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Abstract
The adsorption kinetics of fluoride onto limestone (LS) and Mg(OH)2-amended LS were investigated using batch adsorption 
technique. Data were best fitted to second-order and Elovich models. The Mg(OH)2-ameded LS showed substantial increases 
in F− adsorption relative to native LS. Similarity of ionic radii and charge of both F− and OH− were hypothesized to be the 
major cause of such increases. The OH− functional group of the surface Mg(OH)2 could be exchanged by aqueous F− through 
surface complexation (ligand exchange). No background effect of naturally occurring anions in F−-rich groundwater on 
adsorption capacity of Mg(OH)2-amended LS. The results reveal that the Mg(OH)2-amended LS can be environmentally 
safe and economical for F− removal.
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Introduction

Shortage in fresh water supply in Jordan has been in steady 
increase due to high-popoulation growth rate, socioeco-
nomic development, poor management of water resources 
and the resultant contamination of these resources by a myr-
iad of pollutants (Abu-Sharar 2005). One of these pollutants 
is fluoride which can be detected in appreciable levels in 
different water resources as a product of weathering of the 
bearing minerals. Ground waters with high F− concentra-
tions are reported in many areas of the world (Ahn 2012; 
Karro and Uppin 2013). In such areas, water enrichment 
with F− is thought to be the root cause of many diseases. 
According to the World Health Organization (WHO 2008), 
the maximum acceptable concentration of F− in drinking 
water must be less than 1.5 mg L−1 but the safe limit should 
be less than 1.0 mg L−1. Fluoride consumption in small 
amounts is usually beneficial for normal mineralization of 
bones and formation of dental enamel, while long term con-
sumption of water containing excessive amounts of F− can 

lead to dental fluorosis, mottling of teeth, and softening of 
bones (Gbadebo 2012; Davraz et al. 2008). For these rea-
sons, removal or lowering of excessive F− concentration in 
drinking water is important in terms of public health and 
environmental safety.

High levels of F− in groundwater were reported in dif-
ferent locations in Jordan. These include Wadi Al-Yutum of 
southern port city of Aqaba. The F− concentration in these 
well waters exceeds the threshold limit of 1.5 mg L−1. Major 
water supply to Aqaba city comes from the fossil water of 
Disi aquifer (Farhan and Anaba 2016). This resource is 
endangered by depletion as a result of increasing urbaniza-
tion in the city itself and transportation of huge volumes 
(~100 × 106 m3 yr−1) to the capital city of Amman. Subse-
quently, the need for additional water resources has been 
escalating. The high cost of other water resources like sea 
water desalination imposes the need to focus on low cost 
methods of F− removal from essentially potable water.

Numerous de-fluoridation methods of F− from drinking 
water to acceptable limits have been reported. Most of these 
methods were based on adsorption techniques (Tikki 2014). 
Other methods utilized reverse osmosis (Wang et al. 2015), 
electro dialysis (Gmar et al. 2015), nanofiltration (Mnif 
et al. 2010), but all of them were almost abandoned due 
to the high cost of investment and maintenance. Precipi-
tation techniques are usually applied for F− removal from 
very highly contaminated industrial wastewater but are 
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hardly applied to groundwater because of its low efficiency 
in reducing F− concentration to 1–2 mg L−1 (Ezzeddine et al. 
2015; Chang and Liu 2007). Other methods like Nalgonda 
precipitation was discarded since it could add harmful con-
taminants to water and may require pH adjustment (Wagh-
mare and Arfin 2015). Metallic iron packed beds (Fe filters) 
were tested for defluorination (Nde-Tchoupe et al. 2019; 
Heimann et al. 2018). The results demonstrated a relatively 
low adsorption capacity of iron corrosion products, while 
those based on co-precipitation/flocculation were better suit-
able. Since F−-adsorption is selective, easily handled, low-
cost and effective, several adsorbents were examined (Tikki 
2014; Habuda-Stanic et al. 2014). Those included activated 
alumina (Khichar and Kumbhat 2015), calcite (Budyanto 
et al. 2015; Turner et al. 2005; Ali 2013; Dutta, and Nath 
2010; Padhi and Tokunaga 2015), magnesia (Xu et al. 2012; 
Aravind and Elango 2006), and clay (Vinati et al. 2015). 
Additionally, Medellin-Castillo et  al. (2015) and Jayar-
athne et al. (2015) examined bone char (hydroxyapatite) 
for F− adsorption from water. Rare earth metal adsorbents 
have been widely studied as potential F− adsorbent because 
of their high adsorption capacity. However, high price and 
low adsorption performance in neutral or alkaline condition 
largely limited their usage (Ma et al. 2014).

Many researchers brought about several modifications 
of common adsorbents to improve their adsorption capaci-
ties, and thus, to lower F− equilibrium concentration below 
the former threshold limit in drinking water. For example, 
modification of commercial granular activated carbon with 
lanthanum oxyhydroxides increased F− adsorption capacity 
by five times as compared to unmodified carbon (Vences-
Alvarez et al. 2015). Similarly, Al-modified hydroxyapatite 
possessed high F−-adsorption capacity due to more abun-
dant surface hydroxyl groups (Nie et al. 2012). Jain and 
Jayaram (2009) modified LS with Al-hydroxide to get some 
improvement on F− adsorption capacity. Ma et al. (2014) 
used Biocarbon-Mg/Al layered double hydroxides com-
posites to improve F− adsorption. Using Al in modification 
processes might increase threats of elevated Al concentra-
tions in the reclaimed water. Therefore, there has been an 
increasing need to modify adsorbents using non toxic mate-
rials. Different nontoxic MgO materials have been evaluated 
for improvement of F− adsorption onto commercial MgO; 
synthesized pillar and microsphere-like MgO (Lee et al. 
2017), nano-sized MgO (Devi et al. 2012), synthesized meso 
MgO (Yu et al. 2018), porous MgO nanoplates (Jin et al. 
2016). Adsorption capacity of the porous MgO nanoplates 
was superior to other MgO nanomaterials. Adsorption was 
rapid in the first 20 min and resulted in adsorption capacity 
of more than 97% of the initial F−concentration. Similarly, 
meso MgO exhibited excellent performance in removing F−. 
The high surface area and multi-size pore structure made 
synthesized MgO a potentially excellent adsorbent of F−. 

The main limiting step for de-fluoridation using MgO was 
the step of MgO hydrolysis to form Mg(OH)2 (Margandan 
et al. 2014).

This study was designed to evaluate the kinetics and 
magnitude of F− removal from aqueous phase using locally 
available native and Mg(OH)2-amended LS. This Ca and 
Mg-based adsorbent is nontoxic, economic, environment-
save, and direct without the extra step of MgO hydrolysis.

Materials and methods

Material

Local LS samples were collected from two mines in Cen-
tral Jordan. Fluoride standard solution (1000 mg L−1) was 
used to prepare solution samples using distilled water. Other 
chemicals used in the experiments; Mg(NO3)2 and NaOH 
were all of analytical grade and obtained from Sigma-
Aldrich (USA), or Merck KGaA (Germany).

Experimental methods

Limestone samples were screened, washed with de-ionized 
water to remove dirt and impurities, and then dried at about 
105 °C for 24 h. The dried LS samples were ground and 
sieved to pass 50 µm mesh. Subsamples from the native LS 
samples were impregnated with Mg(OH)2 using amended 
method of Jain and Jayaram (2009). Here, a subsample of 
15.0 g from each native LS sample was added to 1 L solution 
which was made by mixing 500 ml of 0.01 M NaOH with 
another 500 ml of 0.10 M Mg(NO3)2

.6H2O (Magnesia-1 and 
Gama-1). In case of Magnesia LS sample, additional double 
strength OH-amendment was performed using 500 ml of 
each 0.02 M NaOH and 0.20 M Mg(NO3)2

.6H2O solutions 
(Magnesia-2). The resultant suspension was stirred for six 
hours then left standing still for 24 h at room temperature. 
The reaction of these two chemicals produced highly soluble 
NaNO3 and relatively insoluble Mg(OH)2:

The precipitate of magnesium impregnated LS was sepa-
rated from the slurry by vacuum filtration; then, the solid 
was washed with distilled water, dried for 24 h at 105 °C, 
and stored in reagent bottle for later use. The dried slurry 
was in friable form that did not require any additional 
grinding.

To separate any possible F− adsorption onto Mg(OH)2 
particles, the same standard NaOH and Mg(NO3)2 solu-
tions were mixed and left standing still overnight then any 
possible solid phase formations of Mg(OH)2 colloidal par-
ticles were separated using the same micro-pore filter. The 

(1)Mg
(
NO3

)
2
+ 2NaOH → Mg(OH)2 + 2NaNO3
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filter paper was dried in a manner analogous to previous 
treatment of amended LS, and no appreciable change in the 
weight of the filter paper following the filteration process 
was recorded.

Kinetics of F− adsorption using native and amended LS 
were experimented using the batch method described by 
Alagumuthu et al. (2010). Thirty ml of F−standard solu-
tion (10 mg L−1) were pipetted to each of nine duplicate 
centrifuge tubes then 3 g of the specified LS sample were 
added to each solution. The suspensions were shaken using 
Vortex shaker at 1000 rpm for a specified time period (10, 
15, 30, 60, 240, 600, 1440, 2880, and 4320 min) at room 
temperature (25 ± 1 °C) and pH of 6.2 for all experiments. 
Solutions were then separated from the solid phase using 
centrifugation at 3600 rpm for 5 min. The resultant super-
natant solutions were further filtered using 0.45 µm syringe 
nylon-membrane filter, and F− was analyzed using ion 
chromatography.

Analytical methods

Several chemical and physical analyses were performed on 
LS and water samples. Fluoride concentration was deter-
mined using Metrohm 871 Bioscan ion chromatograph, 
while analysis for calcium, magnesium and heavy metals 
were carried out using Savant AA GBC atomic absorption 
spectrometer. Limestone surface area was determined using 
NOVA 2200e surface area and pore size analyzer, and par-
ticle size distribution was measured using Malvern Master-
Sizer 2000. Additionally, LS subsamples were subjected to 
spectral analyses including fluorescence analysis of X-rays 
using Shimadzu EDX-7000, Fourier transform infrared spec-
tra (FTIR) using Thermo Nicolet 670, and scanning electron 
microscopy (SEM) using FEI Inspect F50 high-resolution 
electron microscope.

Results and disscusion

Characterization of natural and amended limestone

Results of chemical analyses performed on the amended 
and native LS subsamples showed similar purity for all LS 
samples, while some differences appeared in the impuri-
ties; sulfate, silica, organic content, chloride, iron and alu-
minum as shown in Table 1. The presence of charged iron 
and aluminum, and low content of F− is expected to increase 
F− adsorption on all LS subsamples. The metal oxides 
reported in the literature for defluoridation include Fe, Mn, 
Al, Ca, and Mg oxides (Nde-Tchoupe et al. 2019; Nie et al. 
2012; Markovic et al. 2009).

Amendment of LS subsamples caused no changes in their 
chemical composition except for Mg which was added to the 

surface of the subsamples in the form of Mg(OH)2 through 
the amendment procedure. Some decreases in Cl and Na 
concentrations of Magensia LS were observed as a result of 
the washing steps.

X‑ray fluorescence

The X-ray fluorescence (XRF) for Magnesia-1 LS subsample 
is presented in (Fig. 1). The spectrum shows signals corre-
sponding to Mg, Ca, and O, which provide direct evidence 
for magnesium presence on LS surface. Furthermore, the 
Figure identifies calcite as a major mineral constituent. The 
crystal structure of the native LS did not show any signifi-
cant compositional changes after amendment.

Fourier transform infrared spectroscopy

The FTIR spectra of Magnesia and Magnesia-1 LS subsam-
ples are presented in (Fig. 2). The FTIR of LS subsamples 
was characterized by the bands (1420, 875, 710 cm−1) indi-
cating the presence of calcite (Harrison et al. 1998). The 
spectra also showed presence of organic compounds as indi-
cated by the peaks 2500–3400 cm−1.

The spectra for Magnesia and Magnesia-1 LS subsamples 
were similar except of the presence of small shift in fre-
quencies 1418 cm−1 to 1422 cm−1 and the extra new sharp 
band which appeared in the spectrum 3699 cm−1 character-
izing the O–H stretching vibration of monomeric form of 
Mg(OH)2 (Bakovic et al. 2006).

Table 1   Results of chemical analysis of native and amended LS sub-
samples

Analysis Native LS Amended LS

Magnesia Gama Magnesia-1 Magnesia-2 Gama-1

wt/wt %

H2O 0.97% 0.27% 0.50% 0.65% 0.42%
Ca 39.40% 39.50% 39.30% 39.40% 39.50%
SO4 0.08% 0.47% 0.08% 0.08% 0.42%
Purity 98.38% 98.66% 98.30% 98.40% 98.62%
SiO2 0.18% 0.47% 0.18% 0.17% 0.42%
P 0.04% 0.04% 0.04% 0.04% 0.04%
Na 0.02% 0.01% 0.01% 0.01% 0.01%

mg kg−1

Fe 130 40 129 127 37
Al 360 110 350 345 105
Mg 110 170 400 830 440
Cl 610 61 58 63 57
N 187 142 206 220 163
COD 220 65 220 218 61
F 71 58 69 65 53
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Figure 3 spectrum of the native and amended LS follow-
ing F− adsorption show that there were no major changes 
on native LS, while Magnesia-1 LS subsample shows that 
the particles surface functional groups significantly changed 
after the F− adsorption. This indicates a chemical process 
to had taken place as evidenced by significant band shifting 
and certain peak intensity due to the F− adsorption. Fur-
thermore, additional peaks appeared in the high spectrum 
range 3200–3900 cm−1. The appearance of these peaks may 
have indicated a formation of various oxides, and thus, may 
reflect the complexity and heterogeneity of the adsorbing 
surface sites (Focke et al. 2009; Markovic et al. 2009). A 
new peak of 564.17 cm−1 was gradually formed. This new 
peak can be assigned to the Mg–F stretching vibration, indi-
cating the formation of MgF2 during the adsorption process 
(Jin et al. 2016). The results of FTIR confirmed the presence 
of a ligand exchange of surface –OH by F−. The 1420 cm−1 
peak was shifted to 1387 cm−1. These peaks belonged to 
the surface carbonate groups of native LS. The former shift 

suggested that the ligand exchange had also taken place 
between carbonate groups and F− (Zhang and Jia 2018; Yu 
et al. 2018).

Furthermore, pH measurements for F− solutions at equi-
librium was done after solid separation; and found that for 
native LS the pH remains constant at 8.22, which is the same 
pH value when water is in equilibrium with both CO2 form 
the atmosphere and carbonate containing rock, while for 
amended LS (Magnesia-2) pH increased to 8.78 confirm-
ing OH− release into the solution due to ligand exchange of 
surface-OH by F−.

Surface area measurement

Results of surface area measurements for Magnesia and 
Magnesia-1 LS subsamples were similar (2.10 m2 g−1) 
the corresponding pore volume was 5.10 × 10–3  cc g−1. 
The respective results for Gama LS were 1.83 m2 g−1 and 
4.15 × 10–3 cc g−1. The relatively low surface areas were 

Fig. 1   Results of X-Ray fluo-
rescence for Magnesia-1 LS 
subsample

Fig. 2   Results of the FTIR analysis for a Magnesia, b Magnesia-1 LS subsamples
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Fig. 3   FTIR spectrum for a Magnesia-1 b Magnesia LS following the F− adsorption

Fig. 4   Scanning electron micro-
graphs a Magnesia b Magne-
sia-1 LS subsamples
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close to some values reported in literature (Bang et al. 2012; 
Liu and Yang 2015).

Scanning electron microscopy

Pictures of SEM of Magnesia and Magnesia-1 LS subsam-
ples are shown in (Fig. 4a, b). Both figures show irregularly 
shaped particles with surface agglomerates of smaller par-
ticle sizes adhered to larger particles. There was no major 
difference in surface morphology of all samples. This was 

probably due to the relatively low suspension concentration 
and the rapid solid precipitation of Mg(OH)2. These results 
were different from these of Jain and Jayaram (2009) which 
showed new aluminum hydroxide fibers that agglomerated 
the LS particles.

Characterization of Wadi Al‑Yutum groundwater

Water samples from Wadi Al-Yutum wells were collected 
after flushing the pumps discharging line. Selected chemi-
cal and physical parameters were analyzed as shown in 
(Table 2). Results of the analysis showed slightly alka-
line pH, predominance of SO4

−2, Cl− and Na+ ions, low 
PO4

−3 concentration and slightly high TDS, but lower than 
the WHO recommended maximum permissible level of 
1,000 mg L−1(WHO 2008). A relatively high F− concentra-
tion exceeding the allowable limit of 1.5 mg L−1 was also 
reported.

Fluoride adsorption kinetics

Kinetics of F− adsorption onto the native and amended 
LS subsamples are shown in (Fig. 5). Most of soluble 
F− was removed from the aqueous phase within the first 
60 min, but adsorption equilibrium was obtained after 
72 h. The observed decreasing adsorption rate may have 
been due to the decreasing available sites for F− adsorp-
tion with time. The Figure also shows that native and 
amended LS subsamples had different adsorption kinet-
ics at the same experimental conditions. The maximum 
F− adsorption corresponded to Magnesia-2 subsample. In 

Table 2   Chemical analysis for Wadi Al-Yutum groundwater used in 
the study

Analysis Value

Density(g ml−1) 1.0
pH 7.7
Conductivity (µS cm−1) 917.0
Turbidity (NTU) 0.3
mg L−1

F− 1.8
K+ 2.3
NO3

− 22.0
Ca+2 74.0
SO4

−2 120.0
Na+ 130.0
TDS 642.0
Cl− 230.0
Mg+2 26.0
PO4

−3 0.1
Total hardness as CaCO3 292.0

Fig. 5   Experimental F− adsorp-
tion kinetics onto a native b 
amended LS subsamples
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Table 3   Improvement on LS 
adsorption capacity due to 
adding OH functional group to 
LS surface

% improvement on adsorption 
capacity

Source

Al(OH)3-Impregnated LS 1.95 Jain and 
Jayaram, 
2009

Mg(OH)2-amended LS-single OH strength 2.94 This work
Mg(OH)2-amended LS -double OH strength 4.5 This work
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such a case, adsorption was 72% of the maximum capac-
ity as compared to 16% for the native Magnesia and 47% 
for Magnesia-1 subsample.

Comparison for improvement on LS adsorption capac-
ity due to addition of OH functional group from two dif-
ferent sources is presented in (Table 3). Results show 
higher improvement for Mg(OH)2-ammended LS com-
pared with Al(OH)3-modified LS. Additionally, this Ca 
and Mg-based adsorbent are nontoxic which eliminate 
threats of elevated Al concentrations in treated water.

The rate at which adsorption takes place is an impor-
tant factor in designing any adsorption system (Worch 
2012). In this study, results of F− adsorption were tested 
against first-order and second-order kinetics, intra-parti-
cle diffusion, and Elovich models.

Determination of the best-fit kinetic model is usually 
carried out through analysis of the correlation coefficient 
(R2) or the variance about the mean:

where qm is a constant obtained from the kinetic model, qe is 
the equilibrium capacity obtained from experimental data, 
and qe,avg is the average of qe. The coefficient of determina-
tion R2 is based on the linear forms of the kinetic equa-
tions, but does not represent the errors in the kinetic curves. 
Although efficient, this indicator is limited to solving kinetic 
models of a linear form. Therefore, in this work three dif-
ferent error functions were employed to examine the best-fit 
model, i.e., the sum of square errors (SSEs), standard devia-
tion of relative errors (SDs), and residual root mean square 
error (RMSE).

where qe,expt and qe,cal are the experimental and the corre-
sponding model-calculated values, respectively. If theoreti-
cal data were close to the respective experimental data then 
SSE, RMSE, and SD would have been small numbers.

(2)R2 =

∑�
qm − qe,avg

�2
∑�

qm − qe,avg
�2

+
∑�

qm − qe
�2

(3)SSE =
∑ (

qe,expt − qe,cal
)2

qe,expt

(4)RMSE =

√√√√ 1

n − 2

n∑
i=1

(
qe,exp − qe,cal

)2

(5)S.D.(%) = 100 ×

⎧⎪⎨⎪⎩

∑�
1 −

�
qt,cal∕qt,exp

��2
N

⎫⎪⎬⎪⎭

1∕2

First‑order model

Fluoride adsorption (qe, mg g−1) can be calculated as:

where qe is the amount of ions adsorbed in (mg g−1), Cο 
and Ce are the initial and equilibrium F− concentrations (mg 
L−1); m is the mass (g) of the adsorbent, and V is the volume 
of the solution (L). This can linearly be written as:

where K1 is the adsorption rate constant, qe, and qt are 
the amounts of adsorption at equilibrium and at time "t", 
respectively.

Adsorption results are shown in (Table 4). The coef-
ficients of correlation were low and the error functions; 
SSE, RMSE, and especially SD were high and, thus, indi-
cating that F− adsorption did not conform to the first order 
model. This poor fitting of first order model to F− adsorp-
tion data using native and amended LS indicates that the 
reaction is not inclined toward physisorption. First-order 
reaction is a reaction that proceeds at a rate that depends 
linearly on only one reactant concentration. Similar results 
of poor fitting of first order kinetic model to F− adsorp-
tion onto calcite, quartz and fluorspar has been reported 
in literature (Fan et al. 2003).

Second‑order model

The second-order kinetic is based on the assumption that 
adsorption is the rate limiting step:

The rate parameter K2 (g mg−1 min−1) and qe can be 
directly obtained from the intercept and slope of the plot 
of t/ qt vs t (Fig. 6).

Second-order model was fit to the experimental data 
with high correlation coefficient (R2 > 0.99) for all LS 
subsamples. This indicates that a chemical reaction was 
significant in that rate-controlling step. Similar results of 
F− adsorption onto various adsorbents were reported by 
Nie et al. (2012). Here, adsorbed F− formed a covalent 
chemical bond with calcium and magnesium replacing the 
functional groups on the adsorbent surface, where mag-
nesium forms octahedral structure, while calcium forms 
tetrahedral structure (Graef and McHenry 2007). There-
fore, adsorption is highly selective (ligand exchange) and 

(6)qe =

(
C
◦
− Ce

)
VL

mA

(7)log(qe − qt) = log qe −
K1

2.303
t

(8)
t

qt
=

1

K2q
2
e

+
t

qe
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occurs only when chemically active surface sites are both 
numerous and available to the adsorbate chemical species.

Since no single Mg(OH)2 solid phase was detected during 
the LS amendment with Mg(OH)2, the most likely increase 
in F− adsorption onto OH-amended LS subsamples was due 

to adsorption onto the surface of Mg(OH)2-coated LS par-
ticles. Surfaces of the Mg(OH)2-amended LS subsamples 
were expected to become enriched with –OH functional 
groups as indicated by the FTIR and XRF results, and 
thus, ligand exchange is expected to have been the primary 

Table 4   Statistical parameters 
of kinetic models and their 
respective standard Error

Kinetic model Parameter Native LS Amended LS

Magnesia Gama Magnesia-1 Magnesia-2 Gama-1

First order qe (mg g−1) 0.0051 0.0101 0.0246 0.0287 0.0161
K1(mg g−1 min−1) 0.0009 0.0007 0.0012 0.0014 0.0007
R2 0.755 0.846 0.930 0.911 0.749
RMSE 0.012 0.010 0.024 0.047 0.028
SSE 0.094 0.072 0.168 0.347 0.221
%SD 89.0 83.0 79.0 84.0 87.0

Second order qe (mg g−1) 0.016 0.019 0.048 0.074 0.042
K2(g min−1 mg−1) 1.755 0.667 0.297 0.417 0.478
R2 0.999 0.997 0.998 0.999 0.997
RMSE 0.004 0.003 0.009 0.011 0.010
SSE 0.011 0.010 0.029 0.026 0.035
%SD 33.0 36.0 37.0 26.0 37.0

Elovich a (mg g−1 min−1) 22.15 0.01 0.06 1.35 72.63
β (g mg−1) 0.0009 0.0019 0.0040 0.0050 0.0020
R2 0.998 0.998 0.991 0.983 0.974
RMSE 0.0002 0.0002 0.0022 0.0050 0.0025
SSE 2.E-05 3.E-05 1.E-03 3.E-03 1.E-03
%SD 1.0 2.0 6.0 8.0 6.0

Intra-particle diffusion c(mg g−1) 0.0095 0.0073 0.0195 0.0380 0.0224
Kid (mg/g min1/2) 0.0001 0.0002 0.0005 0.0010 0.0004
R2 0.432 0.740 0.712 0.550 0.506
RMSE 0.0020 0.0019 0.0041 0.0126 0.0040
SSE 0.0026 0.0023 0.0045 0.0200 0.0044
%SD 15.0 14.0 12.0 18.0 12.0

Fig. 6   Second-order lineariza-
tion for F− adsorption onto a 
Magnesia b Gama c Magnesia-1 
d Gama-1 LS subsamples
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adsorption mechanism (Art et al. 2020). Dissociation of 
Mg(OH)2 produces OH− which is similar in charge and ionic 
radius to F−:

Possibility of MF (M is Ca or Mg ions) formations 
through ligand exchange was also reported by Rai et al. 
(2000):

This possibility was also supported by the FTIR results 
for the amended LS which showed significant changes fol-
lowing adsorption with multi peaks and band shifting in 
the high spectrum range (3200–3900 cm−1) characterizing 
the O–H stretching vibration of Mg(OH)2. In addition to 
the formation of the new peak at 564.17 cm−1 which can 
be assigned to the Mg-F stretching vibration. Some other 
research groups have considered this innovative approach 
and have univocally found out that vigorously homogenizing 
the experimental systems yields reproducible and relevant 
results for ion/ligand exchange mechanism (Devi et al. 2012; 
Margandan et al. 2014; Chigondo et al. 2018; Yu et al. 2018; 
Lee et al. 2017).

Possibility of LS-CO3 ligand exchange with F− was also 
supported by the FTIR results. Such exchange was reported 
by Yu et al. (2018) for surface-CO3 of MgCO3:

Here, Mg2+ cations could co-precipitate with the hex-
agonal calcite crystal but in octahedral coordination with 
oxygen to form CaCO3 solid phase solution (Morse et al. 
2007; Smyth 1997). The well fit of the adsorption data for 
native LS (R2 > 0.99) to second-order model can further sup-
port the ligand exchange hypothesis.

Intra‑particle diffusion model

Intra-particle diffusion rate model assumes that the overall 
adsorption rate is controlled by the internal diffusion of the 
adsorbate:

where c is a constant related to the thickness of the bound-
ary layer (mg g−1) and Kid is the intra-particle diffusion rate 
(mg g−1 min−1/2).

The calculated correlation coefficients for all adsor-
bents were low (0.4–0.7), i.e., experimental data did not fit 
to the model, despite the relatively low values of the error 
functions. In this regard, the model parameters essentially 

(9)Mg(OH)2(S) → Mg+2 + 2OH− Ksp = 1.5 × 10−11

(10)CaCO3(S) → Ca+2 + CO−2
3

Ksp = 3 × 10−9

(11)MOH + F− → MF + OH−

(12)MgCO3 + 2F− → MgF2 + CO−2
3

(13)qt = Kidt
1∕2 + c

depend on physical features of adsorbents, e.g., adsorbate 
diffusivity and adsorbent internal structure (Chakrapni et al. 
2010). The surrounding operational conditions play minor 
role in the data conformity to the model. Rate constant val-
ues for native LS were very low as compared to the amended 
LS subsamples. Similarly, the "c" values were low, and thus, 
implied low-boundary layer effect. The highest value was 
reported for Magnesia-2 to be, followed by Magnesia-1 and 
Gama-1 LS subsamples as shown in (Table 4). Fitting results 
of intra-particle diffusion model confirm that F− adsorption 
on native and amended LS was not limited by a diffusion 
step, but rather was affected by concentration of the reactants 
as earlier suggestion.

Elovich model

One of the most useful models describing chemical adsorp-
tion is the Elovich model (Wu et al. 2009):

where a (mg g−1 min−1) is the initial adsorption rate and 
the parameter β (g mg−1) is related to the extent of surface 
coverage by the adsorbate and required activation energy 
for the adsorption.

The plot of qt against ln(t) produces the linear form. The 
results of adsorption kinetics conformed to the linear form 
of the above equation (Fig. 7) with low error functions and 
high correlation coefficient. The model implies that the most 
energetic sites will be occupied first. The model parameters; 
a and β were calculated and presented in (Table 4) which 
shows that the maximum “β” value 5.0 × 10–3 g mg−1 was 
that of Magnesia-2 LS subsample which also showed the 
maximum adsorption capacity compared to the value of 
9.0 × 10–4 g mg−1 for Magnesia LS subsample.

Good fitting of experimental data to Elovich model is 
another evidence that the mechanism of F− removal was a 
substitution of -OH by F− on the amended LS surface. Both 
F− and OH− are isoelectronic and the ability of the former 
to coordinate with Ca2+ and Mg2+ ions is relatively higher 
than that with OH−, supporting the possibility of ligand 
exchange at the surface of amended LS (Jin et al. 2016; Art 
et al. 2020).

Fluoride adsorption from Wadi Al‑Yutum water

The background matrix effect of Wadi Al-Yutum well 
water on F− adsorption can be envisaged as a result of 
potential competition of certain ions with F− for the 
exchange sites. Fluoride adsorption kinetics from that 
water with 1.84 mg F− L−1 were examined. Native and 
amended subsamples of both Magnesia and Gama were 
employed as adsorbents (Fig. 8). The results indicated 

(14)qt = � ln(ab) + � ln(t)
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a significant increase in F−adsorption onto Magnesia-2 
within the first 10-min reaction. Native Magnesia LS sub-
sample required 72 h to reduce F− equilibrium concentra-
tion to 1.35 mg L−1. Subsequently, maximum adsorption 
decreased in the order of Magnesia-2 (14 µg g−1), Magne-
sia-1(10 µg g−1) and Magnesia LS (5 µg g−1).

Fluoride adsorption efficiency (E) from the well and 
synthetic solutions is presented in (Table 5). The "E" was 
calculated as:

where, Co and Ce are initial and equilibr ium 
F− concentrations.

Fluoride adsorption efficiency values presented in 
(Table 5) shows that adsorption of F− from the well water 
was not affected by the background ionic strength. How-
ever, F− adsorption efficiency from the well water was even 
slightly higher than that from the synthetic solution. This 
slight increase may be due to faster adsorption from dilute 
solutions, as less F− ions migrate to the adsorption sites in 
contrast to solutions with higher concentration. The high 
chloride concentration in the well water may have caused 
an increase in the repulsion forces which increasing F− ions 
uptake (Chigondo et al. 2018). To the contrary, negligible 
effect of the coexisting ions of Cl−, SO4

−2 and NO3
− on 

F− adsorption was reported in literature (Jin et al. 2016; 
Zhang and Jia 2018). Presence of HCO3

−, CO3
−2 and PO4

−3 
ions was reported to have adverse effect on F− removal, 
especially at high concentrations (Nde-Tchoupe et al. 2019; 
Lee et al. 2017). The greater the charge density of a given 
anion (charge/radius) the more likely the anion is attracted 
to the adsorbent surface and hence the more it interferes with 
F− ions adsorption. Concentration of PO4

−3 in the well water 
is low, and thus, the anticipated interference with F− adsorp-
tion would be minimal. The same observation could be 
applied on SO4

−2 which may further explain the minimal 
effect of the coexisting anions on F− adsorption.

Evaluation of kinetic models

Similar to the previous results, adsorption kinetics con-
formed only to second-order and Elovich models. The 

(15)E =

[
1 −

Ce

C
◦

]
∗ 100%

Fig. 7   Elovich linear plot of 
F−adsorption onto a Gama 
b Magnesia c Magnesia-2 d 
Gama-1 LS subsample
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Fig. 8   Experimental F−adsorption data using Wadi Al-Yutum 
groundwater

Table 5   Fluoride adsorption efficiency from Wadi Al-Yutum and F− 
solution

Source Native LS Amended LS

Magnesia Magnesia-1 Magnesia-2 Gama-1

Wadi Al-Yutum 27% 54% 77% 51%
F− solution 16% 47% 72% 42%
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results are presented in (Figs. 9 and 10). Improvement on 
F− adsorption due to the presence of Mg(OH)2 on LS sur-
face was very clear since adsorption capacity for Magnesia-1 
was nearly twice that for Magnesia LS, while Magnesia-2 
showed nearly triple the adsorption capacity of Magnesia 
LS.

Conclusion

Limestone samples from two different locations in Central 
Jordan were used adsorbents for F− removal from aque-
ous solutions. Adsorption was very rapid during the first 
60 min then leveled-off gradually to reach equilibrium 

after 72 h. The F−adsorption data were best fitted to sec-
ond-order and Elovich models, while did not fit to first 
order and intra-particle diffusion model. Adsorption of 
F− onto Mg(OH)2-amended LS subsamples was superior to 
native LS samples. The presence of the coating OH− func-
tional groups was hypothesized to form ligand exchange 
with F− ions from the solution. Adsorption of F− from 
Wadi Al-Yutum well water was not largely affected by 
the background ionic strength. However, LS amended 
subsamples were more effective in F− removal from that 
water to ≤1 mg L−1 within the first 10 min as compared to 
1.35 mg L−1 for native LS which required 72 h of continu-
ous shaking.

Fig. 9   Second-order lineariza-
tion for F− adsorption from 
Wadi Al-Yutum a Magnesia 
b Magnesia-1 c Magnesia-2 d 
Gama-1 LS subsamples
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Fig. 10   Elovich Equation 
Linearization for F− Adsorption 
from Wadi Al-Yutum a Magne-
sia b Magnesia-1 c Magnesia-2 
d Gama-1 LS subsamples
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