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ABSTRACT 

 

This paper summarizes water treatment technologies available for boron and the 
benefits and limitations of each. Boron is a naturally-occurring element found at 
variable concentrations in ambient soil and groundwater, as well as in coal, coal 

combustion residuals (CCR), and ash leachate. Additionally, it is a common 
constituent in agricultural drainage in some areas of the west. Its predominant form 
at neutral pH in groundwater is as the uncharged complex [B(OH)3

0], which is 

mobile in groundwater, but complexation with metal or organic cations can result in 
sorption or precipitation.  

 

Reverse osmosis, ion exchange, sorption (with or without complexation), 
precipitation, and electrocoagulation are widely utilized methods to remove boron 
from groundwater and industrial wastewaters. Electrodeionization is an emerging 
technology that is currently in development. Our paper discusses recent advances 

in boron removal technologies, including treatment strategies that result in the 
generation of a usable boron product that is not classified as a waste and can be 
reused as a plant fertilizer.  

 

Based on a review of Guan et al. (2016) and other more current papers cited 
herein, we conclude that ion exchange systems utilizing boron-selective resins 
represent the most promising technology available for boron removal from 

groundwater. 

 

INTRODUCTION 

 
This paper presents a review of available water treatment technologies for the 

treatment of boron in CCR porewater, leachate, and groundwater. Technologies 
evaluated include ion exchange, reverse osmosis, sorption, precipitation, 
electrocoagulation, and electrodeionization. Technologies are evaluated in terms of 

treatment efficiency and ability to achieve an effluent limit of approximately 1 
milligram per liter (mg/L).  
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Boron is a naturally-occurring element and an important micronutrient that has a 
narrow range between deficiency and excess. Concentrations in some industrial 

wastewaters including CCR porewater, leachate, and leachate-impacted 
groundwater can exceed the tolerance range for some crops (see Table 1) and 
may exceed effluent limits for some receiving waters. 

 
Table 1: Relative boron tolerance of agricultural crops1,2. 

Common Name Latin Name Common Name Latin Name 

Very Sensitive (<0.5 mg/l)   Moderately Sensitive (1.0 – 2.0 mg/l) 

Lemon Citrus limon Pepper, red Capsicum annuum 

Blackberry Rubus spp. Pea Pisum sativa 
Sensitive (0.5 – 0.75 
mg/l)   Carrot Daucus carota 

Avocado Persea americana Radish Raphanus sativus 

Grapefruit Citrus X paradisi Potato Solanum tuberosum 

Orange Citrus sinensis Cucumber Cucumis sativus 

Apricot Prunus armeniaca Moderately Tolerant (2.0 – 4.0 mg/l) 

Peach Prunus persica Lettuce Lactuca sativa 

Cherry Prunus avium Cabbage 
Brassica oleracea 
capitata 

Plum Prunus domestica Celery Apium graveolens 

Persimmon Diospyros kaki Turnip Brassica rapa 

Fig, kadota Ficus carica Bluegrass, Kentucky Poa pratensis 

Grape Vitis vinifera Oats Avena sativa 

Walnut Juglans regia Maize Zea mays 

Pecan Carya illinoiensis Artichoke Cynara scolymus 

Cowpea Vigna unguiculata Tobacco Nicotiana tabacum 

Onion Allium cepa Mustard Brassica juncea 

Sensitive (0.75 – 1.0 
mg/l)   Clover, sweet Melilotus indica 

Garlic Allium sativum Squash Cucurbita pepo 

Sweet potato Ipomoea batatas Muskmelon Cucumis melo 

Wheat Triticum eastivum Tolerant (4.0 – 6.0 mg/l)   

Barley Hordeum vulgare Sorghum Sorghum bicolor 

Sunflower Helianthus annuus Tomato 
Lycopersicon 
lycopersicum 

Bean, mung Vigna radiata Alfalfa Medicago sativa 

Sesame Sesamum indicum Vetch, purple Vicia benghalensis 

Lupine Lupinus hartwegii Parsley Petroselinum crispum 

Strawberry Fragaria spp. Beet, red Beta vulgaris 

Artichoke, Jerusalem  Helianthus tuberosus Sugarbeet Beta vulgaris 

Bean, kidney Phaseolus vulgaris 
Very Tolerant (6.0 – 15.0 
mg/l)   

Bean, lima Phaseolus lunatus Cotton Gossypium hirsutum 

Groundnut/Peanut Arachis hypogaea Asparagus Asparagus officinalis 
1 Data taken from Maas (1984). 2 Maximum concentrations tolerated in soil-water or saturation extract without yield or vegetative 

growth reductions. Boron tolerances vary depending upon climate, soil conditions and crop varieties. Maximum concentrations in 
the irrigation water are approximately equal to these values or slightly less. 
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The United States Environmental Protection Agency (USEPA) does not regulate 
boron in drinking water. The USEPA has set a Lifetime Health Advisory value of 

6.0 mg/L for adults (USEPA, 2018). States have set drinking water criteria for 
boron ranging from 0.60 to 1.0 mg/L. In 2016, boron was listed as an Appendix Ill 
constituent in the USEPA's Coal Combustion Residuals Rule [40 CFR.257] 

(USEPA, 2016). 

 
The detection of boron in groundwater associated with CCR facilities at 
concentrations above background and regulatory guidelines has raised interest in 
treatment technologies to address potential groundwater impacts in site-specific 

cases where remediation may be required. The following sections evaluate the 
state-of-the-art treatment technologies for removal of boron in water. 
 

BACKGROUND 
 
In the natural environment, boron is commonly found as boric acid [B(OH)3], a 

weak Lewis acid, or its conjugate base, borate [B(OH)4
-]. Boron's predominant 

aqueous species at a neutral pH is the uncharged complex, [B(OH)3°], also 
referred to as boric acid. Above pH 9.2, the tetrahedral borate anion, [B(OH)4

-] is 

the dominant boron species in water (see Figure 1). Borate can form complexes 
with organic and inorganic cations/anions present in groundwater resulting in 
sorption and/or precipitation onto mineral surfaces.  

 

 
Figure 1: Distribution diagram for boric acid and borate from pH 7 to 11. Taken from Guan et al. 

(2016). 

 
METHODS/TREATMENT TECHNOLOGIES 

 
The different classes of technologies evaluated in this paper include sorption, ion 
exchange, reverse osmosis, precipitation, electrocoagulation, and electrodeionization.  
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Sorption/Ion Exchange Methods 

 
Various studies have been conducted with a variety of different sorbents including 
activated carbon (AC), and a wide variety of polymer resins. The most effective 

sorbents/resins for boron have cis-positioned diols (two hydroxyl groups) named 
“vis-diols” (Wang et al., 2012) as shown in Figure 2. 
 

 

 
Figure 2: A ”vis-diol” or chelating polymer/mineral binding to a borate ion. (Adapted from 

Kehriji and Hamrouni, 2015). 

 
The diol or chelating functional group binds to boron replacing the complexed 
hydroxyl groups on borate, forming a relatively stable complex as shown in Figure 

2. Boron is removed from the resin through backwashing with an acid solution and 
displacement of borate with hydronium ions on the resin, generating a boric acid 
solution that can be reused as a fertilizer in areas with boron deficiency.  

 
Table 2 provides a summary of treatment efficiency for boron using modified and 
unmodified natural materials, as well as various experimental and commercially 

available ion exchange resins. The results are expressed in terms of sorption 
capacity reported as milligrams of boron sorbed per gram of sorbent material (mg 
B/g).  

 
Researchers have evaluated a variety of materials commonly used for sorption. 
Modified Sepiolite was tested by Öztürk (2004) and found to have one of the 

highest sorption capacities (219 mg B/g) of all the material identified by Guan et 
al. (2016). Köse et al. (2011) evaluated AC prepared from olive bagasse and 
found that at an optimum pH of 5.5, AC had a relatively low sorption capacity (3.5 

mg B/g) despite the material’s high surface area. Kluczka et al. (2013) studied 
several ACs for boron sorption. In static systems they found that the most sorbent 
AC was impregnated with tartaric acid, and in a dynamic system, mannitol 

impregnated AC had the maximum sorption.  
 
Fly ash is another common, low cost sorbent used for removal of heavy metals. It 

is composed of mostly amorphous silica and silicate minerals. Polowcyk et al. 
(2013) evaluated fly ash sorption of boron (with particle size from 1.0 to 1.6 
millimeters) and achieved a maximum sorption of 6.9 mg B/g with a maximum 

removal efficiency of 90%. The optimal pH for all these materials tested was 
between 9 and 11. 
 

Guan et al. (2016), after reviewing research on many different types of sorbents 
and ion exchange resins, concluded that ion exchange resins represent the most 
sorbent and selective material for removal of boron from aqueous systems. Of the 
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resin polymers studied, N-methyl-D-glucamine (NMDG) is one of the most studied 
and one of the most selective and effective at removing boron from water when 

altered with a hydroxypropyl methacrylate (HPMA) functional group. According to 
Ersan and Pinarbasi (2011), the resin NMGD/HPMA is one of the most sorbent for 
boron and has a sorption capacity of 145.9 mg B/g-resin. Table 2 summarizes 

results for many other resins. For all of these systems, sorption capacity varies as 
a function of pH and ionic strength.   
 

Treatment cost is driven by the cost of the resin/sorbent material, cost of 
backwashing (if possible), and durability of the sorbent (number of wash cycles it 
can endure before fouling). Under proper management, resins can undergo 

hundreds of wash cycles prior to substantial loss of efficiency. Fouling of resins 
happens when dissolved metals, organic compounds, and other anions/cations 
irreversibly sorb to and block boron sorption sites on the media/resin.  

 
All of the sorbents and resins shown below have the capacity to achieve an 
effluent concentration of 1 mg B/L depending on the contact time, influent boron 

concentration, ionic strength, and pH.  
 
Table 2: Comparison of boron sorption capacities for various sorbents and 

resins (Adapted from Al-Ghouti and Salih 2018). 

Sorbent/Resin 
Sorption Capacity (mg/g) 

at 25 °C 
Reference 

Sorbent   

Activated carbon prepared from olive bagasse 3.5 Chellam 2015 

Activated carbon impregnated with salicylic acid 1.78 Liu 2009 

Activated carbon impregnated with curcumin 5.0 Halim 2013 

Cotton cellulose 11.3 Ikeda 2011 

Demineralized lignite 0.08 Liu 2011 

Pomegranate seed powder (polyvinyl alcohol modified) 30 to 38.5 Oladipo 2014 

Rice residues 9.26 Jalali 2016 

Alginate gel beads 9.86 Shiping 2013 

Calcium alginate gel 94 to 121 Ruiz 2013 

Chitosan 3.9 Bursah 2011 

Calcined alunite 3.39 Kavak 2009 

Waste eggshells (WES) 42.19 Al-Ghouti 2018 

Calcined waste eggshells (CWES) 31.06 Al-Ghouti 2018 

Waste calcite (FeCl3 modified) 1.6 Jalali 2016 

Fly ash 0.30 Liu 2011 
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Sorbent/Resin 
Sorption Capacity (mg/g) 

at 25 °C 
Reference 

Sorbent   

Fly ash 6.9 Polowcyk (2013) 

Magnesite-bentonite clay 4 Masindi 2016 

Sepiolite (HCl modified) 178.57 to 219.01 Öztürk 2004 

Vermiculite (Thermal shock, H2O2, ultrasound) 1.62 Kehal 2010 

Zeolite 2.3 Kluczka (2015) 

Resin   

Amberlite IRA743 5.41 Darwish 2015 

Dowex 2 x 8 exchange resin 16.98 Samatya 2012 

Glycidyl methacrylate-polyethylene (GMA-PE) 12.7 to 14.5 Ting 2013 

GMA-PE-propylene polypropylene (GMA-PE-PP) 23.8 Nasef 2016 

GMA-dehydrochlorinated polyvinyl chloride (GMA-

DHPVC) 

27.0 Yavuz 2013 

Magnetic chitosan-based microbeads, synthesized and 

functionalized with a glycidol 

128.5 Wang 2014 

Polyvinyl alcohol (PVA) 26.7 Harada 2011 

Polyallylamine (PAA) 32.9 Harada 2013 

Silica-polyallylamine composites (SPC) 16.8 Li 2011 

 

Reverse Osmosis 
 
Reverse osmosis (RO) treatment is a pressure-driven process that applies a 

pressure greater than the osmotic pressure to the more saline side of the semi-
permeable membrane to overcome the osmosis process and force water through 
the membrane from the more saline to the less saline side. During the water 

transfer through the membrane, removal of metals, salts, particles, and organic 
materials occur. RO is the leading technology for boron treatment (Al-Ghouti and 
Salih, 2018) with a treatment efficiency of 93%, although its performance is highly 

dependent on pH (Ezechi et al. 2012). Removal is most efficient at a pH above 
9.5. Below 9.5, boron forms the uncharged species, boric acid. Boric acid has a 
smaller size than borate and no charge, which allows it to pass through the RO 

membrane. Borate is more effectively rejected by the RO membrane both by 
exclusion due its larger size and repulsion resulting from its negative charge 
(Wolska and Bryjak, 2013). 

 
The problem with raising the pH above 9.5 is that other cationic species tend to 
precipitate, such as magnesium hydroxide and/or calcium and magnesium 

carbonates. In order to overcome these problems, other technologies such as 
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electro-dialysis and electrocoagulation have been evaluated. 
 

Table 3 summarizes the boron rejection as a percentage for several commercially 
available membranes based on information provided by the vendor. 
 

Table 3: Examples of commercial RO membranes for boron removal (Adapted 
from Tang et al., 2017). 

Membrane Boron Rejection (%) Reference 

FILMTECTM SEAMAXXTM*  (Dow Chemical) 81.8 www.dow.com 

FILMTECTM SW30ULE-400i  86.4 www.dow.com 

FILMTECTM SW30XHR-400i+  93 www.dow.com 

FILMTECTM SW30XLE-400i+  91.5 www.dow.com 

FILMTECTM SW30HRLE-370/34i, SW30HRLE-400+ 92 www.dow.com 

TM820E+ (Toray) 91 www.toraywater.com 

TM800V+ 92 www.toraywater.com 

TM800K+ 96 www.toraywater.com 

TM820M+ 95 www.toraywater.com 

TM820C+ 93 www.toraywater.com 

TM820R+ 95 www.toraywater.com 

SWC4 MAX±  (Hydranautics) 93 www.membranes.com 

SWC5 MAX±  92 www.membranes.com 

Operating conditions 

* 32g/l NaCl, 600 psi for SEAMAXX & 700 psi for SW30ULE, 8% recovery, pH 8. 
+ 32g/l NaCl, 800 psi, 8% recovery, pH 8. 
±  32g/l NaCl, 800 psi, 10% recovery, pH 8. 

 
Precipitation/Electrocoagulation/Electrodeionization 

 
Precipitation and electrocoagulation have been investigated for the removal of 
boron from RO reject solutions generated from treatment of produced water from 

oil and gas production (e.g., Isa et al., 2014; Dolati et al., 2017; Rahman, 2009).  
 
Rahman (2009) investigated the removal of boron from RO reject using 

magnesium chloride (MgCl2) co-precipitation. Although dosing requirements are 
high (5 grams MgCl2 per liter at an optimal pH of 11), the removal rate (ratio of 
20:1, boron: MgCl2) and efficiency (87%) are quite high at mixing times as low as 

5 minutes. Kameda et al. (2018) evaluated the coprecipitation/sorption of boron by 
magnesium oxide (MgO) in concentrated hydraulic fracturing fluids and found that 
the maximum sorption capacity was 232.4 mg B/g (mass loading is a function of 

solution concentration). The sorbed boron could be removed with sodium 
hydroxide although the regenerated MgO had a lower sorption capacity. 
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Chorghe et al. (2017) found that aluminum and iron coprecipitation of boron at a 
mass ratio of approximately 70 to 1 (Al & Fe)/B removed 80% of the boron in a 

highly saline hydraulic fracturing solution. Sorption occurred via ligand exchange 
on the amorphous aluminum and iron hydroxides. 
 

Dolati et al. (2017) found that electrocoagulation could remove boron in solutions 
of 100 mg B/L at an optimal pH of 8 and a residence time of 60 minutes by 70%. 
They did find that carbonate interfered with the efficiency of treatment. Isa et al. 

(2014) achieve 99.7% removal efficiency of boron from 10.4 mg B/L solutions at 
an optimal pH of 6.3. Treatment efficiency increased between pH 4 to 7 and 
decreased between 7 and 10. Using hydrothermal mineralization, they were also 

able to recover borate minerals (Inyoite, Takadaite and Nifontovite) from the 
electrocoagulation floc produced. 
 

Continuous electrodeionization (CEDI) is a new technology used in water 
purification. Like electrodialysis, CEDI modules include cation and anion 
exchange membranes placed between electrodes with additional ion exchange 

resins in the cells to improve ionic transport velocity in the system. As the system 
operates it generates hydrogen and hydroxyl ions, which regenerate the resins 
without use of additional chemicals (Jiang et al., 2018). Jiang et al. (2018) used 

CEDI to treat solutions with 60 to 400 mg/L B with varying pH, boron 
concentration, flow rate and applied current. Removal efficiency increased with 
applied current but decreased with increasing boron concentration. The three 

main factors affecting treatment were borate ion speed upon entering the resin, 
ion transport rate, and ion exchange inhibition by OH-. The highest removal rate, 
45%, was observed at 60 mg/L B. Overall the researchers believe with additional 

work, the removal efficiency can be significantly improved, but it is not currently 
able to achieve required discharge limits. 
 

Vendor Systems 
 
Many vendors offer RO systems for desalination that were designed to treat 

seawater with elevated boron. These systems use a two-pass RO system or a 
combination of RO and ion exchange. Available information indicates Evoqua 
offers potential treatment train solutions that include final processing for a variety 

of metals and boron using ion exchange (Evoqua, 2019). Lenntech reportedly has 
a “desalination post-treatment: boron removal process” that uses RO and ion 
exchange (Lenntech, 2019). A small vendor, Boron Solutions USA, has developed 

a boron selective two-stage ion exchange system that is currently undergoing 
testing in California. It reportedly removes boron from groundwater at 
concentrations up to 16 mg/L (current operating conditions for agricultural 

drainage) to below 1 mg/L at flow rates as high as 1,800 gallons per minute. 
Groundwater from a farm area with elevated boron in groundwater is extracted 
and treated with boron selective ion exchange resins; the reject solution (wash 

water) generated by the system is used as a boric acid nutrient that is re-applied 
to orchards in irrigation water at an optimal boron concentration to improve tree 
growth (Boron Solutions USA, 2019). At the time of publishing, the authors are 
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unaware of whether this innovative solution to boron contamination in 
groundwater has been applied to CCR leachate or associated impacted 

groundwater. 
 
RESULTS/CONCLUSIONS 

 
Guan et al. (2016) conducted a review of boron treatment technologies and found 
that the development of boron selective resins is rapidly increasing the efficiency 

for boron treatment in groundwater. Based on a review of Guan et al. (2016) and 
other more current papers cited herein, we conclude that ion exchange systems 
utilizing boron-selective resins represent the most promising technology available 

for boron removal from groundwater. Reverse osmosis still represents a viable 
alternative if problems with precipitation and membrane fouling can be overcome. 
Developments in electrocoagulation/electrodeionization and precipitation may 

improve the cost and efficiency of those technologies as well.  
 
Coprecipitation/sorption with MgO represents a viable technology for boron 

treatment where heavy metal removal is also necessary, depending on the heavy 
metals present. 
 

Application of these technologies in large scale desalination projects will drive 
improvements in technology and reductions in cost over time. Boron is already 
being economically treated in California for agricultural systems where the 

extracted boron is reused as a fertilizer which significantly reduces the cost of 
operation. Beneficial reuse of boron removed from CCR porewater or impacted 
groundwater as a plant nutrient represents a potential cost saving and an 

environmental benefit. 
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