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2.1 Introduction

Adsorption is one of the techniques that has been widely employed as a low-cost and highly
effective fluoride removal approach (Bhatnagar et al., 2011). Biochar has been attracting
attention as a green, sustainable and cost-effective adsorbent. The constituent content, chemical
structure and stability of biochar are all considerably impacted by the characteristics of the raw
feedstock biomass and pyrolysis conditions, particularly the temperature (Mohan et al., 2014).
Specific features are imparted to the final biochar, such as ash content, its elemental
composition, density and hardness (Mohan et al., 2014)(Brewer et al., 2009). Biochar has been
used to remove herbicides (Wang et al., 2010), pesticides (Yang et al., 2010), fungicides (Yang
et al., 2010) and metal ions (Zhao et al., 2019).

There has been very little research into the use of biochar for fluoride removal. Mohan et al.
used magnetic and nonmagnetic biochars from corn stover (Mohan et al., 2014) as well as pine
wood and pine bark chars (N. et al., 2012) to remove fluoride at pH 2. Goswami et al. developed
nano-sized rice husk biochar (Tarazona-Diaz et al., 2011) for fluoride removal. However, in
these studies, biochar was used to remove fluoride from ground water. Further, bio adsorbents
such as banana peel, groundnut shell and perennial grass have been used to treat fluoride

containing industrial wastewater (Petkowicz et al., 2016)(X. Jin et al., 2011b).

The features of the raw feedstock biomass, such as ash concentration and elemental
components, density and hardness, impart certain properties to the resultant biochar. In
particular, biochar from grass, corn stover and manure feedstocks has a higher ash content than
biochar from other sources (Sadhu et al., 2022), while biochar made from straw has a lower
specific surface area and microbiological stability than biochar made from wood. In last decade
many activated carbons have been prepared from agro-industrial waste biomasses such as
cashew nut shell (P. S. Kumar et al., 2011), tea (Camellia sinensis L.) seed shells (Gao et al.,
2013), vetiver roots (Altenor et al., 2009), peach stones (Attia et al., 2008), cotton stalk (Deng
et al., 2009), date stones (Foo & Hameed, 2011), pea shells (Gecgel et al., 2013) and banana
stem (Misran et al., 2018).

Citrullus lanatus (Watermelon) is a commercially important fruit in the Cucurbitaceae family.
Watermelon is one of the most abundant fruits in India because of its tropical nature. Its
production occupies 6-7% of overall fruit production in summer. Its global production was
estimated to be around 93,700 million tonnes (Budrat & Shotipruk, 2009). Watermelon rind

(WMR) is used in pickles and preserves, as well as for pectin extraction, and watermelon seeds
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are a potential source of protein (Horax et al., 2005). The rind is one of the major solid wastes
produced by several Indian restaurants and cottage food industries.

WMR contains a fair amount of carbohydrates, phenolic compounds and fatty acids. The
carbohydrate fraction of melon rind is primarily composed of cellulose, hemicelluloses and
pectin, with the major monosaccharides being glucose, xylose and galactose, making WMR a
potential candidate for biochar fabrication (Wu et al., 2012). Prakash Maran et al. extracted
pectin by microwave-assisted extraction (MAE) from waste Citrullus lanatus fruit rind (X. Jin
et al., 2011a). Lucas- Torres et. al. used montmorillonite clay in sugar dehydration processes
from cellulose and hemicellulose fractions of melon rind waste to get competitive yields of 5-
HMF and levulinic acid obtained which are useful in the biofuel industry (Bokhari et al., 2016).
Odewunmi et al. extracted I-Citrulline from watermelon rind extract and used it as active
corrosion inhibitor for mild steel in acidic medium (Odewunmi et al., 2015).

The main objective of the work presented in this chapter was to synthesize biochar at different
temperature from locally derived watermelon rind (WMR) and to evaluate the adsorption
performance of biochar for the removal of fluoride and methylene blue (MB). The adsorption
equilibrium and kinetics were determined. The effect of solution pH, adsorbent dose, contact
time and temperature on the adsorption process was examined.

The physicochemical properties of pyrolyzed watermelon rind (PWMR) were determined and
the efficiency of fluoride and methylene blue (MB) were investigated using batch adsorption
as a function of pH, contact time, adsorbent dose and temperature. The biochar's performance
was assessed using the Langmuir, Freundlich, Temkin and Halsey adsorption models. The
thermodynamics and kinetics of the adsorption process was also investigated to gain a better
understanding of the adsorption mechanism and the adsorption capacity of PWMR was
compared to previously reported adsorbents for fluoride removal.

2.2 Materials and Methods

2.2.1 Synthesis of watermelon rind biochars

The watermelon rind waste was collected from the local fruit shop of VVadodara, Gujarat, India.
The collected waste was washed thoroughly with water to remove dirt and dried in an oven at
100°C for 24 h and then ground to get fine powder. This powder was then passed through 18
mesh sieve and stored in airtight polypropylene container. The sieved powder was pyrolyzed
in a muffle furnace at 400 °C, 600 °C, 800 °C (at a rate of 10 °C/minute) for 1 h. The resulting
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biochar was washed with hot water before being dried in an oven at 100 °C (hamed 4PWMR,
6PWMR, 8PWMR respectively).

2.2.2 Characterization of the adsorbent

The adsorbent was characterized for its physiochemical properties using conventional chemical
and analytical techniques.

Zeta potential Analysis

Charge Measurement was done by Zeta sizer ZetaPlus 90Plus/BI-MAS Brook Haven model.
Thermogravimetric analysis (TGA)

Thermo gravimetric analysis is an analytical technique used to determine a material’s thermal
stability and its fraction of volatile components by monitoring the weight change that occurs
as a specimen is heated. Thermo gravimetric analysis was done using EXSTAR6000 TG/DTA
6300 model instrument. The measurements were done in nitrogen atmosphere. In the sample
pan, sample weighing 5-10 mg was placed, and the temperature was raised from 30 to 500°C
at a rate of 10 °C per minute. The mass of the sample pan was measured continuously as a
function of temperature.

DSC analysis

DSC measurements were done on a DSC Q10 model (make TA Instruments). The samples
were heated at a rate of 10 °C / min from 25 to 400 °C under a nitrogen atmosphere.

X-ray Diffraction (XRD) Analysis

XRD measurements of the powder samples were performed with a PANalytical Diffractometer
(Bruker) using Cu-Ka radiation (A=0.15418 nm) at a voltage of 45 kV and a scanning range of
26 0°-80°.

FT-IR spectra

The FT-IR spectral data were obtained at wavelengths ranging from 400-4000 cm™, using
Spectrum 1l Perkin Elmer Fourier Transform Infrared Spectrophotometer in transmittance
mode.

Scanning Electron Microscopy and Energy Dispersive X-ray Analysis

Scanning Electron Microscopy (SEM) was performed on TM3000 make Hitachi microscope
to observe the surface morphology of biochars and after adsorption. The accelerating voltage
was 10-20keV.

EDS analysis was done using a SEM/EDX (JEOL, model JSM-5610LV) microscope operating
at 200 kV for obtaining the elemental composition of the biochars under study. The intensity

or area of a peak in an EDAX spectrum is proportional to the concentration of the
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corresponding element in the specimen. For determining elemental content, the electron-beam
current was assumed to be uniform throughout the specimen and electron channelling was

avoided by avoiding strong diffraction conditions.

2.3 Results and Discussion
2.3.1 Characterisation of biochars

Thermogravimetric analysis

The 4PWMR adsorbent's thermogram is displayed in figure 2.1(a). The first stage weight loss
(20%) from 50° to 100°C was attributed to the loss of moisture. Due to the evaporation of
volatile substances and the breakdown of cellulose, hemicellulose and lignin components
between 265°C and 500°C, the mass of biochar fell by 85%. A larger volatile matter content in
the biochar was suggested by the significant weight reduction. Hemicellulose is said to
thermally degrade around 250 °C and continue up to 380 °C, cellulose breaks down between
300 °C and 400 °C and lignin breaks down between 200 °C and 500 °C (Mimmo et al., 2014).
There was no appreciable weight loss between 500 and 700 °C, the 11 % residual together with

crystals including quartz, calcite, sylvite and whitlockite served as a marker of the fixed carbon

content.
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Figure 2.1 Thermogravimetric analysis of a) 4APWMR, b) SPWMR

Figure 2.1(b) shows the thermogravimetric analysis (TGA) of 8PWMR. The thermogram
exhibited 2 stages of weight loss. The first stage weight loss (~6.4%) from 50°-150°C may be
ascribed to the loss of water. Between 265°C to 500°C, the biochar exhibited ~ 4.6 % weight

loss that may be attributed to decomposition of unpyrolysed lignocellulosic fraction and other
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volatile fractions (Cabeza et al., 2015). The final mass of the biochar was about ~ 89.1% of its

initial mass suggesting the presence of high mineral content.
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Figure 2.2 DSC analysis of biochars

The DSC thermogram of biochars is shown in figure 2.2. The endothermic peak observed in
WMR at 200.22 °C may be attributed to loss of water molecules held by adsorption/adhesion
to hemicellulose while exothermic peak at 332.85 °C may be attributed to break down and
decomposition of cellulose, hemicellulose and lignin. The three endothermic peaks in 4PWMR
at 100 °C, 161 °C and 172 °C may be attributed to evaporation of absorbed water from
hemicellulose, cellulose and lignin. Two endothermic peaks at 150 °C and 237 °C in 6PWMR
may be attributed to loss of water and pyrolysis of hemicellulose respectively. On the other
hand, in 8PWMR the endothermic peak at 228.5 °C may be attributed to pyrolysis of

hemicellulose and partial pyrolysis of cellulose.

XRD analysis

The peaks typical of cellulose were most prominent in the XRD spectrum of WMR (figure 2.3)
while the weak broad peak observed at 26=44° corresponded to the graphitic (100) crystalline
lattice of turbostratic carbon (i.e. there is very little or no stacking order between small
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graphene planes) in 4PWMR after fluoride adsorption. The Scherrer equation determined that

the average crystallite size was 38 nm.
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Figure 2. 3 XRD spectra of WMR, 4PWMR, 6PWMR and 8PWMR

The phase purity and crystallinity of the pure dried watermelon rind and pyrolyzed WMR at
different temperature were examined by X-ray diffraction technique (XRD). The XRD pattern
of the WMR was also shown for comparison (figure 2.3). The XRD spectra of WMR exhibited
predominantly the peak characteristic of cellulose. The disappearance of peaks in 4PWMR,
6PWMR and 8PWMR indicated the decomposition of cellulose. The broad peak at ~26=22.8°
can be indexed to the carbon (002) diffraction plane. Several other researchers (Dari et al.,
2016)(Cabeza et al., 2015) have noticed these tiny graphene planes grouped in turbostratic
disarray. The peaks at near 25.5° in 4PWMR, 6PWMR and 8PWMR are indicate the graphitic
carbon (Li et al., 2009).

Additionally, other sharp peaks seen in 4APWMR at 28.5 and 40.6 were attributed to quartz (q)
and sylvite mineral crystals in the biochar (s). K2SO4, K2COgz, and KCI (sylvite) make up the
majority of the K in biochars, whilst Ca2P.07 makes up the majority of P (Dhawane et al.,
2018). The peak at 20 30.7 was attributed to mineral whitlockite (w) in addition to biochar's
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calcite (Ca) (CaCOz) content. Whitlockite (beta-tricalcium phosphate), which can also contain
magnesium in its structure. The observed results are in tune with observance of P, Ca, and
magnesium in EDAX (Mukherjee & Halder, 2016).

The biochars seemed to achieve slight crystalline nature due to the mineral crystallization. The
average crystallite size of PWMR, 4PWMR, 6PMWR and 8PMWR calculated by Scherrer
equation was observed to be ~2.02 nm, ~42.53nm, ~10.44nm and ~15.34nm respectively.

Scanning Electron Microscopy and Energy Dispersive X-ray analysis:
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Figure 2.4 SEM images of WMR, 4PWMR, 6PWMR and 8PWMR

SEM images in figure 2.4 shows the morphology of the WMR, 4PWMR, 6PWMR and
8PWMR, which were pyrolyzed at 400°C, 600°C and 800°C respectively. The surface of dried
water melon rind (WMR) looked less porous and more compact (figure 2.4a PWMR) as
compare to pyrolyzed WMR at different temperature (figure 2.4b. 4c, 4d 4PWMR, 6PWMR
and 8PWMR). Biochar pyrolyzed at different temperature exhibited a more rugged surface as
compare to PWMR and finally attained a honeycomb like porous structure. It was also observed
that pore size increased with increasing temperature, which may increase the uptake of metal,
dyes or other pollutants from aqueous solution (Lei et al., 2019). The pyrolysis temperature
was observed to affect the microstructure of biochar, consistent with other research reports (Liu
etal., 2022).
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Figure 2. 5 EDAX spectra of WMR, 4PWMR, 6PWMR and 8PWMR

The SEM EDAX, data (figure 2.4 and 2.5) revealed that carbon was the predominant
component (68-74%), followed by oxygen (16-28%). Traces of Ca, K, Na, P, S, Mg and Si

were also found in all biochars but in very small amounts.
FTIR spectral analysis of biochars

FTIR spectral analyses of WMR and pyrolyzed WMR are shown in figure 2.6. The absorption
bands of cellulose and hemicelluloses corresponding to polysaccharides were observed at
1000-1200 cm™tin WMR. The C-H stretching of the aliphatic vibration groups and the O-H
stretching of the hydroxyl groups were observed in the range 2980-2820 cm™ and 3200-3400
cm respectively. Presence of O-H band confirmed the presence of alcoholic and phenolic
functional groups, associated with cellulose as well as hemicellulose and lignin components,
present in them respectively. The absorption band at 1030 cm™* depicted the anomeric region
of cellulose-like structure and C-O and C-O-C stretching. The C=0 stretching of ketones and
other carbonyl structures of WMR were observed at 1610-1740 cm™. The bands observed at
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700-850 cm™* were attributed to aryl C-H and/or aryl C-O groups. WMR showed abundant
oxygen-containing functional groups on the surface as compared to pyrolyzed WMR at

different temperature.
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Figure 2.6 IR spectra of WMR, 4PWMR, 6PWMR and 8PWMR
The absorption band observed at 3400-2400 cm™ in WMR disappeared in 4PWMR, 6PWMR
and 8PWMR, indicating dehydration and thermal decomposition of cellulosic and ligneous
components of WMR (Pasieczna-Patkowska & Madej, 2018). The band between 1600-1614
cm? can be attributed to vibration of C=0 of lactones (Fuente et al., 2003) or carboxyl-
carbonate structures (Morterra & Low, 1982). The peaks observed in range 1023-998.50 cm™
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can be attributed to different vibrations including C-O, C-C and C-N single bond stretches as
well as C-H bending (Sahoo et al., 2021).

Various out-of-plane C—H deformation bands were observed in the region 900-625 cm™ in
4PWMR, 6PWMR and 8PWMR. These bands can be attributed to solitary aromatic hydrogens
in aromatic structures. The absorption bands at 775 cm™ are generally attributed to meta-
substituted benzenoid compounds in WMR. The absorption bands at 823 cm™ also are
generally attributed to para-substituted benzene ring in WMR. Bands observed at 548-400 cm"
1in 4PWMR, 6PWMR and 8PWMR may be attributed to clay and silicate minerals.

2.3.2 Physico-Chemical analysis of Biochars

Investigations were conducted on the physicochemical characteristics of 4PWMR, including
its density, pH level, moisture content, Brunauer-Emmett-Teller surface area (BET), ion
exchange capacity and iodine sorption values (Table 2.1) (Kushwaha et al., 2013). About 1g
of adsorbent was dispersed in 100mL of distilled water and heated the mixture to boiling for
30 minutes while stirring continuously (ASTM 6851). The solution was cooled and pH was
determined. A known weight of the sample was heated for approximately 3 h in an air oven
maintained at 105°C to measure the moisture content (ASTM D2867). The technique was
performed until constant weight was achieved. A previously weighed 100mL graduated
cylinder was filled with biochars to the 50mL mark without tapping in order to evaluate the
bulk density (ASTM D8176). The biochar cylinder was precisely weighed. The bulk density
was estimated by multiplying the weight difference between the biochar-filled and non-
biochar-filled cylinders by 50. In order to determine the ion exchange capacity, 100mL of 0.25
M sodium sulphate and 0.5 g of biochar was combined in a stoppered conical flask and shaken
in a temperature-controlled bath (ASTM D1193). The mixture was filtered after five hours and
the filtrate was then titrated using phenolphthalein against 0.1 N NaOH. The following equation
was used to determine the ion exchange capacity of the adsorbent in meg/g:

Ion exchange capacity (%) = % ......................................................... eq. (2)

Where, a= Normality of NaOH
V= Volume of NaOH
W= Weight of the adsorbent in g
lodine content was determined using iodine adsorption from aqueous solution. It is a relative

indication of porosity and is used to compare adsorbent surface areas (Tanaka et al., 2002).
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lodine solution was used to equilibrate around 0.2 g of biochar. Titration with sodium

thiosulphate solution was used to calculate the residual iodine concentration.

lIodine value mg/g = (Blank — Burette reading of sample) x Conversion factor......eq.(3)

Mol.Wt.of lodine (127)x40
Wt.of CarbonxBlank Reading

Conversion factor =

where the blank reading is the burette reading for the iodine concentration without adding an
adsorbent and the burette reading is for the iodine that is still in the solution after adding

charcoal but has not yet been absorbed.

By using a BET surface area analyser at 77.3 K, the porosity of the 4PWMR was measured.

The BET equation was used to compute the specific surface area from the isotherm:

C— P
W = Vm_(1: (P_o) + VmLC ......................................................................... eq(S)

P and Po are the equilibrium and saturation pressures of the adsorbate at the adsorption
temperature, v is the amount of gas adsorbed (in volume units), vm is the volume of gas

adsorbed in a monolayer and c is the BET constant, which is written as:

C =exp (%) ..................................................................................... eq.(6)

Table 2. 1 Physico-Chemical properties of the Adsorbent

Parameters 4PWMR 6PWMR SPWMR
pH 9.2 9.0 8.9
Moisture content 10.39 % 0.432 % 0.319 %
Bulk density 0.4921 g/mL | 0.5321 g/mL | 0.7865 g/mL
lon exchange capacity | 0.033 meg/g | 0.054 meg/g | 0.093 meqg/g
lodine value 389.93 m?/g | 421.83 mg/g | 479.25 mg/g
BET surface area | 0.5365 m?/g | 6.46 m?/g 177 m?/g

2.4 Adsorptive removal of fluoride using 4APWMR

2.4.1 Experimental methods
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2.4.1.1 Materials and methods

Sodium fluoride (NaF) obtained from Spectrochem were used in this study without further

purification.

Fluoride stock solutions were made by dissolving 2.2105 g sodium fluoride (Spectrochem) in

1000 mL of conductivity water and then diluting to the desired concentration.

Preliminary experiments revealed that there was no significant difference in uptake of PWMR
at different temperatures while use of WMR resulted in some leaching of color into the solution.
To make the adsorptive process cost effective it was decided to use 4PWMR for further

defluoridation studies.

The fluoride uptake experiments were carried out in batch mode, with a known weight of
4APWMR dispersed in a 100 mL polypropylene flask containing fluoride at concentrations
ranging from 1 to 100mg/L. The flasks were orbitally shaken at a constant rate of 150 rpm for
3h at room temperature (35+2°C). After a desired time interval, the adsorbent was filtered and
dried for further analysis. The fluoride remaining un-adsorbed in the solution was measured by
a fluoride ion selective electrode (Thermo scientific ORION STAR A214)., provided by
Metroohm from a calibration graph plotted by analysing known concentrations of fluoride
standard solutions TISAB IV buffer (15 mL provided by Metrohm was used to maintain the

pH at 5-7. The following formula was used to determine how much fluoride was absorbed:
qe:Ci'Ce/m*loo ................................................................................. €q. (1)

where Qe is the fluoride uptake (mg/g), Ci is initial fluoride concentration (mg/L), Ce is
equilibrium fluoride concentration (mg/L) and m is mass of the adsorbent (mg).

All experiments except pH variation studies were conducted at pH 1.

To comprehend the adsorption process, the experimental data were fitted to various isotherm
and kinetic models (table 2.2). Further investigations were done into the regenerability,
reusability and applicability of 4PWMR for defluoridation of industrial effluents and ground

water samples.

Table 2. 2 Isotherm and kinetic models

Isotherm Functional form Linear form plot
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2.4.2. Fluoride uptake studies

2.4.2.1 Effect of pH

At an initial fluoride concentration of 50 mg/L, the influence of pH on the adsorption of fluoride
onto 0.1 g of 4PWMR was examined (figure 2.7a) in the pH range of 1.0-11.0. Maximum

adsorption was seen at pH 1, with a rapid decline in adsorption effectiveness above pH 2.
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Figure 2.7 a) Effect of pH on removal of fluoride (contact time: 3 h, dose: 0.1g, initial
fluoride concentration: 50mg/L) (b) ZPC of 4APWMR
At low pH higher hydronium ion concentrations will protonate the basic functional groups of
4PWMR, enabling them to bind fluoride ions. Dinesh et al. made comparable observations in
his investigations of fluoride removal by pine bark and pine wood (Zhou et al., 2019). These
protonated functionalities attract the hydrated fluoride ions. More hydrated H3O" F ion pairs
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may migrate into the biochar's pore walls and exchange with protonated functionalities present
there (Patel et al., 2009).

By evaluating the zeta potential of 4PWMR as a function of pH, the change in surface charge
of the adsorbent was examined to further understand this observation. The surface charge of
the adsorbent was found to be negative above pH 2.1 which was the zero-point charge of
4APWMR (figure 2.7b).

Less protonated sites would be present as pH was raised, making fluoride removal less
effective. The electrostatic rejection of fluoride ions by the negative surface charge on 4APWMR
may be the cause of the decrease in fluoride removal in alkaline circumstances (Zhou et al.,
2019).

2.4.2.2 Effect of dose

To examine the impact of 4PWMR dose on the efficacy of defluoridation of 25mL of 50 mg/L
fluoride containing solution, batch sorption experiments with various doses of 4APWMR (0.025-
0.2 g) have been conducted. Due to the increased availability of active sites, it was found that

fluoride uptake increased with an increase in 4APWMR dosage (figure 2.8a).
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Figure 2.8 Effect of a) adsorbent dose b) contact time ¢) temperature and d) initial
concentration of fluoride on % uptake of fluoride (contact time: 3h for a, ¢ and d; initial
fluoride concentration: 50mg/L for a b and c; pH 1)

2.4.2.3 Effect of contact time

The effect of contact time was examined by equilibrating 25 mL of a 50mg/L fluoride solution
at pH 1 with 0.2g of 4APWMR for various time periods (figure 2.8b). After 3h of equilibration,
the maximum uptake was seen and continued to be consistent. In the first half hour, a sizable
portion of fluoride (66 %) was eliminated and after that the removal rate gradually rose until
equilibrium was attained. The fact that all adsorbent sites were initially unoccupied and the
solute concentration gradient was large may have contributed to the shift in the rate of removal.
Later, as the number of adsorption sites and fluoride concentration both dropped, the rate of
fluoride uptake by the adsorbent dramatically decreased (Sujana & Anand, 2011).

2.4.2.4 Effect of temperature

The impact of temperature on fluoride uptake is seen in figure 2.8c. Since adsorption steadily
decreased as temperature rose, this indicated that the adsorption process was exothermic. The

reduced adsorption may be brought on by the molecules' greater propensity to escape off the
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adsorbent surface and into the solution phase, which causes the boundary layer's thickness to
decrease (Z. Jin et al., 2015).

2.4.2.5 Effect of initial concentration of fluoride

Figure 2.8d shows the results of an investigation into the impact of the initial fluoride
concentration (5 to 100 mg/L) on the adsorption process. Due to the lack of available active

sites, it was shown that fluoride uptake reduced as fluoride concentration increased.

To further model the experimental data, Langmuir, Freundlich, Temkin and Halsey isotherms
were also applied. Table 2.3 and figure 2.9 display the results of fitting experimental data to

these four models and the sorption parameters.
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Figure 2.9 Isotherms of fluoride uptake by 4PWMR
In comparison to the Langmuir model, the Freundlich model provided a better fit (r?>= 0.9989
vs. 0.9479), showing that the adsorption process was occurring on a heterogeneous surface that
changed with surface coverage (Bell, 2011). Additionally, the computed value of n from the
slope of the Freundlich isotherm plot was 1.28, indicating favourable adsorption (Bell, 2011).
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The uniform distribution of binding energies in the Temkin isotherm (Basar, 2006) is one of
its characteristics. The following values were estimated using the Temkin plot depicted in

figure 2.9: bt = 0.1016 and At = 0.598 L/g indicating a physical adsorption mechanism.

The Halsey adsorption isotherm is appropriate for multilayer adsorption (Rehrah et al., 2014)

and the experimental data's fitting to this model revealed the adsorbent's hetero porous nature.

Table 2.3 Isotherm parameters of Langmuir. Freundlich, Temkin and Halsey for the adsorption
of fluoride by 4PWMR

Isotherm Parameters
_ Qm KL (L.mmol™?) r?
Langmuir
20.44 0.0328 0.9479
N ke(L. -1 I’2
Freundlich (o)
1.2799 0.6282 0.9989
At (L -1 b I’2
Temkin (g !
0.5980 0.1016 0.97
kn (L.g™0) N r?
Halsey
0.8405 -1.7024 0.9900

The adsorption capacity of 4APWMR was found to be greater than that of previously reported
biochars, groundnut shell, manganese oxide coated alum and agricultural waste. While
aluminium hydroxide-based adsorbents, carbon and sweet lime performed better. However,
comparing the efficiency of adsorbents is difficult because sorption capacities have been
reported at various pH, temperatures, adsorbent doses, adsorbate concentration ranges,

adsorbent particle size and surface areas.

It is also difficult to compare the material's economic feasibility to that of previously reported
biochars due to differences in preparation conditions, properties, applications and adsorption
capacities. However, we followed the common methodology for biochar preparation by

optimising the slow pyrolysis technique at low temperatures.

Table 2.4 summarises the comparison of adsorption capacity of various adsorbents reported in

the literature for fluoride removal.
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Table 2.4 Comparison with other reported adsorbents

Adsorbent pH gmax(Mg/g) Ref.
Waste carbon slurry 7.58 4.15 (Lee et al., 2013)
Banana peel 6 17.4 (Singh, 2015)
Groundnut shell 7 1.15 (Jawad et al., 2019)
Sweet lemon peel 2-12 59.59 (Khan et al., 2015)
Agricultural waste 6 6 (Gercel et al., 2007)
Mushroom compost biochar coated with | 6-8 36.5 (Budyanto et al., 2015)
aluminum hydroxide
Distiller's grains biochars coated by aluminum | 5-9 18.05 (Budyanto et al., 2015)
hydroxide
Activated Biochar of Colocasiaesculenta Stem | 4.25 7.3 (Kishore, 2011)
Steam-Activated Biochar Derived from 6.5 0.95 (Sadhu et al., 2022)
Cocosnucifera Shell
Corn stover biochar 2 5.0 (Kishore, 2011)
Magnetic corn stover biochar 2 3.41 (Kishore, 2011)
Pine wood biochar 2 7.66 (Mohan et al., 2012a)
(Mohan et al., 2012b)
Pine Bark biochar 2 9.77 (Mohan et al., 2012a)
Hydrous manganese oxide-coated alum 4-6 7.09 (Teng et al., 2009)
Zirconium based metal organic frame works - 19.42 (Tan et al., 2020)
Laponite clay 7 10.8 (Braik et al., 2022)
4PWMR 1 20.44 This study

2.4.2.6 Adsorption kinetics and thermodynamics

Pseudo-first-order, Pseudo-second-order, Elovich, and Intraparticle diffusion models were
used to analyse the kinetic data (figures 2.10). Table 2.5 contains the derived rate constants and

r values.

It was noted that the experimental ge values of the pseudo-second order equation were closer
to the computed ge values than the pseudo-first order equation. The pseudo-second order
model's regression coefficient (r?) value at 303 K was 0.9989, indicating that it provided the
greatest fit kinetically and that some chemical interactions as well as physical ones contributed
to the binding of 4PWMR and fluoride (Teng et al., 2009).
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Second order kinetics was described by the Elovich equation under the assumption that the

actual solid surfaces are energetically heterogeneous (Ho & McKay, 1998). Higher value of A

(46100.35) than B (4.0633) suggested higher adsorption rate than desorption, indicating a

viable adsorption process [73].

The sorbate concentration-square-root-of-time plot of the intra-particle diffusion model gave

an r? values of 0.9315, indicating that intraparticle diffusion was also regulating the adsorption
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Figure 2.10 Kinetic models for fluoride adsorption onto 4PWMR

Table 2.5 Kinetic parameters of Pseudo first order, Pseudo Second Order, Intraparticle

diffusion and Elovich models for the adsorption of fluoride onto 4PWMR

ge(exp): 4.675mg/g Qe K r? A B

Pseudo First order 0.7719 0.0032 0.7977

Pseudo Second order 4.5269 1.7916 0.9989

Intraparticle diffusion 10.5979 0.0216 0.9315

Elovich 5.0676 0.9164 46100.35 4.0634
MSU/Mohini Sadhu 2022 53



Chapter 2 Biochar from Citrullus Lanatus....

The thermodynamic parameters for fluoride adsorption, including change in free energy (G°),

enthalpy (H®), and entropy (S°), are shown in table 2.6.

Table 2. 6 Thermodynamic Parameters of fluoride adsorption onto 4PWMR

Thermodynamic parameter Value
AG -22.28 kJ/mole
AS 0.039 KImol 1K™
AH -10.46 KJ

The exothermic nature of adsorption accounts for the negative value of enthalpy, while the
negative value of free energy revealed the process's viability and spontaneity. The G° results
from this investigation were greater than 20 kJ/mol, showing that charge sharing or charge

transfer was the main mechanism in the sorption process (Ho & McKay, 1998).
2.4.2.7 Effect of competing anions

Natural water often contains a number of anions. Figure 2.11a illustrates the evaluation of the
influence of co-existing anions (such as CI;, NOs,, SO4*, HCOs’, and COs%) on fluoride
adsorption by 4PWMR. Using 8 g/L of 4APWMR in 50 mg/L of fluoride solution containing 50
mg/L and 100 mg/L of various anions, fluoride absorption over 4APWMR was examined. The
stated anions barely had any impact on the adsorption of fluoride. In the presence of anions
that were twice as concentrated as fluoride, the adsorption capacity of 4PWMR for 50 mg/L

fluoride dropped by about 5-7 percent.
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Figure 2.11 a) Effect of competing anion concentration on % uptake of fluoride, b) Uptake of
fluoride after consecutive 1% 2" and 3" cycle using 0.1N NaOH as regenerant (Initial dose:

0.02 g, pH 1, initial fluoride concentration: 50 mg/L)
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2.4.2.8 Reuse of adsorbent

To investigate the desorption and regeneration of 4PWMR, three consecutive adsorption-
desorption cycles were carried out. Using 0.1M NaOH solution, desorption was reported to be
77.11 percent. For the first, second and third cycles of batch operations, the percent uptake of
fluoride was observed to be 79.54 percent, 71.99 percent and 60.17 percent, respectively (figure
2.11b). The findings demonstrated the applicability and viability of adsorbent for industrial

applications.

2.4.3 Characterization of 4PWMR after adsorption of fluoride

Scanning electron microscopy and Energy dispersive X-ray analysis:

The EDAX analysis of 4APWMRF are shown in the insets of figure 2.12. Fluoride peak's
appearance in EDAX spectrum suggested that fluoride was successfully adsorbed onto 4
PWMR. The significant rise in S and O content in 4PWMRF could be attributed to the uptake

of sulphate ions in water along with fluoride after 3 hours of agitation at pH 1.
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Figure 2. 12 SEM images of after adsorption with insets depicting EDS spectra of 4APWMR
after adsorption
The results of the XRD examination, along with the FITR spectra and EDAX analysis, showed
that the inorganic component of the biochar samples was primarily composed of carbonate and

phosphate-rich species.
FTIR spectral analysis

Figure 2.13 shows the equivalent spectra from the IR spectral analysis of the 4APWMRF. Due

to the partial chemical transformations that take place at low pyrolysis temperatures, biochars
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have been seen to act like feedstocks by preserving a specific level of hydration and a

carbohydrate structure (Schwanninger et al., 2004).

Following fluoride adsorption, the bands resulting from C-H stretching vibrations of the methyl
and methylene groups, which were observed at 2984 cm™ and 2894 cm™, respectively, in pure
4PWMR, have been shifted to 2981 and 2896 cm™, along with the appearance of a new peak
at 997 cm indicating C-F stretching (Kushwaha et al., 2013). However, the biochar might
likely retain the absorption intensities around 1610-1740 cm™, which correspond to C=0
stretching of ketones and other carbonyl compounds (Schwanninger et al., 2004) of pristine
WMR.
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Figure 2. 13 IR spectra of 4APWMRF
2.4.4. Discussion
The fluoride adsorption capability of 4PWMR could not match its surface area (0.5365 m?/g).
This suggested that the adsorption process must involve a number of different mechanisms.

Below are some potential mechanisms that have been suggested:

a) The Temkin isotherm model's low heat of adsorption result (0.1016 J/mol) demonstrated the
physical nature of the adsorption process. Van der Waals forces are one of the main ways that
physical adsorption can happen (Basar, 2006).
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b) The biochar was found to contain metals such Mg, Ca, Si and K, which can form bonds with
fluoride and lead to the production of insoluble fluoride on the adsorbent, according to XRD
and EDS data.

c) Both the inside and outside of the biochar have been found to contain a wide range of
oxygen-containing functional groups, including those that can be protonated and used to bind
fluoride electrostatically, such as hydroxy, anhydride, carboxylic acid, ketone, quinone, ether,

lactone and pyrone (N. et al., 2012).

d) Kumar et al. (H. Kumar et al., 2019) have described the possibility of an ion exchange
process using anions coupled with quaternary ammonium groups, if any. However, EDAX
experiments conducted for this work have revealed the presence of chloride on both the
4PWMR before and after fluoride adsorption, indicating that ion exchange did not take place.
Dehydrated hemicellulose and cellulose residues have been found in TGA and IR experiments
and these can cause an electrophilic carbon to form on the surface of biochar.

2.4.5 Conclusion

In this study, watermelon rind biochar (4APWMR) was characterised and used to effectively
remove fluoride ions from water. The ideal pH and contact time for adsorption, according to
batch tests are 1 and 3 hours, respectively. The Freundlich isotherm model and pseudo second
order kinetics were better fits for the adsorption data. The spontaneous and exothermic nature
of the adsorption process was shown by the negative values of free energy and enthalpy.
4PWMR has a maximum fluoride adsorption capability of 20.44 mg/g at pH 1. The pH of the
treated water would need to be adjusted, which would necessitate the addition of Na,CQOg,
MgCOs and CaCOsz. Modification of 4APWMR to make it more amenable for removal of
fluoride at neutral pH would be a part of our future studies. The effectiveness of the adsorbent
in defluoridation of both industrial wastewater and ground water was demonstrated. Common
co-existing anions like CI-, NOs, SO4*, HCO3, and CO3% had little impact on capacity of
4PWMR to adsorb fluoride. Furthermore, after being recycled three times, 4PWMR still
retained around 60% of its original adsorption capability. Metals like Mg, Ca, Si, and K were
found in biochar during its XRD and EDS characterization, which could help in the
development of insoluble fluoride on the adsorbent. Numerous oxygen-containing functional
groups that are amenable to protonation and electrostatic binding with fluoride were found,
according to FTIR analyses. Thus, the elimination of fluoride was mostly ascribed to the

interaction of metal fluoride precipitation and electrostatic attraction.
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2.5 Adsorptive removal of Methylene blue using Watermelon rind derived biochar
Preliminary experiments conducted on the removal of methylene blue indicated 8PWMR to be
a better adsorbent for methylene blue removal and hence further investigations were done using
8PWMR.

2.5.1 Experimental methods
2.5.1.1 Materials
Methylene blue (C16H1sN3SCIL.3H20) obtained from Spectrochem was used in this study

without further purification.

2.5.2 Methylene blue uptake studies:

Stock solution of MB was prepared by dissolving 1000 mg methylene blue (make
Spectrochem) in 1000 mL of conductivity water to make 1000 ppm solution. The MB uptake
studies were conducted in batch mode by using 4 g/L ratio of 8PWMR for 100 mg/L to 1000
mg/L of dye solution in 100 ml conical flask at room temperature. The flasks were shaken at a
constant rate of 150 rpm for 2 h in rotary mechanical shaker.

The residual concentration of dye was measured using UV visible spectrophotometer (make
JASCO). The calibration spectrum was recorded by analysing known concentration of dye
solution from which the unknown concentration of dye was determined. The amount of dye
uptake was calculated using the formula: ge=Ci-Ce/m*100 where ge is the dye uptake (mg/g),
C is initial dye concentration(mg/L), Ce is equilibrium dye concentration (mg/L), V is volume

of solution (L) and m is mass of the material (mg).

The effect of pH on the adsorption capacity of 8PWMR was evaluated in the pH range of 1-
11. Initial pH of the dye solution was adjusted using 0.1 M NaOH and 0.1 M HCI. Other
experiments were conducted at neutral pH. The effect of dose of adsorbent was studied by
varying dose in range of 0.08 to 0.48 g/L.

The experimental data were fitted to several isotherm and kinetic models (Table 1) to

understand the adsorption process.
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2.5.2.1 Effect of pH
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Figure 2.14 Effect of pH on % uptake of MB (contact time: 2 h, dose: 0.1g, initial dye
concentration: 100ppm)

The effect of pH on adsorption of dye on to 8PWMR is considered to be important due to
competitive adsorption for active sites by H* ions. On the basis of FTIR spectral analysis,
different functional groups like hydroxy, carbonyl, carboxyl, phenolic etc. were observed
which may be involved in potential binding process. This study was investigated in the pH
range 1.0-11.0 (figure 2.14) at an initial dye concentration of 100 mg/L using total aqueous
solution of 25 mL and agitating for 2 h. It was observed that the adsorption process was
independent of pH of the MB solution. This may reveal that electrostatic attraction was not the
predominant mechanism operating during the adsorption process. Further experiments were
carried out at pH 7.

2.5.2.2 Effect of dose

The effect of adsorption dose was studied by varying the 8PWMR dose between 0.02 g to 0.12
g by taking 25 mL of 200 mg/L solution of MB (figure 2.15). The % uptake of MB increased
as the adsorbent dose was increased from 0.02 to 0.1 g. However, with further increase in dose
uptake remained almost constant because of the aggregation of adsorption sites which results
in a decrease in total adsorbent surface area available to the adsorbate and also increased

diffusion path length.
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Figure 2.15 Effect of dose on % uptake of MB

2.5.2.3 Effect of contact time

The adsorption data for the removal of MB versus contact time for 200 mg/L MB dye is
presented in figure 2.16. The experiments were performed by taking 25 mL of dye solution
equilibrating with 0.05 g of 8PWMR for different time intervals. The dye adsorption increased
with increase in contact time and remained almost constant after an equilibrium time was
reached. Maximum uptake was observed within 30 mins. Significant fraction of methylene
blue (>90%) was removed in the first 5 mins and then increased until equilibrium was reached.
This observation may be due to the fact that initially solute concentration gradient was high

and also the adsorbent sites (pores of right size) are available.
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Figure 2.16 Effect of contact time on % uptake of methylene blue (dose: 0.05 g, initial

concentration: 200 ppm)
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2.5.2.4 Effect of temperature

The effect of temperature on the adsorption of methylene blue using 0.05 g 8PWMR in 25 mL
of solution containing 200 mg/L MB, at 60 min of contact time was investigated (figure 2.17).
It was observed that there was no significant change in uptake when temperature was raised
from 30°C to 60°C. The maximum removal dye percentage at 30°C, 40°C, 50°C, 60°C was
found to be 99.97, 99.98, 99.95 and 98.98% respectively.

100 1
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20 1

0

Temperature (°C
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Figure 2.17 Effect of temperature on % uptake of methylene blue (dose: 0.05 g, initial

methylene blue concentration: 200ppm, contact time: 1 h

2.5.2.5 Effect of initial concentration of dye

Effect of initial MB concentration (50 to 1000 mg/L) on the adsorption process was
investigated and is shown in figure 2.18. It was observed that there is only slight decrease in
the uptake of dye with increase in concentration. Since the initial MB concentration increased
from 50 to 1000 mg L* the equilibrium percentage dye removal decreased from 99.87 to
98.20%. This may be attributed to the fact that at low concentrations the ratio of surface-active
sites to the total dye molecules in the solution is high and hence all dye molecules may interact
with the activated carbon. At higher concentrations the MB may form dimers on the surface
and get adsorbed.

Further the adsorption data were fitted with adsorption isotherm models which shows the
distribution of adsorption molecules between the solid phase and liquid phase when the

adsorption process reached its equilibrium state.
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Figure 2.18 Effect of initial dye concentration on % uptake of methylene blue (dose: 0.1 g,

contact time: 2 h)

Table 2. 7 Isotherm parameters

Isotherm Parameters
) Onm KL (L.mmol™) r?
Langmuir
238.09 2.47 0.99
N ke(L.g*t r2
Freundlich AL
1.19 172.70 0.97
A7 (Lgt bt r2
Temkin (g
-2.4505 0.0152 0.95
ki (L.g™) NH r?
Halsey
168.66 -0.118 0.93

The Langmuir model endorsed that the adsorption occurred at specific homogeneous sites on
the adsorbent (Armbruster & Austin, 1938). Whereas the Freundlich model assumes the

heterogeneity of the surface and states that the adsorption occurs at sites with different energy
levels of adsorption (Armbruster & Austin, 1938). The results of the experimental data fitted
better to Langmuir isotherm model as compared to Freundlich, Temkin and Halsey models and
its parameters are shown in Table 2.9 and figure 2.19. Further, the value of n calculated from
the slope of the plot of Freundlich isotherm was 1.19 for MB suggesting favourable adsorption

(Bell, 2011). The Temkin isotherm parameters indicated a negative binding constant and hence
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is not a good fit as also affirmed by temperature studies which indicated the adsorption process

to be independent of temperature.
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Figure 2.19 Comparision of ge value with the experimental value of Langmuir and Fruendlich

isotherms

Table 2. 8 Comparison of Adsorption Capacities of various adsorbents for methylene blue

removal
Adsorbent pH OmaxMg/g Ref.
Activated carbon from Ficuscaricabast 8 47.62 (Path;gia;)e tal,
steam activated bituminous coal 11 580 (El Qada et al., 2006)
. T Adsorption
Activated _carbon from Posidonia Unaffected by 285.7 (Dural et al., 2011)
oceanica (L.) dead leaves .
pH of solution
Activated Carbon Prepared from Pea Shells 6.85 246.91 (Gecgel et al., 2013)
Activated carbon produced from tea 75 324.7 (Gao et al., 2013)
(Camellia sinensis L.) seed shells
Hydrous manganese oxide-coated alum 4-6 7.09 (Teng et al., 2009)
Carbonized watermelon (Citrullus lanatus)
rind prepared via one-step liquid phase 3-9 200 (Jawad et al., 2019)
H.S0O4 activation
. . (Lakshmipathy &
Native watermelon rind 7 239.7 Sarada, 2016)
Banana peel biochar/iron oxide composite 6.1 862 (Zhang et al., 2020)
Wodyetia bifurcata biochar - 149.3 (Santos et al., 2019)
Adsorption
8PWMR Unaffected by 238.09 This study
pH of solution
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The comparison of adsorption capacity of various adsorbents reported in literature for
methylene blue removal are summarised in Table 2.10. 8PWMR was observed to be a better
adsorbent than other adsorbents reported in literature due to its effectiveness over a wide pH
range and high Langmuir adsorption capacity. Activated carbon from Posidonia oceanica (L.)

dead leaves also gave comparable results (Boukmouche et al., 2014).

2.5.2.6 Adsorption kinetics and thermodynamics
To figure out adsorption mechanism pseudo-first-order, pseudo-second-order and intraparticle
diffusion models were investigated (figure 2.20) and the calculated rate constants and r? values

are tabulated in table 2.11.
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Figure 2.20 Kinetic models for methylene blue adsorption onto 8PWMR a) Pseudo first
order, b) Pseudo second order, ¢) Intraparticle diffusion
It was observed that the adsorption data of MB by 8PWMR were best fitted with pseudo-second
order model since the regression coefficient (r?) value at 303 K was 0.99 than that of pseudo-
first order that is 0.83. Moreover, the experimental ge values were closer to the calculated ge

values of pseudo-second order model than pseudo-first order model, suggesting the reaction
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kinetics is of pseudo-second order. The mechanism which controls the rate of reaction is the
chemical sorption say valence forces where sharing and/or exchange of electrons between
adsorbent and adsorbate occurs. Due to this the kinetic data were further analysed by
intraparticle diffusion model to study the mechanism of diffusion. The study of the intraparticle
diffusion model gave r? value 0.97 and the plot between sorbate concentration and square root

of time was linear suggesting that the adsorption process could be controlled by intraparticle

diffusion.

Table 2.9 Kinetic parameters

Kinetic parameters
q: (exp): 4.675mg/g gt K r?
Pseudo First order 10.16 | 0.0002 | 0.83
Pseudo Second order | 101.01 | 0.016 | 0.99
Intraparticle diffusion | 2.99 | 0.099 | 0.97

2.5.2.7 Reuse of adsorbent

To study the reusability of adsorbent, the desorption was first performed using 0.1M NaOH
solution. After the desorption the adsorbent was dried and reused for the adsorption process.
The % uptake of methylene blue was found to be 99,98%, 98.85%, 96.24% and 95.68% for the
15t 2" 31 and 4" cycle of batch operations respectively (figure 2.22). The result shows the good

sustainability of adsorbent for commercial or industrial purposes.
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Figure 2.21 % uptake of methylene blue after consecutive 1%t 2" 3 and 4™ cycles
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2.5.3 Characterization of SPWMR after adsorption of MB
Scanning electron microscopy and Energy dispersive X-ray analysis:

The EDAX analysis of SPWMRMB are shown in the insets of figure 2.23. Therise in S, C and
O content in SPWMRMB could be attributed to the uptake of methylene blue.

spacinum |
Element , Weight%
CK 72.11
OK 26.19
PK 0.26
SK 0.38
CIK 0.29
SiK 0.16
KK 0.45
CaK 0.16

Totals 100.00

2011411724 HL D58 x20k 30um
Figure 2.22 SEM-EDAX analysis of SPWMRMB

FTIR spectral analysis

Figure 2.24 shows the IR spectra of the SPWMRMB. The band at 3699 cm™ was ascribed to -
OH stretching vibration, while the peak at 2900 cm™* was attributed to C-H stretching vibration.
Carboxyl C=0 stretching vibrations and C=C peaks were identified at 1549 cm™; the peak at
1047 cm™ was ascribed to the C-OH stretching vibration (Ying et al., 2021).

There is a shift of peaks such as 2372 (in SPWMR) from 2332 cm™ (in SPWMRMB) (O-H
stretch of the carboxylic group), and 1549 cm™ (aromatic), indicating that these functional

groups may have interacted with the MB (Suhaimi et al., 2022).
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Figure 2. 23 IR spectra of SPWMRB
2.5.4 Conclusions

In this study biochar derived from water melon rind, 8PWMR was used to remove methylene
blue from agqueous solutions. Batch experiments showed that the adsorbent works very good in
whole pH range and the maximum adsorption occurs in initial 30 mins with 0.05 g dose for
MB. The maximum adsorption capacity was found to be 238.09 mg/g for MB. The
experimental isotherm fitted well to the Freundlich isotherm. The adsorption kinetic data
successfully followed the pseudo second order kinetic model. The negative values of free
energy and enthalpy indicated the spontaneous and exothermic nature of the adsorption
process. The performance of the adsorbent for synthetic effluent was demonstrated. The
mechanism of dye adsorption on 8PWMR is governed mainly by electrostatic, hydrogen
bonding and n-m stacking interactions. Finally, it can be concluded that the SPWMR is an
efficient, low-cost and sustainable adsorbent for removal cationic dye species such as

methylene blue from aqueous solutions and even in industrial effluent.
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