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ABSTRACT

The use of rose wastes (stem) as a potential alternative and low-cost adsorbent for the removal of
fluoride ions was studied. Rose stem (RS) was doped with aluminum or lanthanum ions (RS-Al and
RS-La) to increase the fluoride removal efficiency from aqueous solutions. The effects on the structure
and physicochemical properties of the RS-doped were also investigated by scanning electron micros-
copy and energy dispersive spectroscopy and infrared spectroscopy. The best conditions to achieve
an efficient adsorption of fluoride ions were evaluated in a batch process. A removal higher than
90% was obtained using a F- concentration of 5.0 mg/L and pH of 6.5. The sorption equilibrium was
reached in 48 h and the kinetic data were treated with the pseudo-second-order model, the results
indicated a chemisorption mechanism. The equilibrium of the process was modeled using the Temkin,
Freundlich, and Langmuir isotherms, obtaining a best fit with the last one. Finally the thermodynamic
parameters of the adsorption processes were determined and the results indicated that the adsorption

processes were endothermic and nonspontaneous.
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1. Introduction

Fluorine water pollution has become of considerable
concern due to the fact that fluorine has been widely used
in a variety of industries, for example, in the production of
aluminum, steel, phosphate fertilizers, phosphoric acid,
glass, ceramic, and brick products. Fluoride can be found in
drinking water, and it is considered hazardous if it exceeds

* Corresponding author.

1.5 mg/L [1]. The excessive intake with long-term drinking
of water containing high fluoride concentration can result in
health issues, such as mottling of teeth, softening of bones,
structural damage to ligaments, and various neurologic
damages [2].

A variety of treatment processes have been studied for
fluoride removal from drinking water [3]. The adsorption
process has been proven to be one of the best water treat-
ment technologies and biosorption is highly important
in the environment and conventional biotreatment pro-
cesses. The biosorption has been used to remove organic
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and inorganic substances from solution by using different
organic materials [4].

Agricultural residues are abundant, cheap, and sustain-
able materials for the production of bioadsorbents. It is well
known that the presence of some of the active components
in these materials are lignocellulosic, makes them effective
adsorbents for a wide range of pollutants and allow them to
efficiently capture water pollutants due to their functional
groups such as hydroxyl, carboxyl, methoxy, and phenols
that participate in the binding to pollutants. The biodegrad-
ability, biocompatibility, and physical-mechanical proper-
ties of rose stem (RS), resulting from the presence of chemical
reactive groups (hydroxyl, acetamido. or amino functions) in
polymer chains can favor the fluoride adsorption [5-9].

The rose is regarded as the queen of flowers because
of its aesthetic, beauty, and high economic value; it is one
of the most popular flowers. The volume of Mexican rose
exports in 2014 reached 2,577 tons, which generated a trade
surplus of over 6 million USD during the same year. The
states with the highest production are located in the central
area of the country, State of México contributes with 7.6 mil-
lion of gross (a gross refers to a group of 144 items, a dozen
of dozens), Morelos, with 647,768; Querétaro with 465.7
thousand, and Puebla with 312.4 thousand gross [10]. The
fruits, seeds, and stem of the rose species are considerably
beneficial for human health since they contain organic and
inorganic matters. The fruits are rich in minerals, vitamins,
sugars, phenolic compounds, carotenoids, tocopherol, bio-
flavonoids, tannins, organic acids, fruit acids, amino acids,
volatile oils, and pectin [11]. The seeds of rose also contain
unsaturated and polyunsaturated fatty acids [12].

This study considers aluminum- or lanthanum-doped RS
as adsorbents for the removal of fluoride ions from aqueous
solutions. Results concerning the adsorption equilibrium,
kinetics, and thermodynamic are presented and discussed.
The effect of various parameters on the process such as pH,
contact time, and initial concentration of fluoride were stud-
ied. The physicochemical characteristics of the adsorption
process were determined; the equilibrium of the process was
modeled using the Temkin, Freundlich, and Langmuir iso-
therms models and the kinetics through the equations of the
first- and second-order, Elovich, and intraparticle diffusion
models.

2. Experimental
2.1. Collection and preparation of the adsorbent

The stems of rose (SR) were obtained from the
rose-flowers production wastes in greenhouses from Villa
Guerrero, State of México. They were washed and dried at
60°C for 72 h. Subsequently, they were milled and sieved
to produce particles between 50 and 100 meshes (0.297 and
0.149 mm).

2.2. Stock solution and modifying solution

Solutions of 5 mg F/L of pH 6.5 were prepared from a
standard sodium fluoride solution of 100 mg F/L (Thermo
Fisher Scientific, USA) and deionized water. Aluminum
sulfate (99.99% trace metals basis, Sigma-Aldrich, USA),

lanthanum chloride heptahydrate (99.9%, Fisher Scientific),
and potassium hydroxide (ACS reagent, >97.0%, pellets,
Sigma-Aldrich) were used to prepare the solutions.

2.3. Doped stem of rose

Aluminum- and lanthanum-doped stem of rose, were
prepared by adding a 2 M KOH solution to a 0.1 M solution
of lanthanum or aluminum chloride up to a pH of 7.5. The
precipitates were washed three times with distilled water
to eliminate K* and CI" ions from the solids. The lanthanum
hydroxide or aluminum hydroxide were mixed with the
SR in distilled water, the mixtures were shaken for 4 h, and
finally, the water was decanted and the samples were dried
at 50°C for 5 h, the samples were labeled as SR-Al or SR-La.

2.4. Characterization of adsorbent

Characterization of biosorbent stems of rose was done
before and after doped with Al or La by infrared spectros-
copy (IR), scanning electron microscopy (SEM), and energy
dispersive spectroscopy (EDS) techniques.

2.4.1. Scanning electron microscopy

The materials were mounted directly on the holders and
then observed at 10 and 20 kV in a JEOL JSM-5900-LD elec-
tron microscope. The microanalysis was done with an EDS
(energy X-ray dispersive spectroscopy) system.

2.4.2. Fourier transform infrared spectroscopy

In order to determine the functional groups responsible
for fluoride biosorption, IR spectroscopy was used, about
0.1 g biomass was mixed with KBr for Fourier transform
infrared (FTIR) spectra analysis with a resolution of 2 cm™.

2.5. Determination of surface acidity and basicity

Both the surface acidity and basicity of undoped and
doped stems were determined by a titration methods
reported by Moreno-Castilla et al. [13] and Giizel [14]. The
SR-doped sample were washed several times with distilled
water and then dried at 100°C for 24 h prior to titration.

2.5.1. Surface acidity

1 g of RS-doped was prepared as described earlier and
put into contact with 50 mL of a 0.1 N NaOH solution.
The samples were shaken at 30°C for 5 d using an automatic
shaker. The mixture was filtered and then the remaining
solution was back-titrated with a 0.1 N HCI solution. The
concentrations of acidic and basic groups on the surface
were determined and expressed as equivalents per gram

(eq/g)-

2.5.2. Surface basicity

The total surface basicity of the SR-doped was quanti-
fied by mixing 1 g of the adsorbent sample with 50 mL of a
0.1 N HCl standard solution. The mixture was shaken for 5 d
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at 30°C. An aliquot (10 mL) of the supernatant was filtered
and back-titrated with a 0.1 N solution of NaOH solution.

2.6. Fluoride measurements

The fluoride concentrations in the remaining solutions
were measured with a specific ion electrode (ISE301F)
by using a total ionic strength adjustment buffer solution
(TISAB II with CDTA (trans-1.2-diamino cyclohexane tetra
acetic acid, monohydrate) to eliminate the interference of
complexing ions.

2.7. Sorption studies

Sorption studies were conducted in batch. Various
parameters (pH, shaking time, adsorbate concentration, and
temperature) on the adsorption process were considered.
For the sorption kinetics, the shaking times were 5, 15, 30,
60 min and 3, 5, 7, 24, 48, 72 h and 10 mL of a fluoride solu-
tion (5 mg/L) were used. Later, the samples were centrifuged,
decanted, and washed. The test of isotherm was realized
with 100 mg samples of doped stem in contact with 10 mL of
different concentrations of fluoride ions (2.5, 5, 10, 15, 20, 25,
30, 35, 40, and 45 mg/L). The mixtures were shaken at 45 rpm
for 24 h. The samples were centrifuged, decanted and fluo-
ride ions were analyzed, each experiment was done in dupli-
cate. All experiments were carried out at 30°C except for the
temperature dependence study where the temperatures were
15°C, 30°C, 45°C, and 60°C (initial fluoride concentration was
5mg/L). The effect of pH on the fluoride ion uptake by doped
stems of rose was determined by using an aqueous fluoride
solution of 5 mg/L. pH values of fluoride solutions aliquots
of 10 mL were adjusted from 2 to 12 using 0.1 M HCl or 0.1 M
NaOH and then 100 mg of adsorbent materials were added.

The amount of metal adsorbed per unit mass was
calculated as follows:

(c.-c)v
qo=—""-7— )
m

where C, and C, are the initial and equilibrium concentra-
tion (mg/L), m is the mass of the adsorbent (g), and V is the
volume of the solution (mL).

Percent fluoride ion removal (%) was calculated using
the following equation:

c-C)

c @)

In order to explain the mechanism of the process of
biosorption: Temkin, Langmuir, and Freundlich isotherm
models, pseudo-first-order and pseudo-second-order rate
kinetics, and intraparticle diffusion models were applied to

experimental data.

3. Results and discussion
3.1. Bioadsorbent characterization
3.1.1. Scanning electron microscope

The chemical composition expressed as the weight per-
cent of the element of the undoped and doped stems of rose

are shown in Table 1. The most abundant elements were
carbon and oxygen, followed by lanthanum, potassium, chlo-
rine, and aluminum. The presence of potassium and chlorine
in SR-doped could be attributed to the modification pro-
cess. Fig. 1 shows the morphology of the stem of rose, which
forms disperse aggregates which correspond to parenchymal
tissue, xylem, and fibers (a). In Figs. 1(b) and (c), the presence
of possibly aluminum and lanthanum compounds as white
particles are shown.

3.1.2. Infrared spectroscopy

Infrared spectra of undoped and doped stem of rose were
obtained (Fig. 2). The main functional groups involved in bio-
sorption process and present on the materials were identified.
The spectra of SR, SR-Al, and SR-La showed characteristic
bands for stem lignin at 1,500 cm™ [15]. The three spectra
showed a wide band at 3,330 cm™ assigned to stretching
and bending vibrations of OH group. Bands at 2,916 and
2,850 cm™ stretching vibrations were attributed to functional
group =CH-, derived formally from methyl group (-CH,)
and methylene group (=CH,). For SR-Al, these bands appear
with a lower intensity than the other materials due to the
interaction between the functional group and the Al ion. The
spectra of doped SR show bands at 2,341, 2,360, 2,164, 2,026,
and 1,975 cm™ which appear with a higher intensity in com-
parison with the spectrum of the undoped material, this may
be assigned to the interaction of functional group phosphine
(P-H) and silane (Si-H) with Al or La ions. There is a decrease
of the peak at 1,735 cm™ and band displacement of the SR from
1,601 to 1,625 cm™, due to the interaction of amine (-NH,) and
carboxyl (-(COOH) functional groups with Al and La ions. The
peak at 1,735 cm™ is attributed to the C=O stretching vibration
of the hemicellulose and at 900 cm™ attributed to cellulose.

The FTIR spectra of the SR-doped with La and Al ions,
before and after adsorption of fluoride shows the band at
1,242 em™ shifted to 1,235 and 1,230 cm™, respectively. This
result implies the possibility of interaction between fluoride
ion and silane (Si-CH,), this may suggest that biosorption
could take place through an ion exchange process [16].

3.2. Determination of the active sites

The results on the surface acidity of undoped and doped
samples of SR waste treated with 0.1 M NaOH follows the

Table 1
Elemental composition of the undoped and doped stems of rose

Element RS (%) RS-Al (%) RS-La (%)
C 54.0+1.0 46.6 +0.7 442+1.6
(e} 426+1.3 344+0.8 29.3+1.5
Al 0.5+0.6 12.6 £ 0.6 0.6+0.3
K 1.6 £0.1 2.7+0.6 1.9+0.3
Ca 0.7 £01 - 0.2+0.0
Fe 04+0.1 - -

P 0.2+0.0 - -

Cl - 3.7+04 48+1.1
La - - 19.0+£2.2
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Fig. 1. SEM images of (a) undoped stems of rose, (b) stems of
rose doped with aluminum, and (c) stems of rose doped with
lanthanum.

order, RS-La (2.4 eq/g) > RS (2.2 eq/g) = RS-Al (2.1 eq/g). The
results of surface acidity indicate that RS-La has the highest
affinity for the adsorption of acidic components in aqueous
solution, while RS-Al exhibited the lowest affinity for acidic
species.

(@TR
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(c) TR-AI 2360
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Fig. 2. FTIR spectra of stem of rose before and after doped with
Laor Al

The adsorption capacity for basic species in aqueous
solution of the SR waste was in the order: SR-La (2.7 eq/g) > SR
(2.5 eq/g) > SR-Al (1.7 eq/g). The surface basicity experiment
verifies the affinity of the SR for basic species in aqueous
solution. The results indicate that SR-La has the highest
affinity for basic species in aqueous solution.

The differences between values of the acidic and basic
groups suggest that the majority of functional groups on
the adsorbent surface are basic; these basic sites favor the
surface precipitation of fluoride ions. The number of basic
groups is proportional to the adsorption of anions. However
the adsorption not only depends on this parameter, it also
depends on the affinity of fluoride for the metal present in
the adsorbent.

3.3. Adsorption kinetics

The fluoride ions biosorption kinetics of SR-Al and
SR-La are shown in Fig. 3. The removal of F~ was found to
be 91.2% and 89.6% respectively, at 30°C and pH 6.5. The
adsorption was rapid at the beginning of the process and
equilibrium was reached in about 24 h. Both materials, SR-Al
and SR-La, exhibited analogous behavior during fluoride
removal, with similar efficiencies. The kinetic data analy-
sis for fluoride sorption onto different materials has been
treated with different models: pseudo-first-order (Eq. (3)),
pseudo-second-order (Eq. (4)), and intraparticle diffusion
(Eq. (5)) models by a linear regression analysis (Table 3). The
equations of these models are as follows [17,18]:

log(q, —9,)=log(q,) (K, / 2.303)t 3)
t/q,ZI/quZ‘F(l/qe)t (4)
q, =Kt +C )

where g, and g, are the sorption capacities at equilibrium
and at time t, respectively (mg/g). K, is the rate constant

of pseudo-first-order sorption (h™), K, is a constant of
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Fig. 3. Contact time versus sorption capacity of fluoride (0.1 g of
sorbent in 10 mL of fluoride solution).

pseudo-second-order (g/mg h), K, is the intraparticle diffu-
sion rate constant (mg/g h), and C is the intercept (mg/g) of
the plot, which reflects the boundary layer effect. The larger
the intercept, the greater is the contribution of the surface
sorption in the rate controlling step. If the plot of g, versus
103 is linear and passes through the origin, then intraparticle
diffusion is the sole rate-limiting step [19].

The removal of fluoride ions from aqueous solution
involves solute transfer, which is usually characterized by
either external mass transfer (boundary layer diffusion) or
intraparticle diffusion or both. In order to gain insight into
the mechanisms and rate controlling steps affecting the kinet-
ics of adsorption, the kinetic experimental results were fitted
to the models.

The experimental data could not be fitted to the pseu-
do-first-order and intraparticle diffusion kinetic models
because the calculated sorption capacities at equilibrium
were different from the experimental values and the R? val-
ues were low. The plot of g, versus #*° (intraparticle diffu-
sion model) is not linear and it does not pass through the
origin, this indicates that the intraparticle diffusion was not
the rate-controlling step. This behavior also confirms that
adsorption of fluoride ions on the adsorbent was a process
which involves adsorption on the external surface [20].

The experimental data were adjusted to the pseudo-sec-
ond-order model, the adsorption capacities were 0.48 and
0.47 mg/g and the values of K, were 1.7 and 10.7 g mg/h with
R?0£0.9985 and 0.9999 for both SR-Al and SR-La, respectively.
The model is based on the assumption that the rate-limiting
step may be chemisorption involving valence forces through
sharing or exchange of electrons between adsorbent and
adsorbate. It is important to note that similar experiments
were performed with SR and the adsorption was only 27% in
comparison with the adsorption shown by SR-Al and SR-La.

3.4. Adsorption equilibrium

The adsorption yields were around 99% from initial fluo-
ride concentrations ranging between 1 and 6 mg/L and then
decreased as the initial fluoride concentrations increased
from 9 to 30 mg/L.

Equilibrium studies were carried out in order to deter-
mine the optimum conditions for maximum fluoride removal

by the SR-doped. The analysis of the isotherms data was per-
formed by fitting them to different isotherm models; this is
an important step to find out the suitable model that can
be used for designing purposes. In this work, the isotherms
obtained (Fig. 4) were fitted to the Langmuir [21] (Eq. (6)),
Freundlich [22] (Eq. (7)), and Temkin [23] (Eq. (8)) models by
linear regression analysis, in order to describe the relation-
ship between the amount of fluoride ion adsorbed (g,), and its
equilibrium concentration (C)), by SR-Al and SR-La. The lin-
ear equations of the isotherms of these models are as follows:

C 1 1
76:70+70CC (6)
. Qb Q

1
log(qg) =logK, + ZIOg(CE) (7)
g, =BInK, +BInC, (8)

where C, is the fluoride concentration in solution at equi-
librium (mg/L), g, is the amount of adsorbed dye per unit
mass of adsorbent (mg/g). Q° and b are Langmuir isotherm
constants related to the theoretical maximum adsorption
capacity (mg/g) and the energy of adsorption (L/g), respec-
tively. K, is the Freundlich constant representing the adsorp-
tion capacity (L/g), and n is the Freundlich exponent that
indicates the adsorption intensity (dimensionless). K, and
B are the Temkin isotherm constants, where K, represents
the equilibrium binding constant (L/g) and B is the heat of
adsorption and B = RT/b.

The constants of linearized forms of Langmuir, Freundlich,
and Temkin isotherms were calculated from the intercept
and slope of the plot C /g, versus C, log g, versus log C, and
g, versus In C, respectively. The equilibrium experimen-
tal results of fluoride ions could not be fitted to the linear
forms of Freundlich and Temkin models because the R?* val-
ues were low (<0.9256). The experimental data were found
to fit the Langmuir isotherm. The linearity of the plots C /g,
versus C, showed the applicability of the Langmuir isotherm
to the experimental data. The basic assumption of Langmuir
adsorption isotherm is based on monolayer coverage of the
adsorbate on the surface of adsorbent. Q° and b were deter-
mined from the slopes and intercepts of the respective plots
(Table 2). In order to find out the feasibility of the isotherm,

250

- @ RS-Al

—&— RS-La

0.00 2.00 4.00 6.00 8.00 10.00 12.00
Ce (mglL")

Fig. 4. Sorption isotherm of fluoride ions by SR-Al or SR-La.
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Table 2
Adsorption isotherms parameters of fluoride ions sorption by
RS-doped with Al or La

Adsorbent materials Langmuir

b(L/g) Q(mg/g) R R,
RS-Al 1.27 2.06 0.9639  0.1021
RS-La 1.91 2.26 0.9757 0.0741

the essential characteristics of the Langmuir isotherm can be
expressed in terms of the dimensionless constant separation
factor or equilibrium parameter [21].
1
R, =
1+bC,

)

where b is the Langmuir isotherm constant and C, is the
initial concentration of fluoride (mg/L).

The adsorption capacities calculated from Langmuir
isotherm constants were found to be 2.06 and 2.26 mg/g for
SR-Al and SR-La, respectively. The maximum monolayer
capacity of the adsorbent Q°, indicated that SR-La possessed
a higher adsorption capacity than SR-Al The lanthanum
hydroxide has a high affinity for fluoride ions and it has been
reported there is not any significant influence of competing
anions on its defluoridation capacity [24]. Also, R, values
were between 0 and 1, indicating that the adsorption of fluo-
ride ions on SR-doped was favorable.

3.5. Effect of pH on the sorption of fluoride ions by the
bioadsorbents

The effect of pH on the sorption is an important para-
meter because the removal of the fluoride ions from the
aqueous solution depends on the solution pH, as it alters the
surface charge on the adsorbents [25].

The decrease of fluoride uptake by SR-La (Fig. 5) in alka-
line pH could be primarily influenced by the competition
for active sites by fluoride ions and the excessive amount of
hydroxyl ions [26]. The adsorption process can be explained
on the basis that the adsorbents contain aluminum or lan-
thanum hydroxides and these hydroxides have the tendency

pH

Fig. 5. Effect of pH on the removal of fluoride ions by RS-Al
or RS-La.

to form complexes with the fluoride ions. Similar results can
be found in studies reported by Garcia-Sanchez et al. [26,27],
using modified corrosion products with La and modified nat-
ural magnetite with Al and La ions. Although the adsorption
of SR-Al is slightly higher than SR-La at pH < 10, it is import-
ant to note that at pH 12, SR-Al is more efficient than SR-La,
the stability of the complexes formed should be responsible
for this behavior.

3.6. Effect of temperature on bioadsorption of fluoride ions

The effect of temperature on the sorption of fluoride ions
on SR doped with La or Al was also investigated using the
optimized conditions. It was observed that the sorption of
fluoride increases with the increase of temperature (Table 3).
The increase in the removal of the fluoride ions with an
increase of temperature may be due to the mobility of the
ionic species present in the bulk solution at higher tempera-
tures. The collision frequency between the adsorbent and
adsorbate increased and hence the adsorption on the surface
of the adsorbent increased [28].

Thermodynamic parameters are calculated from the
variation of the thermodynamic equilibrium constants (K ) at
different temperatures (15°C, 30°C, 45°C, and 60°C) by using
the following equations (Table 4):

K = % (10)
0 0
InK, —fIiHT % 11)
X
AG" = AH" —=T x AS° (12)

Table 3
Temperature effect on the percentage of fluoride ions sorbed on
SR-doped with Al or La at equilibrium

Temperature (°C) 15 30 45 60
Adsorption (%) SR-Al 81.9 85.2 86.9 90.1
SR-La 86.3 87.3 88.8 90.6
Table 4

Thermodynamic parameters for sorption of fluoride on SR-doped
with Al or La as a function of temperature

T(C)  AG®(K/mol)  AH°(kJ/mol)  AS° (J/mol K)
SR-Al

15 1.94 11.83 34.31
30 143

45 0.91

60 0.40

SR-La

15 1.18 7.38 21.53
30 0.85

45 0.53

60 0.21
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where AH°, AS°, AG®, and T are the standard enthalpy,
standard entropy, Gibbs free energy, and temperature in kel-
vin, respectively, and R is the gas constant in kJ/mol/K.

The enthalpy and entropy were calculated from the slope
of straight line plot of log K_versus 1/T, derived from the
application of the Van't Hoff [29], whereas AG® was evalu-
ated using Eq. (12).

The positive values of AG® indicate, the adsorption pro-
cess is nonspontaneous. The values of AS® were found to be
34.31 and 21.53 J/K/mol for SR-Al and SR-La, respectively,
and positive values indicate that the degree of freedom of
ions increased by sorption and also is an indication of the
stability of surface sorption. The values of AH® are positive
and it confirms the endothermic character of the reaction [30].

4. Conclusions

The experimental results show that doped SR was effec-
tive for the removal of defluoride ions from aqueous solu-
tion. The kinetic and isotherm results could be adjusted to
the pseudo-second-order model and to the Langmuir model,
respectively, which indicate that the sorption mechanism is
chemisorptions on a homogeneous material. The maximum
adsorption capacities from Langmuir isotherm were found
to be 2.06 and 2.26 mg/g for SR-Al and SR-La, respectively.
According to the effect of the temperature on bioadsorption
of fluoride ions, the adsorption process is nonspontaneous
and endothermic. The agro-industrial residues used in this
work are locally available and abundant; the resulting sor-
bent is economically viable for removal of fluoride ions from
aqueous solutions. This study also offers a solution to the
reduction of agro-industrial solid waste, potentially limiting
its adverse environmental impacts.
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