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Abstract 

Hyperaccumulator plants are new alternative sources for elements of interest e.g., nickel, rare-earth 

elements (REEs), as concentrations in their aerial parts are higher than in common low-grade ores. 

The fern Dicranopteris linearis naturally grows on former mine tailings in Southern China and is 

classified as a REE hyperaccumulator. The efficient recovery of REEs is fundamental to ensure 

economic viability and to limit the environmental impact of the process. This study presents a novel 

approach for the treatment of the Dicranopteris biomass after incineration to ash to drastically 

improve the “bio-ore” grade and to generate heat. Ash structure and composition is described, and 

challenges for efficient recovery of REEs are discussed. A pre-processing step, aiming at rendering 

the REEs available for extraction, was designed to dissolve aluminum (Al) using concentrated 
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sodium hydroxide (6 M) at an average temperature (80 °C). The operating parameters were 

investigated through experiment methodology design and parametric studies to build an empirical 

model. Additional experiments revealed that the formation of insoluble aluminosilicate compounds 

limited the removal of aluminium. Rinsing the REE-rich residue proved to be effective to increase 

the REE concentration and was carefully designed. Subsequently, the REEs were extracted under 

mildly acidic conditions using nitric acid (25 °C, pH 4.8), producing a valuable solution devoid of 

aluminium and containing 74% of the REEs.  

Keywords: rare earth elements; Dicranopteris linearis; Recovery; Agromining; Phytomining; 

hydrometallurgy 

 

1. Introduction 

The rare earth elements (REEs) are defined by the IUPAC as the 15 lanthanides in addition to 

scandium (Sc) and yttrium (Y) (Connelly et al., 2005; Gupta and Krishnamurthy, 2005). Their 

unique properties and their wide range of application in modern technologies have resulted in 

substantial growth in production over the past two decades (Machacek and Kalvig, 2016). 

A significant part of global production (30–40%) originates from the ion-adsorption deposits in 

South China (Packey and Kingsnorth, 2016; Yang et al., 2013). These deposits, also called ion-

adsorption clays (IAC), are the result of intense tropical weathering of granitic rocks and located 

across seven provinces in southern China. In these deposits, the REEs are present as trivalent 

cations adsorbed onto clay minerals, and as such readily extracted with electrolytic solutions, 

typically ammonium sulfate, (NH4)2SO4. The main mining techniques employed, mountaintop 

mining followed by batch and heap leaching, have generated more than 150 km² of tailings in the 
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Guanzhou county alone (Yang et al., 2013). The reclamation and ecological restoration of these 

areas is an important research topic in China (Chen and Chen, 2020; Huot et al., 2018; Liu et al., 

2017). Phytoremediation is contemplated as a modern and environment-friendly approach to the 

reclamation of damaged ecosystems and is being explored for the IAC tailings (Burges et al., 2018; 

Cundy et al., 2016; Rodrigues et al., 2019). The cultivation of valuable crops (e.g., fibre or energy 

crops) ensures economic sustainability of this approach (Vigil et al., 2015). Hyperaccumulator 

plants, i.e., plants able to concentrate trace metals and metalloids in their aerial parts at extremely 

high concentrations (Baker et al., 2000), are another type of economic crops that can be used for 

the recovery of the elements they accumulate. 

The fern Dicranopteris linearis (formerly known as Dicranopteris dichotoma) is a known REE 

hyperaccumulator, with total REEs concentrations in its fronds usually reaching 2 to 3 mg g-1 of 

which lanthanum (La), neodymium (Nd), cerium (Ce) and praseodymium (Pr) are the most 

abundant (Liu et al., 2020, 2019; Wang et al., 1997). This fern is a pioneer plant, capable of 

colonising laterites in the mining areas of Southern China (Li et al., 2013) which makes it a suitable 

candidate for agriculture on IAC tailings. Extensive research has established data on the uptake, 

translocation and detoxification mechanisms of REEs by D. linearis (Chen et al., 2019; Guo et al., 

1996; Liu et al., 2019; Wang et al., 2005, 1997; Wei et al., 2005, 2001). However, there has been 

little research about the recovery of REEs from harvested D. linearis biomass, apart from usage of 

the plant in traditional medicine and handicrafts (Fern, 2019; Ho et al., 2011; Srivastava, 2007), 

for the production of biochar for agricultural purposes (Mai et al., 2019) or for the synthesis of 

organic compounds by pyrolysis (Qin et al., 2019). The considerable economic value of REEs may 

stimulate the development of novel REE recovery processes. To address this challenge, we recently 

proposed a REE recovery strategy using enhanced ion-exchange extraction from dried D. linearis 
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biomass (Chour et al., 2018). The process consists of batch leaching of the D. linearis biomass 

suspended in nitric acid with ion-exchange resin beads. The REEs are adsorbed onto the resin 

subsequently extracted achieving a 99% yield. The resin is then eluted using two different acid 

concentrations to separate aluminum (Al) and other impurities from the REEs in the same manner 

as described by Ochsenkühn-Petropoulou et al. (2002). In another recent publication, we 

demonstrated the feasibility of directly leaching D. linearis biomass using various extractants 

(sulfuric acid, citric acid, and EDTA) at various pH levels (Chour et al., 2020). Optimal recovery 

rates were achieved with sulfuric acid, REE separation was achieved by oxalate precipitation and 

purification undertaken using calcination (98% REEs) for a total process yield of 75%. 

The process pathway presented in the current work uses D. linearis ash as the raw starting material. 

The combustion of hyperaccumulator plants generally has useful improvements: it considerably 

enriches the bio-ore, it concentrates the target element(s) while providing a heat source, and it 

avoids interference of organic compounds with purification steps (Barbaroux et al., 2012; Simonnot 

et al., 2018; Zhang et al., 2016). Therefore, the properties of D. linearis ash are described in this 

work, and strategy for REE recovery was developed. The key challenge for an efficient extraction 

resides in the fact that D. linearis ash is particularly rich in aluminum (Al) and silicon (Si), which 

together form an amorphous aluminosilicate matrix. This matrix prevents acid leaching in a single 

step to extract the REEs. Additionally, Al presence is detrimental for downstream purification of 

REEs because the trivalent form of the Al cation in acidic solution is similar to the REEs (Li et al., 

2020; Wang et al., 2018, 2020; Yang and Zhang, 2015). Hence, an efficient and early removal of 

Al is highly desirable. To address this issue, a hot caustic soda solution is used to dissolve the 

aluminosilicate matrix akin to the Bayer process (Habashi, 2016). The REEs are expected to remain 

in the solid phase by forming insoluble hydroxides and/or carbonates at high pH.  



5 

A three-step extraction is proposed as follows: first, a hot caustic soda solution is used to dissolve 

the aluminosilicate matrix of the ash thereby concentrating the REEs and increasing their 

availability. Second, the remaining solid is rinsed with water to lower the pH. Third, the rinsed 

solid is leached using nitric acid (HNO3) to extract the REEs. Operating conditions are explored 

through parametrical studies and design of experiment methodology. Underlying mechanisms for 

each step are delineated and discussed. Maximization of Al removal is sought in this process to 

facilitate downstream purification of REEs.  

 

2. Materials and methods 

2.1. Plant material 

Wild D. linearis fronds were collected in the mining area of the Dingnan county, Jiangxi Province 

(China) in October 2018. The fronds were dried at 80 °C for 72 h after collection. Several kilograms 

were ground to approximately 1 mm with an industrial electric grinder (SECOMI). Aliquots were 

set aside for elemental analysis. The ground D. linearis material was ashed in multiple batches of 

approximately 35 g in a muffle furnace at 550 °C for 3 h to ensure complete oxidation. After 

cooling to room temperature (20 °C) the D. linearis ash was collected in a single 2 L air-tight PE 

container. When the quantity of ash was considered sufficient for subsequent experiments (1 L) the 

container was manually agitated to ensure homogenization. 

2.2. Chemical and reagents 

Nitric acid was supplied by Fisher Chemicals (67–69% Optima Grade), while the sodium 

hydroxide (NaOH) solutions were prepared using NaOH beads supplied by Sigma Aldrich. Ultra-

pure water (Elga- Purelab Chorus) was used in all of the experiments. 



6 

2.3. Analyses 

The elemental composition of the D. linearis dried biomass was determined by inductively coupled 

plasma optical emission spectrometry (ICP-OES) after HNO3 digestion. Subsamples of 

approximately 0.1 g were weighted in borosilicate glass tubes and 5 mL HNO3 added followed by 

digestion for 30 min at 230 °C and 80 bar pressure in a single chamber microwave (Milestone 

Ultrawave). After cooling, the solutions were made to volume (50 mL) in volumetric flasks with 

deionized water. Filtered solutions (Phenomenex, regenerated cellulose, 0.45 µm) were analyzed 

with ICP-OES (Thermo iCAP 6000 with Qtegra software). Instrumental calibration was performed 

in the same manner as described in Chour et al. (2018) using PlasmaCAL® custom standard (SCP 

Science) in a 5 wt% of HNO3 matrix. Two solutions were used for all elements (Al, Co, Cu, Fe, 

Pb, Mn, Mg, Ca, P, S, Ni, Na, Zn) and for the REEs (Y, Sc, and all 14 lanthanides except for Pm), 

while the calibration for Si was done separately using a Si standard solution (SCP Science). Each 

measurement was repeated three times and quality-controls checks were performed during the run 

between every 10 measurements using a known standard solution prepared separately to monitor 

instrument drift.  

Incomplete HNO3 digestion of the ash prior to ICP-OES analysis was noticeable. Thus, preliminary 

results of the ash analysis were rejected. To overcome this issue, alkaline fluxing, a common 

technique for dissolving refractory compounds (e.g., silicate matrices), was performed using an 

automated oven (LeNeo, Claisse). To this end, the ash and the process solids (ca 0.1 g) were placed 

into a platinum crucible with 1.97 g LiBO2 and 0.03 g LiBr (Claisse). The crucibles were heat 

treated at 1050 °C for 12 min. The melt was poured into an agitated PTFE beaker containing 

100 mL of 10% HNO3. The solution was transferred into a volumetric flask and made to volume 

(200 mL). The solution was then analysed by ICP-OES according to the methods described above, 
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and by matching the matrices of the standard solutions correctly to account for LiBO2 interferences. 

Three replicates were used for the determination of biomass and ash composition, and validation 

was carried out using a certified corn powder standard V463 (USRAVE-INRA). 

X-ray diffraction analyses were performed with the Bruker D8-Discover using a Co-anode and 

linear detection. The PDF-02 database (Powder Diffraction File of International Center for 

Diffraction Data) was used to identify crystalline phases. 

Thermogravimetric analysis (TGA) of the plant biomass was conducted under air, at a constant 

heating rate of 10 °C min-1 in a 70 µL alumina crucible using a TGA furnace (TGA2 SF, Mettler). 

Approximately 0.01 g of the D. linearis dried biomass was used for these analyses. 

2.4. Alkaline leaching experiments 

The leaching experiments were performed in a 500 mL glass vessel equipped with a PTFE 

magnetic rod. A condenser was installed to avoid evaporation of the liquid and to keep the solid 

mass fraction constant. The ash aliquots were treated with NaOH solutions at various temperatures 

for at least 60 min. A constant solid/liquid ratio of 5 g L-1 was used in each experiment. Fresh 

NaOH solutions were prepared prior to each experiment to avoid carbonate absorption during 

storage. After the alkaline treatment, the remaining solid was filtered under vacuum while still hot 

using cotton filters (Whatman – Grade 40, pore size 8 µm).  

The preliminary experiments consisted of parametric studies; under the first set of conditions, 

NaOH concentrations of 1, 2, 3, 4 and 5 M were used at 80 °C during 3 h. Under the second set of 

conditions, temperatures of 20, 40, 60 and 80 °C were tested with a 5 M NaOH solution for a total 

of 3 h. Small volumes of the suspension were sampled during these experiments to assess the 

kinetics. 
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As the preliminary parametric studies did not result in a satisfactory rate of Al extraction (<90%), 

in a second phase, the methodological of design of experiment was changed to meet two objectives: 

(i) to generate an empirical model for Al extraction with respects to operating conditions; and (ii) 

to continue the extraction rate up to 100%. A composite experimental design was developed taking 

into account the previously acquired data. Design Expert 11 software (Stat-ease, Inc.) was used to 

prepare experiments following a centred composite design (three levels and three factors) and to 

process the data. The three factors were: (i) temperature (75–90 °C); (ii) NaOH concentration (4.8–

7.2 M) and (iii) extraction time (13–44 min), the alpha value selected was 1.6879 (rotatable design) 

while the response chosen was the Al extraction rate, based on solution content. During these 

experiments, the remaining solid was not rinsed, and after each run it was dried for at least 24 h at 

80 °C in a laboratory oven. The dried solids were crushed using a mortar and pestle and 

subsequently analysed as described above.  

Finally, the impact of carbonation during alkaline leaching was assessed. A low flow of nitrogen 

gas was bubbled into the reaction medium. The same experiments were conducted with bubbling 

air as a control. The temperature was maintained at 70 °C for 1 h and 6 M NaOH was used. This 

part of the experiment was conducted in triplicate. 

2.5. Rinsing 

Screening experiments showed that rinsing the ash after the alkaline leaching step, using deionized 

water, drastically increased REE concentrations in the solid. Therefore, the previously obtained 

solids were pooled and analysed for their composition before carefully studying their behaviour 

during rinsing. A 10 mm-diameter glass column (GE Healthcare Life Science) was filled with 

2.79 g of crushed and dried solids to an initial bed height of 5.4 cm. Deionized water was fed from 

bottom to top with a volumetric membrane pump at 60 mL h-1. The conductivity and pH of the 
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effluent were monitored on-line while the effluent itself was collected with a fraction collector. 

Fraction volumes were set at 5 mL, but the volumes were corrected after weighting and measuring 

the density of each of the first 20 fractions. The fractions were analysed by ICP-OES as described 

earlier. 

2.6. Dissolution 

Dissolution of the REE-rich residue was carried out after the rinsing experiments. Another batch 

of ash was produced, treated with 6 M NaOH for 60 min at 70 °C. The collected solid was rinsed 

on the filter using hot deionized water. After drying and crushing, a suspension of the solid was 

prepared (S/L = 2.5 g L-1) and the pH titration was conducted with an automatic titrator 

(METTLER-Toledo T5) with 0.1 N HNO3. Due to the slow and uneven kinetics, large, fixed time 

increments (Δt = 300 s) while small acid volume increments (ΔV = 0.05 mL) were used to ensure 

that equilibrium was reached at each step. Acid was added until pH 2 was reached. Small volume 

aliquots (0.5 mL) were syringe-filtered (Phenomenex, regenerated cellulose, 0.45 µm), properly 

diluted, and analysed with ICP-OES throughout the experiment. 

2.7. Thermodynamic calculations 

All thermodynamic calculations were conducted using the JCHESS software (van der Lee and De 

Windt, 2002) and the default database adapted from the EQ3/6 version 8 (Wolery and Jarek, 2003). 
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3. Results and discussion 

3.1. Plant and ash characterization 

The biomass composition of D. linearis was similar to previously published data (Table 1) and the 

sum of the concentration of the 17 REEs was 2.7 mg g-1 dominated by the light REEs: La (1.1 mg g-

1), Nd (0.7 mg g-1), Ce (0.35 mg g-1), and Pr (0.22 mg g-1). The values for Al were also high 

(4.4 mg g-1) and could be related to previously published data: Chour et al. found concentrations 

between 2 to 2.5 mg g-1, and Liu et al. concentrations between 0.827 and 9.660 mg g-1 (Chour et 

al., 2018; Liu et al., 2019). Variability most likely occurs due to the plant growth stage at harvest 

(Liu et al., 2019). Other common elements found in plants were also measured, such as K, Ca, and 

Mg. Manganese was also present at a low level (0.91 mg g-1). Finally, the measured Si 

concentration values in the biomass were rejected due to the formation of polymeric silicon (gel) 

after HNO3 digestion. 

Table 1 – Concentration of various elements in the D. linearis dried biomass and in the ashed 

biomass (550 °C). SD denotes standard deviation of n=3 replicates. 

REEs (mg g-1 ± SD) Common and trace elements (mg g-1 ± SD) 
 Biomass Ash  Biomass Ash 
La 1.08 ± 0.05  12.6 ± 0.10 Al 4.4 ± 0.30 63.9 ± 0.10 
Ce 0.35 ± 0.02 3.01 ± 0.01 Ca 1.8 ± 0.10 22.4 ± 0.50 
Pr 0.22 ± 0.01 2.79 ± 0.02 Fe 0.24 ± 0.010 3.3 ± 0.10 
Nd 0.70 ± 0.04 7.66 ± 0.04 K  5.0 ± 0.10 131.0± 0.50 
Sm 0.17 ± 0.01 1.37 ± 0.01 Mg 0.97 ± 0.03 11.46 ± 0.02 
Gd 0.07 ± 0.01 0.73 ± 0.01 Mn 0.91 ± 0.05 11.44 ± 0.02 
Y  0.12 ± 0.01 1.11 ± 0.01 Na 4.13 ± 0.05 0.4 ± 0.01 
∑REEs 2.70 ± 0.10 30 ± 0.20 P  0.26 ± 0.05 3.3 ± 0.04 
   S  1.10 ± 0.02 8.7 ± 0.20 
   Si -* 281 ± 0.9 
   Pb 0.14 ± 0.03 1.36 ± 0.01 
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*: Indicates that proper determination was not feasible due to gel formation in the HNO3 digestate, 

most likely a Si polymer 

 

Thermogravimetric analysis of D. linearis biomass (Fig. 1) shows that most of the organic matter 

is decomposed below 550 °C, yielding a total loss of 92.3%. Three distinct steps were observed 

and assigned to respectively: (i) evaporation of adsorbed water; (ii) combustion of cellulose and 

hemi-cellulose; and (iii) combustion of hemicellulose and lignin (Carrier et al., 2011; Hazotte et 

al., 2017). As no significant mass loss is observed above 550 °C, this temperature was chosen for 

the production of D. linearis ash. 

 

Fig. 1 - Thermogravimetric analysis of the D. linearis biomass, and the first derivative (smoothed 

over 50 points). 
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XRD pattern analysis revealed that D. linearis ash produced at 550 °C was mainly amorphous (Fig. 

S1), as only the diffraction peak of SiO2 (quartz) could be identified. Elemental analysis of the 

D. linearis ash produced at 550 °C revealed that Si was a major constituent (28.1 wt%) and the 

other main elements are K (13.1 wt%) and Al (6.4 wt%). When expressed on oxide basis, the three 

elements account for 57.5 + 12.6 + 10.5 = 80.6 wt% of the D. linearis ash, constituting the bulk of 

the material. Conversely, REEs constitute a minor fraction accounting for 3.5 wt% when expressed 

as REE2O3.  

The ashed biomass resembles coal fly ash (CFA) produced in coal-fired power plants, in which 

concentrations of SiO2 (37–52 wt%) and Al2O3 (20–29 wt%) are comparable, although Fe2O3 

concentrations are higher (5–24 wt%), with composition strongly varying depending on the origin 

of the coal (Taggart et al., 2016). The parallel is particularly relevant as CFA is considered as a 

potential source of REEs in multiple studies, as concentration vary from 0.1 wt% to 1 wt% as of 

total REEs (Białecka and Całus-Moszko, 2013; Binnemans et al., 2015; Seredin, 1996). Similarly 

to D. linearis ash, CFA are mainly amorphous with aluminosilicate glass accounting for 70–80% 

of the material (King et al., 2018; Wang et al., 2019). 

3.2. Considerations for REEs extraction 

REEs speciation in ash remained unclear after XRD analysis, since no REE-bearing phase was 

detected. Preliminary attempts at recovering REEs were conducted by using concentrated HNO3 at 

230 °C and 80 bar resulted in low recovery yields (<50%). Such severe conditions usually yield 

quantitative extraction of metal minority phases. Hence, REEs are strongly bound to the 

aluminosilicate matrix. 
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Similarly, REE extraction from CFA is challenging and usually results in low extraction yields 

(<40%) when using mineral acids (e.g., HCl, HNO3, H2SO4) (Kashiwakura et al., 2013; King et al., 

2018; Taggart et al., 2016; Tang et al., 2019). Even though the conditions for the production of the 

ash differs from coal to hyperaccumulator biomass, the resulting product and concomitant 

difficulties in REEs extraction are comparable. In the case of CFA, extraction is made difficult 

because REEs are dispersed throughout the aluminosilicate glass phase (Hower et al., 2013; Kolker 

et al., 2017). Consequently, it is inferred that REEs are dispersed throughout the aluminosilicate 

glass matrix of D. linearis ash. In the light of these considerations, a flowsheet for REEs extraction 

is proposed (Fig. 2). 

 

Fig. 2 – Proposed flowsheet for the recovery of REEs from D. linearis ash. 
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3.3. Alkaline leaching  

The aim of the alkaline leaching step is double: destroying the aluminosilicate glass matrix to 

render REEs available for extraction and removing as much as possible aluminum. It is inspired by 

the Bayer process as both Al and Si are soluble in heated concentrated NaOH solution, Al being 

soluble mainly as NaAlO2(aq) and Si as Na2SiO3(aq) (Ostap, 1986). Released REEs are expected to 

immediately precipitate as either hydroxide or carbonate. Because the ash material is different from 

traditionally processed bauxite, initial tests were conducted to control the solubility of Al and Si 

using temperatures ranging from 20 to 80 °C and NaOH concentrations from 1 to 5 M.  

3.3.1. Parametrical studies 

After three hours, the extraction efficiencies or soluble fraction for Al varied little with respect to 

operating conditions (Fig. 3). The extraction rate was minimal when working at 20 °C along with 

5 M NaOH (66%), and maximal when using 5 M NaOH (89%) at the maximum temperature 

(80 °C). Quantitative extraction of Si was reached in all, but one of the experiments, when 

temperature was kept at 20 °C. REE concentrations in the alkali leachate were below the detection 

limit, ensuring that at least 95% of the REEs were not lost. Although extraction efficiencies were 

close to 90% under best conditions, it should be noted that a significant amount of Al is kept in the 

solid phase along with REEs at similar concentrations: (0.41 ± 0.03) x 10-3 mol g-1 for Al, and 

(0.42 ± 0.09) ×10-3 mol g-1 as total REEs. 
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Fig. 3 - Soluble fractions of Al and Si from D. linearis ash according to operating conditions after 

3 h of caustic soda extraction. Temperature was kept at 80 °C in the first set of experiments (A), 

and NaOH concentration was kept at 5 M in the second set of experiments (B). 

 

In the alkaline leachate, REE concentrations were below detection limits, confirming the 

assumption that REE hydroxides or carbonates immediately precipitate subsequently to 

aluminosilicate matrix dissolution. 

Kinetic studies have provided a better understanding of the situation as distinct behaviour has been 

observed (Fig. 4). At 20 °C, equilibrium may have not been reached, even after 3 h. At other 

temperatures, the curves appear to converge towards a value of 89%. The curves for 40 and 60 °C 

have similar behaviour, with extraction at 60 °C appearing to be faster. Extraction at 80 °C proved 

to be rapid, while an unexpected re-precipitation of Al after 15 min occurred. The origin of the re-

precipitation was not determined at that time and will be discussed in section 3.3.2.2.  
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Fig. 4 – Evolution of the soluble fraction of Al present in the ash in NaOH 5 M at different 

temperatures. 
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Al extraction efficiency increased with increasing temperature and soda solution molarity; however, 

100% extraction rate could not be achieved within the design space.  

 

Fig. 5 – Surface representation of the two-factor interactions model for Al extraction efficiency 

from D. linearis ash at 5 g L-1, extraction time is not a significant parameter. 

 

As mentioned in the Introduction, the quantitative removal of Al is desirable because it is 

commonly present as a trivalent cation similarly to REEs and may interfere with REE purification 

steps. In the following section, our objective is to better understand why Al cannot be entirely 

removed from the ash by a single leaching step. 
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3.3.2. Main limitation for Al removal 

A relevant strategy would be firstly to determine Al speciation in the solid, which is commonly 

done by examining XRD patterns, and secondly adopt a strategy to dissolve the main Al bearing 

phase. However, the absence of diffraction peaks in the corresponding analysis (Fig. S1), related 

to poor crystallinity, prevents such a strategy. Thus, it is chosen to infer Al speciation in the ash 

and use a model to predict Al solubility. 

CHESS software was used to calculate the equilibrium speciation of a 200 mL solution (60 °C), of 

1 M NaOH, containing the same quantity of Al as is present in 1 g of ash (2.4×10-3 mol) as Al 

hydroxide (Diaspore). Under these conditions, the Al completely dissolves into the solution, mainly 

as NaAlO2(aq). However, by varying the pH of the model solution, it can be seen that the reaction 

is strongly dependent on the pH around the operating point (Fig. 6). 

By considering the actual pH instead of the NaOH concentration alone, other species that could 

consume the hydroxide anions, such as silica, or the undesirable absorption of atmospheric carbon 

dioxide, are taken into account. Here, it is assumed that the pH of the NaOH solution is below 14 

due to the reaction of these other species. 
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Fig. 6 – Predicted soluble fraction of Al in solution as a function of pH at different temperatures. 

The initial input quantity of Al corresponds to the quantity of ash at 5 g L-1. 

 

Regarding SiO2, this species would consume soda forming NaSiO3 or Na2SiO4, resulting in a loss 

of alkalinity and a decrease in pH. However, the stoichiometric excess of NaOH (at least 1 M) over 

the known concentration of SiO2 (only 41 mM) should be sufficient to maintain high alkalinity. 

As for the other elements present in the ash, they should be present in alkaline form after ashing 

(K is most likely present as KOH or K2CO3, and the same is true for Ca and Mg, the other major 

constituents of the ash). Therefore, the presence of these compounds should not reduce alkalinity. 
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3.3.2.1. Effect of atmospheric CO2 absorption 

The atmospheric absorption of CO2 was lastly considered to explain the decrease in alkalinity of 

the solution. Indeed, a hot NaOH solution (> 60 °C), continuously stirred, is likely to absorb CO2 

rapidly. The CO2 is then converted to CO32-, consuming two HO- (Equation 2). 

CO#(%) + 2HO('()
) → CO*('()#) + H#O      (Equation 2) 

Absorption of CO2 will decrease the pH of the solution as CO32- accumulates. Indeed, the pKa of 

the HCO3/CO32- couple is 10.13 at 60 °C (Rumble, 2019). Therefore, we hypothesize that CO2 

absorption during the experiment is responsible for the loss of alkalinity of the solution, preventing 

the complete dissolution of Al. To test this hypothesis, the alkaline leaching experiments were 

conducted in a CO2-free environment, by bubbling N2 through the reaction medium and compared 

to control experiments by bubbling air. 

When the experiments were carried out in a CO2-free environment under the same conditions, the 

concentration of residual solid Al was not significantly different to that of the control ((29.0 ± 

1.2) mg g-1, (30 .0± 1.7) mg g-1 respectively), and Mn aside, the same went for all other analysed 

elements (Table S2). Hence, CO2 absorption is not the limiting parameter for Al removal. The only 

significant difference in contents was only observed for Mn: (35.0 ± 0.8) mg g-1 after extraction in 

bubbling air, versus (51.0 ± 0.3) mg g-1 in the CO2-free experiment. This result was consistent with 

the fact that leachate had a slight pink coloration under anaerobic conditions and was colourless 

when air was bubbled. It is likely that air, through the action of dissolved O2, favoured the oxidation 

of soluble Mn and led to the precipitation of MnO2.  
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3.3.2.2. Precipitation of insoluble compounds 

Since the limitation of CO2 absorption had no significant effect, we suspected the formation of an 

insoluble compound, an Al bearing phase, during the reaction. In Bayer liquors and in the presence 

of reactive silica, side reactions take place between soluble Si, Na, and Al forming insoluble sodium 

aluminosilicates.  

These products were studied due to scale formation in heat exchangers. The main phases identified 

being sodalite and cancrinite (Na8[AlSiO4]6X2·nH20, X=1/2 CO32− ,1/2 SO42− , Cl−, OH−), with 

cancrinite forming at higher temperatures (> 120 °C) (Armstrong, 1999; Barnes et al., 1999; Hind 

et al., 1999). The formation of such products consumes reactive soda and reduces the efficiency of 

the process. One approach to removing Si from pregnant liquor, and thus solving scaling problems, 

is to willingly precipitate Si compounds during bauxite digestion, increasing the residence time 

(Ostap, 1986). The aluminosilicate compounds formed are called desilication products (DSP). In 

this case, the Al losses as DSP are not regarded as a real loss, as the soluble Si originates from 

clays (e.g., kaolinite Al2Si2O5(OH)4) extracted in small proportions along with the bauxite, which 

contains stoichiometric proportions of Al (Ostap, 1986). In addition to sodalite and cancrinite, DSP 

include the linde aluminosilicates type A and N zeolite, both of which exhibit 

Na12[Al12Si12O48]·27H2O stoichiometry (Peng et al., 2018a; Peng and Vaughan, 2018). It should 

also be noted that their mechanism of formation includes the intermediate precipitation of an 

amorphous aggregate that progressively dissolves to form crystalline DSPs (Peng et al., 2018b).  

Since the alkaline leachate from D. linearis ash is rich in Si, the formation of analogous sodium 

aluminosilicate compounds is suspected. Additionally, Ca(OH)2 is often used to precipitate 

Ca3Al2(SiO4)n(OH)(12- 4n) to remove Si from Bayer liquors (Whittington, 1996), Ca being another 

constituent of the ash (2.2 wt%) calcium aluminosilicates are also likely to precipitate. 
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Regarding other studies, an analogous process was employed by Li et al. (2014) to extract Al from 

coal fly ash, using concentrated NaOH (40 wt%) in hydrothermal conditions (230–260 °C). As 

mentioned previously, CFA is relatable to some extent to D. linearis ash. In their study, they found 

that the formation of a zeolitic compound (1.33Na2O∙0.67CaO∙Al2O3∙2SiO2∙H2O) limited the 

aluminum removal rate to 91%. Though CFA is richer in Al2O3 than D. linearis ash, the achieved 

removal rate is comparable to our results. Similar results were obtained by Yang et al., achieving 

an extraction efficiency of 92% using 45 wt% NaOH on CFA at 280 °C (Yang et al., 2014). These 

findings reinforce our assumption of the formation of an amorphous alkali aluminosilicate. Finally, 

precipitation of a compound of this type would explain the decrease of Al soluble fraction observed 

shortly after the beginning of the dissolution step (Fig. 4). 

3.4. Rinsing 

Preliminary experiments suggested that rinsing the D. linearis ash with deionized water after 

alkaline leaching significantly reduced not only the soda content but also Al and Si content (data 

not shown). The rinsing experiments were conducted in column in an attempt to determine the 

minimal amount of water required for this step. Conductivity and pH reached a steady state after 

elution of 16 bed volumes (BV) (Fig. 7), with the solid remaining moderately alkaline with a final 

value of pH 11.2, after elution of 30 BV.  
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Fig. 7 – Evolution of the conductivity and pH of the output rinsing solution 

 

Relatively large requirements of rinsing water (16 BV) were necessary to stabilize the pH of the 

output solution. Thus, a leaching behaviour was suspected along with rinsing. Composition of the 

eluate have led to a better understanding of the rinsing step (Fig. 8). Lead, Fe, and Zn, 

concentrations sharply decreased and quickly fell below the detection limit, reflecting a rinsing 

behaviour for these impurities. Conversely, the rinsing step could be considered as water leaching, 

as many elements are progressively leached out with Na, Al, Si and K over numerous BVs. Finally, 

Ca leaching behaviour is consistent with the hypothesis that a Ca-aluminosilicate was formed 

earlier, as constant amounts were leached during the rinsing procedure for the 9 first eluted BVs. 

As the pH decreased, the Ca concentration at the column output increased. REEs were not detected 

in the leached solution. 
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Fig. 8 - Elemental composition of the leached solution. Concentrations (mg L-1) are represented in 

log-scale, (A) quickly rinsed elements, (B) progressively eluted elements, and atypical Ca 

behaviour (C). REE concentrations were below detection limits in all samples (0.01 mg L-1). 
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100%. For Ce, dissolution occurred at a lower pH, and was only partial at pH 2. This discrepancy 

can be explained by its additional redox state (+IV). Indeed, CeO2 is readily formed in aqueous 

solution and is insoluble (Gupta and Krishnamurthy, 2005). In addition, HNO3, used in this 

experiment, is known for its oxidizing properties, which would favour the predominance of Ce 

(+IV). 

Regarding other elements, Al dissolution started to occur under more acidic conditions than REEs 

(pH 4.2), and 77% of the introduced Al was finally dissolved at pH 2. The elements Ca and Mg 

were expectably released into solution. Mass balances revealed that Mg was fully dissolved (100% 

soluble fraction at pH 2), and only a fraction of the initial Ca content was released (>60%). The 

partial dissolution of Ca and Al at pH 2 supports the hypothesis that Ca formed an insoluble 

compound, such as Ca-aluminosilicate. 

 

Fig. 9 – Solubilization of the main elements from the treated ash suspension with decreasing pH. 

Dissolved fractions (in%) were computed by mass balance calculations: using treated ash 
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composition, aqueous concentrations, volume of the suspension and the mass of treated ash 

introduced. 

 

In addition, it has been observed that at pH 4.8, 50% of the REEs are dissolved while there is no 

Al in solution. In the mining industry, this property is known in reverse: precipitation of Al is 

carried out at a pH of 3–4 from the acidic REE stream, before precipitation of REE is carried out 

with ammonium carbonate at a pH of about 4–5 (Chi et al., 2003; Luo et al., 2015). In our case, the 

solution is neutral and the aluminum is already solid, so selective dissolution of REEs is an 

attractive option above pH 4.8. A series of dissolution at constant pH could be designed, with each 

stage extracting 60% of the REEs. That way, 99% of the REEs could be dissolved in only 5 stages, 

while no Al is dissolved. Divalent cations, such as Mg2+ and Ca2+, can be easily separated from the 

REE downstream (e.g., using ion exchange resin) and should not be of concern (Chour et al., 2018). 

However, it is inferred that slow kinetics and high-volume requirements may be the limiting 

parameters that need to be further investigated. 

In conclusion, the final concentration of REE was 0.250 g L-1 of REE in the solution at pH 4.8. It 

is assumed that industrial concentrations, typically 1 to 6 g L-1 (Schulze et al., 2017) can be 

achieved by increasing the solid/liquid ratio (2.5 g L-1 in our experiment being relatively low) or 

by evaporation. 
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3.6. Overall efficiency 

 

Fig. 10 – Global mass balance of elements of D. linearis ash shared in the steps of the process. 

Values stand for 100 g of ash. The total amounts correspond to the total initial concentrations in 

the ash. Refer to Table S3 for full data. 
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current study because aliquots for analysis were filtered using 0.45 µm filters, whereas the bulk 

separation of the liquid phase was conducted using filters with larger pores (8 µm).  

REEs loss also occurred in the HNO3 leaching step (around 30%) as a result of the compromise 

between REE recovery and keeping Al in the solid phase. In regard to the available literature, King 

et al (2018) used a similar approach consisting of sequential alkaline-acid leaching, subsequently 

using NaOH (6.25 M, 85 °C) and HCl (20% HCl), for the recovery of REEs from CFA (King et 

al., 2018). Depending on the origin of coal, and thus CFA composition, comparable extraction 

yields were obtained (45–75%). The previously mentioned process discussed by Wang et al. 

resulted in higher extraction yields (averaging 85%), although more aggressive conditions were 

used (NaOH 20-40 wt%, 90-150 °C, followed by HCl extraction, 4–8 M at 40–80 °C during 2-6 h) 

(Wang et al., 2019). In contrast, our study demonstrated that mildly acidic pH (4.8) obtained with 

HNO3 was sufficient to leach the majority of extractable REEs as overall efficiency of REEs 

extraction is 74% for REEs, and 78% for all REEs except Ce. Non-recovery of all of the Ce is a 

limited issue, as other REEs present in the hyperaccumulator ash have significantly higher 

economic value (e.g., Nd, Pr) (Machacek and Kalvig, 2016). 

 

4. Conclusions 

A novel approach for the recovery of REEs from an hyperaccumulator plant D. linearis has been 

designed. The recovery of REE from the ash was proven to be feasible, although in contrast to 

other process treating hyperaccumulator ash, it requires a pre-treatment step (i.e., alkaline leaching), 

prior to the traditional acid leaching. The conditions of the pre-treatment step were investigated 

and provided a better understanding of the operation by determining the limiting parameters, 
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thereby enabling future scale-up and optimization. The use of mild conditions in the REE 

dissolution step (diluted HNO3 at ambient temperature) has resulted in satisfactory yields and is a 

positive increment towards greener chemistry. Nonetheless, optimization, including recycling of 

the soda solution, and aluminum recovery, are still needed. Further separations, leading to pure or 

semi-pure REE compounds, are already ongoing using current data. This study adds the possibility 

of using ash instead of dried biomass for the recovery of REEs from D. linearis, which has several 

inherent benefits, such as heat production and drastic ore enrichment. Additionally, the ash can be 

produced locally with little investment.  

Nevertheless, analysis of environmental impact of the whole process (e.g., a life cycle assessment) 

is desirable, as well as an economic analysis before upscaling to project costs and process 

bottlenecks. Based on D. linearis biomass yield (approx. 12–15 t ha-1), REE yields would reach 

24–30 kgREEs ha-1 (Li et al., 2013; Liu et al., 2020). Assuming the oxide can be produced this way, 

the total income (which greatly depends on the current Nd price and biomass Nd concentrations) 

could reach 260–660 USD ha-1. At present, NaOH costs in the alkaline leaching step render the 

whole process unprofitable, at least at the laboratory scale. Further studies are required to decrease 

the consumption of this reagent. In the medium term, it is hoped that these hydrometallurgical 

advances will benefit the phytoremediation of mine tailings in Southern China. 
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