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ABSTRACT

Excessive F in drinking water due to natural and anthropogenic activities is a serious health hazard
affecting humans worldwide. In this study, a comparative assessment was made of eight mineral-
based materials with advantageous structural properties for F~ uptake: layered-double-hydroxides
(LDHs), geopolymers, softening pellets and struvite. These materials are considered low-cost, for
being either a waste or by-product, or can be locally-sourced. It can be concluded that Ca-
based materials showed the strongest affinity for F~ (Ca-Al-CO5; LDHs, slag-based geopolymer,
softening pellets). The Langmuir adsorption capacity of Ca-Al-COs LDHs, slag-based geopolymer
and softening pellets was observed to be 20.83, 5.23 and 1.20 mg/g, respectively. The main
mechanism of F uptake on Ca-Al-CO3; LDHs, Mg-Al-Cl LDHs, slag-based geopolymers and
softening pellets was found to be sorption at low initial F* concentrations (<10 mg/L) whereas
precipitation as CaF, is proposed to play a major role at higher initial F* concentrations
(>20 mg/L). Although the softening pellets had the highest Ca-content (96-97%; XRF), their
dense structure and consequent low BET surface area (2-3 m?/g), resulted in poorer
performance than the Ca-based LDHs and slag-based geopolymers. Nevertheless, geopolymers,
as well as struvite, were not considered to be of interest for application in water treatment, as
they would need modification due to their poor stability and/or F™ leaching.
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CaF,

1. Introduction exposure through drinking water, various methods

Fluoride (F) is very important to human health, as it
prevent tooth decay, however, excessive F~ intake via
drinking water, at concentrations above 1.5 mg/L,
causes dental or skeletal fluorosis [1] and hormone
imbalance of the thyroid [2]. Fluorosis due to F" in drink-
ing water has affected around 200 million people from
35 nations over the world [3,4]. In order to mitigate F°

have been developed to remove F” from water. Particu-
larly, F" sorption and precipitation are methods of inter-
est, as F" ions are small and, as such, difficult to remove
with most separation technologies, including mem-
branes [5]. In the past several decades, over 100
materials have been developed for the removal of F
[6,71, including, activated alumina, granular ferric
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hydroxides and rare earth oxide-based materials [8-10].
Particularly mineral-based materials are promising for F°
removal for drinking water production [6], due to the
fact that mineral-based materials generally possess a
layered or reticulate structure with electropositive multi-
valent metal ions [11]. This positive charge on the
surface could attract the small F" anions [12].

Table 1 provides an overview of tested mineral-based
materials, illustrating the variability in performance for F
removal capacity (q.). The materials with high g, such as
Mg-Al-CO5 LDHs, nanomagnesia and calcium-rich Attapul-
gite, have generally been tested at F concentrations higher
than typically found in natural groundwater, complicating
extrapolation to field-relevant conditions. An additional
challenge is that most well-performing materials, such as
nano goethite [13] and CaO nanoparticles [14], are not
widely available, making their supply chain for rural
water supply challenging. Finally, quick lime and limestone
could not obtain an equilibrium F~ concentration below
79 mg/L, due to the solubility constraints of CaF,,
making it unacceptable for drinking water production [15].

Various mineral-based materials have thus been
tested to remove F from water, but affordable and
accessible materials for typical F° concentrations in
natural groundwater remain limited. The objective of
this study is, therefore, to perform a comparative assess-
ment of low-cost mineral-based materials, from the per-
spective of their F° removal capacity, structure and
stability. Eight different materials were selected, based
on their presumed affinity for F’, as their structure/com-
position resembles earlier reported F~ materials: Layered
Double Hydroxides (LDHs) (Ca-Al-CO5; LDHs and Mg-Al-
Cl LDHs), geopolymers (slag-, fly ash-, metakaolin-
based), softening pellets (two types) and struvite. The
first being a natural clay and the others being sourced
from waste streams, namely, from industrial processes,
drinking water treatment and wastewater treatment.

LDHs and their modified products are considered as
effective adsorbents for removal of a variety of anionic

Table 1. Overview of F" removal by mineral-based materials.
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and cationic pollutants from aqueous solutions such as
F-, CI', BrO3, P, NO3, As(lll) and heavy metals such as Cr
(VI), Cu(ll), Cd(ll), Pb(ll) [25-32]. Slag, fly ash and meta-
kaolin are solid precursors of geopolymers and also
have promising removal capacities for F [19,33,34].
However, F" removal by geopolymers is rarely reported.
Softening pellets are spherical crystal beads of calcite
nature and a waste product of hardness removal in
pellet crystallization reactors [35]. Other calcium carbon-
ate rich materials such as calcite particles, limestone and
eggshell have been observed to have affinity for F~ sorp-
tion [36-38], making softening pellets an attractive
alternative material. Struvite is magnesium ammonium
phosphate hexahydrate (MgNH,PO,4-6H,0, MAP) [39]
and occurs naturally in geochemical and biological
systems [40,41]. Struvite recovered from wastewater
has been observed to remove arsenic (As) through
adsorption [42] and co-precipitation [43], but has so far
not been investigated for F removal.

2. Materials and methods
2.1. Materials and their preparation

Ca-Al-CO3; LDHs and Mg-Al-Cl LDHs were supplied by
Nabaltec (Germany) and Shaoyang Tiantang Additives
Chemical Co., Ltd (China), respectively. Three types of
geopolymers, slag-, fly ash- and metakaolin-based geo-
polymers, were prepared in the laboratory using com-
mercial blast furnance slag (ORCEM, the Netherlands),
fly ash (VLIEGASUNIE BV, the Netherlands), and metakao-
lin (Sigma-Aldrich). The softening pellets and struvite
were obtained from full-scale installations, Dutch
groundwater treatment plants (Bunnik and Sint Jansk-
looster) and a crystallization reactor, respectively.

The preparation process of geopolymers was as
follows: 100 g of solid precursors was mixed with 14M
NaOH solution using a molar ratio of SiO,/Na,0=1.0. Geo-
polymer paste then started to form, which was mixed for

Experimental conditions

Materials Je max (MY/g) Frange (mg/L) Dosage(g/L) pH Temperature References
Quartz 0.19 25x%x107° 16.7 6 - [16]
Calcite 0.39 —6.34 x 1072 16.7 6 . [16]
Kaolinite 0.667 5 1-8 6-7 32+2°C [17]
Laterite 0.8461 10-50 1 7.5 30°C [18]
Bentonite 1.15 5 1-8 6-7 32+2°C [17]
Magnesia-loaded fly ash 11.61 5-20 2.5 4 30°C [19]
Hydroxyapatite 16.38 5-50 0.5 7 25 [12]
Quick lime 16.67 10-50 1-10 - 25+2°C [20]
Lime stone 43.1 0-100 1 8 298K [21]
Nano-goethite 59 10-150 1 5.75 303K [13]
Attapulgite (calcium-rich) 140.1 10-600 20 8 25 [22]
Ca0 Nanoparticles 163.3 10-100 0.6 2-8 25+1°C [14]
Nanomagnesia 267.82 5-200 0.005-0.1 7 30+2°C [23]
Mg-AI-CO5 LDHs 319 5-2500 3 6 30+ 1°C [24]
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3-5 min to give complete homogenization. Then the mix-
tures were put in a polypropylene bottle (200 mL) pre-
cured for 28 days in a curing chamber, which had a
temperature of 20 °C [44]. Before use, apart from the
LDHs, all materials were crushed using a ball mill, then
washed using deionized water at least three times and
dried in an oven at 65 °C for 24 h (25 °C for struvite).

F* solutions with different concentrations were pre-
pared with sodium fluoride (NaF) (Sigma-Aldrich) as
the source. 2.21 g NaF was dissolved in 1L deionized
water to prepare the stock solution and then diluted
into desired concentrations.

2.2. Characterization of materials

Digital images of the materials were taken by a digital
microscope (KEYENCE VHX-5000). The specific surface
area of the materials was determined by a gravimetric
nitrogen Brunauer-Emmett-Teller (BET) specific surface
area analysis device (Micrometrics Gemini VII 2390
V1.03). The chemical composition was determined by
X-ray fluorescence (Panalytical Epsilon 3XL). The
surface morphology was carried out using the scanning
electron microscope (SEM) (JEOL JSM-IT100).

2.3. Batch experiments

Batch equilibrium experiments were conducted in six
glass bottles (100 mL with cap) with 100 mL F" solutions
at room temperature (25 1°C). Initial solutions were
adjusted to pH 8.5 (after materials dosing) using HCl
(0.1 M) and NaOH (0.1 M), because F-containing ground-
water, e.g. in China, tend to have a pH>8 [45]. The initial
F~ concentrations were 2, 5, 10, 20, 40 and 80 mg/L. For
the softening pellets, struvite and geopolymers, the
dose was 20 g/L. For the Ca-AlI-CO3; LDHs and Mg-Al-Cl
LDHs, the dose was 1 and 10 g/L, respectively, which
was adjusted according to their performance in prelimi-
nary experiments. The results of preliminary experiments
indicated that the equilibrium time for LDHs, geopoly-
mers, softening pellets and struvite were 1, 7 days, 7
and 4 days, respectively. After constant stirring for equi-
librium, the solutions were filtered through a 0.45 um
membrane and were then analyzed by lon chromato-
graphy (IC) (Metrohm, Switzerland).

The equilibrium uptake capacity (g.: mg/g) of the
materials at different initial F* concentrations were calcu-
lated using the formula:

o (CO - Ce)v
e — m ’

where Cy (mg/L) and C, (mg/L) are initial and equilibrium

F~ concentrations, respectively; V (L) is the initial volume
of solution; and m (g) is the mass of the material.

2.4. lon leaching from materials

lon leaching experiments were carried out by adding the
materials (the same dose as the batch equilibrium exper-
iments) into 100 mL of deionized water, which had been
adjusted to pH 8.5 by dosing HCI (0.01M) and NaOH (0.01
M). Then the mixture was to stand for the same amount
of time as the batch equilibrium experiments, and was
then filtered by 0.45 um membrane. The concentrations
of cations (K*, Ca®*, Na*, Mg?*, NH3) and anions (F, CI,
NO3, NO3, PO3, SO%) leaching from materials were
measured using IC.

2.5. Dissolution and precipitation modelling
using PHREEQC

PHREEQC is a geochemical model that can be used in
speciation and saturation-index calculations, batch-reac-
tion, one-dimensional reactive-transport, and inverse
modelling [46]. In this study, PHREEQC was employed
to calculate the dissolution of materials (softening
pellets and struvite) and precipitation of calcium
fluoride (CaF,) and to calculate the solubility and relative
thermodynamic stability of the materials. To study dis-
solution, a beaker was defined in the model with demi-
neralized water to which the minerals calcite and (or)
struvite were added. Step-wise, the minerals dissolved
to equilibrium, and the concentrations and saturation
indexes were calculated and plotted. The thermodyn-
amic information on struvite was added because the
phreeqc.dat database did not contain this information
(included in supplementary data). For precipitation, F°
solution was defined by using the experimental major-
ion data. Detailed descriptions of simulation and input
files can be found in example 2 and 3 from Parkhurst
and Appelo [46].

3. Results and discussion
3.1. Digital microscope and SEM images

Figure 1 shows the digital microscope and SEM images
of LDHs (A), geopolymers (B), softening pellets (C) and
struvite (D). The SEM images of LDHs show that Ca-Al-
COs; LDHs (1-5um) has finer particles than Mg-Al-Cl
LDHs (5-40um). The particle sizes of geopolymers were
distributed from approximately 1-100 um. A flake struc-
ture was observed for the metakaolin-based geopoly-
mer. Figure 1C depicts digital microscope and SEM
images of the softening pellets, showing the dense
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Figure 1. Digital microscope and SEM images of LDHs (A), geopolymers (B), softening pellets (C) and struvite (D).

structure of the crystal. The softening pellets ranged in
size from 0.5 mm to approximately 2 mm. Figure 1D
depicts images by digital microscope and SEM of the
struvite, and illustrates that the crystal is constructed
from small subunits with porous nature. The struvite par-
ticles were approximately T mm. The particle sizes of the
crashed softening pellets and struvite were in the range
from 1-5 pm.

3.2. Specific surface area (BET) and chemical
composition (XRF)

It has been hypothesized that a high specific surface
area is advantageous for sorbents, since it increases
the number of surface sorption sites per unit area [5].
However, it has also been suggested that the fractures,
pore structure, size, and shape can impact the sorption

rate and capacity by hindering the solute transport
process [5,47]. BET surface areas of the selected materials
are presented in Table 2. The results indicate that all
materials have a relatively small specific surface area,
below 10 m?/g, except for struvite (13.2 m%/g). Softening
pellets had the lowest surface area (2.4 and 3.4 mz/g),
which is lower than the value of 9.15 m?/g of commercial
calcite [48]. The surface areas of LDHs (7.6 and 8.4 m?/q)
were relatively high, but still low compared with the
values reported in literature (20-120 mz/g) [24].

The chemical composition of the materials, from XRF
analyses, indicates that CaO was the predominant com-
ponent of the softening pellets and Ca-Al-CO; LDHs.
Geopolymers consisted mainly of SiO, and Al,03,
although the slag-based geopolymer also contained a
high CaO concentration. MgO was the predominant
component of the Mg-Al-Cl LDHs and struvite.
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Table 2. BET surface area and XRF analysis of chemical composition.

Materials BET surface area (mz/g) Chemical composition (XRF; wt%)

Ca-Al-CO; LDHs* 7.6 CaO(71.4%) Al,05(28.5%)

Mg-AI-Cl LDHs 8.4 MgO(52.7%) C(24.1%) Al,05(17.5%)
Slag-based geopolymer 438 Ca0(45.0%) Si0,(30.3%) Al;,03(10.9%)
Fly ash-based geopolymer 2.7 Si05(54.1%) Al,05(24.0%) Fe,03(7.7%)
Metakaolin-based geopolymer 8.1 Si0,(55.5%) Al,05(32.6%) Na,0(6.8%)
Softening pellets from Bunnik 34 Ca0(99.3%) Fe,05(0.2%) S05(0.1%)
Softening pellets from Sint Jansklooster 24 Ca0(96.5%) Fe,03 (2.5%) Si0,(0.5%)
Struvite 13.2 MgO(49.7%) P,05(49.1%) Fe,03(0.8%)

*CayAly(0H);,C05:nH,0 (n=4-5), Ca=28.2-29%, Al=9.5-9.8%.

3.3. Fluoride uptake

Figure 2A shows that for the same initial F* concen-
tration, the F uptake by Ca-Al-CO; LDHs was higher
than by Mg-Al-Cl LDHs. This cannot be explained by
ion exchange, since it was reported that LDHs have
greater affinity for multivalent inorganic anions com-
pared with monovalent inorganic anions [49], although
Kameda et al. [50] proposed that F~ uptake by Mg-Al
LDHs (Mg-Al-NO3; and Mg-Al-Cl LDHs) is the result of
exchange between aqueous F* and NO3 or ClI” anions
positioned in the Mg-Al LDHs interlayer [50]. However,
adsorption is more likely, also because Ca®* presents a
stronger affinity for F” than Mg?* [51]. Alternatively, the
sudden shift in F* uptake at initial F* concentrations
over 40 mg/L by Ca-Al-CO; LDHs might also be
explained by the precipitation of CaF,.

751
60
454
304 ¢

¢ Ca-Al-CO, LDHs
v Mg-Al-Cl LDHs

q, (mg/g)
wn
k3

0 10 20 30 40 50 60 70 80
A C, (mg/L)

1= Softening pellets from Bunnik
® Softening pellets from Sint Jansklooster

0 100 20 30 40 50 60 70 80
C C, (mg/L)

In Figure 2B the F uptake by the geopolymers is pre-
sented. The results indicate that the slag-based geopoly-
mer was effective in F" removal, whereas the metakaolin-
based geopolymer did not show a defluorination effect.
The fly ash-based geopolymer only showed a limited F°
removal at high initial F° concentrations (>20 mg/L),
which may be explained by the release of F" into the sol-
ution (Figure 4). The relatively good performance of slag-
based geopolymers compared to fly ash- and metakao-
lin-based geopolymers may be explained by the pres-
ence of Ca®* (Table 2).

Figure 2C shows the F uptake by softening pellets
from softening reactors at water treatment plants
Bunnik and Sint Jansklooster. It can be found that both
pellets have a moderate affinity for F in relation to the
small surface area. For the same initial F* concentration,
the F uptake by softening pellets from Bunnik was

2.54
2.0+
1.5
) A Slag-based geopolymer
=ED 1.0+ * Fly ash-based geopolymer
e o Metakaolin-based geopolymer
Sy
0.5
e

B C, (mg/L)

1 * Struvite (pH=7.5)
0304 < Struvite (pH=8.5) A

D C, (mg/L)

Figure 2. F" uptake by LDHs (A), geopolymers (B), softening pellets (C) and struvite (D).
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caused by a different pellet composition, i.e. softening
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pellets from Bunnik have a higher content of CaO, 1200 20 —
whereas Sint Jansklooster have a higher content of 800 PR =;Hl
Fe,O3 (Table 2). It has been suggested that the F sorp- 400~ =§g
tion capacity of Ca-rich attapulgite can go up to = .o —
140 mg/g, which was comparable with the sorption % }g: =zg
capacities of some nanoengineered materials [22]. g 14 -]
Such efficiencies were not achieved by softening g }g: —
pellets, likely due to the relatively low specific surface § ?

area. 4]

The F" uptake by struvite was tested at pH 7.5 and 8.5, 2 . |l|

and it was found to be highest at pH 7.5 (Figure 2D). The 0 v_\@ o o‘r“ ; » I
mechanism of F sorption onto struvite has not been S““;&e«\o%”\ o™ e ee® wﬁﬁ“ﬁ Q\a\«ae\'\“’?’

studied previously, but earlier research on As adsorption
indicated that As forms monodentate mononuclear
surface complexes with struvite through the formation
of a Mg-O-As bond as the main removal mechanism
[42]. In addition, Brunet et al. [39] found that tetracycline
was removed via sorption and precipitation with struvite
(approximately 16%-22%). Therefore, it is hypothesized
that the uptake of F* on struvite can also be explained
by the formation of (surface) complexes.

3.4. Equilibrium isotherms

Table 3 provides an overview of the Langmuir and
Freundlich isotherm parameters for the studied
materials. The F* removal results obtained at higher F
concentrations (>20 mg/L) for Ca-Al-CO5 LDHs were con-
sidered to be influenced by the precipitation of CaF, and
therefore excluded from this analysis. In addition, the fly
ash- and metakaolin-based geopolymers did not show
affinity for F sorption and were therefore not included
in the isotherm model calculations. The Freundlich
model provides a consistently better fit of the results
than Langmuir. When viewing the Freundlich isotherm
plots depicted in Figure 3, the values of the Freundlich
exponent 1/n (except for Mg-Al-Cl LDHs) are smaller
than 1 (n>1) which is quite normal for sorption pro-
cesses, still implying favourable conditions for higher
initial concentrations and reflecting a chemisorption
process [52-54].

Figure 4. lon leaching from low-cost mineral-based materials;
Inset: F~ leaching from geopolymers. (BGP: based geopolymer).

3.5. lons leaching and PHREEQC calculation

The results of ion leaching are shown in Figure 4. It can be
found that the concentrations of most ions leaching from
softening pellets, Ca-Al-CO3 LDHs, Mg-Al-Cl LDHs and the
metakaolin-based geopolymer, remained below 10 mg/
L. For Ca**, however, the concentrations were higher,
with 13.2, 30.7 and 13.7 mg/L leaching from softening
pellets, Ca-Al-CO;5 LDHs and the slag-based geopolymer,
respectively. The PHREEQC calculation indicated that
approximately 0.25% of the softening pellets dissolved.
For struvite, the molar concentration of Mg?*, NHZ and
PO3 was 2.8, 1.4 and 2.3 mmol/L, respectively, which indi-
cates the occurrence of dissolution of struvite. PHREEQC
calculations indicated that this corresponds to approxi-
mate 1.5% of struvite dissolution.

For the three geopolymers, F leaching was detected,
namely 1.3, 1.2 and 1.9 mg/L from slag-, fly ash- and
metakaolin-based geopolymer respectively. This may
influence the defluorination effect of geopolymers.
Also, high concentrations of K* (1134 mg/L) and SO?{
(17.6 mg/L) were observed leaching from the slag-
based geopolymer. From the fly ash-based geopolymer
23.5mg/L PO3 and 123 mg/L SO} were found to
leach, which is undesirable from a drinking water
supply perspective.

Table 3. Isotherm parameters for F~ uptake on mineral-based materials.

Langmuir isotherm

Freundlich isotherm

qe=(qm Ki CJ/(1+K, C) ge =K "

Materials dm (Mg/g) K. (L/mg) R% K¢ (mg/g)(L/mg)”n n R%

Ca-Al-CO; LDHs 20.83 0.0197 0.8 0.412 1.09 0.992
Mg-AI-Cl LDHs 3.02 0.0087 0.755 0.187 0.98 0.958
Slag-based geopolymer 5.23 0.0132 0.861 0.056 1.03 0.967
Softening pellets from Bunnik 1.20 0.0363 0.723 0.078 1.78 0.977
Softening pellets from Sint Jansklooster 0.63 0.0476 0.934 0.048 1.79 0.994
Struvite 0.08 0.0438 0.905 0.008 2.18 0.977
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Figure 3. Freundlich isotherm plots of F* uptake on mineral-based materials.

However, the consequence of the Ca?" leaching
(13.2 mg/L) could have resulted in F" removal by precipi-
tation of CaF,. PHREEQC calculations indicated that the
precipitation of CaF, would occur for initial F* concen-
trations over 129 mg/L. It is therefore hypothesized
that the mechanism of F removal by Ca-Al-CO; LDHs,
the slag-based geopolymer and softening pellets is sorp-
tion at low initial F* concentrations, whereas precipi-
tation plays a more prominent role at higher initial F
concentrations. This finding is of critical importance
when considering the life-time of these materials, as
re-use or generation, which is desirable from a sustain-
ability and costs perspective, might be more challenging
for precipitation products.

4. Conclusions

A comparative assessment of low-cost materials from
the perspective of their F* removal capacity, structure
and stability was performed. It can be concluded that
Ca-based materials showed the strongest affinity for F°
(Ca-Al-CO3 LDHs, slag-based geopolymer, softening
pellets). The main mechanism of F* uptake on Ca-Al-
CO3 LDHs, Mg-Al-Cl LDHs, slag-based geopolymers and
softening pellets was found to be sorption at low
initial F~ concentrations (<10 mg/L), whereas precipi-
tation as CaF, is proposed to play a major role at
higher initial F~ concentrations (>20 mg/L). Although
the softening pellets had the highest Ca-content (96—
97%; XRF), their dense structure and consequent low
BET surface area (2-3 mz/g), resulted in poorer perform-
ance than the Ca-based LDHs and slag-based geopoly-
mers. Nevertheless, geopolymers, as well as struvite,

should not be considered to be of interest for appli-
cation in water treatment, as they would need modifi-
cation due to their poor stability and/or F* leaching.
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