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Abstract
Coke wastewater is one of the most problematic industrial wastewaters, due to its large volume and complex pollutant load. In
this study, ion exchange technology was investigated with the objective of reducing the fluoride content of the effluent from a
coke wastewater treatment plant (26.7 mg F-/L). Two Al-doped exchange resins with chelating aminomethyl-phosphonic acid
and iminodiacetic groups were assessed: Al-doped TP260 and TP207 resins, respectively. The effect of resin dosage, varying
from 5 to 25 g/L, was evaluated. F- removal was within the range 57.8–89.3% and 72.0–92.1% for Al-doped TP260 and TP207,
respectively. A kinetic study based on a generalized integrated Langmuir kinetic equation fitted the experimental data (R2 >
0.98). The parameters of the said kinetics met the optimal conditions for the ion exchange process, which seemed to be more
favorable with Al-doped TP260 resin than with Al-doped TP207 resin, using the same resin dosage. Furthermore, the experimental data were well described (R2 > 0.98) by Langmuir and Freundlich isotherm models, in agreement with the findings of the
kinetic study: the maximum sorption capacity was obtained for the Al-doped TP260 resin.
Keywords Adsorption kinetics . Chelating resin . Fluoride removal . Freundlich isotherm . Industrial wastewater treatment . Ion
exchange . Langmuir isotherm

Introduction
Coke is a product of the distillation of coal and has applications in the iron metallurgy, mineral wool production, noniron metallurgy, molding, metal sintering, lime kilns, iron
blends and carbide production. Worldwide, there are over
560 coke oven plants, more than 70% of them with a production capacity of over 600,000 tonnes per year (Kwiecińska
et al. 2017). In 2018, European coking plants used 49 million
tonnes of coking coal to produce 37 million tonnes of cokeoven coke (Eurostat 2019).
Coke manufacturing implies several hydro-intensive operations, such as quenching of hot coke, washing the ammonia
still, cooling and washing of the coke oven gases, and
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isolation of the by-products of coke (Ghose 2001).
Worldwide, 750 million m3 of coke wastewater are generated
every year (0.6–1.6 m3 of wastewater per every ton of coke)
and 92 million m3 are generated in Europe (Kwiecińska et al.
2017).
Due to its large volume and complex pollutant load, coke
wastewater is one of the most problematic industrial wastewaters, containing organic (organic matter, phenols, polycyclic
aromatic hydrocarbons) and inorganic (cyanides, thiocyanates, ammonia, fluorides, sulfides) toxic compounds
(Marañón et al. 2008; Pal and Kumar 2014).
Biological treatment is the most widely used alternative on
an industrial scale for the removal of organic matter, thiocyanates, phenols, etc. and the transformation of N-NH4+ into N2
(Marañón et al. 2008). Although biological treatments are an
established and viable technology for coke wastewater treatment, a tertiary treatment (e.g. chemical treatment and adsorption) is usually required to meet regulations concerning residual pollutant levels and acute colour bodies (Das et al. 2020).
In industrial effluents, high concentrations of F- are usually
reduced below 30 mg/L by chemical precipitation, removing
fluoride as CaF2, MgF2 or BaF (Mohapatra et al. 2009).
However, after this process, concentrations of fluorides are
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usually 7–15 mg F-/L, which is above acceptable limits (Oke
et al. 2011).
In recent years, several treatment technologies have been
studied for defluorination of water, such as adsorption
(García-Sánchez et al. 2017; Habuda-Stanić et al. 2014),
electrocoagulation (Graça et al. 2019; Mena et al. 2019), electrodialysis (Grzegorzek et al. 2020; Wang et al. 2019), ion
exchange (Igwegbe et al. 2019; López et al. 2012), membrane
distillation (Moran Ayala et al. 2018), nanofiltration
(Fatehizadeh et al. 2020; Singh et al. 2016) and reverse osmosis (Damtie et al. 2019; Shen and Schäfer 2014).
High F- removal efficiency, good sorption capacity, simplicity and good flexibility in working conditions are among
the main advantages of ion-exchange and adsorption techniques (Dhillon et al. 2016; Zulfiqar et al. 2014). The lack of
selectivity, sensitivity and capacity of the conventional ion
exchange resins has fostered the development of chelating
ion exchangers, which are composed of a polymer matrix
covalently bonded to chelating ligands (i.e. ligands with two
or more points of attachment for metal atoms) (Sud 2012).
Imino-diacetate chelating resins are commonly used to remove certain ions from an aqueous solution and chelating
resins containing aminomethyl-phosphonic acid (AMPA)
functional groups exhibit high selectivity towards F- (Millar
et al. 2017).
Bhatnagar et al. (2011) reviewed the defluorination capacity of more than a hundred materials. Moreover, Table S1
(Online Resource 1) shows the fluoride removal ability of
different ion-exchange resins. Oke et al. (2011) found that
aluminum-doped chelating resins can efficiently reduce fluoride concentration from 9 mg F-/L to less than 1 mg F-/L (2.6 g
of F- adsorbed per liter of resin). This was in accordance with
Pearson’s theory of soft and hard acids and bases, SHAB, that
hydrated F- shows strong affinity towards the hard acid polyvalent metal ions (e.g. Al3+, Fe3+, Ti4+…). Based on this, Li
et al. (2020) removed fluorides using a chelating resin containing sulfonated monophosphonic acid bifunctional groups
(S9570-Fe(III)) and found a combined mechanism of chemical sorption and intraparticle diffusion behind the process
kinetics.
Kinetic models (e.g. pseudo-first and pseudo-second order
reaction models, the Elovich model and the intraparticle diffusion model with the Weber–Morris equation) and thermodynamic studies based on adsorption isotherm models (e.g.
Langmuir, Freundlich, Temkin, Koble-Corrigan and
Redlich-Peterson isotherm models) are commonly used in
the literature to describe ion exchange processes and thus, to
better understand the underlying removal mechanism
(Igwegbe et al. 2019; Li et al. 2020).
Notwithstanding its significance, few studies have focused
on the disposal of coke oven effluent (Das et al. 2018). This
work presents a case study on ion exchange technology to
reduce fluoride content (C0 = 26.70 mg F-/L) in the effluent
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of a coke wastewater treatment plant (ECWT) to acceptable
limits. Based on the literature, the F- removal performance of
two commercial cation exchange resins with chelating AMPA
and iminodiacetic groups and doped with aluminum was
assessed. Experimental data was described by kinetic and isotherm models, using a generalized integrated Langmuir kinetic equation, pseudo-first-order and pseudo-second-order kinetic models and Langmuir and Freundlich isotherm models,
respectively. This modelisation allow us to understand the
behavior of the resins and describe the defluorination rate,
which, in turn, affects the residence time, an important parameter to take into account when scaling the process.

Materials and methods
Wastewater
The wastewater used in this work was the effluent of the
aerobic biological process with integrated nitrificationdenitrification stages used to treat wastewater generated in
the coke oven plant (production capacity: 1 million t
coke/year) of an integrated steel mill.
Samples of the ECWT were kept in a refrigerator at 4.0 ±
0.1 °C.

Ion exchange resins
The resins used in the tests were Lewatit TP260 and Lewatit
TP207 (Table 1). Lewatit TP260 is a weakly acidic,
macroporous cation exchange resin with chelating AMPA
groups. It has a high operative capacity and very good mechanical and chemical stability in acid and alkaline environments. Lewatit TP207 resin, sodium form, is a cationic,
macroporous, weakly acidic exchange resin with chelating
iminodiacetic groups (Lanxess 2020).
Table 1 General description and physical and chemical properties of
commercial Lewatit TP260 and TP207 (Lanxess 2020)
Parameter

Lewatit TP260

Lewatit TP207

Ionic form as shipped
Functional group
Matrix
Structure
Total capacity (min) (H+ form)
Mean bead size
Bulk density

Na+
AMPA
Styrenic
Macroporous
2.4 eq/L

Na+
Iminodiacetic acid
Styrenic
Macroporous
2.0 eq/L

0.63 ± 0.05 mm
720 g/L

0.61 ± 0.05 mm
700 g/L

Density
Water retention

1.18 g/mL
58–62 wt.%

1.14 g/mL
55–60 wt.%

Stability at pH-range

0–14

0–14
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Experimental methods
Preparation of Al-doped exchange resins
The ion exchange resins were functionalised with aluminum
before their use to obtain Al3+-type chelating resins (see
Figure S1 in Online Resource 1).
Firstly, the resin is washed with deionized water and then
with a solution of NaF (1 g/L), for at least 1 h of stirring at 290
rpm. Secondly, the resin is washed again with deionized water
and doped with Al3+ using 5.5%w/v of AlCl3 solution (Oke
et al. 2011), i.e. 0.41 mol Al3+/L, for 1 h at 290 rpm at room
temperature. Al3+ connects with two points of attachment to
the AMPA and iminodiacetic groups of TP260 and TP207,
respectively, and with Cl-. The Cl- ions are exchanged with Fduring the ion exchange process (see Figure S2 in Online
Resource 1).
Filtration of the effluent of the coke wastewater treatment
plant
A filtration process was carried out to remove solids from the
ECWT using a 0.45-μm filter before applying the ion exchange process. The pH, total solids (TS), volatile solids
(VS), chemical oxygen demand (COD) and five anions (fluorides, chlorides, nitrates, nitrites and sulphates) were
determined.
Ion exchange batch tests
Ion exchange tests were carried out by mixing 300 mL of
ECWT with different amounts of the resin in Erlenmeyer
flasks: 1.5, 3.0, 4.5, 5.1, 6.0 and 7.5 g. A SELECTA vibrating
shaker (model Vibromatic) was used for this purpose. The
stirring was maintained for 15 h at room temperature to ensure
that equilibrium was reached (Li et al. 2020). Samples of the
treated wastewater were taken for analysis every 5–10 min
during the first 120 min to be analysed. After that, samples
were extracted at more widely separated intervals. The total
amount of wastewater extracted represented less than 10% of
the initial volume.
At the end of the test, the solid and liquid phases were
separated by sedimentation.

Analytical methods
The parameters analysed to characterize the wastewater and
effluents from the laboratory treatment were pH, TS, VS,
COD, fluorides, chlorides, nitrates, nitrites, sulphates and
aluminum.
The pH, TS, VS and COD were measured following standard methods (APHA 2005). COD was determined following
Method 5220 D (closed reflux, colorimetric method) using a
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Perkin Elmer Lambda 35 Visible – UV system. The determination of F-, Cl-, NO3-, NO2- and SO42- was carried out by
ionic chromatography (861 Advanced Compact IC
2.861.0010), after filtering the wastewater with a 0.45-μm
pore size filter. Al was determined by inductively coupled
plasma mass spectrometry (ICP-MS), after acid digestion.

Analysis of experimental data
Equilibrium study
The equilibrium sorption capacities of the resins were determined using the following expression:

 V
qeq ¼ C0 −Ceq ⋅
M

ð1Þ

where: qeq is the equilibrium sorption capacity of the resin for
fluoride (mg F-/g resin); V is the volume of solution (L); M is
the resin weight (g); C0 and Ceq are the initial and equilibrium
concentrations of fluoride (mg F-/L), respectively. Ceq is estimated in the kinetic study (see “Generalized integrated
Langmuir kinetic equation” section).
Kinetic study
Generalized integrated Langmuir kinetic equation To obtain
the values of the equilibrium constants and concentrations, the
generalized integrated Langmuir kinetic equation
(Marczewski et al. 2013) was used:


ð2Þ
C ¼ C0 þ F ⋅ Ceq −C0
where: C is the concentration (mg F-/L) and F is the sorption
progress variable.
The generalized integrated Langmuir kinetic equation was
obtained using the experimental data and Microsoft Excel
Solver. Then, other model parameters were obtained using
the following expressions:
F¼

1−expð−kL tÞ
1− f L expð−kL tÞ

A
1−f L
 
dF
A¼
dt F¼0

kL ¼

ð3Þ
ð4Þ
ð5Þ

kL is the rate coefficient (always positive), fL is the generalized
Langmuir batch equilibrium factor, which is positive for sorption conditions (0 ≤ fL < 1), and A is the initial sorption relative progress rate (A > 0).
Another parameter of interest when comparing resins is the
sorption halftime time, τ, which is the time at which F = 0.5,
i.e. the time necessary to reach half of C 0 (50% of the
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maximum capacity). It is expressed as follows (Marczewski
et al. 2013):
t

τ¼

ð6Þ

t1=2

2− f L
kL

ð7Þ

Three graphical representations of the experimental results
are of interest in this study:
–

–

–

Fluoride concentration in the treated ECWT versus time,
to assess the effect of dosage using the resins doped with
aluminum (i.e. Al-TP260 and Al-TP207), the trend being
modeled with the generalized integrated Langmuir kinetics using the ‘solver’ function of Microsoft Excel.
Ion exchange progress (F) versus τ. For the exchange
process to be favorable, it should be above a hypothetical
bisector that represents fL = 0 (Marczewski et al. 2013).
The slope of the hypothetical bisector varies depending
on the kinetic model obtained for a specific resin and
dosage.
Ion exchange progress (F) versus compact time (τ/(1+
τ)). The best option would be that the rate of exchange
of fluorides were constant, i.e. a straight line. Thus, less
favorable processes are those whose curves above or below the bisector (Marczewski et al. 2013).

Pseudo-first-order and pseudo-second-order kinetic models
Pseudo-first-order and second-order kinetic models were used
to describe the experimental data, using Eq. (8) and Eq. (9),
respectively. Both expressions have been widely used: the
first one was created by Langergren and the second one is
one the most applied linear pseudo-second-order kinetic
models (Meenakshi and Viswanatha 2007; Shin et al. 2021):
!
qeq
k0
log
:t
ð8Þ
¼
qeq− qt
2:303
qt ¼

q2eq :k:t
1 þ qeq :k:t

Langmuir isotherm model The Langmuir equilibrium isotherm can be expressed as (Kameda et al. 2015):
qeq ¼

If fL < 1, t1/2 is calculated with the expression:
t1=2 ¼ ln

Isotherm study

ð9Þ

where: qt and qeq are the loading capacities at time t and
equilibrium (mg F-/g resin), respectively; k’(min-1) and k (g
F-·mg-1·min-1) are the pseudo- first-order and second-order
sorption rate constants, respectively.

KL ⋅ qmax ⋅ Ceq
1 þ KL ⋅ Ceq

ð10Þ

where, qmax is the maximum sorption capacity (mg F-/g resin)
and KL is the Langmuir constant related to sorption energy.
Freundlich isotherm model The Freundlich equilibrium isotherm can be expressed as (Li et al. 2020):
qeq ¼ K F ⋅ C1=n
eq

ð11Þ

where, KF is the Freundlich sorption capacity constant, and 1/
n is a characteristic constant related to sorption intensity (Bhatt
et al. 2004).

Results and discussion
Physicochemical characterization of the coke
wastewater
Table 2 shows the results of the physicochemical characterization of the ECWT before and after the filtration. Solids were
found to be mainly inorganic, given that < 3% of TS are VS,
which are linked to organic matter. The value of COD,
representing the organic matter present in the wastewater,
was similar before and after the filtration. The reduction of
Table 2 Results of the initial physicochemical characterisation of the
ECWT (n = 3)
Parameter

Before filtration

After filtration

pH

7.20 ± 0.06

7.18 ± 0.04

COD (mg/L)

346.75 ± 26.31

323.17 ± 23.47

TS (g/L)
VS (g/L)
Chlorides (mg Cl-/L)
Fluorides (mg F-/L)
Nitrates (mg NO3-/L)
Nitrites (mg NO2-/L)
Sulphates (mg SO42-/L)

12.22 ± 0.53
0.35 ± 0.06
2613.0 ± 160.5
31.00 ± 0.51
131.4 ± 55.7
2.00 ± 1.50
7950.0 ± 411.5

BDL
BDL
1903.8± 134.0
26.70 ± 0.15
132.88 ± 13.96
1.44 ± 0.01
6058.1 ± 213.6

BDL below detection limit
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fluoride before and after filtration can be related to the complex matrix of ammonia water and the presence of fluoriderelated forms to in the particulate matter present in the water.
Similarly, the concentration of other co-existent anions
showed a variation due to this process, the higher differences
being observed in the case of Cl- and SO42-.

Experimental results: effect of dosage
Figure 1 shows the results obtained throughout the ion exchange processes carried out with different dosages of Aldoped TP260 and TP207 resins. Fluoride concentrations decreased over time at higher rates of sorption at the beginning
of the ion exchange process. After around 2 h, equilibrium
was reached regardless of the resin. By that time, with the
highest resin dosage (25 g/L), the concentration of fluoride
was reduced by more than 88% (from 26.7 mg F-/L to <
3 mg F-/L) with both resins.
Figure 2 shows the percentage of fluorine removal
achieved with the two Al-doped resins. F- removal was within
the range 57.8–89.3% and 72.0–92.1% for Al-doped TP260
and TP207, respectively. The lowest final F- concentration
(2.1 mg F-/L) was achieved with 25 g/L of Al-doped TP207
resin (92.1% of F- removal). The differences observed between the two tested resins when the same dosage was applied

Fig. 1 Fluoride concentration, in mg F-/L versus time, using different
dosages (g of resin per L of wastewater) of Al-doped TP260 (a) and
TP207 (b) resins. Trends (dotted lines) are calculated using the generalized integrated Langmuir kinetics

Fig. 2 Percentage of F- removal after the ion exchange process using
different dosages (g of resin per L of wastewater) of Al-doped TP260
and TP207 resins

may be related to the type of functional group present in the
material, as observed by Li et al. (2020).
Increasing the dosage of Al-doped TP207 resin from 15 to
20 g/L and from 20 to 25 g/L led to slight improvements in the
F- removal (2.9% and 1.2%, respectively). However, the results obtained with the Al-doped TP260 resin showed a 7.1%
increase in F- removal with a dosage of 20 g/L compared to 15
g/L and 2.7% higher when using a resin dosage of 25 g/L
instead of 20 g/L. Thus, for the higher resin dosages tested,
it seems that the ion exchange process was influenced more by
the ratio resin:wastewater when using Al-doped TP260 resin
than using Al-doped TP207 resin.
Meenakshi and Viswanatha (2007) tested a chelating resin
with sulfonic acid functionality and an anion exchange resin in
Cl- form in batch conditions and found that the F- removal
efficiency increased with the dosage of the resin (tested dosage 10–60 g/L). The initial concentration of fluoride in the
wastewater used in their experiments was 3 mg F-/L and the
highest F- removal was around 75% with the chelating resin at
a dosage of 60 g/L. Nonetheless, with 10 g/L of each resin, the
treated effluents had concentrations below 1 mg F-/L. The
differences observed in the required resin dosage with respect
to the present study may be related not only to the type of
tested resin in both studies, but also to the initial concentration
of F- in the wastewater, given that the sorption process can be
affected by several parameters, such as sorbent dosage, pH,
contact time, initial fluoride concentration, dissolved salts, and
temperature (Bhatt et al. 2004).
It is important to note that the process efficiency may be
affected by coexisting anions (e.g. Cl-, NO3-) that may compete with F- depending on their concentration and affinity for
the exchanger (Tao et al. 2020). In the ECWT used in this
study, some anions were present in high concentrations
(Table 2), which may reduce the defluorination capacity of
the resins if they are exchanged first than F-. Future research
should assess this effect on the process at different concentrations of co-ions, as well as organic matter, in the wastewater.
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Table 3 Aluminum concentration in the ECWT after the ion exchange
process using Al-doped TP260 and TP207 resins
Dosage
(g resin/L ECWT)

Al-doped TP260 resin
Al-doped TP207 resin
Concentration (μg Al/L)

17
20
25

240.3
225.9
231.8

380.0
370.2
360.6

doped TP260 resin, up to 64% more leaching for the same
resin dosage. These results may suggest a weaker attachment
of Al3+ to iminodiacetic groups than to AMPA groups under
the same doping process. In all the studied cases, the aluminum content in the ion exchange effluents was found to be <
0.4 mg Al/L, below the minimum acceptable limits.

Kinetic study results
Results of the generalized integrated Langmuir kinetic model
Dixit et al. (2020) observed 70% removal of organic matter in
an ion-exchange process and pore blockage of the resins
depending on the molecular weight of this fraction in water.
Gönder et al. (2006) obtained capacity losses up to 30% in
ion-exchange resins exposed to organic materials.
Attention must be paid when using metal-based exchangers
such as those used in the present work, given that metal leakages may occur during the process. It depends on the success
of the doping process, but also the chemical species considered. For instance, Shin et al. (2021) found that AMPA chelating resins doped with Al presented more leakage than those
doped with Zr when used in column trials for fluoride
removal.
Table 3 shows the Al concentration in the ECWT after the
ion exchange process for the tests performed with the three
highest resin dosages. Al concentration was found to be 59.2 ±
4.2% higher when using Al-doped TP207 resin instead of Al-

Figure 1 shows the trends that fit the experimental data obtained with the generalized integrated Langmuir kinetic equation, as explained in “Generalized integrated Langmuir kinetic
equation” section. Table 4 shows the values obtained for the
parameters of the model for the six dosages of the two Aldoped ion exchange resins that were tested. The R-squared
coefficients revealed that good agreement between the experimental data and the kinetic model was achieved (R2 > 0.98).
Furthermore, as expected in a sorption process, kL values were
always positive, and the generalized Langmuir batch equilibrium factor was 0 ≤ fL < 1.
Figure 3 represents F versus τ for the two Al-doped resins.
All the curves obtained have a positive tendency and are on
the left side of the hypothetical bisector (fL = 0), which means
that for any equilibrium concentration, the process was favorable for both resins. When designing a column test, it would

Fig. 3 Ion exchange progress (F) versus the sorption halftime time (τ) using different dosages (g resin/L) of Al-doped TP260 (a) and TP207 (b) resins.
Bisectors are plotted as dashed lines without markers
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Table 4 Calculated values of the parameters of the generalized
integrated Langmuir kinetic equation for Al-doped TP260 and TP207
resins and the R-squared coefficients
Parameters
-

Ceq (mg F /L)
kL
fL
R2
t1/2 (min)
Parameters
Ceq (mg F-/L)
kL
fL
R2
t1/2 (min)

Dosage of Al-doped TP260 (g resin/L)
5
10
15
17
20
11.24 7.05
4.95
4.77
3.35
0.017
0.007
0.003
0.006
0.0006
0.000
0.823
0.953
0.914
0.994
0.991
0.986
0.991
0.995
0.993
39.55 22.14 15.63 12.84 10.63
Dosage of Al-doped TP207 (g resin/L)
5
10
15
17
20
10.28 5.21
4.12
3.69
2.64
0.033
0.026
0.021
0.022
0.0003
0.000
0.000
0.584
0.686
0.998
0.983
0.985
0.993
0.997
0.990
20.92 26.83 16.24 12.23 6.44

25
2.54
0.001
0.991
0.997
7.56
25
2.00
0.001
0.994
0.995
5.43

be necessary to work above τ to guarantee a good solid-liquid
contact.
Figure 4 represents F versus the compact time calculated
for both resins. For the same value of τ and low τ/(1+τ) values
(< t1/2) and regardless of the resin dosage, the sorption

progress with Al-doped TP260 was close to a straight line,
which means that the F- exchange rate was constant. By contrast, in the case of Al-doped TP207 resin, small differences
between the resin dosages can already be observed. For the
highest compact times, differences became more evident with
both resins. In general, Al-doped TP260 resin was more favorable than Al-doped TP207 resin, given that most of its
curves are closer to a straight line, except for the lowest dosages (< 10 g/L). In the case of Al-doped TP207, resin dosages
of 20 and 25 g/L seemed to have a similar sorption progress at
a constant F- exchange rate.

Results of pseudo-first-order and pseudo-second-order
kinetic models
The graphical representations of qt versus time obtained using
the pseudo-first-order and pseudo-second-order kinetic
models are included in Figures S3 and S4 (Online Resource
1). Figure S5 (Online Resource 1) represents t/qt versus time,
which is used to calculate k and qeq from the slopes and intercepts. Table 5 shows the parameters of the models that were
obtained for each resin and dosage tested. The two kinetic
models fit well the experimental data obtained with the two
Al-doped resins, given the high R-squared obtained.

Table 5 Calculated values of the parameters and the R-squared coefficients of the pseudo-first-order and pseudo-second-order kinetic models
for Al-doped TP260 and TP207 resins

Parameters
qeq (mg F-/g resin)
k’ (min-1)
R2
Parameters

Pseudo-first-order kinetic model
Dosage of Al-doped TP260 (g/L)
5
10
15
17
3.15
1.81
1.34
1.22
0.016 0.034 0.046 0.055
0.995 0.993 0.989 0.990
Dosage of Al-doped TP207 (g/L)

20
1.09
0.070
0.986

25
0.91
0.092
0.990

20
1.14
0.103
0.990

25
0.94
0.116
0.993

Dosage of Al-doped TP260 (g/L)
5
10
15
17
3.29
1.96
1.49
1.33
0.010 0.030 0.042 0.057
0.974 0.989 0.996 0.997

20
1.18
0.083
0.996

25
0.98
0.136
0.998

Dosage of Al-doped TP207 (g/L)
5
10
15
17
3.92
2.30
1.60
1.45
0.010 0.030 0.038 0.053
0.986 0.997 0.992 0.997

20
1.21
0.130
0.995

25
1.00
0.185
0.998

5
10
15
17
2.23
1.45
1.30
qeq (mg F-/g resin) 3.59
0.026 0.024 0.042 0.056
k’ (min-1)
2
0.992 0.994 0.997 0.998
R
Pseudo-second-order kinetic model
Parameters
qe (mg F-/g resin)
k (g·mg-1·min-1)
R2
Parameters

Fig. 4 Ion exchange progress (F) versus compact time (τ/(1+τ)) using
different dosage (g resin/L) of Al-doped TP260 (a) and TP207 (b) resins.
Bisectors are plotted as dashed lines without markers

qe (mg F-/g resin)
k (g·mg-1·min-1)
R2
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Table 6 Calculated values of the parameters of Langmuir and
Freundlich isotherm models from experimental data of ion exchange
processes using Al-doped TP260 and TP207 resins
Parameters

Al-doped TP260

Al-doped TP207

Langmuir

qmax (mg F-/g resin)

Freundlich

KL
R2
KF
1/n
R2

32.06
0.010
0.985
0.345
0.914
0.987

12.05
0.039
0.990
0.525
0.808
0.991

Results of Langmuir and Freundlich isotherm models
Table 6 contains the values of the calculated parameters of the
Langmuir and Freundlich isotherms for both tested Al-doped
resins. The highest values of qmax, i.e. the highest maximum
sorption capacities, were achieved with the Al-doped TP260
resin, reaching 32.06 mg F-/g resin (C0 = 26.70 mg F-/L; pH =
7.18). According to Bhatnagar et al. (2011), other authors
have reported similar values using zeolite-Al3+ and zeoliteLa3+ (C0 = 10–80 mg F-/L, sorption capacity 28–41 mg F-/
L), alum-impregnated activated alumina (C0 = 1–35 mg F-/L,
Fig. 5 Calculated Langmuir (a)
and Freundlich (b) isotherms
(lines) for experimental data
(markers) obtained for ion exchange processes using Al-doped
TP260 and TP207 resins

sorption capacity 40.68 mg F-/L) and hydrated iron(III)–
aluminium(III)–chromium(III) ternary mixed oxide (C0 =
10–80 mg F-/L, sorption capacity 31.89 mg F-/L). Millar
et al. (2017) described experimental data for the removal of
fluoride ions by chelating ion exchange resins with
iminodiacetate functionality pre-treated with a solution of aluminum chloride prior to use. According to the Langmuir model, their estimated maximum loadings were 1.3, 12.4, and
60.7 mg F-/g resin for initial fluoride concentrations of 10,
100 and 1000 mg F-/L, respectively, at a solution pH of 6–7.5.
As seen, Langmuir isotherm is commonly applied to describe adsorption and ion-exchange processes. Both ion exchange and adsorption are surface phenomenon in which dissolved chemical species are taken up by a solid. However, in
ion exchange processes, free mobile ions on a solid waterinsoluble substance (i.e. cation or anion exchanger, depending
on the ionic groups attached) are stoichiometrically replaced
by different ions of similar charge present in the aqueous
medium with which it is in contact, whereas in adsorption
processes, the chemical species are captured without any exchange (Kumar and Jain 2013).
Berber-Mendoza et al. (2006) compared the ion exchange
isotherm, which is based on the constant of thermodynamic
equilibrium for the ion exchange reaction, and the Langmuir
isotherm. The experimental data obtained in an ion exchange
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process using natural zeolites to remove Pb(II) fitted both
isotherms but the latter was found to be simpler in use, as only
two constants have to be estimated.
Figure 5 shows the graphical representation of qeq versus
Ceq, which were obtained in the kinetic study for each resin
dosage (see Table 4). The calculated isotherms follow an upward curve with good fit to experimental data (R2 > 0.98),
regardless of the resin. The R-squared obtained with the
Langmuir model was slightly higher than with the
Freundlich model for Al-doped TP260, whereas the opposite
was observed for Al-doped TP207 resin (Table 6).
Nonetheless, these differences in the regression values are
not enough to provide correct conclusions about the surface
heterogeneity of each resin tested (Kónya and Nagy 2013).
According to these authors, isotherms not being linear
(Figure 5) means that there is a competing ion, which is something that happens in a competitive adsorption process and in
an ion exchange process. Thus, the isotherms could be divided
in different linear portions, meaning that a heterogenous surface could be treated as composed by homogeneous portions.
Furthermore, the values of 1/n of the Freundlich isotherm
model were between 0 and 1 for both Al-doped resins
(Table 6), which indicates favorable sorption (Rengaraj et al.
2007). Besides, when 1/n < 1, the sorption surface may be
heterogenous and/or the sorbed species may be rejected and
when 1/n > 1, the surface is homogeneous and the sorbed
species attract each other (Kónya and Nagy 2013). In the
present study, Al-doped TP260 presented a greater 1/n value
and closer to 1 than Al-doped TP207 (see Table 6).

Conclusions
Ion exchange technology was studied with the objective of
reducing the fluoride concentration in the effluent of a coke
wastewater treatment plant (C0 = 26.70 ± 0.15 mg F-/L). Two
Al-doped exchange resins with chelating AMPA and
iminodiacetic groups (Al-doped TP260 and TP207 resins,
respectively) were assessed. The effect of resin dosage was
evaluated, varying from 5 to 25 g/L. F- removal was within the
range 57.8–89.3% and 72.0–92.1% for Al-doped TP260 and
TP207, respectively. The highest dosage of the latter reported
the lowest final F- concentration (2.1 mg F-/L). In general, a
higher influence of resin dosage was observed with the Aldoped TP260 resin.
The generalized integrated Langmuir kinetic equation
fitted the experimental data (R2 > 0.98), allowing it to be
verified that the parameters of said kinetics meet the optimal
conditions for the process. In general, using the same dosage,
the ion exchange process seemed to be more favorable with
Al-doped TP260 resin than with Al-doped TP207 resin, given
that the F- exchange rate was more constant. Furthermore, the
experimental data were well described (R 2 > 0.98) by
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Langmuir and Freundlich isotherm models. The maximum
sorption capacity was obtained for Al-doped TP260 resin, in
agreement with the findings of the kinetic study.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s11356-021-16299-8.
Author contribution Rodríguez-Iglesias Jesús: Conceptualization,
Methodology; Alcalá Lara: Investigation, Formal analysis; Megido
Laura: Formal analysis, Writing - Original Draft; Castrillón Leonor:
Writing - Original Draft, Supervision, Project administration. All authors
read and approved the final manuscript.

Funding Open Access funding provided thanks to the CRUE-CSIC
agreement with Springer Nature.
Data availability All data generated or analysed during this study are
included in this published article.

Declarations
Ethics approval and consent to participate Not applicable.
Consent for publication Not applicable.
Competing interests The authors declare that they have no competing
interests
Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as
you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were
made. The images or other third party material in this article are included
in the article's Creative Commons licence, unless indicated otherwise in a
credit line to the material. If material is not included in the article's
Creative Commons licence and your intended use is not permitted by
statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.

References
APHA (2005) Standard Methods for the Examination of Water and
Wastewater, 21st ed. American Public Health Association,
American Water Works Association, Water Environment
Federation, Washington, USA
Berber-Mendoza MS, Leyva-Ramos R, Alonso-Davila P, Fuentes-Rubio
L, Guerrero-Coronado RM (2006) Comparison of isotherms for the
ion exchange of Pb(II) from aqueous solution onto homoionic
clinoptilolite. J Colloid Interface Sci 301:40–45. https://doi.org/10.
1016/j.jcis.2006.04.037
Bhatnagar A, Kumar E, Sillanpää M (2011) Fluoride removal from water
by adsorption – A review. Chem Eng J 171:811–840. https://doi.
org/10.1016/j.cej.2011.05.028

8714
Bhatt DB, Bhatt PR, Prasad HH, Popat KM, Anand PS (2004) Removal
of fluoride ion from aqueous bodies by aluminium complexed amino phosphonic acid type resins. Indian J Chem Techn 11:299–303
Damtie MM, Hailemariam RH, Woo YC, Park KD, Choi JS (2019)
Membrane-based technologies for zero liquid discharge and fluoride
removal from industrial wastewater. Chemosphere 236:124288.
https://doi.org/10.1016/j.chemosphere.2019.07.019
Das P, Mondal GC, Singh S, Singh AK, Prasad B, Singh KK (2018)
Effluent treatment technologies in the iron and steel industry — a
state of the art review. Water Environ Res 90:395–408. https://doi.
org/10.2175/106143017X15131012152951
Das S, Biswas P, Sarkar S (2020) Tertiary treatment of coke plant effluent
by indigenous material from an integrated steel plant: a sustainable
approach. Environ Sci Pollut R 27:7379–7387. https://doi.org/10.
1007/s11356-019-07309-x
Dhillon A, Prasad S, Kumar D (2016) Recent advances and spectroscopic
perspectives in fluoride removal. Appl Spectrosc Rev 52:175–230.
https://doi.org/10.1080/05704928.2016.1213737
Dixit F, Barbeau B, Mohseni M (2020) Impact of natural organic matter
characteristics and inorganic anions on the performance of ion exchange resins in natural waters. Water Supply 20(8):3107–3119
Eurostat (2019) Coal production and consumption statistics. Statistics
Explained. https://www.statista.com/statistics/267891/global-cokeproduction-since-1993/#statisticContainer. accessed on 19/11/2020
Fatehizadeh A, Amin MM, Sillanpää M, Hatami N, Taheri E, Baghaeib
N, Mahajang S (2020) Modeling of fluoride rejection from aqueous
solution by nanofiltration process: single and binary solution.
Desalin Water Treat 193:224–234. https://doi.org/10.5004/dwt.
2020.25831
García-Sánchez JJ, Solache-Ríos M, Martínez-Miranda V, Enciso-Perez
R, Arteaga-Larios N, Ojeda-Escamilla MC, Rodríguez-Torres I
(2017) Experimental study of the fluoride adsorption by modified
magnetite using a continuous flow and numerical simulation system.
Process Saf Environ 109:130–139. https://doi.org/10.1016/j.psep.
2017.03.034
Ghose MK (2001) Physico-chemical treatment of coke plant effluents for
control of water pollution in India. Indian J Chem Techn 9:54–59
Gönder ZB, Kaya Y, Vergili I, Barlas H (2006) Capacity loss in an
organically fouled anion exchanger. Desalination 189:303–307.
https://doi.org/10.1016/j.desal.2005.07.012
Graça NS, Ribeiro AM, Rodrigues AE (2019) Removal of fluoride from
water by a continuous electrocoagulation process. Ind Eng Chem
Res 58:5314–5321. https://doi.org/10.1021/acs.iecr.9b00019
Grzegorzek M, Majewska-Nowak K, Ahmed AE (2020) Removal of
fluoride from multicomponent water solutions with the use of monovalent selective ion-exchange membranes. Sci Total Environ 722:
137681. https://doi.org/10.1016/j.scitotenv.2020.137681
Habuda-Stanić M, Ravančić ME, Flanagan E (2014) A review on adsorption of fluoride from aqueous solution. Materials 7:6317–6366.
https://doi.org/10.3390/ma7096317
Igwegbe CA, Rahdar S, Rahdar A, Mahvi AH, Ahmadi S, Banache AM
(2019) Removal of fluoride from aqueous solution by nickel oxide
nanoparticles: equilibrium and kinetic studies. Fluoride 52:569–579
Kameda T, Oba J, Yoshioka T (2015) Recyclable Mg–Al layered double
hydroxides for fluoride removal: kinetic and equilibrium studies. J
Hazard Mater 300:475–482. https://doi.org/10.1016/j.jhazmat.2015.
07.023
Kónya J, Nagy NM (2013) Misleading information on homogeneity and
heterogeneity obtained from sorption isotherms. Adsorption 19:
701–707. https://doi.org/10.1007/s10450-013-9495-6

Environ Sci Pollut Res (2022) 29:8705–8715
Kumar S, Jain S (2013) History, introduction, and kinetics of ion exchange materials. J Chemother 2013:1–13. https://doi.org/10.1155/
2013/957647
Kwiecińska A, Lajnert R, Bigda R (2017) Coke ovenwastewater - formation, treatment and utilization methods — a review. Proceedings of
ECOpole’16 Conference, 5-8.10.2016, Zakopane, Poland. https://
doi.org/10.2429/proc.2017.11(1)002
Lanxess (2020). https://lanxess.com/en/Products-and-Solutions/Products.
accessed on 19/11/2020
Li R, Tian X, Ashraf I, Chen B (2020) Fluoride removal using a chelating
resin containing phosphonic-sulfonic acid bifunctional group. J
Chromatogr A 1613:460697. https://doi.org/10.1016/j.chroma.
2019.460697
López AM, Rendueles M, Díaz M (2012) Treatment of condensates of
gas coke by anionic exchange resins: thiocyanate and phenol retention. Solvent Extr Ion Exch 30:212–227. https://doi.org/10.1080/
07366299.2011.609379
Marañón E, Vázquez I, Rodríguez J, Castrillón L, Fernández Y (2008)
Coke wastewater treatment by a three-step activated sludge system.
Water Air Soil Pollut 192:155–164. https://doi.org/10.1007/s11270008-9642-y
Marczewski AW, Deryło-Marczewska A, Slota A (2013) Adsorption and
desorption kinetics of benzene derivatives on mesoporous carbons.
Adsorption 19:391–406. https://doi.org/10.1007/s10450-012-94627
Meenakshi S, Viswanatha N (2007) Identification of selective ion exchange resin for fluoride sorption. J Colloid Interface Sci 308:
438–450. https://doi.org/10.1016/j.jcis.2006.12.032
Mena VF, Betancour-Abreu A, González S, Delgado S, Souto RM,
Santana JJ (2019) Fluoride removal from natural volcanic underground water by an electrocoagulation process: parametric and cost
evaluations. J Environ Manag 246:472–483. https://doi.org/10.
1016/j.jenvman.2019.05.147
Millar GJ, Couperthwaite SJ, Wellner DB, Macfarlane DC, Dalzell SA
(2017) Removal of fluoride ions from solution by chelating resin
with imino-diacetate functionality. J Water Process Eng 20:113–
122. https://doi.org/10.1016/j.jwpe.2017.10.004
Mohapatra M, Anand S, Mishra BK, Giles DE, Sinh P (2009) Review of
fluoride removal from drinking water. J Environ Manag 91:67–77.
https://doi.org/10.1016/j.jenvman.2009.08.015
Moran Ayala LI, Paquet M, Janowska K, Jamard P, Quist-Jensen CA,
Bosio GN, Martire DO, Fabbri D, Boffa V (2018) Water
defluoridation: nanofiltration vs membrane distillation. Ind Eng
Chem Res 57(43):14740–14748. https://doi.org/10.1021/acs.iecr.
8b03620
Oke K, Neumann S, Adams B (2011) Selective elimination of fluorine.
Water Today:76–80
Pal P, Kumar R (2014) Treatment of coke wastewater: a critical review
for developing sustainable management strategies. Sep Purif Rev
43(2):89–123. https://doi.org/10.1080/15422119.2012.717161
Rengaraj S, Yeon JW, Kim Y, Jung Y, Ha YK, Kim WH (2007)
Adsorption characteristics of Cu(II) onto ion exchange resins
252H and 1500H: kinetics, isotherms and error analysis. J Hazard
Mater 143:469–477. https://doi.org/10.1016/j.jhazmat.2006.09.064
Shen J, Schäfer A (2014) Removal of fluoride and uranium by
nanofiltration and reverse osmosis: a review. Chemosphere 117:
679–691. https://doi.org/10.1016/j.chemosphere.2014.09.090
Shin E, Dreisinger DB, Burns AD (2021) Removal of fluoride from
sodium sulfate brine by zirconium pre-loaded chelating resins with
amino-methyl phosphonic acid functionality. Desalination 505:
114985. https://doi.org/10.1016/j.desal.2021.114985

Environ Sci Pollut Res (2022) 29:8705–8715
Singh J, Singh P, Singh A (2016) Fluoride ions vs removal technologies:
a study. Arab J Chem 9:815–824. https://doi.org/10.1016/j.arabjc.
2014.06.005
Sud D (2012) Chelating ion exchangers: theory and applications. In: Dr. I,
Luqman M (eds) Ion Exchange Technology I. Springer, Dordrecht.
https://doi.org/10.1007/978-94-007-1700-8_10
Tao W, Zhong H, Pan X, Wang P, Wang H, Huang L (2020) Removal of
fluoride from wastewater solution using Ce-AlOOH with oxalic acid
as modification. J Hazard Mater 384:121373. https://doi.org/10.
1016/j.jhazmat.2019.121373
Wang X, Li N, Li J, Feng J, Ma Z, Xu Y, Sun Y, Xu D, Wang J, Gao X,
Gao J (2019) Fluoride removal from secondary effluent of the

8715
graphite industry using electrodialysis: optimization with response
surface methodology. Front Environ Sci Eng 13:51. https://doi.org/
10.1007/s11783-019-1132-5
Zulfiqar M, Omar AA, Chowdhury S (2014) Removal of phosphate and
fluoride from industrial wastewater — a short review. Appl Mech
Mater 625:805–808. https://doi.org/10.4028/www.scientic.net/
AMM.625.805
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

