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ab s t r ac t
The aim of this study was to determine Sargassum hystrix algae’s efficiency in fluoride removal from 
aqueous solutions. In a series of batch experiments, the experimental parameters were studied using the 
dried algae: initial biosorbent dose (0.8–64 g/L), initial fluoride concentration while the mass of biosor-
bant dose (g/L) ratio to initial fluoride concentration (mg/L) was fixed at 5 ratios in the range of 400–8,000, 
contact time, pH, activation temperature and the presence of competing anions. The highest removal 
biosorption was at 40 g/L of biosorbent at 60 min contact time and initial fluoride concentration of 5 mg/L 
(100% fluoride removal); competing anions and activation temperature had no significant effect on the 
fluoride biosorption by biosorbent. The biosorption was found to be better fitted to the Freundlich model 
and follows a pseudo-second-order kinetic model. Finally, it was concluded that the Sargassum hystrix 
algae can be used as an environmental friendly, cheap and effective biosorbent from aqueous solutions. 
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1. Introduction

Fluoride naturally exists through the earth’s crust and 
anthropogenic activities such as glass etching, electronic, and 

chemical industries, production of aluminum and chloroflu-
orocarbons, separating uranium isotopes, a catalyst in the 
petroleum industry, and stainless steel pickling. These indus-
tries play a significant role in water pollution to the fluoride 
[1–5]. Fluoride can cause a broad range of adverse health 
effects including teeth and bone damage, as well as adverse 
health consequence in soft tissues [6–14]. Because of adverse 
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health potential of fluoride, the World Health Organization 
[15] has set a guideline value for fluoride in drinking water at 
1.5 mg/L. Also U.S. Public Health Service has set a new guide-
line value of 0.7 mg/L for fluoride and replaced the previous 
recommended range of 0.7 to 1.2 mg/L [16]. Various processes 
[17–22], including adsorption, precipitation, ion exchange, 
electrodialysis and electrochemical [18], were developed to 
remove extra fluoride from water. Among these methods, 
adsorption is widely used for removal of fluoride and other 
contaminants [19–24]. Currently, significant interests were 
observed on the utilization of biosorbent materials for removal 
of different pollutants. Biosorption advantages over conven-
tional treatment methods include low cost, no nutrient needs, 
regeneration of biosorbent, less sludge production, and high 
efficiency in dilute effluents, while being environmentally 
favorable and economically viable [25–29]. Algae is a renew-
able, low-cost material, available and abundant in nature, and 
capable of biosorbing numerous pollutants. Various types of 
algae have been used for biosorption of pollutants from aque-
ous solutions. Sargassum, a brown macroalgae, is broadly dis-
tributed in tropical regions and subtropical seas [30]. Many 
studies have been conducted in relation to adsorption of dif-
ferent pollutants such as cadmium, copper, and sulfur black 
dye by Sargassum [31, 32]. The objective of the present study 
was to determine the fluoride biosorption capacity of brown 
Sargassum hystrix algae. The effect of several important factors 
that can affect fluoride biosorption, such as biosorbent dos-
age, initial fluoride concentration, pH and contact time, was 
also discussed. Beside this, we determined the biosorption 
kinetics and modeling, sorption isotherms, and the effect of 
competing anions on fluoride biosorption.

2. Materials and methods

2.1. Biosorbent preparation and activation procedure

The brown algae Sargassum hystrix was obtained along the 
Persian Gulf in the Bushehr port coastal area (N 28°58′26.35″ 
and E 50°49′33.25″). After collection and transfer to labora-
tory, the algae were thoroughly washed three times by tap 
water and two times by distillated water in order to remove 
sand, clay, and other impurities. The washed algae were 
then dried in oven at 105°C for 24 h and finally milled and 
sieved through a 0.71 mm screen. All experiments were done 
by using dried algae as biosorbent. In order to determine the 
activation temperature on the biosorbent efficacy in fluoride 
removal and compare with dried algae (dried at 105°C) effi-
cacy, 5 g biomass was placed in a furnace (Carbolite, England) 
at three different temperatures of 200°C, 400°C, and 600°C. 

2.2. Fluoride sorption by batch study 

A stock solution of 100 mg/L fluoride was prepared by 
dissolving sodium fluoride (Merck, Germany) in ultrapure 
water. Fluoride solutions were prepared at 2, 3, 5 and 8 mg/L 

concentrations. At each experiment, 100 mL of fluoride solu-
tion was agitated with specific initial fluoride concentration at 
120 rpm. The effects of five contact times (5, 10, 25, 60, and 120 
min), four initial fluoride concentrations (2, 3, 5, and 8 mg/L), 
and various mass ratios of biosorbent to the initial fluoride 
concentration (five ratios within the range of 400–8,000) were 
investigated in the batch systems. The standard SPADNS 

method [33] was used by using a spectrophotometer Model 
CAM Spec M501) for analysis of the remaining fluoride level 
in the aqueous solution after each experiment.

The removal efficiency was calculated using the follow-
ing Eq. (1) [34]:

Biosorption yield = ×
( )C C
C
i e

i

−
100  (1)

where Ci and Ce are the concentrations of fluoride (mg/L) 
before and after the experiment in any time. 

The equilibrium biosorption capacity of Sargassum hystrix 
algae was calculated at different fluoride concentration levels 
using the following Eq. (2):

qe =
−( )C C V
m

i e  (2)

where qe is the equilibrium biosorption capacity (mg/g); Ci 
is the fluoride concentration at initial time (mg/L); Ce is the 
concentration of fluoride in solution at equilibrium time 
(mg/L); V is the solution volume (L); and m is the biosorbent 
dosage (g). 

2.3. Characterization of algal biomass

In order to determine the probable functional groups 
involved in the process of biosorption, characteristics of 
dried Sargassum hystrix biomass were analyzed and inter-
preted using Fourier transform infrared (FTIR) spectrom-
eter (PerkinElmer FT-IR, model Spectrum RXI) over the 
wave number range from 4,000 to 400 cm–1. Examination of 
Sargassum hystrix biomass with scanning electron microscope 
(SEM) with VEGA3 TESCAN model fitted with an energy 
dispersive X-ray analyzer (EDAX) allows a qualitative detec-
tion and localization of elements in the biosorbent.

The pH point of zero (pHPZC) surface charge characteris-
tics of Sargassum hystrix algae was determined using the solid 
addition method. 80 ml of 0.1 M NaCl solution were trans-
ferred to a series of 600 ml stoppered conical flasks. The ini-
tial pH values of the solutions were adjusted between 2 and 
12 by adding either 0.2 M HCl or NaOH and were measured 
using a pH meter (Metrohum 744). The initial pH values of 
the solutions were then accurately noted. 1 g of Sargassum 
hystrix algae was added to each flask. The suspensions were 
then kept shaking for 24 h. The final pH values of the solu-
tions were noted. The difference between the initial and final 
pH values (ΔpH) was plotted against the initial pH value. 
The point of decussating of the resulting curve with the ini-
tial pH axis, that is at ΔpH = 0, gave the pHPZC.

3. Results and discussion

3.1. Characterization of the biosorbent 

The functional responsible groups for fluoride ion bio-
sorption on Sargassum hystrix algae was confirmed by FTIR 
spectra. The FTIR spectra of algal biomass (Fig. 1) indicated 
the presence of amino, carboxylic, hydroxyl and carbonyl 
groups. Strong broad O–H stretch carboxylic bands in the 
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region 3,414 cm–1 and carboxylic stretching bands in the 
region of 2,929.82 cm–1 were observed. The peaks appear-
ing in the region 1,618 cm–1 might be attributed to C=N, C=C 
and C = O stretch whereas the peak appearing in the region 
1,426.67 cm–1 might represent quinine OH bond. The peaks 
appearing in the region 1,160.83 and 1,060.13 cm–1 represents 
N–H bending and C–O, respectively. The above-obtained 
results give an idea about the presence of functional groups 
on the algal cell surfaces. Conspicuous changes in the FTIR 
spectrum are observed after fluoride biosorption on the bio-
mass, the transmittance at 3,414.78 and 1,618.66 cm−1 shifted 
to 3,424 and 1,610.44 cm−1, respectively, on biosorption indi-
cating the involvement of carboxylic groups. The observed 
changes in the transmittance values in the range of 1,160–1,163 
and 824.64–815.87 cm−1 are closely related to N–H bending 
and S=O stretching frequencies, respectively. The shifting of 
these bands further indicated the involvement of S=O, N–H 
of amines and carboxylic groups in the biosorption process. 

The SEM (scanning electron microscope) clearly 
revealed the surface texture and morphology of the biosor-
bent. SEM images of before and after fluoride biosorption 
of Sargassum hystrix algae are shown in Figs. 2(a) and 2(b), 
respectively. There were apparent differences between the 
surfaces before and after biosorption. Many cavities before 
biosorption were found but such cavities were not observed 
after biosorption that indicated fluoride biosorption on 
Sargassum hystrix algae. 

The EDAX spectra of before and after fluoride biosorp-
tion by Sargassum hystrix algae are shown in Fig. 3(a) and 3(b). 

The presence of a fluoride peak in the EDAX spectra of flu-
oride-sorbed Sargassum hystrix algae after biosorption con-
firms the fluoride sorption onto Sargassum hystrix algae which 
is shown in Fig. 3(b).

3.2. Biosorbent pH point of zero charge and effect of pH 

The pHPZC is the pH at which the total number of positive 
and negative charges on its surface becomes zero. The adsorp-
tion of anions is desired at pH < pHPZC, while the adsorption 
of cations is desired at pH > pHPZC. Thus, the determina-
tion of pHPZC is significant for the assessment of the sorp-
tion mechanism and the probabilistic sorbent interactions. As 
shown in Fig. 4, the surface charge of Sargassum hystrix algae 
at pH 6.5 is zero. 

The effect of pH on fluoride biosorption at a range from 
3 to 11 (3, 7, 11) was investigated. The fluoride removal from 
aqueous solution was highly dependent on the pH of solu-
tion. Biosorption is dependent on the pH value of aqueous 
solution, the functional groups on the biosorbent, and their 
ionic states at specific pH value [35]. It was observed that 
by increasing the pH of solution the removal efficiency will 
be decreased. Biosorbent biomass contains a large quantity 
of polysaccharides, and some of them are associated with 
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Fig. 1. FTIR spectra of Sargassum hystrix algae before (a) and after 
(b) fluoride biosorption.

(a)

(b)

Fig. 2. SEM images of before (a) and after (b) fluoride biosorption 
of Sargassum hystrix algae.
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proteins and other components [36, 37]. Biomacromolecules 
on the biosorbent surfaces have various functional groups 
(such as alcohol, amino, phenol, carboxyl, thiol, sulfhydryl, 
and phosphate groups), and biosorption phenomena will be 
influenced by the protonation or deprotonation of these func-
tional groups [36]. The ionic form of fluoride in aqueous solu-
tion and the electrical charge of the biosorbent surface might 
be influenced by the pH value of solution. At lower pH values, 
the surface of the biosorbent was turned out to be positively 
charged, and this facilitated sorption of fluoride ions proba-
bly was occurred by the anionic exchange sorption. At acidic, 
pH due to the protonated effect of surface functional groups, 
such as amino, carboxyl, thiol, and so on, imparts positive 
charge on the surface [38]. In a study, Venkata Mohan et al. 
examined fluoride removal by algal biosorbent, Spirogyra 
sp.-IO2, at pH values ranging from 2 to 10.5 and reported 

the highest fluoride removal efficiency at pH 2.0 [25]. In con-
trary, Dobaradaran et al. found that the removal efficiency 
of fluoride biosorption by shrimp shell waste increased by 
increasing pH value from 3 to 11 [27]. In the present study, 
maximum removal efficiency was observed at a pH value of 
3, biosorbent dose of 8 g/L, and initial fluoride concentration 
of 8 mg/L (Fig. 5(a)).

3.3. Effect of biosorbent dose

The effect of biomass dosage on the fluoride removal 
by biosorbent was studied using different biomass doses of 
Sargassum hystrix algae in the range of 3.2–64 g/L (Fig. 5(b)). 
The biosorption efficiency was depended on the increasing 
biomass dosage in the solution. This can be attributed to the 
additional number of biosorption sites, which are resulted 
from the increase in the biosorbent dosage. Similarly, Jagtap 
et al. reported that fluoride removal capacity by using the 
metal-binding property of chitosan noticeably increased 
from 19% to 81.98% with the increasing biosorbent dosage 
from 0.2 to 1 g/L; there was no significant improvement in the 
fluoride removal when the biosorbent dosage reached higher 
than 1 g/L [39]. In another study, Dobaradaran et al. evalu-
ated the efficiency of shrimp shell waste in removal of fluo-
ride from aqueous solutions and determined the influence of 
various parameters on fluoride biosorption. They found that 
for an initial fluoride level of 8 mg/L, the fluoride removal 
percentage increased with increasing biosorbent dose from 
3.2 to 64 g/L, but there were no significant differences in the 
fluoride removal percentage between biosorbent doses of 48 
and 64 g/L [27]. Sivasankar et al. examined fluoride removal 
capacity with MnO2–coated Tamarind Fruit (Tamarindus 
indica) shell at various doses and found that the removal per-
centage increased with increasing dosage of the biosorbent 
and then remained constant [17]. In contrast, Thakre et al. 
used lanthanum incorporated chitosan beads (LCB) for fluo-
ride removal from drinking water and found that LCB has no 
significant fluoride removal capacity at doses 0.2–2 g/L [40]. 
In the present study, maximum removal efficiency (95%) was 
observed at a biosorbent dose of 64 g/L, contact time of 60 
min, and initial fluoride concentration level of 8 mg/L. Also 
maximum capacity biosorption (1.94 mg/g) was observed at a 
biosorbent dose of 3.2 g/L, contact time of 60 min, and initial 
fluoride concentration level of 8 mg/L.

3.4. Effect of contact time and initial fluoride concentration

The effect of initial fluoride concentration on the fluo-
ride removal is shown in Fig. 5(c). It was observed that by 
increasing substrate concentration from 2 to 8 mg/L, at a 
fixed mass ratio of biosorbent to initial fluoride concentra-
tion, the removal efficiency increased. This could be due to 
high biosorption capacity of Sargassum hystrix algae. Fluoride 
removal reached a maximum after 60 min and then decreased 
with increasing contact time which can be due to desorption 
and a decrease of the active surface area. The capacity of the 
biosorbent got exhausted after 60 min, and the total available 
biosorption sites were limited, which became saturated after 
mentioned time. Viswanathan et al. and Mahramanlioglu 
et al. found similar results in the defluoridation of aqueous 
solutions by protonated chitosan beads and poly aluminum 

Fig. 3. EDAX spectra of before (a) and after (b) fluoride biosorp-
tion of Sargassum hystrix algae.

Fig. 4. pH at the point of zero charge (pHPZC).
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chloride, respectively [41, 42]. In contrast, Ramanaiah et al. 
performed adsorptive studies on fluoride removal using 
waste fungal biomass (Pleurotus ostreatus 1804) derived 
from laccase fermentation process and reported that the 
removal efficiency of fluoride by biosorbent decreases with 
increasing initial fluoride level [43]. In the present study, 
maximum removal efficiency (93.88%) and capacity biosorp-
tion (1.56 mg/g) was observed at initial fluoride concentra-
tion of 8 mg/L, contact time of 60 min, and a biosorbent dose 
of 48 g/L.

3.5. Effect of algae activation temperature

In order to determine the effect of activation temperature 
on the biosorbent efficacy in fluoride removal, experiments 
were performed at three different temperatures (200°C, 400°C, 
and 600°C), and the efficacy of activation temperature on flu-
oride removal by biosorbent was compared with dried algae 
(dried at 105°C). As shown in Fig. 5(d), the removal efficiency 
of fluoride without activation is higher than fluoride biosorp-
tion when using activation process at high temperatures as 
by increasing activation temperature, biosorption capacities 
decrease from 0.2 to 0.16 mg/g. The possible reason for the 
decrease in biosorption efficiency was probably due to the 
loss of functional groups upon thermal activation [44].

3.6. Effect of anions concentration 

The effects of five important natural competing anions 
including chloride (Cl–), sulfate (SO4

2–), carbonate (CO3
2–) and 

nitrate (NO3
–) at 200 and 400 mg/L were studied. As shown 

in Fig. 6, the results showed that the presence of competing 
anions did not have a significant effect on the biosorption 
rate as by increase the concentration of anions biosorption 
capacities decrease from 0.73 to 0.71, 0.7, 0.72, and 0.71 mg/g 
for chloride, solfate, carbonate, and nitrate, respectively.

3.7. Isotherms, kinetics, and modeling of sorption

To quantify the sorption capacity of Sargassum hystrix 
algae for the fluoride removal from aqueous solutions, three 
commonly used isotherms namely Freundlich, Langmuir, 
and Dubinin–Radushkevich (D–R) have been adopted.

The linear form of Freundlich [45] isotherm can be  written 
as follows:

Log (qe) = Log (Kf) + 1/n Log Ce  (3)

where qe is the mass of fluoride adsorbed per unit weight of 
the sorbent (mg/g); KF is the Freundlich capacity factor and a 
measure of biosorption capacity; and 1/n is the equilibrium 
concentration of fluoride in solution (mg/L) after biosorption.

Fig. 5. Fluoride biosorption as a function of (a) pH (biosorbent dose: 8 g/L; initial fluoride concentration: 8 mg/L; room temperature), 
(b) biosorbent dose (initial fluoride concentration: 8 mg/L; pH: 7; room temperature), (c) initial fluoride concentration (g/L biomass/
mg L fluoride: 6,000; pH: 7; room temperature), and (d) activation temperature (biosorbent: 3.2 g/L; fluoride concentration: 8 mg/L; 
contact time: 25 min; and pH: 7).
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The values of 1/n and KF for the sorbent were calculated 
from the slope and the intercept of the linear plot of log qe vs. 
log Ce. 

Biosorption Freundlich isotherm parameters of fluoride 
onto Sargassum hystrix algae are shown in Table 1.

The Langmuir biosorption isotherm [46] model is defined 
as follows:

C
q bq q

Ce

e
e= +

1 1

max max
 (4)

where qe is the mass of fluoride per unit mass of sorbent 
(mg/g); qmax is the monolayer sorption capacity; and b is the 
Langmuir constant related to the free energy of sorption 
equilibrium concentration of fluoride in solution (mg/L) after 
biosorption. 

The Langmuir constant can be determined by plotting C
q
e

e

 
vs. Ce. 

Biosorption Langmuir isotherm parameters of fluoride 
onto Sargassum hystrix algae are shown in Table 1.

The D–R biosorption isotherm [47] model is defined as 
follows:

ln qe = ln qm – βε2  (5)

where qm is the D–R monolayer capacity (mg/g); β is a  constant 
related to biosorption energy; and ε is the Polanyi potential 
which is related to the equilibrium concentration as follows:

ε = +








RT ln 1 1

Ce
 (6)

where R is the gas constant (8.314 J/mol K); T is the abso-
lute temperature; Ce is the adsorbate equilibrium concentra-
tion (mg/L); and E is the sorption per molecule of the sorbate 
when it is transferred to the surface of the solid from infinity 
in the solution and can be calculated using the relationship:

E = −
−

1
2( )β  (7)

If the value of biosorption energy E ranged between 
–1 to –8 kJ/mol, biosorption process is physical, and if the 
value of E ranged between –9 to –16 kJ/mol, it is chemical 
biosorption [48]. The parameters of the D–R equation were 
computed from the slope and intercept of the linear plot of 
ln qe vs. ε2 and are given in Table 1. The biosorption energy 
E value obtained –1.1 kJ/mol showed that the biosorption of 
fluoride on to Sargassum hystrix algae is a physical process. 

As shown in Figs. 7(a), 7(b), and 7(c), Freundlich model 
was slightly better fitted than Langmuir and D–R models. 
Freundlich isotherm considered the heterogeneous biosorp-
tion surface and the possibility of multilayer biosorption. 

The sorption kinetics is important in the treatment of 
aqueous solution, as it presents significant insights into 
reaction and mechanisms of sorption reactions. The exper-
imental biosorption kinetic were defined by using pseudo-
first- order, pseudo-second-order, and intraparticle diffusion 
kinetics. This kinetics can be written in their nonlinear forms, 
as follows: 

Pseudo-first-order model: 

Log q q q
K

te t e( ) log
.

,,− = − 1

2 303  (8)

Pseudo-second-order model:

t
q q K q

t
e e

= +
1 1
2

2

,  (9)

The intraparticle diffusion model (Weber and Morris): 

qt = kd t0.5 + C (10) 

where qe is the mass of solute sorbed at equilibrium (mg/g); 
qt is the mass of solute sorbed at time t (mg/g); K1 is the 
first-order equilibrium rate constant (1/ min); and K2 is the 

Table 1
Biosorption isotherm parameters for fluoride sorption onto 
 Sargassum hystrix algae 

Isotherm Parameter Value

Freundlich KF (mg/g) 0.441
1/n 0.2916
R2 0.9658

Langmuir b (L/mg) 1.5185
RL 0.2187
qe (mg/g) 1.535
R2 0.9262

D–R β 4 × 10–7

E 1107.7
R2 0.8741

Fig. 6. Effect of competing anions concentration (200 and 
400 mg/L) on fluoride biosorption (initial fluoride concentration: 
5 mg/L; biosorbent dose: 5 g/L; contact time: 10 min; and pH: 7).
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 second-order equilibrium rate constant (1/ min). Kd (mg/g.
min 0.5) is the rate constant of intraparticle diffusion model; 
t is the time (min); and C is the intercept. 

The first-order equilibrium rate constant (K1) for fluoride 
sorption was calculated from the slop of the linear plot of 
log (qe − qt) vs. time. In the case of the second-order equilib-
rium rate constant (K2), kinetic data were plotted between t/qt 
against time. 

The intraparticle diffusion model rate constant (Kd) and 
C can be measured from the slope and intercept of the linear 
plot of qt vs. t0.5, respectively.

Based on intraparticle diffusion model, the plot of qt vs. t0.5 
should be linear (C = 0) if intraparticle diffusion is involved 

in the general mechanism of absorption, and in this case, 
the intraparticle diffusion is the only rate controlling step of 
the process. If this line did not through the principle (C ≠ 0), 
there are intraparticle diffusion and boundary layer effects in 
sorption process. Whatever the intercept amount (C) increase, 
the effect of surface sorption in the amount controlling step 
increases [49]. 

Sorption kinetic parameters for fluoride biosorption onto 
Sargassum hystrix algae are shown in Table 2. As shown in 
Figs. 7(d), 7(e), and 7(f) kinetics of fluoride adsorption by 
Sargassum hystrix algae followed the pseudo-second-order 
model, indicating that the adsorption limiting step may be 
chemisorption. 

Fig. 7. Linear representation of (a) Freundlich, (b) Langmuir, (c) D–R isotherm models investigation of fluoride biosorption by Sar-
gassum hystrix algae, (d) pseudo-first-order model, (e) pseudo-second-order model, and (f) intraparticle diffusion kinetics of fluoride 
biosorption by Sargassum hystrix algae.
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4. Conclusion

This study showed that Sargassum hystrix algae is a suit-
able biosorbent for the fluoride removal from aqueous solu-
tions. The efficiency of fluoride removal was increased by 
increasing the biosorbent dose and initial fluoride concentra-
tion, and was decreased by increasing pH. Activation tem-
perature and contact time did not have a significant effect on 
the biosorption rate. Freundlich model was slightly better fit-
ted than Langmuir model for fluoride removal by Sargassum 
hystrix algae. The biosorption process was observed to follow 
a pseudo-second-order kinetic, and the presence of compet-
ing anions had not a significant effect on the biosorption rate. 
Finally, it should be noted that applied biosorbent in this 
study can be used as an effective, environmental friendly, 
and cost-effective biosorbent for fluoride removal from aque-
ous solutions especially in rural and remote areas due to its 
easy operation. This process may sufficiently be used for 
 fluoride removal from industrial effluents containing high 
level of this pollutant.
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