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Abstract: In the present study, graphene oxide (GO) is utilised as an
adsorbent for defluoridation from synthetic sample as well as fluorite mine
water. A modified Hummers method was adopted for the GO synthesis. The
physico-chemical characterisation of the GO was done with FTIR,
XRD, FESEM and EDX. The various parameter viz. adsorbent doses
(100250 mg/L), contact time (5-90 min.), pH (2-10), temperature
(298-318 K) and initial concentration of fluoride (1-32 mg/L) were optimised
for by GO. The maximum 98.34% fluoride adsorption was achieved by
100 mg/L GO dose in 30 min at pH 6. The adsorption process obeys the pseudo
second order kinetics (R = 0.995), Langmuir (18.86 mg/g) and defluoridation
Freundlich isotherm (6.15 L/mg). The ionic interference was found negligible
on fluoride removal from the fluorite mine water sample.

Keywords: fluoride adsorption; graphene oxide; kinetic equation; adsorption
isotherm model.
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1 Introduction

Fluoride is recognised as the thirteenth most common element in the earth’s crust. It is
widely distributed in the lithosphere mainly as fluorspar, fluorapatite and cryolite. It is
also found in seawater at a concentration of around 1.2—-1.4 mg/L, and in groundwater up
to 67 mg/L (WHO, 2004). The igneous and sedimentary rocks are some of the geological
sources of fluoride, the concentration ranges 0.06% to 0.09% in the upper lithosphere of
these igneous and sedimentary rocks (Athanasia et al., 2019; Jayarathna et al., 2015;
Li et al.,, 2013). The physical and biological activities in these fluoride containing
rocks lead to the leaching of the fluoride ions in the ground and surface water bodies
(Chiavola et al., 2019; Nigri et al., 2017; Malana et al., 2014). Apart from leaching,
geochemical reactions and volcanic eruptions are also some of the natural causes of
fluoride-contamination. Anthropogenic sources of fluoride release in the environment
includes fluorite mining, aluminium electrolysis, thermal power plants, semiconductor
processing, electroplating, thermal power plants, pharmaceuticals, rubber and fertiliser
production (Dhillon et al., 2017; Biswas et al., 2017).

The long-term fluoride exposure from 6 to 14 mg/L per day leads to skeletal
fluorosis, bone deformation and increased risk of bone fractures (WHO, 2004). As per the
World Health Organization (WHO), the 1.5 mg/L is the permissible limit for fluoride
concentration in drinking water (Augustine and Pius, 2017; Manikandan et al., 2013).
Fluoride concentration above permissible limit in drinking water leads to skeletal
fluorosis (Esmeralda et al., 2019; Hernandez et al., 2019; Corral et al., 2019), thyroid,
cardiovascular and neurological problems (Manna et al., 2018), high blood pressure and
lower fertility (Ingallinella et al., 2011 Gogoi et al., 2018). Fluoride is also associated
with Alzheimer’s disease, low 1Q, and mental retardation at high concentration (Tomar
and Kumar, 2013). In more severe forms, symptoms of these diseases include chronic
joint pain, similar to the early symptoms of arthritis and excess fluoride destroys the
function of the thyroid gland (Zhang et al., 2018; Wu et al., 2018; Vardhan and Srimurali,
2016).

The high amount of fluoride in the water is reported in 12 states of India. Assam
(1.6-29 mg/L), Bihar (0.2-8.32 mg/L), West Bengal (1.1-14.47 mg/L), Haryana
(0.23-18 mg/L), Madhya Pradesh (1.5-4.2 mg/L), Uttar Pradesh (0.2-25 mg/L), Panjab



104 R.A. Konale et al.,

(0.442 mg/L), Gujrat (1.5-18 mg/L), Maharashtra (0.11-10 mg/L), Tamil Nadu
(0.1-7 mg/L), Andhra Pradesh (0.4-29 mg/L) and Karnataka (0.2-7.7 mg/L) was
reported (Gogoi et al., 2018; Singh et al., 2020; Rao et al., 2014). In Maharashtra, some
parts of Nagpur, Chandrapur, Yavatmal, Nanded, Akola and Amaravati having
groundwater fluoride concentration > 1.5 mg/L and is attributed to the pre-Deccan Trap
rocks exposure in these districts (Duraiswami and Patankar, 2011).

The fluoride affected areas are mostly rural, and the groundwater is mainly used for
the drinking and agricultural purpose, the high concentrations of fluoride adversely affect
human health (Ezzeddine et al., 2014; Dehghani et al., 2018; Kimambo et al., 2019).
Manikandan et al. (2013) have reported, worldwide more than 200 million people
consumes water containing high amount (> 1.5 mg/L) of fluoride.

Various methods like coagulation, separation, precipitation, absorption, adsorption
and reverse osmosis have been used for fluoride removal from water (Yin et al., 2015;
Minju et al., 2013; Mesquita et al., 2011; Ahmaruzzaman and Gupta, 2011). Among these
defluoridation by adsorption is the most reliable one due to high efficiency,
cost-effectiveness and easy operation (Nabbou et al., 2018; Alexander et al., 2018;
Bhaumik and Mondal, 2015).

In water treatment, GO is a promising adsorbent material. Graphene oxide, a single
atomic plane layer of graphite-oxide is a potentially strong adsorbent (Martinez et al.,
2019; Tabish et al., 2018). GO contains many active oxygen functional groups, which
makes GO a strong aspirant for fluoride adsorption application (Konale et al., 2020;
Kuang et al., 2017; Li et al., 2011).

The present study aims to develop efficient and cost-effective techniques for fluoride
decontamination from the drinking water. In the experiments, various parameters viz.
initial fluoride concentration, adsorbent doses, contact time, pH and temperature were
optimised for fluoride adsorption on GO. The experimental data was verified with
different isotherms and kinetic study was also performed in order to understand the
adsorption mechanism.

2 Materials and methods

2.1 Chemicals and materials

Sodium nitrate (NaNOs3), graphite powder, sodium hydroxide (NaOH), hydrochloric acid
(HCI) and potassium permanganate (KMnQO4) was procured from fisher scientific, India.
Hydrogen peroxide (H.0:), and sulphuric acid (H>SO.) was supplied by Merck
Specialities Pvt. Ltd. All regents are of AR grade and used without further purification.

2.2 Synthesis of graphene oxide

GO was synthesised by some modifications in Hummers method, graphite powder (3 g),
and sodium nitrate (1.5 g) as oxidising agent were mixed in 69 ml conc. H,SOj4 in round
bottom flask (RBF) and kept on a magnetic stirrer for 20 min at less than 5°C
temperature. After 20 minutes, 9 g KMnO,; was slowly added for 1 hour, the round
bottom flask was kept on a water bath at 35°C and stirred for 7 hrs. After the first
oxidation step addition of another KMnOy dispersed slowly for 15 min and the reaction
was stirred for 7 hrs, the suspension turned brown, indicating the complete oxidation. The
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reaction mixture was cooled at room temperature and 300 ml deionised water was added.
The suspension was turned to dark brown (Mahale and Ingle 2017; Yu et al., 2016;
Marcano et al., 2010). Finally, this brown suspension was further treated with H,O, until
the colour turned pale yellow. The residue was washed with 5% HCIl followed by
deionised water until the neutral pH is attained. Thereafter the GO suspension was
continuous sonicated for 3 hours. The sonicated suspension was centrifuged for 15 min at
8,000 rpm to remove excess water, the mother liquor was tested on atomic adsorption
spectrophotometer to confirm the Mn free GO is synthesised. The centrifuged GO was
dried at 45°C for 2 days, grounded and the powder was stored for later use.

Figure 1 Graphical abstract (see online version for colours)

Modified

Hummers Method

Graphite

Water Fluoride solution Fluoride adsorbed by GO Drinkable Water

3 Characterisation of the adsorbent

The samples were analysed by Fourier transformation infrared spectroscopy (FTIR)
(Shimadzu IR affinity-1) employed with peak intensity range from 400-4,000 cm.
The XRD pattern were recorded by X-ray diffractometer (LabX XRD-6100) with
monochromatised Cu-Ka (4 = 0.154056 nm) radiation, at 36 kV and 20 mA, sample were
scanned in the range 5-80° with continuous scanning mode and scanning speed was set
to be 2°/min. The morphological characteristic observed by using field emission scanning
electron microscopy (Hitachi FESEM S-4800) under an accelerating voltage of
20 keV, the elemental composition of the sample was carried out using EDX (Bruker
Nano). The fluoride concentration was determined by reacting fluoride with a
red zirconium-dye solution, i.e., sodium-2-parasulphophenylazo-1-8-dihydroxy-3,
8 naphthalene disulphonate (SPADNS) method. In this method, fluoride combines with
part of the zirconium to form a colourless complex, thus bleaching the red colour in an
amount proportional to the fluoride concentration. The optical density of the coloured
complex was measured at 570 nm wavelength on UV-Vis spectrophotometer.
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3.1 Batch adsorption study

Standard fluoride solution was prepared by dissolving 0.221 gm Sodium fluoride in
1,000 ml distilled water. The working standard solutions of fluoride were prepared by
serial dilution of standard stock solution. In the adsorption experiment, an appropriate
amount of the GO (100-250 mg/L) was added into a solution containing different
concentration of fluoride (1-32 mg/L) under continuous stirring. After particular time
interval (5-90 min), the adsorbent was separated from the solution by filtration and
concentration of the residual fluoride was estimated by SPADNS methods on a
UV-visible spectrophotometer at 570 nm (Vardhan and Srimurali 2016; Alipanahpour
et al., 2015; Saleh and Gupta 2011; APHA et al., 1996). The residual fluoride estimation
was performed three times and mean values were taken for the calculation. The
adsorption of fluoride by the GO was calculated using equation (1).

(G -G)

0

Fluoride removal % = *100 )

where Cp is the initial fluoride concentration in water (mg/L), C; is the equilibrium
concentration of fluoride at time ¢ (Asfaram et al., 2016; Saravanan et al., 2013a;
Marcano et al., 2010). The adsorption equilibrium capacity of GO was calculated by
equation (2).
Co—C;)m

q: :—( u % [) 2
where ¢; is the equilibrium adsorption capacity, V represent the volume of fluoride
solution and m is the mass of GO.

Figure 2 Fourier transform infrared of graphite and graphene oxide (see online version
for colours)
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4 Result and discussion

The FTIR analysis was done for identification of functional groups present on graphene
oxide. The analysis graph shows bands at 3,620 cm™', 3,490 cm™!, and 3,190 cm™' all
these bands correspond to the residual water molecules adsorbed on the GO.

The band at 2,833 cm™' corresponds to -OH from carboxylic group. A strong
characteristic band for C = O of carbonyl group is found at 1,737 cm™'. The aromatic
C = C group can be observed at 1,574 cm!. The -C-OH group is traceable at 1,368 cm™!,
the phenolic —OH bending is vivid at 1,196 cm™!, the skeletal -C-C- is a sharp band at
1,053 cm™!. The bands for skeletal C-O are present from 968 to 698 cm™'. In short, the
GO having covalently attached oxygen-containing functional groups such as carboxyl,
hydroxyl, epoxy and carbonyl groups (Mudila et al., 2016). Hence, the FTIR result
confirms the oxidation of graphite by the Hummer’s method has induced carboxyl,
hydroxyl, epoxy and carbonyl functional groups to the graphene sheets.

5 XRD analysis

The structural characteristic changes occurred during the transformation of graphite to
graphene oxide, and these changes are studied using X-ray diffraction patterns. Figure 3
shows the XRD diffraction peaks of graphite and GO. The strong peak of graphite at
27°C indicates that the graphite is of crystalline form and consistent (002) plane due to
highly ordered stacking of thick sheets (Xie et al., 2015). XRD patterns of GO indicates
the amorphous nature, it shows a sharp peak at 20 = 10.2°, corresponds to the interplanar
distance between GO sheets. These peaks change when the conversion of graphite to GO
occurs by the increase in the interlayer spacing of intercalation of oxygen-containing
functional groups.

Figure 3 XRD pattern of graphite and graphene oxides (see online version for colours)
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6 Morphology study

The morphology of graphite and GO was studied on FE-SEM. Figures 4(a) and 4(b)
show the FESEM results of graphite and GO respectively. Figure 4(b) show a smooth
surface with overlapped sheets. It is a two-dimensional sheet-like structure. The GO has
multiple wrinkled structures and vivid edges of individual sheets, these sheets are stacked
one above other (Xia et al., 2015). The individual GO sheets were found to have a
thickness of 1-2 p and are found to be much larger than the single-layer graphene. From
the EDX analysis in Figure 5(b), it is evident that the GO contains around 40.69 % C and
32.01% O which confirms the oxidation of graphite [Figure 5(a)].

Figure 4 (a) FESEM images graphite (b) Graphene oxide

Figure 5 (a) EDX of graphite (b) Graphene oxide (see online version for colours)

cps/eV.

Application Note B [ fencn | ementss | tomts |
4069 5009
< 066 081
532 o4
081 100
183 225

O o O N

s/eV
8747 8747
N 766 766
35
0 487 487 ]
30
25 3
Mn
c o

0 7 —

7 BET surface area and pore distribution analysis

In order to find out the specific surface area of the GO the Brunauer Emmett Teller
(BET) analysis was carried out at —198°C. Figure 6(a) reveals the nitrogen
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adsorption-desorption-isotherms. The porous texture of GO was determined using
Barret-Joyner-Halenda (BJH) method results can be seen in Figure 6(b).

Figure 6 (a) Brunaueremmett teller-nitrogen adsorption-desorption isotherm (b) Pore size
distribution of the graphene oxide (see online version for colours)
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The nitrogen adsorption-desorption isotherm found of type IV isotherm as per IUPAC
classification. The GO demonstrates vertical uptake under P/P = 0.07 and hysteresis loop
from P/P = 0.55 to P/P = 1.0. This may be an effect of co-existence of both micro and
mesopores. The porous nature of GO with large surface would provide more active sites
and improve the fluoride adsorption. The BJH model suggest the maximum number of
pores are having < 7 nm size on graphene oxide. The GO possesses BET surface area of
479 m?/g. The impurity of nitrogen makes graphene easily aligned in layered framework
with high surface area (Zhou et al., 2015; Saravanan et al., 2012). Micropore area of the
GO was found 327 m?/g, while 0.341 ¢cm?/g and micropore volume 0.157 cm’/g.
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8 Effect of pH variation on adsorption of fluoride

Effect of pH on adsorption of fluoride were carried out using adsorbent dose 100 mg/L
and fluoride concentration was 2 mg/L at 298 K temperature. The adsorption of fluoride
is pH controlled and directly affected by the functional groups present on the surface. The
surface charge on the graphene sheet is mostly govern by the pH of the solution. The
adsorption efficiency of an adsorbent depends on the textural and chemical characteristic
(Ghosh et al.,, 2016; Gupta et al., 2013). In the adsorption process, the chemical
composition of the adsorbent (GO) change in various pH. The pH value of the working
solution may influence fluoride adsorption by GO. By increasing the pH from 5 to 6, the
fluoride adsorption increases on graphene oxide. At lower pH (2—4) and higher (pH 7-10)
the fluoride removal decreases, while the maximum adsorption was occurred at pH 6
(Figure 7) it may be the effect of electrostatic attraction between positively charged GO
sheets and negatively charged fluoride ion (Gupta et al., 2015).

Figure 7 Variation of adsorption efficiency with pH (see online version for colours)
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Note: Fluoride concentration 2 mg/l and GO dose 100 mg/1.

Favourable adsorption in the acidic state is possibly due to the interaction between OH-
and F~ on the active surface of adsorbent (Khorshidi and Azadmehr 2016). The observed
results can be explained by the complex surface formation theory (CSF), which illustrates
that the absorption of inorganic species on solid surfaces results from electrical
interaction (Bajpai et al., 2017). In acidic pH, the GO sheet takes positive charge, while
the negatively charged hydroxyl ions dominate the adsorption over fluoride ion, this
results inhibition of the adsorption of fluoride ions on the GO.

9 Point of zero charge (pH,y.)

To find out the influence of pH on adsorption and a potential mechanism for the
interaction between GO and fluoride ions the point of zero charge was studied. In this,
the pH of the working solution was adjusted from 2 to 10 by addition of diluted solution
of NaOH and HCIL. In this study the adsorbent dose (GO) was 100 mg/L and fluoride
concentration was 2 mg/L at 298 K temperature were kept. The interaction with F- and
GO depends on the pH of working solution, the existence of GO in various forms and pH
(zpc) or adsorbent surface charge (Barathi et al., 2014; Gupta et al., 2002). The adsorbent
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gains neutral charge from acidic solution is referred to as zero-point charge (pHzpc) and
it is calculated by batch equilibrium method. Zero-point charge of GO was determined by
equation (3).

The surface pH of a neutral charge size is referred to as zero charge and can be
calculated in a batch balance manner.

H Initial — pH Final
(p P ) 3)

ApH =
pH Initial

The zero-point charge is one of the most important variables which indicates the
adsorption ability on the surface of the GO. The ionic pollutants adsorption on GO is pH
dependent. At pH less than pH of zpc the GO surface is positively charged, i.e., in acidic
conditions the GO sheets are positively charged and this can attract negatively charged
pollutants effectively, this condition is non-favourable for the cationic pollutants due to
electrostatic repulsion. On the other hand, pH greater than pHzpc, the GO is negatively
charged, this condition is favourable for the electrostatic attraction of cationic pollutants
(Imran et al., 2012; Gupta et al., 2011). Overall, the fluoride adsorption is strongly
favourable at pH 6. At pH < 6 is not favourable for the fluoride adsorption, as the low pH
induces stronger positive charge on the GO sheets, and the hydroxyl ions are more
affinitive than fluoride. Figure 8 shows the zpc for GO at pH 7.1 which indicates that the
surface of GO is positive below zpc and negative above the zpc. The basic condition is
non favourable for the fluoride removal by GO at pH higher than zpc (Mukhopadhyay
et al., 2019).

Figure 8 Zero-point charge of GO (see online version for colours)
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10 Effect of contact time

To study the effect of contact time on adsorption process were estimated using adsorbent
dose 100 mg/L and fluoride concentration 2 mg/L at pH 6, 298 K temperature. Figure 9
shows the relationship between contact time and fluoride removal (%). The fluoride
removal was rapid between 5-30 min thereafter adsorption rate was slower and finally
attains saturation. The rapid adsorption within 30 min could be due to large surface area
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and high reactivity between fluoride and GO surface over short time (Mudzielwana et al.,
2017; Gupta et al., 2014a).

Figure 9 Effect of contact time on removal of fluoride by GO (see online version for colours)
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Note: 100 mg/l adsorbent dose and 2 mg/1 fluoride concentration.

11 Effect of initial concentration of fluoride

In the present study, the effect of the initial concentration of fluoride and adsorption by
GO was investigated using six different concentration of fluoride (1, 2, 4, 8, 16 and
32 mg/L) and adsorbent doses (100-250 mg/L). Figure 9 shows the effect of initial
fluoride concentration on adsorption by GO. Results shows that the adsorption decreases
with increase in the concentration of fluoride by GO. Babaeivelni et al. (2013) has also
reported, the decrease in adsorption with increase in the fluoride concentration, as an
effect of saturation of all available sites for adsorption.

Figure 10 Fluoride removal (%) at different adsorbent doses (100-250 mg/1) (see online version
for colours)
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12 Adsorbent doses

Adsorption efficiency of adsorbent was tested with varying fluoride concentrations
(1-32 mg/L). Figure 11 show the effect of adsorbent (GO) mass on the amount of
fluoride removal. The different adsorbent dose from 100-250 mg/L to 1-32 mg/L of
fluoride concentration were applied. The increasing adsorbent mass from 100-250 mg/L
results in significant increase in adsorption. The optimum fluoride removal 98% was
observed at 250 mg/L of adsorbent dose to 32 mg/L of fluoride.

Figure 11 Effect of adsorbent (GO) on fluoride removal (%) at pH 6 (see online version
for colours)
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The maximum adsorbent dose provides plenty of binding sites for adsorption and hence,
increased removal (Fufa et al., 2013; Gupta et al., 1997).

13 Effect of variation in temperature on fluoride adsorption

The effect of temperature on fluoride adsorption was analysed at three different (298 K,
308 K and 318 K) temperatures and constant experimental conditions. The temperature is
an important parameter for adsorption of F- on GO surface (Bajpai et al., 2017). The
fluoride removal process at equilibrium, the adsorption capacity of adsorbent changes
with increase in temperature and the maximum adsorption 97.65 % was reached at 298 K.
Adsorption efficiency was decreased with increasing temperature, this indicates the
fluoride adsorption is a exothermic process (Figure 12) (Tirkey et al., 2017; Gupta et al.,
2016). The low temperature facilitates the chemisorption process at 298 K. The removal
efficiency was found decreased at higher temperatures, i.e., 308 K and 318 K.
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Figure 12 Effect of variation in temperature on fluoride removal (see online version for colours)
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Note: Fluoride concentration 2 mg/l and GO dose 100 mg/1 at pH 6.

14 Kinetics studies

In order to determine the efficiency of the adsorbent and the mechanism of the adsorption
four models, pseudo-first-order [equation (4)], pseudo-second-order [equation (5)],
intraparticle diffusion model [equation (6)] and Elovich model [equation (7)] were
applied. Different parameters were used to plot the kinetic model and concise it with
coefficients in Table 1. The equation for kinetic models is as follows.

e  Pseudo-first-order equation:
log (. —¢:) = logg. — (K, /2.303)¢ )

e Pseudo-second-order equation:

t/qt=1/quez+(LJt 5)
qe

where ¢. is the adsorption capacity at equilibrium (mg/g), ¢¢ is the adsorbed amount
of fluoride (mg/g) at time ¢, and K is the constant rate of pseudo-first-order and

Ks is the constant rate of pseudo-second-order (mg min —1) (Jethave et al., 2018;
Mohammadi et al., 2011). The graph plotted by using values intercept log (g, — g, )

vs. t (Figure 12). Five initial concentration of fluoride (1, 2, 4, 8, 16 and 32 mg/L)
was considered for kinetic study. The linearity of the pseudo-second-order kinetic
model with correlation coefficient (R? 0.995), clearly reveals the chemisorption is
involved in the fluoride removal.

The Weber and Morris proposed the Intra-particle diffusion model equation
[equation (6)] for kinetic study. Usually, the intraparticle diffusion is based on the initial
concentration of the solution, physical properties of adsorbent, and temperature. The
adsorption of fluoride ions on the GO surface can be explained with intraparticle
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diffusion model. Geethamani et al. (2014) reported that the adsorption is almost
proportionate to the #%4 functionality relationship with intraparticle diffusion treatment
(Nekouei et al., 2015; Saleh and Gupta 2012a). The intraparticle diffusion equation is as
follow:

g =K t"?+C 6)

where, gt amount of fluoride adsorbed, K;s is the rate constant of intra-particle diffusion
and C is the intercept (Alien et al., 2018; Saleh and Gupta 2014). The intermittent batch
adsorption process for the mass transfer of fluoride ions is only applicable at the higher
fluoride concentration, i.e., >16 mg/L.

Figure 13 Pseudo-second-order kinetics for fluoride removal by GO (see online version
for colours)
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The Elovich equation was described by Zeldowitsch in 1934. The adsorption process
using different adsorbent molecules from contaminate present on liquid media was
determined by Elovich equation [equation (7)], it describe the adsorption rate of fluoride
on graphene oxide.

= [;-{-l]ln t
C]; ﬁ[n(aﬁ) B

where ¢, represent the adsorbed amount of fluoride at time ¢, a is the constant desorption,
and f is the rate of initial adsorption. The plot of gz versus Int, with a slope and intercept
of (1/8) and (1/p) In(ap), respectively (Ayari et al., 2009). The results indicates that the
fluoride adsorption process on GO surface do not obey the Elovich model.

(N



116 R.A. Konale et al.,

Table 1 Kinetic parameter of fluoride onto GO
Initial fluoride concentration (mg/L
Models Parameters L (mg/L)
1 2 4 8 16 32

First ke x 102 1.887 3.777 3.382 2.724 3.218 2.466
order Qe 2.5787 2.397 1.706 1.121 3.31 4519
kinetic

R2 0.9473 0.829 0.901 0.893 0.863 0.897
Second K2 25.43 1.088 0321  0.0915  0.0445  0.0144
l‘i;‘ll:tric Qe 1.144 9.049 4518 2.095 19.564  36.363

R2 0.9947 0.9929  0.9922  0.9946  0.9912  0.9936
Intra- Kid1 0.085 1.289 0.177 0.354 1.58 2.585
particle C 0.2305 1.421 0.441 0.636 0.522 1.852
diffusion

R2 0.9583 0.959  0.9284  0.987 0.994 0.993

Kid? 0.0607 0.4868  0.084 0.177 1.035 424

c 0.4252 3.224 1.078 2.158 5.53 1.064

R2 0.9526 0.992 09337  0.936 0.944 0.946
Elovich o 0.236 232 1.2 0.595 103777  18.34

B 4.746 0.555 1.111 2.654 0.241 0.138

R2 0.9753 0.9796  0.964  0.9536 0.963 0.902

Note: Adsorbent dose 250 mg/L and initial fluoride conc. 1-32 mg/L.

15 Adsorption isotherm study

The correlation of equilibrium curves is important and appropriate to establish the
optimisation of the adsorption process of the contaminants (Rajendra et al., 2016;
Saravanan et al., 2013b; Ali, 2012). As expected optimum adsorption efficiency of
adsorbent under a given condition, by which removal efficiency of GO depends on the
equilibrium curve recognised in between adsorbed sites of adsorbent and fluoride
concentration. The GO adsorption capacity (adsorbent curve) investigated using isotherm
of F~ by GO with given experimental condition like contact time, pH, adsorbent dose and
temperature. These parameters are must for isotherm model to fit the experimental data to
obtain the correlation curve of the soluble concentration in the solid state. Experimental
data were analysed using isotherm models such as Langmuir, Freundlich, Temkin,
Dubinnin-Radushkevich (D-R) and Harkins-Jura (H-J).

The Langmuir model determines the nature of adsorption and amount of fluoride
removed by GO.

The Longmuir equation is stated as:

Ce _ CeaL 1

L 8
qe K; K; ( )

where Om = a;/K; (mg/g) represents maximum adsorption capacity of the adsorbent, g, is
the equilibrium of adsorbent adsorbed per unit of adsorbate (mg/g), C. represents
aqueous-phase adsorbate concentration (mg/L) and KL Langmuir constant (L/mg). A plot
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of Ce/qge versus Ce at different amount of GO in the range of 100-250 mg should shows a
straight line with slope of Om and intercept is equal to 1/K; by comparing the correlation
coefficients of isotherm models of experimental data (Jethave et al., 2018; Suhas et al.,
2016; Saravanan et al., 2013c). The Langmuir isotherm model curve can be seen in
Figure 14. The experimental data linearly obeys the Langmuir isotherm and indicates the
monolayer adsorption with 18.86 mg/g of fluoride removal capacity.

Figure 14 Intra-particle diffusion model of fluoride removal onto GO: fluoride concentration
2 mg/l, at pH 6.0 (see online version for colours)
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The adsorption of fluoride can be described by the commonly used isotherm models. The
Freundlich equation is often useful for modelling fluoride onto solids with heterogeneous
surfaces and has frequently proved superior to the Langmuir equation for the adsorption
of cations such as fluoride. Freundlich constant related to the distribution coefficient (kF),
are widely acceptable in characterising the fluoride adsorption capacity. (Alsulaili and
Fahim 2020; Ghaedi et al., 2015; Gupta et al., 2013)

1
Vi =——+Ink, 9
nQe InCe s ®

where, Q. for the amount of fluoride adsorption at equilibrium (mg/g), were & Freundlich
constant indicate the adsorption efficiency and adsorption intensity respectively
[equation (9)] (Ghosh et al., 2016; Singh et al., 2017; Saravanan et al., 2016). Freundlich
equation, suggests heterogeneous adsorption on the uneven surface and the concentration
of adsorbate adsorbed increases with increasing adsorbent dose (Adekola et al., 2020;
Araghia and Entezari et al., 2015; Saravanan et al., 2015). Table 2 shows, ks and n the
Freundlich parameter, related to the affinity of the adsorbate and fluoride adsorption
intensity respectively. The Krand » values can be determined by intercept and slope of
the linear plot of Inge versus InCe (Zhou et al., 2019; Saravana et al., 2013d; Saleh et al.,
2012b). The n values calculated from experiment data of fluoride adsorption shows that
the Freundlich isotherm is favourable for fluoride adsorption on GO.
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ge =By In KT + B, InsC, (10)

It is expected in the Temkin isotherm model that the heat of adsorption should decrease
linearly with coverage of GO surface. The fluoride adsorption on the GO is an
exothermic process and do not obey the Temkin isotherm. Where, K7 is the equilibrium
binding constant (L/mg), 7 indicates the temperature in K and B is related to adsorption
of heat [equation (10)] (Jethave et al., 2018; Adrian et al., 2017; Saravanan et al., 2013e).
Table 2 shows the Temkin isotherm constant, the B1 values changed from 0.242 to 1.389
with increasing adsorbent dose (100-250 mg).

Table 2 Isotherm constant for adsorption of fluoride by GO

Adsorbent doses (mg/L)

Isotherm Linear form Parameters

100 150 200 250

Langmuir Ce/gqe = qm (mg/g) 18.86 13.29 10.00 8.63

Ceal/KLTVKL g1 (Limg) 1237 8.59 7.81 7.80

R2 0996 0995 0998  0.995

Freundlich InQe = 1/n n 1.38 1.35 1.35 1.33

InCetlnkf Kr(L/mg)  6.15 438 3.77 3.72

R? 0982 098 0982 0984

Temkin ge=BlIn KT+ BI 0242 2540 1876 1389

Blln Ce KT (L/mg) 1088 7205  9.543 19.40

R? 0915 0913 0923 0925

Dubinin- Inge=InQOs—  Qs(mglg) 1567 5906  4.671 3.996
z%‘ggShkeViCh Be2 B 0.006  0.00008 0.00007  0.00004

E(kj/mol)  28.86 790 845 1118

R2 0981  0.880  0.896  0.908

Harkins—Jura  1/Q¢? = [B/A]- A 1.47 0.674 0408 0310

(H-1) [1/4] logCe B 0299 0239  0.162 0.023

R2 0.660  0.661  0.649  0.651

Dubinin-Radushkevich (D-R) isotherm models are widely used by environmentalists to
optimise a design of the adsorption system. In the present study, the adsorption of
fluoride onto the adsorbents (GO) was studied at different temperatures (298 K, 308 K
and 318 K) and the applicability of the above isotherms was examined (Kacho et al.,
2020; Gupta et al., 2014b; Mittal et al., 2010).

qe :CImaxexp(_Bgz) (11)
Ing, = InQ; — Be? (12)

where, Ona 1s constant of D-R (mg/g), B is the energy adsorption constant, ¢ represents
the Polanyi potential, calculated from equation (12). The Dubinin-Radushkevich (D-R)
isotherm model considers that adsorbent size and adsorption equilibrium related to given
fluoride-GO combination can be stated separately of temperature by using adsorption
potential conferring to equation (13) (Selvan and Sundari, 2020; Ghadim et al., 2013).
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The Harkins-Jura (H-J) adsorption isotherm stated as below:

! = [ﬁ}—llogCe (13)
Qe Al 4

where, the adsorption of fluoride by GO is ¢g. (mg/g), the concentration of equilibrium is
Ce (mg/L), isotherm constant are 4 and B. The 4 and B values calculated from the plot of
1/ge2 versus logCe [equation (13)]. Table 2 shows the calculated values. The results in
Table 2 indicates that the adsorption of fluoride on the surface of GO surface follows
monolayer adsorption. By comparing the coefficient R? values of the examined four
isotherm models, it can be concluded that the Langmuir models fit the experimental data.
The Langmuir and Freundlich models gave better fit than the D-R and H-R isotherm
models. The optimum fluoride removal capacity as per the Langmuir isotherm model is
18.86 mg/g.

16 Separation factor

The separation factor R;, were calculated from Langmuir isotherm constant K; and the
initial concentration of fluoride is Co, was used to investigate the attraction between the
F-and GO in aqueous solution. The dimensionless constant separation factor R; expressed
in equation (14) (Melidis, 2015).

1
*[rae) a0

The Langmuir isotherm indicates:
If reversible Ry = 0,
Linear Ry =1,
Unfavourable if Ry > 1
Favourable if 0 <Ry <1

Figure 15 Langmuir isotherm model for four different adsorbents (GO) doses (100-250 mg/1)
(see online version for colours)
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Figure 15 shows the RL values 0.49 to 0.77 indicates the adsorption is favourable. These
results reveal that GO has a monolayer adsorption (Geethamani et al., 2014).

Figure 16 Separation factor of defluoridation onto GO (see online version for colours)
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17 Thermodynamic studies

The thermodynamic study is essential for solid-liquid adsorption process. In this study
effect of temperature on adsorption is investigated in the rage of 298-318 K. The
experimental parameter such as adsorbent dose, contact time and solution pH were kept
fixed at 100-250 mg/L, 90 min and pH 6 respectively. The results showed that fluoride
adsorption capacity decreases with increasing temperature. Adsorption thermodynamics

is calculated using Gibbs free energy change (AG?), standard enthalpy change (AH®),
and standard entropy (AS°) (Devraj et al., 2016; Gupta et al., 2014c)

InK, = AS? _ (15)
R RT
AG° = RTInK, (16)
9e
K. == 17
C 17)

where R is the universal gas constant, 7 is the temperature (in Kelvin), K. is the constant
thermodynamic equilibrium. The results reveal that the —5.29, —5.79 and —6.25 kJ/mol for
298 K, 308 K and 318 K are the AG® values of the adsorption, respectively (Table 3).
According to negative values of adsorption AG®, reveals the feasibility and spontaneity of
the adsorption process in the given temperature are favourable for 298 K temperature.
The negative values of AH° (—0.0074 kJ/mol) indicate the process of adsorption is
exothermic nature due to the ion exchange reaction on the GO surface (Li et al., 2011).
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Table 3 Adsorption thermodynamic of defluoridation by GO

AH® (kJ/mol) AS° (J/mol) AG (kA mo)
mo mo
298 'K 308 'K 318 9K
~0.0074 -0.044 ~5.29 -5.78 ~6.25

18 Reusability study

Reusability is one of the most important aspects that should be considered in cost-
effective adsorbent (Pourbeyram, 2019; Khani et al., 2010). The reusability of GO was
determined for reabsorption of fluoride. To test the reuse of adsorbent, the adsorption
cycle was repeated five times, using the same adsorbent without desorption of fluoride.
The result of five reuse cycles are shown in Figure 17. The result indicates that the
fluoride removal percentage decreases with the number of increase in cycles. The
fluoride adsorption in fist cycle is 98.6% and the fifth cycle is was 63.99%. These results
indicate good adsorption performance up to 3rd cycle.

Figure 17 Reusability study of the GO for fluoride adsorption (see online version for colours)
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Note: Fluoride concentration 2 mg/l, adsorbent dose 100 mg/1 at pH 6.

19 Anion interference and fluoride adsorption

The fluoride adsorption experiments, and the study was done with synthetic fluoride
water. It is very necessary to take into account the interference of the other cation and
anions present in the water. The effect of individual anions (Cl-, SO4—, NO3—, F-) was
studied through FTIR analysis. In order to understand the mechanism and interference of
other ionic species, a real water sample from a fluorite mine located in Nagpur district
was collected, treated with GO and analysed.

Figure 18 shows the FTIR spectrum of different anions behaviour with graphene
oxide. In order to understand the exact interaction between anions and graphene oxide,
the salt solutions of sodium chloride (green) (100 mg/L), sodium sulphate (red)
(100 mg/L), and sodium nitrate (blue) (100 mg/L), were shaken separately with graphene
oxide, and after treatment FTIR scan was performed. The GO (green) shows a strong
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doublet peak at 2,359 cm™! and 2,342 cm!, this is a clear indication that the carbonyl
group of the GO make a bond with chloride ion -C-O-Cl, this bond formation creates a
strong dipole moment and the peaks are evident in the FTIR analysis, on the other hand —
SO~4—, -NO~3—, and —F~ are not interfering with the carbonyl oxygen. The peaks are again
confirmed the -C-O-Cl bonding on the GO after treating the fluorite mining sample water
(dark red). The fluoride adsorption is mainly governed by the ion exchange process at the
hydroxyl group -OH- as it is replaced by fluoride ion, the evident peaks of the hydroxyl
group on GO at 3,634 cm! is reduced in fluoride-containing samples (violet and dark
red). The sulphate ions having electrostatic interactions with the carbonyl and
hydroxyl group, it is confirmed by the vibrational multi-peaks in 4,000-3,500, and
1,764-1,435 cm™! region. The nitrate does not show any characteristic changes in the GO
FTIR scan, however, the adsorption of nitrate was 69.22%, and this may be a surface
complexation between C-pi electron of GO sheets and the nitrate ions.

Figure 18 Anions interaction with graphene oxide (see online version for colours)

Anions interaction with graphene oxide

I R L U

W
__,_—.\/\V/__/

4000 3400 2800 2200 1600 1000 400
—GO a — sO, — NO; F —— Mine water sample
Table 4 Fluorite mine water sample before and after treatment with graphene oxide
Parameter Before treatment After treatment
pH 6.9 6.8
EC (mS/cm) 122.33 64.13
TDS (mg/L) 622.5 204.66
Sulphate (mg/L) 284.26 80.23
Nitrate (mg/L) 60.66 17.16
Phosphate (mg/L) BDL BDL
Chloride (mg/L) 136.5 56.33
Fluoride (mg/L) 17.1 BDL

Notes: Adsorbent dose 250 mg/L. BDL — below the limit.

In order to assess the applicability of the GO for the real water samples and to check the
interference effect of the other anions, the real water sample was treated with the
graphene oxide, as the results can be seen in Table 4, the overall efficiency of the GO is
much more than the qmax obtained for fluoride only. The interference of the other anions
are found negligible on the fluoride adsorption.
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Comparison with various adsorbents

Table 5
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To understand the characteristic and designing of the adsorbent for water purification, the
mechanism of adsorption phenomenon is important. Thus, considering the experimental
results and investigation of mathematical models for the adsorption mechanism of
fluoride by GO can be proposed. As the adsorption of fluoride ion on GO is
chemisorption. At pH 6 the GO sheet gets positive charge and the hydroxyl ion on the
edges of the GO are exchanged by the fluoride ions, the fluoride adsorption by GO is
governed by chemisorption was further supported by the values of pseudo second order
and thermodynamic parameter investigated in the study. The mechanism ratifies that the
adsorption of fluoride is a function of the hydroxyl groups available on GO.

The comparison shows yttrium-graphene composite is having better fluoride removal
efficiency than the GO but the time required for adsorption is more (Table 4). Moreover,
rare earth metals and precious metal shows optimum fluoride removal ability, but the low
abundance make its use hardly possible. The GO is superior than other adsorbents for its
higher adsorption capacity with respect to adsorbent dose and time required for fluoride
removal and not only fluoride but chloride is also adsorbed very well on it.

20 Conclusions

The GO was synthesised by modified Hummer’s method and the surface characteristic,
crystallographic structure and functional groups present were studied. The synthesised
GO was used as an adsorbent for fluoride removal from the water. This research work
demonstrated that the GO exhibits a good adsorption ability for the defluoridation of
water. The active functional groups on the large surface area of GO have facilitated high
adsorption of fluoride. Adsorption kinetic data best fitted in the pseudo-second-order
model which reveals that fluoride removal is a chemisorption process. Maximum fluoride
adsorption capacity of GO calculated by the Langmuir isotherm model is 18.86 mg/g.
The maximum fluoride removal was achieved at 27.84 mg/L at 298 K in acidic condition
at pH 6. As compared to the other adsorbent used for adsorption of fluoride verified in
the literature, GO shown appreciable adsorption capacity within minimum time period
and less quantity of adsorbent. The thermodynamic study illustrated the adsorption is an
exothermic reaction. The reusability was successfully done at 86% removal up to
3rd cycle. Overall, GO is a trusted adsorbent for fluoride removal and may even apply to
actual fluoride contaminated water samples.
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