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Summary 

Our industrial client (Geo40) has developed and deployed a process to remove silica from 
geothermal fluids and produce a high-margin specialty colloidal silica product comparable to 
those of market leaders. Geo40 now wishes to explore opportunities to extend their mineral 
extraction operations to other elements that are present in these brines using magnetic core 
shell approach which is licensed to Moselle Technologies LLC. Geo40 has identified cesium 
(Cs) that is present in Ohaaki brines (pH ~8–8.5) at parts per million levels and could be sold to 
customers if it could be produced at an attractive price. With support from the Department of 
Energy’s (DOE’s) Geothermal Technologies Office, a simple and highly cost-effective magnetic 
nanofluid method for extraction of rare earth elements (REEs) from geothermal brine solutions 
has been developed and demonstrated at the laboratory bench scale at Pacific Northwest 
National Laboratory (PNNL). Core shell sorbent particles are produced using an iron oxide core 
particle, which is used to anchor and grow a surrounding adsorbent shell functionalized with a 
chelating ligand that selectively binds REEs. We extended PNNL’s work by exploring new 
sorbent shells that are highly selective for Cs. Uptake of Cs was measured as a function of 
exposure time by analyzing solution samples extracted from batch sorption tests. We screened 
and identified suitable sorbents that have a higher capacity for selective removal of Cs from 
Ohaaki brines in acidic and basic environments. The cobalt-containing Prussian Blue (Co-PB) 
tested using 5 ppm Cs with and without competing sodium (Na) ions exhibited the overall best 
performance toward Cs adsorption capacity reaching as high as 31.6 g/kg and 19.0 g/kg in the 
presence of competing Na ions. The Co-PB was subjected to repeated adsorption, stripping, 
and regeneration cycles to assess any degradation in sorbent capacity. We also conducted Cs 
desorption and Co-PB regeneration experiments using different stripping agents (nitric acid and 
potassium chloride) to determine which stripping agent is ideal. The techno-economic analysis 
revealed that the internal return rate (IRR) for extracting 90 percent of Cs from a geothermal 
brine containing 700 ppb of Cs using the magnetic nanoparticle adsorption technology was 
about 6.1 percent. The IRR will increase with a higher concentration of Cs and lower capital 
cost, and it is not sensitive to the adsorbent cost when the adsorbent can achieve a 6,000 h 
lifetime and higher than 99.9 percent magnetic retention rate.  
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Acronyms and Abbreviations 

AMP ammonium molybdophosphate 

BET Brunauer-Emmett-Teller 

CAPEX capital cost 

CFS coagulation–flocculation–sedimentation 

Co-PB cobalt-based Prussian Blue analog (Co3[Co(CN)6]2) 

EPA U.S. Environmental Protection Agency 

FC ferric chloride 

Fe-PB iron-based Prussian Blue analog (Fe4[Fe(CN)6]3) 

FOB Free on Board 

DOE Department of Energy 

HCl hydrogen chloride 

ICP inductively coupled plasma 

ICP-MS inductively coupled plasma mass spectrometry 

ICP-OES inductively coupled plasma optical emission spectroscopy 

IRR internal return rate 

MCL maximum contaminant level 

MOF metal-organic framework 

NPV net present value 

OPEX operating cost 

PB Prussian Blue 

PSD pore size distribution 

PXRD powder x-ray diffraction 

REE rare earth element 

RO reverse osmosis 

SRB sulfate-reducing bacteria 

sRF spherical resorcinol-formaldehyde resin 

XRD x-ray diffraction 
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1.0 Introduction 

Pacific Northwest National Laboratory (PNNL) with support from the Department of Energy’s 
(DOE’s) Geothermal Technologies Office has developed a simple and cost-effective nanofluid 
method for extraction of rare earth elements (REEs) from geothermal brine solutions (Elsaidi et 
al. 2018). Functionalized iron oxide-based core shell nanoparticles with high concentrations of 
chelating sites were used to selectively capture and separate REEs from geothermal brine 
solutions. Use of nanoparticles containing a high density of functional chelating groups enabled 
the easy separation of REEs and did not require any use of an expensive packed bed or 
membrane system—a bottle neck in large-scale REE separation. After a short residence time in 
contact with geothermal brines, the particles are effectively separated out with an applied 
magnetic field and standard extraction methods to strip the rare earth metals from the 
nanoparticles, which are then recycled back to the geothermal plant (Error! Reference source 
not found.). The sorbents developed by PNNL exhibited about >99.9 percent removal 
efficiency relative to REEs even after 2,000 cycles which PNNL commercialized this technology 
to Moselle Technologies LLC. 

 

Figure 1. Illustration of the magnetic partitioning nanofluid extraction system. 

Our industrial partner (Geo40) recently identified two elements, cesium (Cs) and antimony (Sb), 
that are present in Ohaaki brines at parts per million level amounts and could be sold to known 
customers if they could be produced at attractive prices. Therefore, PNNL, in collaboration with 
Moselle Technologies and Geo40 extended the magnetic separation technology to extract Cs 
selectively from geothermal brine by developing novel Cs-selective sorbent materials as a shell.  
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2.0 Sorbents for Selective Cesium Removal 

In support of the DOE Office of Environmental Management, PNNL evaluated a large number of 
materials for Cs removal from Hanford tank waste. Some of the sorbents evaluated included ion 
exchange resins (Diphonix-CS) (Chiarizia et al. 1998), ammonium molybdophosphate (AMP) 
incorporated in a polyacrylonitrile (AMP-PAN) support (Campbell, Fiskum, and Peterson 2021), 
and various solvent extraction methods for selective removal of Cs from Hanford wastes. 
However, these materials exhibited lower selectivity and capacity toward Cs in the presence of 
other competing 
cations found in 
Hanford tank 
waste. On the other 
hand, two 
commercially 
available resin 
materials—
spherical 
resorcinol-
formaldehyde resin 
(sRF) (Brown 2014) 
and Dibenzo-18-
crown-6 (D18C6) 
ethers—were found 
to outperform other 
sorbents for Cs 
removal from 
Hanford tank 
waste. For 
example, sRF was 
studied for 
extraction of Cs 
from higher alkaline 
conditions (pH 14) 
due to the presence of two weakly acidic hydroxyl groups on the resorcinol ring, which are 
deprotonated and eventually bind to Cs selectively. By switching the pH (say pH ~2) the 
adsorbed Cs can be removed from the sRF. Likewise, D18C6 was shown to have Cs selectivity 
at low pH (~7) due to the ideal pore size of D18C6, but no data exist for any of these sorbents 
about the efficacy of Cs removal from Ohaaki geothermal brine and its selectivity in the 
presence of other competing ions.  

Therefore, we have successfully identified and developed Cs-selective sorbent materials that 
work under conditions relevant to geothermal brine solution. Several factors were taken into 
consideration to screen the sorbent materials, including (1) aqueous stability; (2) high Cs 
adsorption capacity and selectivity in the presence of competing ions, such as sodium (Na+), 
potassium (K+), magnesium (Mg2+), etc.; (3) resistance to most chemicals including acids and 
bases; (4) synthetic tunability and cycle stability; and (5) large-scale production, if necessary. 
With these criteria in mind, we identified aluminosilicate clays including kaolinite and 
montmorillonite, because of their high surface area, capacity, and commercial availability. 
Likewise, Prussian Blue analogs (PBs) were also evaluated for Cs adsorption capacity, cycle 
stability due to its synthetic tunability, and ion exchange ability of PBs toward Cs. The PB 

 

Figure 2. Sorbents studies for Cs uptake under conditions relevant 
geothermal brines, Co-PB (top) and sRF (bottom). 
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consists of cubic lattices where M2+ and M3+ are connected by cyanide groups to form a rigid 
network structure where alkali metal cations like Na+ or K+ are occupied in the pore space. The 
size of these channels (0.32 nm) is consistent with the hydrated radius of the Cs+ ion (0.329 nm) 
(Faustino et al. 2008). Though a significant amount of literature exists about these sorbents for 
Cs removal, no data on the applicability of these materials under natural geothermal brine 
solutions exist. We evaluated these materials for Cs adsorption and desorption under Ohaaki 
brine conditions at room temperature.  

2.1 Materials and Methods 

All sorbents including dibenzo-18-crown-6 (D18C6), kaolinite, and montmorillonite, were 
obtained from commercial sources (Aldrich) and were used without any modification. The cobalt 
PB (Co-PB) and iron-based PB (Fe-PB) were synthesized according to the reported literature 
(Thallapally et al. 2010).  

2.2 Cesium Extraction Experiments 

To determine the amount of Cs absorbed, batch experiments were performed at room 
temperature using 5 ppm cesium solution. The 5 ppm Cs solution was prepared by dissolving a 
known amount of cesium nitrate (CsNO3) in deionized water with and without 2M sodium 
chloride (NaCl) (pH ~5-6). A known amount of sorbent was added to 30 mL of Cs solution and 
allowed to stay undisturbed for a period of 24 h. After 24 h, the materials were removed from the 
solution by centrifugation, and the supernatant solution was analyzed using inductively coupled 
plasma mass spectrometry (ICP-MS) to calculate the Cs capacity. The Cs capacity of each 
sorbent at different pHs were determined by analyzing the supernatant solution using ICP-MS. 
The amounts of Cs adsorbed were calculated as follows:  

𝑄 =
(𝐶0 −𝐶𝑓) × 𝑉

𝑚
               (1) 

where  
 Q = the adsorption capacity in g/Kg,  
 C0 = the initial concentration in mg/L (ppm),  
 Cf = the equilibrium concentration after sorbent treatment in mg/L (ppm),  
 V = the volume of the solution in liters, and  
 m = the mass of the sorbent in grams.  

Table 1 shows the Cs adsorption capacities of various sorbents using a 5 ppm Cs solution 
under a neutral condition (pH ~5-6) with and without NaCl (2M). As shown in Table 1, among all 
the sorbents tested the Co-PB exhibited high Cs adsorption capacity using 5 ppm Cs solution 
without NaCl, reaching as high as 31.6 g/kg. The Fe-PB exhibited the Cs capacity of 14.3 g/kg 
under the same conditions. On the other hand, the Co-PB showed a slight decrease in Cs 
capacity in the presence of Na ions but still demonstrated a very high Cs capacity of 19 g/kg. 
Similarly, the Fe-PB exhibited a slightly decreased Cs capacity of 8.3 g/kg. Other sorbents 
including sRF, D18C6, and clays show very marginal capacities under identical conditions.  
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Table 1. Cs adsorption capacity in various sorbents tested using 5 ppm Cs solution with and 
without 2M NaCl. 

Sorbent 

Cs Uptake Without 
NaCl  
(g/kg) 

Cs Uptake in the  
Presence of 2M NaCl  

(g/kg) 

D18C6 0.042 0.03 

Kaolinite 0.491 0.514 

Montmorillonite 1.074 0.149 

sRF 0.552 0.606 

Co-PB 31.62 19.002 

Fe-PB 14.28 8.176 

2.3 Prussian Blue: Effective Sorbent for Cesium Removal from 
Brines 

Given the exceptional performance of PBs under neutral conditions (with and without NaCl), the 
PB sorbents were further evaluated at different pHs by adjusting 5 ppm Cs solution (with and 
without NaCl) using 1.0 M hydrogen chloride (HCl, pH ~2) and 1.0 M potassium hydroxide 
(KOH, pH ~8), respectively. As shown in Figure 3(a), the Co-PB adsorbs 31.6 g/kg of Cs under 
neutral conditions but exhibits a 10 percent reduction in Cs adsorption capacity under acidic 
conditions (27.3 g/kg) and 10 percent greater adsorption capacity under basic conditions (35.4 
g/kg). On the other hand, pristine Fe-PB had about 14.2 g/ kg of Cs adsorption capacity under 
neutral conditions but a significant reduction in Cs adsorption capacity under acidic conditions 
(4.2 g/kg) compared to neutral and basic conditions (16.9 g/kg). When comparing Co-PB and 
Fe-PB, the Fe-PB has significant reduction in Cs adsorption capacity under acidic conditions, 
which could be due to the degradation of the Fe-PB; however, both Co-PB and Fe-PB perform 
well under neutral and basic conditions. Of these two sorbents, Co-PB outperforms Fe-PB in 
terms of Cs adsorption capacity exhibiting a more than 50 percent increase in Cs adsorption 
under all the tested conditions. Similar experiments were performed using 5 ppm Cs solution 
and 2M NaCl solution, adjusting the pH as described previously. These experiments will provide 
direct insight into the role of competing Na+ and K+ ions in solution under neutral, acidic, and 
basic conditions. As shown in Figure 3b, the Cs adsorption capacity in Co-PB is in the range of 
18–21 g/kg under three different conditions (pH = 2, 6, and 8) in presence of competing Na, K 
ions, but the Cs adsorption capacity of Co-PB is significantly lower compared to when no 
competing Na ions were present (Figure 3a). Though the Co-PB exhibits a significant reduction 
in Cs adsorption capacity when competing Na, and K ions were present, the capacity is still 
higher than other sorbents. A similar trend was observed with Fe-PB when tested using 5 ppm 
Cs solution with 2M NaCl at different pHs. As described previously, the Fe-PB shows 
significantly lower Cs uptake under acidic conditions than the Co-PB. In general, the decrease 
in Cs adsorption capacity of Fe-PB under acidic conditions can be attributed to competitive 
adsorption of Cs ions that have large quantities of H+ ions (Yang et al. 2018) and the possibility 
of structural degradation (Loos-Neskovic et al. 2004) compared to Co-PB. The higher 
adsorption capacity of Co-PB could be due to its higher specific Brunauer-Emmett-Teller (BET) 
surface area compared to Fe-PB (see below). 

Based on these batch experiments, Co-PB is a promising adsorbent for Cs compared to Fe-PB. 
This finding resulted in further studies pertaining to repeated adsorption, Cs stripping 
(desorption), and regeneration cycles to assess the overall suitability of Co-PB for Cs removal. 



PNNL-34393 

Sorbents for Selective Cesium Removal 5 
 

 

Figure 3. Cs adsorption capacities of Co- and Fe-PB in 5 ppm Cs solution under neutral, acidic, 
and basic conditions (a) and 5 ppm Cs solution (in the presence of 2M NaCl) with 
neutral, acidic, and basic conditions (b), respectively. 

 

To understand the reduced Cs adsorption capacity under acidic conditions, the supernatant 
solutions after Cs adsorption were analyzed using inductively coupled plasma optical emission 
spectroscopy (ICP-OES) to monitor the concentration of elemental Co and Fe, if any, due to 
dissolution of Co- and Fe-PBs in aqueous media. Our results showed that Co-PB maintained a 
constant Co ion concentration under all conditions (neutral, acidic, and basic), while the Fe 
concentration in Fe-PB samples increased under acidic conditions, suggesting partial or 
complete dissolution of Fe-PB in acidic environments. The small amount of Co and Fe detection 
under all pH conditions is well within the acceptable limits. Table 2 illustrates the Co and Fe ion 
concentrations obtained from the ICP-OES analysis of the supernatants after the Cs adsorption 
experiment. 

Table 2. The concentrations of Co and Fe in supernatant solutions after batch experiments 
with Co- and Fe-PB using 5 ppm Cs solution (with 2M NaCl) under neutral, acidic, 
and basic conditions. 

Sample(a) Na (wt%) Co (ppm) Fe (ppm) 

Cs and NaCl stock 

solution (N) 
4.25 < 1 < 1 

Cs and NaCl stock 

solution (A) 
4.25 < 1 < 1 

Cs and NaCl stock 

solution (B) 
4.08 < 1 < 1 

Co-PB (N) 4.18 5.41 Not detected 

Co-PB (A) 4.15 5.27 Not detected 

Co-PB (B) 4.12 5.29 Not detected 

Fe-PB (N) 4.29 Not detected 2.14 

Fe-PB (A) 4.23 Not detected 5.16 

Fe-PB (B) 4.29 Not detected 2.84 

(a) N = In neutral environment (pH = 5.5). 
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 A = In acidic environment (pH = 2). 

B = In basic environment (pH = 8-8.5). 

Similar experiments were performed to understand the aqueous stability of Co- and Fe-PB 
(without 2M NaCl) in acidic, basic, and neutral media by soaking these sorbents for 24 h and 
measuring the concentration of Co and Fe ions in supernatants (Table 3). Our results show that 
Fe-PB released a large amount of Fe ions under acidic conditions, which is three times higher 
than the amount of Fe ions released under neutral and basic conditions. This suggests that Fe-
PB is structurally unstable under acidic conditions and may have experienced partial collapse of 
the structure. 

Table 3. The concentrations of Co, and Fe in supernatant solutions after batch experiments 
with Co- and Fe-PB using 5 ppm Cs solution (without Cs and NaCl) under neutral, 
acidic, and basic conditions. 

Sample(a) Co (ppm) Fe (ppm) 

Stock solution (N) < 1 < 1 

Stock solution (A) < 1 < 1 

Stock solution (B) < 1 < 1 

Co-PB (N) 13.1 Not detected 

Co-PB (A) 11.9 Not detected 

Co-PB (B) 12.3 Not detected 

Fe-PB (N) Not detected 9.67 

Fe-PB (A) Not detected 27.0 

Fe-PB (B) Not detected 9.80 

(a) N = In neutral environment (pH = 5.5). 

 A = In acidic environment (pH = 2). 

B = In basic environment (pH = 8-8.5). 

To continue to evaluate the origins of lower Cs capacity under acidic conditions, powder x-ray 
diffraction (PXRD) and BET analyses were performed to assess the structural integrity and 
porosity of Co- and Fe-PB before and after adsorption experiments. Figure 4 illustrates the 
PXRD patterns of Co- and Fe-PBs after Cs adsorption in the presence of NaCl under neutral 
(N), acidic (A), and basic (B) conditions. The PXRD patterns of the pristine Co- and Fe-PB are 
provided for comparison. Both Co- and Fe-PB maintained their crystal structures after 
adsorption under various conditions. Specifically, the PXRD results for Fe-PB indicate the 
structural integrity was preserved throughout the experiment, except that the peak intensity of 
Fe-PB was slightly reduced under acidic conditions despite increased Fe concentration in the 
acidic environment based on the ICP-OES measurements. The combination of the ICP and 
PXRD results suggest Co-PB is robust under all the conditions tested. Similarly, Fe-PB was 
shown to retain its structure, but the presence of increased Fe concentrations suggests partial 
dissolution of Fe without compromising its structural integrity; however, prolonged exposure of 
Fe-PB to aqueous solution might result in complete degradation of Fe-PB (needed further 
evaluation). 
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Figure 4. The XRD patterns of Co-PB (a) and Fe-PB (b) after being exposed to 5 ppm Cs 

solution (with 2M NaCl) under neutral (N), acidic (A), and basic (B) conditions. 

With these results on hand, we then focused our attention on examining the surface area of the 
PBs. Surface area measurements confirmed that both PBs maintained porosity before and after 
Cs adsorption (Figure 5). To measure the BET surface area of the Cs-loaded PBs were washed 
with fresh deionized water three times and then activated at 100°C overnight and nitrogen (N2) 
adsorption/desorption isotherms at 77 K were performed. The Co-PB shows similar BET surface 
areas (788 m2/g) compared to pristine Co-PB (841 m2/g). The Fe-PB showed a BET surface 
area (168 m2/g vs. 188 m2/g for pristine PB). The surface area results are consistent with PXRD, 
suggesting Co- and Fe-PB materials maintained their porosity after the batch Cs adsorption 
experiment using 5 ppm Cs with 2M NaCl solution under neutral, acidic, and basic conditions. 
The reduced Cs uptake in acidic solution by Fe-PB could be due to the reduced surface area 
compared to Co-PB, which is confirmed from our surface area experiments. 
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Figure 5. BET surface area and pore size distribution of Co-PBs (a and b) and Fe-PB (c and d) 
before and after Cs adsorption experiments under neutral (N), acidic (A), and basic 
(B) conditions. 

Given the structural stability and exceptional Cs adsorption capacity of PBs, experiments were 
focused on recycling the sorbent material under different conditions. In the first experiment, Cs-
loaded PBs were soaked in 30 mL of 2M nitric acid (HNO3) for 2, 14, and 24 h. In the second 
experiment Cs-loaded PBs were soaked with 4M potassium chloride (KCl) solution for the same 
amount of time. The solutions containing PBs were filtered and the concentrations of Cs in the 
supernatants were measured using ICP-MS. As shown in Figure 6a and c, around 13 percent of 
adsorbed Cs was desorbed when the sorbent was washed with 2M HNO3, while 23 percent was 
desorbed when 4M KCl was used from Co-PBs. Interestingly, the Cs desorption from Co-PB 
using 2M HNO3 remained constant regardless of the desorption time and same is true with 4M 
KCl solution. On the other hand, the amount of Cs desorbed from Fe-PB increased with time 
when washed with 2M HNO3 (9.59 percent at 2 h vs. 15.8 percent at 24 h, Figure 6b), whereas 
the amount of Cs desorbed from Fe-PB with 4M KCl was same, irrespective of the time. Our Cs 
regeneration experiments suggest the Cs recovery from Co-PBs was higher when washed with 
KCl than with HNO3; however, more experiments are needed to evaluate the complete recovery 
of Cs from these sorbents’ materials.  
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Figure 6. The recyclability of Co- and Fe-PBs from Cs-loaded PBs using 2M HNO3 (a and b) 
and 4M KCl solution (c and d) as a function of time. 

Given the exceptional Cs adsorption capacity of Co-PB under various conditions, batch 
experiments were conducted to investigate the Cs adsorption from two different natural 
geothermal brines that we received from our industrial client (Geo40). The geothermal brine 
labeled as Geo40 contains 0.76 ppm Cs with a pH close to 8.24 and the second brine labeled 
as Geo-40-NP contains 0.744 ppm Cs with a pH of 1.98. Table 4 illustrates the Cs uptake using 
Co- and Fe- PB from two different Ohaaki brines at room temperature. Of the two PB analogs, 
the Co-PB exhibits higher Cs adsorption capacity (0.42 g/kg) in Geo-40-NP with almost a 98.31 
percent Cs removal efficiency compared to Ohaaki brine Geo-40 at pH 8.24 (0.34 g/kg), which 
exhibits about a 95.1 percent cesium removal efficiency. These results are quite promising in 
terms of Cs extraction from Ohaaki brines using PB analogs.  

Table 4. Cesium uptake capacity of Co- and Fe-PB analogs using two different Ohaaki brines 
(Geo-40) and (Geo-40-NP) at room temperature.  

Sample pH 

Cs Capacity 

(g/kg) Cs Removal (%) 

Co-PB-Geo-40 8.24 0.342 95.12 

Co-PB-Geo-40-NP 1.98 0.419 98.31 

Fe-PB-Geo-40 8.24 0.239 93.57 

Fe-PB-Geo-40-NP 1.98 0.143 55.63 
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2.4 Cesium Removal Using sRF 

As for PB, we conducted a more detailed investigation using sRF, which has proven to be an 
effective sorbent for Cs extraction from highly alkaline media, which can be attributed to the 
presence of –OH group, which ionizes under high alkaline condition. The sRF demonstrated a 
Cs adsorption capacity of 0.552 g/kg under neutral conditions using 5 ppm Cs solution (Table 
5). Although sRF has a lower Cs adsorption capacity under neutral pH conditions, it is known to 
be an extremely selective sorbent for Cs at higher pH levels. To further confirm the Cs 
adsorption capacity using sRF under different pH conditions, we evaluated the Cs adsorption 
capacity under neutral, acidic, and basic conditions by adjusting 5 ppm Cs solution with HCl and 
KOH to achieve the desired pH (Table 5 and Figure 7a). The Cs adsorption capacity of sRF was 
found to be 0.522 g/kg under neutral conditions, 0.163 g/kg at pH 2 and 0.778 g/kg at pH 8-8.5. 
In comparison, Co- and Fe- PBs outperform Cs adsorption capacity under identical conditions at 
all tested pH ranges (Figure 3). 

Table 5. Cs loading in sRF at room temperature using 5 ppm Cs solution at different pHs. 

Sample(a) pH Cs Capacity (g/kg) Cs Removal (%) 

sRF 5.4 0.552 36.40 

sRF-A 2 0.163 10.48 

sRF-B 8-8.5 0.778 47.52 

(a) A = In acidic environment (pH = 2). 

B  = In basic environment (pH = 8-8.5). 

Next, we investigated the regeneration of sRF using different concentrations of HCl. The sRF 
was immersed in 5 ppm Cs solution with 2M NaCl under neutral conditions for 24 h. The Cs-
loaded sRF was soaked in a solution containing 0.1, 0.3, 0.5, and 1.0M HCl solutions for 1 and 
24 h, respectively. As shown in Figure 7b and c, the Cs regeneration capacities of sRF 
increased with increasing HCl concentrations. Notably, 1M HCl exhibited the Cs regeneration 
efficiency of 17.8 percent, which was significantly higher than that of 0.1M HCl. Additionally, 
sRF exhibited higher Cs regeneration when soaked in HCl for 24 h under the same conditions. 
In particular, the regeneration using 1M HCl resulted in efficiency of 75.7 percent, suggesting 
that the high concentration HCl solution facilitates desorption of the Cs+ ion from Cs-loaded 
sRF. 
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Figure 7. (a) Cs capacities of sRF in 5 ppm Cs solution under neutral (pH = 5.5), acidic (pH = 
2), and basic (pH = 8-8.5) conditions; the Cs regeneration of sRF for (b) 1 h and (c) 
24 h using various HCl concentration solutions. 

We also evaluated the effectiveness of sRF for Cs extraction from natural brine solutions 
(Geo40 and Geo40-NP) provided by our industrial partner. As shown in Figure 8a, the Cs 
adsorption capacity of sRF in Geo40-NP was significantly reduced due to the acidic 
environment, which is consistent with our previous test results. The sRF exhibited a modest Cs 
adsorption capacity of 0.167 g/kg in Geo40—significantly lower than Co-PB that we tested 
(Table 4). The Cs regeneration experiments were also performed using Cs-loaded sRF using 
0.3, 0.5, and 1M HNO3 solution (Figure 8b). After 2 h, the 1M HNO3 solution exhibited a Cs 
regeneration efficiency of 55.5 percent, indicating that Cs extracted from Geo40 using sRF can 
be easily regenerated using 1.0 M HNO3 solution compared to the 1M HCl solution. 

 

Figure 8. Cesium uptake in sRF from Geo40 (pH = 8.24) and Geo40-NP (pH = 1.9) brine 
solution (a) and Cs regeneration from Cs-loaded sRF using 0.3, 0.5, and 1M nitric 
acid solution. 
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3.0 Preliminary Techno-Economic Analysis 

The goal of the preliminary techno-economic analysis is to evaluate the internal return rate 
(IRR) of the investment for using the magnetic nanoparticle adsorption technology to extract Cs 
from geothermal brine. Capital cost (CAPEX) and operating cost (OPEX) were estimated based 
on the adsorption performance, literature data, vendor price, and assumed process information, 
and the IRR was calculated based on these inputs and financial assumptions used by the DOE 
Geothermal Technologies Office. 

3.1 Adsorbent Cost and Value Estimation 

The nanoparticle adsorbent concentration for a particular sample with a known equivalent 
diameter and surface area can be calculated based on the metal ion removal rate using a plug-
flow reactor model, as shown in Figure 9 and described in our previous study (J. Liu, Martin, 
and McGrail 2022). A key assumption is that an excess number of complexation sites exists on 
the particle surfaces so that molecular collisions with those sites result in a nearly constant rate 
of removal from the brine, as was assumed in the plug-flow reactor model. Using the Cs 
adsorption working capacity obtained for the Co-PB adsorbent (shown in Figure 6c) and 
assuming an active site area and other common parameters as similar to those used in the 
previous study, the concentration of the nanoparticle adsorbent was estimated to be at least 0.3 
wt%. To achieve a 90 percent removal rate of Cs from the solution, the mass of nanoparticle 
adsorbent Co-PB required to extract Cs from a geothermal brine with a flow rate of 6,800 
gallon/min was estimated to be 52.2 kg using the equation shown in Figure 9. 

 

Figure 9. The plug-flow reactor model and the parameters used to estimate the loading of 
adsorbent particles. 

The cost of the adsorbent was estimated to be about $107.6/kg as shown below using a formula 
like that in our previous work. The cost of the Fe3O4@Co-PBis much less than that of the core 
shell metal-organic frameworks (MOFs) used in the case of REEs (Jian Liu, Martin, and McGrail 
2021). 
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The price for the Cs metal (99.5 percent) was estimated to be $162/kg from the average FOB 
China price of Cs2CO3 in 2023. The productivity of the Cs depends on the concentration of Cs 
and the recovery rate, which is set to 90 percent by default. 

3.2 Installed Equipment Cost 

The CAPEX will be estimated based on the installed equipment cost, which will be estimated 
using Aspen Plus Economic Analyzer and process information such as flow rates. The cost of 
the electromagnet was estimated from the information provided by the vendor on a smaller 
system. The total equipment purchased cost was estimated to be around $3.3 M (2018 US 
dollar). The average installation factor was assumed to be 1.2 and the installed equipment cost 
was converted from 2018 US dollars to 2022 US dollars—$5.5 M. 

Table 6. Estimated cost of the purchased equipment. 

 

3.3 Internal Return Rate Estimation 

The IRR is a metric used in financial analysis that accounts for the time value of money to 
estimate the profitability of potential investments. The IRR was calculated using a discounted 
cash flow analysis when the net present value (NPV) of all cash flows equals zero (Table 7). 
The IRR was calculated to be 6.1 percent based on a case where 90 percent of the 700 ppb Cs 
was recovered using the magnetic adsorbent technology. 
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Table 7. The estimated IRR based on the CAPEX, OPEX, and selected financial parameters. 

 

3.4 Sensitivity Analysis 

Sensitivity analysis determines how different values of an independent variable affect a 
particular dependent variable under some assumptions. In our study, the dependent variable is 
the IRR and the independent variables include, but are not limit to, the concentration of Cs, the 
removal efficiency of Cs, the installed equipment cost, and the adsorbent cost. As mentioned 
earlier, the IRR was estimated to be 6.1 percent under the default condition. The IRR was 
recalculated in the sensitivity analysis case with a 10 percent decrease or increase in the 
dependent variable parameters. The relative change in the IRR is plotted in Figure 10. The IRR 
depends on the concentration and the removal efficiency of Cs in the geothermal brine solution. 
The reduction of the installed equipment cost, in other words, the reduction of electromagnet 
cost, can significantly boost the IRR. From our previous work, the adsorbent cost does not affect 
the IRR if reasonable lifetime (1,000 h) and magnetic retention rates (>99.9 percent) are met as 
discussed in our previous work (J. Liu, Martin, and McGrail 2022). Note that the flowsheet was 
not updated to accommodate much higher concentrations (e.g., 100 ppm). The process and 

Parameters

FCI 8,691,281$           

TCI 11,037,927$         

Debt 45%

Equity 55%

Interest on debt 4.3% Y2017

Preferred dividend rate 0.00%

Repayment term of debt 10 years

Capital Expenditure Period 2 years

completion in year 0 0%

completion in year 1 30%

completion in year 2 70%

completion in year 3 0%

completion in year 4 0%

completion in year 5 0%

Operation begins at year 3

Operational Period 30 years

Ramp Up Period

capacity in year 3 100% 0.602941

capacity in year 4 100% 0.955882

capacity in year 5 100% 1

Escalation of O&M, fuel, revs 3.00%

Discount rate 10.00%

Capital Cost Escalation prior to operation 0.397%

Capital Depreciation period 20 years

Depreciation X-declining balance 150%

Corporate Tax Rate (fed+state) 38%

Effective Annual Rate of Equity -100.0%

Cost of Capital -53.1%

Cost-Year Dollars 2022

WACC 4.57%

IRROE 6.13%
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adsorbent were assumed to work for all the cases in the sensitivity analysis. It is likely that the 
IRR can be increased to 15 percent with higher concentrations of Cs and the less expensive 
option of using the magnet. 

 

Figure 10. The relative change in the IRR. 

4.0 Magnetic Core Shell Particle Development 

Given the positive IRR results, we attempted to grow Co-PB analog around the magnetic core 
using the procedure reported in the literature. To synthesize the Fe3O4@Co-PB, we initially 
prepared Fe3O4 using a modified method described in the literature (Melo et al. 2013). Briefly, 
0.1M anhydrous FeCl3 (4.055 g) and 0.05M FeCl2·4H2O (2.485 g) were dissolved in 500 mL of 
deionized water that was stirred at room temperature. Then 1M NaOH aqueous solution was 
added to the mixed solution at room temperature until pH 12 was reached. Upon addition of 
NaOH, Fe3O4 nanoparticles were precipitated instantaneously. This precipitate was maintained 
at 45 ºC for 30 min with stirring under N2 atmospheric conditions. The resulting Fe3O4 
precipitates were separated from the supernatant using a magnet and washed with fresh water 
and acetone several times until the supernatant reached pH 6. The obtained Fe3O4 
nanoparticles were dried at 100 ºC for 1 h. The Fe3O4@Co-PB core shell particles were 
developed using synthesized Fe3O4 nanoparticles (C. Carvalho et al. 2018). Around 0.5 g of 
Fe3O4 was dispersed in 250 mL of 5 ᵡ 10-5 M K3[Co(CN)6] (0.415 g) with stirring at room 
temperature. Next, 250 mL of 9 ᵡ 10-5 M Co(NO3)2·6H2O (0.653 g) aqueous solution was slowly 
dropped into the Fe3O4 and K3[Co(CN)6] mixture and stirred for 12 h at room temperature under 
N2 atmospheric conditions. The obtained brown-colored particles were washed with fresh water 
and acetone several times. The obtained dark brown particles were isolated from the acetone 
supernatant using a magnet and dried at 70 ºC overnight. 

The PXRD patterns were performed to confirm the crystallinity of the synthesized Fe3O4@Co-
PB. As shown Figure 11a, the XRD pattern of Fe3O4@Co-PB revealed the presence of two 
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distinct peaks: one corresponding to the Co-PB and the other is to the Fe3O4, suggesting 
successful synthesis of magnetic core shell particles. The BET surface area measurements 
confirm Fe3O4@Co-PB core particles exhibited significant porosity with a surface area of 267 
m2/g compared to pristine Co-PB (~ 840 m2/g) and Fe3O4 (~ 110 m2/g), indicating the successful 
coating of porous Co-PB on the Fe3O4 surface (Figure 11b). 

 

Figure 11. PXRD patterns of Fe3O4@Co-PB (a) and surface area measurements of 
Fe3O4@Co-PB, Co-PB and Fe3O4 (b). 

Next, magnetic susceptibility testing was conducted using in-house capability; results showed 
the saturation magnetization of ~36 emu/g (Figure 12), which is lower than pristine Fe3O4 
nanoparticle (~60 emu/g) at room temperature. This was expected because of the presence of 
the Co-PB shell around the magnetic core. Our previous experiments suggest saturation 
magnetization depends on the thickness of the shell. Our results show the core shell particles 
are magnetic even with the laboratory magnet shown in Figure 12.  
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Figure 12. Magnetization as a function of applied magnetic field at RT of Co-PB, Fe3O4 and 

Fe3O4@Co-PB.  

The Cs extraction experiments were performed on Fe3O4@Co-PB in the same way as the 
previous Cs extraction experiments. Briefly, ~5 mg of Fe3O4@Co-PB was soaked in 30 mL of 5 
ppm Cs solution with 2M NaCl under neutral, acidic and basic conditions. The core shell 
particles were allowed to stay undisturbed for a period of 24 hours and removed from the 
solution using magnet. The collected supernatant solution was analyzed using ICP-MS to 
calculate the Cs capacity. Figure 13 presents the Cs extraction results on the core-shell 
Fe3O4@Co-PB under different pH conditions. Under neutral condition, the core-shell 
Fe3O4@Co-PB demonstrated a Cs adsorption capacity of 12.9 g/kg, which is approximately 
30% lower than that of pristine Co-PB due to reduced surface area. Furthermore, the 
Fe3O4@Co-PB exhibited a 20-25% decrease in Cs capacity under both acidic and basic 
conditions compared to the neutral condition, resulting in capacities of 9.58 and 10.2, 
respectively. This decrease in Cs capacity under acidic condition aligns with the trend observed 
in Cs extraction experiments of pristine Co-PB, where competition with H+ ions can reduce the 
Cs adsorption capacity. However, the decrease in Cs adsorption under basic condition differs 
from the trend of pristine Co-PB. Pristine Co-PB showed a higher Cs capacity of 20.6 g/kg 
under basic condition compared to Cs capacity (19 g/kg) under neutral condition (see Figure 
3b). In contrast, Fe3O4@Co-PB demonstrates a relatively low Cs adsorption capacity (10.2 g/kg) 
under basic condition compared to the Cs capacity (12.9 g/kg) under neutral condition. Further 
studies are needed to address this issue and gain a better understanding of the observations.  

Additionally, to assess the structural stability of the core-shell Fe3O4@Co-PB, the dissolution of 
Co and Fe in the Cs aqueous medium was examined by analyzing the supernatant using ICP-
OES after Cs adsorption under different pH conditions. The Fe3O4@Co-PB was exposed to 
neutral (pH = 5.5), acidic (pH = 2) and basic (pH = 8.5) conditions for a duration of 24 hours, 
and the concentrations of Co and Fe in the supernatant were measured. The results showed 
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that the concentrations of Co and Fe in the supernatant were both below 10 ppm, regardless of 
the pH values. This indicates that the Fe3O4@Co-PB retains its structural stability and does not 
undergo partial or complete dissolution in Cs aqueous solutions under both acidic and basic 
conditions.  

Based on the structural stability of the core shell particles and its excellent Cs adsorption 
capacity, regeneration experiments were conducted. Previous regeneration experiments with 
pristine Co-PB demonstrated higher Cs recovery when washed with KCl solution compared to 
HNO3. Therefore, the Cs-loaded Fe3O4@Co-PB was soaked with 4M KCl solution for 24 hours, 
and the supernatant solution was measured using ICP-MS. As shown in Figure 13b, 
approximately 32 percent of Cs was desorbed when the Cs-loaded Fe3O4@Co-PB was washed 
with 4M KCl. Interestingly, this represents a higher recovery rate compared to pristine Co-PB, 
which showed a recovery of 21% at 24 hours (see Figure 6c). These results suggest that Cs 
desorption using KCl solution is effective for Cs-loaded Fe3O4@Co-PB. However, further 
experiments are needed to evaluate the complete recovery of Cs from the core-shell 
Fe3O4@Co-PB.  

 

Figure 13. Cs adsorption capacities of Fe3O4@Co-PBs in 5 ppm Cs solution (in presence of 2M 

NaCl) under neutral, acidic, and basic conditions (a). he recyclability of Fe3O4@Co-

PB using 4M KCl solution (b). 

We also assessed the Cs removal efficiency from a natural brine solution provided by an 
industrial partner. As shown in Figure 14, Fe3O4@Co-PB demonstrated a high Cs capacity of 
3.47 g/kg in Geo-40, indicating its effectiveness even very low Cs concentrations (0.75 ppm). 
On other hand, the Geo-40-NP tend show reduced Cs capacity due to acidic environment of the 
brine solution. Remarkably, when comparing these results to Table 4 (pristine Co-PB), the 
higher Cs capacity capacities were observed with Fe3O4@Co-PB. This is attributed to the 
difference in the amount of sorbents used for Cs extraction. In previous tests, ~100 mg of 
pristine Co-PB and Fe-PB were used for Cs extraction in Geo-40 and Geo-40-NP solutions. 
However, in Cs extraction experiments with Fe3O4@Co-PB, only ~6 mg of sorbents was used. 
These results are very promising for extraction of Cs using magnetic core shell particles 
however further work is needed to understand the cycle stability, experiments using magnetic 
test loop and colloidal stability of Fe3O4@Co-PB. 
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Figure 14. Cs adsorption capacities of Fe3O4@Co-PB in Geo-40 and Geo-40-NP 

 
 

5.0 Literature Review of Antimony Removal 

Sb is a naturally occurring element found in small amounts in the Earth's crust. It can enter 
water bodies through natural processes, as well as from industrial sources such as mining, 
smelting, and waste disposal. In most cases, dissociated Sb species exist in its oxyanion 
forms—antimonate (Sb(OH)6

−) in oxic natural water bodies, and Sb(OH)3 in anoxic water 
bodies. As has been verified by many studies, Sb can be harmful to humans and animals when 
ingested at high levels over a long period of time. Therefore, the U.S. Environmental Protection 
Agency (EPA) has set a maximum contaminant level (MCL) for Sb in drinking water of 6 ppb, 
based on the potential health effects of Sb, such as stomach pain, diarrhea, and vomiting 
(Regulations and Standards 1980). In addition to the EPA, other organizations, such as the 
World Health Organization and the European Union, also have regulations in place for Sb in 
drinking water. High levels of Sb in water can have acute effects on aquatic organisms like fish 
and invertebrates. Long-term exposure to lower levels of Sb would do harm to these organisms 
by disrupting their reproductive and growth processes. The toxicity of Sb can vary depending on 
its valence state. Antimony has several valence states, including -3, 0, +3, and +5, and Sb(III) is 
the most naturally abundant in environments. Sb(III) compounds are generally considered more 
toxic than Sb(V) compounds, because they can inhibit enzymes involved in important biological 
processes, can cause oxidative stress in cells, and can lead to further gastrointestinal 
symptoms, lung irritation, and skin irritation. Sb(V) is generally less toxic than trivalent antimony; 
but it can still have harmful effects on human health, including respiratory and cardiovascular 
effects, if exposure is prolonged or at high concentrations. Therefore, the removal of dissociated 
Sb from mining effluents before their release back to natural water is of great significance 
(Parker, Livshits, and McKeon 1979). Currently, the removal of Sb from aqueous systems can 
be achieved through various technologies (Ungureanu et al. 2015; Long et al. 2020). 
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5.1 Coagulation–Flocculation–Sedimentation 

 

The coagulation–flocculation–sedimentation (CFS) process involves the addition of a coagulant, 
such as aluminum sulfate, ferric chloride (FC), and polyaluminum chloride to contaminated 
water to form larger particles that can be removed by sedimentation or filtration (Guo, Wu, and 
He 2009; Du et al. 2014; Y. Liu et al. 2019). This method provides a cost-effective way for 
removing Sb. For example, the CFS method using FC showed a dosing dependency of Sb(V) 
removal at room temperature under both a mild acidic condition (pH = 6.0 ± 0.2) and a weakly 
basic condition (pH = 7.8 ± 0.2) within a 0.2 ~ 1 mM FC dosing range. Nevertheless, the mild 
acidic condition showed a more complete removal at a given dosing condition and less dosing 
dependency than the weakly basic condition; whereas the removal of Sb(III) at room 
temperature within the same FC dosing range demonstrated a more complete removal under 
both basic and acidic conditions. Compared to Sb(V), the removal rate of Sb(III) showed less 
dependence on the dosing of FC, but the conclusion of the acidic condition outperforming the 
basic condition still stands. 

5.2 Adsorption 

 

The adsorption method for the removal of Sb involves the use of various kinds of materials 
(such as alumina, goethite, biochar, etc.) to attract and bind Sb ions from the water. Kaolinite, 
as a classic material for the removal of heavy metals, manifested a good Sb sorption capability, 
especially under an acidic condition with a pH below 4, within which range the sorption rate of 
Sb(V) is close 100 percent, and gibbsite performed similarly comparing with kaolinite (Rakshit, 
Sarkar, and Datta 2015). But it is worth mentioning that the Sb(V) species undergoes competing 
absorption with phosphate species. The existence of phosphate species would significantly 
reduce the performance of kaolinite and gibbsite to less than half the sorption rate at the same 
acidic pH level, and Sb sorption could not be carried out at all when the pH is greater than 6. 
Such competing adsorption behavior is further studied with goethite as the sorbent (Xi et al. 
2013). The study results suggested that the existence of Cl-, SO4

2-, and NO3
- does not constitute 

competing adsorption, whereas PO4
3- manifested a competing adsorption process. A synergistic 

effect toward Sb(V) adsorption was also observed using goethite in the presence of Fe(II) (Fan 
et al. 2016). This effect was attributed to the reduction of Sb(V) to Sb(III) by Fe(II), which 
improved the sorption capacity of Sb due to the lower solubility and migration of Sb(III) species. 
Furthermore, the sequence of addition also plays a role—adding Fe(II) prior to the addition of 
goethite to allow the Fe2+ cation to form a co-precipitation with Sb(V) would push the equilibrium 
concentration of remaining Sb(V) down to ~1/4 than using Fe(II) pre-absorbed goethite for the 
Sb sorption. The function of iron species was further studied by studying the adsorption of Sb 
onto iron oxyhydroxides (Guo et al. 2014). The affinities of Sb(V) and Sb(III) toward the iron 
oxide (as hydrous ferric oxide, HFO) were found to dependent on the Sb species, solution pH, 
and the characteristics of the iron oxides (Miao et al. 2014). Sb(V) adsorption onto the iron 
oxides benefited from the acidic condition, whereas Sb(III) adsorption was constant over a 
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broader pH range. Under acidic conditions, HFO showed the same affinity to both Sb(V) and 
Sb(III) species. However, HFO lost its affinity to Sb(V) under basic conditions while maintaining 
a good affinity to Sb(III). Other materials such as macro-/mesoporous alumina (Dou et al. 2015) 
and Manganese-functionalized biochar (Jia et al. 2020) were also found to have good Sb 
capacity, but their capacity dependence on pH varies due to their different binding energies. 

5.3 Membrane Filtration 

 

The filtration method for Sb removal involves the use of a membrane that separates dissociated 
Sb species from the water based on their size or charge differences, by reverse osmosis, 
nanofiltration, and ultrafiltration. For example, the polymer-assisted ultrafiltration process with a 
polyethersulfone membrane was employed for the removal of Sb, and it showed good rejection 
efficiency under acidic conditions (Ren et al. 2021). However, such efficiency is significantly 
affected by high ionic strength due to electric double-layer compressing and competition 
complexation. Similar to the results for the adsorption method, the existence of iron (as Fe 
hydrolytic flocs) increased the efficiency of ultrafiltration method for Sb removal, thanks to the 
same synergistic redox process between Fe and Sb species (Ma et al. 2017). On the other 
hand, the efficiency of the reverse osmosis (RO) method showed good dependence on the 
choice of membrane and the existing form of Sb (Kang et al. 2000). While the removal efficiency 
of Sb(V) is higher than that of Sb(III), the RO method showed pH independence relative to the 
removal of Sb(III), mainly due to the fast oxidation process of SB(III) to Sb(V). 

5.4 Electrochemical Treatment 

 

The use of an electrical overpotential to induce reactions that remove Sb ions from the water 
has been explored and was investigated together with light as the external stimuli. For example, 
it has been reported that MOF functionalized carbon nanotubes were used as the 
photoelectrochemical filtration system to carry out the oxidation-sequestration of Sb species (Li 
et al. 2020). A 97.7 ± 1.5 percent Sb(III) to Sb(V) transformation and a 92.9 ± 2.3 percent Sb 
total removal efficiency at 2.5 V and under illumination was reported for the hybrid material. 
Such a design is highly delicate and highly capable, but the selectivity of Sb species was not 
thoroughly investigated, and the industrial applicability of this approach has not been optimized. 
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5.5 Biological Treatment 

 

Certain microorganisms were reported to be capable of removing dissociated Sb species from 
water through bioremediation processes, which involve the metabolization and transformation of 
Sb compounds by bacteria or fungi (He et al. 2019). Sb species were removed through a 
cascade reduction-precipitation process in the presence of sulfate and sulfate-reducing bacteria 
(SRBs) (Wang et al. 2013; Zhang et al. 2016; Zhu et al. 2018). SRBs produces hydrogen sulfide 
by reducing sulfate, and the produced hydrogen sulfide is able to reduce Sb(V) to Sb(III). Then, 
the resulting Sb(III) reacts with the excess sulfide, resulting in the formation of insoluble 
antimony sulfide (Sb2S3) to be separated by precipitation. However, as effective as biological 
systems are, SRBs are delicate and could not survive in high Sb concentration environmental, 
under either strong acidic or basic conditions. When the presence of Sb exceeded 75 mg/L, 
SRBs’ bioactivities were suppressed, leading to a huge decrease in Sb removal efficiency. 
Efforts were also made to use bio-produced hydrogen to reduce Sb species to achieve the 
removal of Sb (Lai et al. 2016). 

It is also important to note that the effectiveness of each technology depends on factors such as 
the initial concentration of Sb in the water, the presence of other contaminants, and the cost and 
feasibility of the treatment method. Currently, CFS and the adsorption method are the most 
cost-effective approaches to removing dissociated Sb species from wastewater, but their lack of 
selectivity imposes more complicated pre-treatment of the wastewater and limits the 
effectiveness of their ability to remove Sb from natural water bodies. On the other hand, more 
delicate approaches such as biological treatment, electrochemical approaches, and membrane 
filtration presented good selectivity and efficiency, but their high energy consumption, high 
material manufacturing cost, and demanding operating environment have made them too 
expensive to be adopted for field applications. Therefore, cost-effective approaches of 
selectively extracting/removing dissociated Sb species from complicated environments remain 
to be explored. 

6.0 Conclusion and Recommendations 

In conclusion, PNNL developed a simple, continuous, and cost-effective magnetic core shell 
approach for extracting critical minerals from geothermal brine solutions. The same technology 
has been extended for Cs recovery from natural brine solutions received from our industrial 
partner. As part of this effort, PNNL identified, synthetized, and tested several sorbent materials 
that can act as a shell around the magnetic core to extract Cs from brine solution. Among all the 
materials tested, Co-PBs were found to exhibit the highest Cs adsorption capacity—reaching as 
high as 31.6 g/kg under neutral condition. The sorbent can be regenerated by simply washing it 
with HNO3 or KCl to extract the Cs. Likewise, the Co-PB also exhibited extremely higher Cs 
adsorption capacities in Ohaaki brines with about a 98.3 percent of removal efficiency. A 
reasonable 6.1 percent IRR was estimated based on the measured Cs adsorption working 
capacity and some conservative economic assumptions. These results offered insights into the 
possibility of using PBs for selective removal of Cs from geothermal brines. Though our initial 
results are extremely promising, further work is needed to evaluate these materials in terms of 
improving Cs adsorption capacity, selectivity, sorbent evaluation in the magnetic test loop, the 



PNNL-34393 

References 23 
 

cycle stability of the magnetic core coated with Co-PBs, and the polymer coated for magnetic 
core shell particle dispersion in solution. Further improve core-shell performance in terms of Cs 
adsorption capacity, selectivity under conditions relevant to geothermal brine is the key 
performance indicator for IRR analysis.  
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