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A B S T R A C T

In the present work hydrogels synthetized from polyvinyl alcohol and polyvinyl pyrrolidone (UH) and modified 
with FeCl3 (MH) were used to remove fluoride ions from natural water in batch and column systems. The natural 
water used for this work contained 5 mg/L of F- ions, the maximum permissible limit established by current 
Mexican regulations is 1.50 mg/L. According to results, the adsorption capacity of the modified hydrogel was 
higher (MH: 0.342 mg/g) than the unmodified (UH: 0.277 mg/g), based in its application on natural water 
treatment this value is acceptable; the equilibrium time for MH was 720 min. Three models for each system type 
(batch and column) were applied, the kinetic data were best fitted to the Ho-McKay model (R2= 0.993) for batch 
test and the Clark model for MH in column experiment. The adsorption process was carried out by ionic exchange 
between the OH- groups of the adsorbent and the F- ions. The results of toxicity indices obtained from the 
bioassay on the seeds reported data in moderate toxicity interval (-2.5 to − 0.5) for lettuce and low toxicity (0 to 
− 2.5) for radish with respect to minimum concentrations of F-. In general, data showed that UH and MH are 
promising adsorbent materials to remove F- from natural water and are considered environmentally friendly 
since they were synthesized with biocompatible materials such as PVA and biodegradable materials such as PVP 
and citric acid.

1. Introduction

In Mexico and other regions of the world, with high demographic 
and urban development, the surface water reserve is insufficient to the 
population and the supply depends on the groundwater, whose quality 
depends on several factors like the use of the soil and the disposal of 
waste among other. The chemical composition of groundwater may 
include the presence of some ions (Na+, K+, Ca+2, Mg+2, Cl-, F-, HCO3

- , 
SO4

− 2) due to erosion, solubility of rocks, etc. Currently, it is difficult to 
extract groundwater with ideal characteristics and therefore it is 
necessary its treatment.

The properties of groundwater depend on many factors like: 
weather, landform, geology and biotic factors [1]; during the hydro
logical cycle, fluoride and other ions dissolve and alter negatively the 
qualities of the vital liquid. Fluoride in optimal concentrations is 
essential for the protection of tooth enamel, however, in excessive doses 

it can be harmful. The fluoride from drinking water, can be absorbed by 
the mucous membranes, its transport occurs mainly through saliva and 
breast milk, subsequently is deposited in soft tissues to be incorporated 
into the bloodstream. Among the adverse health effects that cause 
concentrations greater than 1.5 mg/L of F- stand out: gastrointestinal 
damage, kidney stones, reproductive toxicity due to alterations in the 
endocrine system, neurotoxicity, cancer, and dental and skeletal fluo
rosis [2]. The presence of fluoride in water does not impart color, odor, 
or taste. Therefore, it acts as a latent poison in groundwater [3]. Table 1
shows the maximum permissible limits of F-, and the corresponding 
references.

Different processes have been used to treat water with excess of 
fluoride ions (membrane filtration, precipitation, nanofiltration, ion 
exchange, electrocoagulation, flotation, reverse osmosis and adsorption 
among them) [7]. Table 2 summarizes the advantages and disadvan
tages of the methods used to remove fluoride ions from water, the main 
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disadvantages are high cost, consumption of large amounts of energy 
and generation of wastes.

Adsorption stands out as a current process in practices focused on the 
treatment of water contaminated with F- and that also uses novel ma
terials and represents a relatively low-cost treatment compared to the 
other techniques already mentioned. Mass transfer from gas or liquid 
phases (adsorbate) to a solid surface (adsorbent) takes place until the 
thermodynamic equilibrium is reached, this technique is recognized as a 
useful method to remove pollutants from water [11]. An important 
characteristic of adsorption process is the possibility of saturated 
adsorbent regeneration which reduce the final cost of the process. The 
objective of the regeneration is return the saturated hydrogel to its 
original adsorption capacity maintaining its physical, chemical, and 
structural properties.

There are numerous studies in progress with the main objective of 
developing new materials or improving the existing ones to use them in 
the treatment of drinking water. All these results are compiled with the 
purpose to look for the possibility of using them in large-scale; their 

advantages over conventional techniques are low cost, environmentally 
friendly materials, and their possible reuse.

Table 3 shows recent works and methods or procedures focused on 
the removal of F- ions from water by adsorption.

Derived from the fact that fluoride ions at concentrations above 
1.5 mg/L are harmful, there is a need to evaluate their possible toxicity 
in living organisms at low concentrations of F-, the evaluation of acute 
toxicity, a bioassay was carried out. A bioassay can be dynamic or static, 
the latter consists of a test that allows the determination of the phyto
toxic effects of the remaining solutions after treatments in vegetables 
such as lettuce and radish, (the seed germination process growth inhi
bition of the radicle and hypocotyl) with the purpose of determining the 
level of toxicity of F- ions during the growth period of the seedlings. The 
main advantage of using vegetables in phytotoxicity tests is their easy 
and rapid germination.

The objective of this work is to evaluate the adsorption capacities of 
fluoride ions by hydrogels based on polyvinyl alcohol (PVA) and poly
vinylpyrrolidone (PVP) and the modified one with FeCl3. The adsorption 
experiments were carried out in batch and continuous systems, using 
natural water with excess of F- (4 mg/L); the kinetics, the isotherms and 
adsorbent regeneration were studied. In addition, the acute toxicity 
evaluation of F- in the remaining solutions through a bioassay was 
determined.

2. Materials and methods

2.1. Materials

Polyvinyl alcohol (PVA: MW 9000–10,000 g/mol, 80 % hydrolyzed) 
and polyvinyl pyrrolidone (PVP: MW 40,000 g/mol) were purchased 
from Sigma-Aldrich. Citric acid (CA: MW 192.12 g/mol) and ferric 
chloride (MW 162.2 g/mol) were supplied from JT Baker. Fluoride 
standard solution (1000 mg/L) was obtained from Hanna Instruments. 
All the reagents were of analytical grade.

2.2. Polymeric hydrogels (synthesis and modification)

The adsorbent materials from PVA/PVP polymer mixture were syn
thesized, cross-linked with citric acid [27], and subsequently modified 
with FeCl3.

Briefly, 7 g of PVA were put into 100 mL glass flask and mixed with 
30 mL of deionized water at 100 rpm until complete hydration was 
observed. Next, the PVA solution was heated at 93◦C to homogenize, 
then 2.6 g of crosslinker (citric acid) and 2.8 g of PVP were gradually 
added in this order one after the other until complete dissolution to 
agglomerations. The temperature was constant at 62◦C with constant 
stirring (150 rpm). Once homogeneity achieved, the mixture was cooled 
at room temperature and moisture was eliminated for 72 h at room 
temperature, in the last step the hydrogels were placed into an oven at 
130◦C for 2 h [28]. The modification of the materials with FeCl3 was 
done following the method described by Gutiérrez-Segura et al., [29]. 
The materials were placed in contact with a 0.05 M ferric chloride so
lution for 24 h. After this time, the hydrogels were recovered by 
decantation and washed several times with deionized water to remove 
excess iron. Finally, they were allowed to dry in the same conditions 
indicated in the synthesis procedure.

2.3. Characterization

Both UH and MH materials were characterized already by different 
techniques: hydration percentage, point of zero charge (PZC), infrared 
spectroscopy (FTIR), scanning electron microscopy (SEM), elemental 
analysis (EDS), thermogravimetric analysis (TGA) and differential 
scanning calorimetry (DSC). Additionally, adsorbent mass effect and pH 
of adsorbate solution test were carried out. All these results are reported 
in a previous paper [28].

Table 1 
Maximum permissible limits of fluoride ions [2,4–6].

Reference Maximum permissible limit 
for F- (mg/L)

Indicador

NOM− 127- 
SSA1–2021

1.5 Permissible limit for human 
consumption

WHO, 2022 1.5 Permissible limit for human 
consumption

EPA, 2009 4.0 Maximum contaminant level 
guide

China, 2006 1.0 National health standard

Table 2 
Conventional techniques for the removal of fluoride ions from water [8–10].

Technique Advantages Disadvantages

Coagulation - 
Precipitation

The process is practical and 
simpler compared with other 
defluorination techniques.

Requires high doses of Al 
(OH)3 

(about 700–1200 mg/L) 
Sludge waste, presence of 
Al in treated water that 
can cause Alzheimer’s.

Reverse osmosis Water treatment and 
purification in a single stage. 
Guarantees constant water 
quality. 
Removes up to 90 % of 
fluoride ions

Cost 
A large amount of saline 
solution is produced. 
Water becomes acidic and 
requires pH adjustment. 
Removes valuable 
minerals (Mg, K, Ca and 
Na)

Nanofiltration The use of chemicals is not 
required. 
It represents an effective 
barrier against suspended 
solids, inorganic toxins, 
organic contaminants, 
pesticides, and 
microorganisms.

Cost 
Causes incrustations, 
peeling or degradation of 
membranes. 
Eliminates all ions present 
in the water.

Electrodialysis Flexible 
(seasonal operation) 
Low demand for chemicals 
High water recovery.

High energy consumption 
Possible formation of H2

Electrocoagulation It involves the use of basic 
equipment, easy to handle and 
with low costs. 
The water treated with this 
process is consumable, 
colorless and odorless.

Hydroxide can re- 
solubilize. 
Requires the use of a lot of 
electricity. 
The electrodes dissolve 
during the process due to 
oxidation

Adsorption Low-cost, flexibility, easy 
operation, insensitivity to 
toxic pollutants, wide pH- 
range, and high performance

Weak selectivity, waste 
product, adsorbents 
require regeneration
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2.4. Kinetics and isotherm experiments with natural water

100 mg of each material were put in contact with 10 mL of natural 
water at pH 6.7 with a fluoride concentration of 4 mg/L at 25◦C, 
100 rpm and shaking from 0.05 to 72 h.

Different doses of adsorbent (20–400 mg) were used to determine the 
isotherms at different temperatures (25◦C, 35◦C and 45◦C) and shaking 
time 72 h.

The concentration of F- after the adsorption processes was measured 
using a selective ion electrode, brand, HANNA Instruments HI 4110. 
Specific quantities of Tissab II and potassium nitrate solution were 
added to an aliquot of the remaining solution. The calculations were 
done according to expression reported by Ortega-Aguirre et al. [30], 
which relates the amount of F- adsorbed per gram of adsorbent: 

qe =

(
Ci − Cf

)
V

m
(1) 

where qe is adsorption capacity of hydrogels, Ci the initial F- concen
tration (mg/L), Cf final F- concentration (mg/L), V is volume (L) and m is 
mass of adsorbent.

The modified material (MH) was studied in continuous system, 
because it showed higher adsorption capacity that the unmodified ma
terial in the batch system. The flow was 1 mL/min in downward flow; an 
initial F- concentration of 4 mg/L; bed height of 20 cm; internal column 
diameter of 0.7 cm and 5 g of adsorbent (MH) in the column.

2.5. Mathematical models for the batch results

The kinetic models applied were:
Lagergren, also known as pseudo first order model, it is assumed that 

the adsorption process is of a physical type. According to previous 
studies, it has been shown that the rate constant does not depend on the 
concentration [31]. The corresponding equation is described below: 

dq
dt

= k1(qe − qt) (2) 

where qt and qe are the sorption capacities at a time t and at equilibrium, 
respectively, and whose units are mg/g, k1 is the pseudo-first-order rate 
constant, whose unit is 1/min.

Ho-McKay, also called pseudo-second order model assumes that the 
retention of the species of interest occurs through a chemical process 
[32]. The mathematical expression is: 

dq
dt

= k2(qe − qt)
2 (3) 

where k2 is the pseudo-second order rate constant, whose unit is g/ 
mg*min.

Elovich model assumes that the sorption process is of a chemical 
type, its application is associated with slow kinetic processes [33], 
whose equation is: 

dq
dt

= αe− βqt (4) 

where qt is the sorption capacity for a time t, whose unit is mg/g, α is the 
initial sorption rate, expressed in mg/g*min, and β is the surface area- 
related desorption constant and activation energy for chemisorption, 
whose unit is g/mg.

Intraparticle Diffusion (IPD) or Weber & Morris model, it is assumed 
that diffusion in the film formed between the aqueous solution and the 
sorbent is negligible, which is valid if the system is under constant 
agitation [34]. The equation of the intraparticle diffusion kinetic model 
is the following: 

qt = kintt
1
2 (5) 

Table 3 
Recent studies focused on the removal of fluoride ions from water [12–26].

Material Experimental 
conditions

Results Ref.

Co/Fe-LDH@Avocado 
seed biochar@CMC 
nanobiosorbent

pH ≤ 2.0 and pH 7.0 
100 mg of adsorbent, 
C0 = 5 mgF-/L 
Three water matrices 
were tested: tap, sea 
and waste

Adsorption capacity 
was high. After 
105 min, 100 % of F- 

was removed in the 
three matrices

[12]

Aluminum-alginate 
(AA) foam

C0 = 20 mgF-/L 
Room temperature

Qmax = 7.56 mgF-/g [13]

Magnetic La-doped 
Al2O3 core-shell 
nanoparticle loaded 
hydrogel beads

Equilibrium time: 24 h 
Temperature: 298 K 
Sorbent dosage: 20 mg/ 
g

qmax = 132.3 mgF-/g [14]

Water treatment 
residues and Fe- 
modification with iron

pH= 6.5, proposed 
mechanisms were 
complexation reaction 
of F− with Al3+ and 
Fe3+ and ion exchange 
of F− with OH−

q = 6.09 mgF-/g and 
q = 16.09 mgF-/g

[15]

Calcined bauxite The optimum 
calcination 
temperature, dosage 
and contact time 
conditions were 400ºC, 
40 g/L and 8 min, 
respectively.

q = 1.05 mgF-/g [16]

Silica particles from 
pumice rock 
functionalized with 
iron

The initial 
concentration was 
20 mg/L and optimal 
pH, sorbent dose and 
contact time for 
defluorination were 6, 
1 g and 45 min, 
respectively

Accessible material, 
low cost and efficient

[17]

Amine-graphene oxide- 
ferrhydrite (GOUFH)

High specific surface 
area, due to iron oxide 
on its surface.

Adsorption capacity 
of 11.018 mgF-/g.

[18]

CMC-Ce composite with 
CeO2 nanoparticles

Temperature 298 K. 
This material is an 
effective adsorbent on 
removing F- from water

Adsorption capacity 
(qmax) = 312 mgF-/g

[19]

Grinded activated 
alumina

pH= 3.0, Co= 75 and 
100 mg/L

Maximum 
adsorption capacity: 
39 mgF-/g. The 
adsorbent can be 
regenerated to reuse

[20]

Al@ABDC-MOF’s and 
incorporated into CS 
hybrid beads

Data are not reported Adsorption 
capacities, 
Al@ABDC MOFs and 
Al@ABDC-CS: 4880 
and 4900 mgF-/Kg, 
respectively

[21]

Zirconium-Based 
Composite Nanofiber 
Membranes 
(Zr-CNMs)

Adsorption medium 
tested: acidic and 
neutral conditions

q = 95 mg/g [22]

Carboxylated 
polyacrylonitrile 
nanofibrous 
membrane 
(C-PAN NFM)

The adsorption process 
is mainly due to 
chemical adsorption

q = 41.6 mg/g [23]

Porous MgO 
nanostructures

Data are not reported Adsorption capacity 
was high. After 
5 min, 90 % of F- was 
eliminated

[24]

Carbon nanotubes 
stabilized in chitosan 
sponge

pH 3 q = 975.4 mgF-/g 
The material can be 
reused for at least 5 
cycles

[25]

Periclase and 
lanthanum salt (PC@La 
nanocomposites)

pH range between 4.0 
and 6.0

Adsorption capacity 
63.11 mgF-/g 
PC@La NC can be 
regenerated

[26]
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where qt is the sorption capacity for a time t (mg/g) and kint is the rate 
constant of intraparticle diffusion (mg/g*min1/2).

The isotherms models used to treat the experimental data were the 
following:

Langmuir model assumes the homogeneity of the adsorbent surface, 
indicating that when the active sites are occupied, adsorption can no 
longer continue, i.e. there is a saturation in equilibrium. The Langmuir 
isotherm equation is described below: 

qe =
q0KLCe

1 + KLCe
(6) 

where qe is equilibrium adsorption capacity (mg/g), Ce the concentra
tion of F- in the liquid phase once equilibrium has been reached (mg/L), 
KL is the constant related to the affinity of F- to the binding sites of the 
adsorbent; Langmuir constant (L/mg) [35], and q0 represents the 
maximum sorption capacity in the monolayer (mg/g). qe and Ce have the 
same meaning and retain the same units in each of the models 
mentioned.

Freundlich model assumes that the adsorbent surface is not saturated 
and that the adsorption energy decreases exponentially as the surface 
area covered by the adsorbate increases [36]. The Freundlich isotherm 
equation can be described as follows: 

qe = KFC
1
n
e (7) 

where KF is the equilibrium constant (mg/g), n is the affinity constant 
that describes adsorption intensity 1/n (g/L).

Langmuir – Freundlich (Sips), this model predicts heterogeneous 
adsorption systems. 

qe =
aKLFCn

e
KLFCn

e
(8) 

The model is a combination of the Langmuir and Freundlich models, 
a is the maximum adsorption, KLF is the mean bonding energy (L/mg)n 

and n is related to the degree of heterogeneity of the adsorbent for L-F 
model [37].

Temkin model is derived, from the Langmuir isotherm. The adsorp
tion energy decreases linearly as the adsorbent surface is covered the 
adsorbate increases [38]. The Temkin isotherm equation is: 

qe =

(
RT
b

)

lnACe (9) 

where b is the Temkin constant related to heat of sorption (J/mol), A is 
the Temkin isotherm constant (L/g), R is the gas constant (8.314 J/mol 
K), and T is the absolute temperature (K).

2.6. Mathematical models for the column system

The mathematical model used to treat the experimental data from 
the column experiments and to determine the physicochemical param
eters of the processes were:

2.6.1. Thomas model
It is used to determine the maximum adsorption capacity of an 

adsorbent and the theoretical efficiency of the column [39]. The corre
sponding equation is: 

C
C0

=
1

(1 + e
Kth
Q )(q0mB − C0Vef )

(10) 

where C is the concentration of the solute at time t (mg/L) and Co is the 
initial concentration of the solute (mg/L) Kth is the rate constant (mg/ 
min*mg), qo is the adsorption constant (mg/g), mB is the mass of the 
adsorbent (mg), Vef is the volume of the effluent (mL) and Q is the flow 
(mL min). C and C0 have the same meaning and retain the same units in 

each of the models mentioned.

2.6.2. Yoon-Nelson model
The model assumes that the decrease in the probability of adsorption 

of the molecules present in the adsorbate depends on the adsorption 
capacity and the advance of the adsorbate through the adsorbent [40]. 
The expression for this model is: 

C
C0

=
e(KYNt − τKYN)

(1 + eKYNt − τKYN )
(11) 

where KYN is the constant of Yoon-Nelson (L/min), Ԏ is the time where 
C/Co = 0.5 (min), t is the time (min).

2.6.3. Clark model
The mass transfer coefficient in combination with the Freundlich 

isotherm are used to define a new relationship for the breakthrough 
curve. The equation is: 

C
C0

=

[
1

(1 + Ae− rt)

] 1
n− 1

(12) 

where n, A and r are the constants of Freundlich and Clark [41], 
respectively.

2.7. Regeneration

The regeneration of both hydrogels (MH and UH) was done in the 
batch system using NaOH and HCl solutions as regenerating agents. 
0.1 g of hydrogel was placed in contact with 10 mL of natural water 
(4 mg/L of F-) and kept under constant stirring at 100 rpm, the contact 
times were 8 and 24 h for MH and UH respectively, considering the 
equilibrium times from a previous kinetics experiment. Once the ad
sorbents were saturated with F-, the adsorbents were placed in contact 
with the regenerating solutions for 45 min. The concentrations of fluo
ride ions in natural water were measured before and after the saturation 
of the hydrogels. Three saturation-regeneration cycles were performed.

2.8. Toxicity bioassay

The quality tests of lettuce (Lactuca sativa) and radish (Raphanus 
sativus) seeds were carried out. The minimum germination percentage in 
this test should be 99 % [42]. The quality test provide data on the 
germination percentage such as the homogeneity of the seeds and their 
purity.

Twenty seeds of each vegetable were sown in 100 mm Petri dishes 
with a 90 mm filter paper, moistened with 5 mL of deionized water. The 
Petri dishes were placed in the incubator at a temperature of 25ºC for 
five days and the germinated seeds were counted. The test was per
formed in duplicate.

Once the quality of the seeds was confirmed, static bioassays were 
carried out to determine the acute toxicity, of F- solution after contact 
with the hydrogels, on lettuce and radish seeds.

Deionized water and an aqueous solution of fluoride ions at different 
concentrations were used as negative and positive controls respectively. 
Petri dishes containing the seeds (samples) were impregnated with F- 

remaining solutions after treatment with hydrogels (100 %, 50 % and 
25 % of its final concentration after the adsorption process), subse
quently controls and samples were stored at 25◦C for 5 days. Measure
ments of the length of the radicle and hypocotyl were done with the help 
of a previously calibrated digital Vernier. The normalized residual 
germination index (SG) is expressed as a percentage with respect to the 
control, in addition, the normalized residual elongation of the radicle 
(RE) and hypocotyl (HE) were determined statistically using Eqs. 13, 14 
and 15, respectively [43]: 
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SG =
Germsample(i) − Germcontrol

Germcontrol
(13) 

where:
Germsample(i)= Total seeds germinated in F- solution
Germcontrol= Total seeds germinated in deionized water 

RE =
Relongsample(i) −

Relongcontrol

Relongcontrol
(14) 

where:
Relongsample(i)= Residual elongation radicle in F- solution (mm)
Relongcontrol= Residual elongation radicle in deionized water (mm) 

HE =
Helongsample(i) −

Helongcontrol

Helongcontrol
(15) 

where:
Helongsample(i)= Residual elongation hypocotyl in F- solution (mm)
Helongcontrol= Residual elongation hypocotyl in deionized water 

(mm)
A toxicity scale is classified into four categories depending on the 

level of damage of an agent towards seedlings: low toxicity (0 to − 0.25), 
moderate toxicity (-0.25 to − 0.5), high toxicity (-0.5 to − 0.75) and very 
high toxicity (-0.75 to − 1.0) [44,45]. Additionally, the qualitative 
evaluation of the seedlings was done, 98 % of seeds germinated during 
the experimental time.

2.9. Statistical analysis

A non-linear multivariate analysis of 96 experimental samples was 
used, including data fitting to non-linear theoretical models for the 
evaluation of the adsorption kinetics and isotherms of F- by the modified 
and unmodified hydrogels (MH and UH) using the Origin 8.6 software. A 
numeric analysis was also carried out, from a simple linear regression, to 
estimate and predict the data of the equation that represents the 
behavior of the thermodynamic parameters of the adsorption process.

To carry out the statistical analysis for the bioassay of lettuce and 
radish seedlings, an analysis of variance (ANOVA) was performed, 
assigning as factors the relationship between lettuce and radish seed
lings, germinated in residual F- solutions at different concentrations, and 
the germination index (SG), radicle elongation (RE) and hypocotyl 
elongation (HE) were assigned as response variables. The differences of 
the variables were assumed through Duncan’s multiple comparison test 
(α = 0.05). The numerical analysis was performed with the statistical 
package corresponding to the analysis of variance used by the Origin 8.6 
software. This analysis allowed the evaluation of the toxic effect of the 
aqueous solution of F- after the adsorption process.

3. Results and discussion

3.1. Analysis of natural water

Table 4 shows the physicochemical analysis of the natural water, 
only the fluoride concentration exceeds the permissible limit established 
in the NOM-127-SSA1–2021, the other parameters are within the norm.

3.2. Adsorption kinetics

Fig. 1 shows the kinetics adsorption behavior of fluoride ions by UH 
and MH, the equilibria were reached in 24 and 8 h, respectively, iron- 
modified hydrogel showed higher removal capacity than the unmodi
fied one. The behavior was similar with the results described in a pre
vious work with aqueous solutions of F-. The iron present in MH is 
responsible for the increase of the adsorption capacity of the modified 
material. The presence of hydroxyl ions in the hydrogels structure, 

promotes ion exchange with the F- ions. The data were fitted to the 
second order and pseudo second order models, the results show that the 
data fit better the second one, indicating chemisorption as the dominant 
mechanism [46].

The value of qe= 0.342 mg/g for MH is lower compared to 
qe= 0.469 mg/g, this last value was reported previously for the 
adsorption of F- from aqueous solutions by the same material. The 
decrease of hydrogels adsorption capacity in contact with natural water 
can be attributed to the presence of ions found in drinking water because 
they may compete for the adsorption sites of the materials [47].

The parameters calculated from the kinetic data and typical models 
for UH and MH materials are shown in Table 5. The rate constant (K) is 
greater for MH than UH; the MH reaches equilibrium in the adsorption 
of F- process more quickly than UH. Furthermore, the calculated qe 
values are similar to the experimental qe values and the correlation 
coefficients are high. These results suggest that chemisorption is the 
main mechanism in the adsorption process of F- by these materials [48]. 
Mani et al. [49], reported similar results for the adsorption of fluoride 
ions with Fe(III) impregnated PVA-based hydrogel beads.

Intraparticle diffusion model also was evaluated, the data adjustment 
reveals that in the adsorption process two stages are involved: the first 
step corresponds to rapid adsorption of F- on the external surface of the 
adsorbent followed by the diffusion of F- from the adsorbate to the in
ternal sites of the adsorbent as second step. These mechanisms could 
occur simultaneously during adsorption. The experimental data did not 
obey a linear trend and did not cross the origin (Fig. 2), pointing out that 
both intraparticle diffusion and external diffusion are part of the phe
nomena that control the F- adsorption process for UH and MH but also 
the process involves other mechanisms. Garnica‑Palafox et al. [50], 

Table 4 
Physicochemical analysis of the natural water from Ojocaliente Zacatecas.

Parameter Ojocaliente Zacatecas 
(mg/L)

NOM-127-SSA1-2021 
Permissible limit (mg/L)

Na+ 56.08 ± 0.02 -
Mg+2 9.36 ± 0.05 -
K+ 7.70 ± 0.05 -
Ca+2 4.59 ± 0.27 -
Cl- 14.0 ± 0.01 ​
F- 4.01 ± 0.08 1.50
SO− 2

4 30.70 ± 3.80 400
Total alkalinity 165.3 ± 1.40 -
Acidity 4.00 ± 0.00 -
Total water hardness 128.7 ± 3.50 500
Total dissolved solids 289 ± 10.0 1000

Fig. 1. Adsorption kinetics of F- from natural drinking water.
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found the same behavior in adsorption studies with CS/PVA Hybrid 
Hydrogels.

According to results from Table 6 for both hydrogels, kdif of the first 
step was major than kdif of the second step, this means that the speed in 
the first stage was faster. C values showed an inverse behavior with 
respect to kdif; in the first stage; C was minor than in the final stage, i. e, 
the thickness of the boundary layer in the first stage presented greater 
opposition than during the second stage, this last had a large duration as 
a result of a slower speed. The presence of two steps with different 
diffusion velocities is characteristic of microporous materials [51].

3.3. Adsorption isotherms

The results from the experimental data and their adjustment to the 
isotherm models can be summarized in the following points:

The adsorption of F- decreases as the mass of the adsorbent increases 
from 20 to 400 mg. This effect is due to the conglomeration of adsorbent 
particles that cause a decrease in the surface area. [52]. This behavior is 
similar for both materials (UH and MH) in the temperature range from 
25ºC to 45ºC; in an exothermic process the release of the analyte can 
occur and therefore the decrease in the qe value [53].

Table 7 shows the parameters of the isotherms calculated from the 
experimental data and models. The data were best fitted to the 
Freundlich model with a high correlation coefficient, which means that 

the materials are heterogeneous and multilayers of the adsorbate on the 
surface of the adsorbent are formed [54]. The Freundlich constant (KF), 
which is proportional to the adsorption capacity. It was found that the 
Freundlich constant MH for the removal of fluoride ions is three times 
higher than the Freundlich constant found for the UH. The KF decrease 
as the temperature increase for both materials. In general, the values of 
KF for the removal of fluoride ions (from natural water) are lower than 
KF (from aqueous solution) obtained with data reported in a previous 
study [28].

The experimental data were adjusted to the Temkin model (Fig. 3); b 
and A parameters for both hydrogels are positives, this means that the 
adsorption process is exothermic, and the data does not comply accurate 
lineal adjustment then although the correlation coefficients are accept
able [55].

According to the information obtained from the data adjustment to 
Temkin model the energy release coincides with the thermodynamic 
results which are mentioned in next section.

3.4. Thermodynamic parameters

Fig. 4 shows ln (qe/Ce) vs. 1/T. The equations used to calculate 
enthalpy, entropy and Gibbs free energy changes are: 

ΔG⁰ = ΔH⁰ − TΔS⁰ (16) 

ln (qe/Ce) = ΔS⁰/R - ΔH⁰/(RT)                                                     (17)

where R corresponds to the gas constant (8.314 J⋅mol/K), T is the 
temperature in K, and qe/Ce (L/g) is the quotient from adsorption ca
pacity and concentration in equilibrium at different temperatures. ΔH⁰ 
and ΔS⁰ were calculated from the slope and intercept of the lineal 
equation (Fig. 4) of ln (qe/Ce) vs. 1/T [56] for UH and MH, respectively.

Table 8 list the thermodynamic parameters that show the adsorption 
process of fluoride ions by the polymeric hydrogels was exothermic, 
irreversible, and spontaneous at low temperature, but not spontaneous 
at high temperature (△Hº<0, △Gº<0, △Sº<0), [57]. The nature of the 
adsorption of F- by UH and MH is based on the release of energy, since 
ΔH was negative, in addition, the spontaneity of the adsorption is 
verified by the negative value of ΔGº, while the negative value of ΔSº 
indicates that (F-) adsorbate ions are distributed with better order on the 
surface of the hydrogel compared to the randomness that they kept in 
the aqueous solution [58]. In addition, the negative ΔGº values are lower 
than − 40 kJ/mol indicating that the predominant process is chemical 
adsorption [59].

3.5. Column adsorption

Column adsorption studies allow the estimation of the feasibility to 
scale-up the column system for adsorption processes, this type of ex
periments is ease and simple in operation. In contrast, batch adsorption 
allows the determination of data regarding the performance and effec
tiveness of the adsorbent at equilibrium [60]. In column experiments, 
the continuous flow of the adsorbate over the adsorbent can be vali
dated, as well as the capacity of the adsorbent [59].

MH was tested in column experiments because it showed higher 
adsorption capacity than UH in batch system. Fig. 5 shows the adjust
ments to some models of the experimental data obtained from the col
umn test with water naturally containing F- ions in contact with MH.

Table 5 
Kinetic parameters of F- adsorption in natural drinking water by UH and MH.

Sample Lagergren 
(Pseudo first order)

Elovich Ho-McKay 
(Pseudo second order)

Experimental

​ qe (mg/g) KL (1/h) R2 a (mg/g*h) b (g/mg) R2 qe (mg/g) K2 (g/mg*h) R2 qe (mg/g)
UH 0.250 0.781 0.838 1.208 24.952 0.992 0.274 3.586 0.923 0.278 ± 0.002
MH 0.329 2.381 0.989 10.94 25.202 0.885 0.342 10.717 0.993 0.337 ± 0.006

Fig. 2. Adsorption kinetic data of F- from natural drinking water fitted to the 
intraparticle diffusion model.

Table 6 
Intraparticle diffusion parameters of F- adsorption in natural drinking water by 
UH and MH.

Intraparticle diffusion model constants

Sample Step kdif 

(g/mg*min1/2)
C 
(mg/g)

R2

UH 1 0.135 0.011 0.936
2 0.019 0.159 0.851

MH 1 0.298 − 0.002 0.993
2 0.002 0.319 0.597
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The parameters from the experimental data and models are shown in 
Table 9, the experimental data had good fit to the models and the 
determination coefficients are generally high, the Clark model presented 
the best fit, that is, the adsorption of adsorbate takes place on a het
erogeneous surface. [61]. The adsorption capacity for MH from data and 
Thomas model was q = 0.304 mg/g. The parameter KԎ/2 = 117 minutes 
of Yoon Nelson model corresponds the time where 50 % of the initial 
concentration of F- was retained (q0 = 0.225 mg/g) and the adsorption 
capacity at this time was calculate as follows: q0 = (C0*Q*Ԏ)/m where 

q0 is the adsorption capacity of the column at the breakthrough point 
(mg/g adsorbent), C0 is the initial F- concentration (mg/L), Q corre
sponds to volumetric flow rate (L/min), Ԏ is the service time (min) 
obtained when the concentration of the effluent reached 50 % of the 
influent concentration and m is the mass of adsorbent (g) [62].

Furthermore, Clark model as above mentioned is the one that best 
fits the breakdown curve, and it indicates that adsorption can occur both 
on the external surface and in the internal pores of MH. A similar 
behavior was reported elsewhere Bakhta et al. [63], they studied the 
removal of fluoride ions using a functional granular adsorbent of 
aluminum particles incorporated into activated carbon, Al(OH)3@)AC.

3.6. Regeneration (adsorption-desorption)

The reuse of the adsorbents is important in adsorption processes 
[58]. Three adsorption-desorption cycles were carried out on both UH 
and MH hydrogels, using HCl and NaOH as regenerating agents, the 
results are shown in Fig. 6. After three adsorption-desorption cycles, the 
adsorption efficiency values of F- ions were lower than 80 % of the initial 
adsorption capacity, regardless of the type of agent and the type of 

Table 7 
Adsorption isotherms parameters of F- at a) 298 K, b) 308 K and c) 318 K.

Calculated constants of Freundlich and L–F

Adsorbent Freundlich Langmuir-Freundlich (L-F)

T 
(K)

KF 

[mg/g (L/mg)1/n]
n r2 a (mg/g) KLF (L/mg)n n r2

UH 298 ​ 0.026 0.317 0.966 ​ 0.049 0.498 0.2 0.958
308 ​ 0.013 0.222 0.910 ​ 0.024 0.136 0.2 0.895
318 ​ 0.011 0.207 0.968 ​ 0.042 0.128 0.4 0.847

MH 298 ​ 0.096 0.157 0.956 ​ 0.072 0.942 0.34 0.758
308 ​ 0.072 0.144 0.967 ​ 0.059 0.723 0.29 0.813
318 ​ 0.060 0.138 0.981 ​ 0.086 0.642 0.39 0.735

Fig. 3. Adjustment of the experimental data of the adsorption of F- by MH and 
UH to the linear isotherm of Temkin at 45ºC.

Fig. 4. ln (qe/Ce) vs. 1/T for F- on UH and MH.

Table 8 
Thermodynamic parameters of the F- adsorption processes by the hydrogels.

Material Parameter Temperature (K)

298 308 318

UH ΔG◦ [J/mol] − 4821 − 4728 − 4636
​ ΔS◦ [J/mol K] − 9.27
​ ΔH◦ [J/mol] − 7583
MH ΔG◦ [J/mol] − 5673 − 5405 − 5137
​ ΔS◦ [J/mol K] − 26.80
​ ΔH◦ [J/mol] − 13659

Fig. 5. Column adsorption behavior of F- by MH from natural drinking water.
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material, UH or MH. The decrease on removal efficiency is attributed to 
the slight structural modification that the material may experiences in 
each cycle; however, this does not affect the feasibility of reusing the 
hydrogels. It is important to note that the removal in basic medium was 
higher than in acidic medium in both materials. Wang et al. [64], 
evaluated the regeneration of an alginate/citrate airgel composite 
(CA-SC), using HCl and EDTA as regenerating agents and observed that 
the removal efficiency of the material remained above 80 % after 9 
cycles and the change in its structural characteristics was minimal.

3.7. Bioassay

Prior to the bioassay, the quality test of the lettuce “Lactuca sativa” 
and radish “Raphanus sativus” seeds was performed, 98 % germinated of 
both variants, namely, only one seed did not germinate out of 20 seeds of 
each variant, sown in a petri dish and in duplicate (incubation time: 5 
days at 25ºC). It is important to mention that there is currently no 
literature available on the study of PVA/PVP hydrogels for F- removal 
and that also includes acute toxicity tests.

Figs. 8 and 9 correspond to lettuce and radish seedlings, respectively. 
Three different treatments were carried out from the F- ion solution 

which had previous contact with the adsorbent materials: first treat
ment, solution with initial concentration,Co = 5 mg/L F-; second and 
third treatment, solutions with 50 % and 12.5 % with respect to the 
initial concentration of F- ions, respectively. Two controls were 
considered, the positive one corresponds to the growth of the seeds in 
deionized water that was in contact with the hydrogels, while the 
negative one belongs to the evaluation of the growth in a F- solution with 
the same initial concentration of 5 mg/L without having been in contact 
with the adsorbents.

Figs. 7 and 8 show considerable growth after the incubation time (5 
days) for both lettuce and radish variants. Radish seedlings showed 
increased growth compared to lettuce seedlings, however, they also 
exhibited additional characteristics other than size, which are discussed 
in the next section.

Fig. 9 shows the acceptable percentages of seed germination (SG) for 
the two variants, the results in both cases were compared with the 
control. The data obtained were decisive for carrying out the bioassay, 
since the use of the seed strictly requires a high percentage of 
germination.

3.8. Qualitative evaluation

3.8.1. Lactuca sativa
In Fig. 10, the treatments with different concentrations of F- solution 

tested with both hydrogels (unmodified and modified) are shown. The 
first group, after the respective controls, corresponds to UH data for the 
three treatments (12.5 %, 50 % and 100 %), these present less vari
ability in radicle and hypocotyl elongation for Lactuca sativa with 
respect to the second group corresponding to MH whose data show 
greater variation, around 10 % and 3 % respectively. It is important to 
mention that for the test with the modified hydrogel in contact with the 
100 % treatment of the F- solution, the results for radicle and hypocotyl 
elongation showed an increase in growth, exceeding what was recorded 
for both controls. This may be due to the effect that the F- ion can cause 
at an in vitro level in some enzymes related to plant cell growth [65], for 
example, by activating the enzyme isocitrate dehydrogenase (IDH), 
which is responsible for catalyzing the phases of tricarboxylic acids that 
are part of the Krebs cycle on which the route for metabolizing energy at 
the cellular level depends [66].

The mean data depicts the elongation of the parts of the seedling that 
develop during germination, according to the observations, the 

Table 9 
Parameters calculated from the data of continuous flow systems and models.

Thomas Yoon-Nelson Clark

Material Kth 

(mL/min*mg)
q 
(mg/g)

r2 KԎ/2 (min) Kt 

(1/min)
r2 n K (L/mg) A r2

MH 24.983 0.304 0.901 117 0.068 0.919 0.823 0.187 1.090E9 0.993

Fig. 6. qe profile of adsorbents after regeneration.

Fig. 7. Growth of Lactuca sativa seedlings with F- solutions treated with: a) UH and b) MH.
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seedlings that grew in the treatments with aqueous solutions of F- that 
had contact with UH, the radicle showed less elongation (RE) and was 
visibly thinner, also some presented curling; with respect to the hypo
cotyl that grew curved, regarding Fig. 7a the cotyledons presented a 
yellowish color, likewise, the scarce presence of roots was observed in 
comparison with the seedlings germinated with the treatments of the 
aqueous solution of F- after contact with MH. Fig. 7b showed slightly 
curved hypocotyls and stronger cotyledons, while the presence of roots 
was abundant.

Almeida et al. [67], carried out a study to identify the effects of KF on 
the germination and growth of Lactuca sativa L. They evaluated different 
concentrations of KF in an interval between 10 and 30 mg/L for a total 
time of 40 days. Prolonged exposure reduced the germination rate and 
root development was observed with those seedlings treated with the 
highest concentration of KF. There was also a reduction on photosyn
thesis and therefore lower chlorophyll content, which led to seedlings 
with leaf tissue in a yellowish-green tone.

3.8.2. Raphanus sativus
Fig. 11 shows the results of the treatments (12.5 %, 50 %, 100 %) for 

Raphanus sativus and its respective controls. The variability of the radicle 
and hypocotyl elongation data for this plant is greater between treat
ments and sample types compared to the other variant. The greatest 

growth was observed with the 100 % treatment for radicle elongation 
for UH and MH, this behavior is similar to the other two treatments in 
both hydrogels, although with lower data for hypocotyl elongation.

The radish seedling is classified as a hyperaccumulator [68], there
fore, it can concentrate traces of the iron present in MH, starting in the 
radicle, passing through the hypocotyl and reaching the cotyledons, 
which presented a more intense green tone, as well as a greater elon
gation of the parts of the seedling. Furthermore, iron is considered a 
micronutrient responsible for the formation of heme groups that serve as 
a substrate for the synthesis of phytochrome, which is a photosensitive 
molecule essential for normal plant photomorphogenesis [69]. This is 
the main reason for the presence of leaves in radish seedlings after 5 days 
of the test, these showed an increase the radicle growth, as observed in 
Fig. 8a, the radicle presented greater elongation, minimal curling and 
was visibly less thin, namely, the radish seedlings experienced the 
hormesis effect, which is a phenomenon that produces mild stress, 
related to premature aging [70] for this variant compared to lettuce 
seedlings. In general, the seedlings presented well-developed radicles, 
the control (-) resulted in a growth of lateral roots that did not influence 
the development of the rest of the vegetative structures and because this 
sample corresponds to the acute toxicity test of the F- free hydrogel, it is 
proven that the materials alone do not produce any effect on the 
development of the seedlings regardless of the variant. In none of the 

Fig. 8. Growth of Raphanus sativus seedlings with F- solutions treated with: a) UH and b) MH.

Fig. 9. Percentage of relative seed germination for each concentration of the F- solution.
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treatments were damages or physiological defects visually evident. The 
study detailed that the growth of the radicle and hypocotyl of the 
seedlings under the influence of the treatments with the three different 
F- solutions depends on two main factors such as the type of solution 
remaining from the adsorption process, that is, if it was in contact with 
UH or MH and the type of vegetable that was used for the test, in 
summary, according to the results it can be mentioned that the radish 
seedlings germinated with the MH adsorption solution presented greater 
elongation. Therefore, based on this behavior, it can be mentioned that 
Raphanus sativus is tolerant to low concentrations of F- ions (< 5 mg/L), 
that is, there is a stimulation in the seedling development process caused 
by traces of contaminant (remaining F- ions) still present in the solutions 
that were in contact with UH and MH.

Figs. 12 and 13 categorize the normalized germination rates (SG) as 
well as the residual elongation levels of the radicle (RE) and hypocotyl 
(HE) of the bioassays with lettuce and radish seedlings, respectively. As 

observed in Fig. 12, the SG values for UH and MH and lettuce indicate a 
low level of toxicity (0 to − 2.5) in the three treatments, while the 
elongation in the radicle and hypocotyl present moderate toxicity levels 
(-2.5 to − 0.5) for lettuce treated with 50 % and 12.5 % of the concen
tration of the F- ion solutions after contact with UH, this behavior does 
not apply to the 100 % treatment after contact with MH because it 
presented a zero toxicity level (0.9 > 0), this means that the growth of 
the seedling in general is favored. Regarding radish (Fig. 13), a low 
toxicity level (0 to − 2.5) is indicated by the SG values with the three 
treatments, that is, the morphology of the seedlings was positive for RE 
and HE (1.1 > 0 and 1.35 > 0), respectively, in all treatments and with 
greater efficiency compared to the lettuce indices.

4. Conclusion

PVA/PVP-based polymeric hydrogels are good adsorbents for the 
removal of F- ions from drinking water in both batch and continuous 
systems. Kinetic data showed a better fit to the pseudo second-order 
models (Ho-McKay, R2=0.993) and the second-order model (Elovich, 
R2=0.992) for MH and UH respectively, indicating that the nature of the 
materials is heterogeneous and that the dominant type of adsorption 
corresponds to chemisorption. The adsorption capacity of the hydrogels 
(q=0.342 mg/g) is not high compared to other materials because it 
depends, among other factors, on the initial concentration of F-, the 
objective of this project is based on the treatment of natural water and 
the adsorption capacity is acceptable for this purpose. Adsorption 
isotherm data for UH and MH materials were fitted to the Freundlich 

Fig. 10. Mean elongation ± SE (radicle and hypocotyl) of Lactuca sativa for: 
deionized water C(-), F- solution [5 mg/L] C(+) and treatments at 100 %, 50 % 
and 12.5 % of F- remaining solution after contact with UH and MH.

Fig. 11. Mean elongation ± SE (radicle and hypocotyl) of Raphanus sativus for: 
deionized water C(-), F- solution [5 mg/L] C(+) and treatments at 100 %, 50 % 
and 12.5 % of F- remaining solution after contact with UH and MH.

Fig. 12. Toxicity indices for Lactuca sativa bioassay (“A.U” = Arbitrary units).

Fig. 13. Toxicity indices for Raphanus sativus bioassay (“A.U” = Arbi
trary units).
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model, suggesting that the adsorption process occurs in multilayers on 
heterogeneous materials. Thermodynamic parameters showed that the 
adsorption process is exothermic, with spontaneous physisorption at low 
temperature and predominant, non-reversible chemisorption at room 
temperature. Regeneration of UH and MH was satisfactory since after 
three adsorption-desorption cycles the removal percentages in both 
types of hydrogels exceeded 80 % regardless of the regenerating agent 
used (acid, HCl or basic, NaOH). It is worth mentioning that after 
regeneration the hydrogels presented slight changes in their 
morphology. The feasibility of scaling up the adsorption process using 
MH for the removal of F- ions was verified from the column experiment. 
The data were adjusted to the Thomas, Yoon-Nelson and Clark models, 
the latter model being the one that presented the best fit of the data, 
supporting the result obtained from the isotherm experiment in which 
the best fit corresponds to the Freundlich model that suggests the het
erogeneity of the adsorbent. The SG, RE and HE toxicity indices of both 
seedlings, lettuce and radish showed low to moderate levels of toxicity, 
in the case of lettuce and with respect to radish the level of toxicity was 
low; the data for the treatment with 100 % of the F- concentration for the 
elongations of radicle and hypocotyl, proved that the presence of iron in 
MH promotes the development of both parts of the seedlings causing a 
hormesis effect, accelerating their growth and therefore showing an 
aging that was not observed in the seedlings germinated with solution in 
contact with UH. In this way, it can be mentioned that lettuce was more 
sensitive to the remaining F- solution compared to radish since it is not 
considered a hyperaccumulating seedling. Finally, after analyzing the 
results for the batch and column systems, the effectiveness of polymeric 
hydrogels for the removal of fluoride ions was verified, acceptable 
removal percentages of 75 % for unmodified (UH) and 87 % for modi
fied (MH). The application of these materials in the treatment of efflu
ents contaminated with F- is economical and environmentally friendly 
compared to other adsorbent materials whose synthesis is more 
expensive.
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