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Abstract 
 
Spent potlining (SPL), a hazardous waste product from primary aluminium 

production, presents an important opportunity to recycle fluoride and conserve global 

fluorspar reserves. A novel strategy for treatment of the waste requires a selective 

fluoride-removal step from aqueous leachate. This has been demonstrated, using a 

Lanthanum-loaded chelating resin, in a series of kinetic and dynamic studies, with a 

view to industrial implementation. Kinetics could be described by the pseudo second-

order model and uptake from SPL leachate was considerably higher than from 

equivalent NaF solutions, although observed rate constants were an order of 

magnitude less. Uptake of coexisting species and activation energy calculations 
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indicated that a novel complexation interaction between La centres and aqueous 

aluminium hydroxyfluorides dominated the uptake process. The resin operated 

efficiently in column studies, with a dynamic fluoride uptake capacity of 66.7 mg g
-1
, 

calculated by the Dose-Response model, which produced the best fit to the data. 

The attained elution profile suggested that fluoride recovery by cryolite precipitation 

would be feasible, which could be recycled back into primary aluminium production 

or exploited as a commodity. The resin was found to have high durability in 

performance studies over repeated batch treatments. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1.  Introduction 
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Fluorspar (CaF2) is one of 27 critical raw materials, in terms of global supply-risk and 

economic importance [1]. It is the raw feedstock for the majority of industrial fluro-

chemicals, including the commercial polymers Teflon and Nafion [2]. Fluoride is also 

projected to be used in future generations of high power-density batteries [3]. 

Industrial recycling of fluoride is globally very limited, with fluoride-bearing waste 

streams generally viewed as nuisances to dispose of, rather than recycling 

opportunities [4-6]. 

 

The primary aluminium smelting industry creates ~1.3 million tonnes per year of 

spent potlining (SPL) waste. This is a hazardous material, comprising of “first-cut” 

(carbonaceous) and “second-cut” (cementious) fractions. The former in particular, is 

a rich and untapped source of labile fluorides ( 18 %) [7]. It is particularly desirable 

to recycle the fluoride content of SPL, since the Hall-Hèroult electrolysis process for 

alumina reduction consumes  50 kg AlF3 per tonne of metallic aluminium produced 

[8]. The main component of the Hall-Hèroult electrolysis bath is cryolite (Na3AlF6), 

which is increasingly a by-product of modern Al smelters, rather than consumed as a 

raw material [9]. It is nonetheless a valuable commodity chemical and still purchased 

in large quantities by the industry globally [10]. The market prices for AlF3 and 

cryolite, which are both produced from fluorspar, are on global long-term upwards 

trends, due to continued high demand and inefficient fluorine recycling [11]. Most 

current industrial methods for SPL treatment are pyrometallurgical and focus on its 

conversion to an environmentally benign form via calcination or vitrification, hence 

not recycling a large fraction of the trapped fluorides [12-14]. 
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Hydrometallurgical treatment systems are rare, with the low caustic leaching and 

lime (LCLL) process used by Rio Tinto Alcan being the only industrial example [15]. 

It is however known that first-cut SPL may be almost completely cleansed of its 

fluoride content via a simple two-step leach, using NaOH, then H2SO4 solutions [16, 

17]. These two leachate streams may then be combined, producing a liquor of high 

aqueous fluoride concentration and also containing many co-existing anions and 

complexing metal cations. 

 

Our current work focusses on implementing an ion-exchange system to selectively 

remove the fluoride from this multi-component leachate, consisting of sorbent-filled 

columns, through which the leachate is pumped. We chose to investigate metal-

loaded cation resins for this purpose, since these materials are easily modified, have 

been optimised for column-based systems, are economical and have good potential 

for regeneration [18-20]. Several studies have also used the more economical 

lanthanides (La and Ce) for sorbent modification for fluoride selectivity. Modified 

materials include ion-exchange resins [21], alumina [22, 23] and chitosan [24, 25]. 

However, the aqueous systems studied generally had low fluoride concentration 

ranges and either low or uncertain ionic strength and appeared to be conducted with 

polishing or detoxifying applications in mind. Meenakshi and Viswanathan studied 

the performance of commercial ion-exchange resins over a fluoride concentration 

range of 2 – 10 mg L
-1
 and conducted a field trial on a water source of ~500 mg L

-1
 

total dissolved solids [26]. Wassay et al. observed the performance of a lanthanide-

modified alumina in the removal of fluoride from semiconductor production 

wastewater, in which the most concentrated co-anion was NO3
-
 at ~390 mg L

-1
 [23]. 

Oke et al. showed the industrial implementation of an Al-loaded ion-exchange resin 
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column for treatment of an aqueous waste stream from a chemicals manufacturer. 

However, the system was downstream of an independent precipitation unit, which 

greatly reduced the inlet fluoride concentration [18]. Further examples of the 

aqueous systems studied are seen in the Supporting Information, Table S1. None of 

the studies cited produced an elution profile to investigate how the adsorbed fluoride 

might be removed from a column in a purer form, to allow its recovery, We were 

unable to find any documentation of fluoride removal, by ion-exchange, from waste 

streams of high [Al
3+

], which profoundly changes the chemistry of the solution, due to 

its high fluoride affinity [27].  

 

To extract the fluoride from SPL leachate, we  chose an aminophosphonic acid resin, 

Purolite MTS9501, loaded with La
3+

 ions, hypothesising that the chelating 

functionality would be a sufficiently strong interaction to allow the resin to perform in 

the challenging conditions of aqueous SPL leachate, with minimal La
3+

 leaching. 

Initial isotherm studies in fact suggested that the resin was effective even in highly 

concentrated liquor ([F
-
] 1500 mg L

-1
), producing a maximum uptake capacity of 

>120 mg g
-1
 (calculated by Langmuir isotherm). This was significantly greater than 

previous published data for metal-loaded resins [19, 28, 29], although smaller than 

the figure for uptake from NaF solution alone, which was 187 mg g
-1
. The results 

appeared to be due to a combination of the expected La
3+

 ligand-exchange 

functionality and unexpected precipitation of amorphous aluminium hydroxyfluoride 

(AHF) complexes within the resin macropores [30]. The unusual co-uptake of fluoride 

and aluminium led to the hypothesis that cryolite or AlF3 recovery could be possible 

through known technology [16, 27, 31]. This would significantly reduce the demand 

by the aluminium industry for geological fluorspar. Uptake from simple NaF solutions 
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alone also produced unexpected phenomena, as fluoride was taken up not only by 

ligand-exchange, but also LaF3 and NaF precipitation. The heterogeneity of the 

postulated adsorption mechanisms is shown in Fig. 1. 

 

Fig. 1. Previously proposed mechanisms of fluoride uptake onto La-MTS9501 resin [30]. (a) = pre-
loading of MTS9501 with La3+. (b) = contact with dilute NaF solutions, showing the known ligand-

exchange process. (c) = contact with concentrated NaF solutions, showing LaF3 crystallisation and 
NaF salt precipitation. (d) = contact with leachate, showing ligand-exchange and precipitation 

processes. “cry” = crystalline. 
 
However, to assess La-MTS9501 resin for its intended purpose requires 

understanding of the kinetic behaviour of the system, specifically with respect to the 

effects of temperature and concentration, and particularly, given the unusual uptake 

mechanism proposed. Performance in dynamic operations is also crucial, including 

breakthrough behaviour and the fluoride and aluminium elution profiles which may 

be attained. We therefore report here on the kinetic and dynamic behaviour of 

fluoride uptake via La-MTS9501 treatment with a SPL simulant leachate stream, 

including, for the first time, a calculation of the activation energy for fluoride uptake 

a 

b 

c 

d 
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by a metal-loaded ion-exchange resin. The focus of the research remains on the 

performance of La-MTS9501 when contacted with undiluted leachate of high ionic 

strength. We hope, in this way to continue to establish fundamental understanding of 

the nature of fluoride uptake in solutions of high Al
3+

 concentration, which has not 

previously been reported. We also aim to understand, from elution data, which 

commodity chemicals may be feasibly recovered via the proposed hydrometallurgical 

process, which again is yet unreported. 

Similarly to our previous work, uptake behaviour from analytical NaF solutions and at 

higher dilutions are also presented, for better understanding of uptake mechanisms, 

valid comparison to the literature and other potential fluoride recycling routes. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2. Experimental 

 

2.1. Materials and reagents  

 

A liquor was prepared, to simulate the leachate produced by contact of first-cut SPL 

with dilute NaOH, followed by dilute H2SO4, as per the LCLL process [15]. In addition 

to high concentrations of Na
+
 and SO4

2-
, the liquor contained 1500 mg L

-1
 fluoride and 
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1200 mg L
-1
 Al

3+
. Synthesis and concentrations of co-ions are given in the Supporting 

Information, Table S2. Aqueous speciation was determined using the Aqion software 

package v6.4.7. [32]. See the Supporting Information, p3 for inputted parameters 

and results. Concentrations were derived from characterisation of first-cut SPL 

material by previous studies and assuming ~100% leaching of contaminants was 

possible [7, 33, 34]. For comparative work, NaF solutions were made up by 

dissolving the required amount of NaF salt in deionised water. Puromet MTS9501 

resin was kindly donated by Purolite. Physical parameters are found in the 

Supporting Information, Table S5. The resin was converted to its protonated form by 

batch treatment of ~25 g resin (wet mass) with 1 L of 1 M HCl, then loaded with La
3+

 

ions by batch treatment of the same with 1 L of 10 g L
-1
 La

3+
 solution, made by 

dissolving LaCl3.7H2O in deionised water. As previously established, this resulted in 

a maximal La-loading of 256 mg g
-1
 (1.84 mmol g

-1
) [30]. The La-MTS9501 resin was 

washed with 5 x 200 bed volumes (BVs) of deionised water (bed volume = 

equivalent water volume to that of a given resin mass) and dried for 24 h in an air-

flow oven at 50C. Relevant parameters for the modified resin, from equilibrium 

studies, are found in the Supporting Information, Table S6. 

 

 

2.2. Solid-state analysis of resin 

 

Samples of MTS9501 resin at various process stages were first washed with 10 x 

200 BVs of deionised water, then ground to a fine slurry, using a mortar and pestle, 

then dried in an air-flow oven at 50C for a minimum of 24 h. X-ray diffraction (XRD) 

analysis was performed using a Bruker D2 Phaser X-ray diffractometer. 
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Thermogravimetric analysis (TGA) was conducted using a Perkin Elmer Pyris1. 

Further details are in the Supporting Information, p6. 

 

2.3. Static kinetic experiments 

Kinetic data was acquired for fluoride removal from the leachate at dilutions of 1/100 

([F
-
]  15 mg L

-1
), 1/30 ([F

-
]  50 mg L

-1
), 1/10 ([F

-
]  150 mg L

-1
), 1/3 ([F

-
]  500 mg L

-1
) 

and as-prepared ([F
-
]  1500 mg L

-1
). Data was similarly acquired from NaF solutions 

of equivalent [F
-
]. An additional experiment was performed at [F

-
]  5000 mg L

-1
, to 

examine a system dominated by NaF precipitation over ligand-exchange processes 

and its effect on kinetic parameters.  

 

In kinetic experiments, a 1 L Nalgene bottle, containing 500 mL of NaF solution or 

simulant leachate and a large magnetic stirrer, was held, via a clamp, in a 2 L 

polypropylene beaker, containing tap water and also fitted with a large magnetic 

stirrer. This was placed on a combined stirrer/hotplate and heated to the desired 

temperature or cooled with ice. A thermometer was used to ensure the temperature 

of the bath did not fluctuate by >1C. 5.0 g La-MTS9501 (dry mass) was placed in 

the fluoride-bearing solutions and left to stir for up to 72 h. At predetermined time 

periods, 50 L aliquots were removed from the bottle. The total volume removed 

from the bottle did not exceed 5.0 mL and the lid was closed between samplings. 

Most experiments were conducted at 20C, the range being 2 - 43C.  The pH of 

experimental solutions was not adjusted.  

 

The aliquots were diluted by a factor of  100 and their fluoride concentration was 

analysed using a Sciquip fluoride ion-selective electrode (ISE). Each sample also 
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contained 50% ionic strength adjustment buffer (Supporting Information p5). The Al, 

and Ca concentration of a number of leachate samples (without added buffer) was 

determined, using a Thermo Scientific iCAP 6000 ICP-OES. The concentrations of 

co-existing anions Cl
-
, NO3

-
 and SO4

2-
 were quantified using a Metrohm 883 Basic IC 

plus ion chromatography (IC) system (Supporting Information, p5).  

 

2.4. Dynamic experiments 

Breakthrough curves for the two matrices were attained for an inlet fluoride 

concentration of 15 and 1500 mg L
-1
. 2.0 g La-MTS9501 (dry mass) was placed 

inside a 10 mL polypropylene syringe, fitted with two porous frits, both above and 

below the resin bed. This was connected to a Watson Marlow 120U peristaltic pump 

using Watson Marlow Marprene tubing of 0.8 mm internal diameter, which pumped 

NaF solution or simulant leachate through the column in a reverse-flow system. The 

eluent was fed to an automated fraction-collector (Bio Rad, model 2110), which was 

set to collect fractions of 0.5 BVs (3 mL). The pump was previously calibrated over a 

period of one day to give a linear flow rate of one BV (6 mL) per h. Fractions were 

diluted by a factor  10 and were analysed by ISE, ICP-OES and IC as previously 

described. 

 

In elution experiments, a similar dry mass of La-MTS9501, fully-loaded with fluoride 

or mixed leachate contaminants via the breakthrough technique, was set up as 

previously described. Loaded species were eluted using the same flow rate as for 

breakthrough experiments. Eluent used, in order, were deionised water, 0.01 M 

NaOH, 1 M NaOH and 3 M HCl. Concentrations of fluoride and co-anions were 
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determined by IC, as previously described. Concentrations of Al and Ca were 

determined by ICP-OES, also as previously stated. 

 

2.5. Investigation of uptake behaviour by fitting to kinetic models 

The uptake of fluoride and co-contaminants in the leachate at various time intervals 

was determined via equation (1): 

qt = (Ci – Ct) x V/W  (1) 

where qt is the fluoride uptake capacity of the resin at a given time, Ci is the initial 

fluoride concentration of the solution in mg L
-1
, Ct is the fluoride concentration of the 

solution at equilibrium in mg L
-1
 at a given time, V is the volume of solution contacted 

in L and W is the dry mass of resin used in g. Fluoride ligand-exchange uptake data 

has previously been proposed to obey well both pseudo first-order and pseudo 

second-order kinetics [23, 25]. Therefore we chose to fit the data to the commonly 

used Lagergren pseudo first-order (PFO) [35] and Blanchard pseudo second-order 

(PSO) [36] rate equations (2 & 3): 𝑞t = 𝑞e(1 − 𝑒−𝑘1𝑡)  (2) 

 𝑞t =  𝑘2𝑞e2𝑡1+𝑘2𝑞e𝑡  (3)         

  

where qe is the uptake capacity at equilibrium, t is time in minutes and k1 and k2 are 

the pseudo first- and second-order rate constants in min
-1
 and g mg

-1
 min

-1
. Model-

fitting was achieved using the Microsoft Excel SOLVER add-in (GRG nonlinear 

engine) [34]. Additional parameters, derived from PFO and PSO equations, were 

calculated using equations (4 & 5): 𝑡1 2⁄ = 1𝑘𝑛𝑞e  (4) 

 

 ℎ0 = 𝑘2𝑞e2  (5) 
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where n = 1 or 2, corresponding to PFO or PSO equations, t1/2 is the sorption half-

time (min) and h0 is the initial sorption rate (mg g
-1
 min

-1
) All other parameters are as 

previously described. The k values attained from experiments at different 

temperatures were used to create Arrhenius plots, using equation (6): 

𝑘 = 𝐴𝑒−𝐸𝑎𝑅𝑇  (6) 

Where A is the pre-exponential factor, Ea is the activation energy for the process (J 

mol
-1
), R is the gas constant (8.314 J K

-1
 mol

-1
) and T is the experimental temperature 

(K).  

 

At high fluoride concentrations in particular, such uptake systems are influenced by 

diffusion processes, as the concentration gradient increasingly dominates the 

behaviour [35]. We therefore checked agreement of data to the Boyd film-diffusion 

model [37], shown in equation (7)  ln (1 − 𝐹) = 𝑘fd𝑡 (7) 

where F is the fractional attainment of equilibrium at time t and kfd is the film-diffusion 

rate constant (min
-1
). Therefore, in a plot of -ln(1-Ct/Ci) vs t, a linear gradient would 

indicate that the uptake rate is controlled by the movement of adsorbate ions within 

the pores of the resin beads (intraparticle-diffusion). A non-linear gradient would 

suggest the rate is controlled by the movement of the adsorbate through the hydrous 

film layer surrounding the adsorbent particles (film-diffusion), or the chemical 

reaction at the surface [37, 38]. We also determined the agreement of the data with 

the intraparticle diffusion model [39], seen in equation (8): 𝑞t = 𝑘id𝑡1 2⁄ + 𝐶 (8) 

where kid is the intraparticle-diffusion rate constant (mg g
-1
 min-

1/2
) and C is a constant 

relating to the thickness of the adsorbent film layer. Data plots of qt vs t
1/2

 were 



  

 13 

produced. It is accepted that, if such a plot has a linear gradient and passes through 

the origin, the adsorption is entirely controlled by intraparticle-diffusion [40, 41]. We 

finally studied the adherence of the uptake to the Elovich model [42], applying the 

Chien and Clayton simplification [43], which has frequently been applied to 

chemisorption-dominated systems [41]. This is shown in equation (9): 𝑞𝑡 = 1𝛽 ln(𝑡) + 1𝛽 ln (𝛼𝛽) (9) 

where  is the initial rate constant (mg g
-1
 min

-1
) and  is a desorption constant (mg g

-

1
). Hence, if a plot of qt vs ln(t) produces a linear gradient, the system may be 

described by the Elovich equation. This is often interpreted to mean that adsorption 

involves two or three simultaneous first-order reactions [43]. 

Closeness of fit with these three models was estimated via linear regression, to 

derive R
2
 values. 

 

 

 

2.6. Investigation of uptake behaviour by fitting to dynamic models 

The breakthrough data were fitted to a number of commonly applied models, again 

using SOLVER and non-linear regression. The relevant equations for each model 

and full experimental dataset are found in the Supporting information, p23. For 

brevity, only the Dose-Response model [44], which, as shall be seen, provided the 

best description of fluoride breakthrough, is presented in the main text. The Dose-

Response model is shown in Equations (10 & 11). 𝐶𝐶i = 1 − 11+(𝑉ef𝑏 )𝑎 (10) 

 𝑞0 = 𝑏𝐶i𝑚  (11) 
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In these equations Vef is the volume of solution eluted from the column (mL), a and b 

are constants of the Dose-Response model, q0 is the theoretical maximum uptake 

capacity of the resin in a dynamic environment (mg g
-1
) and m is the dry mass of 

resin (g). 

 

From elution data, the total masses of fluoride, Al and Ca eluted were found by 

calculating the area underneath the respective elution profiles and comparing to the 

total mass of each species loaded on to the column. This in turn was calculated from 

the Dose-Response model q0 values attained, allowing an approximate % recovery 

to be derived. 

 

 

2.7. Batch fluoride extraction experiments and resin regeneration attempts 

 

Additional batch experiments were carried out, at ambient temperature, to 

corroborate kinetic and dynamic data. In certain experiments the initial [Al
3+

] was 

altered, by controlling the addition of Al2(SO4)3 in the synthetic leachate, with all other 

factors being kept constant. 

 

In a typical procedure, ~100 mg of La-MTS9501 (dry mass) was contacted with 25 

mL solution of known fluoride concentration in a 50 mL polypropylene screw-top 

tube. This was sealed and placed on the orbital shaker at 100 rpm for 24 h. Solutions 

were analysed via ISE, as previously described. The equilibrium uptake capacity of 

the resin (qe) in mg g
-1
 was estimated using equation (12): 

 

qe = (Ci – Ce) x V/W  (12) 
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where Ce is the fluoride concentration of the solution at equilibrium in mg L
-1
 and all 

other terms as per equation (1). 

 

The resin was regenerated by batch treatment of ~25 g resin (wet mass) with 1 L 

0.01 M NaOH solution. Contact time was 1.0 h. The regenerated resin was washed 5 

times with 200 bed volumes of deionised water and dried for 24 h in an air-flow oven 

at 50C before being reused. The approximate maximum uptake capacity of the 

resin by batch treatment with as-prepared simulant leachate ([F
-
]  1500 mg L

-1
) was 

determined over five cycles of regeneration. At the end of the five cycles, the resin 

was further contacted, using the same technique, with 3 M HCl, returning it to the 

protonated form. It was then re-loaded with La
3+

 as previously described, and uptake 

capacity was again determined. Analysis was performed in triplicate and results 

averaged. 

 

 

3. Results and Discussion 

 
3.1. Investigation of uptake kinetics from media at various concentrations 
 
In the case of the as-prepared liquor, Al kinetic data was acquired to attempt to further 

understanding of the uptake mechanism of the system. Ca data was acquired for 

comparison, as previous work had revealed that it was taken up in small amounts 

(<0.5 mg g
-1
) in thermodynamic studies [30], yet was not believed to play a role in the 

fluoride uptake mechanism. 
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For fluoride uptake, both from leachate and NaF solutions, the full range of R
2
 values 

from linear data plots previously described, for film-diffusion, intraparticle-diffusion and 

Elovich models are shown in the Supporting Information, Table S7. The two diffusion-

controlled model plots produced curved gradients for all fluoride uptake experiments. 

The average R
2
 values attained for film-diffusion plots were 0.295 (leachate) and 0.336 

(NaF solutions), indicating that film-diffusion and/or chemical reaction were influential 

to the rate of adsorption [38] For intraparticle-diffusion plots, the R
2
 values were 0.723 

(leachate) and 0.620 (NaF solutions). This suggests that, under these experimental 

conditions, the intraparticle-diffusion step was not rate-limiting for the fluoride transfer 

on to the resin over the experimental timeframe. Similar data have been observed 

previously for uptake of rare earth metal ions by macroporous resins [45], which is 

unsurprising, as a macroporous internal structure should ensure rapid transport of the 

adsorbate to binding sites The plot of qt vs t
1/2

 yielded a curve in many cases 

(Supporting Information, Fig S8b and S16b). This has been proposed to indicate that 

boundary-layer diffusion, intraparticle diffusion and chemical reaction dominated at 

different uptake stages [46, 47]. There was no indication of the rate-determining step 

changing from film- to intraparticle-diffusion at higher fluoride Ci, as was originally 

shown by Boyd et al. [37]. 

 

The Elovich model, gave a reasonable description of the data in many cases, but for 

other experiments was not sufficient. The average R
2
 value for leachate experiments 

was 0.911 (range = 0.852 – 0.995), and for NaF solution experiments was 0.826 

(range = 0.669 – 0.958). A strongly linear gradient was observed specifically in the 

plot of qt vs ln(t) in leachate experiments at high dilutions over some, or all of the 

experimental timeframe (Supporting Information, Fig. S4c and S6c). Elovich plots that 
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exhibit sections of linearity, as is the case here, have been proposed to describe 

heterogeneous adsorption processes [40, 45], which agrees with existing knowledge 

of this system. 

 

Calculated parameters from fitting of the same data to the PFO model and the full 

range of associated R
2
 values are also presented in the Supporting Information, Table 

S8. The average R
2
 value for leachate experiments was 0.897 (range = 0.828 – 0.960), 

and for NaF solution experiments was 0.842 (range = 0.785 – 0.899). The PSO model 

gave a superior description of the adsorption for nearly all experiments and associated 

parameters were therefore considered more valid and are shown in Table 1. 

 

 
 
 
 

 

 

 

 

 

 

 

 

Table 1. SOLVER fitting of fluoride uptake kinetic data to PSO model. Uptake shown from leachate 
and NaF solutions of various concentrations. Resin dry mass = 5.0 g, initial solution volume = 500 mL, 

T = 20C. 

 

Sample qe (mg g
-1
) k2 (min

-1
) t1/2 (min) h0 R

2
 

Leachate 1/100 dilution 0.729  0.012 6.07  0.77 x 10
-2
 22.6  5.8 3.23  0.82 x 10

-2
 0.945 

Leachate 1/30 dilution 3.78  0.14 3.14  0.492 x 10
-2
 8.53  2.72 0.355  0.125 0.930 

Leachate 1/10 dilution 7.17  0.89 7.28  0.96 x 10
-2
 21.1  3.5 0.443  0.142 0.968 

Leachate 1/3 dilution 16.4  0.2 1.88  0.08 x 10
-3
 32.6  2.7 0.501  0.042 0.993 

Leachate as-prepared 26.4  0.4 4.73  0.73 x 10
-3 

24.6  4.0 3.3  1.0 0.929 

      
Leachate as-prepared 
(Al) 

21.6  0.30 1.62  0.19 x 10
-3
 28.6  3.4 0.756  0.090 0.937 

Leachate as-prepared 
(Ca) 

1.88  0.02 4.65  0.75 x 10
-2
 11.5  1.8 0.164  0.026 0.833 

      
NaF solution  

Ci  15 mg L
-1
 

0.615  0.007 0.546  0.082 2.98  0.45 0.206  0.031 0.951 

NaF solution  

Ci  50 mg L
-1
 

1.68  0.04 0.499  0.019 2.93  0.99 0.390  0.044 0.862 

NaF solution  

Ci  150 mg L
-1
 

3.44  0.03 0.167  0.012 6.68  1.02 2.07 0.06 0.944 

NaF solution  5.07  0.13 0.110  0.031 1.80  0.52 2.82  0.81 0.877 
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Ci  500 mg L
-1
 

NaF solution  

Ci  1500 mg L
-1
 

14.0  0.8 2.10  0.83 x 10
-2
 3.40  1.36 4.12  1.66 0.751 

NaF solution  

Ci  5000 mg L
-1
 

135  3 1.62  0.50 x 10
-3
 4.58  1.41 29.5  4.57 0.897 

For F
-
 uptake, average R

2
 value for leachate experiments was 0.953 and for NaF solution experiments was 0.880. 

 

 

Kinetic data for fluoride, Al and Ca uptake from the undiluted leachate are shown in 

Fig. 2. The corresponding data for NaF solution uptake, where fluoride Ci = 1500 mg 

L
-1
,  is also shown. Data are presented with fitting to the PSO model. Leaching of La 

was also checked in these experiments and was observed to reach a maximum of 

~20 mg L
-1
 in the leachate medium. Leached La concentration was below detectable 

limits for the NaF solution medium. The full dataset in graphical form may be seen in 

the Supporting Information, p6  
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Fig. 2. Uptake of fluoride, Al and Ca from as-prepared simulant leachate and NaF solution (fluoride Ci 
= 1500 mg L-1) by La-MTS9501 over time, with data fitted to pseudo second-order kinetic model, 
represented by dotted lines. Includes La-leaching from the resin. Resin dry mass = 5.0 g. Initial 

solution volume = 500 mL. T = 20C.  = fluoride from leachate.  = Al from leachate.  = Ca from 

leachate.  = La loss into leachate (right-hand y axis).  = fluoride from NaF solution. In some cases, 
error bars are too small to be seen. 

 

 

The reasonable adherence of the fluoride uptake behaviour to PSO kinetics is 

consistent with an observation by Viswanathan & Meenakshi for similar resins [19] 

and for many other studies which have used rare earth functionality within other 

support matrices (Supporting Information, Table S1). Further studies have cited the 

PFO model as suitable for describing fluoride adsorption by ion-exchange resins [48, 

49], but as the two models were not directly compared in these cases, it is difficult to 

conclude whether La-MTS9501 behaves typically or atypically for a metal-loaded 
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resin. In our work, the generally poorer agreement with the PFO model suggested a 

chemisorption mechanism dominated over all concentrations tested [50]. It should be 

noted that we do not propose this based solely on kinetic data, but also on previous 

X-ray photoelectron spectra, which indicated clear changes to the La bonding 

environments upon resin-contact with both leachate and NaF solutions [30]. An 

exception in the data is the case of uptake from NaF solution where [F
-
]  5000 mg  

L
-1
.

 
This is consistent with our previous results, which suggested that the dominant 

uptake mechanism from NaF solution changed from chemisorption to physisorption 

(crystalline NaF precipitation) at very high [F
-
].  

 

The attained qe values via kinetic experiments are much higher for leachate 

experiments than NaF solution experiments. This is in contrast to the prior 

equilibrium study, in which our qmax values, determined by Langmuir isotherm-fitting, 

were higher for the NaF solution [49]. The disparity is likely due to the increased 

resin:solution ratio in kinetic experiments and results suggested that the practical 

operating capacity for La-MTS9501 might be considerably higher, when applied to 

aluminium industry leachate, rather than a simpler matrix. Interestingly, a slight 

“double plateau” was observed in some NaF solution kinetic data plots (Supporting 

Information, Figs. S12 & S15). It is possible that this represents the point where the 

first OH
-
/F

-
 ligand-exchange is complete on the majority of La centres, since the 

second exchange is thermodynamically less-favoured and would therefore be slower 

[49]. This phenomenon has been observed in previous studies, where complexing 

metals have been used as active sites for fluoride ligand-exchange [48, 51, 52], but 

does not appear to have been commented on. The behaviour was not observed in all 

NaF uptake experiments. No double plateau was observed in any leachate uptake 
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experiments, suggesting that the adsorption mechanism did not involve ligand-

exchange. 

 

For uptake from NaF solution, the calculated rate constants were considerably 

higher than previously reported for metal-loaded resins at comparable Ci values [53, 

54] and for other rare-earth-functionalised sorbents [22, 24]. This may be partially 

attributed to the large accessible surface area of the macroporous resin. In support 

of this, the moisture-content range of MTS9501 (60-68%) is greater than that of 

commercial equivalent Lewatit TP260 (58-62%) [55, 56]. The kinetics of uptake 

from leachate were generally slower by an order of magnitude. This would be 

expected, given the higher ionic strength of the leachate, as previously stated, which 

is known to retard adsorption kinetics [57]. As-prepared leachate ionic strength was 

calculated by Aqion to be 24.8 mmol L
-1
, compared to 6.23 mmol L

-1
 for the NaF 

solution of equivalent fluoride concentration [32].  

 

The dependence of k2 values on fluoride Ci for the 2 aqueous systems was examined 

and is shown in Fig 3. The relationship of k2 with h0 values is shown in the Supporting 

Information, Fig. S23. 
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Fig. 3. Relationship between fluoride Ci and observed k2 value for uptake from leachate () and NaF 

solution (). x axis is logarithmic for clarity. Enlargement shows change in gradient for leachate 
matrix. 

 

Fig. 3 shows that the effect of increasing Ci on the k2 values was not equivalent for 

the 2 matrices. Interestingly, with uptake from leachate, the k2 value appears to be 

dependent on the log10 of Ci across the low end of the concentration range, whereas 

there is minimal correlation for NaF solution uptake. This may be because uptake 

from NaF solution is dominated by different processes across the Ci range, including 

ligand-exchange, LaF3 crystallisation and precipitation [58] and NaF physisorption 

and crystallisation [28, 30], whereas AHF uptake from leachate is a more 

homogenous process. It has been shown that k2 values are not accurately predicted 

from Ci values across a wide concentration range [59]. Contrary to our findings, Lv et 

al. studied the effect of changing Ci upon the uptake of fluoride by layered double 

hydroxide sorbent and reported that k2 values broadly increased with an increase in 
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Ci, although again, no linear trend was observed [46]. Viswanathan and Meenakshi 

found no overall trend in the relationship between Ci and k2 for fluoride uptake by an 

alumina-chitosan complex, using a Ci range of 9 – 15 mg L
-1
 [60]. It can also be 

observed (Table 1) that there is no correlation between fluoride Ci and calculated t1/2 

values. Interestingly however, the values attained for the as-prepared leachate and 

1/100 dilution leachate experiments were almost equivalent. This suggested that 

operating at lower dilutions may indeed be practical industrially, from the point of 

view of rapid and efficient column-loading. 

 

The co-uptake of metal ions data (Fig. 2) demonstrated that Al and fluoride appeared 

to be taken up synergistically, or at least in conjunction until the ~200 min stage. This 

was contrary to expectations, as it was thought that a OH
-
/F

-
 ligand-exchange 

process would dominate in the first few minutes of adsorption, with negligible Al 

uptake. This prompted us the examine the molar ratio of the two adsorbed species 

over time (Supporting Information, Fig. S31). This revealed that apart from a brief 

period at ~1 min, the F
-
:Al

3+
 molar ratio remains at ~2.5:1 until ~100 min, then drops 

gradually to ~1.5:1. This suggests that the dominant mechanism throughout the 

uptake process is the adsorption of aqueous AHFs. Aqion calculations are in good 

agreement with this theory (Supporting Information, Table S3), since the most 

prevalent species in solution are AlF3 and AlF2
+
, hence the ~2.5:1 molar ratio initially 

observed is sensible. Over time, a slow equilibrium process on the resin surface 

between 100 and 700 min appears to release some fluoride back into solution at the 

same time as further AHF adsorption, meaning the ratio tends towards 1:1. This is, in 

fact, consistent with previous XPS data [30], which indicated that the dominant AHF 

species on the resin surface, after equilibrium had been reached, was closely related 
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to AlF(OH)2, rather than more fluoride-rich species. The uptake of Ca was seemingly 

independent of both fluoride and Al, as its k2 value was an order of magnitude higher. 

It is possible that Ca
2+

 ions occupied the more hindered aminophosphonic acid 

coordination sites, which the La
3+

 ions were not sterically able to reach. The leaching 

of La
 
into the solution is too minor to be correlated to the uptake of Al or Ca and is 

likely a cumulative effect of the high ionic strength liquor. 

 

3.2. Determination of activation energy for the two systems 

The full dataset for temperature-varied experiments, in graphical form, is shown in 

the Supporting Information, p18, including parameters calculated from the PSO rate 

equation. Increasing the temperature of the system increased the rate of fluoride 

uptake, but resulted in lower qe values. The effect on qe was however much less 

pronounced for uptake from the leachate than for uptake from NaF solutions 

(Supporting Information, Table S9).  This infers that the uptake of free fluoride on to 

the resin was a more exothermic process than AHF complexation (Hf for LaF3 =  

-1732 kJ mol
-1
). Viswanathan and Meenakshi observed that qe values for fluoride 

uptake by metal-loaded cation-exchange resins similarly decreased with increasing 

temperature [61]. 

 

The k2 values were subsequently used to produce Arrhenius plots (Supporting 

Information, Fig. S30. The extracted parameters for the leachate and NaF solution 

matrices are displayed in Table 2. 

 

 

Table 2. Arrhenius parameters calculated for the two systems. Fluoride Ci = 150 mg L-1. Resin dry 

mass = 5.0 g. Initial solution volume = 500 mL. T = 2-43C. 

 

Matrix Ea (kJ mol
-1
) A R

2
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Leachate  34.6  4.3 1.42  0.13 x 10
8
 0.970 

NaF solution 62.6  0.71 2.66  0.23 x 10
14
 0.975 

 

 

Experiments to determine Ea values for the two systems were performed at Ci  150 

mg L
-1 

fluoride, to ensure the value attained for NaF solution was representative of 

the fluoride ligand-exchange reaction only, rather than any crystallisation 

mechanisms. An XRD spectrum of the resin, post-treatment, confirmed no crystalline 

species were present (Supporting Information, Fig. S38). For both matrices, R
2
 

values for Arrhenius plots were reasonable. The Ea value derived for NaF solution 

uptake is similar to the figure of 68.7 kJ mol
-1
 obtained by Na & Park in the uptake of 

fluoride by La(OH)3 at a similar Ci [58]. The lower Ea value for leachate uptake is 

nonetheless suggestive of a chemisorption mechanism, since diffusion-controlled 

processes result in Ea values of <30 kJ mol
-1
 [49, 50]. We propose that the dominant 

uptake mechanism from leachate is closely related to the depiction in Fig.4, with 

multi-nuclear complexes formed between P, La and Al centres, with O and F bridging 

ligands.  

 

Fig. 4. Proposed modified uptake mechanism of fluoride and aluminium from SPL leachate on La-
MTS9501. Coordinated waters for secondary AHF complexation are omitted for clarity. 
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Xu et al. have reported a novel La/Al-hydroxide composite material that was 

spontaneously formed in varying molar ratios in an aqueous environment [62]. 

Lanthanides are known to partake in multi-nuclear complex formation, with fluoride 

bridges to first-row transition metals, although complexation with Al has not yet been 

reported [63]. Lyu et al. also investigated modified zeolites for fluoride removal and 

found that when the material was loaded with both La and Al, a synergistic effect 

was observed, giving the sorbent a higher capacity than Al or La alone [64]. The 

lower Ea values in comparison to simple ligand-exchange may be explained by the 

chelating effect, which may be favoured in high ionic strength conditions [65, 66]. 

The modified proposed uptake mechanism is consistent with the lack of crystalline 

AHF species detected on the resin surface and also the unique La environments 

previously observed in X-ray photoelectron spectroscopy measurements [30]. TGA 

traces (Supporting Information, Fig. S39) show a significant difference in the final % 

mass between pre-treatment and leachate-treated La-MTS9501 samples, which 

could be attributed to the adsorbed Al species, which would essentially be converted 

to Al2O3. 

 

3.3. Generation of breakthrough profiles from dynamic experiments  

 

Breakthrough curves for the two matrices were attained for an inlet fluoride 

concentration of 15 and 1500 mg L
-1
 and are shown in Figs. 5 and 6. In the case of 

the as-prepared leachate experiment, the profiles of Al and Ca were also determined 

and the concentrations of the other common anions in the effluent were also 

checked, to monitor the behaviour of coexisting ions, relative to the fluoride 

breakthrough (Fig. 7). Leaching of La was checked, but its concentration in the 
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eluent was found to be <0.1 mg L
-1
 throughout the experiment. Extracted parameters 

from the Dose-Response model are presented in Table 3. 

 
Fig. 5. Fluoride breakthrough profile attained by passing 1/100 diluted leachate () and NaF solution 
of [F-] ~15 mg L-1 () through a La-MTS9501 column. Dotted lines represent Dose-Response model. 

Resin bed volume = 6.0 mL. Flow rate = 1 BV h-1. T = 20C. 

  
Fig. 6. Fluoride breakthrough profile attained by passing as-prepared leachate () and NaF solution 
of [F-] ~1500 mg L-1 () through a La-MTS9501 column. x axis is logarithmic for clarity. Dotted lines 

represent Dose-Response model. Resin bed volume = 6.0 mL. Flow rate = 1 BV h-1. T = 20C. 

0

0.2

0.4

0.6

0.8

1

1.2

0 200 400 600 800 1000 1200 1400

C
e
/C

i

mL eluent

0

0.2

0.4

0.6

0.8

1

1.2

5 50 500

C
e
/C

i

mL eluent

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 50 100 150 200



  

 28 

 
Fig. 7. Comparison of co-contaminant concentrations in the effluent during breakthrough experiment 

with as-prepared leachate. Resin bed volume = 6.0 mL. Flow rate = 1 BV h-1. T = 20C. [Figure to be 
presented in colour]. 

 
 
 

Table 3. Calculated parameters from Dose-Response model for the systems studied in Figs. 5-9. 

 

Experiment Dose-Response model parameters 

a b q0 (mg g
-1
) R

2 

Leachate 1/100 dilution (F
-
) 5.35  0.20 1283   126 4.27  0.42 0.964 

Leachate as-prepared (F
-
) 4.43  0.21 79.6  10.9 66.7  9.1 0.955 

Leachate as-prepared (Al) 4.78  0.24 77.0  7.5 26.3  01.7 0.995 

Leachate as-prepared (Ca) 3.02  0.40 24.0  5.2 1.75  0.38 0.978 

NaF solution ([F
-
]  15 mg L

-1
) 7.36  0.30 116  27 1.15  0.27 0.964 

NaF solution ([F
-
]  1500 mg L

-1
) 16.0  0.8 20.6  2.5 20.5  2.5 0.996 

 

 
For uptake both from NaF solution and leachate, the Dose-Response model 

provided the best description of breakthrough behaviour. This model is empirical, so 

no assumptions about fundamental uptake behaviour can be drawn. However, as is 

common with other dynamic adsorption studies, the model minimises the errors 

produced by other models [67-69]. In particular, the Dose-Response equation 

produced a rather superior fit over a long period of column operation, as the R
2
 value 
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for the dilute leachate experiment (1900 mL eluent) was 0.964 (other models: 0.939 - 

0.942). We could not find any previous examples in the literature where this model 

has successfully been used to describe fluoride breakthrough in a column 

experiment. Such breakthrough has previously successfully been described by the 

Thomas model [70], which our results were also in good agreement with, showing an 

R
2
 range of 0.942 – 0.996 (Supporting Information, Table S10). This is predictable, 

as this model was derived from second-order kinetics, which the sorbent/sorbate 

interaction was observed to follow in static experiments. From the generally good fits 

of the Thomas model, it can be concluded that, in a column environment, both free 

fluoride and AHF adsorption is probably rate-limited not by chemical reaction, but by 

interfacial mass-transfer [71]. Interestingly, the Thomas kinetic constants (kTh) for 

leachate fluoride-breakthrough were an order of magnitude lower than for NaF 

solution breakthrough, which again is comparable to static work. The identical 

agreement of the data with the Yoon-Nelson model (the two being mathematically 

analogous) indicates that for both matrices, the breakthrough behaviour can be 

rationalised as the probability of adsorption for each fluoride ion or AHF complex 

being proportional to probability of adsorption verses probability of breakthrough [47]. 

The Adams-Bohart model, whilst being limited, in that it cannot describe the full 

column breakthrough process [71], was also in good agreement with some data, 

showing an R2 range of 0.886 – 0.999 (Supporting Information, Table S11). As a 

result, it is probable that the dynamic adsorption is dependent on both resin residual 

capacity and fluoride/AHF concentration [67]. 

 

In common with static kinetic results, q0 values, calculated from the Dose-Response 

model, for the leachate were far larger than for NaF solution (Table 3). This 
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suggested that an industrial resin column would work efficiently in its intended 

function and the superiority was observed at both high and low inlet concentration. 

Interestingly, in the case of as-prepared leachate, fluoride and Al breakthrough 

occurs within a similar timeframe, as would be expected give the proposed uptake 

mechanism. However, q0 values show a higher molar ratio of F
-
:Al

3+
 was taken up in 

the column study, which is likely because the system does not approach equilibrium, 

as was the case in static kinetic experiments, so there was not time for the F
-
/OH

-
 

reverse ligand-exchange reaction of the coordinated AHFs to proceed (Fig. 4). The 

Ca breakthrough curve is dissimilar to Al and fluoride, indicating that Ca
2+

 ions are 

not similarly involved in fluoride transfer on to the resin and may instead occupy 

vacant phosphonic acid coordination sites. Coexisting anions NO3
-
 and SO4

2-
 were 

also observed to breakthrough rapidly, while [Cl
-
] in the effluent exceeded that in the 

inlet solution for a short period. This behaviour may be due to the N atom in the 

aminophosphonic acid group acting as an anion-exchange site, since its 

deprotonation would not readily occur in these experimental conditions [72]. The 

counter-ion would originally have been Cl
-
, due to the HCl preconditioning of the 

resin and a certain amount of exchange would be expected, given that NO3
-
 and 

SO4
2-
 are higher in the established anion selectivity series [73]. 

 
3.4. Generation of elution profiles from dynamic experiments 

 

The full elution profiles of fluoride, Al and Ca attained from the as-prepared, 

leachate-loaded La-MTS9501 column are shown in Fig. 8). A number of BVs were 

also analysed for pH, Cl
-
, NO3

-
 and SO4

-
 concentrations and the relationships 

between these and fluoride and cation concentrations are also shown. The 
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equivalent elution profile for fluoride only, attained from the NaF solution-loaded La-

MTS9501 column (fluoride Ci  1500 mg L
-1
) is shown in Fig. 9. 

 
Fig. 8. Elution of F-, Al, Ca, Cl-, NO3

- and SO4

2- from leachate-loaded La-MTS9501 column. Y axis is 
logarithmic for clarity. Vertical lines indicate change in eluent. Resin bed volume = 6.0 mL. Flow rate = 

1 BV h-1. T = 20C. [Figure to be presented in colour]. 
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Fig. 9. Elution of fluoride from NaF solution-loaded La-MTS9501 column. Y axis is logarithmic for 
clarity. Vertical lines indicate change in eluent. Resin bed volume = 6.0 mL, flow rate = 1 BV h-1.  

T = 20C. [Figure to be presented in colour]. 
 

 

Fluoride % recoveries were calculated as 95.7  14.1 % for the leachate-loaded 

column and 87.1  5.3 % for the NaF-loaded column. Al and Ca % recovery were 

calculated as 106  7 % and 109  12 % respectively for the leachate-loaded 

column. This good agreement supports the validity of the Dose-Response model as 

a tool for predicting breakthrough behaviour for all three species. 

 

 

Literature sources have reported that metal-loaded resins may be regenerated for 

fluoride uptake by dilute NaOH treatment [53, 74]. In this instance, for the NaF-

loaded column (Fig. 9), a significant amount of fluoride remained on the resin after 
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the 0.01 M NaOH eluent stage and was only eluted by 1 M NaOH or even remained 

bound until the La-loading was removed by 3 M HCl. The majority of fluoride eluted 

very rapidly with deionised water as the eluent, which is likely to represent the 

weakly-physisorbed crystalline NaF, with elution essentially caused by the change in 

concentration gradient. The latter stages of the elution suggest a variety of binding 

sites of different strengths are present on the resin. This is consistent with previous 

Freundlich isotherm data, which indicated that the resin surface was heterogeneous 

in energy [30]. The stronger sites may be attributed to fluoride ligands which bridge 

between two adjacent La centres [63]. The elution peak caused by 0.01 M NaOH is 

broad and shallow, suggesting that relatively concentrated NaOH may be a better 

choice for elution of concentrated, pure fluoride aqueous streams, for CaF2 

precipitation and recovery, since an inlet [F
-
] >100 mg L

-1
 is required for such a 

process [75]. The peak is also poorly resolved and suggests a number of micro-

environments, of slightly different binding energy were present. This agrees with the 

heterogeneity of the adsorption, proposed in our previous work [30]. 

 

The leachate-loaded column (Fig. 8) exhibited co-elution of fluoride and Al with 

deionised water as the eluent. Significant fractions of both species were also eluted 

with NaOH. This again indicates a range of different strength binding sites. 

Interestingly, although the fluoride effluent concentration increases upon changing 

the eluent to 0.01 M NaOH, the Al effluent concentration actually falls significantly. 

This may be explained by a reverse ligand-exchange process, in which -F is 

replaced by -OH, without dissociation of the proposed binuclear coordinated 

complexes. The Al then appears to slowly begin to dissociate from the resin surface, 

before being completely removed by the change to 1 M NaOH. The eluent pH over 
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this timeframe increases from ~6–10 and, as reported by Lisbona and Steel [27], the 

anionic species [AlF3(OH)]
-
 and [AlF2(OH)2]

-
 gradually become dominant over this 

range in F
-
/Al systems as pH increases. The behaviour is hence explained, as these 

species would be exchanged with OH
-
 ions on the La coordination sites and 

subsequently elute. The probable changes to the functional group chemistry 

throughout the elution process are postulated in Fig. 10. 

 

 
Fig. 10. Proposed desorption processes from leachate-loaded La-MTS9501 column with changing 

eluent. 

 
As seen in Fig. 8, the pH of the effluent did not rise above 10 until after the eluent 

change to 1 M NaOH. Hence it can be assumed that the functional group N atoms 

were not deprotonated until this point and the observed elution of Cl
-
, NO3

-
 and SO4

2-
 

in the early stages of the experiment was likely due to weak electrostatic interaction 

of the anions with a positively charged resin surface during loading [48]. 

 
 
3.5. Performance of the resin over repeated equilibrium batch cycles 
 
The variations in approximate maximum uptake capacity of the resin over five cycles 

of regeneration with 0.01 M NaOH is shown in the Supporting Information, Fig. S36. 

The performance of the resin was actually increased slightly, on average, over the 

sequence of regenerations. We may attribute this to the lesser amount of Cl
-
 ions 

electrostatically associated with the resin surface. The concentration would be 

substantial during cycle 1 (directly after loading with La
3+

 as LaCl3.7H2O). Whilst 

acting only as an outer-sphere ligand, [76] the presence of Cl
-
 may cause a slight 
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barrier to the La/AHF complexation reaction, which is removed with the NaOH 

treatment. The results demonstrate the feasibility of use of NaOH as the eluting 

agent for fluoride commodity chemicals recovery. A further advantage practically, is 

that the resin could be put straight back into operation, after washing with water, as 

the high ionic strength liquor naturally buffers the pH towards favourable fluoride 

uptake conditions [30]. The success of the complete regeneration with acid indicates 

that the resin could be restored to full effectiveness in the event of any long-term 

degradation caused by many cycles of NaOH treatment. 

 

 

3.6. Effect of Al
3+

 on resin performance in equilibrium batch studies 

 

The effect of the ratio of F
-
:Al

3+
 in the leachate on fluoride uptake in batch 

experiments is shown in the Supporting Information, Fig. S37. The ratio of F
-
:Al

3+
 is 

strongly influential to resin performance with the mass ratio of 1.5:1 F
-
:Al

3+
 being very 

beneficial to fluoride transfer, which is obviously close to the ratio within the SPL 

leachate. Conversely, both very low and very high [Al
3+

] suppressed the fluoride 

uptake. The former may be explained by the presence of NO3
-
 and SO4

2-
, which, as 

O-donors, may compete for La centre coordination sites with free fluoride, according 

to concentration gradient laws [77]. The latter is likely because at high [Al
3+

], the 

dominant aqueous Al species will be Al(OH)3 (Supporting Information, Table S4) [32], 

which may interact with the aminophosphonic acid group in the same manner as 

AlF2
+
 and AlF3. Hence minimal fluoride uptake occurs. Indeed, ICP measurements of 

the 500 mg L
-1
 Al

3+
 sample solution indicated an Al qe of 32.4 mg g

-1
, whereas fluoride 

uptake was negligible. 
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The F
-
:Al

3+
 ratio is clearly of concern from an applied perspective, as the composition 

of SPL and hence the derived leachate is variable, depending on smelter type and 

cell decommissioning process [7]. The ratio could however, be monitored by in-situ 

analysis of the leachate feedstock by fluoride ISE, since [Al
3+

] can be simultaneously 

determined [78]. The ratio may be altered by addition of Al salts. Also, primary Al 

production results in gaseous HF formation, which is captured by a caustic scrubbing 

solution. This stream could also be used for control of the ratio. 

 
 
3.7. Pathways to recovery of commodity products from the eluent 

 

A desirable recovery product from SPL leaching would be the AlF3 precursor 

AlF2OH.H2O, which may be reacted with gibbsite (Al(OH)3) and anhydrous HF to 

produce the desired product . However, the precipitation of AlF2OH.H2O has been 

shown to require a specific F
-
:Al ratio of 1.6:1 and must be achieved starting with a 

concentrated acidic initial solution, followed by careful raising of the pH, to avoid 

undesirable co-precipitation of sodium-containing species [79]. The resulting [F
-
] and 

[Al
3+

] achieved in Fig. 8 with deionised water as the eluent would not be sufficient 

and an evaporation step would be required. Elution with deionised water, followed by 

strong acid is an option, but would lead to complete loss of La from the resin. The 

most feasible recovery strategy would be as follows: The column would be first 

eluted with deionised water, to eject the undesirable Ca and anions. As seen in Fig. 

8, the eluent produced here is still fluoride-rich and could be partially recycled back 

into the lead ion-exchange column after a secondary desalination treatment with a 

strong-base anion resin column, hence conserving the fluoride in this fraction. The 

eluent would then change to 1 M NaOH, which would produce a concentrated and 

pure aqueous stream of Na
+
, F

-
 and Al

3+
. Synthetic cryolite could then be readily 
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precipitated from this solution by lowering the pH [16, 80]. The total masses of 

fluoride and Al eluted during the NaOH eluent stage were 49.2 and 26.2 mg 

respectively (Fig. 8). This equates to an approximate F
-
:Al

3+
 molar ratio of ~2.5:1, 

which is feasible for cryolite precipitation [79]. Although not as valuable as AlF3, 

cryolite is nonetheless a desirable commodity for Al smelting and indeed other uses 

outside the industry [80]. Unlike AlF3, it does not require a calcination step after 

precipitation, merely requiring drying at ~40C [10]. Al smelters have historically 

captured waste fluoride from the Hall-Heroult process as HF by caustic scrubbers 

and cryolite is attained from this feed by addition of Al2(SO4)3 [81]. The advantage of 

our proposed process (aside from the effective treatment of SPL and recycling of the 

additional fluoride reserves within the material) is that there would already be a 

source of Al in the feed. The purity of the material would also likely exceed current 

industrial grades.  

 

 
 
 
 

 

 
 
 
 
 
 
 
4. Conclusions 

 

We have investigated the kinetic and dynamic behaviour of fluoride uptake by a 

novel, Lanthanum-loaded aminophosphonic acid chelating resin La-MTS9501, with a 

view to instigating an ion-exchange treatment for the recovery of fluoride commodity 

products from spent potlining leachate. In kinetic tests, fluoride removal from 
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simulant leachate was considerably greater than from NaF solutions, but uptake rate 

constants were slower by an order of magnitude. Both systems however, could be 

described by pseudo second-order kinetics. Activation energies for the uptake 

processes were calculated and indicated that the uptake mechanism for the leachate 

was a much lower energy process. This may be explained by a novel chelation 

interaction between resin-bound La centres and aqueous AlF
2+

, AlF2
+
, and AlF3 

complexes, forming multi-nuclear coordination species and leading to the enhanced 

uptake.  

 

In dynamic studies La-MTS9501 again demonstrated a large loading capacity, with 

breakthrough behaviour well-described by the Dose-Response model. This supports 

previous work in concluding that solutions of high initial fluoride concentration may 

be treated efficiently by an ion-exchange column process. Stripping behaviour for 

both matrices was unusual, with the loaded fluoride eluting over a number of stages 

with changes to the eluent. The NaF-loaded column profile was dominated by slow 

elution of crystallised NaF, while the leachate-loaded column profile suggested first, 

desorption of weakly-bound AHFs, followed by a reverse F
-
/OH

-
 ligand-exchange 

process and finally dissociation of the La/AHF complexes. By studying the co-elution 

of contaminants and pH of the eluent, it was concluded that synthetic cryolite was a 

feasible recovery product for the process. Puromet MTS9501 is an economical 

sorbent, available in industrial quantities for ~£12 L
-1
 and was shown in this study to 

perform robustly over 5 loading/stripping cycles. It is hoped that this work will 

contribute towards development of an optimum hydrometallurgical treatment system 

for spent potlining and thus contribute to preservation of global fluorspar reserves. 
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Note 
 

We refer throughout this article to the commercial resin used as “Puromet 

MTS9501”. Our previous work, using the same resin refers to the material as 

“Purolite S950+”, which was its original commercial title. 
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Research Highlights 
 
 Kinetics of fluoride uptake from spent potlining simulant leachate are 
demonstrated. 
 Activation energy for fluoride adsorption via metal-loaded resin is reported. 
 Resin-bound La ions may chelate with aqueous aluminium hydroxyfluorides. 
 Column performance is well-described by Dose-Response model. 
 From elution data, recovery of synthetic cryolite is targeted. 
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