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ABSTRACT 
With little to no reduction of boron by conventional drinking water treatment methods, 
the Environmental Protection Agency (EPA) recognizes only two process for the 
treatment of boron. Those two methods are reverse osmosis and ion exchange. Both 
have limitations and both can be effective if properly implemented. In addition, several 
non-traditional treatment methods have been presented recently as being effective in 
the removal of boron. The use of these treatment methods for wastewater treatment or 
groundwater remediation will be explored through a review of available performance 
data and through evaluation of literature information where actual operating or pilot data 
is not accessible.   
 

INTRODUCTION 
Boron is a metalloid element that belongs with Group IIIA on the periodic table.  While in 
the same group as aluminum, boron also has similarities to carbon.  Like aluminum, 
boron exists primarily in the +3 oxidation state in all chemical compounds and, in its 
pure form, is an electrical conductor.  Like carbon, however, it can also form complex 
chains and rings and is very hard in its crystalline form.1  Boron is a relatively rare 
element2, making up only 0.003% of the earth’s crust3.  It is present in concentrated 
form in the naturally occurring minerals borax(Na2B4O7·10H2O or 
Na2[B4O5(OH)4]·8H2O), ulexite(NaCaB5O6(OH)6·5H2O), kernite (Na2B4O6(OH)2·3H2O), 
ezcurrite(Na4B10O17·7H2O), searlesite(NaBSi2O5(OH)2) and colemanite(Ca2B6O11·5H2O) 
or (CaB3O4(OH)3·H2O).  Boron minerals are generally evaporite or lacustrine deposits, 
and are mined in the United States, Turkey, Eastern Europe and South America.  The 
largest boron mine in the world, located in Boron, California, accounts for almost half 
the world’s boron production.  Boron is also present in seawater, at an average 
concentration of about 4.6 ppm3.  Most importantly for us in this paper, boron is present 
in coal, at a concentration of 5 to 200 ppm4.  In the combustion process, boron tends to 
condense on fly ash.  Studies indicate that whereas boron in bottom ash is not extracted 
at all by leaching (contact with water), fly ash can leach up to 50% of its boron content, 
in a relatively short time frame.  Leaching is more prevalent at pH 4.5 than at pH 7.4.5  
The study also indicated that it may be possible to fix boron in fly ash through thermal 
processing to minimize boron leaching.  
   
In aqueous solutions, boron is found either as boric acid (H3BO3) under acidic to neutral 
conditions or as the borate ion (H2BO3

-) under neutral to slightly alkaline conditions. 6  
Both are uncharged complexes and are highly soluble.  Above pH 9.1, the predominant 
species is the borate anion B(OH)4

-, as shown in Figure 1 below.  The borate anion can 
form complexes with cationic species and is to a greater extent capable of precipitation 
or adsorption onto positively charged surfaces.7 
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Figure 1: Borate Equilibrium vs pH8 

With this in mind, the problem of boron is not uncommon in power plant waters.  
Personal observation of boron levels at coal-fired power plants revealed concentrations 
of as much as 500 mg/L in FGD wastewater.  Leaching of boron from fly ash is also a 
concern, as fly ash is frequently used as an aggregate in concrete, as structural fill 
material, or as a component of bricks9.  A survey of 236 coal fly ash samples in Japan 
indicated a boron concentration range in CFA (Coal Fly Ash) of 18.5 to 928 mg/kg.10  
There are two principal forms in which the boron exists in fly ash.  In one form, boron 
appears as BO3 and co-exists with calcium and iron at the outer layer of particles and 
inside calcium/magnesium oxide particles.  In this form, boron is poorly leached from fly 
ash.  In the alternative form, boron exists as BO3 and BO4 only on the surface of ash 
particles.  In this form, boron is more readily leached.5   
 
While it is documented that the health risks from boron are relatively limited11, the World 
Health Organization determined based on extensive animal and human studies that the 
appropriate drinking water limitation is 0.5 mg/L.  The basis in medical research lies in 
the impact of boron on mammal reproductive organs.  Boron has also been identified as 
bioaccumulating in vegetation12 and can be toxic in high concentrations in mammals.11  
The US EPA issued a health advisory13 in 2008 which placed warning levels at 1.8 mg/L 
long term and 2.0 mg/L boron short term based on children’s tolerance in drinking 
water.  The EPA report noted that drinking water criteria varied from state to state, with 
California drinking water criteria for boron of 1.0 mg/L, Wisconsin at 0.9 mg/L, 
Minnesota at 0.6 mg/L, and Florida, Maine and New Hampshire at 0.63 mg/L.  EPA did 
not include Maximum Contaminant Levels (MCLs) or Maximum Contaminant Level 
Goals (MCLGs) for Boron in the 2018 update of the Drinking Water Standards and 
Health Advisory Tables.  EPA did issue a health advisory for Boron in 2008, which the 
short term health advisory was level was identified as 3 mg/L, with a long term health 
advisory level of 2 mg/L in drinking water. 
 
Boron is unusual compared to many metalloids, in that it is not effectively removed in 
conventional water and wastewater treatment processes.  The common drinking water 
treatment process of coagulation, flocculation and filtration provides little or no removal 
of boron.11  Boron is only marginally removed in municipal wastewater treatment 
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facilities, likely through contact and adsorption on biomass in secondary treatment3.   A 
variety of other options do exist, however, for removal of boron from water. 
 
Precipitation Methods 
In considering precipitation approaches to boron removal, it should be kept in mind that 
at concentrations below 216 mg/L, boron is present as only boric acid and borate ions, 
depending on pH.  Polynuclear anions and ringed structures, however, are observable 
at concentrations above 216 mg/L.  For high concentrations of boron, the removal 
mechanism is often different, therefore, than for lower concentrations.  As noted above, 
boron is not effectively removed through conventional coagulation/settling methods 
using aluminum and iron salts.   
 
Wided et al 14 evaluated the removal of boron using alum, resulting in the precipitation 
of aluminum hydroxide.  They reported the removal of boron through lime addition was 
a maximum of about 22% removal at a dosage of 80 mg/L Al3+.  The pH of testing was 
not reported, and the initial boron concentration was 5 mg/L.  This would result in a 
loading on the precipitated 231 mg/L Al(OH)3 of 1.5 mg B/g TSS formed. Farmer and 
Kydd are referenced15 as achieving levels below 10 mg/L through sequential addition of 
aluminum sulfate.  The same description was applied to the use of ferric salts.  
However, the concept is generally noted throughout the literature that the rate of 
adsorption is low and the volume of sludge generated would thus be large, and 
impractical.  In another study referenced in the paper by Xu and Jiang15, the removal of 
boron from 1.2 mg/L to 0.16 mg/L was accomplished using aluminum sulfate at a 
dosage of 1125 mg/L, at a pH of 12 (1.3 mg Al/mg TSS formed).  It is unknown if the 
increase to pH 12 was accomplished using lime, and if so, what removal was 
associated with lime addition only. 
 
Softening is often cited as a process for partial boron removal.  Softening is generically 
the precipitation of calcium and magnesium salts at alkaline pH levels.  Calcium and 
magnesium borates are fairly soluble at 200 mg/L and 10 mg/L as boron respectively at 
normal temperatures.16 There are several variants to the softening process.  The 
principal differences are cold lime softening versus warm or hot lime softening, and lime 
softening versus lime/soda softening.   
 
 
In lime softening, only lime is added to drive the following reactions: 
 

CO2. + Ca(OH)2 -> CaCO3 + H2O 
Ca(HCO3)2 + Ca(OH)2 -> 2CaCO3 + 2H20 

Mg(HCO3)2 + Ca(OH)2 -> CaCO3 + MgCO3 + 2H20 
MgCO3 + Ca(OH)2 -> CaCO3 + Mg(OH)2 

 
For situations where the calcium and magnesium present are largely carbonates or 
bicarbonates, this process is sufficient to remove a significant amount of calcium and 
magnesium hardness.17  For removal of additional calcium, lime and soda ash are used 
together for softening: 
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Lime 
MgSO4  +  Ca(OH)2 -> Mg(OH)2  +  CaSO4 

 

 Soda ash  Precipitate  
CaSO4 + Na2CO3 -> CaCO3 + Na2S

O4 
      

As shown, the calcium concentration can be reduced from that of near saturation 
calcium sulfate to saturation calcium carbonate.  Magnesium is precipitated as a 
hydroxide in this instance.  For lime softening, the pH needs to sufficiently high to 
precipitate calcium carbonate if that is all that is required (pH >8.5 nominally)  To also 
remove magnesium, as a hydroxide precipitate, requires a pH of over 10.2.  For lime 
soda softening, the same criteria apply.  Note that these processes as described are at 
ambient temperature.  Typically, this approach will produce a calcium hardness of less 
than 70 mg/L as CaCO3, and a magnesium hardness of less than 70 mg/L as CaCO3 
and a substantially reduced alkalinity18. The pH can be decreased through 
recarbonation (carbon dioxide addition) which will convert carbonates to bicarbonates.  
Sodium aluminate (Na2Al2O4) is sometimes added to improve magnesium and silica 
removal. 
 
Two variants of the process are warm and hot lime softening.  Warm lime softening is 
carried out at 120-140°F (49-60°C).  The increase in temperature reduces the solubility 
of calcium and magnesium and improves the removal of silica.  Hot lime softening is 
carried out under pressure at 227-240°F (108-116°C).  Calcium and magnesium 
precipitation reactions go to completion, producing an effluent with calcium and 
magnesium under 5 mg/L. 
 
Kinser2 indicates that about 60% boron removal can be accomplished by lime/soda 
softening prior to other treatment processes.  Remy et al tested “hot lime softening” at 
90oC, and were able to reduce the boron concentration in a weak sulfuric acid stream 
from 700 mg/L to 50 mg/L.  Note that large amounts of calcium sulfate were formed in 
the process, which may have aided removal. Rioyo et al19 found they were able to 
reduce the boron concentration in brackish groundwater from an initial 5 mg/L by 24% 
with cold lime/soda softening, with an increase of 9% removal through the addition of 
either magnesium chloride or magnesium oxide to generate additional magnesium 
silicate precipitates, onto which the borates adsorbed.  In comparison Rahman20 was 
able to treat brackish water containing 8 mg/L boron using only magnesium chloride, 
achieving a removal of 87% of the boron at a magnesium chloride dosage of 5 g/L 
MgCl2.6H2O, at a pH of 11.  Note that this would form about 1435 mg/L Mg(OH)2 
precipitate, which would equate to an adsorption rate of 4.9 mg B/g solids.  Nozawa et 
al21 observed a reduction in boron concentration from precipitation of magnesium salts 
in the absence of silica of only about 50%, but over 90% removal with supplemental 
silica addition.  Initial boron concentration for this testing was just under 5 mg/L. 
 
Layered double hydroxides are a family of anionic clay materials which can be 
expressed chemically as [M1−x

2+Mx
3+(OH)2](An−)x/n·yH2O, where M2+ and M3+ are any 

divalent and trivalent cations and An− is an exchangeable interlayer anion.  The layered 



Page 6 of 14 

double hydroxide materials can take many forms, with more than 40 natural members 
and many synthetic analogues.  The general structure consists of a brucite-like 
(Mg(OH)2) layer where the divalent cation (M2+) is partially substituted by a trivalent 
cation (M3+) which generates a positive charge on the hydroxyl sheet and is balanced 
by anions22.  Layered double hydroxides are typically formed by the co-precipitation of 
divalent (Mg, Cu, & Zn) and trivalent cations (Al, Fe) at neutral to high pH23.   Commonly 
cited layered double hydroxides include Ettringite and Hydrotalcite, both of which are 
applicable in wastewater treatment applications. 
 
Layered double hydroxides (LDHs) have been applied to boron removal. Theiss et al24 
summarizes a number of studies, indicating that either LDHs are typically capable of 
removal of over 90% of the boron in relatively low concentration (under 20 mg/L) 
samples, either as formed in place LDHs or as a reagent material.  In one study, the 
observed removal capacity was 14 mg B/g LDH (Hydrotalcite).  It was noted that the 
affinity sequence for Ettringite (a calcium/aluminum LHD) is B(OH)4

- > SeO4
2- > CrO4

2- > 
MoO4

2- , whereas hydrotalcite and calumite favor other ions over the borate ion. 
 
A final mechanism for precipitation of boron is chemical oxo-precipitation or COP25.  In 
this process, peroxide is used to oxidize borate to a form that is more readily 
precipitated.  Following oxidation, boron was effectively removed through co-
precipitation with barium and calcium salts.  Optimum removal rates at a pH above 9 
are 98% for barium and 86% for calcium.  The proposed reaction with calcium is: 
 

Ca2+ + 2BO3
- + H2O → CaB2O4(OH)4↓ 

 
A similar reaction could be written for barium.  For removal with barium, the required 
molar ratio of hydrogen peroxide to boron is 1.5 to 1, and the required ratio of barium to 
boron is 1 to 1.  These values are based on an initial boron concentration of 1000 mg/L, 
and a reaction pH of 10. 
 
Electrocoagulation 
Electrocoagulation is a treatment process in which an electrical current is supplied to an 
electrolytic cell containing anodes (typically iron or aluminum) and cathodes (typically 
graphite or stainless steel).  The current causes aluminum or iron to go into solution at 
the anode, and water to break down to H+ and OH- at the cathode.  It is believed that 
aluminum forms polymeric species as it leaves the anode which break down to form 
aluminum hydroxide in solution.  Isa26 indicates that over 99% of an influent 
concentration of 10.4 mg/L boron from a synthetic produced water was achieved at a 
pH of 6.3, a current density of 17.4 mA/cm2, and a batch retention time of 89 minutes.  
Removal efficiency was reported to have increased with increases in pH.  Testing on an 
actual produced water was reported to yield 98% removal.  Analysis of the floc 
produced indicated that borate made up 2.9% of the floc.  The boron was largely 
present as hydrated calcium borate minerals.   Kartikaningsih et al27 treated a laboratory 
solution of boric acid at varying pH levels and current densities, and achieved removal 
rates of 86% to 92% at retention times of 180 minutes, a current density of 2.5 mA/cm2, 
and pH 8.  Ezechi et al28 tested electrocoagulation on produced water (15,000 mg/L 
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TDS, mostly chloride with sodium and magnesium dissolved salts) and a boron 
concentration of 15 mg/L.  That study observed a peak boron removal at pH ~8, with 
decreasing removal at higher pH levels.  Yilmaz et al29 conducted studies on 
geothermal water containing 24 mg/L boron, with a TDS of about 3000 mg/L (mostly 
sodium chloride) and a pH of 6.5.  Yilmaz observed the pH phenomena noted above 
that optimal pH for treatment was about 8, with removal efficiency decreasing above 8.  
He also observed that increased temperature increased removal rate, over a range from 
68oF to 138oF. The retention time for maximum removal was 32 minutes.  The 
maximum current density used was 6 mA/cm2.  At 138oF and 6 mA/cm2, with a 32 
minute retention time, the removal of boron was 96%, with a residual boron 
concentration of under 1 mg/L.  Under the same conditions but with varied temperature, 
boron removal was about 90% at 103oF and about 85% at 68oF. It was observed that 
since these were batch tests, there may be an issue at higher temperatures with gel 
formation at the anode surface, resulting in increased power requirements, and possibly 
limiting performance. 
 
All of the above information on electrocoagulation is based on laboratory batch studies.  
No literature was identified on full scale boron removal using electrocoagulation.  In all 
of the above, what is missing is an identification of the amount of solids produced, and 
the adsorption rate in terms of mg boron/g solid formed.  This type of value could be 
compared with addition of an iron or aluminum salt to identify the advantage of 
electrocoagulation over conventional metal salt precipitation, if any.  The removal rate 
for boron in these studies indicates that potentially this approach could be useful.  
Continuous flow operations at least at pilot scale are needed to identify if process 
limitations exist that could impact power requirements or performance. 
 
Membrane Processes 
Since the inception of reverse osmosis membrane treatment in 1949 at the University of 
California, the process of using membranes for treatment of water has continually 
evolved.  The original focus was on desalination, but the application of ultrafiltration, 
nanofiltration and reverse osmosis now extends from high purity water through the 
treatment of high TDS streams from a variety of sources.  Membrane technology has 
evolved through improvements in materials and methods of manufacture.  Historically 
boron rejection in reverse osmosis was poor, because boron is a small particle and, as 
an undissociated acid, it is not rejected by the membrane due to charge.  Traditional 
brackish water (BWRO) and sea water (SWRO) polyamide membranes normally reject 
boron at rates of 30% to 80% and 80% to 93% respectively.30 Modified membrane 
properties, through a process identified as concentration polarization, displayed 
enhanced graft polymerization and increased brackish water lab rejection rates for 
boron from the range of 15% to 30% to over 60% rejection.  Hydranautics indicates31 
that for their seawater RO membrane, the normal rejection of boron is 92% to 93% at 
pH 7.  By increasing the feed water pH to over 10, the rejection rate can be increased to 
99% because the borate ion (B(OH)4

-) is the predominant form at that pH and is more 
readily rejected.  Tu32 also concluded that for desalination of seawater and brackish 
water, the most favorable path for increasing boron removal was increasing the feed 
water pH.  The major manufacturers of membrane material have recently introduced 
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sea water membranes with enhanced boron rejection capacity claiming rejection rates 
at neutral pH of 93% to 96%.33 A number of authors indicated that multistage RO 
operations could be useful in achieving low levels of boron at neutral pH levels. 
 
Trussell34 compared the performance of Dow and Hydranautics RO membranes at pH 
8.  While sea water treatment using SWRO membranes was generally above 90% 
boron rejection, BWRO membranes treating brackish water yielded only 25% to 50% 
boron rejection.  It has been speculated that ionic strength of solution could alter the 
membrane surface characteristics. 
 
Another membrane process recently considered33,8 is one in which boron is chelated 
using a polymer to produce a particle size large enough to be rejected by a membrane 
filtration process (ultrafiltration or microfiltration).  The process is referred to as Polymer 
Enhanced Ultra Filtration.  Chelating agents have included polyvinyl alcohol and 
engineered diols such as Imino-bis-propandiol (IBP).  For moderate concentrations of 
boron (under 100 mg/L) this method has been successful, with experimentation at 
higher boron concentrations still ongoing. 
 
In electrodeionization (EDI), borate removal is also enhanced by increased pH.  
However, the rate of movement of borate is slower than other anions, so process 
efficiency can be relatively low when large quantities of competing anions are present.33  
However, two authors noted the removal of boron from RO effluent for high purity water 
provides removals in excess of 98%.35,36  In the second reference, treatment was 
required for the discharge from an RO system removing only 59% of the applied boron.  
The EDI system reduced the RO effluent of typically about 60 µg/L by over 90% to an 
average of about 3 µg/L  prior to use of the water in semiconductor manufacturing. 
 
Noguchi et al37 used a bipolar membrane arrangement with a single anion exchange 
membrane to separate and concentrate boron in a batch process.  The initial feed of 
100 mg/L boron was effectively separated such that the effluent concentration from the 
system was under the 10 mg/L effluent limitation, while the boron was concentrated to 
the solubility limit of boric acid (over 10,000 mg/L).  Recovery of this material could be 
achieved through evaporation/crystallization methods.  This work was done using a 
synthetic solution and on a batch basis.  Development of a continuous treatment 
process and the impact of ions other than boron must be considered prior to 
commercialization of the process. 
 
Ion Exchange 
Ion exchange is the reversible interchange of ions between a solid (ion exchange 
material) and a liquid in which there is no permanent change in the structure of the 
solid.  Ion exchange is used in water treatment and also provides a method of 
separation in many non-water processes. The utility of ion exchange rests with the 
ability to use and reuse the ion exchange material. For example, in water softening: 
 

2RNa+ + Ca2+ $ R2Ca2+ + 2Na+ 
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The exchanger R in the sodium ion form is able to exchange for calcium and thus, to 
remove calcium from hard water and replace it with an equivalent quantity of sodium. 
Subsequently, the calcium loaded resin may be treated with a sodium chloride solution, 
regenerating it back to the sodium form, so that it is ready for another cycle of operation. 
The regeneration reaction is reversible; the ion exchanger is not permanently changed. 
 
Historically, boron would be expected to be removed as borate on an anion exchange 
resin.  The standard anion exchange resins offered for broad application are not very 
selective for boron.  However, boron selective ion exchange resins have been 
developed and are in use.  At a power plant in Conemaugh, PA38, an ion exchange 
resin (Amberlite IRA 743) that has a high affinity for boron is used to treat the effluent 
from a FGD wastewater treatment system.  Boron is not removed via a typical ion 
exchange reaction.  Instead, the mechanism for removal is a substitution reaction 
combined with complex formation with the glucosamine functional group of the resin.  
The boron concentration in the feed to the system was 200 to 300 mg/L boron during 
startup, while the system effluent averaged under 50 mg/L.  Loading capacity on the 
resin was estimated during startup at about 6 g boron/L resin. Start-up problems were 
largely associated with the use of sulfuric acid in regeneration, which contributed to 
calcium sulfate scaling.  Conversion to hydrochloric acid regeneration eliminated the 
problem.  The spent regenerant at this facility is recycled through a two stage process in 
which the boron is initially separated from the acid, and then converted to a solid.  The 
acid is reused.  Details are not provided on the process for spent regenerant 
processing. 
 
A study was performed on Amberlite IRA 743 to evaluate performance in boron removal 
versus a number of factors.39  The resin was divided into three size fractions which were 
tested separately.  It was identified that the smaller size the fraction, the better the 
performance.  Other factors evaluated included pH (peak removal occurred at pH 8), 
temperature (increased percent removal with increasing temperature in the range of 15 
to 35oC), and salt concentration (no impact on boron removal from sodium chloride, 
sodium sulfate or magnesium sulfate at concentrations up to 35,000 mg/L). 
 
Other suppliers also have developed resins specifically for boron removal.  Other 
studies on brine and agricultural drainage indicate that the contents of the spent 
regenerant stream are for the most part only sulfuric acid and boron. 
 
Solvent Extraction 
The solvent extraction process involves dissolving a water insoluble polyhydroxy 
compound with a specific affinity for boron in a solvent/carrier solution which is 
immiscible in water.  The solvent solution is then mixed with the water stream being 
treated.  After intimate contact for a period of time, the solvent solution and water are 
separated by gravity.  The water goes on to further treatment or discharge and the 
solvent is conveyed to extraction.  In the extraction process, the solvent is contacted 
with typically a clean weak acid solution, which draws the boron into the weak acid and 
conditions the solvent solution for reuse.  This process was developed for streams 
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containing high boron concentrations.  No data was identified for lower concentrations 
of boron.   
 
N,N-Bis(2,3 dihydroxypropyl) octadecylamine (BPO) is an effective solvent, and has 
been used with 2-ethyl hexanol as a carrier solution. The BPO complex is stable above 
pH 4.7.  Boron recovery occurs through contact with a 2 Molar H2SO4 solution. 
 
Adsorption 
Adsorption is defined as a surface phenomenon in which particles or molecules bind to 
the top layer of material. Absorption, on the other hand, goes deeper, involving the 
entire volume of the absorbent. Absorption is the filling of pores or holes in a substance.  
Many soluble components of wastewater are attracted to particles with large surface 
area to mass ratios.  Once they have been used to saturation, most adsorbents require 
disposal as a solid waste.  Activated carbon is a common adsorbent/absorbent for many 
organics and, to a lesser extent, inorganics.  Activated carbon has a nominal surface 
area of 500 to 1500 m2/g.  Yet activated carbon is not effective on some wastewater 
components, including strong acids and bases, most metals, and many organics.  
Activated carbon also has a weak affinity for boron.  Testing done by Halim et al40 
treating a synthetic CCR leachate showed that activated carbon adsorbed only 0.59 mg 
boron/g carbon.  In comparison, an activated carbon impregnated with circumin showed 
an affinity of 5.0 mg boron/g carbon.  Kose et al identified a maximum boron removal 
capacity for activated carbon as 3.5 mg/g at pH 5.5.41 
 
Multiwalled carbon nanotubes modified with tartaric acid were tested as an adsorbent 
material for boron in a laboratory study42.  The maximum adsorption capacity was 
identified as 1.9 mg B/g adsorbent.  No removal was observed using nanotubes without 
the tartaric acid modification.  Magnetic nanotubes can be used in this instance, 
providing the ability to remove the nanotubes through magnetic attraction. 
 
More unusual adsorbents identified in the literature include silica-supported N-methyl-D-
glucamine (16.6 mg B/g adsorbent)43 and fly ash (6.9 mg/g at 90% removal)41. Natural 
and activated clays were identified as having capacities less than 5 mg/g.41  In 
comparison, chelating ion exchange resins specifically designed for boron removal were 
identified as generally having adsorption capacities of over 200 mg/g. 
 
Conclusions 
A great deal of literature has been published over the last few years related to boron 
removal from water.  Precipitation and adsorption methods are limited in the area of 
mass loading, with boron adsorption capacities generally in the single digits (mg B/g 
adsorbent).  This type of approach may be useful where boron concentrations are low 
and other parameters require removal.  More advanced adsorbents may increase the 
removal rate or loading of boron, but likely carry additional material cost.  The process 
of oxidation/precipitation using hydrogen peroxide at pH > 9 provides a precipitation 
mechanism at close to stoichiometric consumption of calcium or barium as a precipitant 
and may provide a reasonable mechanism for boron removal at larger concentrations.  
Electrocoagulation was shown to be effective in laboratory studies, but no information 
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was identified on full scale installations for boron removal.  The analysis of the 
composition of an electrocoagulation sludge as containing 2.9% borate indicates that 
the solids have a higher loading capacity for boron than conventional iron and aluminum 
precipitates.  Pilot testing would be critical for this process, due to the lack of full scale 
installation data in the literature. 
 
The performance of membrane systems is a function of membrane type and pH.  The 
use of the newer SWRO membranes provides over 90% removal of boron at normal pH 
levels and 99% removal at higher pH levels.  For other types of membranes, removal 
rates for boron are generally less, but may also be enhanced through pH adjustment.  A 
novel approach of reacting boron with an organic polymer to create larger particles, 
followed by microfiltration or ultrafiltration, has been tested and shown to be effective. 
 
The development of selective ion exchange resins for removal of boron has advanced 
to full scale operation, as documented at Conemaugh Station.  Equally impressive, the 
project included the treatment of reject water to recover unused regenerant acid and a 
crystalline boron compound.  Given the high concentrations of sulfate and other ions in 
the treated FGD wastewater, the resin selectivity for boron is remarkable. 
 
A concern for both membrane processes and ion exchange processes is the disposition 
of reject streams.  The concentration of boron in a reject stream as a solid that can be 
readily disposed of or recycled is critical.  Processes such as that used at Conemaugh 
Station for spent regenerant handling, or possibly the oxidative precipitation process 
noted above, are an essential component of the boron removal problem. 
 
The state of the art for boron removal from water has clearly advanced over recent 
years.  Ongoing research may identify possible improvements in all of the processes 
noted above.  But at the current level of technology, there are a variety of options for 
removal of boron from aqueous streams. 
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