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Abstract

Fluoride is an impurity in nickel sulfate production, which is required for electric vehicle batteries. Hydrous zirconium oxide
(HZO) was evaluated for removing fluoride from nickel sulfate solution. Maximum fluoride removal occurred at pH value
4 and optimal pH value is 4-5, considering Zr solubility. Fluoride availability decreases with pH due to hydrogen fluoride
and zirconium fluoride aqueous species. Fluoride removal is initially rapid, with 50 wt.% removal in 7 min, followed by
slow removal up to 68 wt.% after 72 h and follows second order rate kinetics. Fluoride removal was dominated by an ion
exchange mechanism and resulting Zr—F bonds were observed using Fourier-transform infrared spectroscopy. The presence
of nickel sulfate decreased loading capacity compared to a salt-free solution. HZO maintained adsorption capacity through

five cycles of loading and regeneration.
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1 Introduction

With the exhaustion of large deposits of high-grade nickel
sulfides, the processing of nickel laterite ores, also contain-
ing cobalt and manganese, has become the main source of
this metal [1—4]. In the comparatively energy intense pyro-
metallurgical processes to generate ferronickel or nickel pig
iron, cobalt is generally not recovered [5]. Both nickel and
cobalt are increasingly in demand for their key role in the
cathode active material of rechargeable lithium-ion batter-
ies (LIB) used in electric vehicles. Hydrometallurgical pro-
cessing is preferred for relatively low-grade ores containing
significant cobalt value and hydrometallurgical approaches
are now common for lithium-ion battery recycling.

In primary production, after leaching the ore with sulfuric
acid, an intermediate precipitation stage is usually part of the
purification of nickel and cobalt from the liquor producing
a mixed nickel—cobalt hydroxide precipitate (MHP) which
is an intermediate product [6, 7]. MHP contains relatively
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large amounts of impurities due to the low selectivity in
the hydroxide precipitation process compared with sulfide
precipitation [4, 6-8]. Ordinarily, magnesia, which is com-
monly used for precipitating MHP, is not fully reacted result-
ing in the presence of Mg in the precipitate. Mg can also be
present in MHP due to co-precipitation or as a component
of entrained liquor. Additionally, magnesium was identi-
fied as a key impurity when recovering nickel as Ni(OH),
(0.5-12 wt.% Mg) from agro-mined nickel bio-ore [9].

Moreover, the presence of magnesium in nickel solution
at a higher concentration can significantly affect the nickel
electropolishing process [4], although some studies have
shown how magnesium can be tolerated in nickel electrow-
inning [10]. Due to the need of high purity nickel sulfate and
strict magnesium impurity specifications, magnesium must
be removed from the system, which can be carried out by
precipitation of magnesium fluoride [4, 11, 12].

However, the use of fluoride introduces a risk of con-
taminating the nickel product and may complicate the water
treatment requirements [4, 13]. In acid solutions, fluoride
can increase the corrosion rates of the processing equipment
[13, 14]. While fluoride is an essential element for human
health at lower concentrations (0.4 and 1.0 mg-L™") in drink-
ing water, preventing dental diseases [15, 16], continuous
consumption of water containing fluoride above 2 mg-L~!
may contribute to several human health conditions [17-20].

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s42864-023-00241-1&domain=pdf
www.springer.com/42864
http://orcid.org/0000-0001-9801-3157
http://orcid.org/0000-0002-9535-384X
http://orcid.org/0000-0001-6764-2014
http://orcid.org/0000-0002-9861-9500
http://orcid.org/0000-0002-4775-6329

368

E. M. Nigri et al.

Therefore, there are typically strict limits on the discharge
of solutions containing fluoride to the environment or to
wastewater treatment facilities [21].

To minimize environmental impacts associated with
metal production and promote sustainable operations, it is
important to consider safe management [22], and recycling
of post-consumer waste such as spent LIB [23]. The demand
for Li-ion batteries for electric vehicles and other devices
has increased significantly, making the recovery of value
metals critical [24]. A key challenge in LIB recycling lies
in the electrolyte which often contains lithium hexafluoro-
phosphate (LiPF). Hexafluorophosphate reacts with water
or humidity releasing HF into solution in water washing or
leaching steps in recycling processes [25].

Fluoride separation technologies are adsorption [26-29],
chemical precipitation [30], ion exchange [31, 32], reverse
osmosis [33], electrodialysis [34], nanofiltration [35], and
electrochemical processes [36] which have been applied in
the purification of drinking water or treatment of wastewa-
ters [37]. Among all these techniques, adsorption and ion
exchange processes are more effective for the low concen-
tration range of fluoride and are also easy to implement if
low cost materials are applied for the adsorption procedure

[38-43]. However, the removal of fluoride from concen-
trated nickel sulfate solution has not been reported in the
literature. High purity nickel sulfate is now required in
large quantities as a raw material used in the fabrication of
rechargeable batteries.

Several fluoride removal materials have been studied and
utilized for the fluoride uptake from contaminated waters
[39], including zirconium-based materials, which have been
the subject of recent investigations due to their high bind-
ing affinity towards fluoride [32, 44-47]. Key articles about
using zirconium-based materials for fluoride removal are
summarized in Table 1.

Another feature that stands out in the use of zirconium
compounds for fluoride removal is the possibility of regen-
eration. Regenerative tests of adsorbents composed of zir-
conium used in the removal of fluorides were carried out
by Blackwell et al. [62], Guo et al. [50]; He and Chen [63];
Hiremath and Theodore [47]; Liao and Shi [60]; Paudyal
et al. [55]; Zhang et al. [56] and Tan et al. [42], where NaOH
was typically used.

Specifically, HZO has attracted attention due to its rel-
atively large surface area of 148—263 m>.g~! [64], high
adsorption rate, heat and radiation resistance, free from the

Table 1 Summary of studies using zirconium-based materials for fluoride removal

Materials

Solution source

Mesoporous carbon modified with hydrated zirconium oxide

Zirconium-based metal organic frameworks

Zirconium oxide coated on activated alumina

Carbohydrate embedded with hydrous zirconium oxide (HZO)
nanoparticles

Zirconium-chitosan/graphene oxide membrane

Green algae impregnated with zirconium

Fe;0, superparamagnetic nanoparticles modified with zirco-
nium oxide

Hybrid anion exchanger with dispersed zirconium oxide
nanoparticles

Activated carbon modified with zirconium (IV)

Polystyrene anion exchanger supported HZO nanoparticles

Granular HZO

Zirconium-modified-Na-attapulgite

Granular zirconium-iron oxide (GZI)

Zirconium (IV) loaded carboxylated chitosan beads (Zr-CCB)
Zirconium impregnated coconut shell carbon

Zirconium (IV)-impregnated collagen fiber

Zirconium (IV) complexes of the chelating resins functional-
ized with amine-N-acetate

Zirconium oxide microparticulate

Fluoride solution
Fluoride solution
Fluoride solution
Synthetic water

Fluoride solution
Fluoride solution
Fluoride solution

Fluoride solution

Fluoride solution

Synthetic solu-
tion, acidic mine
drainage

Fluoride solution
Fluoride solution
Fluoride solution
Fluoride solution
Fluoride solution
Fluoride solution
Fluoride solution
Fluoride solution

Fluoride solution

Operation mode pH value Loading Ref
capacity
(mg-g™")
Batch 5.0 Not reported [48]
Batch Not reported 19 [42]
Batch 5.5 37 [49]
Batch and continuous 3.0, 7.0and 15 [50]
9.0
Batch 3.0-11.0 29 [51]
Batch 2.0-8.0 9.5 [47]
Batch 2.5 159 [46]
Batch and continuous 5.5 Not reported  [52]
Batch 7.0 18 [53]
Batch and continuous 7.0 and 3.5 24 and 135 [54]
Batch 4.0and 7.0 124 and 68 [45]
Continuous 3.0 17 [55]
Batch 4.1 19 [56]
Continuous 8.3 0.33 [57]
Batch 7.0 4.9 [58]
Batch 4.0 6.4 [59]
Batch 55 41 [60]
Batch 5.0 22 [61]
Batch 4.8 19 [62]

@ Springer



Nickel sulfate solution fluoride separation with hydrous zirconium oxide

369

interference of other ions, low solubility in water and good
defluorination performance at lower pH value [43, 45, 65].
These characteristics make HZO an attractive adsorbent for
the nickel liquor, which has a high concentration of sulfates,
low pH value and requires low levels of soluble contami-
nants in subsequent process stages.

Knowledge of fluoride removal performance is essential
to evaluate the feasibility of HZO for this specific applica-
tion. To evaluate the stable species in the Ni-Zr-F-SO,~H,0
system, chemical equilibrium modeling using PHREEQC
software was carried out. This free software has been exten-
sively used to predict the solid phase formation in aqueous
systems and can be useful in the prediction of complexes
containing fluorides.

Therefore, this work aims to study the removal of resid-
ual fluoride present in concentrated nickel sulfate solution
derived from the selective nickel leaching of MHP to sepa-
rate cobalt and manganese, followed by the removal of mag-
nesium from solution by fluoride precipitation. Guided by
chemical-thermodynamic simulations, experiments were
performed using a synthetic solution in order to evaluate
the performance of previously prepared HZO. Aiming to
assess the regenerative capacity of the HZO used in the fluo-
ride removal process in concentrated nickel sulfate solution,
regenerations tests were also carried out.

2 Experimental
2.1 Materials
2.1.1 Synthesis of HZO

A zirconium solution of 0.3 mol-L~! was prepared via dis-
solving the ZrOCl,-8H,0 in distilled water with vigorous
stirring. The pH value of the ZrOCl,-8H,0 solution was
adjusted to 7.5 using NaOH solution of 1 mol-L™!, while
the solution was continuously stirred for 90 min. The pre-
cipitated solids were vacuum filtered in a 0.45 pm cellu-
lose acetate membrane, followed by washing with distilled
water until the conductivity of the filtrate was lower than
1 mS-cm™!. The solids were collected, dried at 60 °C for
24 h and ground manually to obtain a fine powder [45]. All
reagents used in the preparation of HZO and also in the
tests were analytical grade. The water content present in
the HZO was obtained by heating the samples in a Muffle
Furnace (Digital Solid Steel 1200 °C, 7 L) at 350 °C for
5 h and determining the mass loss (molar basis) [64]. The
value obtained was compared with ZrO,-xH,O, where x is
the amount of water molecules present in the HZO sample.
It was confirmed that the HZO used in the experiments were
ZrO-2H,0 or more chemically accurate, Zr(OH),.

2.1.2 Synthetic solution preparation

To represent the concentrated nickel sulfate solution
obtained from the MHP processing, a synthetic solution con-
taining 100 g-L~' of Ni, 3 gL~ of Na, 0.36 g-L~! of Mg,
0.1 g.L.=! of Ca and 0.32 g-L~! of F was prepared using the
following analytical grade reagents: NiSO,-6H,0, Na,SO,,
MgS0O,-H,0, CaSO,-2H,0 and NaF. This solution was used
in all experiments unless indicated otherwise.

2.2 Methods and characterization
2.2.1 Chemical analysis and sample characterization

The fluoride concentration in solution was determined
by a specific ion electrode thermo scientific orion model
9609BNWP in total ionic strength adjustment buffer IT (TIS-
ABII) solution prepared by dissolving trans 1,2 diaminocy-
clohexane N,N,N'N’ tetraacetic acid monohydrate (DCYTA)
and NaCl in a mixture of water and acetic acid. The pH value
of TISABII solution was raised to 5.5 with NaOH solution
[66]. To ensure accurate assays, Ni, Na and Mg were also
included in the standards used in the calibration curve in
the same amount contained in the synthetic solution, an
adaptation of the methodology. The solution was filtered,
and the obtained solids were washed with distilled water
to remove entrained nickel and then dried at 80 °C. The
solids were characterized regarding their functional groups,
by Fourier-transform infrared spectroscopy (FTIR, Bruker
Alpha, Germany), attenuated total reflectance (ATR), diffuse
reflectance accessory (DRIFT). The crystalline solid phases
were identified by X-ray diffraction (XRD) with a Bruker D8
Advance XRD (Germany), with a LynxEye detector, and
Cu Ka irradiation (A=0.15406 nm) at 40 kV with a scan-
ning speed of 0.05° per second over the 26 angle range of
5°-40°. The 2014 PDF database from BRUKER was used
for reflection identification. The particle size was analyzed
using a laser analyzer LS 13 320 XR (Beckman-Coulter,
America) which allows determining distribution of particles
in the range from 10 nm to 3.5 mm. Aiming at increasing
the resolution and enabling reliable measurement of par-
ticles, this instrument follows the laser diffraction method
with the polarization intensity differential scattering (PIDS)
technique, which is based on the phenomenon of different
intensities of scattering of vertically and horizontally polar-
ized light. The micro-morphologies were observed using a
field emission scanning electron microscopy (FESEM, JOEL
7100F, Japan) with an accelerating voltage of 5 kV and spot
size of 30 nm. Scanning electron microscopy (SEM) samples
were prepared by dropping a small amount of suspension on
the SEM stab and they were air dried. The specific surface
area of the material was calculated by N, adsorption—desorp-
tion isotherms using an American Mike ASAP2020 specific
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surface area analyzer. Structural properties of the material
were analyzed using a Tristar 2020 apparatus (Micromerit-
ics Instrument Corporation, America). The samples were
degassed at 150 °C for 24 h under high vacuum to eliminate
adsorbed water from pores of materials prior to nitrogen
adsorption at — 196 °C (77 K). Specific surface area was
calculated via the multi-point Brunauer—Emmett-Teller
(BET) model and the pore size distribution and total pore
volume were determined using a density functional theory
(DFT) model.

2.2.2 Computational method

Chemical thermodynamic calculations were carried out
using PHREEQC software, version 3.4.0.1 2927 (pitzer.
dat) to generate the fluoride speciation diagram of the nickel
liquor and to simulate the reactions of fluoride removal by
zirconium hydroxide.

2.2.3 Fluoride removal experiments

The fluoride removal experiments were carried out in trip-
licate, in 120 mL polyethylene flasks and a longitudinal
shaking system at 70 rpm, 25 +3 °C. The solutions were fil-
tered using a 0.45 um cellulose acetate membrane, then the
residual fluoride concentrations were measured. The HZO
(Zr(OH),) was loaded at a fixed weight of 3 g-L™!. The pH
value of the suspension was adjusted to the desired value
with a 25 vol.% H,SO, solution.

2.2.4 Kinetic and isotherm studies

Kinetic tests were carried out with the same amount of HZO
(.e.,3gL™! Zr(OH),) and at the previously determined pH
value where the fluoride removal was maximum (pH=4).
The isotherm curves were constructed using nickel sulfate
solution and pure (nickel sulfate free) solutions containing
only fluoride by varying the concentration of HZO from 0.25
to 7.0 g-L~! for the tests carried out for 24 h, and the pH
value was also adjusted as the requirements. The fluoride
loading capacity per mass of HZO was determined by the
following Eq. (1).

q,=V(Cy—C)/m 1)

where ¢, (mg-g~!) is the fluoride loading capacity at time ¢,
V(L) is volume of treated effluent, C,, (mg-L~!) is the initial
concentration of HZO, C, (mg-L™!) is the concentration of
adsorbate at time ¢ and m(g) is the mass of HZO. The kinetic
results were evaluated using the kinetic models as depicted
in Table 2, g, (mg-g™") is the loading capacity at equilibrium
and k, and k, are rate constants (s™'). The isotherms mod-
els are shown in Table 3. The general forms of Freundlich,
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Table 2 Kinetic models applied in the fluoride removal tests using
HZO

Model Equation Ref

Pseudo-first order g, = q.(1 —e~hn) [67]

Pseudo-second order _ Gyt [67, 68]
9= 14gckyt

Table 3 Isotherm equations of Freundlich, Langmuir, Redlich-Peter-
son and Sips models

Model Equation Ref
Freundlich l/n [69]
qe = KFCe
Langmuir q. = 4nki.Ce [70]
e 1+K; C,
Redlich-Peterson q.= KrpCe [71]
e lagpCl
Sips — IR [72]
9e 1+K,Cs

Langmuir, Redlich-Peterson and Sips models were used to
evaluate the results in the present work where Ky, K;, Kgp,
K are distribution coefficients, C, is the aqueous solution
concentration and n, q,,, s drp, > M, are model fitting
parameters.

The software OriginPro8.5 was used to obtain the param-
eters of the fit of models used in this study. In addition to
the correlation coefficient (R?), the reduced )(2 value from
OriginPro8.5 was used as one of the measures of goodness
of fit (Eq. (2)). Where n is the number of data, p is the degree
of freedom, y; is the ith y data, and o; is the ith error.

n 2
Reduced y? = - ! Z O; zﬁ) ) )

—Pia o

2.2.5 HZO fluoride loading and regeneration cycles

Initially 100 mL of nickel sulfate solution containing approx-
imately 1 g-L. ™! of fluoride and 1 g of HZO were combined.
The experiments were carried out in 120 mL polyethylene
flasks in a longitudinal shaking system at 70 rpm, 25 +3 °C
for 24 h. The solids were recovered after filtering through a
0.45 um cellulose acetate membrane filter and washed with
150 mL of distilled water at pH value of 4 to remove the
entrained solution associated with the solid. After that, the
HZO solids loaded with fluoride were added to 250 mL of
0.2 mol-L~! NaOH solution and stirred with a paddle stir-
rer at 240 rpm for 2 h. The solids were filtered and washed
with distilled water until the pH value of the wash water
approached 8. The solids were dried in an oven at 60 °C
for 24 h and used again in the next cycle. In all, 5 cycles of
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adsorption and desorption were carried out, and the concen-
tration of residual fluoride in the nickel sulfate solution was
measured at the end of each cycle. The experiments were
carried out in triplicate.

3 Results and discussion
3.1 Characterization of HZO

The synthesized HZO was characterized by XRD, FESEM
(Fig. 1) and N, adsorption analyses. The result from the
XRD analysis shows that the sample is poorly crystalline or
amorphous as there is no characteristic peak can be observed
in the pattern (Fig. S1). Similar reports have also been pre-
sented in previous articles [57, 73]. The amorphous nature

Fig. 1 Micro-morphologies of HZO by FESEM
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of HZO is considered as an advantage for anion exchange or
adsorption reactions as they provide large numbers of active
sites associated with a loose structure and large specific sur-
face area [74]. The specific surface area was also measured
using the N, adsorption—desorption technique. The BET
specific surface area was found to be 200 m?-g~! (Fig. 2),
which is relatively large and in an agreement with the previ-
ous work [64]. The morphologies of the dried and ground
HZO (Fig. 1) reveals that the dried sample contains irregular
shaped broken particles of different sizes, which was formed
due to the grinding of the agglomerated dry mass of the
HZO. The particle size of the dried and ground HZO were
also analyzed using the PIDS technique. Almost around
50 vol.% of the particles were found to be smaller than
50 pm (Fig. 3). The sample was scanned twice, while the
second run was performed after sonication. However, there
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Fig. 3 Particle size distribution of hydrated zirconium oxide
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Fig.4 FTIR spectra of Fresh HZO, HZO after the fluoride removal
(Loaded HZO) and HZO after five cycles of adsorption and desorp-
tion (Regenerated HZO)

was no significant size reduction observed following sonica-
tion (Fig. 3, Table S1) which is consistent with the FESEM
images. As the dried mass of the HZO was ground manually,
the particle size could not be standardized.

The FTIR spectra of Fresh HZO, HZO after the fluoride
removal (Loaded HZO) and HZO after five cycles of HZO
(Regenerated HZO) loading and regeneration are presented
in Fig. 4. The wavenumber at 3300 cm™' can be assigned to
the stretching modes of OH band related to the free water
[45, 62, 63], and the wavenumber at 1635 cm~! was due
to the bending mode of H-O-H band [62, 63, 75]. The
1540 cm~! and 1353 cm™! wavenumbers were assigned to
Zr—OH vibration [45] and can only be seen in Fresh HZO
and Regenerated HZO samples. This confirms the anion
exchange process between OH™ and F~ anions. Other wave-
numbers of 1128 cm™! and 1060 cm™! were derived by the
sulfate (SO,) groups [45, 63, 76]. Two other lower frequency
peaks at around 667 cm™! and 550 cm™! can be the indica-
tion of ZrF, formation [54] or terminally linked to Zr-F
stretching [77] or Zr-O stretching [70], respectively. Sulfate
groups may also be attributed to these two peaks [78]. Nev-
ertheless, at lower frequencies (~less than 600 cm™ ), cou-
pling between various modes of vibration can be observed,
which makes it difficult to consider them as pure vibrations
[77].

The HZO samples heated at 350 °C for 5 h showed a mass
loss of 23.0+0.5%. This value corresponds to the transfor-
mation of ZrO,-2H,0 (Zr(OH),) into ZrO, (22.6%), indicat-
ing that the HZO has two water molecules.

3.2 Effect of pH

The effects of pH on the fluoride removal efficiency at 25 °C
were also studied. Figure 5 shows the F~ removal extent by

@ Springer
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Fig.5 Fluoride removal extent by HZO as a function of pH. HZO con-
centration: 3 g-L‘l; initial fluoride: 315 mg~L‘l; temperature: 25 °C;
experimental time: 24 h; stirring rate: 70 rpm; initial pH: 4.5; Solution:
Ni 100 gL™";Na3 gL'y Mg 036 gL™';Ca0.1 gL, F0.32 g.L!

HZO as a function of pHs of the nickel sulfate solution.
The terminal experimental pH value was controlled by
addition of sulfuric acid. It is observed that the maximum
amount of fluoride removal (60 wt.%) with 3 g-L_1 of HZO
occurs at pH value close to 4, with a residual concentration
of fluoride at 125+4 mg-L™' (pH=4.3+0.1). As the pH
moves away from 4 in both directions, the fluoride removal
extent decreases. It should also be noted here that, due to
the release of OH™ to the solution, the pH value increases
with time while conducting F~ removal. The similar phe-
nomenon has also been demonstrated by Wang et al. [78],
while removing fluoride using Zr/calcium sulfate whiskers.

The pH is considered to be a crucial factor in the process
of fluoride removal as it can affect the surface charge of the
absorbent [78] as well as the fluoride speciation in solution.
Dou et al. [45] demonstrated that the efficiency of fluoride
removal by adsorption depends on the pH, that affects the
electrostatic force existing between the sorbent surface and
fluoride species. Lower pH value increases the protona-
tion at the sorbent’s surface to generate a higher number of
positively charged sites per unit surface area, which in turns
enriches the electrostatic attraction force between the posi-
tively charged active sites and negative fluoride ions, there-
fore enhancing the anion exchange reaction with the Zr—OH
groups. Contrarily, at higher pH value the absorbent’s sur-
face becomes negatively charged and generates repulsion
force towards F~ adsorption. The pH value reduction also
tends to limit the fluoride removal because of the forma-
tion of HF specie in solution, therefore, there is an optimum
removal point at pH around 4.0 (Fig. 5). This phenomenon
was also observed by Pan et al. [54], who reported the
highest capacity for fluoride uptake by polystyrene anion
exchanger supported HZO at pH 3.0. Alagumuthu and Rajan
[79] pointed out the same optimum pH value of fluoride
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adsorption by carbonized ground nutshell impregnated with
zirconium oxychloride.

3.3 Fluoride loading kinetics

Figure 6 presents kinetics of fluoride removal by HZO in
nickel solution as a removal percentage and per mole of fluo-
ride loaded. There is a rapid fluoride removal of 50 wt.%
within the first 7 min, followed by slow removal of fluoride
of 60 wt.% at 24 h and 68 wt.% at 72 h. After that, it was
observed that the residual fluoride concentration was still
decreasing, but more slowly. Thus, after 216 h (9 days) the
fluoride removal was 74 wt.%, and after 384 h (16 days)

the fluoride removal was 83 wt.%. It should be noted that
16 days is a very long period for industrial processing, there-
fore, the period of 24 h was adopted for the subsequent tests
carried out in this study.

The drop in fluoride concentration may be related to the
fact that, when the pH value is kept close to 4 using H,SO,,
an equilibrium shift occurs causing OH™ anions from the
adsorbent surface to be removed and replaced by F~. Since,
during the fluoride removal experiments, the pH increased
with time, as previously stated.

Figure 7 presents the fluoride removal kinetics, the
adjusted kinetic models of pseudo-first order and pseudo-
second order. The model fitting parameters obtained are

2.6
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Fig.7 a Pseudo-first order kinetics and b pseudo-second order kinetics of fluoride removal by loading onto HZO. HZO dose: 3 g-L7!; initial

fluoride (measured): 315 mg-L~!; temperature 25 °C; pH range: 4.3-4.7
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Table 4 Kinetic model evaluation for fluoride removal from nickel sulfate solution by HZO

k(@L-h" Pseudo-first-order model

k, error g.(mg-g™h g, error R?
6.87x107 4.65x107 33.79 0.56 0.901
ky(mg-g~'-h7h Pseudo-second-order model

k, error g, (mg-g™H g, error R?
2.53x 107 1.03x107? 84.16 1.08 0.995

*#Solid-liquid ratio: 0.3 g - L™!; temperature: 25 °C; initial fluoride (measured): 315 mg - L™'; pH range 4.3—4.7; Experiment time: 384 h

contained in Table 4 where the quality of the first and second
order kinetic model fitting is quantified. The second order
model provides a closer fit to the data, however, it appears
that there begins to be a negative deviation of the data from
the model with extended contacting time.

The results show that the pseudo-second order model fit
the experimental data better with an R of 0.995. This result
is in accordance with Alagumuthu and Rajan [79], Dou et al.
[45], Guo et al. [50] and Tan et al. [42] which also demon-
strated that the pseudo-second-order model provided a better
fit to the experimental data.

3.4 Adsorption isotherm evaluation

Figure 8a shows fluoride removal behaviour using HZO
in synthetic solution of nickel sulfate and in pure solution
containing only fluoride in an experimental time of 24 h.
The effect of HZO dosage on fluoride removal, exhibit an
expected behavior of lower residual fluoride with the increase

Q
—
)
o

100

80

60

40

—e— Synthetic solution

Fluoride removal / %

20 —o— Pure solution

0 L. 'l il il il 1 L 'l
0 1 2 3 4 5 6 7

Hydrous zirconium oxide / (g-L")

Fig. 8 a Fluoride removal as a function of HZO concentration in syn-
thetic solution of nickel sulfate and in pure solution and, b as a func-
tion of loading capacity (g, at 24 h contact time) and concentration of
fluoride in solution at 24 h. Solid-liquid ratio: 0 to 7.0 g~L_1; temper-
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b

Q.24 h/(mgg™)

of the amount of HZO. With 3 g-L_l of HZO, 61 wt.%
fluoride is removed (122 mg-L~! of residual fluoride in solu-
tion) for the synthetic nickel sulfate solution and a higher
removal of 80 wt.% fluoride (65 mg'L_] of residual fluoride)
for the pure solution. The presence of nickel sulfate increases
the ionic strength of the solution and possibly hinders the
interaction between the fluoride and the HZO surface, and
there is additional competition for fluoride loading with sul-
fate. In Fig. 8b, the shape of the curve indicates that there
is little interaction between the adsorbent and the fluoride
species, especially when using the synthetic solution.

Considering the pseudo-equilibrium time of 24 h, the
Langmuir, Freundlich, Redlich—Peterson and Sips models
were evaluated to represent the system. Figure 9 shows the
curves of the models that obtained the best fits, and the
parameters obtained from all applied models are shown in
Table 5.

The Freundlich model exhibited a correlation coefficient
of 0.929 and this same model was also shown to exhibit a

400
300 |- —@— Synthetic solution
——q, pure solution
200
100
0 1 L

100 200
C.24h/(mgL)

300

ature: 25 °C; experimental time: 24 h; Synthetic solution (initial fluo-
ride measured: 315 mg-L~!; pH range: 4.3-4.9); pure solution (initial
fluoride measured: 333 mg-L~!; pH range: 3.8-5.6)
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Fig.9 Data of fitting Freundlich and Sips models on the removal of
fluoride by HZO in nickel solution. Solid—liquid ratio: 0-7.0 g-L™";
temperature: 25 °C; initial fluoride (measured): 315 mg-L™; experi-
ment time: 24 h; pH range: 4.3-4.9

good fit for the data from Dou et al. [45], for the equilib-
rium concentration in the range of 2-120 mg-L~! of fluo-
ride solution. The Freundlich model describes the adsorption
occurring on heterogeneous and amorphous surfaces, which
have different adsorption energies and are not restricted to
monolayer adsorption [45, 69]. The Sips model, that is an
association of Langmuir and Freundlich model [80], pre-
sented the second-best fit, at 0.917. This model is derived
from the limiting behavior of Langmuir and Freundlich iso-
therms, characterized by the inclusion of the dimensionless
heterogeneity factor, my, situated between 0 and 1. When
my is equal to 1, the Sips equation is reduced to the Lang-
muir equation, implying a certain degree of homogeneity in
the adsorption, which was not observed in the present study
[81]. The Langmuir and Redlich—Peterson models presented
R? 0f 0.622 and 0.559, therefore, did not fit the experimental
data. However, the Freundlich and Sips models are effec-
tively superimposed, and the fit is unsatisfactory in that it

Fig. 10 Fluoride loading as a function of loading/regenerations cycles
by HZO in nickel solution. Solid—liquid ratio: 10 g - L™!; temperature:
25 °C; initial fluoride (measured): 986 mg - L7 experimental time
24 h; pH range: 4.4-5.6

deviates significantly negatively from the experimental data
as the solution fluoride concentrations become low.

Figure 10 shows the loading capacity obtained from the
loading/regeneration cycles by HZO in nickel solution. The
results indicate that HZO does not lose its initial loading
capacity, even after five cycles of loading and regeneration.

3.5 Fluoride removal mechanism

To understand the anion exchange mechanisms between
OH™ and F~ groups, chemical thermodynamic simulations
were carried to shed light on the system equilibrium chemi-
cal thermodynamics. The data for a crystalline Zr(OH),
in the PHREEQC database were used for the chemical
thermodynamic predictions even though our material was
determined to be amorphous according to the XRD results
(Fig. S1). The stable ZrO, phase was not considered in
these simulations as it would not precipitate from aqueous

Table 5 Parameters of data

L : ol . mg~! Ry’
fitting of Langmuir, Freundlich, angmur dm (Mg -7 K@ -mg™) Adj 7
Redlich-Peterson, Sips and 4.264 2.424%107 0.622  4482.106
Temkin models on the removal n
: 9 i Freundlich
of ﬂu.0r1d6 by HZO in nickel Kp(mg-g~")(L-mg~") n n RAdj.2 7
solution
3.455%107 0.335 0.929  841.826
Redlich-Peterson  Kp(L - g1 app(L - mg™) B Ry® X
1.034 268.657 —132.344 0.559  5228.879
Sips s (Mg - 271 K (L - mg~hm my Ry® X
1.100% 10° 3.038 x 107! 2.990 0917  982.332

Solid-liquid ratio: 0.25-7.0 g-L~!; temperature: 25 °C; initial fluoride (measured): 315 mg-L~'; pH

range: 4.3-4.9
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Fig. 11 Speciation-precipitation diagram based on a fluoride and b
zirconium without precipitation of Zr(OH), and ¢ fluoride and d zir-
conium considering Zr(OH), precipitation simulated in PHREEQC

solutions at the temperature used. The anion exchange reac-
tions are believed to be happening at the specific active
sites which are not strictly limited by the microstructure of
the absorbent [78]. Figure 11 presents the output from the
PHREEQC simulation containing the parameters used in
the experiments. Figure 11a, b shows the speciation of the
solution as a function of total fluoride and total zirconium,
respectively, not considering the precipitation of any phase,
and Fig. 11c, d shows the speciation of the solution as a
function of total fluoride and total zirconium considering the
precipitation of Zr(OH),. Figure 11b represents the aqueous
(aq) Zr(OH), as the predominant species along with the Zr
species in solution. On the other hand, while considering
the precipitation of Zr(OH),(Fig. 11d), the majority of the
dissolved zirconium is in the form of ZrF¢*~ at pH 4. In
Fig. 11a, c, fluoride can be observed in the form of F~ which
has a maximum value at pH 7, however, at that pH, the con-
centration of ZrF¢>~ is low. At pH close to 4 we observe that
the concentration of ZrF62_ is higher, that is, there is a pos-
sibility of greater number of fluoride-containing complexes
being formed.

Alagumuthu and Rajan [79], Dou et al. [45], Pan et al.
[54] and Tan et al. [42] suggest that fluoride removal occurs
by chemisorption due to the monolayer formation, that is,
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software, 3 g~L‘1 HZO, 25 °C; The solution used in the simulations
was the composition of the synthetic solution: Ni 100 g-L~'; Na
3gL7,Mg0.36gL!;Ca0.1 gL7;F0.32¢gL"!

most likely due to ion exchange of fluoride ions and hydroxyl
groups belonging to the adsorbent. The anion-exchange
mechanism can be attributed to the isoelectronic and com-
parable ionic ratio between hydroxyl and fluoride ions, and
by the electrostatic interaction between zirconium cation and
fluoride ion [42]. In fact, the complex amorphous nature
of the hydrated Zr(OH), polymorph gives rise to different
hydroxyl groups, namely terminal and bridging OH™ groups,
along with defects (unsaturated Zr sites) which actively take
part in adsorption or anion exchange reactions [82, 83].
Additionally, the unique octahedral nature of the zirconium
center increases the accessibility of the exchange site and
improves diffusion throughout the framework, which leads
to the effective removal of fluoride ions [42] and other probe
molecules either via weak hydrogen bonding or covalent
bonding at the active sites [83]. While considering the proto-
nation process is the first step of fluoride attack, the terminal
OH™ groups (t — OH™) are deemed as the crucial compo-
nents for chemical interactions within the complex structure
of Zr(OH), [78]. Wang et al. [78] suggested about two main
groups of OH™, involving of other sub groups based on the
different co-ordination environments (i.e., seven-coordinated
terminal-OH (7t-OH), eight-coordinated terminal -OH (8t-
OH), single bridging -OH (1b-OH) and double bridging -OH
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(2b-OH), and demonstrated the fluoride removal process as
a combination of protonation and anion exchange within F~
and OH™ groups at specific active sites of the HZO. Acidic
conditions facilitated the protonation process and forming
low coordinated Zr species which in turns showed stronger
affinity towards F~ adsorption.

This process is also justified by the regeneration of the
HZO by immersion in a basic solution. However, the ratio
of terminal and bridging hydroxyl groups has been reported
as 1:3 [78, 82—84] which indicates that only a fraction of
OH™ groups (~10%) are suitable for the anion exchange
or adsorption reaction. As illustrated in Fig. 6b, it is seen
that the starting molar ratio of zirconium and fluoride is 1:1
which rises to 2:2 quickly after approximately four minutes
of reaction time. However, it was found to then increase
more slowly after first few minutes of the reaction (~ 7 min)
and finally it rose to 6:9 after 15 days of fluoride removal.
Following the Ref. [85] and the experimental results in the
present investigation, the fluoride removal mechanism can
be described according to the scheme shown in Fig. 12.
When fluorides are available in the solution, due to the elec-
tron withdrawal capacity of fluoride, there is a possibility
of electron accumulation around it, which in turns weakens
the Zr—OH bond as well as accelerates the electron charge

Fig. 12 Schematic representa-
tion of the anion exchange
mechanism at OH™ sites in
amorphous Zr(OH), during F
removal from solution

(Bridging OH)/ \

HO OH

7 \
! § \
’

depletion around the Zr atom. This phenomenon gives rise
to the proton attack, formation of low-coordinated Zr atoms
and anion exchange within F~ and terminal OH™ groups.
Drastic changes in the molar ratio of Zr:F at the beginning
of the experiment indicates that the terminal OH™ groups are
being exchanged immediately within the first few minutes
of the reaction and later the rate decreases due to the lack of
availability of terminal OH™ groups, which is also in agree-
ment with the experimental results of the pH of solution that
increases over time. Besides, the decreased concentration of
available F~ in the solution reduces the driving force for the
remaining terminal hydroxyl groups or possibly the bridging
OH™ groups to be removed from the structure. It should also
be noted here that removal of bridging hydroxyl from the
structure is less favorable from a chemical thermodynamic
point of view [78].

Based on the data obtained from the simulation
(Fig. 11a), the dissolved Zr is predominately ZrFé_, ZrF;
and ZrF, in aqueous solution at around pH 4. According
to the FTIR analysis (Fig. 4) and previous reports [42, 45,
78], it is believed that fluoride has been integrated into the
solid structure of HZO, preferably via anion exchange with
hydroxyl group. Therefore, it can be postulated that the fluo-
ride removal follows the anion exchange mechanism within

Accumulation of electron
weakens the terminal Zr-OH
% bond

HO OH X / ,l H* \\
/ ’\\ () L
4
’ Proton attack
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Fig. 13 Speciation diagram based on a nickel without precipitation
of Zr(OH), and b considering the Zr(OH), precipitation simulated
in PHREEQC program. HZO concentration 3 g-L ™! (0.019 mol-L~!
of Zr(OH),) in synthetic MHP leach liquor, temperature: 25 °C.
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Fig. 14 Soluble zirconium as a function of pH value considering the
Zr(OH), precipitation from the chemical thermodynamic simulation.
HZO concentration of 3 g-L™! (0.019 mol-L~! of Zr(OH),) in syn-
thetic MHP leach liquor, temperature: 25 °C; Solution used in the
simulation: Ni 100 g-.L™!; Na 3 g-.L™'; Mg 0.36 g.L™!; Ca 0.1 gL},
F0.32gL™!

the system and the amount of fluoride adsorbed in relation
to the amount of zirconium atoms depends on the number of
available sites, as previously discussed. The low crystallinity
of the material and the amount of water molecules adhered
to the zirconium oxide make it difficult to determine the
exact ratio of Zr:F on the structure of the material.

Figure 13 presents the output from the chemical ther-
modynamic PHREEQC simulation containing the param-
eters used in the experiments, shows the speciation of the
solution as a function of total nickel without precipita-
tion of Zr(OH), and considering Zr(OH), precipitation. It
is observed that nickel is mostly in the form of aqueous
NiSO,, followed by N i>*. It is important to note that nickel
does not form fluoride complexes.
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PHREEQC considers Zr to precipitates as ZrO, as it is more stable,
however, experiments demonstrate that Zr is precipitated as Zr(OH),
in this system. Solution used in the simulation: Ni 100 g-L~!; Na
3gL7,Mg0.36gL!;Ca0.1 gL7;F0.32¢gL"!

Another important factor is to evaluate the residual
amount of zirconium in solution that can contaminate the
nickel liquor. Figure 14 shows the predicted concentration
of soluble zirconium which decreases with increasing pH
and, at pH 4.5, the concentration was 60 rng-L‘1 and below
5 mg-L~! at pHvalue > 5. In practice, the fate of soluble
Zr would also need to be considered as well as the cost of
replacement HZO in determining the optimal operating
conditions.

4 Conclusions

This study demonstrated the potential for HZO to be used
to remove fluoride present in the nickel sulfate liquor,
generated after selective leaching of nickel from mixed
nickel-cobalt hydroxide that has been subjected to a mag-
nesium fluoride precipitation step. The technology would
also find similar application in certain lithium ion battery
recycling circuits where fluoride is introduced via hydro-
lyzed hexafluorophosphate which is a common battery
electrolyte component. The fluoride removal kinetics, with
3 g-L7! of HZO, 315 mg-L~! initially, exhibited rapid fluo-
ride removal of 50 wt.% within the first 7 min, followed by
slow removal of fluoride of 60 wt.% at 24 h and 68 wt.%
at 72 h. After that, it was observed that the residual fluo-
ride concentration was still decreasing, but more slowly.
Thus, after 216 h (9 days) the fluoride removal reached
74%, and after 384 h (16 days) the fluoride removal was
83%. The greatest fluoride removal occurs at pH close to
4. Fluoride removal was improved in solutions without
nickel sulfate. The Freundlich model fitted the experi-
mental isotherm data best with a correlation coefficient of
0.93, however, the reaction overall is dominated by anion
exchange and not physical adsorption. The chemical-
thermodynamic simulations indicated the predominance
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of Zng_, ZrF5~ and ZrF, in greater amounts and ZrF;* and
ZrF,?* in smaller amounts in the aqueous solution. The
HZO is largely amorphous based on XRD patterns and the
presence of Zr—F bonds in the loaded HZO were confirmed
by FTIR analysis. The fluoride removal mechanism can
be postulated as a complex process involving the protona-
tion process which in result created a low-coordination Zr
atom followed by anion exchange between F and OH ions.
The HZO also maintained the fluoride loading capacity
throughout five cycles of loading and regeneration.
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