for the removal of heavy metals. It is worth mentioning that
zeolite without any modification shows a nominal adsorption
efficiency within the range 25-50 mg g~ ' towards the removal of
heavy metals.”® Therefore, prior modification using different
materials is needed towards water decontamination applications.
Recently, Angaru et al. reported the removal of industrial effluents
using sodium alginate (SA) and carboxymethylcellulose (CMC)
entrapped with bimetallic magnetic (nano zero valent iron and
nickel) fly ash zeolite (ZFN) with the composition of SA:CMC:
ZFN at 1:1:1 (weight ratio).”>** The adsorption capacities for

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Cu(n) and Cr(vi) were found to be 63.29 and 10.15 mg g ',
respectively. For defluoridation of water different modified zeo-
lites as adsorbents have also been reported.>*** Recently Rita et al.
reported alum modified zeolite and its efficiency toward fluoride
removal with a maximum adsorption capacity of 2.43 mg g~ *.>°
Yang et al. prepared Mn-Ti modified zeolite for water defluorida-
tion resulting in a maximum adsorption capacity of 2.17 mg g~ *.>°
Aluminum coated natural zeolite was also found to be effective
toward fluoride removal.”” However, the preparation of a zeolite
based composite adsorbent via a simple route with a high
adsorption capacity still remains a great challenge.

With the above motivating factors, in the present study we
have synthesized alumina gel@zeolite X nanocomposites using a
sol-gel process followed by its structural and surface textural
properties analysis. The synthesized material was utilized to
investigate its fluoride ion uptake capacity from water by a batch
and fixed bed column study. In a batch process, the performance
of the adsorbent was studied by varying the adsorbate and
adsorbent concentration, pH, temperature and competing ions
effect, whereas in a column adsorption process breakthrough
study was performed in terms of initial fluoride concentration,
flow rate and bed height of the column. The adsorption beha-
vioural pattern of the adsorbent for the removal of fluoride was
accomplished by applying different kinetic models.

Materials and methods
Materials

Aluminium nitrate nonahydrate (>98%), ammonia solution
(25 wt%), sodium hydroxide pellet (>97%), and sodium fluoride
(>97%) were purchased from Merck, India while sodium aluminate
(45% Na,O + 55% Al,O3) was procured from Sigma-Aldrich. Rice
husk ash (95% SiO,) was collected from J. M. Biotech Pvt. Ltd, India.

Synthesis of alumina gel@zeolite X nanocomposite

Zeolite X was prepared from rice husk ash (RHA) as a silica
source mentioned in our previous report.”® In a typical process,

Sodium aluminate
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7 g of RHA was digested in the presence of 5.25 M NaOH
solution (50 mL) under stirring at 85 °C for 2 h. Sodium
aluminate powder (4.4 g) in 20 mL water was introduced in
the above digested dispersion followed by stirring for 20 min.
The whole dispersion was hydrothermally treated at 90 °C for
6 h to obtain zeolite X powder. Alumina sol was prepared by
slow addition of ammonia solution into 1 M aluminium nitrate
solution under stirring at 60 °C for 8-10 h until a translucent
sol was obtained at a pH value around 4-5. For the synthesis of
the alumina gel@zeolite X composite, 5 g of as-prepared zeolite
X was added into 100 mL of alumina sol under stirring at 70 °C
for 2 h, and the pH was maintained at around 7 by the addition
of ammonia solution yielding a viscous slurry mass. It was then
dried at around 100 °C for 4-6 h to obtain an alumina
gel@zeoliteX nanocomposite.

The synthesis procedure for the alumina gel@zeolite X
nanocomposite is shown schematically in Fig. 1. In the first
step, zeolite X was synthesized by digestion of rice husk ash
(RHA) in the presence of sodium hydroxide and sodium alu-
minate. Under hydrothermal reaction at 90 °C for 6 h, the
silicate of RHA extract interacts with sodium aluminate yielding
zeolite X with the formation of an Al-O-Si network in which
negatively charged AlO, and SiO, species are counterbalanced
by non-bridging Na“ ions in the network structure. In the
second step for the preparation of alumina sol, aluminium
nitrate solution undergoes a hydrolysis and polymerization
reaction in the presence of NH; solution at 60 °C/8-10 h
rendering alumina sol with an Al-O-Al network structure. At
pH 4-5, the sol particles are protonated and interact with
the Al-O-Si network of zeolite X particles through hydrogen
bonding resulting in an alumina sol-zeolite X suspension. By
adding further NH; solution at 70 °C/2 h up to pH ~ 7, a slurry
viscous mass composing of alumina sol and zeolite X particles
is formed. After heat treatment at 100 °C, the slurry is trans-
formed into an alumina gel@zeolite X nanocomposite
composed of adhered alumina nanoparticles surrounding
micron sized zeolite X particles.

solution
NaOH l Hydrothermal fo\ 9~ 7 °
':>_ - |:{> ~ i Na+,Si
Digestion 90°C/6 h o A ~o” O
RHA  g850°c/2h RHA digest Zeolite X o /O
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)
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Fig. 1 A schematic diagram for the synthesis of alumina gel@zeolite X nanocomposites.
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Characterization

The synthesized alumina gel@zeolite X nanocomposite was
characterized by X-ray diffraction (XRD) operating with Philips
X’Pert Pro (XRD, PW 3050/60) using CuKo radiation, X-ray
photoelectron spectroscopy (XPS,ULVAC-PHI), Fourier Transform
Infrared, FTIR (Spectrum two, PerkinElmer), N, adsorption—
desorption isotherms (Quantachrome (ASIQ MP)), field emission
scanning electron microscopy (FESEM, Zeiss, SupraTM 35VP,
Oberkochen, Germany) and transmission electron microscopy
(TEM, Tecnai G2 30ST (FEI)). The particle size of a nanocomposite
was also evaluated using a dynamic light scattering (DLS) method
(Zetasizer, ZEN 3600, Malvern, UK).

Batch adsorption study

For fluoride ion adsorption in a batch study, different experi-
mental parameters like adsorbate and adsorbent concentrations,
contact time, pH, temperature and competing ions were varied.
For recyclability and competing ions effect, an adsorbent dose of
2 g L " was used. Adsorption kinetic studies were performed by
varying the initial fluoride concentration for each of the adsor-
bent dose ie., 0.5, 1 and 2 g L™ ', Fluoride measurement was
carried out using an Ion Selective Electrode, ISE (Orion Versa
Star 90). The amount of g. (mg g~ ') was calculated using the
following equation.

e = (CO - Ce)(V/m) (1)

where, C, and C, represent the initial and final concentration of
adsorbate (mg L"), respectively, whereas V and m are the
solution volume (L) and mass (g) of the adsorbent, respectively.

For the regeneration study, 2 g L' of adsorbent after
adsorption treatment with 5 mg L™" fluoride (F~) solution for
120 min at pH 6.5, was treated with 0.1 M Na,CO; solution
under stirring conditions for 20 h. It was then filtered and
washed with DI water followed by drying to obtain the regen-
erated sample.

Column adsorption study

A continuous column adsorption study was performed in a
glass column of 3 cm ID and 60 cm height (Fig. S1, ESIT). Glass
wool of 0.5 mm size was placed above the adsorbent. For the
column study, different concentrations of influent fluoride
solution (2, 5 and 8 mg L") were used for the downward flow.
The flow rates were adjusted to 5, 10 and 15 mL min~ " and the
bed heights were maintained as 5, 10 and 15 cm. At regular
time intervals, the samples were collected from the exit of the
column and fluoride ion concentrations were measured by ISE.
It is worth noting that for the column study, downward flow
was chosen because it helps prevent bed lifting of the column.

For operational and dynamic behaviour of the adsorption
column, the breakthrough time and shape of the breakthrough
curve was studied. For the breakthrough curve, C,/C, was plotted
as a function of time, where C, and C, are the influent and
effluent fluoride concentrations at time ¢, respectively. The
amount of fluoride concentration adsorbed (gotar) by the alumina
gel@zeolite X nanocomposite in the column was determined

8546 | Mater Adv, 2022, 3, 8544-8556

View Article Online

Paper

from the area under the breakthrough curve of Cngs (mg L") vs
time (f) multiplied by the flow rate using the following equation:

le
Gtotal = AWQOO = %Jzzo Cadsdt (2)
where, Q (mL min ') is the flow rate, A is the area under the
breakthrough curve, ¢ is the total flow time and C,qs (mg L") is
the adsorbed concentration (Cy, — C)).
The amount of total fluoride ions introduced as influent in
the column (1) was determined by the following equation:

CO X Q X iotal
1000 )

Miotal=

The removal percentage (X%) of fluoride ions is calculated as
follows:

X% = Lol o 100 4)

Myotal

The desorption experiment was carried out by passing 0.1 M
NaOH solution at a flow rate of 2 mL min " followed by
washing with DI water until the pH of the effluent reached
~6.5.

Results and discussion
Characterization of alumina gel@zeolite X nanocomposites

Fig. 2(a) shows the XRD pattern of the alumina gel@zeolite X
nanocomposite with the appearance of characteristic peaks of
zeolite X at 26 values of 6.1, 11.7, 15.4, 20.1, 23.3, 26.6, 30.9 and
33.6 corroborating the ikl values of (111), (311), (331), (440),
(533), (642), (157) and (664), respectively (JCPDF File # 39-218).
However, no characteristic peaks of crystalline alumina poly-
morphs were noticed indicating its amorphous gel stage in the
synthesized material which was confirmed by comparing with
pure zeolite X crystalline peak obtained from our previous
study.”® The FTIR spectrum of the material is shown in
Fig. 2(b). The appearance of absorption bands at 3440 and
1640 cm™ ' is due to OH stretching and bending vibrations,
respectively. The Si-O-Si stretching and bending vibrations are
located at 990 and 460 cm™*, respectively; whereas the Si-O-Al
bending vibration is confirmed at 580 cm™".>? The shifting of
the stretching vibration of Si-O-Si to a lower wavenumber is
attributed to a decrease in bond strength with internal hydro-
gen bonding as Si-O- - -HO-Si and Si-O- - -HO-AL** The absorp-
tion bands at 662 and 735 cm™ ' are the signature of Si-O/Al-O
S4R symmetric bending and stretching vibrations of zeolite X,
respectively.’® It is to be noted that the sharp absorption peak
at 1385 cm ™ is due to the presence of NO; ™~ ions accumulated
during the synthesis of alumina sol from an aluminium nitrate
precursor.

The BET surface area of the alumina gel@zeolite X compo-
site was calculated from a N, adsorption-desorption isotherm
(Fig. 2(c)). The total surface area was found to be 257 m* g™ *
comprising of a micropore surface area of 198 m”> g~ and
mesopore surface area of 59 m”> g~ '. The BET isotherm shows
typical IV type with a H3 hysteresis loop signifying mesopore

© 2022 The Author(s). Published by the Royal Society of Chemistry
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nanocomposite.

characteristics above a relative pressure (p/p,) of 0.4. However,
the horizontal plateau at the lower p/p, range indicates the
zeolitic micropores. The total pore volume of the sample was
estimated to be 0.166 cm® g~ . Fig. 2(d) shows the BJH pore size
distribution curve with a pore size of 3.9 nm from the
desorption data, and the inset corresponds to the pore size
distribution obtained from the NLDFT method revealing
cylindrical pores with pore sizes of 0.98, 2.6 and 4.8 nm. It is
to be pointed out that unmodified zeolite X shows a surface
area of 703 m* g~ " with micropore and mesopore surface area
values of 623 and 80 m? g%, respectively.”® Interestingly, the
surface area decreased after modification of zeolite X with
alumina gel. However, the adsorption efficiency of alumina
gel modified zeolite X is higher than that of unmodified zeolite
X (discussed in the next section). It is inferred that for adsorp-
tion of fluoride ions, the surface area of the adsorbent is not the
sole factor but the presence of alumina gel with an abundance
of surface hydroxyl ions plays a significant role.

XPS of the sample was performed to study the surface
chemical analysis i.e., chemical and electronic states of the
elements, binding energy of the specific element and the
composition of the elements present in the sample. Fig. 3
shows the XPS results of the alumina gel@zeolite X nanocom-
posite: (a) full scan survey and (b) Al 2p, (c) Si 2p, (d) Na 1s and
(e) O 1s deconvoluted spectra. The Al 2p spectrum is centred at
74.18 eV associated with the BE of the Al-O bond while the BE
for Na 1s is found at 1072 eV. The deconvoluted Si 2p3/, spectra
with BE at 101.8 and 102.8 eV correspond to Si-O~ (non-bridging)
and Si-O-Si (bridging) bonds, respectively.’" Interestingly, the O
1s deconvoluted spectra show the BE at 530.2, 531.6 and 533.2 eV
which signify the presence of lattice oxygen (42.4%), surface
oxygen defects (49.2%) and adsorbed hydroxyl (OH™) groups

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(8.4%), respectively.>* The elemental composition (atomic%) of
Al, Si, Na and O was found to be 19.15, 5.84, 0.33 and 74.67%,
respectively. The Al and O contents are contributed from both the
zeolite X and alumina gel components in the nanocomposite
while Si and Na originate from zeolite X.

A microstructural study of the synthesized material is carried
out by FESEM and TEM. Fig. 4a and b show FESEM micrographs
with low and high magnification images. It is noticed that
nanometer sized alumina gel particles (50-100 nm) with a high
surface charge are aggregated surrounding the zeolite X parti-
cles. The gel particles with Al-O-Al linkage interacts with zeolite
X via hydrogen bonding and/or electrostatic interaction. The
TEM image of the alumina gel@zeolite X nanocomposite also
confirms the adherence of nanometer sized aggregated alumina
gel particles around the spheroid shaped zeolite X particles of
size around 0.5-1 pm (Fig. 4c). The adhered alumina gel particles
are indicated with a dotted red line. The particle size of the
nanocomposite was also determined by a dynamic light scattering
(DLS) method indicating an average particle size of 1.2 pum
(Fig. S2, ESIt). The atomic% composition of the element present
in the material is determined from EDS analysis (Fig. 4(d)). It
reveals Al, Si, Na and O atomic% as 20.82, 11.30, 1.15 and 66.73%,
respectively.

Batch adsorption experiment

Effect of contact time. Fig. 5(a) shows the % removal of F~
ions with the contact time keeping the initial concentration of
5mg L' (pH ~ 6.5) at 30 °C for different adsorbent doses of
0.5, 1 and 2 g L. It is clear that at 120 min of adsorption,
equilibrium is reached with a % adsorption of 96.2, 99 and
99.7% for adsorbent dosages of 0.5, 1 and 2 g L™, respectively.
Fig. S3(a) (ESIt) shows the change in adsorption capacity (g;)

Mater. Adv,, 2022, 3, 8544-8556 | 8547
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with time. It reveals that adsorption capacity is maximum for
0.5 g L™ of the adsorbent dose which is in decreasing order
with increasing the dose concentration.

Effect of initial F~ ion concentration. Fig. 5(b) shows that
with an increase in the initial F~ concentration (pH ~ 6.5), %
adsorption decreases for different adsorbent dosages of 0.5, 1 and
2 g L' for 120 min contact time at 30 °C. The decreasing trend
can be explained by the fact that with increasing F~ ions, the
adsorption sites get more screened by the accumulated adsorbate
species with the saturation of co-ordination sites rendering less
adsorption.*® Fig. S3(b) (ESIT) shows that the adsorption capacity
(ge) increased sharply with adsorbate dose. The adsorption capa-
city becomes higher with decreasing adsorbent dose.

Effect of adsorbent dose. Fig. 5(c) reveals that with an
increase in adsorbent dose, the % removal increased sharply
up to 4 g L' followed by reaching a saturation limit after
8 g L. It is worth noting that with an increase in adsorbent dose,
the accessible adsorption sites are increased rendering a larger
amount of fluoride uptake.>* However, the fluoride uptake capa-
city becomes saturated after a certain adsorbent dosage. The %
adsorption is >99% for an adsorbent dose in the range of
4-10 g L ". Fig. S3(c) (ESIf) shows that the adsorption capacity
(ge) decreased with increasing adsorbent dose.

8548 | Mater. Adv., 2022, 3, 8544-8556

To compare the adsorption capacity (mg g~') of alumina
gel@zeolite X nanocomposite with respect to zeolite X for the
removal of fluoride, the same experiment was carried out for
120 min with different adsorbent dosages (0.5, 1, 2 g L™"). The
adsorption capacities for both the zeolite X and alumina
gel@zeolite X were measured (Table S1, ESIf). It was found
that the adsorption capacity values for zeolite X were 2.6, 0.70
and 0.55 mg g ' for adsorbate dosages of 0.5, 1, and 2 g L™,
respectively, whereas those were 9.75, 5.02 and 2.40 mg g~ * for
alumina gel@zeolite X nanocomposites, respectively. It is worth
noting that modified zeolite (alumina gel@zeolite X) enhances
the adsorption capacity for fluoride ion removal.

Effect of temperature. To study the temperature effect on
adsorption, the initial F~ concentration was maintained at
5 mg L' for 120 min contact time at pH 6.5. Fig. 5(d) shows
that the % adsorption increases significantly with an increase
in temperature for 0.5 ¢ L™" to 2 g L™ " adsorbent dose. The
increasing trend with temperature is attributed to the endother-
mic nature of the process, therefore showing better fluoride
removal efficiency. Fig. S3(d) (ESIt) shows that adsorption
capacity (g.) increased slightly with increasing temperature.

Effect of pH. The pH of an aqueous solution plays a pivotal
role in adsorption because positively charged hydrogen ions

© 2022 The Author(s). Published by the Royal Society of Chemistry
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and negatively charged hydroxyl ions on the adsorbent surface
interact with F~ ions during adsorption. Fig. 6(a) shows that for
a 0.5 g L' adsorbent dose, the % adsorption drastically falls
after neutral pH. On the other hand, for 1-2 g L' adsorbent
doses no significant change of % adsorption occurs through a
wide range of pH. It is obvious that at higher pH, particularly
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for lower adsorbent doses (0.5 g L"), the affluence of hydroxyl
ions diminishes the adsorption of negatively charged fluoride
ions rendering a decreasing trend in adsorption. However,
pH has a minimal effect for a higher concentration of adsor-
bent which is important for practical applications. Fig. S3(e)
(ESIt) shows the change in adsorption capacity (g.) with pH.
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Fig. 6 Effect of (a) pH, (b) co-existing ion and (c) recyclability study for the adsorption of F ions by the alumina gel@zeolite X nanocomposite.

The adsorption capacity is maximum for an adsorbent dose of
0.5 g L™'; however, it decreased significantly after pH ~ 6.5.
For an adsorbent dose of 1-2 g L™, the adsorption capacity
remains almost the same throughout a wide range of pH (3-10).
Effect of co-existing anions. The presence of various co-
existing anions in natural groundwater may challenge the
removal efficiency of the adsorbent material during adsorption
of fluoride ions. The effect of co-existing anions like sulphate
(S0,*7), chloride (Cl17), nitrate (NO;~), and phosphate (PO,*")
was studied. Fig. 6(b) reveals that the % adsorption of F~
becomes 97.7% in the presence of Cl~, NO;~, PO,>” and
SO,>~ ions which contributed 6.9%, 2.6%, 19.7% and 9.88%
adsorption, respectively. It is to be noted that the lyotropic
series of different anions for AI*" is in the order of F~ > SO,*~
> ClI” > NO;~ which reflects the adsorption affinities of these
anions with the adsorbent containing AI**.>* Due to the larger
hydrated ionic radius of the phosphate ion compared to other
competing ions, the phosphate ion has the tendency to form
outer sphere complexes held by a long range electrostatic force
rendering higher adsorption.*® Moreover, PO,*>" ions are read-
ily hydrolyzed in solution rendering more hydroxyl ions, and
the adsorption sites become negative. This causes electrostatic
repulsion with F~ ions. Thus, a negative effect is the result for
adsorption of F~ ions in the presence of PO,*> ions.?”

Regeneration study

To study the effectivity of the adsorbent, the regeneration study
is one of the most important processes to be performed and
generally an alkaline solution is chosen to fulfil this purpose as
the hydroxyl ions show the ion exchange ability with fluoride
ions. The regeneration process was continued for up to five
cycles and the F~ adsorption run was continued for each cycle. It
is found that >90% adsorption is noticed up to the 3rd cycle

8550 | Mater. Adv, 2022, 3, 8544-8556

followed by a gradual decrease in fluoride removal efficiency for
the 4th and 5th cycles (Fig. 6(c)). During regeneration, the
fluoride ions are desorbed by the adsorption of the hydroxyl
ion. This is attributed to the fact that after regeneration with
some cycles, some hydroxyl groups are entrapped at the adsor-
bent surface which could not be removed completely by washing
with water. It inhibits to some extent further adsorption of
fluoride ions due to anion-anion repulsion between entrapped
OH  ions of the adsorbent and F~ ions of adsorbate. Thus,
removal efficiency starts decreasing gradually after the 4th cycle.

Adsorption kinetics

Pseudo first-order and pseudo-second order kinetics models
were applied for an adsorption study. Table S2 (ESI{) presents
the mathematical expressions and kinetic parameters obtained
from the above models. For first order kinetics, g. and &, (first
order rate constant) can be determined from the intercept and
slope, respectively obtained from the linear plot of In(g. — g,) vs.
t, while for second order kinetics, by plotting t/g, vs. t, the values
of g. and k, (second order rate constant) can be obtained from
the intercept and slope, respectively. The linear fitting curves
with the kinetic data are shown in Fig. S4(a) and (b) (ESIt) for
pseudo-first-order and pseudo-second-order models, respec-
tively. From the curves it is clear that pseudo-second-order
model is best fitted with correlation co-efficient (R*) values close
to unity, signifying chemisorption process of the adsorption. It is
obvious that for different adsorbent doses, F~ adsorption
decreased with increasing adsorbent doses (Table S2, ESIt).

Adsorption isotherms

The equilibrium adsorption data for different adsorbent doses
of 0.5,1 and 2 g L " were fitted with Langmuir and Freundlich
isotherm models. Table S3 (ESIT) represents the linear form of

© 2022 The Author(s). Published by the Royal Society of Chemistry
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the two models along with the parameters calculated from the
two isotherm curves. For the Langmuir Isotherm, the linear
plot of C./g. vs. C., the maximum adsorption capacity (gm(mg
g™ ')) and Langmuir adsorption constant (K;) can be deter-
mined from the slope and intercept, respectively (Fig. 7(a));
whereas, for the Freundlich isotherm, by plotting logg. vs.
log C, the adsorption intensity (ny) and Ky (Freundlich con-
stant) can be determined from the slope and intercept of the
linear plot, respectively (Fig. 7(b)). The higher correlation
coefficient R* obtained from the Langmuir isotherm curve
indicates the best fitting for the adsorption of F~ removal. It
is clear that there is an increasing trend of adsorption capacity
with a decrease in adsorbent dose rendering a maximum
adsorption of 104.16 mg g ' for the adsorbent dose of
0.5 ¢ L. Comparative data on maximum adsorption capacity,
kinetics and rate constant for fluoride ion adsorption by
alumina gel@zeolite X nanocomposite and reported adsor-
bents is presented in Table S4, (ESIt), which shows a better
adsorption capacity of the present synthesized nanocomposite.

Thermodynamic parameters

The thermodynamic parameters such as Gibbs free energy
(AG°), enthalpy (AH®) and entropy (AS°) were calculated using
the following equations.?®

(Co— Ce)
AG® = —RT In Ky, where K, = Te
InK{, = AS°/R— AH°/RT (5)
39-41

where K¢ is the equilibrium constant, R represents the
universal gas constant (8.314 ] mol™' K') and T is the
temperature in Kelvin scale. The Gibb’s free energy (AG°) values
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Table 1 Thermodynamic parameters of fluoride adsorption for different
adsorbent doses

AS°
( mol ' K

Adsorbent

dose (g L")  AH’ (k] mol™") AG° (k] mol™")

0.5 +6.225 +47.772 —8.249 at 303 K

—8.726 at 313 K

—9.204 at 323 K

—9.682 at 333 K

—10.160 at 343 K
—11.575 at 303 K
—12.835 at 313 K
—14.095 at 323 K
—15.355 at 333 K
—16.615 at 343 K
—14.840 at 303 K
—15.629 at 313 K
—16.413 at 323 K
—17.196 at 333 K

—17.979 at 343 K

1.0 +26.603 +126.870

2.0 +8.878 +78.310

obtained for the adsorption process at all temperatures are
listed in Table 1. AH® and AS° were determined from the slope
and intercept of the plot of In K, vs. 1/T (Fig. 7(c)). The positive
values of AH® indicate the adsorption process to be endothermic
which was observed for all three adsorbent doses 0.5, 0.1 and
2 ¢ L', and the value of AS° was also found to be positive for all
three cases indicating the increasing trend of randomness of the
adsorption process. The negative value of AG‘indicates the
process is spontaneous which in turn was found to be more
negative with increasing temperature."

Adsorption mechanism

Fig. 8 shows schematically a proposed mechanism for the adsorp-
tion of F~ ions by the alumina gel@zeolite X nanocomposite.
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Fig. 7 (a) Langmuir and (b) Freundlich isotherms, and (c) plot of n Kgq versus 1/T for fluoride ions adsorption.
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Two possible routes for fluoride adsorption onto the adsorbent
surface could take place: (i) electrostatic attraction between
protonated hydroxyl groups and fluoride ions and (ii) ion
exchange of fluoride ions with surface hydroxyl groups.
To understand the adsorption mechanism, the point of zero
charge (pHp,.) of the nanocomposite was studied varying pH
conditions. The pHy,. was calculated by the familiar mass
titration method*® varying different adsorbent concentrations
(0.005 to 4 g) which were added to 10 mL of 0.01 N NaCl
solution. The pH of the solution was plotted with the respective
mass of the adsorbent. An asymptomatic value of pH was
reached with increasing the mass of the adsorbent and the
equilibrium pH was considered to be the pH,, which
was found to be around 5.7 (Fig. S5, ESIT). Nanoporous zeolite
X with a high surface area enhances the adherence of

nanometer size alumina gel particles in the adsorbent. Alumina
gel contains a plethora of hydroxyl groups on its surface. In
acidic medium, below the pHp,, these hydroxyl groups
are protonated which helps facilitate the adsorption of fluoride
ions. However, in alkaline medium where the solution pH is
greater than pH,,. some of the hydroxyl groups could be
exchanged with fluoride ions, the rest of the hydroxyl groups
take part in electrostatic repulsion with negatively charged
fluoride ions. Thus, at higher pH the electrostatic repulsion
prevails over the exchange capability between negatively charged
hydroxyl and fluoride ions. It is worth mentioning that nanopor-
ous zeolite with a high surface area and surface hydroxyl groups
(protonated and non-protonated) of alumina gel play a signifi-
cant role for the adsorption of fluoride ions from aqueous
solution.
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Breakthrough curves for the adsorption of fluoride (a) at different initial concentrations, (b) at different flow rates and (c) at different bed heights.
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Column adsorption study

Effect of initial fluoride concentration. To study the effect of
influent concentration on the breakthrough curve, the initial
fluoride concentration was varied from 2 to 8 mg L™" keeping
the bed height at 10 cm and flow rate at 10 mL min~". Fig. 9(a)
shows the breakthrough curve obtained at different fluoride
concentrations. This illustrates that the time taken for bed
saturation was longer for a low initial fluoride concentration.
At a lower concentration gradient, the required amount of
fluorinated water was higher due to slower transportation with
an increase in mass transfer interface causing a decrease in the
mass transfer coefficient. As the initial fluoride concentration
increases, the slope of the breakthrough curve becomes stee-
per, giving rise to a smaller breakthrough and exhaustion time.
It was found that breakthrough time (C,/C, = 0.05) occurred
after 94, 59 and 36 h for fluoride concentrations of 2, 5 and
8 mg L', respectively. This phenomenon could be explained
by the fact that with increasing fluoride concentration, the
number of available fluoride ions increases rendering rapid
saturation of the bed column within a particular time span. At
the saturation stage, the excess fluoride ions remain unad-
sorbed, and the uptake capacity of the column is reduced. It is
worth mentioning that the mass diffusion process is affected by
the concentration gradient of fluoride ions. The higher concen-
tration gradient with higher driving force renders maximum
mass transfer.

Effect of flow rate. The effect of flow rate was studied at 5, 10
and 20 mL min~ " keeping the bed height at 10 cm and the
initial feed concentration at 5 mg L™ ". The breakthrough curves
at different flow rates are shown in Fig. 9(b). At a lower flow
rate, the adsorption process was found to be very effective
initially due to the availability of more adsorption sites which
gradually decreases with time leading to less effective adsorp-
tion. It was observed that with increasing flow rate, the break-
through curve becomes steeper giving rise to decreasing
breakthrough time as well as adsorbed ion concentration. At
a faster flow rate the solute could not reside in the column for a
longer time and the fluoride ions leave the column before the
adsorption equilibrium can be reached.***> Thus, at a lower
flow rate, the contact time of the fluoride ions with the
adsorbent materials becomes greater with high interparticle
diffusion which causes the removal efficiency to be higher
leading to a higher breakthrough and exhaustion time. The
interparticle diffusion is the rate of diffusion after the early
stages of adsorption determined by various parameters like
mass of adsorbent, initial concentration of adsorbate and
particle size.

Effect of bed height. Fig. 9(c) shows the breakthrough curves
obtained for the adsorption of fluoride ions with bed heights of
5, 10 and 15 cm in which 30, 60 and 90 g of adsorbent were
loaded, respectively in the column, keeping the flow rate at
10 mL min~' and initial feed concentration at 5 mg L™ '. From
the breakthrough profile it is observed that the curve for 5 cm
bed height is steeper compared to 10 and 15 cm ie., the break-
through time and exhaustion time increase with increasing bed
height. With increasing bed volume the adsorption sites also

© 2022 The Author(s). Published by the Royal Society of Chemistry
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increase which leads to greater mass-transfer interface with a
larger amount of fluoride ion adsorption. It is reported that with
an increase in adsorbent volume in the column the diffusive
mass-transfer overrides the axial dispersion of the adsorbate.
Therefore, efficient removal of contaminants can be achieved by
increasing the bed height which in turn will furnish more active
sites for considerable adsorption.

Kinetic models on breakthrough curves

For evaluating the adsorption efficiency, an adsorption study
on a fixed bed column is advantageous over the batch mode.
An effective study of breakthrough curves could be explained by
different mathematical models. In this study, the adsorption
behavioural pattern of alumina gel@zeoliteX nanocomposites
for the removal of fluoride was accomplished by applying
different models like Adams-Bohart,*® Thomas,*” Yoon-Nel-
son® and bed depth service time (BDST)*® for ascertaining the
individual factors of the column along with the extrapolation of
breakthrough curves.

Adams-Bohart model

The adsorption capacity of the adsorbent as well as the initial
part of breakthrough curves can be predicted by the Adams-
Bohart model. It also helps to predict the saturation concen-
tration of the adsorbate. This model considers surface reaction
theory by defining a relationship between C,/C, and ¢ in a
continuous arrangement in which instantaneous equilibrium
is not attained. The mathematical expression of this model can
be written as

C Z
In <€(t)) = KagCot — KagNy (F) (6)

where, C, and C, indicate effluent and influent adsorbate
concentration at time ¢, Kaz (L mg ' h™') represents the
Adams-Bohart rate constant, and N, (mg L"), Z (cm) and F
(cm min ") refer to the sorption capacity of the bed, bed height
and linear velocity, respectively. By plotting In(C,/C,) against
time (¢), line fitting curves are obtained. The values of N, and
K,p are obtained from the slope and intercept of the linear
plots, respectively. Fig. S6 (ESIT) shows linear regression ana-
lysis of the breakthrough curves using an Adams-Bohart model
at different (a) concentrations, (b) flow rates and (c) bed
heights. Table S5(a) (ESIt) summarizes the calculated para-
meters obtained from linear regression analysis. It is noticed
that kinetic constant K,p increases with increasing flow rate
and decreases with increasing initial fluoride concentration
and bed height. It is to be noted that at the initial stages of the
column adsorption study the entire system was occupied by the
external mass transfer.>® Interestingly, the adsorption capacity
N, increases with increasing influent concentration and flow
rate, but a reverse trend is observed for bed height which has
been found to be similar by Mukherjee et al. in their study of
biosorption of fluoride by an immobilized bead of NaA
zeolite.”"
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Thomas model

Thomas model is one of the most acceptable and widely used
models for the interpretation of performance theory of the
adsorption process in fixed bed columns. The assumptions of
this model mainly hold as: (1) the adsorption-desorption
process follows Langmuir kinetics, (2) pseudo-second order
reversible reaction kinetics and (3) negligible axial dispersion.
The Thomas model is applicable where external resistance and
intraparticle diffusion become insignificant throughout the
mass transfer process.? The linearized form of the Thomas
model is shown in the following equation.

ln<%—l):kiThquXW—kThXCOXZ )
t

0

where, C, (mg L") and C, (mg L") correspond to inlet and
outlet fluoride concentrations, respectively, kr, (L mg™* h™1) is
the Thomas rate constant, g, (mg g ') refers to equilibrium
fluoride uptake per gm of adsorbent, W (g) indicates the mass
of the adsorbent, Q (mL min~") is the flow rate and ¢ is the flow

. . Co . . -
time. By plotting In Yol 1 | vs. time ¢, line fitting curves are
t

obtained. The values of kr, and g, can be obtained from the
slope and intercept of the linearized plot, respectively. Fig. 10
shows linear regression analysis of the breakthrough curves
using the Thomas model at different (a) concentrations, (b)
flow rates and (c) bed heights. Table S5(b), ESL,i summarizes
the calculated parameters obtained from linear regression
analysis of the Thomas model. The Thomas rate constant kry,
increases with increasing flow rate and decreases with influent
fluoride concentration and bed height. It is attributed to mass
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transport resistance which decreases with an increase in flow
rate and a decrease in the initial fluoride concentration and bed
height of the packed column. The adsorption capacity, g,
(mg g ') increases with increasing initial fluoride concen-
tration and flow rate; however, it decreases with bed height.
The higher regression coefficient (R*) values obtained from the
Thomas model compared to other models fit well with the
experimental data. It demonstrates that internal and external
diffusions are not the rate limiting step.>®

Yoon-Nelson model

A simple model was established by Yoon and Nelson for
analysing the breakthrough performance of the column. The
Yoon and Nelson model indicates that the decrease rate of
adsorption probability for each adsorbate molecule is propor-
tional to the adsorbate adsorption probability and adsorbate
breakthrough probability. It is a simple model because it does
not require any detailed data regarding the characteristics of
the adsorbate, type of adsorbent or physical properties of the
adsorption bed. The mathematical expression of this model is
given as follows:

C
In{ —— | =Kynt— K 8
H(CO — Ct) YN YNT ( )

where, Kyn represents the Yoon-Nelson rate constant, t corre-
sponds to the time required for 50% breakthrough, C, (mg L")
and C, (mg L") are the effluent and initial fluoride concentra-
tions, respectively and ¢ (h) is the flow time. By plotting
C . . - .
In (?O— 1) vs. time ¢, line fitting curves are obtained. The
t
values of Kyy and t can be obtained from the slope and
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Fig. 10 Linear regression analysis of the breakthrough curves using the Thomas model at different (a) concentrations, (b) flow rates and (c) bed heights.
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intercept of the linearized plot, respectively. Fig. S7 (ESIt)
shows linear regression analysis of the breakthrough curves
using the Yoon-Nelson model at different (a) concentrations,
(b) flow rates and (c) bed heights. Table S5(c), ESI,T summarizes
the calculated parameters obtained from linear regression
analysis of the Yoon-Nelson model. The Yoon-Nelson rate
constant Kyy increases with increasing flow rate and initial
fluoride concentration while it decreases with increasing bed
height. It is to be noted that the values of Kyyx were found
to decrease with increasing t values upon increasing bed
height which indicates that the adsorbate breakthrough was
taking longer with increasing bed height. Meanwhile Kyy was
found to increase with increasing flow rate and initial fluoride
concentration while their corresponding t value shows a
decreasing trend.

Bed depth service time (BDST) Model

The BDST model holds a simple relationship between bed depth
and service time. This model helps anticipate the sustainability
of the removal capacity of a certain amount of adsorbent
material before the revival is required. The assumptions of this
model are that the adsorption rate is proportional to the residual
capacity of adsorbent as well as the concentration of the adsorb-
ing solute. The BDST model neglects both the external and
internal mass transfer resistance. A linear relationship between
bed height (Z) and service time (£) was proposed by Hutchins*®
which is as follows:

Nz 1

CoV  K.Co

In {% - 1} 9)

where K, (L mg ' h™") is the rate constant, N, (mg L") is the
sorption capacity, Cj is the initial fluoride concentration (mg L"),
Cp is the effluent concentration (mg L") and V (cm h™") corre-
sponds to the linear velocity. The service time was selected as the
time when C,/C, attains the value 0.05. By plotting service time (t)
vs. bed depth (2) at a flow rate of 19 mL min ™", the values of N,
and K, can be calculated from the slope and the intercept of the
plot, respectively (Fig. S8, ESIT). The linear plot with regression co-
efficient (R*) 0.9974 indicates the validity of the BDST model
with this column experiment. The BDST model parameters are
shown in Table S5(d) (ESIt). The adsorption capacity (Ny)
and rate constant (K,) were calculated as 2933.55 mg L~ " and
0.0430 L mg~" h™", respectively. The rate constant signifies the
transfer rate from fluid to solid phases. For avoidance of break-
through a short bed height is required for high K,, and for a low
K, value the bed depth should be high.

Among various kinetic models for the column study, a better
correlation with experimental data (R?) ranging from 0.95 to
0.99 is fitted for the Thomas, Yoon-Nelson and BDST models.
The Thomas model with no external and internal dispersion
limits is dependent on Langmuir adsorption-desorption energy
following second-order reversible reaction kinetics. The Yoon-
Nelson model is based on the assumption that adsorption rate
is proportional to the rate of decrease in adsorption. The BDST
model signifies that the rate of adsorption is maintained by the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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surface reaction between the adsorbate and unused capacity of
the adsorbent.

Desorption and regeneration study

After the exhaustion point is reached in the fixed bed column
experiment, the adsorbent alumina gel@zeolite X nanocomposite
is regenerated by desorption of the adsorbed fluoride ions. Fig. S9
(ESIf) shows the desorption-regeneration cycle for fluoride
removal. It was observed that the % removal of fluoride ions
decreases as 99%, 90%, 78% and 69% for the 1st, 2nd, 3rd and
4th cycle, respectively. The adsorption capacity of the regenerated
adsorbent decreased in each cycle which is attributed to the fact
that a quantity of fluoride ions was trapped into the pores of the
adsorbent and was difficult to remove during the desorption
process, deactivating the adsorption of fluoride ions to some extent.

Conclusions

Alumina gel@zeolite X nanocomposites were prepared via a
sol-gel process using alumina sol and hydrothermally synthe-
sized zeolite X particles. A microstructural study confirmed that
alumina gel particles (50-100 nm) are aggregated surrounding
the micron sized (0.5-1 pm) zeolite X particles. The synthesized
material was utilized for the adsorption of F~ ions via batch
and column studies. In a batch study, the % adsorption
increases with contact time, adsorbent doses and temperature
while it decreases with initial F~ ion concentrations. pH has a
minimal effect for adsorbent doses of 1-2 g L™'. Langmuir
isotherm shows the best fitting for the adsorption of F~
rendering a maximum adsorption of 104.16 mg g '. The
adsorption process is endothermic with a negative value of
AG° indicating the spontaneity of the process. In the column
study, the Thomas model fitted well with the experimental
data and breakthrough curve prediction, demonstrating that
internal and external diffusions are not the rate limiting step.
The adsorption capacity, ¢, (mg g~ ') increased with increasing
initial fluoride concentration and flow rate; however, it
decreased with bed height. The present work is significant for
the development of nanocomposite-based materials toward the
removal of different contaminants from water.
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