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Abstract

Excessive fluoride (F) in drinking water is a major problem affecting human health in many parts
of the world. Cost-effective adsorbents are required for the defluoridation of drinking water. A
carbon-based adsorbent, graphene oxide coated sand was produced from very inexpensive
materials, sugar and river sand and impregnated with zirconium (Zr) for defluoridation of water.
F adsorption by Zr impregnated graphene oxide coated sand (ZIGCS) at pH 4.0 satisfactorily
fitted to Langmuir and Freundlich adsorption models with a Langmuir maximum adsorption
capacity of 6.12 mg/g which is one of the highest values among th ~ other carbon-based economic
adsorbents reported for defluoridation. The adsorption of F on tr, £,5CS (point of zero charge of
pH 4.5) increased from pH 2 to 4 and then decreased up to 17. r:owever, considerable adsorption
capacity was observed throughout this pH range. Pseulo-second order model successfully
described the adsorption reaction kinetics. Fluoride *dscbed on to ZIGCS was effectively
desorbed using 0.1 M NaOH and the regenerated ~dsorbent maintained approximately 75% of
the original F adsorption capacity even after fivo .egeneration cycles. Thermodynamic data
revealed that the adsorption process was .ndothermic and spontaneous with increase in

randomness at the solid/solution interfce.
Highlights

1. ZIGCS, a product of Zirconium Impregnated Graphene oxide, anchored on Sand is a low cost

adsorbent for defluoridation ¢t waiter
2. The adsorbent is proav.~ea from inexpensive materials: table sugar and sand
3. Quick and rapid Removal of fluoride is possible with ZIGCS

4. It could retain 75% of its F" removal capacity even after five regeneration cycles



Keywords: adsorption, defluoridation, fluoride, graphene oxide, zirconium impregnated

graphene oxide.

1. Introduction

Fluoride (F) contamination of drinking water has been recognised as one of the major
problems in the global context due to its adverse effects on human health [1][2]. Depending on
the amount present in water, F is both tonic and toxic in nature It is treated as an important
mineral for protection against dental carries at lower concer ratins below 1 mg/L. On the
contrary, when it exceeds 1.5 mg/L it leads to serious healtl ha.ards such as skeletal and dental
fluorosis. As per the World Health Organization standa, s [3] the maximum permissible F
concentration in drinking water is 1.5 mg/L. In many ports of the world, F in groundwater used
for drinking exceeds 1.5 mg/L. Hence, knowledgr ¢ its removal, using a viable technique with
high efficiency is most needed. Among varic''s wchniques available, adsorption is the most

suitable and extensively used technique du » to ts simple operation and the low cost involved.

Carbon has been the most vere~tn. material used for water purification in history. Very
early account of the use of charce~! iv: vvater purification is found in the Vedic literature. It is
believed, people of Indus valle\ ¢ ilization used carbon and porous materials, such as earthen
vessels, for filtering and storii, urinking water. Today, carbon has become one of the most
common and trusted meern 1 for water remediation [4]. Activated carbons[5] derived from
various plant sources hea ‘e been widely used as adsorbents in water treatment. Carbon based
nanomaterials have fascinated the entire scientific community by their unique physiochemical
properties and wide range of applications. After the discovery of fullerene and carbon nanotubes
(CNTSs), research has been focused on another allotrope of carbon, and its derivatives. Graphene
and its derivatives (graphene oxide (GO), reduced graphene oxide (rGO)) are among attractive
newly emerging additions into the carbon family[6]. It is a carbon allotrope that has attracted
immense research in recent years. Graphene is a two-dimensional nanomaterial that has one to
ten layers of sp>-hybridized carbon atoms arranged in six-membered rings; whereas GO has
similar structure but with many oxygen based functional groups like hydroxyl (—-OH), alkoxy (C—
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0-C), carbonyl (C = 0), carboxylic acid (-COOH) [7,8]. Therefore, various kinds of defects are
brought into the (vacancy defect, hole defect) inert structure of graphene by means of the oxygen
functionalization present in GO structure. Defect rich structures such as these gives rise to many
unique properties in GO which makes it available for various applications[6][9]. Hence GO has a
backbone of graphene’s electron-rich = — system [10] and electron rich oxygen species [11].
Graphene possesses a large theoretical surface area (2630 m?/g) [12] and that of graphene oxide
in water was calculated to be 2418 m?g [13]. These properties make GO a potential

revolutionary adsorbent for environmental pollutant management.

However, there seems to be not much work done in ex,.'oring pure graphene as an
efficient adsorbent of F except the work of Li et al. (2011) {14, who studied the capacities and
rates of F adsorption onto graphene at different initial .4 and temperature. They reported a
Langmuir adsorption capacity of 35.59 mg F/g at pH = 7.0 and at 298 K for the graphene which
was shown to be among the highest adsorption cxnacities recorded for F. However, there are
numerous challenges to be faced in using grapt.en. Lased materials (graphene, GO, rGO) alone
as an adsorbent. The first is their high cos*. Tharetore, it is necessary to explore new preparation
techniques to produce them in bulk using inexgensive materials to decrease the cost of graphene
greatly. Secondly, pristine graphene 2.1 50 nanosheets aggregate heavily in water due to large-
area T -7 interactions and strong Van 1e. Waals interactions between the graphenic layers, which
inhibit the material’s powerful . 1so1ption capacity[15-17]. Thirdly, because of its small size, it
is difficult to separate the powde.'y material from suspensions in batch process of adsorption. In
column mode of adsorption, ned compaction and clogging may occur which can cause problem

of disruption of hydraulic “low and pressure head loss.

One promising strategy to overcome these problems is to load graphene and GO
nanosheets onto low-cost substrates [16], [18-20][21], which could allow the full expression of
the graphene/GO adsorption sites while simultaneously being easily separated from suspensions
as well as enable it to be used without any hindrance in column adsorption process. Recently,
studies have been conducted on F removal by graphene loaded on many materials such as
vegetal activated carbon impregnated with Zr[22], Zr oxide[23], Zirconium-Chitosan/ Graphene

Oxide Membrane [24], manganese oxide [25] and basic aluminum sulphate hydrogel [26].
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However, these composite graphene-based materials either had low F adsorption capacities or
not very inexpensive. Sand is an ideal low-cost framework material for mitigating graphene

aggregation because it is an inexpensive and widespread material that can be easily procured.

Zirconium and its complexes have been conventionally used for the colorimetric
determination of F due to the high affinity of Zr for F ion[27]. Since F is a hard base and Zr is a
hard acid, F forms a stable complex with Zr. Therefore, many studies have used Zr impregnated

graphene oxide-loaded adsorbents as useful adsorbent for defluoridation of water[22—24].

There have been few reports of synthesis of graphene-.ased materials from non-
conventional sources[28][29]. The main objective of this studv ‘s *o develop a highly efficient
inexpensive GO-based adsorbent for F management in cri, kirg water. To optimize practical
performance of GO materials in F management, GO na’iu."ects were loaded onto sand particles.
The substantial aggregation of GO nanosheets can be e.tily overcome via coating it on sand
particles, which then acts as a framework. The | c’er tial adsorption sites concealed in stacked
graphene would be exposed in the GO co=.1 sond (GCS), strongly enhancing the adsorption

potential of the GO nanosheets.

Extensive use of GO in F adsor.**on from water would have to overcome the relatively
high costs involved in its production. ‘I herefore, in the present work we have synthesized GO
from a low-cost material sugar .nd successfully anchored it on the river sand. Furthermore, Zr
was impregnated on to the GS "0 enhance its F uptake potential. The nature and morphology of
ZIGCS were charact~ri.ed Jy Scanning Electron Microscopy (SEM) and Raman spectra
analysis. Batch adsorption studies were performed as a function of contact time, initial F
concentration, pH and adsorbent dose and the data were fitted to adsorption models. To the best
of our knowledge, a nano adsorbent of this kind has not been explored for the defluoridation of

water.

2. Materials and methods
2.1. Materials



Common sugar and river sand (~0.2 mm particle size) were procured from the local market.
Analytical reagent (A.R) grade chemicals, HCI (37 %), H,SO4 NaOH pellets (97 %), ethanol
(99.9 %), NaF (99.9%) and ZrOCIl, (95%) were supplied by Merck, India and used without any
further purification. De-ionized water was used for the synthesis of the adsorbent and the

adsorption experiments.
2.2. Adsorbent preparation and impregnation

Graphene oxide was anchored on the river sand (GCS) according to the following procedure
[28]. Common sugar was used as the precursor for carbon. The suyar used in the experiments
was the common table sugar and was obtained from the local m.-ke(. Table sugar is made up of
sucrose. Sucrose is a disaccharide consisting of glucose anri 1.11ctose. The sugar was dissolved in
deionized water. River sand was introduced into the stga- sulution such that the sugar to sand
ratio was 1:10. The above mixture was dried in hot air ~.ve,» at 95° C with constant stirring for 6 h
to obtain sugar coated sand. The sugar-coated sar 9 m xture was heated in N, gas atmosphere by
controlling the temperature of furnace in o di¥erent stages. During the first stage furnace
temperature was increased to 200°C with a -amping rate of 3°C per minute. The second stage
was to maintain the furnace temperature a: 200 °C for 1 h. In stage 3, temperature was ramped to
750 °C in 1 h of time and the same w s maintained for 3 h. The resulting product at the end of

stage 3 was graphene oxide coat>a ~ana termed as GCS.
2.3.Acid activation of GCS

GCS was further acid ac.’vated before impregnating with Zr ions. In a typical procedure, 10 g of
Graphene oxide Sand Composite (GCS) was introduced in to a beaker containing 20 mL of
concentrated H,SQO,4. This solution mixture was kept intact for 1 h at room temperature, after
which it was filtered and the residue dried at 120 °C. The obtained product was termed as acid
Activated Graphene oxide Coated Sand (AGCS). The process of acid activation leads to
modification of GCS to obtain improved properties of surface area, pore diameters, number of

active sites for further reactions[30].



2.4. Zr impregnation of GCS

The AGCS was further impregnated with Zr ions. This was done by stirring AGCS in 5%
ZrOCl; solution at pH 1.6, at a solution/solid ratio of 4:2 at room temperature (298 K) for 5 days
[31]. The impregnated AGCS was filtered and rinsed several times till the effluent was free from
Zr and dried at 333 K. The obtained product was termed as Zr impregnated graphene oxide
coated sand (ZIGCS). In this process, the AGCS surface with enhanced properties as mentioned
above, would ensure uniform coating of its surface with Zr ions. This is an important step as

these ions play a significant role in fluoride adsorption process.
2.5.Characterisation of ZIGCS

The as synthesized ZIGCS was characterised by Ramai. spectra, XPS, SEM and XRD for
examining its chemical and physical properties. Ramc syectrum was utilized to confirm the
graphitic nature of the material anchored on *i sand and it was recorded with Raman
spectrometer (Horiba Yvoni HR550). Scanning <lecuon microscopy measurements were carried
out by using H-7100, HITACHI, Japan, ~lec’ron microscope operated at 200 KeV. The X-ray
photoelectron spectroscopy (XPS) analy~is was conducted for elemental analysis of ZIGCS using
S-83 probe TM 2803, Fisons instrun er.. »ith a monochromatic Al Ka x-ray source. The x-ray
diffraction data was obtained usir ; F.* Nalytical X Pert Pro system with Copper Ka as source (A

=1.5406 A) at room temperatiire
2.6. Fluoride determinauon and batch adsorption studies

Fluoride ion concentraficn in water samples was measured using F ion selective electrode
coupled with Orion STAR-A 214 meter by the potentiometric measurement. In order to suppress
the interference of other ions present in the solution, TISAB-II (Total lonic Strength Adjustment
Buffer) was added to each sample before making the measurement with the F ion selective
electrode. A stock solution of 100 mg F/L was prepared by dissolving 22.1 mg of NaF in 100 mL
of deionised water. All the other required concentrations were prepared by serial dilution of the
stock solution. In a typical adsorption experiment, 40 mg of adsorbent was added to 20 mL of F

solution of 12 mg/L concentration, in a 100-mL capped conical flask. The solution was placed in
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a mechanical shaker and agitated with a speed of 200 rpm. The solution was filtered and
equilibrium concentration of F ions in aqueous solution was measured after filtration of the

suspensions.

The adsorption capacity is expressed as the amount of F ions adsorbed per gram of

adsorbent (mg/g) and was calculated as follows:

o =[—C° _CEJV
m (1)

where C,andC,are the initial and equilibrium concentratiors o1 F in the solution (mg/L),

respectively, V is the volume of the solution (L) and m is the nass of the adsorbent (g). The
percentage adsorption of F ions was calculated using the z7uction:

Adsorption % = Co=C. 100 2)
C

J

where C,andC_are the initial and equ.!orium concentrations of F in solution (mg/L),

respectively.

Batches of F adsorption evoer.ments were carried out to optimize various parameters that
influence F adsorption such as nH of the solution, contact time, and initial F concentration.
Fluoride adsorption capacity ~f ZIGCS was studied as a function of each parameter at a time,
while keeping the of' =r ~arsmeters constant. The effect of pH was investigated by adjusting
solution pH from 2 to 10. using 0.01 M HCI and 0.01 M NaOH for a solution having an initial F
concentration of 12 mg/L with an adsorbent dose of 2 g/L. The influence of contact time on
adsorption capacity of ZIGCS, was examined by varying the contact time from 5 min to 100 min,
while keeping initial F concentration as 12 mg/L and the adsorbent dose as 2 g/L at pH 4.
Adsorption isotherm experiments were performed by varying initial F concentrations from 5
mg/L to 100 mg/L with an adsorbent dosage of 2 g/L at pH 4 taking contact time as 2 h at room
temperature. All the experiments were carried out thrice and the mean values of the results were

used in data analysis.



2.7. Temperature effect on adsorption

Effect of temperature on defluoridation potential of ZIGCS adsorbent was studied at different
initial F concentrations ranging from 10 mg/L to 60 mg/L, adsorbent dose of 2 g/L in 50 mL
suspensions at three different temperatures of 303 K, 318 K and 328 K. A temperature-controlled
incubator orbital shaker was used to maintain the temperature of the suspensions.

Thermodynamic calculations were made on the adsorption data.
2.8. Regeneration and reusability of ZIGCS

Fresh ZIGCS with a dosage of 2 g/L was added to 50 mL F so utic1 of 10 mg/L concentration.
Adsorption was carried out for 2 h of contact time at pH 4. Atwr the equilibration, ZIGCS was
separated from the aqueous solution, dried and termed .~ exhausted or F loaded adsorbent.
Fluoride loaded ZIGCS was regenerated by desorbing v 2 rreviously adsorbed F with the use of
0.1 M NaOH as eluent. In a typical regeneration exp 2riment, exhausted adsorbent was soaked in
a 0.1 M NaOH solution for 48 h. The adsorbe:t was then filtered and washed with 0.1 M HCI
solution followed by deionized water, dri., 7.nd used as the regenerated adsorbent for the next

cycle of F adsorption. Five such cycles >f adsoiption/desorption were conducted.

3. Results and discussion
3.1. Adsorbent characterisa:ioi.

3.1.1. Raman spectra

Raman spectroscopy .. 2 nrwerful tool for the characterisation of graphene and its derivatives.
It is a vibrational spectril technique that is extremely sensitive to geometric structure and
bonding within molecules. Even small differences in geometric structure lead to significant
differences in the observed Raman spectrum of a molecule. This sensitivity to geometric
structure is extremely useful for the study of the different allotropes of carbon (i.e. diamond,
carbon nanotubes, fullerenes, carbon nanoribbons, etc.) where the different forms differ only in
the relative position of their carbon atoms and the nature of their bonding to one another [32].
Indeed, Raman spectra has evolved as an indispensable tool in laboratories pursuing research in

the field of carbon nanomaterials.



Fig 1 shows the Raman spectra of ZIGCS. The confocal Raman spectra obtained was
deconvoluted for further analysis. The spectra consist of two major peaks positioned at 1319cm™
and 1604.8 cm™ which broadly stands for the D and G band respectively [6,33,34]. The D band
indicates the presence of structural disorder in the material [35,36]. The band appearing around
1604.8cm™ in the Raman spectrum is the apparent G band (Gapp) Which is actually a
superposition of two bands G and D’. The G band positioned at 1584.9 cm™ represents the in-
plane vibrational mode involving the sp® hybridized carbon atoms that comprises the graphene
oxide sheets [22,23]. The additional peak D’ at 1605.6 cm™ arises due the defects present in the
graphitic structure. This could also be due to the presence of ma..\/ oxygen based functional
groups [37]. The presence of G and D bands in the Raman <orctra confirms the complete
graphitization of the material anchored on the sand as alzc rerorted for other graphene-based
anchoring materials like activated carbon[36]. The intei.city ratio, Ip/lg, represents the defect
density in the material; the value increases with the 'nc.=ase in defects[33,38]. In the current
study, Ip/lg for ZIGCS was calculated to be 1 4. This relatively high value indicates the

presence of many defect sites on the materie:.

Intensity (a.u.)

500 1000 1500 i 2000
Raman shift (cm ™)

Fig 1: Raman spectra of ZIGCS.
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3.1.2 Elemental Analysis using XPS

X-ray Photoelectron Spectroscopy was used to carry out elemental analysis of ZIGCS. As shown
in fig 4a, the survey spectrum reveals that the sample is composed only of C, Zr, Si and O which
IS representative of the sample purity. Fig 2b, 2c and 2d shows the high-resolution spectra of C,
Zr and O respectively. The deconvoluted peaks of Carbon shows the peaks at 284.4eV, 285.4eV,
286.7eV, 289.8eV which correspond to the sp? hybridised carbon, C— 0, C=0,0-C =0
respectively. The most significant peak at 284.4 eV corresponds to the non-oxygenated sp
hybridised C 1s from the graphene oxide in ZIGCS[28][39]. The ctherC—O,C=0and0O-C =
O correspond to the oxygen functionalized carbon atoms of Graone e oxide, which probably act
as active sites for fluoride adsorption. As shown in fig 2¢, u.2 nigh resolution spectra of Zr
consists of deconvoluted peaks at 182.8 eV and 185.30 .\/ wnich correspond to the 3ds;, and
3ds), states of Zr which could be attributed to the +- oxiJation state of Zr [40]. This further
confirms successful functionalization of the GCS surface with Zirconium ions. The high
resolution spectra of Oxygen consists of pea<s >t 530.4 eV and 531.8eV which could be
attributed to C = O, O — C — O; and the ore af 532.6 eV correspond to both O = C — O and SiO,
of sand respectively [41][42,43]. The atomic percentages of the elements present in ZIGCS as
obtained from XPS analysis are: C 47.02%, O 40.41%, Zr 1.363% and Si 10.5%.
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Fig. 2. a) Survey spectru. o ZIGCS, b) High resolution spectra of C, ¢) High resolution

cnesda of Zr, d) High resolution spectra of O

Alice A. K. King et. Al [44] in their work reported a metric for distinguishing graphene,
graphene oxide and reduced graphene oxide using results obtained from Raman spectra and C/O
ratio obtained from elemental analysis. According to this report, Graphene oxide must satisfy the
following conditions: as obtained from Raman spectra the difference in peak positions D” — Ggpp
must be less than zero; as obtained from elemental analysis of the material, the ratio of C/O must
be less than 10. In the present study, the difference D’ — Gypp = 0.81, thus satisfying the first
condition. Secondly, as obtained from XPS analysis of ZIGCS, the ratio of atomic percentage

C/O was calculated to be 1.18. Hence both the mentioned conditions were satisfied, thus
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confirming the material to be graphene oxide. The adsorbent is therefore Zr impregnated

graphene oxide coated sand.

3.1.3 Surface morphology using SEM

The as synthesised material was characterised using SEM to study the morphology of ZIGCS.

The obtained SEM images are shown in Fig 3.A few layers of thin graphene oxide like sheets

protruding from the sand surface can be seen in fig 3. This is indicative of the layers of graphene

oxide anchored on the sand[25].

2016/08/26 16:34 NMUD4. 200 500 pm

Lamp-BK0014

Lamp-BK0015

Lamp-BK0012 2016/08/26 16:13 NM D40 x1.5k 50 pm

Fig. 3. SEM images of ZIGCS

2018/08/26 16:30 NLUD4.0 x600 100 pm
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3.1.4 X-Ray Diffraction

The X-Ray Diffractogram for ZIGCS is shown in Fig. 4. XRD was done for both coated and
uncoated sand. The peaks positioned at 20 values 21.2°, 26.5°, 27.8°, 29.7°, 36.5°, 42.6°
correspond to the quartz phase of sand [45,46]. It is noteworthy that the most intense peak
corresponds to the sand. The peaks corresponding to the Zirconium impregnated Graphene oxide

goes undetected by the XRD technique due to the small thickness of the coat[45].

Q: Quartz (sand)
15000 Q
>
g 10000 —
2
‘0
c
g
[
— 5000 —
ot Q Q
o I L l
0 _—-—-——_L ‘M N A A sa A A b
' I ' I ' I ' I ' I
10 20 30 40 50 60 70 80

20 (degrees)

Fig. 4. XRD of ZIGCS

3.2 Fluoride adsorption by GCS, AGCS and ZIGCS

The three graphene-based synthesized materials, GCS, AGCS and ZIGCS were subjected to
preliminary F adsorption studies. The results showed that these three materials at a dose of 3 g/L
removed 27%, 34%, and 49% of F, respectively from a solution containing 9.6 mg F/g. There
was absolutely no fluoride adsorption using the sand as an adsorbent. Hence the adsorption

obtained using GCS, AGCS and ZIGCS could be attributed purely to the coated material. The
14



enhanced F adsorption by ZIGCS might be due to the surface modification of graphene with a
strong oxidizing agent which generated more adsorption sites on its surface. Zirconium
impregnation results in the formation of a Zr-based Lewis acid sites having hard acid
characteristics on the surface of GO through chemisorption process. They might be responsible
for the very strong adsorption of Lewis bases of hard base characteristics, such as the F ion
[22,23]. The enhanced adsorption capacity of the ZIGCS is probably due to ligand exchange of
OH groups attached to the Zr by F and H-bonding between the OH groups on the surface and F
ion[23]. Because ZIGCS had the highest F adsorption capacity among the three synthesized

materials, this material was used for further adsorption studies.
3.3 Effect of pH on F adsorption by ZIGCS

Solution pH is one of the major influencing parameters i "ny adsorption process. In the present
study, its influence on the F adsorption capacity of ZJ’5L~ was studied by varying the solution
pH from 2.0 to 9 .0 keeping the other parame.e’s onstant (adsorbent dose 2 g/L, initial F
concentration 12 mg/L, contact time 2 h, t.i.0essture 25 + 2° C). The results showed that the
adsorption increased in acidic medium with :1aximum of F adsorbed at pH 4 (Fig. 5). However,
the adsorbent had adsorption capacity gi>ater than 1 mg/g in the entire pH range 2-8 which is
much higher than that of traditional ¢ rton based materials reported earlier [47,48]. This wide
pH range window offered by the n.aterial enables it to be a potential defluoridation adsorbent for

all real-time applications.

The higher F ~dscrotion of ZIGCS in the acidic medium can be explained based on the
zero point of charge (pHzr c) of the adsorbent. The pHzpc is the pH of an adsorbent suspension at
which the net charge on its surface is zero. For a solution of pH less than pHzpc, the surface has a
net positive charge and favours adsorption of anions such as F~ while for a solution pH greater

than pHzpc the surface has a net negative charge and favours cation adsorption. The pHzpc of

ZIGCS was determined by the ApH (ApH =pH; - pH,) method[49]. In a typical experiment,

known amount of the ZIGCS was added to the flasks containing double distilled water adjusted
to different initial pH values in the range 2-10. The flasks were kept for shaking in a mechanical

orbital shaker for 48 h at room temperature. The equilibrium pH of each solution was measured
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when the adsorbent was settled. The variation in ApH was estimated and plotted against initial
and final pH of the solution (Fig 6). These plots showed that ApH is zero at pH= 4.5. The ZPC of
4.5 indicates that ZIGCS is positively charged in acidic medium from pH 2 to 4.5 as this pH is
less than pHzpc. Hence the electrostatic attraction favoured the adsorption of F from pH 2 to 4.5.
The negative charge on the surface of ZIGCS at pH greater than pHzpc prevented the electrostatic

adsorption of F ions, resulting in the decrease of F adsorption capacity at pH greater than pHzpc.

The F adsorption by ZIGCS as a function of pH shown in Fig 5 is in compliance with the
results obtained from pHzpc measurements of ZIGCS, that F adsoi »%ion increased from pH 2 to 4
and then decreased thereafter with further increase of pH up to ©. however, significant quantities
of the negatively charged F were also adsorbed at pH abcve ‘he pHzpc despite the adsorbent
surface had predominantly negative charges. This indicate: that F was adsorbed by mechanisms
other than electrostatic adsorption such as ligand exch.nge of F with OH attached to Zr and H-
bonding of F with OH group [23]. The decrease in ™ adsorption with increased pH is also due to
increased concentration of OH" ions that compete .“:n F for adsorption [1]. The reduction of F
adsorption at pH 2 compared to that at £ mey be due to F forming weakly ionized hydrogen
fluoride [1] (HF). As maximum adscrotion .vas observed at pH 4, the remaining adsorption

experiments were conducted at pH 4.
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Fig. 5. Influence of pH on F adsorption capacity of ZIGCS
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3.4 Adsorption kinetics of ZIGCS

The data on the kinetics of F adsorption s:-ow_d that the adsorption was rapid at the initial stage
but took a long time to reach equilibr..'m (Fiy. 7). The fast rate of adsorption was presumably
due to the structure of zirconium i pr.rated graphene oxide anchored on the surface of the
sand, which provided plenty of active sites for adsorption of F ions from the aqueous solution
with minimum mass transfer res.<tance. With further increase in time, the reduced availability of
the remaining active sites ai. dwving force lowered the adsorption rate and hence equilibrium

was reached after a lorq iv'me
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Fig. 7. Effect of contact time on F removal bv 7IGCS adsorbent and models’ fit to the
experimental data (F concentration 12 mg/L, ad.or..~".cdose 2 g/L, pH 4, PFO-pseudo-first order
model, PSO-ps:udr,-second order model).

The data was fitted to the pseu-o-first order (equation 3) and pseudo-second order

(equation 4) kinetic models representec’ b/ the following equations:

dg,
M _k )
o (@, -q,) -

d (4)
where, ge = amount of F adsorbed at equilibrium (mg/g)

g:=amount of F adsorbed at time, t (min) (mg/g) and

ki, and ky = equilibrium rate constants of pseudo-first order (1/min) and pseudo-second

order (g/mg.min) adsorption Kinetics, respectively.
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The parameters of the kinetic models with statistical evaluation were determined by non-
linear regressions using OriginPro software (OriginLab Corporation, USA). The corresponding
kinetic parameters and the determination coefficients of the studied models are summarised in
Tablel. Pseudo-second order model offered a better fit to the kinetic data with a higher
coefficient of determination (R?) of 0.98 when compared to the pseudo-first order reaction with
R? value of 0.96. Moreover, the calculated g value from the pseudo-second order model was in
better agreement with the ge experimental value. Hence, the pseudo-second order model was a
better descriptor of the adsorption kinetics of F by ZIGCS. These results suggested that the

overall rate of F adsorption was most likely controlled by a chemica: nrocess.

Table 1. Rate constants and coefficients of determination (F.°) ot tne kinetic models.

Qeexp MO/Q Pseudo-first order parameters Pseudo-second order parameters
k1 e, cal R K, e, cal, R

min™ mg/g g/mg min mag/g
2.0 0.55 1.84 ¢ 9% 0.50 1.92 0.98

3.5 Equilibrium adsorption iscther ~ of ZIGCS

Adsorption isotherms not or'v Jascribe the interaction of the adsorbate with the adsorbent
surface but also quantify the cd<orption capacity of an adsorbent. They can be generated based
on numerous theore,cal mudels, where the two popular and frequently used models are

Langmuir [50] isotherm /~.quation 5) and Freundlich[51] isotherm (equation 6).
Je = GmaxCe/ (1 + bCe) (5)
qe = KFCel/n (6)

where gmax (M@/Q) is the theoretical maximum adsorption capacity of the adsorbent for complete
monolayer coverage of F ions, g. (mg/g) is the equilibrium adsorption capacity, c. is the

equilibrium concentration (mg/L), b (L/mg) is the Langmuir isotherm constant related to
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adsorption  affinity, Kg is a Freundlich constant related to the adsorption capacity
((mg/g)(L/mg)¥" and 1/n is another constant inversely related to the adsorption energy between
the adsorbent and adsorbate (unit-less) [52]. The parameters of the isotherm models with
statistical evaluation were determined by non-linear regressions using OriginPro software
(OriginLab Corporation, USA) [22]. The models fit to the experimental data are presented in Fig.
8 and the corresponding parameters including the determination coefficients of the studied

models are summarised in Table 2.

In the Langmuir model, the value of the separation fac~i R_ as calculated from the
formula, R. = 1/ (1 + bCy) (where C,, is the maximum initiai ~oncentration of adsorbate),
indicates the favourability of the sorption process, such as uniavourable (R > 1), favourable (0 <
RL < 1) or irreversible (R_ = 0) [52]. The calculated R, v:lues for F adsorption on ZIGCS was
0.25, indicating that the sorption process was favourabi:

5.0 1
4.5

4.0 1

35 .

| & = Experimental
304 ,'/ - - - Langmuir
/ —— Freundlich

2.5 /
2.0 /,

1.5+ !

1.0 — T T T T T T T T T T 1
0 20 40 60 80 100 120

Equilibrium concentration (mg F/L)

Fig. 8. Equilibrium adsorption isotherm and Langmuir and Freundlich models fit to experimental
data of ZIGCS at pH 4.

A Zz analysis (equation 7) was conducted to compare the relative suitability of the two

models in describing the adsorption data.
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2 _ Z (qe,exp - qe,model )2
qe,model (7)

where ge, model (MQY/Q) is equilibrium capacity obtained from the model and e, exp (MQ/Q) is the
equilibrium adsorption capacity from the experimental data. The smaller the }(Zvalue, the
higher is the agreement between the calculated adsorption capacity from a model and that

obtained from the experimental data. Therefore, a smaller value of 7(2 indicates better suitability
of an adsorption model. The }(Zvalues estimated for the two st'«dic 1 1sotherm models (Table 3)

indicate that Freundlich model with higher R? value (0.94) hod a smaller )(2 value, thus offered

a better fit to the adsorption of F ions by ZIGCS thann the Langmuir model. Moreover, the
Freundlich characteristic constant n value (2.57), lying in c=tween 1 and 10 indicated a favorable
adsorption of F on to ZIGCS. This conveyed he e:o¢eneous distribution of active sites on the
ZIGCS surface and the chemisorption of F .cs 1 to the adsorbent surface. The heterogeneous

adsorption sites are probably the graphene o.: de and Zr groups in ZIGCS.

Table 2. Langmuir ar.' Freundlich isotherms data of ZIGCS

Langmuir Freundlich
Qmax (MQ/Q) 612 n 2.57
b (L/mg) 0.04 Kr (mg/g) (L/mg)*" 0.87
R 0.90 R 0.94
7 0.35 7’ 0.18

Although the determination coefficient R® (0.90) of the Langmuir model was slightly
lower than that of the Freundlich model (Table 2), the Langmuir model can be used to evaluate

the monolayer F adsorption capacity of the ZIGCS because of the high R? value and this was
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found to be 6.12 mg/g, which is one of the highest values previously reported for other carbon-
based adsorbents (Table 3). The high adsorption capacity of ZIGCS is mainly due to the
contribution of the adsorption capacity of graphene oxide in ZIGCS despite the very large
proportion of sand in the material. The amount of Zr impregnated graphene oxide in ZIGCS is
3.5% by weight and the remaining weight percentage is that of sand. Assuming sand has a
negligible adsorption of F, a calculation based on this weight percentage shows that the Zr
impregnated graphene oxide had very high adsorption capacity of 175 mg/g (6.12 x 100/3.5).
Had graphene oxide was used without any supporting material like sand it would not have
expressed its high adsorption capacity due to the aggregation of tii. araphene oxide nanosheets.
Li et. al [25] have reported that when graphene oxide was vfated on manganese oxide the

adsorption capacity increased 8.34 times the adsorption capac ity « f graphene oxide alone.
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Table 3. Comparison of Langmuir maximum F adsorption capacities of different carbon

materials

Adsorbent Maximum F Temperature and pH of Reference
adsorption (mg/g) experiment

Biomass carbon 3.19 25°C, pH: 5.8 [48]

Pine wood biochar 7.66 25°C, pH: 2.0 [53]

Pine bark biochar 9.77

Moringa indica based activated 0.23 0 pH: 2 [47]

carbon

Zirconium impregnated coconut shell 6.4 “0°C, pH: 4 [27]

carbon

Zirconium impregnated groundnut 2.32 30°C, pH: 7 [54]

shell carbon

Zirconium impregnated cashew nut 123 30°C, pH: 7 [55]

shell carbon

Aluminium impregnated activated 1.07 25°C, pH: 6.2-6.5 [56]

carbon

Activated cotton nut shell carbon T ©1.38-2.47 30°C, pH: 7 [56]

Aligned carbon nanotubes # 2.85 30°C, pH: 5 [57]

Graphene oxide loaded onto 11.9 25°C, pH: 6 [25]

manganese oxide

Graphene 35.59 25°C, pH:7 [14]

Zirconium impregnated graphene 6.12 30°C, pH: 4 Present study

oxide coated sand (ZIGCS)

Pristine graphene oxide nanosheets aggregate heavily in water due to large-area © -n

interactions and strong van der Waals interactions between the graphene oxide layers [10][58],

which inhibits the material’s powerful adsorption capacity. This stacked aggregation limits

access to many potential adsorption sites in the interlayers that are suppressed by confined water

between the graphene oxide sheets [59]. The substantial aggregation of graphene oxide
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nanosheets has been easily overcome via the coating on sand particles. The potential adsorption
sites concealed in stacked graphene oxide might have been exposed in the graphene coated sand
(GCS), strongly enhancing the adsorption of the graphene oxide nanosheets. The graphene oxide
nanosheets and sand particles produced a synergetic effect in F-removing GCSs, presenting a
facile method for large-scale production of graphene oxide -coated materials. Thus, graphene
oxide -coated materials using sand particles as a framework are cost-effective and highly
efficient adsorbents for removing F from water and will result in enormous opportunities for

using novel 2D nanomaterials (graphene-based materials) for environmental applications.
3.6. Effect of temperature and thermodynamics of F adsorptior. by Z1IGCS

The influence of temperature on fluoride adsorpticn v ZIGCS was studied by varying
the temperature from 303 K to 328 K. The equilibrium r.oi.~taats (kg) of the adsorption process at
the three temperatures for the different F concentrations, he ratio of the F concentration in the
solid phase (qge) to that in solution phase (C¢) t ecuilibrium, were calculated, In(ge/ce) was

plotted against ge and ge was extrapolated t~, .~rc *o obtain k, (fig 9).

-1.4
o o m 308 K
B e 318K
[ J
- - . A
1.8 A . 328 K
-2.0 4
2.2 i y = - 0. 877826x + 0.0177
[3) \‘ A. ~~~ 2
Q 2.4 . \‘ .. R =0.724
< -2.6 - ..
o ..
A ..
2.8 1 .. "N n
304Y=- 1.5136x + 0.7502 -,
I P ° )
IR*=0.65 .
-3.2 N y = - 1.2161x + 0.4642
T R*=0.92
-3.4 +————"——"F—"—"T—T——T——T——T——T—— T
1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.4 3.6
d. (mg/g)

Fig. 9. Relationship of In(qge/ce) vs ge at the temperatures of 308 K, 318 K, and 328 K
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Fig. 10. Relationship of . ko vs 1/T

The value of k, is taken as the thermodynamic eq 1*«k -ium constant where the concentrations of

the adsorbed F and solution F are equal to “iic'r 1 2spective activities (activity coefficient is one)

[25][60,61]. The Gibbs standard free energy v>ange ( AG®) was calculated using equation (8).
AG° =-RT Inkg (8)

where T is the absolute temp=raire and R is the universal gas constant (8.314 J/K.mol). The
standard enthalpy change /A.™ and standard entropy change (AS°) were determined from the

slope and intercept of e "7ar.’t Hoff plot of In ko vs 1/T (fig 10) according to equation (9).
In ko= AS°/R - AH°/RT 9)

The AG® values (J/mol) obtained for the temperatures of 308 K, 318 K, and 328 K were - 45, -
1227, and -2045, respectively. The negative AG°values indicated thermodynamically feasible

and spontaneous nature of the F adsorption by ZIGCS. The increase in negative AG° values

with increase in temperature suggested a favorable adsorption at high temperatures. The values
obtained for AH® and AS°® were 30.6 kJ/mol and 99.6 J/mol.K, respectively. The positive AH®
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value indicates that the adsorption process was endothermic. As the AH value is greater than 10
kJ/mol the adsorption process is considered to be chemical in nature. chemical in nature. Many
researchers also have reported endothermic reaction process for the adsorption of F on graphene
oxide supported on different materials [23][25][26]. The positive value for the AS® obtained in
the present study confirmed the affinity of adsorbent for F ions and increase in randomness at the

solid/solution interface.
3.7. Regeneration and reusability of ZIGCS

The reusability of an adsorbent mainly depends on the ease witn .hich adsorbate is released
from the exhausted adsorbent. Regeneration of an exhausted alse.bent is an important factor
which decides the cost effectiveness of the adsorption proc=ss. In this study, the regenerated
adsorbent was reused for F adsorption by treating a F concentration of 10 mg/L at an adsorbent
dose of 2 g/L. The F removal was found to be 75% 7iui.ng the initial adsorption process. The
exhausted adsorbent was regenerated and subjcc’ed to adsorption studies for five repeated
adsorption/desorption cycles. Percent F adcui i was estimated after each recycle and results
are presented in Fig 11. It was observed u.+t the F removal efficiency of the recycled ZIGCS
remained high at a value of nearly 57% .‘/en after 5 regeneration cycles. This is approximately
equal to 75% of the initial adsorption capacity. Higher degree of F adsorption capacity reduction
was reported for many other adsnients. For example, F adsorption capacity decreased from 90%
to 60% after four cycles of rey~ncrations of Zr oxide/graphene oxide composite adsorbent [23]
and from 90% to 50% -awor Jour cycles of regenerations of graphene oxide/alginate hybrid
biopolymeric beads 6.} e results indicated that ZIGCS could be satisfactorily regenerated

and reused to treat F cori.aminated water.
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ZIGCS dose of 2 g/L after each of five adsorpticn/c2<urption cycles.
4 Conclusions:

The adsorbent, graphene oxide coa’er. sand was produced from very inexpensive materials,
sugar and river sand. The maximun. Langmuir monolayer adsorption capacity of ZIGCS was
found to be 6.12 mgF/g which .. one of the highest among the other carbon adsorbents used for
defluoridation. Assuming th.* the: sand in ZIGCS (97% by weight) has a negligible adsorption of
F, it is estimated that the Zr 1 npregnated graphene oxide alone (3%) had a very high adsorption
capacity of 175 mg F/g. r'owever, graphene oxide alone cannot be used as adsorbent because of
the substantial aggregation of graphene oxide nanosheets in water losing its high adsorption
capacity. This aggregation has been easily overcome via the coating on sand particles which
provided a cost-effective framework for the graphene oxide. The adsorption of F on to ZIGCS
was found to be pH dependent and exhibited considerable F adsorption, for the entire pH range
of 2-9 with maximum adsorption at pH 4, close to its ZPC of 4.5. This wide range pH window
offered by the material enabled it to be a potential defluoridation adsorbent for all real-time
applications. The kinetics of adsorption was very rapid initially adsorbing >80% F within few

minutes due to the special one-atom-thick layered structure of graphene oxide anchored on the
27



surface of the sand. The equilibrium isotherm data fitted well with Freundlich model and the
kinetic data was successfully described by pseudo-second order kinetic model. The F removal
efficiency by recycled ZIGCS was nearly 75% of the original value even after 5 regeneration
cycles indicating that ZIGCS could be regenerated and reused to treat F contaminated water, thus
reducing the cost of the treatment process. The very rapid kinetics of adsorption, considerable
high adsorption capacity, repeated usability, green methodology of synthesis and the availability
of the materials across the world enables ZIGCS to be a viable economical material for providing

a solution for commercially feasible nano material- based F water filter.
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Highlights

1. ZIGCS, a product of Zirconium Impregnated Graphene oxide, anchored on Sand is a low cost

adsorbent for defluoridation of water
2. The adsorbent is produced from inexpensive materials: table sugar and sand
3. Quick and rapid Removal of fluoride is possible with ZIGCS

4. It could retain 75% of its F* removal capacity even after five recaneration cycles
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