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Abstract—Anaerobic biosynthetic crystals (ANBC) were prepared based on microbially induced calcium precipita-
tion (MICP) and their potential explored for groundwater defluoridation and decalcification. The preparation condi-
tions of ANBC were optimized and the influence of key factors (initial fluoride ions (F~) concentration, pH, and initial
calcium ions (Ca®™) concentration) on the crystals was investigated. During the operation of the reactor, at pH of 7.0,
the hydraulic retention time (HRT) of 6 h, and Ca®* concentration of 180 mg L, a maximum removal efficiency reached
93.31%, while 66.20% of Ca** could be removed. The adsorption dynamics study showed that the adsorption of ANBC
was most in line with the pseudo-second-order model. The stability of ANBC operation was studied and failure reac-
tion showed that the crystals maintained a stable removal ability after 35 times of repeated use. Further studies found
that this was attributed to the continuous growth and synthesis of the crystals. The defluoridation and decalcification
mechanism was further explored by scanning electron microscopy (SEM), energy dispersive spectroscopy (EDS), and
X-ray diffraction spectra (XRD). This study innovatively proposes a method for biosynthesis of crystals under anaero-
bic conditions based on MICP, which can efficiently and stably remove F~ and Ca® in groundwater, providing a valu-

able strategy for groundwater contaminant remediation and energy saving.
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INTRODUCTION

The deterioration of groundwater quality is a global issue. Fluo-
ride (F") is one of the most commonly found contaminants in
groundwater in various regions of the world [1,2]. The issue of F-
pollution has received critical attention due to its potential harm to
human health and the environment [3]. In addition, the health risk
assessment showed that long-term drinking of high F~ contami-
nated water (>3.0mg L™) can pose a great threat to human health,
such as skeletal fluorosis, dyspnea, tachycardia, severe gastroenteri-
tis, and ventricular abnormalities, particularly in infants and chil-
dren [4,5]. Furthermore, over-exploitation of land caused by anth-
ropogenic activities increased F~ accumulation in groundwater [3].
The World Health Organization (WHO) has set 1.5mg L™ as the
allowable limit for F~ concentration in drinking water [6] and China
even stipulates that the value should not exceed 1.0 mg L. How-
ever, the studies about F~ levels in natural water worldwide have
shown an increasing trend in the concentration during the past 10
years [7]. Especially in Asia, the F~ concentration in groundwater
has gradually exceeded 5mg L™ in many regions [8]. Therefore, it
is urgent to find effective methods to deal with the problem of F-
pollution in groundwater.
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Various conventional techniques have been reported on the re-
moval of F~ in an aquatic environment, such as membrane, pre-
cipitation, and adsorption [9,10]. Among them, adsorption tech-
nology has been explored because of its high efficiency, simplicity,
and economic viability [11,12]. Previous studies have suggested that
adsorption technology has excellent performance in treating water
with low contaminant concentrations [13]. There is no doubt that
the application of this technology has great potential for the removal
of F~ at low concentration in groundwater. However, most of the
current adsorption materials used for F~ removal are complex to
synthesize and the raw materials used may be potentially toxic, which
is likely to cause secondary pollution to the environment [14,15].

Microbially induced calcium precipitation (MICP) is an environ-
ment-friendly technology that has been applied in the field of engi-
neering [16,17]. This technique relies on the metabolism of the
microbes by adjusting the physicochemical conditions of their envi-
ronment to precipitate certain types of biomineral [18,19]. In the
process of MICP, microorganisms serve as the nucleation sites and
attract calcium ions (Ca™) to their surfaces through the negatively
charged functional groups [20]. At the same time, CO? and HCO;
produced by microbial metabolism are released into the local envi-
ronment and these ions react with Ca* to form precipitates [21].
In addition, Extracellular polymeric substances (EPS) produced by
bacterial metabolism regulate crystal nucleation and promote the
aggregation of crystals [22]. However, the operating cost largely
restricts the application of this technology in real groundwater reme-
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diation.

It is feasible to use precursor products (biosynthetic crystals) of
MICP to repair groundwater [19]. As bioremediation, inducing
crystallization has obvious advantages [23]. This method breaks the
limitation of external organic matter, has a short reaction time, and
does not produce tiny precipitates that are difficult to remove [24].
Considering the economic cost, the synthesis of crystals under anaer-
obic conditions has more advantages such as no additional aeration
required, the process is simpler, and no other intervention is required,
which greatly reduces energy consumption [25]. However, the re-
search on anaerobic biosynthetic crystals (ANBC) is still quite limited
and their adsorption properties for F~ demand further exploration.
It is not clear whether it can be used as an ideal medium for F-
removal and has application potential in groundwater hardness.
Therefore, it is worthy to conduct an evaluation study on ANBC.

In this study, we focused on the potential of ANBC in ground-
water defluoridation and decalcification in an attempt to address
the economic constraints of the practical application of MICP. The
preparation conditions of the crystals were optimized, ANBC-based
reactors were established, and the removal efficiencies of F~ and
Ca’* under different hydraulic retention time (HRT), pH, and ini-
tial Ca”* concentration were explored. The adsorption kinetics ex-
periment was used to study the adsorption process of ANBC, the
long-term use performance of the crystals was explored, and its
application stability was analyzed. Furthermore, ANBC was char-
acterized by SEM, EDS, XRD, and its mechanism of action was
explored.

MATERIALS AND METHODS

1. Preparation of ANBC and Optimization of Preparation
Conditions

Cupriavidus sp. W12 has excellent autotrophic denitrification
capability that helps in biomineralization, which was used in crys-

tal synthesis in this study. ANBC was synthesized by culturing the
strain W12 in an anaerobic bottle containing a heterotrophic medium
(HM). Air tightened the cap and culture the anaerobic bottle in a
thermostatic incubator at 30 °C. After 24 hours, the vacuum pump
was used for filtration and the resulted precipitates were intercepted
on the filter paper. Finall, ANBC were obtained by drying in an
oven at 60 °C for 24 hours. The HM contains the following com-
ponents (per liter): 1.0g of CaCl, and C;H,Na,0,-6H,0, 0.2 g of
KH,PO, and NaNO;, 0.10 g of MgSO,-7H,0, and 2.0 mL of trace
elements solution [26]. The chemicals used were analytical grade
reagents, which were purchased from Aladdin Chemical Reagent
Co,, Ltd (China) and Tianjin Kemiou Chemical Reagent Co., Ltd
(China). Sterile F~ reserve solution (1.0 mg mL™") was prepared by
dissolving the solid NaF in sterilized distilled water to control the
initial F~ concentration.

To determine the optimum medium for crystals preparation, the
performance of crystals prepared under different concentrations of
F, Ca”™, PO;, and Mg’* was studied, which was measured every
two hours. The running effect of the crystals was determined under
the optimal concentration of various substances. Subsequent exper-
iments used crystals prepared at the concentration of optimal sub-
stances.

2. Adsorption Kinetics

Briefly, 1L of groundwater was added to the conical flask, fol-
lowed by 0.5 g of crystals and 0.5 g of CaCl, powder, and then 1.0
mg mL™' concentrated sterile NaF reserve solution was added to
adjust the F~ concentration to 1.0, 3.0, and 5.0 mg L', after which
the pH was adjusted to 7.0. The conical flasks were cultured stati-
cally at room temperature (25 °C) in an incubator. A total of eleven
samples were taken between 1 and 12 h to determine the removal
of F ions. All samples were tested in triplicates.

The values for different kinetic parameters were obtained via
pseudo-first-order (Eq. (1)), pseudo-second-order (Eq. (2)), Elovich
model (Eq. (3)) and intra-particle diffusion (Eq. (4)). The kinetic

Table 1. Different kinetic parameters of fluoride adsorption by crystal under different fluoride concentration (1.0, 3.0, and 5.0 mg L")

Kinetics Fluoride concentration (mg L")
. Parameters
equation 1 3 5
pseudo-First k12 (mgL™ 0.429 0.545 0.641
order R 0.944 0.928 0.917
Qop (Mg g ) 1.66 5.85 8.74
k, (g mg' min™") 0.504 0.307 0.314
Pseudo-Second R’ s 0.987 0.988 0.996
order 1
Qeca (Mg g™ 2.00 6.82 9.72
k, (g mg™" min®%) 0917 3.55 484
R} 0.983 0.960 0.978
Intra-Particle k, (g mg™' min®?%) 0.557 1.678 1.749
diffusion model R? 0.980 0.986 0.976
k; (g mg ™' min®%) 0.033 0.069 0.106
R} 0921 - ]
a(mg g™ min™) 1.94 8.76 23.61
Elovich model p(gmg™) 2.15 0.660 0.527
R’ 0.931 0.901 0.889
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model that best fitted the adsorption of the crystals was explored
by these values. The fitting parameter values are shown in Table 1.

In(q,—-q,)=Ing,—k;t m
t/q,=1/(kyq,) +1/q, @)
q.=In(ap)/ f+1Int/p 3)
q,=kt"’+C, @)

where q, and q; are the F adsorption quantities at equilibrium
and after the time (t; min), respectively (mg/g); ki, k,, k, o5 and g
represent the different kinetic rate constants; C; is a parameter used
to indicate the thickness of the boundary layer.
3. Reactor Operation

To explore the most suitable environment for crystals operation,
the research on the removal of Ca™ and F~ was carried out in a
reactor containing actual groundwater. The ANBC were added to
the reactor and the operation was divided into seven phases. The
effects of HRT (2h, 4h, and 6h), initial Ca** concentration (0.1,
03,and 0.5g L™ CaCl,), and pH (6.0, 7.0, and 8.0) on the removal
of F and Ca™ were investigated. The blank group was set as the
control with no addition of crystals and the experimental group
was loaded with the crystals.
4. Failure Response Analysis of ANBC

To evaluate the possibility of repeated recycling of materials, fail-
ure response analysis was carried out on the crystals. ANBC were
operated under F~ and Ca”" concentration of 4 and of 180.0m L™/,
respectively. Other conditions were HRT of 6h and pH=7. The
ANBC were run 35 times repeatedly and the changes in F~ and
Ca” were measured. In addition, the reactor was operated with-
out Ca”* under the same conditions to determine the removal effect.
To further study the failure reaction, the SEM characterization was
also performed for ANBC.
5. Analytical Techniques and Characterizations

The pH of the solution was measured with a pH meter (MM110,

HACH, USA), and the F~ concentration was determined with a F
detector equipped with a fluoride electrode (PXSJ-216F INESA,
China). The Ca®" concentration was measured with flame atomic
absorption spectrometry (ICP-1100, Thermo, USA) and the sur-
face configuration of the crystals was detected by SEM (JSM-5800,
JEOL, Japan). XRD (ultimate4, Rigaku, Japan) was used to investi-
gate the composition of the crystal structure. The elemental com-
position of the crystals was determined by EDS (INCA Energy
350, Oxford, UK).

RESULTS AND DISCUSSION

1. Analysis of the Surface Morphology and Structure of the
Crystals

Bacteria were cultured under the anaerobic conditions in a serum
bottle for 24 hours at a constant temperature (30 °C) in an incuba-
tor, during which the crystals were continuously synthesized. The
crystals were obtained after filtering with a vacuum pump and dry-
ing in an oven. The surface morphology of the crystals was observed
with SEM. As shown in Fig. 1((a) and (b)), the crystal seeds had
scattered granular distribution, different sizes, rough surfaces, com-
plex shapes, and a variety of porous structures. The presence of bacte-
ria had significant effects on the crystal structure [23,27]. Such a
structure increased the attachment points of F~ on the seed sur-
face, which is beneficial for the adsorption of F~ and improves the
removal efficiency [5].

Fig. 1(c) shows the elemental composition in the EDS spec-
trum of ANBC, where C, O, Ca, and P have been detected. A typ-
ical peak of Ca appeared at 3.6keV, indicating the formation of
biocrytic seed was in the progress of MICP [18]. The typical peak
of P was also detected, where P and Ca were the components of
hydroxyapatite (Ca;(PO,);(OH)), indicating that one of the main
components of Ca™* precipitation was likely to be hydroxyapatite
[25]. The XRD spectrum (Fig. 7) indicates the composition of the
crystals and the observed diffraction peaks were mainly hydroxy-

Fig. 1. SEM images (a), (b) and EDS pattern (c) of raw ANBC, SEM images (d), (¢) and EDS pattern (f) of used ANBC.
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apatite and calcium carbonate, which also confirmed the results of

EDS.

2. Optimization of Preparation Conditions for Crystals

To achieve the best removal efficiency of the crystals, the ability
of the crystals synthesized by different concentrations of F, Ca™,
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moval efficiencies of F~ and Ca™ remained almost consistent for the
crystals regardless of whether F~ was added during the synthesis
process. After six hours of operation, the removal efficiency of F~ was
91.16 and 93.33%, and the removal efficiency of Ca™ was 64.29
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Fig. 2. Continued.

and 63.44%, indicating that the presence of F~ did not affect the
effectiveness of the induced crystallization. The process of MICP can
combine with F to form calcium fluoride phosphate (Ca;(PO,);F)
and calcium fluoride (CaF,) [28]. Some researchers have found that
F and Ca™ can be consistently removed from the surface of
Cay(PO,);F [29]. Thus, although the addition of F~ during the prepa-
ration of the crystals resulted in the inclusion of Ca;(PO,),F and
CaF, in their composition, this did not affect the removal efficiency
of F and Ca™.

The influence of different Ca** concentrations on crystal syn-
thesis was studied and the effect was getting better when the Ca®*
concentration increased from 0.5 to 1.5mg L. The removal effi-
ciency of F~ increased from 93.33 to 97.21% (Fig. 2(c)), and the
removal efficiency of Ca* increased from 63.44 to 70.78% (Fig.
2(d)). Ca® is one of the main elements in the synthesis of crystals
and the MICP progress [20]. When the Ca®* concentration increased,
the negatively charged functional groups on the surface of the bac-
teria attracted more Ca* [30], which increased the number of
adsorption sites and improved the removal effect. When the con-
centration of Ca™* decreased, a large amount of negatively charged
functional groups cannot fully function, resulting in a decrease in
the number of adsorption sites. These functional groups may be
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gradually destroyed by the filtration and drying processes during
the preparation of the crystals, and therefore no longer have an
excellent ability to bind Ca™ after the crystals are synthesized, result-
ing in the reduced adsorption sites cannot be replenished, thus
causing a decrease in the removal efficiency of F~ and Ca™.

In addition, the influence of PO; on synthetic crystals was
investigated. The results showed that the effect was greatly improved
after adding PO, (Fig. 2(e) and (f)). The removal efficiency of F-
and Ca®" increased about 30% (from 63.67 to 94.26% and 18.71 to
44.04%, respectively). This could be due to the presence of P affect-
ing the composition of the precipitates and calcium carbonate
changes and partially converts to hydroxyapatite in a phosphate-
rich environment (the latter has a lower solubility than the former)
[31]. The moderate amount of hydroxyapatite plays an important
role in removing F~ and Ca® [25]. However, as the amount of
PO;™ increased (from 0.1 to 0.3 mg L"), the removal efficiency of
Ca® significantly decreased. After 6h of reaction, the effect was
reduced by about 15%. This can be attributed to the changes in
the structure of the crystals. With the increasing concentration of
PO}, the amount of hydroxyapatite gradually increased, which
greatly changed the structure of the crystals. The previous study
had also shown that the morphology of hydroxyapatite was closely
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related to the composition of the precursor and solution [32,33].
The changed structure was not conducive to adsorption or co-pre-
cipitation processes, thereby affecting the removal of Ca™".
Likewise, the effect of Mg”* on synthetic crystals was explored.
As shown in Fig. 2(g) and (h), when the concentration of Mg2+
increased from 0 to 0.2mg L™, the removal efficiency of F~ and
Ca™ significantly decreased (from 97.03 to 93.24% and 36.15 to
29.93%, respectively), which may be due to the competitive rela-
tionship between Mg™* and Ca™ [34], which reduced the produc-
tion of Ca™ precipitation in the MICP process. When Mg™" is present
in the solution, the microbially induced precipitation will be par-
tially in the form of Mg-rich calcite [35]. Mg-rich calcite can nega-
tively affect the removal of F~ and Ca®" in the system. As the con-
centration of Mg” in solution increases, the competition between
the free Mg™" in solution and the Ca** on the mineral surface be-
comes more intense. Since Mg™* has a stronger affinity for certain
sites on the mineral surface, Mg"* can gradually replace part of the
Ca™ [36], thus affecting the removal of F and Ca™* from the crystals.
Combining the influence of these factors and taking into account
the economic factors, the optimal preparation and culture condi-
tions of crystals were determined, ie., Ca** was 1.0mg L', PO;"
was 0.1 mg L', and Mg was 0.0 mg L', and the effect of crystals

Z. Zhai et al.

prepared under these conditions was investigated. After 6 hours of
experimental operation, the removal efficiency of F and Ca™* reached
95.51 and 62.06% (Fig. 2(i) and (j)), respectively, indicating that
the effect of the crystals prepared under these conditions is reliable.
3. Adsorption Kinetics and Velocity Control Mechanism

Adsorption experiments under three F~ concentrations (1, 3, and
5mg L") were carried out, the pH was set to 7.0 and the amount
of crystals was 0.5g L. Four well-known adsorption kinetic
models were employed. The fitting results and a series of parame-
ter values are shown in Fig. 3 and Table 1. According to Fig. 3((a)
and (b)), it can be seen that the adsorption of the crystals was in
line with the pseudo-second-order model and its correlation coef-
ficient (R®) could reach 0.987, 0.988, and 0.996, which is signifi-
cantly better than the pseudo-first-order model (0.944, 0.928, and
0.917, respectively) (Table 1). In addition, the q, (experimental value)
is very close to the q, (calculated value) of the pseudo-second-order
kinetic model. Therefore, the dominant role in the entire adsorp-
tion process is chemical adsorption [37,38] and the rate-limiting
step is related to the valency forces of sharing or exchanging elec-
trons [39].

According to Fig. 3(b), the F~ concentrations of 3.0 and 5.0 mg
L™ were better fitted than 1.0 mg L' and the data in Table 1 also

(b)

T ——1.0mgL"

—3.0mgL"
——5.0mgL"

0 2 4 6 8 12 0 2 4 6 8 10 12
t (h) t (h)
10 10
(©)——1.0mgL! @
OmglL -1
9 9F —1.
——3.0mgL"' a0 ; g e t_,
8 ——5.0mg L 8 -0 mg |
o9 —5.0mg L’
7F / 7

q;

Int

Fig. 3. Kinetic analysis under different fluoride concentration: (a) Pseudo-first order model, (b) Pseudo-second order model, (c) Intra-parti-

dle diffusion model, (d) Elovich model.
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supported these results. When the initial F~ concentration increased
from 1.0 to 3.0 mg L™, the reaction rate constant k, in the pseudo-
second-order model decreased from 0.50 to 0.30, indicating that
when the dosage of crystals was constant, too high F~ concentra-
tions can restrict the adsorption rate [39]. This is due to the im-
mobilization of more F~ ions by the crystals and the lack of active
adsorption sites [40,41]. When the concentration increased from
3.0 to 5.0 mg L', k, was the same (from 0.30 to 0.31). It indicated
that the F~ concentration of 3.0 mg L™ may be the limiting value
of defluoridation at the crystal dosage of 0.5g L™".

The Intra-particle diffusion model was used to analyze the con-
trol steps of the reaction process. As shown in Fig. 3(c), three phases
of the adsorption process can be seen and the equations fitted in
each system did not pass the origin. A multi-linear graph is dis-
played, indicating that the intra-particle diffusion was not the only
part of this process [42]. Boundary layer diftusion affected the ad-
sorption process to a certain extent [43] and the adsorbent was multi-
phase and multiple simultaneous processes controlled the entire
adsorption [42]. When the initial concentration of F~ changed, the
general trend of the intra-particle diffusion model remained un-
changed, the adsorption capacity began to increase rapidly and
then the increase rate slowed until stability. This shows that at the
beginning there were abundant binding sites on the surface of the
crystals and a large amount of F~ was adsorbed on it. At the same
time, F entered the free channel inside the crystals and the adsorp-
tion efficiency was rapidly increased. This process was mainly con-
trolled by external mass transfer and intra-particle diffusion or pore
diffusion [43]. As the adsorption proceeded, the surface binding
sites and internal free channels were gradually occupied, gradually
slowing adsorption efficiency, and this process also hindered the
progress of diffusion [41]. Gradually, the adsorption reached equi-
librium and intra-particle diffusion was no longer the control step
[44].

The Elovich model is an empirical formula that contains a series
of adsorption reaction mechanisms in the solid-liquid interface. It
is mainly suitable for the heterogeneous diffusion adsorption pro-
cess dominated by chemical adsorption [45]. The fitting effect of
the Elovich model established in this experiment (Fig. 3(d)) was not
as good as the pseudo-first-order and pseudo-second-order mod-
els; the R” can still reach about 90%. To some extent, this further
shows that chemical adsorption dominated the entire adsorption
process [46]. Ion exchange exists during the adsorption process [47].
4. The Effects of HRT, Initial Ca** Concentration, and pH on
ANBC

The removal characteristics of F~ and Ca™ in the reactor under
different HRT conditions were investigated. In stages 1-3, the HRT
was 2, 4, and 6h, and other conditions remained the same (pH
was 7.0 and the influent F~ and Ca™ concentrations were 4.0 and
180.0mg L™, respectively). Fig. 4 shows that the maximum removal
efficiency of F~ in groundwater by the crystals could reach 93.31%
when the HRT was 6 h, which is significantly higher than 2 and
4h (74.53 and 80.88%, respectively). At the same time, the removal
efficiency of Ca” could reach 66.20%, which was higher than 2
and 4 h (50.90 and 57.20%, respectively). The full contact between
F, Ca™, and crystals was the key to improving the effect [13]. With
the extension of the reaction time, the contact time between ions

and crystals also increased, thus increasing the removal rate [26,
48]. It can be seen that ANBC can achieve an excellent F and
Ca™ removal effect in a short time, which provides the possibility
for practical engineering applications.

Stages 3-5 explored the effect of pH on the crystals. The corre-
sponding pH of each stage was 7.0, 6.0, and 8.0 and the other con-
ditions remained the same (the HRT was 6 h and the influent F
and Ca®* concentrations were 4.0 and 180.0 mg L', respectively).
As shown in Fig. 4, the maximum removal efficiency was at pH=
7.0 and the removal efficiency of F~ and Ca®" was 93.31 and 63.20%,
respectively. When the pH was 8.0, the maximum F~ and Ca’™
removal efficiency was 65.41 and 54.60%, respectively. Moreover,
when the pH was 6.0, the maximum F~ and Ca™ removal efficiency
was 85.66 and 63.00%, respectively. It can be seen that when the
environment was weakly alkaline, the F~ removal efficiency dropped
sharply. This could be attributed to the fact that when the pH rises
from neutral to alkaline, the surface of the crystals is negatively
charged, and the Coulomb repulsion between the negatively charged
surface and the F in the solution causes the adsorption of F~ to
decrease significantly [49,50]. Both showed efficient F~ removal
effects at pH=6.0 and 7.0. This can be explained that when the pH
is low; the surface of the seed crystals is positively charged, which
is beneficial to enhance the adsorption of negatively charged F
[49]. To avoid crystals failure, the removal effect at higher or lower
pH was not explored and pH=7.0 was set as the optimal pH value
for the subsequent experiment.

Similarly, the effect of initial Ca** concentration was studied. In
stages 3, 7, and 6, the initial Ca™ concentration was set to 180.0,
108.0, and 36.0mg L. The HRT was set at 6 h and the pH was
7.0. The influent F~ concentration was 4.0mg L™'. As shown in
Fig. 4, when the concentration of Ca™ increased from 36.0 to 180.0
mg L, the removal efficiency of F increased from 71.91 to 93.31%,
respectively; indicating that the external Ca** supplementation has
a positive effect on the removal of F. In addition, with the increase
of the initial Ca** concentration, although the removal rate of Ca’™*
did not change much, the maximum removal amount increased
from 26.2 to 743 mg L', and then to 121.8 mg L™". Since the ini-
tial Ca®* concentration is quite different, it is more meaningful to
consider the amount of removal. Therefore, the removal effect in-
creased as the Ca™ concentration increased, which showed a good
correlation with the removal of the F. It could be explained that
during the formation of the crystals, a large amount of negatively
charged EPS would be produced [22]. These negative groups in
EPS could attract Ca™* to form a stable complex [51]. The higher the
concentration of Ca™", the more Ca™ containing complexes were
produced and more F~ was removed [52]. Furthermore, the solu-
bility product principle can also be used to explain this phenome-
non. According to this principle, when the concentration of Ca™ in
water increased, it was easier to reach the K, of calcite (CaCO),
hydroxyapatite (Cas(PO,);OH), and Ca;(PO,),F precipitation [53].
As a F adsorbent, the accumulation of Cas(PO,);OH was more
conducive to the removal of F~ [54]. The removal efficiency of F
and Ca™ in the control group without ANBC did not change sig-
nificantly, with an average of 4.75 and 3.52%, respectively.

5. Failure Response Analysis of ANBC
Repeated utilization performance is an important indicator for
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Fig. 4. The effect of HRT, pH, and initial Ca** concentration on the performance of ANBC reactor at the 7 operational periods.

evaluating the quality of materials [6]. As shown in Fig. 5(a) and and 59.86% for F~ and Ca™, respectively). During this period, the
(b), under the conditions of F~ and Ca®** concentration of 4 and removal efficiency fluctuated very little (maintained above 85 and
180 mg L', respectively, HRT of 6 h, pH of 7.0, ANBC still main- 55% for F~ and Ca™, respectively), indicating that the crystals could
tained an efficient removal rate after 35 consecutive runs (89.85 be repeatedly used. These are interesting results obtained in this
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Fig. 5. Repeated utilization performance of ANBC: (a), (b) removal efficiency of F~ and Ca”" by the crystal in 35 times of repeated use; (c) the

efficiency without adding Ca™.

study. Theoretically, the effective sites of the crystals will continue
to be occupied during the adsorption process and the adsorption
capacity will become weaker [55]. It is speculated that the recycling
of ANBC may be related to its continuous formation. For this rea-
son, the reuse of ANBC was carried out without adding Ca™ under
the same conditions. The results show that the removal efficiency
of F significantly decreased. After the seventh operation, the F-
removal rate dropped to 22.25% (Fig. 5(c)) and the crystals were
saturated. Due to the limited adsorption sites, each use was accom-
panied by its occupation and the lack of Ca™* prevented the crys-
tals from continuing growth, which led to its saturation. The SEM
image further showed the failure process. According to the com-
parison before and after the crystals saturation, it was found that
the crystals after saturation were tightly wrapped and it was diffi-
cult to find the vacant sites (Fig. 6(c) and (d)); while the crystals
before saturation could always find a large number of empty sites
(Fig. 6(a) and (b)). Thus, renewal growth played a decisive role in
the removal process. In addition, the continuous steady removal
effect indicated that ANBC renewed and grew rapidly; therefore, it
has great potential in practical engineering applications.
6. Mechanism of ANBC for Fluoride and Calcium Removal
To further study the mechanism of F~ and Ca* removal by
ANBC, the SEM, EDS, and XRD were used for characterization

and analyses. By observing the SEM image of the crystals, it showed
that the size of the crystals was different and full of pores (Fig. 1(a)
and (b)), indicating that small crystals of different diameters will
continue to gather during the growth of the crystals [16]. Wimala-
siri et al. [56] also discovered that nanohydroxyapatite aggregated
together in the form of rod-like or spherical particles, forming a
wide range of pores. Among them, the bacteria are in the core posi-
tion; by inducing Ca® precipitation to form the crystals skeleton
[57] and continuously producing viscous secretions in this pro-
cess will promote the aggregation of the crystals to a certain extent
[19].

By comparing the images before and after the defluoridation of
ANBC, it was found that the surface of the crystals after the action
became rough and much particulate matter was attached (Fig. 1(d)).
A higher magnification image showed that the original sheet struc-
ture of the crystals became spherical and the edges and corners
were no longer distinct (Fig. 1(e)). A large amount of F~ and Ca*
was removed after the crystals were put into the water body, indi-
cating that the surface of the crystals was covered by abundant F-
and Ca™. The surface of the material became rougher after use as
was also reported by other researchers, and the initial complex
structure was the key to the function of the crystals [39,58].

The EDS results showed that the main elements of the original
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Fig. 6. SEM images before and after ANBC failure: (a), (b) before and (c), (d) after.
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Fig. 7. Peak spectra of raw ANBC (a) and used ANBC (b) by XRD.
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crystals were C, O, B, and Ca, and the atomic percentages were
66.34, 27.43, 2.12, and 4.11%, respectively (Fig. 1(c)). While the
atomic percentages of C, O, B, and Ca in the crystals after the action
were 17.08, 52.09, 1045, and 19.83%, respectively (Fig. 1(f)). In addi-
tion, 0.55% of F~ was also detected, confirming the F~ removal
ability of the crystals. The increase in P and O elements indicated
that PO;” was involved in the growth of the crystals and the in-
crease in Ca was the result of the occurrence of Ca™* in the envi-
ronment on the surface of the crystals in various forms [59].

XRD further indicated the composition of the crystals before
and after its effect. As shown in Fig. 7, the main components before
adsorption were Cas(PO,);OH and CaCO;. The diffraction peaks at
25.9° 32.0°% 49.6° 53.2°, and 64.0° were attributed to Ca;(PO,);OH
and the peaks at 29.4° 39.7°, and 46.7° corresponded to CaCO;.
After crystallization, the main components were CaF,, Ca;(PO,);E,
and CaCO;. The formation of CaF, was detected at the peaks of
28.2°, 46.8°, and 56.0°, indicating that the nucleation sites on crystals
binding to F in solution were one of the main mechanisms of F~
removal [33]. Earlier, a few researchers also found that F~ could com-
bine with Ca™ in calcite to form CaF, [10]. Alternatively; Ca(PO,),OH
can also generate Ca;(PO,),F after adsorbing F~, which will largely
be removed in the form of Cas(PO,);F [60,61]. These results were
also consistent with the analysis of the EDS.

Based on our findings, the main mechanisms of defluoridation
by ANBC were proposed as: (i) CaCO; on the surface of the crys-
tals chemically adsorbed F~ through ion exchange and F~ is fixed
to the crystals in the form of CaF,, (ii) The hydroxyl group in
Ca;(PO,);0H is replaced by F, converted from Ca;(PO,);OH to
Cas(PO,);E, (iii) Free Ca™", F, and PO; are co-precipitated to form
Ca;(PO,);F and CaF,, in which the addition of the crystals facili-
tated this process [54,61]. These reactions can be represented by
the chemical formulae:

(1) ANBC-CaCO;,+2F +H'=ANBC-CaF,+HCO;

(2) ANBC-Ca,(PO,);OH+F =ANBC-Cay(PO,);F+OH
(3) 5Ca* +F +3P0O; =Cay(PO,);F

(4) Ca®*+2F =CaF,

CONCLUSIONS

The application of ANBC in groundwater remediation was eval-
uated. The result showed that ANBC can remove up to 93.31 and
66.2% of F~ and Ca®* within 6 hours, respectively. Therefore, it can
be used as an ideal medium for groundwater remediation. The
adsorption kinetics showed that the removal of F* by ANBC was
multi-layer heterogeneous adsorption dominated by chemical ad-
sorption. The optimal preparation conditions of ANBC (1.0 mg L™
Ca™, 0.1mg L' PO;, and 0.0mg L™' Mg™) and reactor operat-
ing conditions (6h HRT, pH=7.0, and 180 mg L™ Ca™) were deter-
mined. The crystal failure reaction showed that the reuse of crystals
was related to continuous crystal formation and high removal abil-
ity was maintained after 35 repetitions. The SEM, EDS, and XRD
turther revealed the F~ removal mechanism of ANBC, which was
mainly manifested by the adsorption of F~ and the co-precipitation
between Ca™*, F, and PO,”. As a new low-cost F~ removal medium,
especially with long-term stability, ANBC has high practical value

and provides a new choice for the removal of F~ and Ca’* from
groundwater.
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