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Abstract

A vast population of the world is vulnerable to fluoride contaminated drinking water intake, and there are various
defluoridation techniques available to date as well. But the removal of fluoride is still a challenge, especially in remote
rural areas because available techniques require proper supervision and equally, ineffective due to economic issues
and electricity crisis. Among all methods of defluoridation, adsorption methods are found better to carry out at the
community and household level but sometimes demanded a replacement of commercial activated carbon (CAC) due
to economic issues and less availability in remote areas. Hence keeping this in mind, the present study assessed the
pine cone activated carbon (PCAC) as adsorbent material in the defluoridation that is easy to prepare like any other
agriculture-waste material. The activated carbon was prepared using KOH as an impregnating agent for activation of pine
cone by pyrolysis technique at 800 °C and has been analyzed for various parameters in the fluoride removal viz. contact
time, dose variation, pH and initial fluoride concentration. The maximum adsorption capacity of fluoride on pine cone
activated carbon was found 1.34 mg/g of initial fluoride concentration (2-12 mg/L) at pH (6.8-7.0) with a contact period
of 45 min. Also, a comparison has been made between Pine Cone Activated Carbon (PCAC) with Commercial Activated
Carbon (CAC) based on obtained results. It has been suggested that Pine cone activated carbon is efficient as well as
cheap adsorbent and can be used for the removal of fluoride from drinking water in rural areas.
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1 Introduction

The presence of fluoride traces in water is essential to pre-
vent dental caries but if present in a larger concentration
in water it may possess a threat to human health. Some-
times, fluoride is responsible for the epidemic disease of
fluorosis in human and living beings due to excess intake
of fluoride in drinking water [4, 15, 23, 26]. Apart from fluo-
ride toxic effect on bone and teeth, the fluoride has a toxic
effect on the functional mechanism of the kidney if intake

of fluoride is 4 mg/L or 12 mg/day [8, 31, 34]. The excess of
fluoride intake may also affect the intelligent quotient (1Q)
of children due to sleepiness and giddiness [25, 30, 40] and
cause the functional impairment of the nervous system in
the development of the infant [37]. The fluoride toxicity is
responsible for the destruction of the RBCs and in lowering
the hemoglobin levels as well as has the toxic effects on
gastro-intestinal mucosa due to loss of microvilli [17, 22].

WHO (world health organization) recommended the
desirable and permissible limit for fluoride in drinking
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water as 0.5 mg/ L and 1.5 mg/L, respectively. According to
the Indian standard code of drinking water IS 10,500:2012,
the acceptable and permissible limit for fluoride in drink-
ing water is 1 mg/L and 1.5 mg/L. Till today, even there
is an abundance of defluoridation techniques present in
the world but, researchers are struggling to combat the
epidemic disease of fluorosis and looking for efficient and
cheap fluoride removal technique [1, 3, 14, 33, 35, 38]. In
India, elevated fluoride levels account for more than 200
districts in 22 states. Rajasthan, Gujarat, Telangana and
Andhra Pradesh are severely affected states from fluorosis.
Other states have a moderate level of fluoride in ground-
water viz. Punjab, MP, Haryana, and Maharashtra. A low
level of fluoride in groundwater is reported in Tamil Nadu,
West Bengal, UP and Bihar [3, 14, 23, 38]. The WHO has clas-
sified fluoride as a major contaminant in drinking water.

In the Indian scenario, many defluoridation techniques
are very costly or cannot be used without proper supervi-
sion in rural areas as mostly suffered from economic issues
and electricity. Among all existing methods, adsorption is
the best technique that can be easily carried out in rural
areas using cheap and effective adsorbent.

Adsorption technique is widely used for contaminant
removals like iron, fluoride, and arsenic, etc. from water or
any solvent [7, 27]. It has replaced all conventional meth-
ods of purification such as distillation, absorption, and the
membrane-based technique by its significant abilities in
the economy and contaminant removal [1, 33, 38]. Today,
many water plants used adsorbents for contaminant
removal from water because adsorbent has been proved
to be effective at high flow rates and produces no sludge
([2, 18, 39]. Nowadays, all the filters are using adsorbent
as their filtration medium in water purifiers and treatment
units that help in enhancing the filtration and contaminant
uptake rate. With the increasing demand for adsorbent
material in the market, varieties of charcoal and activated
charcoal are produced at large scale from agricultural
waste and other organic material, e.g., wood chips, rice
husks, nutshell, leaves, Jamun seed, saffron leaves, and
many more materials [12].

So, the main focus of this research is to develop agro-
based cost-effective, simple and efficient adsorbent to use
in adsorption techniques for fluoride removal from drink-
ing water.

2 Objective
For the present study, the specific objectives are,

1. Study of surface morphology and behavior on acti-
vated carbon derived from pine cone using potassium
hydroxide (KOH) as an activating agent,
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2. Analyses of fluoride removal with varying parameters
viz., contact time, adsorbent dose, pH, and initial con-
centration of fluoride, and

3. Comparative study of Pine Cone Activated Carbon
(PCAQ) with Commercial Activated Carbon (CAC)

3 Material and instrumentation

For the preparation of PCAC materials and chemicals
require are- Pine Cone, Sodium fluoride (NaF), SPADNS
dye, Zirconyl octahydrate, KOH pellet for impregnation,
HCI solution (0.1 M) and NaOH solution (0.1 M) for pH
adjustment. The CAC was purchased from “Akshar chemi-
cals, Gujarat, India”. As per their specifications, it had a
coarse-grained particle size with a mean diameter of
2.80 mm.

Various types of instrumentation and apparatus are
used for the analysis of fluoride removal and studying the
surface morphology of PCAC. All the experimental works
have been performed at the Centre for Materials Science
and Engineering (CMSE) and the Centre for Energy and
Environmental Engineering (CEEE) labs of NIT Hamirpur.
The major and minor instrumentation and apparatus used
in the study are; UV-VIS spectrophotometer (Agilent Cary
60 UV-Vis), high-resolution scanning electron microscope
(Quanta 450 FEG), Fourier-transform infrared spectroscopy
(FT-IR PerkinElmer), pH meter (Esico 1010 Digital Electric
Microprocessor pH System), muffle furnace, magnetic
stirrer, weighing balance, oven, pipette, conical flask and
measuring cylinder.

4 Methodology
4.1 Proximate analysis of PCAC

A proximate analysis was done to understand the utility
of Pine cone for charcoal formation. This method is sig-
nificant in understanding the nature of base material for
charcoal preparation. It includes a percentage of moisture,
percentage of volatile matter, amount of ash, and fixed car-
bon available in organic material viz. coal, rice husk, dried
leaves, solid waste, nutshell, endocarp, etc. Initially, pine
cone petals are taken in a crucible and dried for complete
moisture removal at 105 °C for about 6 h to analyze the
percentage of moisture in biomass. Then the dried sample
is heated in a closed system for complete air absence at
700-950 °C for 7 min to analyze the percentage of vola-
tile matter. In the last ash content is found by burning the
sample at 550 °C till ash formation.
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4.2 Preparation of pine cone activated carbon
(PCAQ)

1. Take around 8 to 10 numbers of the dried pine cone.
Then break its petals and washed with normal water
first to remove any dirt. After that wash it with distilled
water dried at 105 °C for about 6 h in an oven.

2. Asthe sample dry completely, take 115-120 g dried
sample and place it in an airtight steel container for
the carbonization process at a temperature of 650 °C
and keep at this temperature for 1 h in a muffle fur-
nace.

3. After 1 h, remove the steel container from the muffle
furnace using tong and thermally insulated gloves. Let
the container cool down completely to its room tem-
perature. Then open the lid and keep the charcoal in
an airtight container.

4. Now break the charcoal into smaller chunks (around
3-5 mm) using a grinder and prepare its slurry with
adding KOH in 1:4 with charcoal and 200 mL of dis-
tilled water and keep it for 6 h. In this study, 96 g of
charcoal pieces are taken to prepare its slurry. Then,
this slurry is dried for about 8 h at 105 °C. Again keep
it in a muffle furnace for activation at a temperature of
800 °Cfor 1 h.

5. Wash the KOH treated activated carbon with 0.1 M HCI
solution and with distilled water to remove the excess
KOH. Wash it several times to keep the pH of activated
carbon around 7. In the present study, the pH is main-
tained in the range of 7 to 8 after 25-30 times washing.

6. Finally dried the sample at 105 °C for 6 h and then
grind it into fine-grained particles and sieve it.

Preparation of fluoride stock and test solution.

1. First, prepare a stock solution of fluoride using NaF.
The weighted amount of NaF (22.1 mg) is added to a
beaker and filled up to 500 mL of distilled water. The
resulting stock solution of fluoride will be of 20 ppm.

2. Then prepare a SPADNS reagent by adding 239.5 mg
in 125 mL distilled water and Zirconyl acid reagent
by adding 25 mg Zirconyl chloride octahydrate with
87.5 mL HCI. Make up this resulting mixture up to
125 mL adding distilled water (IS 3025 (Part 60) 2008).

3. Toprepare 0.1 N NaOH, add 0.4 g NaOH in 100 mL dis-
tilled water.

4. Take 2.045 mL HClin a beaker and makeup to 250 mL
using distilled water, therefore, we get 0.1 N HCl solu-
tion.

5. Now, the test solution of fluoride will be prepared
using a stock solution by applying the dilution formula
with different concentration of 2 ppm, 4 ppm, 6 ppm,
10 ppm, 12 ppm, and so on.

6. pH adjustmentis done using 0.1 N HCl or 0.1 N NaOH.

4.3 Step-by-step procedure

First of all, prepare a stock fluoride solution of 20 ppm.
Then using the stock solution, test solutions (100 mL)
of the desired concentrations ranging from 2 to 12 ppm
were obtained by successive dilutions.

Then the weighted amount of adsorbent dose place
in a beaker containing fluoride solution and rotate the
beaker on a magnetic stirrer for 30-60 min (set rotation
at 120-150 rpm).

After that allow the sample to rest for 10 to 15 min so
that adsorbent could settle down easily and filter the
sample through Whatman filter paper of 8 microns.
For analyzing the residual fluoride concentration
through UV-VIS Spectrophotometer, take 10 mL of fil-
tered solution in a test tube and add 1 mL of SPADNS
Zirconyl reagent in the test tube and keep it in rest for
10-15 min for complete mixing.

After that analyze the test solutions for absorbance at
standard concentration of fluoride.

Continue to repeat this process by varying adsorbent
dose until we get the maximum fluoride removal in the
desirable pH range (6.5-8.5).

Then analyze the adsorbent by varying parameters at
the time by keeping the others constant such as contact
time, pH, adsorbent dose and initial fluoride concentra-
tion.

4.4 Adsorption isotherms

Isotherm helps in understanding and analyzing the behav-
ior of contaminants with adsorbent and thus helps in the
optimization of surface properties of adsorbent, regenera-
tive capability, and adsorption capacity by knowing the
mechanism of adsorption [1, 33, 38]. There are various
theories that help in the explanation of adsorption phe-
nomenon viz. Freundlich Isotherm, Langmuir Isotherm,
Dubin-Radushkevich Isotherm, and Temkin Isotherm.
Among these isotherms, Freundlich and Langmuir Iso-
therms are most widely used to explain the experimental
data of adsorption isotherms [6].

4.4.1 Langmuir model

This model has become a mile stone in analyzing the
adsorption mechanism and its effectiveness for different
adsorbents. The Langmuir relation is given as follows [19,
36]
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Qe - OmKLCe " Q_m (1)

where K =Langmuir constant (L/mg); Q,,=Amount of
adsorbate when complete monolayer is formed (mg/qg);
C.=final concentration at equilibrium (mg/L); Q. =amount
of mass adsorbed per unit mass of adsorbent (mg/qg).

4.4.2 Freundlich model

The another model, Freundlich model is also used widely
for which equation is as [19, 36]

1
log Q, = log K + - log C, (2)

where K;=Freundlich capacity factor or called as adsorp-
tion capacity (mg/qg); C,=final concentration at equilib-
rium (mg/L); 1/n=Freundlich Intensity parameter or called
adsorption intensity; Q,=amount of mass adsorbed per
unit mass of adsorbent (mg/g).

4.4.3 Kinetic models

Adsorption Kinetics study helps us in knowing the uptake
rate of adsorbate and describing the sorption reaction
pathway. It also helps in the estimation of contact time
for the adsorption system that requires to design a fixed
bed or continuous flow type system. There are various sig-
nificant factors which govern the adsorption kinetics are
surface adsorption, attachment, and movement of fluoride
at the interior surface sites, transportation of fluoride from
bulk to the outer surface of the adsorbent, precipitation or
complexation [13, 38].

4.4.4 Pseudo-first-order
It is an empirical model which was first described by Lager-

gren in 1898 for solid liquid adsorption system [24]. Its
equation is represented as below [10]

Table 1 Calculation for proximate analysis of PCAC

log (g, — g;) =logq, — 3)

1 ¢
2.303
where, g, =amount of mass adsorbed per unit mass of
adsorbent (mg/qg); q,=amount of mass adsorbed per unit
mass of adsorbent at time t; k, =rate constant for pseudo
first-order kinetics (min~").

4.4.5 Pseudo-second-order

This model is based on the sorption equilibrium and
assumed that when adsorption follows second-order
kinetics, the Chemisorption has taken place between
adsorbate and adsorbent [20, 29]. The pseudo-second-
order equation is as [32]

t

_ 1,
0 k" q. @
where, g,=amount of mass adsorbed per unit mass of
adsorbent (mg/qg); g,=amount of mass adsorbed per unit
mass of adsorbent at time t; k, =rate constant for pseudo
second-order kinetics (7' mg™' min™").

5 Results and discussion
5.1 Proximate analysis of PCAC

Results of Proximate analysis for PCAC are mentioned in
Table 1. The results indicate that it has a significant per-
centage, i.e., 21.73% of fixed carbon which shows its great
potential for charcoal preparation [16].

5.2 Sieve analysis of PCAC

Calculation regarding sieve analysis is shown in Table 2.
Investigated results show that fineness modulus for
PCAC is 2.38. Therefore, we can say that the particle size
of adsorbent material bears fine-grained particle size
within the range of 300 microns to 90 microns as 91%
of the weight was retained in this limit. To obtain sound

Parameter Wt. (9) Relation Percentage%

Sample wt. (W,) 11.08

Moisture content-Sample dried at 105 °C for 6 h (i,) 9.426 (W, - W,) x100/W, 14.93

Volatile matter—Sample W,dried at 700-950 °C for 7 min in absence of air (/) 2.92 (W,—Ws) x 100/W, 58.71

Ash-combustion of the sample takes place at 550 °C for about 1 h or till the ash 0.512 W, x 100/W, 4.62
formation (W,)

Fixed carbon 100 — (Moisture con- 21.73

tent+Volatile mat-
ter+ Ash)
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Table 2 Sieve analysis of PCAC

Sieve Size Wt. retained % wt. retained Cumula-

(micron) (mg) tive % wt.
retained

600 0 0 0

300 71 7.1 7.1

150 251 25.1 322

20 664 66.4 98.6

pan 14 1.4 100

Pine cone as Washing

Carbonizati Crushing into
and Drying granular particles

Raw material

Grinder into Fine
Grained particles

Washing
and Drying

Impregnation
using KOH

Activation

Pine Cone Activated
Carbon (PCAC)

Application of ‘PCAC’ in
Fluoride removal from water

v

Fig. 1 Flow Chart of PCAC preparation

quality adsorbent material it must possess large surface
area which could only be achieved by its fineness [36].
Therefore, prepared adsorbent material using pine cone
contains fine-grained particles that have proved efficient
in uptake of fluoride (Fig. 1).

5.3 Scanning electron microscopy (SEM)
and energy-dispersive X-ray spectroscopy (EDS)
analysis

SEM helps in analyzing the detailed high-resolution sur-
face images by detecting scattered electrons from the
sample surface when a specimen is bombarded by the
strong electron beam. Along with SEM, EDS greatly helps

in getting information about the involved chemical of a
particular sample by analyzing deeply its surface [5]. In the
present study, by using SEM and EDS, the PCAC is analyzed
before and after fluoride uptake during the adsorption
mechanism. It helps in understanding textural morphol-
ogy and its significance in adsorption. The SEM images and
EDS data of PCAC analysis are shown in Fig. 2 and Fig. 3.
Figure 2 shows that the PCAC surface bears a significant
amount of roughness before fluoride adsorption which
was reduced later in fluoride uptake and made the surface
smooth and reduced the porosity.

It may be noted in Fig. 3, that the EDS of the PCAC sam-
ple indicates elements present in the PCAC sample before
and after adsorption. The presence of the potassium (K)
element confirmed the impregnation of pine charcoal with
KOH that is shown in‘a’part of Fig. 3. In the elemental per-
centage given by EDS, the carbon element is maximum
in the carbonization step in charcoal formation (refer to
Table 3). In ‘b’ part of Fig. 3, the significant presence of
fluoride ion on the adsorbent material surface indicates
its uptake by PCAC.

5.4 Fourier transform infrared spectroscopy (FTIR)
analysis of PCAC

Pine cone charcoal is analyzed in an attempt to find the
attached functional group on the adsorbent material. It
is effective in analyzing specimens of solid, liquid, and
gas. Results indicate that the absorption peak is lying at
3500 cm™" and this marks the presence of the O-H group.
It is noted that every type of molecule in organic chemis-
try marked its presence in some special region called fin-
gerprint with its corresponding bond. For O-H functional
group absorption band must lie between the wavenumber
range (3650-3200) which defines a very strong bond [9].
Therefore, it is confirmed that pine cone charcoal has been
successfully activated and its validation is shown by FTIR
in Fig. 4. The selected values of Wavenumber (cm™ and

.
T E—
CMSE NIT HMR

Fig.2 PCAC surface image at 2000 X; a Before adsorption, b After adsorption
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Fig.3 EDS Graph of PCAC; a Before adsorption, b After adsorption
Table 3 ,E_DS Chemical E1 AN Series Unn. (wt %) C norm. (wt %) C Atom. (wt %) C Error (wt %)
composition of PCAC
Before adsorption at spectrum: 12,615
C 6 K-series 74.32 74.32 82.65 16.7
o 8 K-series 17.37 17.37 14.51 9.8
K 19 K-series 8.31 8.31 2.84 0.4
Total 100 100 100
After adsorption at spectrum: 12,614
C 6 K-series 89.04 89.04 92.04 15.1
o 8 K-series 9.37 9.37 7.27 49
K 19 K-series 1.06 1.06 0.34 0.1
F 9 K-series 0.54 0.54 0.35 0.8
Total 100 100 100

corresponding % Transmittance are given in Appendix D
which are resulted from FTIR analysis.

5.5 Effects of parameters on adsorption

Adsorption depends on significant variables which play a
crucial role in fluoride uptake viz. contact time, dose, pH,
the strength of fluoride solution [6]. These variables are
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analyzed to investigate the efficient condition required
to develop a strong mechanism for adsorption using an
adsorbent material.

5.5.1 Effect of contact time

In experimental work test solution of 100 mL is used with
fluoride solution strength of 6 ppm. The adsorbent dose
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% Transmittance

3.18, 3465

3500

0 500 1000 1500 2000 2500 3000 4000 4500

‘Wave number (cm™')

Fig.4 FTIR of PCAC

in test solutions was taken as 0.5 and 1.0 for PCAC and
CAC respectively. The‘a’ part of Fig. 5 indicates the effect
of increasing contact time and fluoride uptake rate by
adsorbent material on increasing contact time. At a cer-
tain point, it seems decrement in fluoride uptake rate as
time passes and finally, it achieves equilibrium without
any enhancement in removal rate. It also interprets that
initially fluoride uptake rate is high and after time passes,
in medium stage, efficiency begins to reduce because
maximum sites are utilized fluoride ion in adhesion or
chemical bond formation. In the ending stage, adsorp-
tion sites are limited or fully occupied which hindered
fluoride uptake rate. This inability of the adsorbent for

80

70
T 60
[]
£ 50
o
% 40
S 30 ¢ —8—PCAC ----CAC
T
< 20

10

0
0 20 40 60 80 100 120 140
Contact time, minutes
100
(c)
T 80
g
g 60
o
Q
2 40
o
3
= 20
x —a— PCAC --e--CAC
0
0 2 4 6 8 10 12 14

Adsorbent dose, g/I

further adhesion of fluoride ion is depicted by regardless
of any time duration. For the PCAC sample, 60 min could
be taken as an effective time for efficient fluoride uptake
because afterward adsorbent doesn't show any remark-
able sign of fluoride uptake regardless of time increased.
Similarly, for the CAC sample, 45 min were taken as an
effective time.

5.5.2 Effect of pH

In the experimental work variation of pH in the range of
3 to 9 is investigated for fluoride uptake rate. It may be
seen from the ‘b’ part of Fig. 5 that the fluoride uptake
rate is significantly varied in enhancing the pH level. At
lower pH value higher positive charge is dominating in
solution due to the abundant presence of H* ion which
gets accumulated around the surface of the adsorbent
surface and makes it positively charged. At a lower value
of pH charge of adsorbent is highly positive which helps
in fluoride ion adhesion from solution to the adsorbent
surface. Therefore, evidence shows maximum fluoride
uptake ability of adsorbent gets enhanced at lower pH,
and when pH increases it means there would be less H*
ion which reduces the electropositive charge around the
surface of the adsorbent and hence decreases adsorbent
uptake ability of fluoride from solution or water.

75
70
65
60

55

50

% Fluoride Removal

—a— PCAC --e--CAC
40

pH

100
80

60

40

20

% Fluoride Removal

—a— PCAC --e--CAC

0 5 10 15

Fluoride concentration, mg/I

Fig.5 A comparison for Fluoride removal efficiency between PCAC and CAC for various parameters; a Contact time, b pH, c adsorbent dose,

and d Fluoride concentration
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5.5.3 Effect of adsorbent dose

The adsorbent dose variation from 0.2 g to 1.2 g is inves-
tigated in a fluoride solution of 100 mL. Variation in
fluoride uptake rate due to variation in adsorbent dose
is given in ‘c’ part of Fig. 5. Experimental studies are var-
ied the adsorbent dose in the range of pH 6.8-7.0 and
contact time 45 min for CAC and 60 min for PCAC. From
Fig. 5, it is concluded that with increment in the dose of
adsorbent material fluoride uptake rate increases up to
a certain extent due to maximum vacant sites and pores
availability for adsorption. But when doses increase from
8-12 g/L there was not any remarkable change in fluoride
removal ability because of maximum adsorbent dose sites
that have overlapped which results in the reduction of net
surface area [11].

5.5.4 Effect of initial fluoride concentration

Variation in fluoride uptake rate with varying fluoride con-
centration is plotted in‘d’ part of Fig. 5. The effect of initial
solution concentrations was investigated in the range of
2-12 ppm at fixed adsorbent dose, pH, and time previously
determined. Initially, the fluoride uptake ability is maxi-
mum because of the availability of maximum unoccupied
sites on the surface of the adsorbent. As the concentration
increases, sites get occupied and on a further increment of
fluoride solution strength, the adsorption became ineffec-
tive which is highlighted from constant graph line because

(a) o
. 0.1
o
)
Q - -
S 04 02
: y = 0.4865x - 0.3088
2. R?=0.9619
0.6
Log C,
(c)
o 0
éﬂ 0.4 02 010 0.2 0.4 0.6 0.8 1

-0.2
-0.3

y=0.5216x - 0.6538
R?=0.9857

-0.9

Log C,

already all adsorbent sites have been occupied and mate-
rial gets saturated.

5.6 Adsorption isotherm

Adsorption isotherm modeling is done for PCAC and CAC
at fluoride solution strength of 2 mg/L to 12 mg/L. In the
present analysis of the Isotherm models, trend analysis
represents the best fit relation with each selected Iso-
therm model by checking the linear relationship and its
correlation using the regression value of R%. A compari-
son between Freundlich and Langmuir isotherm models
for pine cone based activated charcoal and market based
activated charcoal indicate the suitability of Langmuir iso-
therm for fluoride adsorption. This shows that the mecha-
nism of adsorption depends on monolayer formation by
adsorbate on the material surface. Figure 6 represents the
Isotherms models for PCAC and CAC.

Investigation of Adsorption isotherm indicates the suit-
ability of PCAC over CAC (refer to Table 4). On analyzing
the isotherm model, Langmuir isotherm gives the best
correlation over Freundlich isotherm by R? value of 0.992.
This indicates the acceptability of pine based charcoal over
market-based charcoal for fluoride removal. In Langmuir
isotherm, R, denotes the adsorption nature and its accept-
ability. By investigating the Isotherm in case of Langmuir,
R, value for fluoride solution strength of 2-12 mg /L is
found in the range of 0.435 to 0.114 for PCAC and 0.476
to 0.131 for CAC. Dada et al. [10] and Dehghani et al. [13]

3.5
3
2.5
07 2
<
— 15 y =1.1503x + 0.746
R?=0.9928
1
0.5
0
0 0.5 1 15 2 2.5
1/C,
8
7
6
oS y = 2.7253x + 1.4992
=4 R?=0.9943
3
2
1
0
0 0.5 1 15 2 2.5

1/c,

Fig. 6 Adsorption Isotherm plots; a Freundlich isotherm for PCAC, b Langmuir isotherm for PCAC, ¢ Freundlich isotherm for CAC, and d
Langmuir isotherm for CAC Plot of Langmuir isotherm for fluoride adsorption (CAC)
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Table 4 Adsorption isotherm results for PCAC and CAC

Adsorbent Isotherm model Slope Intercept Final parameters
Pine cone based Freundlich 1/n=0.486 log K;=—0.308 K:=0.492 mg/g
activated carbon n=2.05
R?=0.961
Langmuir 1/(Qm-K)=1.15 1/Q,,=0.746 K =0.648 L/mg
Q,, " 1.34mg/g
R?=0.992
R =0435t00.114
Value of R, (Langmuir isotherm) for a fluoride concentration range of 2-12 ppm
Commercial activated  Freundlich 1/n=0.521 log K= —0.653 K:=0.22 mg/g
carbon n=1.919
R?=0.985
Langmuir 1/(Q,K)=2.725 1/ Q,,=0.667 K =0.550L/mg

Q,,=0.667 mg/g
R?=0.994
R, =0.476 t0 0.131

Value of R, (Langmuir isotherm) for a fluoride concentration range of 2-12 ppm

show that R, in both cases lies between 0 and 1 which
indicates that fluoride uptake is favorable and confirms its
acceptability on activated charcoal in both cases.

5.7 Adsorption kinetics model

Adsorption kinetic modeling is done for PCAC and CAC
at fluoride solution strength of 6 mg/L with varying con-
tact time. An analysis of the kinetic model, a comparison
between Pseudo-first-order and Pseudo second-order,
both kinetic model for PCAC and CAC indicate the suit-
ability of second-order kinetics for fluoride adsorption.
This shows that the mechanism of adsorption depends
on chemical bonding between adsorbate and material
surface. Figure 7 represents the kinetic models for PCAC
and CAC.

Also, the suitability of PCAC over CAC may be referred
from Table 5. On analyzing kinetics models, second-order
kinetics gives the best correlation over first order by the
R? value of 0.998. This indicates the acceptability of PCAC
over CAC for fluoride removal and shows its ability to
uptake rate. The second-order kinetic model indicates
the significant and crucial role of chemisorption in the
mechanism of adsorption for fluoride removal by PCAC.
Many previous studies on fluoride removal reported the
adsorption kinetics as second-order kinetics [6] and the
exact explanation of the second-order kinetics is based
ontheR?[11, 18, 28].

The rate constant for PCAC is greater than CAC and
have k, value 0.0345 min~". A higher value of rate con-
stant determines the ability of adsorbent which indicates
a higher uptake rate. Fluoride uptake rate for PCAC is

1.12 mg/g which is more than double as compared to
the CAC uptake rate of 0.531 mg/g. Investigation through
kinetic studies shows the significant ability of PCAC over
CAC. Hence PCAC is a better alternative as compared to
CAC for fluoride removal from water.

6 Conclusion

In the present study, an adsorbent is prepared using pine
cones as raw material that has good availability in an
Indian state Himachal Pradesh, lying foothills of the Him-
alayan range. Proximate analysis results indicate the sig-
nificance and suitability of pine cones as a rich source of
carbon; it contains about 21.3% fixed carbon which is a
crucial factor in adsorbent preparation. Adsorption stud-
ies conducted using isotherm and kinetic models proved
that its adsorption capacity is quite reliable as com-
pared to market-based activated carbon. The maximum
adsorption capacity of PCAC is investigated by Langmuir
isotherm and shows a quite impressive adsorption ability
of 1.34 mg/g as compared to CAC with adsorption ability
of 0.667 mg/g in pH range 6.5-7.5. Adsorption kinetics
indicate the suitability of pseudo-second-order by pro-
viding the best-fit correlation for adsorption. According
to the kinetic model, PCAC has shown maximum adsorp-
tion ability for fluoride which is 1.12 mg/g as compared
to CAC having an uptake rate of 0.531 mg/g of fluoride.
In addition, the results conclude the ability of PCAC for
the good potential for fluoride removal from drinking
water. It is also suggested that the adsorption capacity of
PCAC can be enhanced further by developing the higher
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Fig. 7 Adsorption kinetics model plots; a Pseudo-first-order kinetics for PCAC, b Pseudo-second-order kinetics for PCAC, ¢ Pseudo-first-

order kinetics for CAC, and d Pseudo-second-order kinetics for CAC

Table 5 Adsorption kinetic results for PCAC and CAC

Adsorbent Kinetic model Slope Intercept Final parameters

Pine cone-based activated carbon Pseudo-first-order —k,/2.303=-0.015 log g.= —0.006 k,=0.0345 min™"
4.=0.986 mg/g
R*=0.985

Pseudo-second-order

Commercial activated carbon Pseudo-first-order

Pseudo-second-order

1/g,=1.883

1/G,=0.890 1/(k,Ge2) =24.47 k,=0.180 g/mg min
G.=1.12mg/g R*=0.998

—k,/2.303=-0.014 log g.= —0.334 k,;=0.0322 min™’
4.=0.463 mg/g
R*=0.887

1/(k,q 2 =52.87 k,=0.259 g/mg min
q.=0.531mg/g

R*=0.987

surface area as compared to present techniques which
may increase the uptake rate if impregnated with some
other chemicals or its combination. Certainly, this study
will help for better studies on a pine cone in the future
by discovering the hidden potential and enhancing the
capability of a pine cone as great adsorbent.
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