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a b s t r a c t
Luffa sponge (fibrous network obtained from mature dried Luffa cylindrica) was activated using par-
ticulate materials to increase its adsorption capacity for fluoride ions from aqueous solution. The 
activation of the Luffa cylindrica with hydroxyapatite (HA) on the surface presented the best effi-
ciency in the removal of fluoride ions. The presence of hydroxides (OH–) as active groups in the 
Luffa cylindrica structure are responsible for adsorption. In this work, the results of bioadsorption 
tests of fluoride ions with Luffa cylindrica-HA in fixed-bed columns are presented. The depth of 
mass transfer zone increased from 5.5 to 11.0 cm, with bed volumes of 4.32 and 8.64 cm3, respec-
tively. The results were treated with various fixed-bed models (Thomas, Yoon–Nelson, Dose–
Response and Weibull distribution). The results obtained showed that breakthrough time increases 
as the bed height increases. The bed capacity was 2.4 mg/g, with the bed depth, influent flow rate 
and influent concentration of 5.5–11.0 cm, 1 mL/min, and 5 mg/L, respectively. The breakthrough 
curve matched the Thomas, Yoon–Nelson, Dose–Response, and Weibull, models. The Weibull dis-
tribution model was used to predict the breakthrough curve from the experimental results. The 
results were well fitted to this model and the adsorption capacity was calculated. The study of the 
operating parameters of the column on a laboratory scale can be used to simulate the potential 
performance of the adsorbent and extrapolate the results to a pilot scale or larger.
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1. Introduction

The living organisms depends upon the purity of water; 
therefore, water pollution is a major problem; especially 
in the regions where people depend on groundwater. The 

quality of water has been deteriorated, due to pollution 
by dissolved metallic and non-metallic chemical species. 
Among these pollutants, anionic species like fluoride in 
groundwater has been recognized as one of the serious 
problems worldwide. The World Health Organization 
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(WHO) has recommended 1.5 mg/L as the maximum limit 
level in drinking water. Consumption of water with flu-
oride ions above this limit could induce several health 
problems like dental fluorosis and a long-term exposure 
causes another type of fluorosis called skeletal fluorosis [1]. 
Besides, fluoride is also known to have an adverse effect 
on the cardiovascular, central nervous, digestive, immune, 
renal and respiratory systems [2]. Hence, it is important to 
supply water with safe fluoride ions levels. Various meth-
ods like chemical precipitation, adsorption, electrocoag-
ulation, reverse osmosis and electrodialysis have been 
reported to remove fluoride from drinking water [3–7].

Adsorption is the most efficient and cost-effective 
method to remove fluoride ions in comparison with other 
methods. Various types of biosorbents, polymer resins/
fibers/membranes, organics, different metal oxides, com-
posites, and more recently a variety of nanomaterials have 
been studied for the removal of fluoride ions from aqueous 
solutions [8–14].

The application of nanoparticles on the removal of 
contaminants from water has allowed the synthesis of 
new materials that are more selective, efficient, and there-
fore better adsorbents. Nanomaterials have been used to 
remove fluoride from water, excellent results with high 
efficiencies have been reported [15].

Sairam Sundaram et al. [16] used nanometric com-
pounds: hydroxyapatite (Ca10(PO4)6(OH)2) and chitin (poly-
saccharide) to remove fluoride ions. Nano-hydroxyapatite/
chitin composite possesses higher defluoridation capacity 
(2,840 mg F–/kg) than nano-hydroxyapatite (1,296 mg F–/kg).

Patel et al. [17] prepared colloidal CaO particles by 
the sol–gel method to remove fluoride ions from aqueous 
solutions in a batch system, and they obtained almost a 
complete elimination of fluoride (98%).

Kang et al. [18] investigated the efficiency of a new 
adsorbent for fluoride removal from water. The adsorbent 
was synthesized by calcining magnesia (MgO) with pullu-
lan, an extracellular water-soluble microbial polysaccharide. 
The adsorption capacity was 4,537 mg/kg at 30°C and pH 
7.0, using the initial concentration of 10 mmol/L fluoride 
solution.

Zhao et al. [19] prepared nanoparticles consisting of 
hydrated aluminum oxide embedded in Fe2O3 nanoparticles 
(Fe3O4@Al(OH)3), they reported that the adsorption capac-
ity calculated by the Langmuir equation was 88.48 mg/g 
at pH 6.5.

Liu et al. [20] investigated the feasibility of using syn-
thetic siderite for F– removal from aqueous solution. The 
synthetic siderite showed a high adsorption capacity for 
F– removal, which was up to 1.775 mg/g in batch with an 
adsorbent dosage of 5 g/L and an initial F– concentration of 
20 mg/L at 25°C.

Zhang et al. [21] used waste phosphogypsum to prepare 
and apply hydroxyapatite nanoparticles to remove fluoride 
ions from aqueous solutions, particles from 20 to 60 nm 
were obtained with high purity. The maximum adsorp-
tion capacity found by means of the Langmuir–Freundlich 
model were 19.742, 26.108, 36.914, and 40.818 mg/g at 
temperatures of 298, 308, 318, and 328 K, respectively.

Tariq et al. [22] reported the use of biomass Ficus reli-
giosa in untreated and xanthate treated forms for the 

Cd(II) ions removal in a fixed-bed column. Breakthrough 
time and exhaust times increased (67.5–390 min and 
292.5–1,852.5 min) (97.5–442.5 min and 345–1,920 min) for 
unmodified and modified materials, respectively. The mod-
ified material exhibited a capacity of 55.20 mg/g and the 
unmodified material of 13.33 mg/g.

The composition of fibrous net obtained from the dry 
Luffa cylindrica is mainly cellulose and in contact with water 
is negatively charged, a quality that allows positive par-
ticles to be attracted to their structure. The activation of 
Luffa cylindrica with particulate material could be an effec-
tive alternative adsorbent for the removal of fluoride ions 
from water.

Due to the small size of the particles (micro or nano), it 
is difficult to separate by conventional processes. Therefore, 
this research was focused on synthesizing particulate min-
eral materials such as elemental iron, calcite, alumina, 
or hydroxyapatite supported on an organic material 
(Luffa cylindrica).

In this work, the removal of fluoride ions in a bed col-
umn system was analyzed, and the data obtained from the 
tests were evaluated by using empirical kinetic models. 
One model used was the Weibull distribution. This model 
is flexible due to the inclusion of a shape parameter (β) in 
addition to the scale parameter (α), which allows its appli-
cation in various systems. The Weibull distribution can 
be used as a model to correlate asymmetric adsorption 
curves and the Weibull function generates S-shaped curves 
for β > 1. The parameters, α and β, can be easily deter-
mined using a spreadsheet program [23].

In order to adequately describe the fluoride removal 
kinetics in an adsorption column, the values of the param-
eters α and β of the Weibull model were determined. This 
model presents a logistic function similar to the Thomas 
equation in relation to the mass transfer [24], the follow-
ing two relationships were proposed: β = kinetic con-
stant (min–1) and α = qWm/CoQ.

2. Materials and methods

2.1. Materials

Luffa sponge was used as a support for metallic particles, 
this material consists of a fibrous network obtained from 
the mature dried Luffa cylindrica fruit. The sponge was pur-
chased from the local market. The fruit of this Cucurbitaceae 
is a fibrous endocarp, which is composed of cellulose (60%), 
hemicellulose (30%) and lignin (10%) [25]. Sodium carbon-
ate, sodium nitrate, sodium hydroxide, calcium nitrate, 
aluminum sulfate, sodium carbonate, calcium hydroxide, 
iron(III) chloride hexahydrate, sodium borohydride and 
ammonium hydroxide were provided by Sigma-Aldrich 
(MO, USA). Ethanol and phosphoric acid were purchased 
from Fisher Scientific Chemicals (MA, USA).

2.2. Preparation of activated Luffa cylindrica with 
particulate matter

The method for the preparation of the particulate mat-
ter and their deposition onto Luffa cylindrica is schemat-
ically depicted in Fig. 1.
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Activated bioadsorbents were prepared by the addi-
tion of a metal salt to the Luffa cylindrica, followed by the 
addition of a reducing agent, to obtain particulate matter 
by the deposition/reduction technique on Luffa cylindrica. 
The particulate material obtained is nano-sized, due to the 
reduction process.

2.2.1. Preparation of Luffa cylindrica

The Luffa cylindrica was washed with abundant distilled 
water and dried in an oven at 60°C for 24 h. Subsequently, 
it was ground and sieved to a particle size between 0.3 
and 0.2 mm.

2.2.2. Synthesis and deposition of particulate material on 
Luffa cylindrica

2.2.2.1. Calcite (CaCO3) biomaterial

Separately, 0.1 M Na2CO3, 0.2 M NaNO3, and 0.2 M 
NaOH solutions were prepared as precursor agents, these 
solutions were mixed and added to a mass of 10 g of Luffa 
cylindrica. The reducing agent was added dropwise, which 
was a 0.1 M solution of Ca(NO3)2, under continuous stirring 
and constant temperature of 30°C. The phases were sep-
arated by filtration and the solid was washed three times 
with distilled water. The activated biomaterial was dried 
at 60°C and labeled as Luffa cylindrica-Ca [26].

2.2.2.2. Alumina (Al2O3) biomaterial

10 g of Luffa cylindrica was mixed with 100 mL of a 
0.03 M Al2(SO4)3 solution, then 100 mL of the reducing 
agent (1.0 M Na2CO3) was added dropwise. The resulting 
solution was kept at room temperature for 12 h under con-
stant stirring. Then it was filtered and the solid was washed 
three times with distilled water. The activated biomaterial 
was dried at 60°C and labeled as Luffa cylindrica-Al [27].

2.2.2.3. Elemental iron (Fe) biomaterial

1.35 g of FeCl3·6H2O were dissolved in a solution con-
taining 60 mL of ethanol and 20 mL of distilled water and 
mixed with 10 g of Luffa cylindrica. 0.3783 g of sodium 
borohydride were dissolved in 100 mL of distilled water. 
This reducing agent solution was added dropwise to the 
precursor, which was constantly stirred, then the mixture 
was stirred for another 20 min, then the mixture was fil-
tered and the solid was washed three times with ethanol. 
The activated biomaterial was dried at 60°C and labeled as 
Luffa cylindrica-Fe [28].

2.2.2.4. Hydroxyapatite biomaterial

100 mL of a 0.3 M H3PO4 solution was dropwise added 
to an equal volume of a 0.5 M Ca(OH)2 solution containing 
10 g of Luffa cylindrica. The pH was kept above 10 by add-
ing NH4OH at constant temperature of 25°C, the mixture 
obtained was kept under stirring for 24 h, then the mix-
ture was filtered and the solid was washed several times 
with distilled water, finally the activated biomaterial was 
dried at 60°C and labeled as Luffa cylindrica-HA [29].

2.3. Characterization

The microstructures, composition, morphology, and 
functional groups present in the natural and activated Luffa 
cylindrica were analyzed by means of scanning electron 
microscopy (SEM) and infrared spectroscopy, respectively. 
For SEM observations, the materials were mounted directly 
on the holders and then observed at 10 and 20 kV in a JEOL 
JSM 5900LD electron microscope (ININ, México). Before the 
analysis, the samples were coated with a thin layer of gold 
by using the sputtering technique, to increase conductivity, 
avoiding charge accumulation and possible sample degra-
dation. The microanalysis was done with an EDS (energy- 
dispersive X-ray spectroscopy) system.

Fig. 1. Schematic representation of the conventional deposition/reduction method for the preparation of supported particles on 
Luffa cylindrica.
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The Fourier-transform infrared spectroscopy (FTIR) 
study was performed by using a Fourier Varian trans-
form infrared absorption spectrometer (FTIR Varian 640-
IR) with diamond base and RTA (reflectance total atten-
uated) accessory to identify functional groups present in 
the samples before and after activation of the biomaterial. 
The spectra were recorded in the range of 4,000 to 500 cm–1.

2.4. Determination of the fixed-bed porosity

The study of the transfer of fluid through porous beds, 
which relates the residence time of the fluid as a conse-
quence of passing through the bed of particles, considers 
porosity as a measurable characteristic in an adsorption col-
umn. Moret-Fernández and López [30] proposed a simple 
method to estimate the porosity of a biomaterial.

Porosity is defined as the ratio between the volume 
of the porous fixed-bed space and the total volume of the 
bed. The porosity of the fixed-bed was determined as fol-
lows: the fixed-bed was dried at 60°C for 2 h, a weighed 
quantity of the material was placed in a column and the 
volume was measured, then the column was filled with dis-
tilled water and it was left until the liquid fills the inter-
nal pores of the fixed-bed. Once saturated, the unfilled 
volume of the column was measured and this volume 
is the volume of the pore space.

The fixed-bed porosity (ε) and density (ρ) were calcu-
lated from Eqs. (1) and (2), respectively.
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where Vi is the volume of the fixed-bed pore space in 
the column, VT is the total volume of the bed (Vi + Vr), Vr 
is the volume of the solid particles in the fixed-bed, m is 
the mass of the dry fixed-bed and ρr the density of the  
material.

2.5. Fluoride measurements

The fluoride concentrations in the remaining solutions 
were measured with a selective ion electrode (ISE301F) 
by using a total ionic strength adjustment buffer solu-
tion (TISAB II with CDTA (trans-1,2-diaminocyclohexan-
etetraacetic acid, monohydrate)) to eliminate the inter-
ference of complexing ions.

2.6. Adsorption experiments

The experiments were carried out in batch mode to deter-
mine the adsorption capacities. 10 mL of fluoride solution 
(5 mg/L) and 0.1g of dried bioadsorbent were shaken for 
24 h at 30°C. The samples were decanted, and the residual 
fluoride ions concentrations were measured with a selec-
tive ion electrode; each experiment was done in duplicate. 
The amount of the fluoride ions adsorbed (Adsorption 
capacity, AC) and removal percentage from solution 
were calculated by applying Eqs. (3) and (4), respectively:
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where q refers to the amount of fluoride ions adsorbed by 
the bioadsorbent (mg/g); Co is the initial fluoride ion con-
centration (mg/L), Ct is the final concentration (mg/L), 
V corresponds to the volume of aqueous solution (L), m 
is the mass (g) of bioadsorbent and Ce is the fluoride ion 
concentration in solution (mg/L) at equilibrium.

2.7. Column experiments

The fixed-bed column tests were only done with the 
biomaterial activated with hydroxyapatite, since it was 
the material that showed the highest efficiency on the 
adsorption of fluoride ions (Table 1).

Table 1
Elemental compositions and fluoride adsorption yield of the natural and activated Luffa cylindrica

Element (%) Luffa cylindrica Luffa cylindrica-Fe Luffa cylindrica-Ca Luffa cylindrica-Al Luffa cylindrica-HA

C 51.5 43.8 45.0 30.3 29.2
O 45.9 34.8 46.9 45.1 35.5
Cl 1.4 1.8 0.9 0.5 0.5
Na – – 1.8 18.5 0.2
S – – – 2.2 –
P – – – – 8.7
Fe – 17.2 – – –
Al 0.8 2.3 0.3 2.9 1.0
Ca 0.4 – 5.1 0.6 24.8
Adsorption capacity (mg/g) 0.0 0.0 0.0 0.37 0.49
Adsorption (%) 0.0 0.0 0.0 73.4 98.7
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The column studies were conducted to evaluate the 
effect of different bed weights on the breakthrough curves. 
Fixed-bed column experiments were performed by using 
a borosilicate glass column of 9 mm internal diameter 
and 20 cm high. The column was packed with activated 
Luffa cylindrica and the experiments were carried out 
using a solution of 5 mg/L of fluoride ions (pH = 6.4), a 
flow rate of 1 mL/min, 0.5, and 1.0 g of Luffa cylindri-
ca-HA with bed depths of 5.5 and 11.0 cm, respectively. To 
keep the flow rate constant, a Masterflex model 77200-60 
Peristaltic Pump was used.

The influent solutions were passed in down-flow 
mode through the bed; the flow rate was checked periodi-
cally during the experiments to assure uniformity on the 
hydraulic retention time during the experiment. Aliquots 
of effluent were collected at time intervals and the fluoride 
ions concentrations and pH were measured.

2.8. Desorption

50 mL of a 0.1 M NaOH solution were added to 0.5 g 
of fluoride-loaded Luffa cylindrica-HA (1.1 mg/g), material 
obtained after the adsorption process. The mixture was 
shaken at 150 rpm for 12 h, then the solution was centrifuged 
and the supernatant was collected to analyze the concen-
tration of fluoride ions desorbed from Luffa cylindrica-HA. 
The desorption procedure was repeated three times.

3. Results and discussion

3.1. Capacities of the bioadsorbents for the removal of fluoride ions

The results show that the natural and activated Luffa 
cylindrica with calcite and elemental iron did not remove 
any fluoride ions from the solution. It was shown by ele-
mental analysis and electron microscopy that the material 
(Luffa cylindrica) was modified with the chemical precursors, 
but they did not adsorb any fluoride ions, perhaps due to 
the little or no ionic affinity between the species. García-
Sánchez et al. [31] reported similar behavior using iron 
oxides modified with calcium sulfate, where the removal of 
fluoride ions from aqueous solution was negligible.

The biomaterial activated with alumina and hydroxy-
apatite presented efficiency values for the removal of flu-
oride ions of 73.4% and 98.7%, respectively. In both cases, 
the ionic exchange between the OH– species and the F– 
could be responsible for the removal efficiencies.

Other works that have used hydroxyapatite reported 
high adsorption efficiencies. Zhang et al. [21] reported 
99% efficiency for a fluoride solution with a concentration 
of 10 mg F–/L and 0.3 g of adsorbent. He et al. [10] used 
hydroxyapatite nanowires as a membrane to the elimi-
nation of fluoride ions and reported efficiencies of 98%.

According to these results, only the material that pre-
sented the best adsorption capacity was used for the 
fixed-bed column system.

3.2. Characterization of the activated and natural Luffa cylindrica

3.2.1. Scanning electron microscopy

Fig. 2a shows the natural Luffa cylindrica with a 
macroscopic fibrous morphology, along the fibers 

presents certain interconnections. Fig. 2b shows parts of cel-
lulosic fiber that form the Luffa cylindrica structure; cellulose 
fibers are seen, heterogeneously, cracked and fractured.

Elemental X-ray maps were generated, considering F 
and HA. The procedure was as follows: an area of inter-
est was identified in the sample using the images pro-
vided by SEM. Subsequently, the qualitative analysis of 
the chemical elements of the selected area was performed, 
where the signals generated by backscattered electrons 
and characteristic X-rays were detected. The energies 
corresponding to the elements of interest (F and Ca) 
were selected. The composition of the element was trans-
formed into maps where each color code represents the 
analyzed element (Fig. 3b and c).

SEM images of hydroxyapatite-activated Luffa cylin-
drica (HA) reveal the formation of a layer around the Luffa 
cylindrica and scattering between non-impregnated par-
ticles (Fig. 3). Fluoride ions were observed in the layer 
observed on the Luffa cylindrica (Fig. 3b), suggesting the 
presence of calcium oxide or calcium hydroxide and their 
possible electrostatic interaction with fluoride ions.

Fig. 3c and d revealed the presence of fluoride ions, 
dispersed on the Luffa cylindrica fiber (Fig. 3a). Possible 
electrostatic attraction or ionic substitution effects could 
play important roles on the adsorption process.

The physicochemical characteristics of hydroxyapa-
tite, such as its composition, structure, texture, and surface 

Fig. 2. (a, b) Macroscopic and microscopic morphologies of the 
natural Luffa cylindrica.
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properties in the Luffa cylindrica, does the Luffa cylindri-
ca-HA material the most suitable in the adsorption process. 
The elemental analysis of the activated bioadsorbents was 
determined by using the EDS, the results showed 17.2%, 
5.1%, and 2.9% of Fe, Ca and Al for Luffa cylindrica-Fe, 
Luffa cylindrica-Ca and Luffa cylindrica-Al, respectively, 
the activated material with HA showed a greater amount 
of Ca (24.8%) and the presence of phosphorus (8.7%) 
characteristic of the HA (Table 1).

3.2.2. Fourier-transform infrared spectroscopy analysis

Fig. 4 shows the FTIR spectrum of activated and nat-
ural Luffa cylindrica. The FTIR spectrum of the activated 
Luffa cylindrica fiber (Fig. 4a) shows characteristic bands 
of hydroxyapatite. Intensive peaks at 563 and 1,026 cm–1 
could indicate the presence PO4

3– groups, and the peaks of 
1,404 and 1,444 cm–1 correspond to CO3

2–, representative of 

hydroxyapatite [32]. The peaks at 3,652 and 601 cm–1 are 
assigned to OH– [33]. The peak at 874 cm–1 corresponds to 
out of plane bending mode of the CO3

2– [33].
The FTIR spectrum of natural Luffa cylindrica fiber 

(Fig. 4b) shows a peak at 3,343 cm–1 assigned to the hydroxyl 
groups of cellulose, hemicellulose, involved in hydrogen 
bonds [34]. The 2,899 cm–1 band is due to the C–H stretching 
in methyl and methylene groups in cellulose and hemicel-
lulose components [35]. The absorption peak at 1,720 cm–1 
corresponds to C–O stretching of the carboxyl group of 
hemicellulose present in the fiber [36]. The band around 
1,606 cm–1 was associated with C–C and C–O stretching in 
the aromatic ring, characteristic of lignin [37]. The band 
at 1,234 cm–1 is assigned to the C–O groups on the surface 
of the biomass, while that at 1,119 cm–1 corresponds to the 
stretching of the antisymmetric C–OR–C bridge (cellulose) 
[38,39]. The 1,086 cm–1 band is attributed to the anhydroglu-
cose (cellulose) ring [39]. Peaks between 1,069 and 1,001 cm–1 

Fig. 3. Images of aggregate of hydroxyapatite: (a) SEM image, (b) compositional maps for F– contained in the HA, (c) compositional 
maps for HA, and (d) compositional maps for F–.
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are indicative of C–OR (cellulose) stretching, while the 
band at 893 cm–1 could be attributed to antisymmetric, 
out-of-phase stretching of the ring [38].

3.3. Column kinetic study

The physical characteristics of the fixed-bed were 
porosity 60%, density 0.3 g/L, depletion rate 2 g/L (90% 
saturation), the contact time increases as the weight of 
the fixed-bed increases, the values found were 4.31 and 
8.64 min for 0.5 and 1.0 g, respectively.

3.3.1. Breakthrough curve

The breakthrough curve shows the behavior of fluo-
ride ions adsorbed from solution by the fixed-bed column. 
It is expressed in terms of adsorbed fluoride concentration 
or normalized concentration defined as the ratio between 
the fluoride concentration in the effluent and the concen-
tration of fluoride in the influent (C/Co) as a function of the 
time or volume of the effluent for a given height of the bed.

Fig. 5a shows the breakthrough curves for the adsorp-
tion of fluoride ions with different bed depths. The per-
missible limit recommended by the WHO [40] is 1.5 mg/L 
and, this value was considered as the breakthrough point. 
It can be observed that breakthrough increases as the bed 
height increases, due to the accessibility of more adsorp-
tion sites. The breakthrough point corresponds to C/
Co = 0.3 (1.5 mg/L) and it was found at 92.0 and 202.7 mL of 
treated fluoride solution with bed weight of 0.5 and 1.0 g, 
respectively.

Fig. 5b shows that increasing the mass of the adsor-
bent, the service area of the bed increases, and by increas-
ing the area, the interaction between the fluoride ions and 
the active sites of the Luffa cylindrica-HA also increases, and 
the treated volume of solution. When the fluoride solution 

passes through the adsorbent material, reaching its lower 
part, the F– ions cannot longer be completely adsorbed due 
to the saturation of the material. After a while, the column 
is completely saturated or exhausted and the adsorption of 
F– ions does no longer take place and the C/Co ratio is close 
to one. In this area, the adsorption process is complete, 
the concentration of fluoride ions varies from the initial 
concentration to zero and the saturation of the adsorbent 
material is completed. As the volume of fluoride solution 
passes through the column, an adsorption zone beginning 
to be defined where mass transfer occurs. The mass trans-
fer zone (MTZ) is the active surface of the Luffa cylindrica-HA 
biomaterial, where the F– ions adsorption takes place.

3.3.2. Kinetic models of fixed-bed column adsorption

The values of the mass transfer coefficients in the solid 
phase were calculated from the experimental data and the 
models of Thomas, Yoon–Nelson, Dose–Response and 
Weibull distribution (Table 2).

The Thomas model assumes a Langmuir adsorption–
desorption kinetic process, deriving from the fact that the 
speed driving force obeys second-order reversible reac-
tion kinetics. This model also assumes a constant separa-
tion factor applicable to favorable or unfavorable isotherms 
[41,42]. From the results obtained (Table 3), the constant 
KTh decreases as the deep of the column increases, due to 
the difference between the concentration of F– adsorbed 
on the material and the F– concentration in the solution. At 
the same time, it is observed that the determination coeffi-
cients R2 and the adsorption capacities have about the same  
value.

Yoon–Nelson model does not require detailed data on 
the characteristics of the adsorbate, the type of adsorbent, 
or the physical properties of the adsorption bed [43]. This 
model assumes that the decrease rate of the adsorption 

Fig. 4. Infrared spectrum: (a) activated Luffa cylindrica and (b) natural Luffa cylindrica.
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probability for each adsorbate molecule is proportional to 
the adsorption probability of the adsorbate and the pene-
tration probability of the adsorbate into the adsorbent [44].

In Table 3, it is observed that increasing the mass of 
the adsorbent, the time required for rupture (τ) increases 
as well, but not directly proportional to the mass of the 

adsorbent. It could also be seen that the rate constant 
(KYN) decreases with increasing the mass of the adsorbent, 
possibly due to the increase of the bed height.

The τ values of the model (119.56 and 294.37 min) were 
very close to the values obtained, reaching 50% adsor-
bate breakthrough (110 and 250 min), with 0.5 and 1.0 g of 
adsorbent material, respectively.

The Dose–Response model is used to describe col-
umn adsorption, and its importance lies in the fact that it 
describes the complete rupture curve with great accuracy, 
minimizing the resulting error in the adsorption kinetics 
of the column, especially that presented by the model of 
Thomas at the beginning and end of the breakdown curve 
[24,45,46].

Dose–Response constants increase with increasing bed 
height. On the other hand, the qd–r values are very similar 
to those obtained by the other models, which confirms the 
validity of the experiment.

Fig. 5. Breakthrough curves using Luffa cylindrica-HA with 
two amounts of adsorbent material: (a) breakthrough curves 
on F– removal in the fixed-bed column, and (b) representation 
of the breakthrough curves with mass transfer zone (MTZ).

Table 2
Summary of the models used to evaluate the breakthrough curves

No. Model Linear equation Parameters
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e
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e
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�
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Constants KTh and qTh were determined from a plot 
(plot omitted) of ln(Co/Ce − 1) vs. t at a given flow rate

(6) Yoon–Nelson ln
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Values of KYN and τ are obtained from the slope and intercept 
of the linear plots (plot omitted) of ln(Ce/Co − Ce) vs. t
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of ln(Ce/Co – Ce) vs. V. Where V = Q × t, Q is the flow rate
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� � � Values of β and α are obtained from the slope and intercept of 
the linear plots (plot omitted) of ln[–ln(1 – Ce/Co)] vs. ln(t)

Table 3
Parameters calculated form the experimental data and the 
kinetic models

Models Parameters Bed weight (m)

Thomas

0.5 g 1.0 g
KTh (mL/mg·min) 0.004 0.002
qTh (mg/g) 1.4 1.5
R2 0.928 0.928

Yoon–Nelson
KYN (1/min) 0.017 0.012
τ (min) 120 294
R2 0.927 0.928

Dose–Response
a (1/mL) 3.0 3.9
qd–r (mg/g) 1.2 1.4
R2 0.992 0.984

Weibull distribution

b (1/min) 1.8 2.6
α (min) 151 337
qW (mg/g) 1.5 1.7
R2 0.953 0.930
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The Weibull function is similar to the Bohart–Adams 
model in several respects, both consider sigmoid or S-shaped 
curves. Their simple mathematical shapes can be linear-
ized and then linear regression can be used to estimate the 
parameters. The Weibull distribution is very effective in ana-
lyzing the highly skewed advanced data form of fixed-bed 
column adsorption [21]. In this work, it has been proposed 
to link the two empirical parameters in relation to the vol-
umetric flow. Where the constant of the Weibull distribu-
tion “β” has the unit min–1 and the value of “α” is related to 
the adsorption capacity as follows: α = qWm/CoQ. The max-
imum adsorption capacity (qW) can be calculated with this 
relationship from the model.

The results from the Weibull distribution are very sim-
ilar to the Thomas and Dose–Response models, the con-
stants increase with increasing adsorbent mass. The deter-
mination coefficient R2 shows a good fit of the experimental 
values to the model.

The four applied models adjusted satisfactorily to 
the experimental data; all the models have shown values 
for the determination coefficient (R2) from 92.68 to 99.24. 
These values showed that the adsorption process followed 
Langmuir kinetics of adsorption–desorption [42].

Furthermore, in the case of the Weibull distribution, 
the adsorption capacity is similar to those values calculated 
with all other models, around 1.4 ± 0.12 (mg/g). Therefore, 
it can be assumed that this model can describe the mecha-
nism of the adsorption process in a dynamic system.

The Dose–Response model is the one that best describes 
the experimental data, with R2 values of 0.99 and 0.98 
for 0.5 and 1.0 g, respectively.

Through a non-linear regression analysis, it was found 
that the experimental data fit the models, as can be seen 
in Fig. 6. In general, the breakthrough curves predicted 
by the models were very similar to each other.

3.3.3. Column operating parameters

Small-scale column tests can be used to simulate the 
potential performance of the adsorbent and extrapolate 
the results obtained to a pilot scale or larger. The equations 
to determine the operational parameters of the column 
and their results are presented in Tables 4 and 5, respectively.

The operating capacity of the activated biomaterial 
(Luffa cylindrica-HA) can be estimated using the equations 
shown in Table 4, and the results are shown in Table 5.

The bed volume is the number of liters of feedwater 
containing F– (mg/L) that can be adsorbed with one mass of 
bed. Considering volumes (4.32 and 8.64 cm3), total weights 
(0.5 and 1.0 g), and heights (5.5 and 11.0 cm) of the beds, 
the bed volumes obtained are 71.8 and 69.3, respectively.

The adsorbent exhaustion rate was found by dividing 
the mass of the adsorbent used by the volume of treated 
water at the breakthrough point, (90%). Thus, it is defined 
as the mass of the adsorbent depleted for each volume of 
liquid treated in the breakthrough curve (30% or 90%).

The residence time in the bed increased and the bio-
adsorbent depletion rate was constant for both weights. 
The results indicate that the longer the residence time and 
a constant depletion rate, the more efficient the adsorption  
process.

3.3.4. Adsorption mechanism

Physical adsorption (electrostatic interaction) and chem-
ical adsorption (ion-exchange) are the adsorption mech-
anisms of fluoride ions on hydroxyapatite particles that 
are mentioned in different works [10,21,48,49].

The sorption phenomenon is a combination of exchange 
adsorption, van der Waals force adsorption and chemical 
adsorption. Exchange adsorption can be assumed because 
fluoride ions are concentrated on the surface of the adsor-
bent, which is electrically charged. If the adsorbent is 
loaded with hydroxyapatite, the hydroxides present may 
be displaced, and the fluoride ions adsorbed.

In the process of exchange adsorption, fluoride ions with 
hydroxyapatite release OH–, changing the pH of the solu-
tion after reaction. As shown in Fig. 7, the pH of the solu-
tion increased with contact time and reached equilibrium 
at 390 min.

In the FTIR spectrum of activated Luffa cylindrica 
(Fig. 4a), a new peak appears at 3,652 cm–1, which can be 
attributed to the OH– band, specific for hydroxyapatite and 
possibly, when interacting with fluoride ions, it will form 
fluorhydroxyapatite.

The ion-exchange reaction between HA and fluoride 
ions can be observed in the following equation [21]:

Ca PO OH F Ca PO F OH OH10 4 10 4� � � � � � � � � � �� �

6 2 6
,  (5)

On the other hand, the charge distribution of the sup-
port material (Luffa cylindrica), when activated with HA, 

Fig. 6. Models of Thomas, Yoon–Nelson, Dose–Response, 
and Weibull distribution fits compared to the experimental 
fluoride breakthrough curve with bed weight of 0.5 and 1.0 g.
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increases the active sites, giving place to interaction between 
the solute and the adsorbent. It can be proposed that both 
adsorption mechanisms may take place in the system 
studied in this work.

3.3.5. Desorption of fluoride ions from Luffa cylindrica-HA

Desorption experiments were conducted to examine 
the reusability of the Luffa cylindrica-HA and the reversibil-
ity of the adsorption process. A low percentage of desorp-
tion (<2.5%) was observed, this behavior suggests that flu-
oride ions cannot be easily removed from the adsorbent 
surface by ion-exchange with OH– ions. The small amount 
of fluoride ions detected in solution after desorption is 

possibly due to the formation of chemical bonds between 
the fluoride and the surface of the Luffa cylindrica-HA that 
prevent the fluoride from being easily desorbed.

4. Conclusions

Biomaterials were synthesized by a simple deposi-
tion/reduction technique and used for the removal of flu-
oride ions from aqueous solution. The bioadsorbent Luffa 
cylindrica-HA presented the highest adsorption capacity 
(0.49 mg F–/g biomaterial). Through a linear and non-linear 
regression analysis, it was found that the experimental data 
fit well different models from the literature, confirming the 

Table 4
Summary of the equations used to determine the operational parameters [49]

No. Equations Nomenclature

(9) BV volume of treated solution
volume of the bioadsorbent be

=
dd

Numbers for bed volume (BV)

(10) BER mass of bioadsorbent
treated volume at exhaustion time

= Bioadsorbent exhaustion rate (BER)

(11) EBRT bed volume
volumetric flow rate

= Empty bed residence time (EBRT)

(12) q
Q t C
mt
V e o

e
=

(te) is the service time in the exhausted column (min); Co is the inlet ion’s initial 
concentration (mg/L); QV is the effluent volumetric flow rate (L/min); m is the 
amount of bioadsorbent (g)

(13) q
M
me
r=

m is the mass of bioadsorbent (g); Mr is the influent fluoride load-mass of 
fluoride, escaping from the column

(14)

M V C
V V C C

r e o
n n n n� �
�� � �� �� �� 1 1

2

A
V V C Cn n n n�

�� � �� �� �� 1 1

2

Co is the initial fluoride concentration (mg/L); Ve is the volume at the time when 
the column is exhausted (L); Vn is the throughput volume at the nth reading (L); 
Vn+1 is the throughput volume at the (n + 1) nth reading (L); Cn is the fluoride 
concentration at the nth reading (mg/L); Cn+1 is the effluent fluoride concentra-
tion at the (n + 1) the reading (mg/L)
A is the area under the breakthrough curve, signifies the mass of fluoride ion 
that was not eliminated, which was estimated as a function of volume and cal-
culated from the breakthrough curves using a Microsoft Excel spreadsheet

Table 5
Parameters for both bed weights

Parameters Bed weight (g)

0.5 1.0

tp (min) 92.0 202.7
te (min) 243.3 490.0
BV processed 71.8 69.3
BER90% (g/L) 2.1 2.1
EBRT (min) 4.3 8.6
qte (mg/g) 2.4 2.4
qe (mg/g) 2.4 2.4
(tp) Breakthrough time at 30%; (te) breakthrough time at 90%
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Fig. 7. pH vs. time in the adsorption process of fluoride ions 
by Luffa cylindrica-HA.
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validity of the experimental data. The Weibull distribution 
gave a good prediction of the fixed-bed column adsorption 
(R2 ≥ 0.95). Therefore, it can be assumed that this model can 
describe the adsorption process in a dynamic system. The 
Dose–Response model was the one that best reproduced the 
experimental breakthrough curves. With the data obtained 
from the kinetic and scale-up methods, it would be possi-
ble to calculate the design parameters for a fixed-bed col-
umn on a pilot scale. The Luffa cylindrica-HA demonstrated 
to be effective and a biocompatible adsorbent for fluo-
ride removal from water and scaling up to a pilot level is  
feasible.
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