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ABSTRACT: The growing demand for water purification provided the initial momentum to produce lanthanide-incorporated
nano-hydroxyapatite (HAP) such as HAP-CeO,, HAP-CeO,-La(OH); (2:1), and HAP-CeO,-La(OH); (3:2). These materials open
avenues to remove fluoride and lead ions from contaminated water bodies effectively. Composites of HAP containing CeO, and
La(OH); were prepared using in situ wet precipitation of HAP, followed by the addition of Ce(SO,), and La(NO;); into the same
reaction mixture. The resultant solids were tested for the removal of fluoride and lead ions from contaminated water. It was found
that the composite HAP-CeO, shows fluoride and lead ion removal capacities of 185 and 416 mg/g, respectively. The fluoride
removal capacity of the composite was improved when La(OH); was incorporated and it was observed that the composite HAP-
CeO,-La(OH); (3:2) has the highest recorded fluoride removal capacity of 625 mg/g. The materials were characterized using
scanning electron microscopy—energy-dispersive X-ray (SEM-EDX) spectrometry, Fourier transform infrared (FT-IR) spectrometry,
X-ray powder diffractometry (XRD), X-ray photoelectron spectroscopy (XPS), and Brunauer—Emmett—Teller (BET) surface area
analysis. Analysis of results showed that Ce and La are incorporated in the HAP matrix. Results of kinetic and leaching analyses
indicated a chemisorptive behavior during fluoride and lead ion adsorption by the composites; meanwhile, the thermodynamic
profile shows a high degree of feasibility for fluoride and lead adsorption.

1. INTRODUCTION

Toxic elements even with low concentrations in drinking water
can be considered as silent killers for both terrestrial and aquatic
organisms. Their sources vary, and these can be simple leaching
from minerals' or due to anthropogenic activities.” Of these
elements, lead is of major concern as water can get exposed to it
frequently.~® On the other hand, nonmetals like fluoride have
also been the topic in many issues as it is being identified in
connection to chronic kidney disease of unknown etiology
(CKDu),” dental fluorosis,® arthritis,” and brittle bone disease.”

Hence, the removal of excess fluoride and lead ions from
contaminated water systems is an urgent need and has gained
much attention from the scientific community. Various
approaches'™'" exist to remove these toxins from water, and
adsorption has been the most widely used technique owing to its
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simplicity and cost effectiveness. However, the high-perform-
ance advanced materials that are capable of showing fast and
high adsorption capacity toward fluoride and lead ions are yet to
be studied. Materials such as lignin,l'9 chitosan,” cellulose,®
hydroxyapatite (HAP),”"** montmorillonite and kaolinite,”” fly
ash,” and natural metal oxides”* have been broadly studied for
the removal of lead ions. The sorbent, HAP, and its composites,
namely, HAP-granular activated carbon (GAC) > HAP-
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chitosan,”® and HAP-carboxy methyl cellulose,” have exhibited
excellent adsorption capacity toward lead ions. Comparatively, a
vast variety of materials for fluoride removal have been
developed such as activated alumina,” ™" calcium-based
materials,”®*? iron-based sorbent materials,>”*" metal ox-
ides,***® carbon-based materials,>*** layered double hydrox-
ides,***® and hydroxyapatite.*”** Of the advanced materials that
have been developed for fluoride removal during the last 2
decades, metal oxides based on rare earth elements such as
lanthanum (La(IIl)), cerium (Ce(IV)), and yttrium (Y(III))
received much attention for fluoride removal. Moreover, the
synthesis of lanthanum-modified seaweed,”” La- and Ce-
modified alumina,”® magnetic core—shell Fe;O,@Alg-La
particles,41 lanthanum-modified bone waste,** lanthanum-
impregnated chitosan flakes,** and lanthanum oxyhydroxide—
GAC hybrid** has been reported. Furthermore, the fluoride
adsorption behaviors of h(ydrous Ce(IV)—2Zr(IV) oxide,*™
Ce0,-7r0, nanocages,ﬁ” nonthermal plasma-modified
CeO,/Mg—Fe layered double hydroxides,” cerium dispersed
in carbon,”” silica-based ceria,*® and Al-Ce hybrids*” have been
studied.

By evaluating the structure—activity relationship of these
composites, it is apparent that the presence of cerium and
lanthanum in the composites have contributed to the ballistic
adsorption toward fluoride. On the other hand, HAP shows a
superior uptake capacity for different metal ions. Hence, the
quest for highly advanced materials for lead and fluoride ion
adsorption can be fulfilled by incorporating cerium and
lanthanum into the HAP matrix.

In this work, the structure of the HAP was tuned to enhance
the adsorption of fluoride and lead ions by incorporating cerium
and lanthanum ions into the matrix. The in situ wet chemical
precipitation method was used to decorate and fabricate HAP
with lanthanum and cerium. The decorated surfaces of HAP as
well as HAP itself mainly contribute to diminishing these ions
via cation exchange, metal complexion, electrostatic interaction,
or apatite dissolution.

2. RESULTS AND DISCUSSION

2.1. Formation Mechanism of Lanthanide-Impreg-
nated HAP. The formation of lanthanide-incorporated HAP is
an in situ wet chemical precipitation method. When
(NH,),HPO, and Ca(NO;),-4H,0, which are in a 1.67 Ca/P
molar ratio, were mixed in the basic medium, the nucleation
reaction of calcium and phosphates to produce HAP occurs. At
this point, Ce(SO,), and oxygen gas were introduced and the
system was maintained in the basic condition (pH = 10). The
solubility product (K,) of Ce(OH), is 7.8 X 10731, and
therefore the pH threshold of Ce(OH), is approximately 4 at 27
°C.>° As the first step, nucleation of Ce(OH), takes place, and
after forming certain unstable complexes, a CeO, yellow
precipitate will be produced along with hydroxyapatite.”**
During lanthanum-incorporated HAP-CeO, (HC) production,
La(NO;), was added with the addition of Ce(SO,), while
maintaining the pH at more than 10 as the pH threshold of
La(OH); is 9.6. Therefore, La(OH); nucleation occurs
simultaneously with CeO, as shown in egs 1 and 2,* where
MO~ denotes the hydrous ceria or Ca surface groups of
hydroxyapatite.

POH + La** + 20H™ — POLa(OH), + H* (1)

MO~ + La** + 20H™ — MOLa(OH), + H* )

2.2. Characterization. The Fourier transform infrared (FT-
IR) spectra of the synthesized HAP-CeO, (HC), HAP-CeO,-
La(OH); (2:1) (HCL 1), and HAP-CeO,-La(OH); (3:2)
(HCL2), given in Figure 1, show broad peaks at 1631, 1625, and
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Figure 1. FT-IR spectra of synthesized HC, HCL 1, and HCL 2.

1619 cm ™, respectively, which indicate the presence of the OH
group in adsorbed water.”* ™ The peaks at 603 and 563 cm™" of
the HCL 2 spectrum and at 602 and 561 cm™" of the HC and
HCL 1 spectra refer to the bending mode of the phosphate (O—
P—0) group.””>*>” Moreover, the adsorption bands that
appeared in the range of 1027—1030 and 1100—1104 cm™
represent the asymmetrical and symmetrical stretching modes of
P—O and phosphate.””** In addition, a duplex peak appeared at
1489 and 1379 cm™! of HCL 1, which refers to the carbonate
peak, which resulted due to the CO, adsorption by HAP.>® The
band that appeared in the 450—550 cm ™' region can be assigned
to the Ce—O stretching vibration.®’~°> Moreover, the
adsorption peak observed in the 652 cm™" region in the HCL
2 spectrum and the small peak that appeared in the 637 cm™
region of the HCL 1 spectrum represent the vibrational mode of
the La—O bond.”® These results confirm the successful
formation of the HC composite, which consists of HAP and
ceria as well as the synthesis of HCL 1 and HCL 2 composites,
which comprise HAP, ceria, and La(OH);.

The microstructure characteristics and chemical composition
profiles of composites were measured by scanning electron
microscopy (SEM) and energy-dispersive X-ray (EDX)
technology (Figures S1—S4). As shown in Figure Sla, the
shape of the HC particles is more irregular and the average
particle size is approximately 200 nm. Moreover, the
morphology of the composite is more similar to the shape of
the cerium oxide, which is crystallized in rounded plates.”’
Figure S1b illustrates the morphology of HCL 1, and it clearly
shows that the agglomeration of particles and the shape of the
particles are more similar to the rod shape of the neat
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hydroxyapatite, and the average size of the particles is
approximately 70 nm. Figure Slc shows the morphology of
the HCL 2 composite, and it clearly indicates the presence of
both rod-shaped and rounded-plate-shaped particles with
approximately 150 nm average diameter.

Figure S2 shows the surface chemical composition of HC and
its elemental distribution. Figure S2a shows the selected portion
of the composites for elemental mapping, and Figure S2b,c—f
indicates the presence of the Ce element in addition to the
unique elements’ presence in hydroxyapatite (HAP), such as Ca,
P, and O.

Figure S3 illustrates the chemical composition and elemental
distribution of the HCL 1 composite. The surface elemental
analysis of HCL 1 confirms the presence of cerium and
lanthanum on the composite surface (Figure S3b—g).

On the other hand, Figure S4 shows EDX results for the HCL
2 composite, and it clearly indicates that the Ce and La elements
are densely distributed on the HCL 2 than HCL 1. The surface
distributions of Ce and La on the HCL 2 composite are 31 and
19%, while those values for HCL 1 are 8 and 5%, respectively.
This result is in good agreement with the synthesis protocol
(which was mentioned in 3.3) as the Ce/La ratio of HCL 2 is
higher than the HCL 1 composite.

Figure 2 shows the X-ray diffraction patterns of HC, HCL 1,
and HCL 2 composites. It can clearly be seen that the
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Figure 2. X-ray diffraction patterns of (a) HC, (b) HCL 1,and (c) HCL
2.

characteristic and dominant diffraction pattern of HAP persists
even after adding Ce(SO,), and La(NO); to the reaction
mixture. The peaks that appear in the range of 28—34° can be
assigned to both CeO, and HAP.>>*~% Fuyrthermore, the
diffraction patterns of HCL 1 and HCL 2 composites show
almost identical patterns for La(OH); and La,0j, which are
denoted at 14.2, 20.2, 25, and 37.8°. However, the presence of
the 100 phase at 14.2° confirms the presence of the diffraction
signature of La(OH); in the composites. These results confirm
the formation of the hydroxyapatite/ceria composite and the
hydroxyapatite/ceria/lanthanum hydroxide compound.

The lead ion adsorption onto HC, HCL 1, and HCL 2
composites was further confirmed by following the X-ray
diffraction (XRD) pattern of lead-adsorbed composites at
different time intervals (Figure 3). From these analyses, it was
identified the formation of a new phase at the 31.42° region of
HC, and it can be attributed to the lead HAP or
hydroxypyromorphite (Figure 3a). Moreover, it can clearly be
seen the appearance of this phase even after 5 min. As revealed
by the kinetic data, the lead and HC composite equilibrated

within 6 min. However, an intense peak for the PbHAP was
observed after 60 min. Therefore, other than the ion-exchange
reaction with a calcium ion, another mechanism, which is
hydroxyapatite dissolution, followed by precipitation is involved
in the lead ion adsorption process.”” Once the HC adsorbs lead,
the composite will form a Pb(,o_,)Ca,(PO,)s(OH), complex,
which is a highly unstable complex with a high calcium
content.”” As a result, the intermediate complex will be dissolved
and precipitate with time by producing a new phase with
Pb,o(PO,)s(OH),.°” On the contrary, the diffraction patterns of
lead-adsorbed HCL 1 and HCL 2 do not show any diffraction
signature for hydroxypyromorphite. Thus, it can be predicted
that lead ion adsorption occurs via ion exchange rather than
dissolution and precipitation. Moreover, the intensity of the
peaks related to the lanthanum-based compound and HAP
diminished due to exchange of lanthanum and calcium ion with
lead. Moreover, Figure 3b shows the XRD spectra of fluoride-
adsorbed HCL 2 composites at different time intervals. The new
peak that appeared at 29.7 after 5 min fluoride adsorption onto
HCL 2 composites may indicate the formation of a new phase,
and it can be attributed to the 002 plane of LaF; (ICDD 01-075-
7706). However, the formation of a new phase related to CeF, is
difficult to distinguish because its characteristic planes coincide
with the peaks of HAP and La(OH);.

X-ray photoelectron spectroscopy (XPS) analysis was
conducted to support the adsorption mechanism of Pb*" and
F~ with three HAP composites. In this study, wide XPS spectra
of HC, HCL 1, and HCL 2 before and after adsorption of Pb**
and fluoride were measured to perform elemental identification
as well as quantity of a detected element, which can be estimated
using the intensity of the corresponding photoelectron peak in a
wide XPS spectrum. It allows the determination of the atomic
composition of the selected elements in the sample before and
after adsorption.

Figure 4 shows the XPS survey spectra of HC, F-adsorbed HC
(F-Ad-HC), and Pb-adsorbed HC (Pb-Ad-HC). The survey
spectrum of HC reveals the photoelectron lines and the Auger
electron lines from mainly the elemental compositions of Ca, O,
P, and Ce and possible surface contamination peaks from C and
N in HC composites. The survey spectra of Pb-Ad-HC and F-
Ad-HC reveal the photoelectron lines from Pb and F. In the
insets of Figure 4 are shown the F 1s and Pb 4f high-resolution
XPS spectra measured with a relatively low pass energy (PE)
with a high scan number (well-separated spin—orbit compo-
nents of Pb 4f;,, and Pb 4f,/, can be observed). This clearly
confirms the possibility of adsorbing lead and fluoride ions to the
HC.

The Ca/P ratios of neat HC, Pb-Ad-HC, and F-Ad-HC were
estimated considering the intensities of photoelectron peaks of
Ca 2p and P 2p peaks at binding energies of 347 and 133 eV,
respectively. In the estimation process, photoelectron intensities
were normalized by the corresponding values of photo-
absorption cross sections® and inelastic mean free path® as
given in eq 3”977

[Ca] _ op 2p(h)Ay 3 in composices % ICa 2p

[P] Oca 2p(hv)ic, 2p in composites IP 2p (3)

The composition ratios were estimated to be 1.8, 1.7, and 1.8 in
the cases of neat HC, Pb-Ad-HC, and F-Ad-HC, respectively.
The value of 1.8 is consistent with the reported value of the Ca/P
ratio of HAP, and it confirms the successful incorporation of
HAP with CeO, in the in situ preparation without impairing the
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Figure 3. XRD diffraction pattern of (a) neat HC and Pb-adsorbed HC after S and 60 min and (b) neat HCL 2 and fluoride-adsorbed HCL 2 after 5
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Figure 4. XPS spectra of neat HC, F-Ad-HC, and Pb-Ad-HC.
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original composition of HAP.” In contrast to F adsorption, the
composition ratio of Ca/P in HC decreased to 1.7 due to Pb**
adsorption. This result is consistent with the results obtained via
the leaching study as Ca ion leaching was found during Pb**
adsorption. Further, the leaching effect was hardly observed
during F~ adsorption, which is also consistent with the XPS
analysis as the composition ratio of Ca/P did not change over
the adsorption of F.

The decrement of the Ca/P ratio via Pb** adsorption can be
attributed to either the removal of the Ca®* ion or both the Ca**
ion and P simultaneously by keeping a constant ratio of 1.7. To
examine any removal of P from the HAP structure, Ca/Pb and
P/Pb ratios were considered, and the estimated values were
approximately 17 and 10, respectively. However observed ratio
of Ca/P clearly in agreement with the value corresponding to the

removal of Ca?" ions. Thus, it can be concluded that the atomic
concentration of P atoms remains constant over the Pb**
adsorption and allows one to confirm that the ion exchange
occurred only by the removal of Ca®* during the Pb*" adsorption
process. In the mechanism of Pb** adsorption, it was interpreted
by leaching experiments as the adsorption of Pb*" to either the
—POH or —POCa* group via ion exchange with Ca®* or H" as
shown in egs 4 and 5,°" and the XPS analysis supports the
interpretation of the removal of Ca** by the adsorption of Pb*".

(4)
()

In addition, F~ adsorption can occur with Ce atoms as shown in
eqs 7—9. However, a considerable change in Ce 3d XPS spectra
due to the Ce—F interaction was not observed in the high-

—POCa* + PPt — POPH + Ca’"

—POH + P¥' - POPH + HT
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Figure 5. XPS wide spectra of (a) HCL 1 and (b) HCL 2.

resolution spectra of Ce 3d, and this may be due to the smaller
atomic concentration of adsorbed F atoms as well as the pass
energy still being relatively high (resolution was not good
enough) for the measurements to obtain such components due
to the different chemical states of the Ce 3d level.

The XPS survey spectra that represent HCL 1 and HCL 2 are
overlaid in Figure S. The two broad peaks at 850 and 835 eV
with spin—orbital splitting of 15 eV correspond to the La 3d;/,
and La 3d;/,, as can be seen in the wide spectra of both HCL 1
and HCL 2, confirming the La incorporation.

In the insets of Figure S are shown the F 1s and Pb 4f high-
resolution spectra measured with a relatively low pass energy
with a high scan number. However, the Pb 4f high-resolution
spectra had a poor signal-to-noise ratio compared to Pb**
adsorption on HC, and this might be due to the relatively low
Pb adsorption with the existence of La. The adsorption

behaviors of Pb** and F~ are discussed considering several
composition ratios before and after adsorption.

According to the results obtained via the leaching experiment,
it was confirmed that there was an exchange of Ca®" and La**
with Pb** during Pb*" adsorption. Furthermore, it was obtained
that the loading level of La is higher in the HCL 2 composite
than the HCL 1 composite. This idea can be confirmed by the
following table of composition ratios before and after Pb
adsorption estimated from XPS wide spectra of HCL 1 and HCL
2. Considering the composition ratios from Table 1, in the cases
of HCL 1 and HCL 2, the atomic concentrations of Ca and La
decreased by Pb** adsorption, where the decrease can be
attributed to the removal of Ca** (eq 4) and La** (eq 6) by the
adsorption of Pb**

Further, HCL 2 displays a higher adsorption of Pb**; thus, it
can be concluded that the XPS results for Pb*>" adsorption of
HCL 1 and HCL 2 are consistent with the model proposed from
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Table 1. Composition Ratios of HCL 1 and HCL 2 before and
after Lead Ion and Fluoride Adsorption

Pb?* adsorption HCL 1 HCL 2
before Ca/P/La 1.8:1.0:0.52 1.7:1:1.2
after Ca/P/La/Pb 1.26:1.0:0.22:0.04 0.9:1.0:0.4:0.06
F~ adsorption HCL 1 HCL 2
before Ca/P/La 1.8:1.0:0.50 1.7:1.0:1.2
after Ca/P/La/Pb 1.8:1.0:0.40:0.7 1.7:1.0:1.2:1.3

leaching experiments and adsorption isothermal experiments.
Also, it is observed considering the significant decrease in the
Ca/P ratio of HCL 1 and 2 compared to HC over Pb*
adsorption, suggesting the higher possibility of removal of the
Ca * ion in the existence of La in both composites by the
adsorption of Pb*". In addition, the higher adsorption of Pb** in
HCL 2 can be attributed to the existence of a relatively higher
atomic concentration of La in HCL 2, where the degree of
existence of La may influence the degree of absorption of Pb** as
well as the removal process of Ca**.

Lo’

©
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On the other hand, in the case of F adsorption, Ca/P/Laratios
remain constant by fluoride adsorption for both HLC 1 and
HCL 2, as shown in Table 1. Thus, it can be concluded that the
removal of Ca** and La®* ions is not possible over the adsorption
of F7, as was also suggested through the leaching experiment
results. Also, it is clear that HCL 2 displayed a higher adsorption
of F~ considering the composition ratios in Table 1. The
mechanism of fluoride adsorption onto these composites is

shown in eqs 7—9, where M denotes the Ca, Ce, or La surface
groups of composites.

electrostatic interaction

—MOH, - F (7)

~MOH,* + F

water replacement

~MOH,* + F~ —MF + H,0 (8)

_ OH replacement _

—MOH + F~ ———— —MF + OH ©)
In the XRD results, HCL 2 displays a peak related to LaF;,
confirming the formation of La—F during fluoride adsorption for
HCL 2. This is because HCL 2 shows a higher adsorption of F
compared to HCL 1 and HC. Also, it allows suggesting that the
existence of La may have an influence on obtaining a higher
degree of adsorption of F~ to the composites via the formation of
Laand F (eqs 8 and 9).

Moreover, the chemical composition profiles of three
different composites obtained from XPS and EDX analyses
were compared and are shown in Table S1. A significant
correlation between two profiles was not identified, and this is
due to the different capabilities, limitations, and depth of
analyses of these two instruments.”*

To better understand the variation of surface area, pore
volume, and average pore radius with the adsorption of lead and
fluoride ions, Brunauer—Emmett—Teller (BET) analyses were
performed before and after the adsorption (Figures S5—S7). In
this case, multipoint BET analyses as well as the main pore-size
distribution using the Barrett—Joyner—Halenda (BJH) method
were performed. As shown in Table 2, the surface areas of neat
HC, HCL 1, and HCL 2 were 66.88, 108.58, and 123.67 m*/g,
respectively, and after fluoride adsorption, the values decreased
to 59.85, 97.74, and 127.31 m*/g, respectively. In addition, the
average pore sizes of HC, HCL 1, and HCL 2 also decreased
from 4.08,2.51, and 3.22 nm to 3.72, 2.35, and 3.04 nm upon the
adsorption of Pb*". Therefore, these pieces of evidence clearly
demonstrate the accumulation of Pb** in the pores of the
adsorbent. On the other hand, fluoride adsorption to these
composites again shows a pattern similar to that of lead ion
adsorption, i.e,, the average pore size of the composite reduced
upon F~ adsorption. However, the pattern that changes the
surface area is different in the fluoride-adsorbed composites than
lead ion adsorbed composites. In this case, F-Ad HCL 2 and F-
Ad HC show increment of surface area while F-Ad HCL 1 shows
decrement in surface area.

Figure 6 shows the fluoride adsorption experimental data that
fitted to the Langmuir and Freundlich isotherm models. The
parameters of isotherms are given in Table 3. These results
explain that the adsorption process of HC at equilibrium is in
better agreement with the Freundlich adsorption isothermal

Table 2. Calculated Data of Surface Area and Average Pore Size Using Multipoint BET Analysis and BJH Analysis

multipoint BET analysis

parameter HC HC-F HC-Pb HCL 1 HCL 1-F HCL 1-Pb HCL 2 HCL 2-F HCL 2-Pb
surface area (m?/g) 66.88 102.85 59.85 108.58 93.10 97.74 123.67 127.91 127.31
average pore size (nm) 4.08 3.58 3.72 2.51 2.36 2.35 3.22 3.05 3.04

BJH analysis

parameter HC HC-F HC-Pb HCL 1 HCL 1-F HCL 1-Pb HCL 2 HCL 2-F HCL 2-Pb
surface area (m?*/g) A 28.69 51.40 25.60 24.57 22.07 27.02 4213 54.89 37.79
D 30.77 50.47 26.70 27.52 23.61 25.81 45.84 53.94 37.79
average pore size (nm) A 1.89 1.89 1.69 1.69 1.70 1.69 1.69 1.69 1.90
D 1.89 1.88 1.89 1.90 1.88 1.69 1.89 1.70 1.90
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Figure 6. Sorption isotherms (Freundlich and Langmuir models) for
fluoride adsorption onto HC, HCL 1, and HCL 2.

model. Thus, it reveals that the adsorption process at
equilibrium occurs on a heterogeneous surface and therefore
binding sites of HC for fluoride ions are not energetically
equivalent. Comparatively, the equilibrium adsorption processes
of HCL 1 and HCL 2 are in good agreement with the Langmuir
model, and it reveals the monolayer adsorption of fluoride at the
equilibrium. According to these results, the fluoride adsorption
capacities of HC, HCL 1 and HCL 2 are 185.2, 200, and 625
mg/g, respectively.

Figure 7 shows the lead ion adsorption experimental data that
fitted the Langmuir and Freundlich isotherm models. The
parameters of isotherms are given in Table 3. The lead ion

Figure 7. Sorption isotherms (Freundlich and Langmuir model) for
lead ion adsorption onto HC, HCL 1, and HCL 2.

adsorption experimental data of HC and HCL 1 nicely agree
with the Langmuir model. However, the lead ion adsorption
data of HCL 2 show a better agreement with the Freundlich
model, indicating the multilayer adsorption of lead. According to
these results, the lead ion adsorption capacities of HC, HCL 1
and HCL 2 are 416, 213, and 296 mg/g, respectively.

2.3. Adsorption Isotherm Comparison. As described in
the batch adsorption experiment, sorption isotherms such as
Langmuir and Freundlich were used to determine the maximum
adsorption capacity and linear regression coefficients were used
to determine the best-fitting isotherm. However, the comparison
of linear regression values as a sole criterion to identify the

Table 3. Isotherm Parameters for Fluoride and Lead Ion Adsorption by HC, HCL 1, and HCL 2

isotherm parameters

experimental data q. (mg/g)
Langmuir model q. (mg/g)
K, (min™")
RZ
Freundlich model q. (mg/g)
K; (g/(mg min))
R
n
isotherm parameters
experimental data q. (mg/g)
Langmuir model q. (mg/g)
K, (minfl)
R
Freundlich model q. (mg/g)
K¢ (g/(mg min))
R
n
isotherm parameters
experimental data q. (mg/g)
Langmuir model q. (mg/g)
K; (min™")
R
Freundlich model q. (mg/g)
K; (g/(mg min))
RZ

n

F~ adsorption HC Pb?* adsorption HC

285.0 427.7
322.6 416.0
0.2 0.2
0.4612 0.9551
185.2 357.0
23 23
0.8378 0.5996
1.5 0.2
F~ adsorption HCL 1 Pb** adsorption HCL 1

191.0 191.0

200.0 212.8

0.17 0.17

0.9682 0.9682

111 187.8

2.3 2.3

0.9142 0.9146

1.5 5.3

F~ adsorption HCL 2 Pb?** adsorption HCL 2

605.0 406.0

625.0 5.90

0.2 2.8x107%

0.9839 0.7793

290.4 296.0

23 28.6

0.9175 0.844

1.5 2.5
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appropriate isotherm model is not enough, and experimental

data is also needed for analysis employing the X* test. The

statistic X* test, which is the sum of squares of the difference

between the experimental adsorption capacity and the calculated

adsorption capacity divided by the corresponding calculated
. . . . 75,76

adsorption capacity value, is shown in eq 10.

2
[qe,exp_qe, cal]

X=)

where g, (mg/g) is the experimental adsorption capacity at
equilibrium and g, (mg/g) is the calculated adsorption
capacity at equilibrium. Generally, X* increases on increasing
the deviation between calculated and experimental adsorption
capacities.

The summary of the statistic X* test and linear regression
coeflicient parameters is given in Table S2. Based on these data,
it can be directly proposed that the Langmuir model is the best-
fitting model for HC-based lead ion adsorption. Also, the lead
adsorption statistic data of the HCL 1 composite shows a less
significant difference between the Langmuir model and the
Freundlich model. However, as described earlier, the XPS data
of lead ion adsorbed HCL 1 and leaching studies of lanthanum
and calcium during lead adsorption support more the Langmuir
model rather than the Freundlich model. The Langmuir model
exhibited a lower X value and a higher regression coefficient
value toward HCL-2-based lead ion adsorption than the
Freundlich model. When F~ adsorption onto HC is considered,
the statistic X” test exhibits a lower X* value for the Langmuir
model. However, that model exhibits a lower regression
coeflicient value and that indicates that the Freundlich isotherm
model is the best model for fluoride adsorption. With a higher
linear regression coefficient and lower X2 values, the Langmuir
adsorption isotherm model appeared to be the best fit for HCL-
2- and HCL-1-based fluoride adsorption.

2.4. Influence of pH on Fluoride and Lead Uptake
Capacity. Figure 8 exhibits the variation of fluoride and lead ion
adsorption capacity with pH of the medium. The influence of
pH on lead ion adsorption was monitored in the range of 1—6
using 0.02 g/10 mL 150 ppm lead ion solution. The pH
threshold of lead hydroxide is approximately 6 at 27 °C, and

qe,cal ( 10)
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Figure 8. Variation of adsorption capacity with pH: (a) lead ion

adsorption capacity variation with pH; (b) fluoride adsorption capacity
variation with pH.

once the pH of the system exceeds the pH threshold value, both
precipitation and adsorption processes contribute to reducing
the Pb** in the medium. Hence, to exclude the effect of lead
hydroxide precipitation, the experiment was conducted in the
range of 1—6. According to Figure 8a, the optimum pH range of
lead ion adsorption is 3—6. The pH threshold of the La(OH);
precipitate is around 9.6 at 27 °C (K, = 2 x 107*!), and
therefore at lower pH values, the solubility of La(OH),
increases; consequently, the La®*" ion concentration in the
medium increases. Moreover, at very low pH values, dissolution
of HAP also occurs and it may lead to an increase in the calcium
ion concentration in the medium. Therefore, the competition
from La** and Ca®* and the unavailability of a stable surface lead
to a decrease in the lead ion adsorption capacity at low pH
values.

Figure 8b shows the variation of fluoride adsorption capacity
in the range of 1-8. It could be clearly observed that the
maximum fluoride adsorption capacity lies in the pH $—6
region. Due to the HAP dissolution at low pH values, anions
such as phosphate hydroxides release into the medium. This
competition coming from coexisting anions leads to a decrease
in the fluoride adsorption capacity.

2.5. Thermodynamic and Adsorption Kinetic Studies.
The kinetic parameters, significant differences between
experimental and calculated adsorption capacities, and the
correlation coeflicient at three different temperatures are listed
in Table 4. As could be observed, the kinetic profile of lead ion
adsorption onto lanthanide incorporated hydroxyapatite shows
higher linear regression coefficient values and lower X* values
with the pseudo-second-order kinetic model, indicating that the
pseudo-second-order kinetic model is the best model to explain
lead ion adsorption onto all three systems. Generally, the
pseudo-second-order kinetic model is used to describe
adsorption processes, where chemisorption between the
adsorbate and adsorbent is the rate-limiting step. These results
confirm the previously suggested mechanisms of lead ion
adsorption such as ion exchange and precipitation after lead ion
adsorption. Although the suitable lead ion adsorption model for
lanthanide-incorporated hydroxyapatite was easily identified,
the insight of fluoride adsorption is a little complex.

When fluoride adsorption onto HC is considered, the
Lagergren-first-order model shows a higher regression coef-
ficient value (R*: 0.9898, 0.9926, and 0.9876 at 27, 50, and 60
°C, respectively) with higher X*values (X*: 0.90, 7.07, and 1.98
at 27, 50, and 60 °C, respectively) compared to the pseudo-
second-order kinetic model (R*: 0.9634, 0.9673, and 0.9443; X>:
1.03 X 1073, 2.60 X 107 and 3.30 X 107> at 27, 50, and 60 °C,
respectively). However, the appearance of lower significance
difference between experimental and calculated adsorption
capacities at three different temperatures strongly suggests the
pseudo-second-order kinetic model as the best correlation
model for the kinetic data of fluoride ion adsorption onto HC.
On the other hand, the linearized regression coefficient value of
the pseudo-second-order kinetic model is also in the acceptable
region. The best correlation model for the kinetic data of
fluoride ion adsorption onto HCL 1 was obtained with the
second-order kinetic model (R?: 0.9753,0.9425, and 0.9773; X*:
5.7 x 1074 1.3 x 107 and 2.32 x 107° at 27, 50, and 60 °C,
respectively). Therefore, it can be concluded that the
chemisorption processes such as metal fluoride complexation
as depicted in eqs 8 and 9 determine the rate-limiting steps of
HCL 1 during fluoride adsorption. As shown in Table 4, the
regression coefficient values as well as X* values of fluoride
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adsorption onto HCL 2 at three different temperatures are in
accordance with the pseudo-second-order kinetic model. Hence,
it can be concluded that the adsorption of fluoride onto HCL 2
was controlled by a chemical reaction and the type of the
chemical reaction is a metal fluoride complexion reaction with
water replacement or OH™ replacement. In addition, Figures 9,

HAP.CeO, - F adsorption - Pseudo
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Figure 9. Effect of temperature on the sorption rate of and fluoride ions
onto HC. (a) Amount of fluoride-adsorbed vs time at different
temperatures (HC dosage: 0.2 g/30 mL, at 180 rpm, pH = 5.8). (b)
Pseudo-second-order kinetic model at three different temperatures for
F~ adsorption. (c) Amount of Pb(II)adsorbed vs time at different
temperatures (HC dosage: 0.025 g/10 mL, at 180 rpm, pH = 5.8). (d)
Pseudo-second-order kinetic model at three different temperatures for
Pb(II) adsorption.

S8, and S9 show the effect of temperature on the sorption rates
oflead and fluoride ions onto HC, HCL 1, and HCL 2. As shown
in Figure 9, the time taken to reach equilibrium during fluoride
adsorption onto HC is 4 min at 27 °C and 3 min at 50 °C and
that of lead adsorption is less than 30 s at 27 °C.

Also, the HCL 1 composite requires 5 and 2 min equilibrium
time periods to reach equilibrium at 27 and 50 °C, respectively,
and that value for lead adsorption is 25 min at 27 °C and 30 s at
60 °C (Figure S8). As depicted in Figure S9, the time taken to
reach equilibrium during fluoride adsorption onto HCL 2 is 4
min at 27 °C and 1.5 min at 50 °C and that value for lead
adsorption is less than 10 min at 27 °C and less than 5 min at 60
°C. From this, it could be clearly seen that the sorption rate
increases with an increase in temperature. The temperature-
dependent nature of the rate constant and the activation energy
barrier for sorption were evaluated using the Arrhenius
activation energy equation (eq 16). Using the thermodynamic
eqs 1720, plots of In Ky vs 1/T (van’t Hoff plot) and In kypvs1/
T graphs (Arrhenius activation energy plot) were drawn and are
shown in Figure S10. The heats of enthalpy and entropy of the
system were directly calculated using the slope and intercept of
the van’t Hoft plot. Moreover, the activation energy barrier for
Pb** and fluoride adsorption was calculated using the slope of
the Arrhenius activation energy plot. The calculated thermody-
namic parameters and activation energy of the sorption are listed
in Table S. Except for HCL 1, all of the other apparent activation
energies (Eap) calculated using the Arrhenius equation for
fluoride and lead ion adsorption by lanthanide-incorporated
hydroxyapatite are positive potentials. Increasing the temper-
ature leads to an increase in the number of adsorbate and

Table S. Thermodynamic Parameters for the Adsorption of
Fluoride and Lead Ions by Lanthanide-Incorporated
Hydroxyapatite

T AG° AH® AS°® activation energy
®  (/mo) (Jmol) (/(KmoD)  (/mob)
F~ Adsorption

HC 300 —0.18 20.0 66.23 35.0
323 —0.24
333 -2.92

HCL1 300 —0.33 44.3 148.14 50.2
323 -3.06
333 —5.47

HCL2 300 —0.57 55.2 184.53 76.8
323 —3.10
333 =731

Pb** Adsorption

HC 300 -20.96 30.24 168.4 38.8
323 —21.66
333 —=27.72

HCL1 300 1.60 20.78 63.63 -1.0
323 0.54
333 —0.65

HCL2 300 12 81.27 265.0 4.1
323 -2.39
333 —-8.50

adsorbent, which passes the transition potential and thereby
increases the rate of adsorption at a given time.

On the other hand, the thermodynamic data reveals that the
adsorption of lead ion onto HC is highly favorable compared to
the HCL 1 and HCL 2 systems. The AG® value of HC for lead
ion adsorption at room temperature (300 K) is —20.96 kJ/mol,
while the values for HCL 1 and HCL 2 systems are 1.6 and 1.2
kJ/mol, respectively. Also, all three systems show a high degree
of feasibility upon increasing the temperature, indicating the
endothermic nature of the lead ion adsorption. Additionally,
entropy changes of the systems were also positive, indicating the
high randomness at solid—solution interfaces.

According to these thermodynamic parameters, it can be
concluded that incorporation of lanthanum ions to HC
decreases the affinity toward the lead ion. This observation
can be explained via the occupation of anionic active functional
groups of HC with lanthanum and the insufficiency of existing
functional groups for complete saturation with lead ions.
However, the observed AG® values of HCL 1 and HCL 2 are
not remarkably high and the activation energies for lead ion
adsorption (—1 and 4.1 kJ/mol, respectively) are significantly
low, indicating the favorable adsorption even at room temper-
atures.

2.6. Effect of Coexisting lons on Adsorption. The effect
of coexisting anions on fluoride removal was studied in the
presence of anions such as SO,*>~ (100 ppm), CI~ (100 ppm),
HCO;~ (100 ppm), and NO,~ (100 ppm), and it is shown in
Figure S11. The results indicated that the presence of this
coexisting ion introduces a certain competition on the fluoride
adsorption process. The most remarkable effect for fluoride
removal can be seen in the HC system, and it is 56.9%. The
lowest effect could be seen on HCL 2 (5.9%). It can be explained
as the oxidation state of lanthanum is high (+3) and therefore
the degree of affinity toward anions is high. Thus, the
detrimental effect of the coexisting ion will be lowered. The
effect of coexisting cations on Pb** removal was studied in the
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presence of other cations such as Cd** (100 ppm), Ca** (100
ppm), and Mg** (100 ppm) (Figure S12). The lowest effect
from the coexisting ion was observed in the HC system, and it is
1.9%. This may be due to the presence of more available surface-
active groups on the HC for Pb ** other than the lanthanum-
incorporated composites.

2.7. Leaching Study. The leaching properties of HC, HCL
1, and HCL 2 during the lead and fluoride ion adsorption
process were studied using two different concentrations of lead
and fluoride ions. In this case, a 10 mL portion of each
concentration was added into 0.02 g of composites, and the
leaching of calcium, cerium, and lanthanum ions was determined
at different time intervals using microwave plasma atomic
emission spectrometry (MP-AES). In this case, the considerable
detachment of cerium, lanthanum, and calcium ions during the
fluoride adsorption process was not observed. The leaching
properties of HC, HCL 1, and HCL 2 during lead ion adsorption
are shown in Figure S13. This result indicated that the leaching
effect of cerium is zero from each composite even in the presence
of 100 ppm lead ion solution. The pH threshold of CeO, is 2.5
(KSP = 5.01 X 107%),”” and therefore at pH values higher than
2.5, CeO, will not be dissolved and its release to the medium is
negligible. By contrast, significant leaching of calcium and
lanthanum ions was observed during lead ion adsorption from
HCL 1 and HCL 2 at high lead ion concentration (100 ppm).
The high lanthanum leaching potential at a high lead ion
concentration is a drawback of HCL 1 and HCL 2 composites.”
However, leaching of lanthanum and calcium ions from HCL 1
and HCL 2 at 1 ppm initial lead ion concentration was not
significant, and those values were below the maximum
permissible concentrations of calcium (<60 ppm) and
lanthanum (<10 ppb).”” Therefore, by analyzing these results,
it can be concluded that HCL 1 and HCL 2 composites are more
suitable for customized fluoride removal filters, while the HC
composite is suitable for both fluoride and lead ion removal
purposes.

2.8. Point of Zero Charge and ¢ Potential of the
Composite at pH 5.8. As suggested in the mechanism, fluoride
and lead ion adsorption mainly occurs through the ion-exchange
process. The materials consist of strong positively and negatively
charged ions, which can facilitate electrostatic interactions of
both lead and fluoride ions. Even though the surface charge is
not an accurate index to judge the electrostatic interaction of this
multivalent and multi-ion versatile material, the surface charge
can influence and provide insights into some interactions. To
confirm this idea, the point of zero charge (pHPZC), where the
electrical charge density on the surface is zero, was detected and
it provided valuable information regarding the surface charge of
the adsorbent. In this case, the graph plotted against ApH
[PHinitial — PHénal] vS PHiniial is shown in Figure S14. The point
of zero charge (Pszc) values of HC, HCL 1, and HCL 2 were
5.9 (£0.28), 5.85 (+0.14), and 6.18 (+0.17), respectively. The
pH,,. values of all three materials were found to be slightly
higher in pH than the working pH of the medium (pH = 5.8),
and therefore the surface of the material can exhibit a slight
positive charge, which favors the formation of electrostatic
interactions with fluoride. Lead adsorption studies carried out in
the pH range 1—6 showed a significant lead ion adsorption in the
pH range 5—6. This disclosed that lead ion removal is not
significantly affected by having this slight positive surface charge.
Further, leaching experiments and XPS studies carried out
before and after the lead ion adsorption also exhibited sufficient
evidence to prove the ion-exchange mechanism of lead ions.

Accordingly, lead ion removal was mainly due to electrostatic
interactions between lead ion and negatively charged ions such
as phosphates in the composite.

The { potential in general represents the physical stability of
the colloidal suspension, and it gives an idea about the potential
difference between the mobile dispersion medium and the
electric double layer attached to the dispersed phase.”
Therefore, the pH of the medium highly affects the { potential.
In this study, the { potentials of three materials at pH 5.8
(working pH) were measured and are shown in Figure S15.
From that, it was found that the { potentials of HC, HCL 1, and
HCL 2 at that pH are positive and that the values are 2.7, 9.3, and
10.4 mV, respectively.”” According to this, the electrostatic
repulsion between two colloidal particles is low and this will lead
to further aggregation of particles via the van der Waals
interparticle attraction.

2.9. Straw Filter Experiment. As shown in Figure 10, a
straw filter was developed using a 2 cm nylon rod and tested for

12cm

‘I 2cm $ lcm

Figure 10. Straw filter setup.

fluoride adsorption using HCL 2 (0.2 g) and lead adsorption
using HC (0.2 g). The suction filtration studies were carried out
until the remaining fluoride level reached 0.5 ppm and the lead
level reached 10 ppb. The results showed that the suction
filtration capacity of HC for lead ions is 1800 mL/g, and the
suction filtration capacity of HCL 2 for fluoride is 1350 mL/g.

Table 6 shows a summary of adsorption capacities, pH, and
equilibrium time for some reported materials, and compared to
the available literature data, our developed lanthanide-
incorporated HAP showed superior ability to scavenge fluoride
and exhibited the highest ever recorded adsorption values. On
the other hand, versatile adsorbents that can remove both
fluorides and lead ions are rarely reported. There are some
reports on the removal of both lead ions and fluorides; however,
adsorption capacities are not significant. Comparatively, our
adsorbents show a considerably high adsorption capacity toward
fluoride and lead ions at pH 5.8, proving the versatile nature of
adsorbents. Furthermore, the majority of adsorbents reported in
the literature require long contact times for equilibrium.
However, the equilibrium times of lanthanide-incorporated
HAP for fluoride and lead ions adsorption are less than 10 min
and less than 30 min, respectively. In addition, most of the early
studies were carried out with column-based gravity filtrations,
and in here, we have introduced a straw filter prototype under
suction filtration.
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Table 6. Summary of Adsorption Capacities, pH, and Equilibrium Time for Some Reported Materials

adsorption capacity

pH equilibrium time (min) (mg/g)
adsorbent F~ Pb** F~ Pb** F~ Pb** ref
La- and Ce-modified mesoporous alumina 5.5-6.5 300 26.4 40
Ce0,—ZrO, nanocages 3.5-4.5 1440 175 46
CeO,/Mg—Fe layered double hydroxides 6-7 1440 60.4 35
La—Al-scoria 7.2 300 239 81
La-modified seaweed 7 240 94.3 82
porous hydroxyapatite 6.5 1.3 9 83
HAP-MMT N 30 16.7 84
Al-HAP 7 180 98.8 85
CTS-HAP 5.5 0.5 909 20
nano-hydroxyapatite ~§ 600 1300 86
CMC-HAP 5.5 3 625 20
HAP-alginate gelatine 240 616 87
HAP/CTS fibrous composites 6 120 162 88
hydrous zirconium oxide-impregnated chitosan beads 3 7 150 150 22.1 2222 24
coffee-ground-based biosorbent 4 6 108 75 9.0S 61.6 89
HAP-CeO, (HC) 5.8 5.8 4 0.5 1852 416.0 this work
HAP-CeO,-La(OH), 2:1 5.8 5.8 5 25 200.0 212.8 this work
HAP-CeO,La(OH); 3:2 5.8 5.8 4 10 625.0 296.0 this work

3. EXPERIMENTAL SECTION

3.1. Materials. All of the chemicals used in this study were of
analytical grade and used without further purification.
Lanthanum(I1I) nitrate hexahydrate (99.999%) and cerium (IV)
sulfate were purchased from Sigma-Aldrich Ltd. Calcium nitrate
tetrahydrate (98%) from Techno Pharmchem, India, was used
in the synthesis along with ammonium monohydrogen
phosphate (99%, Sigma-Aldrich). Sodium fluoride (99.5%
Merck) was used to prepare the fluoride stock solution.

3.2. Synthesis of the Hydroxyapatite Ceria Composite
(HQ). First, (NH,),HPO, (12 mmol) and a 30 mL portion of
NH,OH (5 M, 30 mL) were added dropwise to the heated
solution of Ca(NO,),-4H,0 (20 mmol) wherein the temper-
ature of the solution is 60 °C and the pH of the solution is 10.
Ce(S0O,),4H,0 (30 mmol) and NaOH (120 mmol) were
added to the mixture. The reaction mixture was purged with air
and reacted at 80 °C for 3 h while refluxing. The formed yellow
precipitate was filtered and washed with water and ethanol
sequentially and then dried.

3.3. Synthesis of Lanthanum-Incorporated Hydrox-
yapatite Ceria (System 1: Ce/La (2:1); and System II: Ce/
La (3:2)). 3.3.1. System 1: Ce/La (2:1)—(HCL 1). First,
(NH,),HPO, (12 mmol) and a 30 mL portion of NH,OH (§
M, 30 mL) were added dropwise to the heated solution of
Ca(NO;),-4H,0 (20 mmol) wherein the temperature of the
solution is 60 °C and the pH of the solution is 10. Ce(SO,),
4H,0 (30 mmol), La(NO;), (15 mmol), and NaOH (165
mmol) were added to the mixture. The reaction mixture was
purged with air and reacted at 80 °C for 3 h while refluxing. The
formed yellow precipitate was filtered and washed with water
and ethanol sequentially and dried.

3.3.2. System lI: Ce/La (3:2)—(HCL 2). The composite was
synthesized from the procedure documented in system I and
using 20 mmol of La(NOs;), and 180 mmol of NaOH.

3.4. Characterizations. The morphological studies of the
synthesized composites were carried out using scanning electron
microscopy (Zeiss Gemini SEM 300). The elemental
composition of the composite was analyzed using a SEM-EDX
analyzer (Zeiss Gemini SEM 300). The crystal structures of the

composites were examined using an X-ray diffractometer (XRD)
(Rigaku, Smartlab with Cu Ka, 0.02° step size and 15°/min
scanning speed). The surface elemental analysis of the
composite before and after fluoride and lead ion adsorption
was performed using X-ray photoelectron spectroscopy (XPS).
The XPS system (Thermo Fisher Scientific, U.K.) with an X-ray
source of Al Ka (1486.6 eV) was equipped to an ultrahigh-
vacuum chamber (base pressure better than 2 X 1078 Pa) for the
XPS measurements. XPS spectra of the survey with a high pass
energy (PE) and the core level with a low PE were performed in
the constant analyzer energy (CAE) mode with a pass energy of
50—200 eV and an energy step of 0.1 eV. The presence of
functional groups was confirmed using an FT-IR spectrometer
(Varian 660-IR). Surface area and average pore size were
measured using the Brunauer—Emmett—Teller (BET) analysis
with an automated gas sorption analyzer (Autosorb iQ-MP (1
stat), Viton). The colloidal stability of the composite was
measured using a Zetasizer (Malvern, ver.7.2). The lead ion
concentration of samples was measured by a microwave plasma
atomic emission spectrometer (MP-AES) (Agilent, 4210). The
fluoride ion concentration was determined using an Orion
fluoride ion selective electrode.

3.5. Adsorption Batch Experiment. Batch adsorption
experiments for lead and fluoride ions were carried out using
0.02 g of HAP-CeO, (HC), HAP-CeO,-La(OH); (2:1) (HCL
1), and HAP-CeO,-La(OH); (3:2) (HCL 2) in 50 mL
polypropylene vials containing 10 mL of fluoride solution at
concentrations ranging from 0.07 to 2.8 g/L and the solution pH
was 5.8. Also, the lead ion adsorption isotherm studies were
carried out using a 0.07—1 g/L lead ion solution and using 0.02 g
of HC, HCL 1, and HCL 2 composites. The mixture was stirred
at 180 rpm until it reached equilibrium, and residual fluoride
levels and lead ion levels were determined using the Orion
fluoride ion selective electrode and MP-AES, respectively.

The lead and fluoride ion adsorption capacities (g,) were
calculated using eq 1 as follows”’

1%
qe - ;(Co - Ce) (11)
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Two linear isotherm equations (Langmuir and Freundlich),
which are widely applied in solid/liquid systems, were used to
study the adsorption behavior of composites at equilibrium.

The simplified form of the Langmuir isotherm model can be
expressed as follows

C. G 1
q, 49, Kq (12)

where C, (mg/L) is the equilibrium concentration, q. is the
adsorption capacity at equilibrium, g, represents the maximum
adsorption capacity, and K is the Langmuir constant. The model
describes the monolayer retaining of adsorbate on the adsorbent
surface with energetically equivalent and identical binding
sites 199192

The Freundlich adsorption isotherms express the adsorption
phenomena on a heterogeneous surface, which have exponential
distribution of active sites.”””* The linearized form of the
equation can be written as follows

1

In q, = InK; + » In C, (13)
where C, (mg/L) is the equilibrium concentration, q. is the
adsorbed amount of adsorbate at equilibrium, K; (L/mg) is the
temperature-dependent Freundlich isothermal constant, and “n”
is a parameter indicating the intensity of adsorption, which
differs with the heterogeneous nature of the adsorbent. Values of
n between 1 and 10 indicate the multilayer adsorption of the
adsorbate.

3.6. Adsorption Kinetic Studies. To identify the
structure—activity relationship of lanthanide-incorporated
HAP further, the involvement of these composites on the
sorption rate of lead and fluoride ions was determined. In this
circumstance, the adsorption kinetic of fluoride was continu-
ously monitored using a fluoride ion selective electrode from a
0.5 to 60 min time period at three different temperatures using
0.2 g of adsorbent and 30 mL of 10 ppm fluoride solution and
the system was continuously stirred (180 rpm). Adsorption
kinetics of lead ions was also studied using MP-AES. In this case,
0.025 g of adsorbent in 10 mL of 600 ppm lead ion solution was
stirred in a series of different contact times (from 0.5 to 60 min).
The spent HC, HCL 1, and HCL 2 were collected for further
characterization using SEM-EDX, XPS, and XRD.

The collected kinetic data were interpreted using two kinetic
models, namely, the Lagergren-first-order model and Ho’s
pseudo-second-order model, and thereby the mechanism of
adsorption was further investigated."

The linearized form of the Lagergren-first-order rate model
can be expressed as follows

In(q, — ¢,) =Ing, — k;t (14)

where gq. and g, are the adsorption capacities (mg/g) at
equilibrium and at time ¢, res}g)ectively, and k, is the rate constant
of the adsorption process.”"”**

The linearized form of Ho’s pseudo-second-order rate model
can be expressed as

1 1 1 1
WA
9, kg \t) g, (15)
where g, and g, are the adsorption capacities (mg/g) at

equilibrium and at time ¢, respectively, and k, is the rate constant
of the pseudo-second-order adsorption process."”"”

3.7. Adsorption Thermodynamics. The effect of temper-
ature on lead and fluoride adsorption was studied at three
different temperatures. In this case, the Arrhenius equation (eq
16) was used to study the apparent activation energy of the
adsorption process and the dependence of the apparent rate
constant on temperature.l’19

Ink,, =InA — Ey

b RT (16)
where k,, is the apparent rate constant, A is the frequency factor,
E, is the activation energy, T is the temperature (K), and Ris the
universal gas constant.

AG°=—RT In Ky (17)

The thermodynamic parameters such as heat of enthalpy (AH),
entropy change (AS), and Gibbs free energy (AG) are very
useful parameters to detect the spontaneity and the feasibility of
fluoride and lead ion adsorption onto the lanthanide-
incorporated HAP. These thermodynamic parameters were
calculated using eqs 17—20.""

where Kj is the thermodynamic distribution coefficient, T is
the temperature (K), and R is the universal gas constant.

K =l

C, (18)

where g, is the amount of adsorbate adsorbed on lanthanide-
incorporated HAP at equilibrium (mg/g) and C. is the
equilibrium concentration of the adsorbate in solution."
According to the thermodynamic law, the relationship of
AH®, AS° and AG° of adsorption can be expressed as
follows "

AG® = AH® — TAS® (19)

The substitution of eqs 17 and 19 results in the below equation”
AH®  AS°

RT R (20)

where T is the temperature (K) and R is the universal gas
constant.

3.8. Influence of pH on the Fluoride and Lead lon
Uptake Capacity. The influence of pH on the lead and fluoride
ion uptake capacity was studied by adjusting the pH of the
system from 1 to 6 for lead ions and from 1 to 8 for fluoride using
0.1 M HCl and NaOH (0.02 g/10 mL at 180 rpm and 27 °C).
The pH of the system and residual lead and fluoride ion levels
were determined using a pH electrode, a fluoride ion selective
electrode, and MP-AES, respectively.

3.9. Effect of Coexisting lons on Pb?* and F~ Removal.
The effect of coexisting cations on Pb*" removal was studied in
the presence of other cations such as Cd** (100 ppm), Ca>* (100
ppm), and Mg** (100 ppm) and 0.02 g of adsorbent. Also, the
effects of other anions such as SO,*~ (100 ppm), CI~ (100
ppm), HCO;~ (100 ppm), and NO;~ (100 ppm) on F~ removal
were studied using 0.02 g of adsorbent and 10 mL of each
solution.

3.10. Leaching Study. The variation of stability during lead
and fluoride ion adsorption was studied using 100 and 1 ppm
lead ion as well as fluoride solutions and 0.02 g of HC, HCL 1,
and HCL 2 composites. The system was continuously
monitored for possible leachates such as calcium, cerium, and
lanthanum ions from the 0.5 to 60 min time period.

3.11. Point of Zero Charge and ¢ Potential of the
Composite at pH 5.8. In this case, a previously reported
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procedure’ was followed with five samples of different pH values
(from 2 to 10 and 0.05 g of adsorbent). After 24 h, change in pH
of the five different systems was measured and the pH change
was plotted as a function of the initial pH to detect the pH,,..
Also, the { potential of the colloidal dispersion of three different
composites at pH 5.8 was measured using a Malvern zetasizer to
detect the stability of dispersions.

4. CONCLUSIONS

In this study, an in situ wet chemical precipitation method was
used to decorate and fabricate the HAP with lanthanum and
cerium ions to synthesize the lanthanide-incorporated nano-
hydroxyapatite. To enhance the removal of fluoride and lead
ions from contaminated water, the ratio of cerium and
lanthanum ions was tuned and formed three composites:
HAP-CeO, (HC), HAP-CeO,-La(OH), (2:1) (HCL 1), and
HAP-CeO,-La(OH); (3:2) (HCL 2) composites. The satu-
ration lead ion adsorption capacities of HC, HCL 1, and HCL 2
are 416 mg/g (Langmuir), 213 mg/g (Langmuir), and 296 mg/
g (Freundlich), respectively. The saturation fluoride adsorption
capacities of HC, HCL 1, and HCL 2 are 1852 mg/g
(Freundlich), 200 mg/g (Langmuir), and 625 mg/g (Lang-
muir), respectively. The pseudo-second-order kinetic model was
provided the best correlation for both Pb** and F~ adsorption.
The postadsorption XRD analysis, XPS analysis, and kinetic and
leaching analyses proved the chemisorption behavior during
fluoride and lead ion adsorption onto these composites. The
thermodynamic profile of the composites follows the same
pattern for both lead and fluoride ions, i.e, AG® <2, AH® > 0,
and AS° > 0. As an overview, the HAP-CeO,-La(OH); (3:2)
(HCL 2) composite material is a better solution for adsorbate-
specific customized water filters such as the fluoride water filter
due to the high adsorption capacity and the zero leaching effect
during fluoride adsorption. For general-purpose water filters that
are designed to remove both cations and anions, the HAP-CeO,
(HC) composite material is the most promising approach.
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