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AbstractCalcium precipitation induced by Acinetobacter sp. H12 can simultaneously remove F and Ca2+. Adsorp-
tion kinetics and isotherm studies showed that the defluoridation effect improved with the increase of temperature and
time. The equilibrium adsorption capacity of calcium precipitation was 7.43 mg g1 at the initial F concentration of
10 mg L1. Moreover, as the pH increased, the F adsorption capacity decreased and the Ca2+ removal rate gradually
increased. The adsorption process was highly fitted to the pseudo-second-order and the Freundlich isotherm. Adsorp-
tion thermodynamics analysis demonstrated that the adsorption process was a spontaneous endothermic reaction. The
activation adsorption energy was 2.81 kJ mol1 and the frequency coefficient was 10.88 h1. EEM, SEM, XPS. XRD
results indicated that the defluoridation mechanism may be due to adsorption and co-precipitation. The mechanism of
Ca2+ removal may be co-precipitation with F. It is worth-mentioning that calcium precipitation overcame the problem
of adding carbon sources and avoided the microbial safety risk in the effluent. Therefore, a new insight was proposed
for simultaneous remediation of Ca2+ and F from groundwater combining the biological and chemical method.
Keywords: Biomineralization, Defluoridation, Kinetics, MICP, Thermodynamics

INTRODUCTION

More than 50% of the global population uses groundwater for
drinking [1]. However, in many countries in Africa and Asia, the
fluoride (F) concentration in groundwater exceeds the permissible
limit (1.5 mg L1) of the World Health Organization [2,3]. Drink-
ing of groundwater with excessive F for a long period will dam-
age human health as well as lead to dental or skeletal fluorosis [4,5].
Excessive F would lead to alterations in tooth enamel, which causes
staining and pitting. More seriously, high levels of F may affect brain
and nerve cells [6]. Therefore, the removal of F from groundwa-
ter is indispensable in terms of environmental safety and human
health. The main methods to remove excessive F are adsorption,
coagulation/precipitation, electrodialysis, ion exchange, and reverse
osmosis [2,7]. The adsorption method, due to its mature technol-
ogy, convenient operation, low operating cost, and good adsorp-
tion effect, has been widely used for defluoridation [8,9,10]. In
addition, the precipitation method does not require any equipment
but also has a good defluoridation effect [11].

Calcium (Ca2+) is an alkaline earth metal widely found in natu-
ral and industrial water bodies. More than 97% of global runoff is
affected by the dissolution of CaCO3, resulting in water hardness
usually related to alkalinity in aquatic ecosystems [12]. Although
the amount of Ca2+ in drinking water does not pose any serious
health problems, it can cause scaling and make detergents and soaps
less effective at cleaning [13]. Common techniques for removing

Ca2+ from water consist of ion exchange, adsorption, and filtra-
tion [14]. Although these processes have simple operation, strong
absorption capacity, and easy manufacturing, they also cause many
problems, such as higher initial costs, excessive waste, and con-
sumption of hydropower [15]. Biological treatment processes, by
contrast, are considered eco-friendly and economical, which has
garnered growing research interest. The application of biological
methods to induce crystallization combined with chemical adsorp-
tion overcomes a wide variety of shortcomings in the traditional
process, which is greatly propitious for water remediation [16].

Biomineralization is the deposition of a mineral caused by envi-
ronmental chemical changes due to microbial activities [17]. It is a
common phenomenon in nature, inducing the formation of over
sixty different biominerals [18]. Biomineralization has been widely
concerned by experts in the field of chemistry, physics, biology,
materials, medicine, life science, and environment. Microbial induced
carbonate precipitation (MICP) is a biomineralization process that
is widely existing in nature [19]. MICP is the precipitation of cal-
cium carbonate owing to the existence of microorganisms and their
biochemical activity in a supersaturated solution [20,21]. First, micro-
organisms produce many carbonates when they consume organic
matter [22]. Secondly, because the microbial surface is negatively
charged and the Ca2+ is positively charged, much Ca2+ is accumu-
lated on the surface of the microbial cells [23]. They combine with
carbonate in a supersaturated solution to form calcium carbonate
[24]. Moreover, microorganisms have negatively charged carboxyl
groups, phosphates, and amines on their surface in combination
with Ca2+, which are favorable sites for nucleation of calcium car-
bonate [25].

Compared with the previous methods [26], the calcium precip-
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itation method we adopted combines adsorption and precipita-
tion. On the one hand, F adsorbs and removes by calcium pre-
cipitation. On the other hand, the combination of F and Ca2+ makes
the precipitation continue to grow, and Ca2+ is removed due to co-
precipitation. Microbes act as nucleation centers when they induce
calcium precipitation. Ca2+ is attracted by the negative charges sur-
rounding the microorganisms and combines with other ions in
the water to form a precipitate. Therefore, calcium precipitation, as
a kind of adsorbent and seed crystal, will continue growth through
co-precipitate and adsorb [27].

Acinetobacter sp. H12 was used to induce calcium precipitation
and effectively removed F and Ca2+ in contaminated water. Cal-
cium precipitation is a seed crystal for biologically induced synthe-
sis. The biggest advantage is that calcium precipitation overcomes
the problem of adding carbon sources in underground water treat-
ment and reduces the risk of excess water organisms. Compared
with other methods, it has the advantages of green environmental
protection, simplicity and practicality, and remarkable effects. In
this study, calcium carbonate precipitation caused by Acinetobacter
sp. H12 was collected in the early stage of nucleation. The calcium
precipitation removes F and Ca2+ through MICP. The adsorption
kinetics model of F was established by using the pseudo-first-
order and pseudo-second-order rate equations. Thermodynamic
parameters were obtained through adsorption isotherm experiments
and thermodynamic experiments to define the type of adsorp-
tion. The effect of pH on the simultaneous removal of F and Ca2+

was also discussed. The fluorescence excitation-emission matrix
spectra (EEM), scanning electron microscopy (SEM), X-ray pho-
toelectron spectroscopy (XPS), and X-ray diffraction (XRD) were
used to study the characterization and removal mechanism.

MATERIALS AND METHODS

1. Culture Medium Preparation
The sources of biomineralized bacteria H12 were the rock sur-

face sediment from Qu Jiang artificial lake, Shaanxi Province, China
[28]. According to our previous research, strain H12 can induce
calcium precipitation and remove nitrate through aerobic denitrifi-
cation.

The basic medium (BM) used in this investigation comprised
the following reagents: C4H4Na2O4·6H2O (0.5 g L1), NaNO3 (0.1 g
L1), KH2PO4 (0.05 g L1), MgSO4·7H2O (0.05 g L1), CaCl2 (0.5 g
L1) [29]. Sodium fluoride (NaF) was added to distilled water to
make a concentrated F stock solution of 1 mg mL1. The F-free
BM was sterilized at 121 oC in an autoclave for 30 minutes. F

stock solution was added to BM, cooled to 26 oC and initial pH
was adjusted to 7. Then, a 200 mL conical flask containing strain
H12 and 150 mL of medium was cultured in a constant tempera-
ture incubator. During the whole experiment, the reactor tempera-
ture was kept at 30 oC under aerobic conditions and the rotation
speed was 145 rpm [30].

The solution was incubated at 30 oC for calcium precipitation
for 36 to 48 hours. The removed precipitate was separated at 8,000
rpm through a centrifuge and washed with deionized water. Pow-
der samples were obtained after drying for 24 hours at 50 oC in an
oven [31].

2. Fluoride Adsorption Kinetics and Isotherm Experiments
The kinetics of the adsorption process can be fitted with many

models, such as pseudo-first-order kinetics models and pseudo-
second-order kinetic models [5,10,32]. The adsorption isotherm
can be used to describe the adsorption equilibrium of F. The ad-
sorption isotherm shows the relationship of equilibrium concen-
tration and adsorption capacity of F adsorbed by calcium precipi-
tation change with temperature [33]. The equations of kinetics and
isotherm models are presented in Table S1.
3. Fluoride Adsorption Thermodynamics Experiments

According to the van’t Hoff equation, Eqs. (1), (2), and (3) can
be used to obtain the change in Gibbs free energy (G), change in
enthalpy (H), and change in entropy (S), respectively, during the
adsorption process [34-36]. Adsorption type is determined through
these thermodynamic parameters. Moreover, the Arrhenius equa-
tion (Eq. (4)) can determine the activation energy and the adsorp-
tion rate constant of the process.

G=RTln K (1)

G=HTS (2)

ln K=(H/RT)+(S/R) (3)

ln K=ln AEa/RT (4)

where, T is the temperature, K is the equilibrium adsorption con-
stant, R is the universal gas constant, A is the frequency factor (h1)
and Ea is the activation energy (kJ mol1).
4. Characterization and Analysis Methods

Calcium precipitation was characterized through centrifugal
separation experiments of biological precipitation at different stages.
Zeta potential was recorded using a Zeta size instrument (Nano
ZS90, Malvern, UK) at pH of 6.0, 7.0, 8.0. Biological precipitates in
the F-free group and the F-added group were analyzed by SEM
(JSM-6510LV, Japan JEOL), XPS (Kratos AXIS Ultra, UK), XRD
(Rigaku, Japan), and EEM during MICP measured by F-7000 flu-
orescence spectrophotometer (Hitachi Co., Japan).

The concentration of F and Ca2+ was measured by fluoride elec-
trode (PXSJ-216F, Shanghai, China) and flame atomic absorption
spectrometry (ICP-1100, Thermo, USA). The pH values of the sam-
ples were determined by pH meter (HQ11d, HACH, USA). The
adsorption efficiency (%) was calculated by (Q0Qn)/Q0, where Q0

and Qn were the initial and final adsorption concentration (mg g1)
[11].

RESULTS AND DISCUSSION

1. Formation and Removal Capacity of Calcium Precipitation
As we know, MICP is a type of biomineralization. According to

our previous research, strain H12 has the ability of MICP [27]. The
strain H12 was added into the BM and cultured at 30 oC under
aerobic conditions. The solution gradually produced calcium pre-
cipitate under the action of MICP. Calcium precipitation cultured
for 36-48 hours was taken out and added into a supersaturated
solution containing F. The 1.0 g L1 calcium precipitation species
was put into the actual groundwater containing F (actual ground-
water was taken from Guodu Town, Chang’an District, Shaanxi
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Province, China). The concentration of F was 3 mg L1 and Ca2+

was 180 mg L1. After the shock test at 48 h, 30 oC and 145 rpm,
the residual concentrations of F and Ca2+ (Fig. 1(a)) seemed that
the calcium precipitation induced by strain H12 obtained at 36 h
had the best effect, where the residual concentrations of F and
Ca2+ were 0.76 and 87.14 mg L1, respectively.

The results illustrated that F was adsorbed and removed by the
calcium precipitation obtained after 36h, and the Ca2+ was removed
simultaneously in the supersaturated medium containing F induced
by strain H12. The process of biomineralization is generally regarded
as the principle of crystal nucleation [37]. First, the negative charge
on the surface of microorganisms attracts Ca2+ in the water. More-
over, the metabolism of microorganisms may cause variation in
the alkalinity of water, leading to increased CO3

2 and OH con-
centrations. Finally, CO3

2 and OH will combine with Ca2+ on the
surface of the microorganisms to form a precipitate [26]. Nucle-
ation, the first step of the crystallization process, is also the most
critical, which will affect many important characteristics of the
crystal. The bacteria are taken as the core to produce the crystal
nucleus, that is, the calcium precipitation, exhibiting loose and
porous properties in the early stages of nucleation [38]. With the
increase of culture time, the biomass was gradually enriched, a

larger adsorption capacity and more adsorption sites were also
created. Compared with the 48-hour biological precipitation, there
were more sites that did not bind with calcium ions, which was
more conducive to the subsequent removal of F and Ca2+ in the
water. Zhu [39] proved that the efficiency of microorganisms to
induce calcium precipitation is 2.6 times higher than that under
non-biological conditions. In addition, the calcium precipitate induced
by microorganisms is larger than that produced under abiotic con-
ditions. In summary, the calcium precipitation induced by strain
H12 has the characteristics of large yield and high speed. Since
calcium precipitation has more nucleation sites in the early stage
of nucleation, it may have a strong ability to remove F and Ca2+.

The change in adsorption capacity of calcium precipitation under
different initial F concentration with time is shown in Fig. 1(b).
The adsorption process of F by calcium precipitation can be divided
into rapid adsorption, slow adsorption, and equilibrium phase.
The adsorption rate of adsorbent in the first 4 h was very high,
and the adsorption amount reached about 50% of the equilib-
rium adsorption amount. The adsorption rate decreased after 4 h.
After 24 h, little change in the adsorption capacity was observed
and then reached equilibrium. The early rapid adsorption may be
due to the larger concentration differences and more available

Fig. 1. Removal capacity in calcium precipitation prepared at different times (a); the change of adsorption capacity at initial F concentra-
tion (b); removal effect of different pH values on F (c) and Ca2+ (d).
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adsorption sites. As the reaction time increased, the concentration
differences in the solution and the nucleation sites of calcium pre-
cipitation gradually decreased. The later adsorption process gradu-
ally became slower, which may be due to physical adsorption mainly
occurring in the initial stage [32]. After physical adsorption, a chem-
ical adsorption process such as ion exchange may occur to achieve
further removal of F. In summary, the increase in initial F con-
centration can accelerate the adsorption rate. After the rapid adsorp-
tion phase is completed, the rate slows until adsorption equilibrium.

We speculate that calcium precipitation can remove fluoride in
two ways: (i) F are adsorbed by calcium precipitation, and (ii) F

are co-precipitated with Ca2+. As mentioned, calcium precipita-
tion retains the characteristics of seed crystal and can continue to
induce precipitation while adsorbing. Therefore, it is possible that
the removal of F is inseparable from these two methods. More-
over, after calcium precipitation treatment, the groundwater can be
quickly removed by filtration and the risk of effluent organisms
can be reduced.
2. Effect of pH Value on the Removal of F and Ca2+

The F removal effects of different pH on calcium precipitation
in water are shown in Fig. 1(c). The adsorption capacity of F to
calcium precipitation decreased with the increasing pH. The maxi-
mum adsorption capacity was 5.22 mg g1 when the pH value was
6. In acidic media, the surface of calcium precipitation is highly
protonated and has a positive charge. Therefore, the positively
charged calcium precipitate on the surface may more easily absorb
F. The content of OH increased with increasing the solution pH.
Although F has more affinity than OH, when the OH concen-
tration is high, OH and F have strong competition for adsorptive
sites, and the removal rate of F decreases. The adsorption capac-
ity of calcium precipitation decreased due to the presence of OH

at higher pH, the F became highly electronegative and repelled
negatively charged OH [40].

Fig. 1(d) shows that the Ca2+ removal rate gradually increased
as the pH value increased from 6.0 to 9.0. When the pH was 9.0,
the maximum removal ratio was 61.11%. The Ca2+ concentration
decreased from the initial 180 to 70 mg L1. The results illustrated
that the alkaline environment was favorable for Ca2+ removal.
Compared with acidic conditions, Ca2+ has lower solubility under
alkaline conditions. When the pH was high, it favored the HCO3



in the solution to convert to CO3
2 and thus combine with Ca2+ to

form precipitation [41]. Most calcite will be precipitated under the
alkaline condition of pH 8.7-9.5 [42]. However, the carbonate dis-
solves rather than precipitates at a low pH. Thus, acidic condi-
tions are not conducive to the growth of calcium precipitation. In
summary, the Ca2+ removal rate increases with the increasing pH.

It can be seen from the Fig. S1 that the zeta potentials of the
calcium precipitation have negative charges under different pH con-
ditions, creating an environment of attracting calcium ions contin-
ually. New crystals were formed on the surface of calcium preci-
pitation, which also produced greater adsorption capacity and
more adsorption sites. Thus, it can be considered that the zeta poten-
tial of the calcium precipitation is nearly independent on defluori-
dation. Consistent with the previously described conclusion, the
removal of fluoride is more based on chemical adsorption rather
than electrostatic attraction. Meanwhile, crystals also promote co-

precipitation of calcium and fluorine.
3. Fluorescence Spectroscopy During MICP

The degree of biological metabolism was measured by exci-

Fig. 2. Excitation-emission matrix spectra of the samples at 6 (a),
12 (b), and 24 h (c).
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tation-emission matrix fluorescence spectrometry (Fig. 2). The EEM
spectrum was delineated into four regions. Region I (EX <250 nm,
EM <380 nm), Region II (EX <250 nm, EM >380 nm), Region III
(EX 250-280 nm, EM <380 nm), and Region IV (EX >280 nm,
EM >380 nm) are related to simple aromatic proteins, soluble
microbial by-products, fulvic acid-like, and humic acid-like sub-
stances, respectively [29]. The concentration of fluorescent sub-
stances is usually qualitatively analyzed by fluorescence peak intensity
(FI). The peak area increases when fluorescent substances are more.
The two peaks in Fig. 2 represent aromatic protein and trypto-
phan protein [29]. The metabolites produced by strain H12 con-
tain carboxyl, phosphate, and hydroxyl groups. These negatively
charged groups provide more nucleation sites which generate ex-
change sites, providing adsorption capacity [43]. We can see that
the peak area increases with time. In conclusion, it demonstrated
that the MICP based on denitrifying bacteria requires a certain reac-
tion time to produce metabolites which serve as nucleation sites
during the adsorption process. These findings suggested that the
biological metabolism of H12 strain plays a crucial role in the
simultaneous removal of F and Ca2+ [27].
4. Mechanistic Analysis of Bio-precipitation

Fig. 3 describes the surface morphology changes of calcium
precipitation. The surface morphology of biological precipitate was
collected before and after the adsorption and characterized by
SEM. As shown in Fig. 3(a), the bacteria was covered on the cal-
cium precipitation. Fig. 3(b) shows that the calcium precipitation
coating bacteria added to the water containing F and Ca2+ and it
can be seen that the precipitation increased obviously. With the
adhesion of F and Ca2+ on the surface of calcium precipitation,
the aggregates formed changed significantly. In Fig. 3(a), the sur-
face morphology of calcium precipitation is loose and porous. Fig.
3(b) shows the aggregate and deposit in large amounts occurring
on the calcium precipitation surface after F adsorption. This is
consistent with previous study of Su et al. [27]. We demonstrate
that in the early stage of nucleation, the bacterial cell concentra-
tion is large and the calcium precipitation on the surface of the
bacteria does not completely enclose the entire bacterial cell, so the
calcium precipitation particles are fine and loose. This feature is
very advantageous for adsorption. It illustrates that the removal of

F and Ca2+ by calcium precipitation may be related to co-precipi-
tation after the adsorption process. This is also consistent with
some of the results of the adsorption kinetics (section 3.5).

The mechanism of calcium precipitation removal of F and
Ca2+ was studied using XPS and XRD. The XPS results of nonflu-
orinated and fluorinated are shown in Fig. 4(a) and (b), respec-
tively. In Fig. 4(b), the spectrum of F is visible where the distribution
peak value is 684.08 eV. A typical F1s peak in Fig. 4(b) but not in
Fig. 4(a) indicates that F was absorbed through the calcium pre-

Fig. 3. Scanning electron microscopy of formation of calcium precipitation (a), and calcium precipitation aggregation (b).

Fig. 4. XPS of precipitates without (a) and with (b) F loaded (All
surveys) and XRD of precipitates without (c) and with (d) F

loaded (All surveys).
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cipitation. At the same time, it can be observed that the typical
peak of Ca2+ at 350.08 eV heightened, which may indicate that the
Ca2+ content had increased. Moreover, Fig. 4(c) and Fig. 4(d) show
the XRD patterns of nonfluorinated and fluorinated sediments.
The peak spectrum was acquired by X-ray diffraction on the sur-
face of calcium precipitation. In Fig. 4((c) and (d)), the low-intensity
peak indicates poor mineral crystallinity; otherwise, the mineral
crystallinity is high in case [27]. In Fig. 4(c), typical peaks of CaCO3

and Ca5(PO4)3OH are visible. In Fig. 4(d), in addition to CaCO3

and Ca5(PO4)3OH, the typical peaks of Ca5(PO4)3F and CaF2 can
also be observed. The metabolic activity of bacteria H12 in cal-
cium precipitation changed the pH and CO3

2 concentration in the
environment, which indirectly affected the removal of F and Ca2+.
The existence of CaCO3 and Ca5(PO4)3OH may be the precipitated
components generated by calcium precipitation, which played a
role in the removal of Ca2+. The presence of CaF2 indicates that
the removal of F maybe due to the adsorption of Ca2+ on the sur-
face of the bacteria. The presence of Ca5(PO4)3F and CaF2 also
confirms that the adsorption process described here may include
chemical adsorption such as ion exchange. In Ca5(PO4)3OH, the
higher affinity of F may replace OH, causing chemical adsorp-
tion. According to our previous finding, four factors are associ-
ated with F removal mechanisms: (i) Ca2+ concentration, (ii) pH,
(iii) CO3

2 concentration, and (iv) the presence of nucleation sites
[27]. Bacterial metabolism affects the content of the last three sub-

stances in the environment. Negative groups in the EPS secreted
by bacteria can serve as nucleation sites [26] and bind to Ca2+ in a
supersaturated solution, which will continue to induce the forma-
tion of precipitate to achieve Ca2+ removal. The mechanism of
defluoridation is confirmed through EEM, SEM, XPS, and XRD.

According to the removal mechanism, strain H12 induced the
formation of calcium precipitation, which was removed at the ini-
tial stage of nucleation and then added into a supersaturated solu-
tion containing F. On the one hand, the loose and porous calcium
precipitates will adsorb F. On the other hand, Ca2+ and F in the
water co-precipitate to produce CaF2. Calcium precipitation, which
is an adsorbent for F, will continue to increase due to the appear-
ance of CaF2. Therefore, the mechanism of F removal was due to
adsorption and co-precipitation and the mechanism of Ca2+ removal
was by co-precipitation.
5. Adsorption Kinetics and Isotherm Analysis of F Removal

Fig. 5 shows that the fitting degree of the pseudo-second-order
kinetics model was higher than that of pseudo-first-order kinetics
model under different initial F concentration and pH conditions
(initial F concentration at 3, 5, and 10 mg·L1; pH at 6, 7, and 8;
temperature at 30 oC). The kinetics experimental data are presented
in Table 1. The correlation coefficient (R2) of the pseudo-second-
order kinetics model was greater than 0.99, indicating that the
adsorption and removal of F by calcium precipitation may be a
pseudo-second-order kinetics reaction [31]. The pseudo-second-

Fig. 5. Adsorption kinetics of fluoride by calcium precipitation: the pseudo-first-order kinetic model (a) the pseudo-second-order kinetic
model (b) with different initial fluorine concentrations; the pseudo-first-order kinetic model (c) the pseudo-second-order kinetic
model (d) with different initial pH.
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order kinetics model considers three different processes in the
adsorption process: (i) surface adsorption reaction, (ii) liquid film
diffusion, and (iii) internal diffusion, which can better describe the
entire adsorption process [10]. The larger the initial F concentra-
tion, the smaller the pseudo-second-order rate constant K2. This
may be ascribed to low concentration, as F has little competition
for adsorption sites on the adsorbent surface and the adsorption
rate is higher [44]. Although the concentration difference increases,
the adsorption constant K2 decreases. We illustrated that the in-
creased adsorption driving force due to the increased concentra-
tion may be weaker than the adsorption force at the adsorption
site. However, under the condition of high concentration, the ad-
sorption rate decreases due to the strong competition of adsorp-
tion sites on the adsorbent surface. This also demonstrated that
the F adsorption process may not be single physical adsorption,
and the rate-limiting step may be related to chemical adsorption
processes such as the exchange of electrons between the adsorbate
and the adsorbent [45]. This is also consistent with section 3.1. In
addition, the Qe of the adsorption process with the same initial F

concentration increases significantly with the decrease of pH in

the fitting of pseudo-second-order kinetics. This may be because
F compete with OH for adsorption sites on calcium precipitate.
F had a higher affinity than OH and the reaction occurred spon-
taneously.

Fig. 6((a) and (b)) show the adsorption isotherm of F by cal-
cium precipitation. The experimental data of adsorption isotherm
are presented in Table 2. The experimental results show that the
adsorption process was more consistent with the Freundlich iso-
therm model (R2>0.99) than the Langmuir isotherm model (R2<
0.99) (Table 2). The calculated value of Qm was quite different
from the actual one, which also proved that the Langmuir model
would not fit the process well. KA and Kf both showed an increas-
ing trend with the temperature increasing. It is possible that elevat-
ing the temperature increases the probability of molecular collisions
and enhances the adsorption rate. Meanwhile, the constants (n)
are all greater than 1 and increase with rising temperature, indicat-
ing that higher temperature favors the adsorption [9]. Langmuir
isothermal adsorption model states that there is no interaction
between adsorbents, so it can be concluded that adsorption activa-
tion energy, desorption activation energy, and adsorption heat are

Table 1. Calcium precipitation adsorption under different initial F concentrations and pH of dynamic parameters

Initial value
Pseudo-first-order Pseudo-second-order

k1 Qe R2 k2 Qe R2

F (mg L1)
03 0.1118 0.9766 0.9861 0.0657 3.1328 0.9996
05 0.1236 1.4068 0.9963 0.0449 4.8876 0.9991
10 0.1316 1.6997 0.9880 0.0434 7.4294 0.9988

pH
06 0.1232 1.2129 0.9742 0.0690 5.2165 0.9988
07 0.1236 1.4068 0.9963 0.0449 4.8876 0.9991
08 0.1064 0.7220 0.9320 0.0946 3.4423 0.9987

Fig. 6. Adsorption isotherm of fluoride by calcium precipitation: Langmuir isotherm model (a) and the Freundlich isotherm model (b); fit-
ting curve between ln k and 1/T according to Arrhenius equation(c).

Table 2. Calcium precipitation adsorption under different temperature of dynamic parameters

Temperature (oC)
Langmuir Freundlich

Qm KA R2 kf n R2

18 15.55 00.18 0.7876 2.73 1.16 0.9937
30 07.49 01.93 0.9555 4.25 2.35 0.9900
42 01.01 61.65 0.9864 6.11 3.81 0.9902
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independent of adsorption degree. In the real world, however,
adsorption molecules interact with each other. The Freundlich iso-
therm assumes that the adsorbent surface is heterogeneous and
the energy at each nucleation site is not uniform [34]. In fact, both
the adsorption activation energy and the desorption energy are
affected by the surface area covered by the adsorbent [46]. With
the increase of covered area, the adsorption activation energy also
increases. The desorption energy showed the opposite trend. There-
fore, the adsorption heat inevitably decreased with the increase of
the coverage rate [33]. Freundlich isotherms can be used for non-
ideal adsorption and multilayer adsorption on heterogeneous sur-
faces [32]. The nucleation sites on the surface of microorganisms
may be uneven, as is the calcium precipitation in the early stage of
nucleation. Therefore, the adsorption process of calcium precipita-
tion is not a single layer of uniform adsorption. The results of the
adsorption isotherm experiment were also in accord with the
principle of heterogeneous nucleation of biomineralization.

Based on this assumption, the empirical equation derived from
the Freundlich model is more in line with the actual situation. The
results of this experiment show that the adsorption process more
closely fitted the Freundlich model than the Langmuir model. The
increase in Kf fitted by the Freundlich model as the temperature
rose suggested that the adsorption might be an endothermic pro-
cess. The isothermal adsorption curves (Fig. 6(a) and (b)) at differ-
ent temperatures (18, 30, and 42 oC) clearly show that compared
with the lower temperature at the same equilibrium concentra-
tion, calcium precipitation at higher temperatures exhibits higher
F adsorption capacity. Therefore, the removal rate of F increased
as the temperature increased. Similarly, Gao et al. [47] also reached
the same conclusion.
6. Adsorption Thermodynamics Analysis of F Removal

According to the results of the thermodynamic experiment of
removing F, the thermodynamic parameters of the reaction at
different temperatures were also obtained. The data of G, H,
and S of adsorption are shown in Table 3. We can see that G is
negative and decreases with increasing temperature, indicating
that the adsorption process of the calcium precipitation to F is
spontaneous and the temperature rise is beneficial to the adsorp-
tion process. When H is greater than zero, the reaction is endo-
thermic, and exothermic at below zero. The total entropy increases
when the S is greater than zero and decreases when it is less than
zero. It can be seen (Table 3) that the changes in enthalpy and
entropy of the reaction are both greater than zero. H less than
40 kJ mol1 indicates that the process may include physical adsorp-
tion, which is also consistent with section 3.5. The results suggest
that the adsorption of F by calcium precipitation is an endother-
mic entropy reaction [48]. The results also provide a reasonable
explanation for adsorption isothermal experiments. This is consis-
tent with previous study of [47]. Moreover, S greater than zero

may mean that the randomness of the molecular motion at the
solid-liquid interface has increased [49]. Both H and S are greater
than 0, indicating that the entire adsorption process is not only
physical adsorption but also accompanied by a chemical adsorp-
tion process. This part also supported by the previous results [44].

The activation energy (Ea) and the frequency factor (A) of the
reaction could be calculated from the slope and intercept of the
Arrhenius equation, respectively (Fig. 6(c)). After obtaining the
activation energy and frequency factor, the reaction time required
at different temperatures after adsorption equilibrium can be ob-
tained by the Arrhenius equation. The experimental data show that
the activation adsorption energy is 2.81 kJ mol1 and the frequency
factor is 10.88 h1.

CONCLUSIONS

Calcium precipitation induced by strain H12 was found to play
an important role in the removal of F from water. Based on the
study, different initial concentrations, pH, and temperature affected
the removal ratio of F. The results demonstrated that the adsorp-
tion process highly conformed to pseudo-second-order. The ad-
sorption isotherm at different temperatures indicated that heating
would increase the adsorption capacity. According to the experi-
mental results, the activation energy (2.81 kJ mol1) and the fre-
quency factor (10.88 h1) were obtained by the Arrhenius equation.
The experimental data of adsorption thermodynamics illustrated
that the adsorption process was a spontaneous endothermic reac-
tion. By three-dimensional fluorescence analysis, it was found that
strain H12 could secrete EPS to change the solution environment
and provide nucleation sites. By XRD and XPS analysis, it could
be inferred that F adsorbed and co-precipitated via calcium pre-
cipitation. Based on these theoretical and experimental studies, the
calcium precipitation induced by strain H12 has great potential in
groundwater defluoridation.
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Table S1. The equations of kinetics and isotherms model
Model Equation Transformed
Pseudo-first-order dQt/dt=k1(QeQt) ln(QeQt)=Qek1t
Pseudo-second-order dQt/dt=k2(QeQt)2 t/Qt=(1/k2Qe

2)+(t/Qe)
Langmuir Qe=KAQmCe/(1+KACe) Ce/Qe=1/KAQm+Ce/Qm

Freundlich Qe=KfCe
n lnQe=lnKf +nlnCe

Qt: the solute adsorption amount per gram of adsorbent at time (t=h); Qe: the solute adsorption amount per gram of adsorbent under equi-
librium; K1, K2: adsorption rate constant.
Qm: the solute adsorption amount per gram of maximum adsorbent; Ce: the concentration of adsorbent in solution; KA: the Langmuir coeffi-
cient; Kf, n: Freundlich constants related to the adsorption intensity.

Fig. S1. Zeta potential of calcium precipitation at different pH.


