Recovery of rare earth elements from geothermal fluids through bacterial cell surface adsorption
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Abstract

Rare earth elements (REEs) are in increasing demand in the modern economy and yet meaningful REE production is limited to only a few locations worldwide, which motivates the development of novel strategies to enable cost-effective REE recovery from non-traditional feedstocks. We investigate biosorption as a potential means of recovering REEs from geothermal fluids, a low-grade but abundant REE source. We have previously engineered E. coli to express lanthanide binding tags (LBTs) on the cell surface and the resulting strain showed an increase in both REE adsorption capacity and selectivity. Here we examined how REE adsorption by the engineered E. coli is affected by various geochemical factors relevant to geothermal fluids, including total dissolved solids (TDS), temperature, pH, and the presence of competing trace metals. REE biosorption is robust to high TDS concentrations, with high extraction efficiency and selectivity observed in geofluids containing REE concentrations as low as 100 ppb and TDS as high as 165,000 ppm.  Among several specific metals tested, U, Al, and Pb were found to be the most competitive, causing significant reductions (>25%) in REE biosorption when present in concentrations ~3 to 11-fold higher than the REEs.  Optimal REE biosorption occurs between pH 5-6, with significant loss in sorption capacity (~65%) as pH decreases from 6 to 2.  REE extraction efficiency and selectivity increase as a function of temperature up to ~70C, which can be explained by the thermodynamic properties of metal complexation on the bacterial surface.  Together, these data demonstrate the potential utility of biosorption for selective REE recovery from geothermal fluids by defining the optimal and boundary conditions for this extraction technology.


Introduction
	Rare earth elements (REEs) are becoming increasingly significant to the international economy with the emergence and development of new technologies, particularly in the area of clean energy. Common applications of REEs include automotive and industrial catalysts, metallurgical additives, permanent magnets, and electronics. However, the supply of these metals is uncertain and potentially at risk globally. As of 2011, more than 95% of REE production came from China, even though there are significant reserves worldwide, including in the United States.1 Five REEs (Tb, Dy, Eu, Nd, and Y) have been identified as particularly critical by the U.S. Department of Energy based on both their supply risk and their importance to the modern economy.1 Given the limited sources of REE production and the increasing demand for these metals around the world, it is crucial to explore new REE feedstocks and to develop new and improved methods of REE extraction.1-5 
	Biosorption has gained increasing interest in recent years as a potential clean, sustainable method for REE recovery and purification. The high binding affinity of the native cell surface for REEs relative to most non-REEs permits selective extraction of these valuable metals from non-traditional low-grade feedstocks.4, 6-8 Microbes are relatively inexpensive to produce in large quantities, and native biomass has a naturally high capacity for REE adsorption.4, 9-13 Cell surfaces can withstand multiple cycles of adsorption and desorption, enabling reuse of biomass.14 Furthermore, biosorption processes are not expected to contribute hazardous chemical wastes to a REE extraction scheme, unlike some conventional methods such as solvent extraction.15, 16 Once properly developed, microbial surface adsorption could present a clean and effective means of REE recovery from a variety of feedstocks, including those that are low-grade and traditionally unexploited.
We have previously bioengineered Escherichia coli to express lanthanide binding tags (LBTs) on the cell surface to enhance their natural adsorptive properties, improving both extraction efficiency and selectivity for REEs.17 LBT display increased REE adsorption capacity from ~13 to ~28 mg Tb / g dry cell weight in a simple buffer solution, and also improved REE binding selectivity 2 to 10-fold over most non-REE metals present in mine tailing leachates.17 The native cell surface functional groups, primarily carboxylate and phosphate,18-21 do continue to play a major role in REE recovery with the LBT-displayed cells.  In this study, we investigate the REE adsorption performance of the engineered LBT-displayed strain of E. coli under various geochemical conditions characteristic of geothermal fluids.
Geothermal fluids are abundant, low-grade feedstocks that are currently being investigated as a potential source of REEs.4, 6, 22, 23 Heated by natural terrestrial processes, for example by circulation through magmatically active zones, geothermal fluids leach material from the surrounding rock, becoming enriched in various metals. Total REE concentrations reported in geothermal fluids range from sub-ppb to low-ppm levels,24 which are considered low-grade REE feedstocks.  The REE concentration in geothermal fluids is inversely correlated with pH, and fluids with REE concentrations at ppb levels or higher are nearly always acidic (pH <3.5), likely due to increased metal leaching at lower pH.22, 24 Optimal REE biosorption typically occurs at pH ~6 and decreases at more acidic pH, and therefore pH adjustment may be required for the acidic REE-rich feedstocks.14, 25, 26  The temperature of geofluids varies greatly, and previous studies have demonstrated that elevated temperatures as high as 80°C have led to increased REE adsorption onto organic surfaces.26-28  Depending on pH and temperature, as well as the lithology of the rocks exposed to the fluids, total dissolved solids (TDS) in geofluids can be high, ranging from hundreds to hundreds of thousands of ppm, several orders of magnitude higher than the REEs.24  The anion composition of REE-rich geothermal fluids, primarily sulfate and chloride,24, 29 are known to have a minimal effect on biosorption.21  Aqueous metal cations, on the other hand, may compete with the REEs for surface binding sites, limiting REE extraction efficiency and purity.  The major elements, such as Na and Mg, have low affinities for cell surface binding sites compared to the REEs but are present at such high concentrations that they may still be competitive. On the other hand, some trace metals, such as U and Pb, although present at much lower concentrations, will likely be competitive because they have high affinities for the surface sites, similar to the REEs.17  
Although they have relatively low REE concentrations, geothermal fluids are abundant and have the advantage of requiring minimal pretreatment prior to REE extraction, unlike solid feedstocks such as ion adsorption clays, mine tailings, and fly ash, where chemical leaching is generally required.17, 23, 30 The geochemical characteristic of geothermal fluids, such as elevated temperatures, non-optimal pH, and high TDS can have a major impact on REE biosorption. Herein, we systematically examined the effects of these factors on REE extraction efficiency and purity.  Results define the geochemical boundary conditions that are amenable to REE biosorption, information that is key to the future development of a high-performance biosorption technology for REE recovery from geothermal fluids.
Methods
Bacterial strains and growth conditions
	The E. coli strain harboring a lpp-ompA-dLBT expression plasmid was grown in LB media supplemented with 50 μg/mL ampicillin. Expression of lpp-ompA-dLBT was induced at mid-exponential phase using 0.002% arabinose for 3 h at 37 °C. For a full description of plasmid construction and LBT expression see Park et al. (2016) and (2017).14, 17 Briefly, eight adjacent copies of a double lanthanide binding tag31 were anchored to amino acid position 159 of ompA (outer membrane protein A) and placed under the control of the arabinose inducible promoter PBAD.32 Cells were harvested, washed once in 10 mM MES (2-(N-morpholino)-ethanesulfonic acid) pH 6.0, normalized by OD600, and used in biosorption experiments.
Blue Mountain geofluid biosorption experiment
A natural geothermal fluid (pH = ~6) from the Blue Mountain geothermal area (BMG, Table 1) was obtained from AltaRock Energy Inc (WA, USA) for biosorption tests. Since the REE concentrations in the BMG are below detection limit (< 10 ppt), Tb was spiked in at 10 ppb from a 50 mM TbCl3 stock solution prepared in 1% nitric acid. LBT-displayed cells were added to ~1x108 cells/ml in 700 l total volume.   After 30 min incubation with the BMG, cells were pelleted by centrifugation at 20,000 x g for 5 min and the supernatant was removed. To ensure removal of residual BMG, cells were washed in an equal volume of 10 mM MES pH 6 and the supernatant was removed following centrifugation. Finally, the cells were resuspended in an equal volume of 5 mM citrate pH 6 for 60 min to desorb the surface-bound metals. The supernatant was collected following centrifugation at 20,000 x g for 8 min and metal contents were quantified by ICP-MS.  Results are reported as extraction efficiency, the percent Tb recovered by one cycle of biosorption and elution, as well as REE purity increase, defined as (M Tb/M total metals)eluent/(M Tb/M total metals)initial.  
Great Salt Lake total dissolved solids biosorption assay
A synthetic geofluid was created to resemble the cation concentrations of the Great Salt Lake brine (GSL), but 2x more concentrated (Table 1), and used for testing the geochemical variables relevant to REE biosorption: TDS, pH, and temperature.  For the TDS test, aliquots of this 2x GSL solution were diluted 3-, 10-, 100-, and 1000-fold using 10 mM MES buffer pH 6.  Tb, from the 50 mM TbCl3 stock solution, was added to each solution to 100 ppb.  LBT-displayed cells were incubated at ~1x108 cells/ml in 500 μl of spiked brine (adjusted to pH 6 with 10 mM MES buffer) for 30 min prior to centrifugation at 20,000 x g for 15 min and the supernatant was removed. To ensure removal of residual GSL, cells were washed in an equal volume of 10 mM MES pH 6 and the supernatant was removed following centrifugation. Finally, the cells were resuspended in an equal volume of 5 mM citrate pH 6 for 60 min to desorb the surface-bound metals. The supernatant was collected following centrifugation at 20,000 x g for 5 min and metal contents were quantified by ICP-MS. Control experiments with no cells revealed <2% Tb extraction for initial Tb concentrations at ~100 ppb.  
GSL pH assay
Synthetic GSL solution, diluted 2-fold, was spiked to a final Tb concentration of ~16 ppm (~100 μM) and adjusted to an initial pH of 2, 3, 4, 5, or 6 using 10 M NaOH prior to cell exposure. To minimize changes in solution pH following cell addition, LBT-displayed cells were pelleted at 6000 x g for 5 min, washed once with 10 mM MES buffer, and resuspended at ~1x109 cells/ml in 700 μl of the respective pH-adjusted GSL feedstock.  Following a 30 min incubation, aliquots of the cell suspension was transferred to cellulose acetate centrifuge tube filters (Costar) and spun at 6000 x g for 5 min to collect the cells.  The cells on the filters were then washed once in equal volume 10 mM MES pH 6 and exposed to 5 mM citrate for 60 min to desorb the surface-bound metals. The cellulose acetate filters extracted <4% Tb at all tested conditions with the GSL feedstock.  
GSL temperature assay
The GSL solution was diluted 2-fold and adjusted to pH 6 using 10 mM MES buffer.  Tb was added to ~48 ppm (~300 μM) and LBT-displayed cells were incubated at ~1x109 cells/ml in 700 μl of the Tb-spiked brine for 25 min at room temperature (~24°C), 40°C, or 70°C. Cells were collected, washed, and desorbed at room temperature using centrifuge tube filters as described above for the pH experiments.
Low-TDS temperature assays
	Two additional temperature experiments were conducted in the low-TDS 10 mM MES buffer pH 6.  First, LBT-displayed cells (~1x109 cells/ml) were heated to 70°C and cooled back to room temperature or exposed to UV radiation before being exposed to ~48 ppm (300 μM) Tb and analyzed for Tb adsorption.  Second, LBT-displayed cells (~1x109 cells/ml) were exposed to mono-element solutions containing ~48 ppm (300 μM) of an individual meal (Tb, Cu, Mg, K, or Ca) in the 10 mM MES pH 6 matrix at a range of temperatures from 24°C to 70°C, and assessed for metal adsorption.
Metal competition experiments
Metal competition experiments were conducted in 10 mM MES buffer pH 6 by mixing a fixed concentration of 50 μM Tb (~8 ppm) with different concentrations of the competing metals, including  up to 5000 μM copper (Cu), 300 μM aluminum (Al), 500 μM lead (Pb), 1000 μM uranium (U), 100 μM thorium (Th), 250 mM magnesium (Mg), or 2000 mM sodium (Na). The range of competing metal concentrations was selected based on concentrations commonly found in geofluids (Table 1).24 LBT-displayed cells were incubated at ~1x109 cells/ml in 500 μl of the metal solution at room temperature for 25 min before being pelleted by centrifugation at 20,000 x g for 5 min.  The supernatant was collected and metal contents were quantified by ICP-MS.
ICP-MS analysis
	All GSL brine and metal competition samples were diluted in 2% (v/v) nitric acid (trace metal grade) and spiked with an internal holmium standard.  All analyses were performed using a Thermo XSeriesII ICP-MS run in standard mode at UC Santa Cruz.  The sample introduction system was an ESI PFA-ST nebulizer pumped at 120 l/min.  The BMG samples were diluted in a 2% (v/v) trace metal grade nitric acid background and 0.5% (v/v) trace metal grade hydrochloric acid.  Analyses were conducted at Duke University on an Agilent 7900 ICP-MS run in either hydrogen (Ca) or helium gas modes to reduce common interferences from oxides and chlorides.
Thermodynamic analysis
Fein et al. (2001) demonstrated that the cell surface complexation thermodynamics of numerous metals, including REEs, can be described by a linear free energy relationship (LFER) that relates aqueous metal-acetate stability constants to calculated metal-bacterial stability constants.33 We apply a similar method to evaluate the temperature dependence of metal complexation with the bacterial cell surface. Temperature dependent metal-bacteria stability constants are not available for the vast majority of metals, so we use available data for Zn(II), Cd(II), and Pb(II) complexation with acetate34 and Penicillium simplicissimum35 at 20, 30, and 40°C to calibrate T-dependent LFERs (Figure S1). We note that these LFERs maintain high linear correlation coefficients (0.992-0.999) within this temperature range, and that the slopes of the LFERs become steeper at elevated temperatures (Figure S1). At 20°C, metal-bacteria stability constants obtained from the LFER are higher than their metal-acetate stability constants. At 30 and 40°C, the difference between metal-acetate and metal-bacteria logKs increases. La-acetate,36 Na-acetate,37 Cu-acetate,34 and UO2-acetate38 stability constants were input into each temperature-dependent LFER to obtain approximate values for the corresponding metal-bacteria stability constants (Figure S1). We restrict our analysis to between 20 and 40°C because metal-bacterial stability constants are not yet available for higher temperatures.
 Heats of reaction were evaluated using Van’t Hoff plots, which relate thermodynamic stability constants to reaction free energies based on the relationship,  

,
where ΔG is the Gibbs free energy of reaction, ΔS is the change in entropy,  is the change in enthalpy, R is the gas constant, and T is temperature in degrees Kelvin. Endothermic reactions result in Van’t Hoff plots with a negative slope.
Results and Discussion
REE recovery from Blue Mountain geothermal fluids
	The low REE concentrations present in most geothermal fluids is a major potential obstacle to economic recovery of REEs from these feedstocks. A natural solution (BMG, pH ~6) from the Blue Mountain geothermal area in Nevada, USA (Table 1) was selected to test the performance of REE biosorption from geothermal fluids with low REE contents.  Because the natural REE concentrations in the BMG are below detection limits (< 10 ppt), we spiked the solution with a low concentration (10 ppb) of Tb, a REE of high criticality.  Given the low REE concentration, a relatively low cell density (~1x108 cells/ml) was used. The results reported here and throughout this study describe the metals recovered during a single adsorption/desorption cycle.  Since 5 mM citrate is known to enable complete elution of adsorbed REEs,14 the extraction efficiencies and purities are controlled by adsorption rather than desorption behavior.  
LBT-displayed E. coli cells31 extracted ~76% of the available Tb from the BMG spiked with 10 ppb Tb (Figure 1a), and extracted <1% of the Na, Li, and Rb and none of the K, Ca, As, Cs, Ba, or W, whose concentrations in the eluent were below the instrumental detection limits (Figure 1a, Table S1).  Among the non-REEs, the biosorption process resulted in >1% extraction for only a few elements, Fe (~29%), Mg (~5%), Mn (~9%), and Sr (~2%) (Figure 1, Table S1).  Compared to the feedstock prior to adsorption, the Tb purity in the eluent increased by >100-fold.  The purity is defined as the molar ratio of the target metal relative to the total concentration of Na, Mg, K, Ca, and Tb, which approximates the total metals present. The few non-REE metals that showed an increase in purity were Fe (~40-fold), Mg (~10-fold), Mn (~10-fold), and Sr (~3-fold), largely due to the more effective removal of other metal ions (Figure 1b).  These data demonstrate effective and selective recovery of low concentrations of REEs from a complex geothermal fluid solution matrix.  Next, we describe a systematic investigation into the effects of several geochemical variables on REE recovery.
Effects of high TDS
The high ratio of total dissolved solids (TDS) to REEs, which in some cases can be on the order of 100,000:1, is a major potential challenge facing efficient recovery of REEs from geothermal brines.24 The Great Salt Lake (Utah, USA) is a terminal lake which, due to evaporation, contains among the highest TDS commonly found in natural geofluids. To test the effects of TDS on REE adsorption, we performed REE recovery experiments with a synthetic Great Salt Lake brine (GSL, ~165,000 ppm TDS) that was used either at full strength or diluted 3-, 10-, 100-, and 1000-fold, covering a wide TDS range relevant to geothermal fluids (Table 1).  Tb was added to a final concentration of 100 ppb, which falls on the high end of REE concentrations in natural geothermal fluids (Table 1).24 Cell density was maintained at ~1.2x108 cells/ml to ensure an excess of surface sites for REE adsorption.
REE recovery by the LBT-displayed cells was largely unaffected by TDS under these experimental conditions.  At low TDS conditions (~5.4 ppm), the LBT-displayed cells extracted ~81.5  4.8% of the available Tb (Figure 2).  A slight increase in Tb recovery was observed at elevated TDS, with ~95.1  5.6% Tb extracted in the concentrated GSL brine (~165,000 ppm; Figure 2). Minimal major element recovery was observed; Na, K, and Ca were not extracted from the initial feedstock across the tested TDS range, although some Na was contributed by the sodium citrate eluent (Table S2). A small amount Mg was extracted across the tested TDS range (Table S2).  The observed strong cell surface preference for REEs over the major non-REEs in the GSL brine is consistent with previous studies with other feedstock types, demonstrating the efficacy of biosorption for REE recovery from complex solutions matrices.10, 12, 39 
Previous reports have found that high TDS can have variable effects on metal adsorption onto a variety of surfaces.40, 41 Increasing TDS has been shown to decrease REE adsorption onto mineral surfaces, likely due to competition effects from low affinity cations present at high concentrations.40, 41 High TDS is also expected to increase surface charge, weakening the electrostatic attraction between the surface and aqueous metals and decreasing metal adsorption.42-44 However, in contrast to many divalent ions,40, 41 several studies have observed that changes in ionic strength do not affect REE adsorption onto organic/inorganic surfaces including chelating polysaccharides,45 clays,46 and mesoporous silica.47  It has been suggested that REE adsorption is dominated by inner sphere complexation at high affinity sites rather than outer sphere complexation; therefore, the REEs cannot be easily displaced by low affinity ions that constitute most of the TDS.47 Based on our findings, at circumneutral pH, the TDS levels typical of geothermal fluids do not strongly affect REE extraction by LBT-displayed E. coli cells. 
Effects of competing metals
	In addition to high TDS, which is primarily contributed by a few major elements present at high concentrations, REE extraction efficiency may also be affected by the presence of trace metals with a high affinity for the cell surface. Previous experiments with mine tailing leachates identified certain metals, such as Cu, Al, and Pb, that are adsorbed onto the LBT-displayed cell surface alongside the REEs, reducing REE purity in the eluent.17  In addition, uranium and thorium are cogenetic elements during rare earth mineralization and are thus commonly found in REE-bearing minerals.48, 49  These five potentially competitive metals (Cu, Al, Pb, U, and Th) were selected for analysis in a series of competition experiments.  Sodium (Na) and magnesium (Mg) were also included for comparison, given their abundance in natural geofluids. 
In these two-element competition experiments, a fixed concentration of Tb (~8 ppm) was mixed with the individual metal in question at varying concentrations and the amount of Tb adsorbed was compared to conditions without the competing metal. The data for each competing metal was fit by a three-parameter log-logistic function to approximate the competing metal to Tb concentration ratio (x/Tb25) at which Tb adsorption is decreased by 25% (Figure 3). We found that U and Al were the most competitive, with x/Tb25 values of 3.85 and 4.81, respectively. Pb and Cu were less competitive, with x/Tb25 values of 10.83 and 63.72, respectively. In contrast, Na (x/Tb25 = 32,532) and Mg (x/Tb25 = 1351) were much less competitive. Tb adsorption was not affected by Th at the tested concentrations, which cover the range of Th found in most geothermal fluids (Table 1). 
The mechanism by which competitive metals displace REEs during adsorption is likely distinct from that of major electrolyte ions (e.g., TDS) because these competitive metals have similar affinities for the same cell surface sites as the REEs. Using the known LFER relating metal-acetate and metal-bacteria stability constants shown (Figure S1), we found that the stability constant for cell surface complexation at 20°C for La, a model REE, is similar in magnitude to that of U(VI), ~10-40% higher than for Pb(II) and Cu(II), and >1300% higher than for Na(I).  When ranked in order of decreasing metal competitiveness for bacterial surface sites, La(III) ≈ U(VI) > Pb(II) > Cu(II) >> Na(I). These results illustrate that the influence of Na and other weakly adsorbing metals, which constitute the majority of TDS, is clearly distinguishable from the effect of specifically competitive metals.
Effects of pH
	The geofluids with higher total REE concentrations (e.g., >100 ppb) are typically acidic, often with a pH below 3.5, so a biosorbent that can function at lower pH is advantageous.24 To test the effect of pH on REE biosorption, we conducted a series of Tb adsorption experiments with the GSL brine adjusted to an initial pH between 2 and 6. Higher pH conditions were not tested due to limited REE solubility.7, 14, 25, 50, 51 Tb was added in excess to avoid undersaturation of cell surface binding sites at all pH conditions. We observed an increase in Tb extraction efficiency with increasing pH, peaking at ~36.9  10.3% at pH 6, and dropping to ~12.5  1.3% at pH 2 (Figure 4). As in the TDS experiments, the concentrations of major elements (Na, Mg, K, and Ca) in the eluent are low, generally <2% of those present in the initial GSL brine, without significant change in extraction efficiency within the tested pH range (Figure 4).  At pH 6, there was a ~20-fold increase in REE purity in the eluent compared to the initial feedstock, which dropped to ~9-fold at pH 2 due to a decrease in Tb adsorption.  Consistent with previous studies50-54, we conclude that pH 5-6 is optimal for REE biosorption, providing a balance between extraction efficiency and REE solubility. 
Likely factors contributing to suppressed REE adsorption at lower pH include the protonation of cell surface binding sites and an increase in overall cell surface charge.  The primary native cell surface functional groups involved in REE adsorption are carboxyl (pKa, 4.3 and 5.5) and phosphoryl (pKa, 2.2 and 6.9).18-21  At low <4, phosphoryl ligands are expected to exert a dominant control on REE adsorption, and carboxyl ligands play a larger role as pH increases,55 which is reflected in the REE adsorption data in which adsorption decreases with pH, especially below pH 4.  At pH > 6, while adsorption efficiency may be increased, soluble REE concentrations is limited by REE precipitation.17  We conclude that the optimal REE adsorption by the LBT-displayed strain of E. coli occurs at pH 5-6.
Effects of temperature
Since geothermal fluids range from ambient temperatures to hundreds of degrees Celsius, we examined REE extraction efficiency as a function of temperature.  A series of adsorption experiments with the synthetic GSL brine were conducted at 24, 40, and 70°C. A high Tb concentration (~48 ppm) was set to exceed the apparent adsorption capacity of the cells at room temperature. Although cells are no longer viable at 70°C, they appear to remain structurally intact as examined via light microscopy (Figure S2). While there was minimal change in Tb adsorption from 24 to 40°C in the high TDS GSL brine, REE adsorption nearly tripled (~2.9-fold) from 40 to 70°C (Figure 5a). Further temperature increase to 100°C did not yield further improvement in extraction efficiency (Figure S3).  The increase in purity improved from ~15-fold at room temperature to ~60-fold at 70°C.  In contrast to Tb, there was no change in major non-REE extraction efficiency within the tested temperature range, with <1% of the major elements recovered at all temperatures (Figure 5b).  The increase in the extraction efficiency of REEs but not major elements suggests that a biosorption operation at elevated temperatures (e.g., 70°C) can improve REE extraction efficiency without compromising REE purity, at least with respect to the major elements. Given this intriguing result, we performed a series of experiments and constructed a theoretical model to better understand REE biosorption behavior at elevated temperatures.
To determine if the temperature dependence of Tb adsorption was impacted by the high TDS in the GSL brine or was an innate feature of the cell surface, we conducted mono-element biosorption experiments in the low TDS buffer solution (10 mM MES pH 6) at 24, 40, and 70°C.  Tb adsorption in MES buffer exhibited an approximately linear increase in extraction efficiency with increasing temperature, with a smaller increase (~1.6-fold) compared to the GSL brine (~2.9-fold) from 24 to 70°C (Figure 5c).  Prior studies have similarly revealed that temperature dependence of Mg and Ca adsorption onto mineral surfaces was variably affected by ionic strength.56, 57  Major element (Mg, K, Ca) adsorption in the buffer solution exhibited no systematic change with temperature (Figure 5c); Na was not tested due to the non-negligible Na present in MES. The increased Tb extraction efficiency and selectivity with increasing temperature is therefore not likely controlled by the aqueous speciation in the GSL feedstock, but rather is characteristic of the cell surface.
To examine whether the temperature dependence of REE adsorption is caused by a temporary, reversible change in adsorption behavior or a permanent change in cell envelope structure, we analyzed the REE extraction efficiency of cells that were heated to 70°C then cooled to 24°C prior to REE exposure.  These cells exhibited the same extraction efficiency as unheated cells, indicating that the increased Tb adsorption at elevated temperatures is reversible (Figure 5d). Moreover, UV-killed cells exhibited the same Tb extraction efficiency as live cells, further suggesting that cell vitality has no effect on REE adsorption (Figure 5d). A change in adsorption kinetics is also unlikely to explain the temperature dependence since maximum adsorption occurs within 5 min at room temperature (Table S3), and the incubation time of 25 min ensured that equilibrium was reached for all experiments.  Together, these observations provide strong evidence that the observed increase in REE extraction efficiency and selectivity with increasing temperature likely results from innate thermodynamic properties of cell surface functional groups.
Thermodynamic analysis of temperature-dependent biosorption
Changes in temperature have been shown to directly impact the thermodynamics of metal complexation by surface ligands. For example, surface complexation of many metals by carboxylate complexes on biological surfaces tends to be endothermic, resulting in enhanced metal adsorption at higher temperatures.58 This behavior has been attributed to changes in metal-bacteria stability constants with temperature caused by a reversible increase in the enthalpy of REE inner sphere complexation with cell surface functional groups.26-28
Fein et al. (2001) constructed a linear free energy relationship (LFER) at ambient temperature to relate metal-acetate and metal-Bacillus subtilis complexation stability constants, reporting a high 0.97 linear correlation coefficient for numerous metals including neodymium (Nd), a critical REE. The stability of aqueous REE-acetate complexes is known to increase with temperature in the range tested (24 - 70°C),34 but the corresponding REE-bacteria stability constants are unknown at elevated temperatures.  We developed a series of temperature-dependent LFERs based on available metal-bacteria stability constants for Penicillium simplicissimum biosorption of Zn(II), Cd(II), and Pb(II) at 24, 30, and 40°C.   The slopes of these LFERs steepen with increasing temperature, indicating that metal-bacteria stability constants increase more quickly with temperature than the corresponding metal-acetate stability constants (Figure S1).35 A Van’t Hoff plot for aqueous REE-acetate complexation stability constants is given in Figure 6a using thermodynamic data from Ding and Wood (2002).36 The slope of the Van’t Hoff plot gives a positive La-Acetate of 24.8 kJ/mol, indicating an endothermic reaction. Based on the temperature dependence of calculated LFERs, the slope of the REE-bacteria Van’t Hoff plot is expected to be steeper (i.e., more negative) than its corresponding REE-acetate plot (Figure 6a), which strongly suggests that REE-bacterial surface complexation reactions are even more endothermic. We conclude that the strong positive temperature dependence of REE biosorption is likely controlled by the increased REE affinity for carboxylate functional groups on the cell surface. 
The same LFER analysis can be used to evaluate the influence of temperature on bacterial surface selectivity for various metals. At higher temperatures, La-bacteria stability constants increase more dramatically than those of the competitive metals included for comparison (Na, Zn, Cd, Cu, and Pb, Figure 6b). Thus, increasing temperature is expected to cause both increased REE adsorption and increased surface selectivity for the REEs. Of the metals considered here, only U(IV) exhibits similar stability constants to La, consistent with the single metal competition experiment results discussed above (Figure 3). This analysis predicts that U will be the most competitive among the tested metals for REE adsorption at all temperatures, followed by Pb, Cu, and finally Na, which mirrors the trends observed in the competition experiments (Figures 3 and 6b). The apparent increase in surface selectivity for REEs with respect to the competitive metals in the GSL brine can be explained by the proportionally greater increase in REE-surface site affinity compared with non-REEs with increasing temperature, as indicated in Figure 6b. Based on the good agreement between the experimental data and the theoretical thermodynamic behavior, we conclude that the observed increase in Tb adsorption with increasing temperature is likely a thermodynamic effect, although reversible, temperature-mediated changes to the cell surface cannot be conclusively ruled out. Elevated temperatures are expected to improve product purity by increasing REE adsorption onto the cell surface to a greater degree than even the highly competitive metals.
Implications for REE extraction
Given the high recovery efficiency and selectivity shown above with the Blue Mountain and Great Salt Lake solutions, biosorption with LBT-displayed E. coli shows promise as the primary REE extraction step for REE recovery from geothermal fluids (Figure 7).  In the overall REE recovery process, the first step would be preconditioning of the geothermal fluid to optimal conditions for biosorption with pH and temperature adjustments.  For most geothermal fluids, this preconditioning will involve cooling (e.g., to 70°C) and adjustment to pH 5-6.  As a result of the temperature and pH changes, the solubility of some competitive metals, particularly Al and Pb, will be limited.  Therefore, the removal of precipitates prior to biosorption may help to eliminate these contaminants.  Following preconditioning, selective biosorption will deliver an enriched and purified REE eluent, and the aqueous REEs can be precipitated as REE minerals by adding oxalate or carbonate.  Unlike REEs, some metals, such as U and Th, will remain in solution during this precipitation step, improving REE purity.15, 48  Finally, the REE precipitates can be roasted to produce total rare earth oxides.  These results demonstrate the potential of biosorption using bioengineered microbes as an effective platform for extracting valuable metals, including REEs, from geothermal fluids and other non-traditional, low-grade feedstocks.  Overall, this study contributes to the development of innovative approaches for clean mining technologies.
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Tables and Figures
Table 1: Chemical composition of several geofluids. Data not available is reported as ‘n/a’, and below detection limit is reported as ‘bd’.
	
	Total REEs (ppb)
	Na (ppm)
	Mg (ppm)
	K (ppm)
	Ca (ppm)
	Cu (ppb)
	Pb (ppb)
	U (ppb)
	Th (ppt)
	Al (ppb)
	pH

	Sangan Thermal Spring, Iran59
	3166
	882
	152
	477
	752
	n/a
	n/a
	n/a
	n/a
	2420
	1.2

	Obuki Hot Spring, Japan60
	220.4
	34
	32.8
	31
	104
	n/a
	n/a
	n/a
	n/a
	95
	1.35

	Dagunguo Spring, China61
	87.694
	1823
	0.07
	744.9
	1.26
	1.16
	3.13
	0.19
	0.21
	0.16752
	8.27

	Valles Caldera, USA62
	338.98
	12.2
	n/a
	81
	115
	n/a
	n/a
	n/a
	n/a
	170
	1.33

	Salton Sea, USA62
	1.3218
	60500
	n/a
	18800
	31100
	n/a
	n/a
	n/a
	n/a
	bd
	5.70

	Blue Mountain Geofluid, USA
	bd
	1370
	2.06
	150
	21.6
	0.25
	bd
	bd
	bd
	105
	6.15

	Great Salt Lake, USA
	0.3904
	25665
	2585
	2051
	162
	n/a
	n/a
	5.835
	6.595
	164
	7.92
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Figure 1: (a) Metal concentrations of the initial REE-spiked Blue Mountain geofluid (blue) and the recovered eluent following one adsorption/desorption cycle using LBT-displayed E. coli (grey). (b) Fold purity increase for each metal, which is defined for metal x relative to total metals as (xeluent/Totaleluent)/(xfeedstock/Totalfeedstock). The initial Tb concentration was 10 ppb and cell concentration was at ~1.2x108 cells/ml. The error bars represent the standard deviations of biological triplicates.
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Figure 2: (a) REE adsorption efficiency by LBT-displayed E. coli at different total dissolved solid (TDS) concentrations. GSL solution was used at full strength (~165,000 ppm) or diluted 3-, 10-, 100-, 1000-fold. The low salt solution (10 mM MES buffer pH 6, ~5.4 ppm) was included for comparison. The initial Tb concentration was 100 ppb and cell concentration was ~1.2x108 cells/ml. The error bars represent the standard deviations of biological triplicates.
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Figure 3: The fraction of terbium (Tb) adsorbed in the presence of a competing metal in buffer solution (10 mM MES pH 6). Individual metals were added at a range of concentrations to assess the effect of competition on Tb adsorption.  Initial Tb concentration was fixed at ~8 ppm (50 M) and cell concentration was fixed at ~1.2x109 cells/ml.  The data for each competing metal was fit by a three-parameter log-logistic function using the drc (dose response curve) package in R.  [x]/[Tb] represents the ratio of the concentration of the competing metal to that of Tb and x/Tb25 refers to the value at which Tb adsorption decreases by 25% from that observed in the absence of any competing metal.  The error bars represent the standard deviations of biological triplicates.
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Figure 4: REE biosorption performance from the GSL brine at pH 2-6.  Initial Tb concentration was fixed at ~16 ppm (100 M) and cell concentration at ~1.2x109 cells/ml.  (a) The amount of Tb recovered (ppb) and Tb extraction efficiency (%) increase with increasing pH (2-6). Less than 4% Tb loss was observed for abiotic controls at all tested pH conditions.  (b) Extraction efficiency of major metals is <3% and shows no significant change over pH 2-6. The error bars represent the standard deviations of biological triplicates.
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Figure 5: (a) REEs extracted (ppb) and extraction efficiency (%) increase as temperature increases from 40-70°C. The initial Tb concentration was ~48 ppm (300 M) and the cell concentration was ~1.2x109 cells/ml. Less than 3% Tb loss was observed for abiotic controls at all temperatures.  (b) Extraction efficiency (%) remains <2% for the major metals at all tested temperatures. (c) Tb and Cu extraction efficiencies increase with temperature from 24-70°C in low salt buffer solution (10 mM MES pH 6), while Mg, K, and Ca exhibit no change with temperature.  (d) Comparison of Tb extraction efficiency (%) in buffer solution (10 mM MES pH 6) at room temperature (24°C), heated (70°C), heated to 70°C then cooled to 24°C before exposure to Tb, and UV-killed cells at room temperature. 
[image: /Users/ElliotChang/Dropbox (AW Chang Group)/BILL&EPP FOLDER/Elliot/RESEARCH/UCB_REE_Research/REE_Extraction/Analysis/Thermo_Experiment/Final_Manuscript/Combined_Plots.pdf]Figure 6: (a) Van’t Hoff plots of lanthanum-acetate and projected lanthanum-bacteria complexation. La-Acetate = 24.80 kJ/mol indicates an endothermic reaction as complexation increases at elevated temperatures. The lanthanum-bacteria ln(K) vs 1/T plot is a qualitative dashed line indicating a steeper negative slope than lanthanum-acetate given that the lanthanum-bacteria stability constant is higher than its lanthanum-acetate counterpart at elevated temperatures. (b) Metal-bacteria stability constants (logK) as a function of temperature. Stability constants for La, U(VI), Cu, and Na (closed symbols) were calculated based on a temperature-dependent linear free energy relationship (Figure S1) generated from Zn, Cd, and Pb-acetate34 and bacteria (open symbol) stability constant data.35
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Figure 7: Schematic showing a process flow for integrating the LBT-displayed E. coli biosorption system for REE recovery from geothermal fluids.
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