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a b s t r a c t
The presence of fluoride ion above the permissible limits in drinking water can be a well-recognized 
risk factor for human health. Fluoride ion adsorption from aqueous media on modified coriander 
seeds, as a low-cost biomaterial, was investigated. The influence of adsorption parameters such 
as contact time, initial pH, adsorbent dosage, initial fluoride concentration, and temperature was 
studied. The results showed that the sorption process was influenced by these variables. Fluoride 
adsorption was confirmed by scanning electron microscopy. The Langmuir model has a good cor-
relation to the adsorption data. Also, the dimensionless constant separation factor (RL) values veri-
fied a highly favorable adsorption. The value of activation energy (580 kJ mol−1) represented that the 
sorption process is chemical. Based on the kinetic studies, the pseudo-second-order model yielded a 
better fit to experimental data, showing a chemisorption process. The adsorption process of fluoride 
removal onto modified coriander seeds was endothermic. Coriander seeds showed high adsorption 
potential and can be applied as a low-cost bioadsorbent for the rapid removal of fluoride ions from 
aqueous solution.
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1. Introduction

Nowadays, human activities and natural processes 
have polluted many water resources [1,2]. Fluoride is exten-
sively applied in various industries including aluminum 
electrolysis, ceramics, cement, glass, semiconductor, steel, 
pharmaceutical, etc. [3]. Besides the natural sources for 
discharge into groundwater, different industrial sources 
are also contributing to ground and surface water pollution 
to fluoride that have a wide range of fluoride from 10 to 

1,000 mg L–1 [4]. The generation and discharge of a large 
amount of fluoride-containing effluents have led to the 
continuous increase of the concentration of fluoride ion in 
rivers, lakes, and streams, which seriously pollutes the envi-
ronment [5,6]. Naturally, fluoride is widely released into 
the groundwater by the dissolution of various minerals, for 
example, topaz, fluorite, biotites and fluorine-containing 
rocks such as granite, basalt, syenite, and shale [7]. A little 
amount of fluoride ions in drinking water has a beneficial 
health effect on human especially to children dental caries 
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[8]. On the contrary, long-term excessive fluoride intake [9] 
is a well-recognized risk factor in causing several diseases 
such as dental and skeletal fluorosis, osteoporosis, arthri-
tis, brittle bones, bladder cancer, infertility, brain damage, 
Alzheimer’s syndrome, and thyroid disorder [10]. Dental 
and skeletal fluorosis is a major public health concern in 
different countries: for example, Mexico, India, Iran, Africa, 
and the United States [11]. The World Health Organization 
(WHO) has recommended a fluoride guideline range of 0.5–
1.5 mg L–1 for drinking water. It is estimated that more than 
200 million people in the world consume drinking water 
with fluoride concentrations exceeded the WHO guideline 
[12]. Different methods for defluoridation of water have 
been applied including precipitation and coagulation pro-
cesses (with ferric, activated alumina, alum, and calcium), 
ion exchange, membrane processes and electrodialysis 
[13]. However, these methods have high operational and 
maintenance costs, high sludge production and require 
a complicated procedure. The coagulation methods have 
generally been found effective in defluoridation, but they 
are unable to reduce the fluoride concentration to target lev-
els. Moreover, membrane processes do not require chemi-
cal materials injection however these are costly to operate 
and also have pretreatment, fouling and scaling problems. 
The main disadvantage related to the electrochemical tech-
niques is operational and maintenance costs [14].

Among different technologies, the adsorption seems 
to be a more attractive method for the removal of fluoride 
from water in terms of cost, simplicity of design and oper-
ation [15,16]. Also, greater accessibility and availability of a 
wide range of adsorbents are considered as the important 
advantages of these technologies [17,18]. However, in this 
method achieving a high efficiency often requires the adjust-
ment and readjustment of pH, and some common water ions 
can interfere with fluoride adsorption. Adsorption depends 
on the transmission of adsorbate (ions) to the surface of a 
solid material in fluid, where they bond with the solid mate-
rial surface or by weak intermolecular forces is held [19]. 
The removal of fluoride by adsorption methods has been 
widely studied in recent years, however, interest is growing 
in the use of low-cost adsorbent including biological [20], 
waste [21] and natural chemical adsorbents [22].

This paper has focused on investigating the use, adsorp-
tion isotherm and kinetics of Coriandrum sativum seeds 
(coriander) as a low-cost natural material at variable initial 
fluoride concentration. Coriandrum sativum is from the family 
of Apiaceae (Umbelliferae) and cultivated during all seasons. 
Seeds of the plant have been widely used in most countries 
due to its clinical beneficial effects on the human [23].

Pretreatment of solid adsorbent to remove soluble 
organic compounds and enhance efficiency of impurities 
adsorption such as fluoride have been performed by many 
researchers [24]. Recently, different kinds of modifying 
agents were used for the above-mentioned purposes such 
as base solutions, mineral, and organic acid solutions, oxi-
dizing agents, etc. The application of a strong dehydrating 
agent like sulfuric acid (H2SO4) can have a significant effect 
on the surface area of the adsorbent by increasing the micro-
pores area [25]. In the present study, we applied coriander 
seeds activated with sulfuric acid for fluoride removal 
and investigated the effect of different parameters including 

pH, adsorption time, initial concentration of fluoride and 
adsorbent dosage on the fluoride adsorption efficiency in 
the synthetic aqueous solution.

2. Materials and methods

2.1. Preparation of the adsorbent

Coriander seeds were washed with distilled water to 
remove dust and dirt. Then, it was dried in an oven at 70°C 
for 12 h, cooled in room temperature, crushed, sieved to the 
particle size of 2 mm and kept in sulfuric acid 1 N for 12 h 
for activation. Finally, the resulting product was rinsed with 
distilled water to wash the remaining acid and dried again at 
the same temperature for 12 h. The modified seed was stored 
in airtight stainless steel containers for the experiments.

2.2. Preparation of adsorbate solution

Stock solution of fluoride (100 mg L–1) was prepared by 
dissolving an exact amount of NaF salt (purchased from 
Merck Co., Germany) in double deionized water. All the 
desired concentrations of fluoride ranging from 5 to 30 mg L–1 
were prepared from the stock solution of fluoride during the 
experiments.

2.3. Adsorption procedure and experiments

Adsorption studies were carried out in batch condition 
in three different phases which include: determination of 
optimal pH, optimal adsorbent dosage and appropriate 
adsorbate concentration. Various amounts of the adsor-
bent (2–8 g L–1) were individually added to conical flasks 
containing 250 mL fluoride solution with concentrations of 
5–30 mg L–1 and adjusted pH values of 3–11. Each mixture 
then was shaken (180 rpm) at room temperature (20°C) for 
90 min. At each defined interval time of ranging from 2 to 
90 min, an adequate volume of the solution was sampled and 
filtered using Whatman filter paper 0.42 micron. After dilu-
tion with distilled water to a final volume of 8 mL and add-
ing 2 mL of sodium 2-(p-stilfophenylizo)-1, 8-dihydroxy-3, 
6-naphthalenedisulfonate (SPDNS), final concentration of 
fluoride was determined in the filtrate by UV-Vis spectro-
photometer at λmax of 580 nm (DR-5000-HACH LANGE 
Co., Germany). The method for the analysis of fluoride is 
described in detail in Standard Methods for the Examination 
of Water and Wastewater [26].

The amount of fluoride adsorbed by the adsorbent was 
calculated by following equation [27,28]:

q
C C V

Me
e=

−( )×0  (1)

where qe is the amount of fluoride adsorbed (mg g–1), C0 and 
Ce are the initial and residual concentrations of fluoride at 
equilibrium (mg L–1), respectively. V is the volume (L) of the 
solution and M is the weight of adsorbent (g) used.

2.4. Characterization of adsorbent

Scanning electron microscopy (SEM) (LEO 1430 VP, 
Germany) was used to study the surface morphology of 
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adsorbent before and after adsorption at an accelerating 
voltage of 20 kV. Fourier transform infrared spectroscopy 
(FTIR) (PerkinElmer Life and Analytical Sciences, CT, USA) 
was utilized to determine the presence of functional groups 
on the adsorbent, before and after adsorption. Spectra 
were recorded in the range of 400–4,000 wavenumbers (cm–1).

2.5. Determination of point of zero charge (pHpzc)

To determine the point of zero charge (pHpzc) of the 
adsorbent, 250 mL distilled water was added to each of the 
6 flasks. HCl 0.1 M and NaOH 0.1 M were used to adjust 
the pHin of these solutions. 0.5 g adsorbent was then added 
to each flask and stirred by a shaker. After 24 h the final pH 
(pHf) of the solutions was recorded. Finally, the difference 
between the pHin and pHf values were plotted against pHin. 
The point of intersection of the resulting curve with the 
horizontal axis gave the pHpzc [29].

3. Results and discussion

3.1. Characterization of adsorbent

3.1.1. SEM micrographs

The SEM micrographs of modified coriander seeds mod-
ified with H2SO4 before and after adsorption experiments 

are depicted in Figs. 1a–d, respectively. It is clear from 
Figs. 1c and d that the morphology of the surface has slightly 
changed after fluoride adsorption. Adsorbed fluoride on the 
surface of the seeds can be seen in the form of white patches, 
confirming probably precipitation of fluoride [30,31].

3.1.2. FTIR spectra

Figs. 2a and b show the FTIR spectra of modified corian-
der seeds. As shown in Fig. 2a the presence of the hydroxyl 
group (–OH), related to the peak of 3,294 cm–1, is due to inter 
and intramolecular hydrogen bonding or –NH stretching 
vibration related to secondary amides. The –OH stretch-
ing vibrations is attributed to free hydroxyl groups (–OH) 
and banded carboxylic acids. The adsorption at 2,929 cm–1 
indicates asymmetric C–H stretching vibration of aliphatic 
acids. The peak at 2,855 cm–1 confirms the presence of 
symmetric stretching vibration of CH2 due to C–H bonds 
belonging to aliphatic acids. The stretching vibration of C=O 
due to non-ionic carboxyl groups or esters was verified by 
peak at 1,747 cm–1. The absorption at 1,635 cm–1 is caused by 
a stretching peak related to C=C groups. 1,533 cm–1 can be 
attributed to nitroso (N=O) groups. The methylene group 
has a characteristic bending adsorption of approximately 
1,458 cm–1. The absorption at band 1,379 cm–1 is ascribed 
to the symmetric stretching of –COO. The band at about 

 

a b 

c d 

Fig. 1. Surface morphology of H2SO4-modified coriander seeds ((a) magnification of 500× and (b) 30,000×) and H2SO4-modified 
coriander seeds loaded with fluoride ((c) magnification of 500× and (d) 30,000×).
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1,147 cm−1 is due to groups of nitrogenous such as aliphatic 
amines. It should also be noted that S=O has a symmetric 
stretch (strong) near the wavenumber. The bands at 722 cm–1 
can be related to –C–H deforming or CH2 rocking [32]. FTIR 
spectra of the seeds was shifted from the peaks at about 
3,294; 2,929; 2,855; 1,747; 1,635; 1,533.7; 1,458; 1,379; 1,147 
and 722.7 cm–1 to 3,278; 2,928; 2,854; 1,744; 1,655; 1,533.9; 
1,462; 1,144; and 722.2 cm–1, respectively.

3.2. Determination of pH point of zero charge (pHpzc)

The pH point of zero charge (pHpzc), is a concept related 
to the phenomenon of adsorption that describes the con-
dition of adsorption when the electrical charge density on 
a surface is zero. It determines how easily a substrate can 

adsorb potentially harmful ions. When the pH is lower than 
the pHpzc value, the adsorbent surface is positively charged 
and attracts anions. Conversely, in above pHpzc the surface is 
negatively charged and attracts cations [29]. As it is shown 
in Fig. 3, in this study, pHpzc of the Coriander seed modified 
with sulfuric acid was obtained about 6.6.

3.3. Effect of operating parameters

3.3.1. Effect of adsorption time

Fig. 4 shows the effect of adsorption time on the adsorp-
tion efficiency (data is not shown) and adsorption capacity of 
fluoride. The adsorption time was applied from 2 to 90 min 
at an initial pH of 7, the adsorbent dosage of 2 g L–1 and ini-
tial fluoride concentration of 5 mg L–1. It was observed that 

a 

b 

Fig. 2. FTIR spectra of coriander seeds (a) before and (b) after fluoride adsorption.
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the efficiency and adsorption capacity of fluoride increased 
gradually with increasing adsorption time and reached 
a plateau after 10 min of reaction. After that time, the effi-
ciency and capacity no further changed significantly. Thus, 
the adsorption time of 10 min was the equilibrium point 
of adsorption. Therefore, the fluoride adsorption occurred 
rapidly. In most studies, capacity and absorption efficiency 
was increased by time [33]. However, the equilibrium time 
of the present study was lower than those of other studies, 
and it can be considered as an important advantage of the 
coriander seeds. Also, it can be found from Fig. 4 that the 
initial adsorption of fluoride is quite rapid. About 68%–85% 
of the fluoride adsorption can be achieved within the first 
10 min. It can be related to the fact that at the initial stage 
the adsorption sites are more, and the ions can be adsorbed 
easily with the sites, therefore a higher adsorption rate 
is obtained. Moreover, the higher concentration gradient 
between the liquid and solid phase at the initial stage causes 
the higher driving force for adsorption which results in a 
higher adsorption rate. The slow adsorption rate in the later 
stage is due to the lower concentration gradient. The results 
are consistent with the findings of other studies [33].

3.3.2. Effect of pH

The effect of pH on the adsorption capacity of fluoride by 
modified coriander seeds was evaluated within pH ranges 

of 3–11 (Fig. 5). The adsorption amount of fluoride increased 
from 1.7 to 2.13 mg g−1 with an increase of the initial pH from 
3 to 5, but it was decreased in the initial pH of 7, 9 and 11. 
The highest adsorption amount of fluoride (2.13 mg g–1) by 
modified coriander seed was obtained at pH 5.

Measuring of final pH after each adsorption time (data 
not shown) verified that the pH of the suspension changed 
during adsorption. Adsorption was influenced by initial pH 
(pHi) and final pH (pHf) of the suspension. At low pH val-
ues, an initial pH of 3, the final pH was increased so that, the 
resulting values for pHi–pHf were negative. The increase of 
final pH at initial low pH values may be due to the occur-
rence of the exchange process between the adsorbent OH– 
and fluoride ion (Eq. (2)).

Adsorbent OH F Adsorbent F OH…( ) + → … +− −  (2)

However, at the initial pH of 5 significant exchanges 
were not observed. At the pH range of 7–9, the pH decreased 
during the adsorption process leading to positive values for 
pHi–pHf. This is probably due to the phenomenon that Na+, 
liberated from NaOH used for adjusting of pH, might have 
exchanged with H+ which electrostatically adsorbed onto the 
adsorbent (Eq. (3)).

Adsorbent H F Na Adsorbent Na F H++ − + − +( ) + + → ( ) + +  (3)

Or that may be due to the adsorption of fluoride com-
peting with –OH ions at the secondary adsorption step 
where the Na+ is at the first adsorption step by the adsorbent 
(Eq. (4)) which reduces adsorption capacity at pHi > 5.

Adsorbent OH Na F

Adsorbent  O Na F H O

…( ) + →

… … +

+ −

+ −

...

... 2  (4)

Thus, at pHpzc less than 6.6, the adsorbent surface is 
protonated, resulting in a stronger electrostatic attraction 
between the adsorbent and fluoride ion. It should be noted 
that the fluoride adsorption at pH 3 is lower than that at a 
pH of 5. One possible reason for decreasing the adsorption of 
fluoride at this pH is related to the presence of fluoride ions 
in the form of HF. Decrease in the adsorption at pHpzc above 
6.6, is due to an increase in the surface negative charges on 
seeds via increasing of negative groups like hydroxyl along 
with pH increase. The state is not suitable for the fluoride 
adsorption because hydroxyl ions would compete with the 
fluoride for the adsorption sites and also repel anionic flu-
oride ions [34]. In addition, at higher pH the sulfate has an 
important role in the fluoride adsorption, so that hydroxyl 
groups compete with fluoride ions for the ion exchange 
with sulfate. Despite the use of different absorbent materials 
and modifiers in other studies, the fluctuations in fluoride 
adsorption influenced by pH changes has an almost similar 
trend with the present study [27].

3.3.3. Effect of adsorbent mass

The effect of adsorbent mass on the fluoride adsorp-
tion by modified coriander seeds is shown in Fig. 6. The 
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Fig. 3. Point of zero charge: coriander seeds, 0.5 g; temperature, 
20°C; and solution volume 250 mL.
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Fig. 4. Effect of adsorption time on the adsorption amounts of 
coriander seeds: initial fluoride concentration, 5 mg L–1; initial 
pH, 5.0; temperature, 20°C; and adsorbent dose, 2 g L–1.
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efficiency for fluoride removal increased with increasing of 
the adsorbent mass from 2 to 8 g L–1. At higher adsorbent 
to adsorbate concentration ratio, the adsorption rate is very 
fast, which results in higher removal efficiency compared to 
that at a lower ratio. This may be attributed to the increase 
in the number of adsorption sites and the availability of 
more sorption sites. While the amount of fluoride adsorbed 
per unit mass of adsorbent (adsorption capacity) decreases 
with the adsorbent mass increase. This is due to the split in 
the flux or the concentration gradient between solute in the 
solution and the surface of the adsorbent [35]. Moreover, 
the adsorption sites on the adsorbent surface remain unsat-
urated when the sorbent to solute concentration ratios are 
higher. This result was in accordance with the results of other 
studies [35]. When the dosage was 4 g L–1, both the removal 
efficiency and adsorption amount of fluoride showed high 
values. Therefore, the experiments were performed with an 
adsorbent dosage of 4 g L–1.

3.3.4. Effect of fluoride initial concentration and temperature

The adsorbate initial concentration plays an important 
role in mass transfer between the aqueous and solid phases 
[36,37]. The effect of initial fluoride concentration on the 

rate of adsorption at different temperatures is shown in 
Figs. 7a–d. The curve shows that the fluoride removal var-
ied with varying initial fluoride concentration. The removal 
efficiency and adsorption capacity of fluoride increased with 
increasing adsorption time, however, this time for different 
initial concentrations varied. Generally, equilibrium time 
increased with the increase of initial fluoride concentration 
(from 5 to 30 mg L–1). The adsorption amounts were greater 
for higher initial fluoride concentrations because the resis-
tance to the ions adsorption is decreased by increasing the 
mass transfer driving force. When the initial fluoride concen-
tration increased from 5 to 30 mg L−1, the equilibrium adsorp-
tion capacity was increased from 1.16 to 5.4 mg g−1 at 20°C.

The temperature of a solution has important effects on 
the adsorption process [38]. Increasing the temperature 
reduces the viscosity of the solution, thus, the rate of diffu-
sion of the adsorbate improves. Fig. 8 depicts the effect of 
temperature (10°C, 20°C, 30°C, and 40°C) which was inves-
tigated in the optimal conditions. The measurement of the 
kinetics of the adsorption at defined temperatures indicates 
an increase in the fluoride adsorption with the temperature. 
The results show that by increasing temperature, the required 
time to reach equilibrium does not change. Modeling of flu-
oride adsorption by modified coriander seeds can be taken 
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Fig. 5. Effect of initial pH on the adsorption amounts of modified coriander seeds: initial fluoride concentration, 5 mg L–1; temperature, 
20°C; and adsorbent dose, 2 g L–1.
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by pseudo-first-order and pseudo-second-order models. 
The two empirical models and description of their param-
eters are given in Table 1 [19,27]. The linearized forms of 
the models were the most used for adsorption dynamics. 
The pseudo-second-order can be written as [35]:

h K qe= 2
2  (5)

The kinetic constants K1 (min–1) and K2 (min–1), the equi-
librium sorption capacity qe (mg g–1) and qe

2 (mg g–1) and 
also the initial sorption rate h (mg g–1 min–1) based on pseu-
do-first and pseudo-second-order kinetics can be calculated 
from the plot of ln(qe−qt) vs. t (Fig. 9a) and (t/qt) vs. t (Fig. 9b), 
respectively.

The models’ parameters, the initial sorption rate and the 
regression coefficients (R2) for the adsorption of fluoride by 
coriander seeds at temperatures and various initial fluo-
ride concentrations are listed in Tables 2 and 3, respectively. 
Because of the lower regression coefficient value and the 
amount of fluoride adsorption at equilibrium determined 
using the pseudo-first-order model, it is obvious that this 
model not appropriate to the interpretation of the fluoride 
adsorption by coriander seeds at various initial fluoride 
concentrations (Table 2). The higher value of the regres-
sion coefficient for the pseudo-second-order equation sug-
gests that it is the optimum kinetic to better understand the 
adsorption mechanism of fluoride on coriander seeds.

The dynamic results were correlated with the pseudo- 
second-order kinetic by using the non-linear curve fitting 
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Fig. 7. Effect of the initial fluoride concentration on the adsorption amounts of modified coriander seeds at different temperature 
(a) 10°C, (b) 20°C, (c) 30°C, and (d) 40°C: initial fluoride concentration, 30 mg L–1; initial pH, 5.0; and adsorbent dose, 4 g L–1.
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analysis method and the obtained parameters are listed in 
Table 3. With an increase in the temperature the theoreti-
cal amount adsorbed at equilibrium, pseudo-second-order 
kinetic constant, and initial adsorption rate were increased 
(Table 2). Increasing temperature in an adsorption sus-
pension enhances the adsorption rate due to an increase 
in the kinetic energy of solvent molecules. The activation 
energy for the adsorption of fluoride was determined by fit-
ting the experimental data to the Arrhenius equation given 
below [19]:

K A
E
R T
a

g
2 0= −













exp  (6)

Table 1
Models and equations used for the description of adsorption of fluoride by coriander seeds

Description of parametersLinear formEquationModel

qe: equilibrium amount of F adsorbed per unit weight of 
adsorbent (mg g–1), qmax: the amount of F required to form 
monolayer (mg g–1), Ce: the equilibrium concentration 
of F in the solution, KL: a constant related to energy of 
adsorption (L mg–1).

C
q q K

C
q

e

e L

e= +
1

max max

q
q K C
K Ce
L e

L e

=
+

max

1
Langmuir isotherm

qe: equilibrium amount of F adsorbed per unit weight of 
adsorbent (mg g–1), Ce: the equilibrium concentration of F 
in the solution, KF: Freundlich constant which indicates 
the relative adsorption capacity of the adsorbent related 
to bonding energy (mg g–1), n: heterogeneity factor.

ln ln lnq K
n

Ce F e= +
1q K Ce F e

n= 1/Freundlich isotherm

qe: equilibrium amount of F adsorbed per unit weight of 
adsorbent (mg g–1), qt: amount of F adsorbed at any given 
time (mg g–1) and K1: rate constant for pseudo-first-order 
model (min–1).

ln lnq q q
n
K te t e−( ) = +

1
1

dq
d

K q qt

t
e t= −( )1

Pseudo-first-order 
kinetic

qe: equilibrium amount of F adsorbed per unit weight of 
adsorbent (mg g–1), qt: amount of F adsorbed at any given 
time (mg g–1) and K1: rate constant for pseudo-second-
order model (min–1).

t
q K q

t
qt e e

= +
1

2
2

dq
d

K q qt

t
e t= −( )2

2Pseudo-second-order 
kinetic
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on the fluoride uptake by modified coriander seeds: initial 
fluoride concentration, 30 mg L–1; initial pH, 5.0; and adsorbent 
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Fig. 9. (a) Pseudo-second-order adsorption kinetics at differ-
ent temperature (initial pH, 5.0; initial fluoride concentration, 
30 mg L–1, and adsorbent dose, 4 g L–1) and (b) at different initial 
concentrations (initial pH, 5.0; temperature, 20°C; and adsorbent 
dose, 4 g L–1).
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where K2 is chemical reaction rate constant, A0 the tempera-
ture-independent factor (g mg−1 min−1), Ea the activation energy 
(kJ mol−1), Rg the universal gas constant (8.314 J mol−1 K−1) 
and T is the solution temperature (K). Taking the natural 
logarithm of Arrhenius’ equation yields [19]:

ln lnK A
E
R T
a

g
2 0= ( ) −  (7)

The slope of the plot of lnK2 vs. 1/T is used to determine 
the activation energy (Fig. 10). The amount of Ea determines 
the type of adsorption, which is mainly physical or chem-
ical. Low activation energies (5–40 kJ mol−1) indicate that 
the adsorption process is physical, while higher activa-
tion energies (40–800 kJ mol−1) are related to the chemical 

adsorption process [39]. The activation energy for the adsorp-
tion of fluoride on coriander seeds was 580 kJ mol−1 which 
verifies the chemical adsorption process.

3.4. Thermodynamics

The efficiency of the adsorption of fluoride was 
investigated by the thermodynamic parameters including 
ΔH°, ΔG°, and ΔS°. The value of ΔG° was obtained from the 
following equations [40–42]:

∆G RT KL° = − ln  (8)

ln S° °K H
R RTL = −
∆ ∆  (9)

where ΔG° is Gibbs free energy change (J mol–1), ΔS° 
is entropy change (J mol–1 K–1), ΔH° is enthalpy change 
(J mol–1), R is the ideal gas constant (8.314 J K–1 mol–1), and T 
is the reaction temperature (Kelvin).

Table 2
Kinetic constants of fluoride adsorbed onto modified coriander seeds at different concentration: initial temperature 20°C, initial pH 
5.0, and adsorbent dose 4 g L–1

Parameters Fluoride concentration (mg L–1)

5 10 15 20 25 30

qe,exp (mg g−1) 1.16 2.28 3.27 4.27 5.06 5.40

Pseudo-first-order

K1 (min−1) 31 × 10–3 32 × 10–3 46 × 10–3 40 × 10–3 33.2 × 10–3 33.8 × 10–3

qe
1 (mg g−1) 0.56 0.91 1.03 1.64 1.70 1.65

R2 0.643 0.753 0.734 0.985 0.973 0.95

Pseudo-second-order

K2 (mg g−1 min−1) 0.837 0.273 0.195 0.065 0.051 0.059
qe

2 (mg g−1) 1.17 2.32 3.34 4.46 5.30 5.61
h0 (mg g−1 min−1) 1.15 1.47 2.18 1.28 1.43 1.86
R2 0.9997 0.9998 0.9997 0.9992 0.9996 0.9998

qe,exp: the experimental value of qe.

Table 3
Kinetic constants of fluoride adsorbed onto modified coriander 
seeds at different temperatures: initial concentrations 30 mg L–1, 
initial pH 5.0, and adsorbent dose 4 g L–1

Parameters Temperature (°C)

10 20 30 40

qe,exp (mg g−1) 4.82 5.40 5.55 5.93

Pseudo-first-order

K1 (min−1) 38 × 10–3 32.8 × 10–3 33.4 × 10–3 34 × 10–3

qe
1 (mg g−1) 1.77 1.65 1.72 1.90

R2 0.992 0.95 0.98 0.952

Pseudo-second-order

K2 (mg g−1 min−1) 4.8 × 10–2 5.9 × 10–2 4.2 × 10–2 3.6 × 10–2

qe
2 (mg g−1) 5.07 5.61 5.78 6.25

h0 (mg g−1 min−1) 1.24 1.86 1.42 1.42
R2 0.9991 0.9998 0.9996 0.9981

qe,exp: the experimental value of qe.
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Fig. 10. The plot of pseudo-second-order kinetic constant (lnK2) 
vs. reciprocal temperature for the adsorption of fluoride by mod-
ified coriander seeds: initial pH, 5.0 and adsorbent dose, 4 g L–1.
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Thermodynamic parameters for fluoride removal onto 
modified coriander seeds are shown in Table 4. As shown 
in the table, ΔG° of fluoride adsorbing onto modified cori-
ander seeds at the temperature 283 K was positive, but the 
ΔG° was negative at temperatures 293, 303 and 313 K, so 
the adsorption process of fluoride onto modified coriander 
seeds was a spontaneous process at 293, 303 and 313 K, and 
a non-spontaneous process at 283 K. Additionally, the find-
ings illustrated that ΔH° was positive, which demonstrates 
that the adsorption process is endothermic, so an increase 
of temperature results in more fluoride ion adsorption. 
Furthermore, positive ΔS° values were obtained, which 
indicates an increase in randomness at the solid-solu-
tion interface during the adsorption of fluoride onto the 
adsorbent.

3.5. Adsorption isotherms

The adsorption isotherms are key parameters for design-
ing adsorption systems. Fitting of the isotherm data to dif-
ferent isotherm models is a basic step to select a suitable 
model used for design purposes. The adsorption isotherm 
interprets how the adsorbate distributes between liq-
uid and solid phase when the adsorption process reaches 
an equilibrium state. Several equilibrium models have 
been developed to describe adsorption isotherm that the 
Langmuir and Freundlich equations are the most used 
models [18,43]. In this study, we analyzed the adsorption 
data with both Langmuir and Freundlich isotherm models. 
The equations of the models and the linear forms used to 
calculate the model parameters are explained in Table 1 

[27]. The linear forms are used to determine the best-fitting 
isotherm for both models.

Isotherm data showed that the amount of fluoride 
adsorption increased with increasing initial fluoride con-
centration from 5 to 30 mg L−1. Fig. 11 shows the amount 
of fluoride adsorbed at 10°C, 20°C, 30°C and 40°C plotted 
vs. its equilibrium concentration in the aqueous phase. 
The amount of fluoride adsorption increased by increas-
ing the temperature from 10°C to 40°C. The calculated 
Langmuir and Freundlich isotherm constants for the 
adsorption at different temperatures are listed in Table 5. By 
comparing the linear regression values (R2), it is clear that 

Table 4
Thermodynamic parameters for fluoride removal onto modified coriander seeds

Adsorbent Temperature (K) ΔG°(kJ mol–1) ΔH°(kJ mol–1) ΔG°(kJ mol–1 K–1) R2

Modified coriander 
seeds

283 2.14

119.33 0.077 0.97
293 –0.05
303 –3.15
313 –4.44
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Fig. 11. Equilibrium isotherms of fluoride adsorption by modi-
fied coriander seeds at different temperatures: adsorption time, 
90 min; initial pH, 5.0; and adsorbent dose, 4 g L–1.

Table 5
Adsorption isotherm parameters for the adsorption of fluoride onto modified coriander seeds at different temperatures: initial con-
centration 30 mg L–1, initial pH 5.0, and adsorbent dose 4 g L–1

Parameters Temperature (°C)

10 20 30 40

Langmuir isotherm

qm (mg g–1) 9.48 6.62 5.76 6.01
KL (L mg–1) 0.14 0.57 0.84 0.964
R2 0.984 0.999 0.992 0.9873
RL 0.190–0.585 0.055–0.259 0.038–0.193 0.033–0.172

Freundlich isotherm

KF (L mg–1) 0.13 0.34 0.36 0.41
n 1.63 1.98 2.05 1.96
R2 0.918 0.954 0.980 0.987
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at all temperatures the adsorption data is compatible with 
both the Langmuir and Freundlich isotherms. The experi-
mental data were best adjusted to these both models, based 
on R2 values, it indicates that the material is homogeneous.

The type of the Langmuir isotherm can be predicted 
whether the adsorption is favorable or unfavorable. It can be 
determined by a dimensionless constant separation factor, 
RL, which is defined by Eq. (10) [35]:

R
K CL
L

=
+

1
1 0

 (10)

where C0 (mg L−1) is the initial concentration of adsorbate. 
The parameter RL indicates the shape of isotherm as fol-
lows: RL > 1, unfavorable; RL = 1, linear; 0 < RL < 1, favorable; 
RL = 0, irreversible. The RL values obtained for the fluoride 
adsorbed onto modified coriander seeds were between 0 and 
1, which confirms a highly favorable adsorption (Fig. 12). 
A comparison of the fluoride removal efficiency of different 
sorbents is given in Table 6.

3.6. Regeneration and reusability study

The effect of the regeneration of modified coriander 
seeds was studied in batch adsorption tests. Four regen-
eration cycles were considered to know the adsorption 
efficiency of fluoride. 30 mg L–1 fluoride concentration was 
taken, and then an adsorbent dose 4 g L–1 was added and vig-
orously stirred in NaOH for 90 min. Further, it was filtered 
and the residual concentration of fluoride was determined. 
After that, the adsorbent was dried and used again in the 
next calyces. The removal efficiency of fluoride in cycle 1, 2, 
3 and 4 was 90%, 82%, 70%, 65%, respectively.

4. Conclusions

This study showed that the modified coriander seeds 
can be a suitable adsorbent for the separation of fluoride 
ion from water due to its attractive features such as high 
efficiency and rate of adsorption, nontoxic, low expense 
and reusability. The maximum adsorption capacity can be 

achievable at a high initial concentration of fluoride. The 
results indicated that the sorption process is influenced 
by adsorption parameters such as contact time, initial pH, 
adsorbent dosage, initial fluoride concentration, and tem-
perature. The regression coefficients obtained from the 
isotherms models represented that the Langmuir model 
has the best fit to the adsorption data. Based on the kinetic 
studies, the pseudo-second-order model yielded a better 
fit to experimental data, showing a chemisorption process. 
The adsorption process of fluoride removal onto modified 
coriander seeds was endothermic. Therefore, the adsorbent 
can be proposed for the removal of fluoride from aqueous 
solution.
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Fig. 12. Separation factor for fluoride adsorption by modi-
fied coriander seeds at various temperatures: adsorption time, 
90 min; initial pH, 5.0; and adsorbent dose, 4 g L–1.

Table 6
Comparison of the fluoride removal efficiency of different sor-
bents

Adsorbent Adsorption 
capacity 
(mg g–1)

Reference

Activated charcoal 1.076 [44]
Tea leaves biomass 0.054 [45]
Thermally activated carbon 4.617 [46]
Tamarind seed biosorbent 6.37 [47]
Phyllanthus emblica activated 
carbon

7.172 [48]

Lanthanum–incorporated 
chitosan beads

4.7 [49]

Chitosan iron complex 2.3 [50]
Eucalyptus leaves modified 
with ZnCl2

3.5 [51]

Banana peel 2.283 [52]
Groundnut shell 3.344 [52]
Sweet lemon peel 1.037 [52]
Fungal biomass (Pleurotus 
ostreatus 1804)

1.272 [53]

Eichhornia crassipes biomass and 
its carbonized form

0.523–1.54 [54]

Zirconium impregnated 
coconut shell carbon

6.41 [55]

Waste carbon slurry 4.306 [56]
Zr(IV)–loaded grape pomace 
(Zr(IV)–GP) biosorbent

7.54 [57]

Modified native cellulose 8.55 [57]
Al–Zr impregnated cellulose 2.40 [57]
Chitin–based biocomposite 0.29 [58]
Modified coriander seeds 6.01 Current study
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