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Abstract−The complexation of boric acid (B(OH)3), the primary form of aqueous boron at moderate pH, with poly-
ols is proposed and mechanistically studied as an efficient way to improve membrane processes such as reverse osmo-
sis (RO) for removing boron in seawater by increasing the size of aqueous boron compounds. Computational chem-
istry based on the density functional theory (DFT) was used to manifest the reaction pathways of the complexation of
B(OH)3 with various polyols such as glycerol, xylitol, and mannitol. The reaction energies were calculated as −80.6,
−98.1, and −87.2 kcal/mol for glycerol, xylitol, and mannitol, respectively, indicating that xylitol is the most thermody-
namically favorable for the complexation with B(OH)3. Moreover, the 1 : 2 molar ratio of B(OH)3 to polyol was found
to be more favorable than the ratio of 1 : 1 for the complexation. Meanwhile, latest lab-scale actual RO experiments
successfully supported our computational prediction that 2 moles of xylitol are the most effective as the complexing
agent for 1 mole of B(OH)3 in aqueous solution.
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INTRODUCTION

Seawater reverse osmosis (RO) has been verified to be an eco-
nomical and reliable technology for producing potable water from
seawater [1-4]. However, the removal of boron from seawater is
still an issue because the rejection of boron in a single-stage RO
process is not enough to meet the maximum contaminant level
(MCL) set by the World Health Organization (WHO) [5,6]. The
approximate amount of boron in seawater is 5 mg/L, and the MCL
of boron in potable water is 0.5 mg/L [7], whereas the permeate of
a single-stage RO process typically contains one third (~1.5 mg/L)
of inlet boron concentration [5,6]. The difficulty of boron removal
comes from the size of boric acid (B(OH)3), the primary form of
aqueous boron, as small as the nominal pore size of RO membranes
[5,6]. Therefore, a 2-pass RO process has been used, where a part
of stream is by-passed to increase the efficiency of boron removal
by converting B(OH)3 into tetrahydroborate ion (B(OH)4

−) at a high
pH [8]. Although B(OH)4

− is rejected more selectively in the RO
membrane, the accompanied basification and neutralization pro-
cesses render the whole RO process less cost-effective. Moreover,
increasing the pH causes scaling problems by the deposition of salt
precipitates (insoluble Ca and Mg-based chemical species) on the
RO membrane [9].

The complexation of B(OH)3 with polyols was suggested as an
effective way to increase the size of aqueous boron compounds for
better rejection in RO and even nanofiltration membranes [10,11].
Polyols are compounds containing more than three hydroxyl groups,
such as glycerol, xylitol, sorbitol, and mannitol. The complexation
of B(OH)3 with polyols follows the reaction (1). The polyols with

1,2-diol react with B(OH)3 to form a stable chelate complex ion
having the tetrahedral structure around the boron [12].

(1)

Geffen et al. demonstrated that the complexation of B(OH)3 with
mannitol improved the efficiency of boron removal from seawater
in desalination membranes [10]. Another study showed an effec-
tive way to adsorb B(OH)3 by using polystyrene (PS) resins with
functionalized surfaces with hydroxyl groups [13]. Otherwise, ion
exchange resins containing amino groups are commercially avail-
able as well [14,15].

Mechanistic study on this complexation has not been reported;
therefore, we used computational chemistry to calculate the reac-
tion energetics for the complexation of B(OH)3 with various poly-
ols such as glycerol, xylitol, and mannitol. Glycerol (three hydroxyl
groups), the smallest polyol, was taken for a comparison with man-
nitol (six hydroxyl groups), a well-known large size polyol [10]. Xyli-
tol (five hydroxyl groups) is additionally considered owing to its
friendly commercial image, “no harm for humans”. The calculated
reaction energies show the most effective as the complexing agent
polyol among all the selected, and the effect of the molar ratio of
B(OH)3 to polyols affecting the reaction thermodynamics. Transi-
tion complexes are also located to provide the information of the
activation energies for the complexation.

COMPUTATIONAL METHOD

All calculations were performed with the Gaussian 09W soft-
ware (Gaussian Inc., USA) [16], with B3LYP density functional
theory (DFT) model chemistry and 6-31G(d) basis set [17-21]. Full
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geometry optimization was performed for all the species. The tran-
sition state (TS) was optimized using the Berny algorithm [22] as
implemented in the GAUSSIAN 09W. The GaussView software
(Gaussian Inc., USA) was used for the visualization of the results.

RESULTS AND DISCUSSION

1. Complexation of B(OH)3 with Glycerol
The calculated energetics for the complexation of B(OH)3 with

glycerol are shown in Fig. 1. The reaction consists of two parts: the
formation of monochelate complex ion (upper in Fig. 1) and diche-
late complex ion (lower in Fig. 1). Before reaching the monoche-
late complex shown in the dotted box in Fig. 1, B(OH)3 and glycerol
release two moles of water. Then, the addition of hydroxyl ion (OH−)
stabilizes the whole structure to produce a monochelate complex
ion, having oxygen elements positioned in the tetrahedral geome-
try around the boron. Before being stabilized, the monochelate
complex proceeds further to form a dichelate complex ion as shown
in the lower energetics of Fig. 1. The pathway seems more compli-
cated, because the addition of hydroxyl ion (OH−) follows just after
the release of one mole of water, and the final release of one mole
of water occurs at the end of the whole reaction. The resulting di-
chelate complex ion also has a stable tetrahedral geometry around
the boron similar to that of the monochelate complex ion. The path-
way of energetically stable intermediate (denoted by the plain box
in Fig. 1) just before the final release of one mole of water is explained
following this mechanism, indicating the stabilization of relevant

species using water molecules in an aqueous reaction [23]. The de-
hydration is then driven by the entropy generation. The reaction
energies for the formation of monochelate and dichelate complex
ions were calculated as −67.6 and −80.6 kcal/mol, respectively. Al-
though the same tetrahedral geometry around the boron stabilizes
the whole structure of both complex ions, a 1 :2 molar ratio of B(OH)3

to glycerol is more favorable than a 1 : 1 ratio from the thermody-
namic viewpoint.

Meanwhile, the calculations were based on the gas phase mole-
cules. To consider the solvation effect, a solvation model such as
the polarizable continuum model (PCM) [24] was introduced. How-
ever, it has been reported that the energy difference between the
gas phase and PCM calculations was within 8 kcal/mol even for
the reactions involving highly polar molecules [23]. Thus, our re-
sults based on the gas phase calculations are still good enough to
evaluate the thermodynamic favorableness of the reactions by com-
parison. The calculated activation barriers for the complexation
range from 20-30 kcal/mol, as shown in Fig. 1. Because they are as
small as the values for similar aqueous reactions [23,25], the reac-
tion kinetics is favorable. Therefore, we focused on the compari-
son of thermodynamic favorableness for the complexation with
B(OH)3 among the polyols.
2. Complexation of B(OH)3 with Mannitol and Xylitol

For mannitol and xylitol, two types of monochelate complex
ion and three types of dichelate complex ion possibly exist accord-
ing to the position of 1,2-diol participating in the reaction. Figs. 2 and
3 show the calculated energetics for the complexation of B(OH)3

Fig. 1. Calculated energetics for the complexation of B(OH)3 with glycerol. Red, white, gray, and incarnadine balls indicate oxygen, hydro-
gen, carbon, and boron, respectively. All the energy values are in kcal/mol.
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with mannitol and xylitol, respectively. Because B(OH)3 is attached
either to the end and middle of a monochelate complex ion, three
combinations (end-end, mid-mid, and end-mid) are possible for a
dichelate complex ion. According to the energetics, the monoche-
late complex ion with B(OH)3 attached to the end (end) is more
stable than its counterpart (mid); however, two monochelate com-
plexes with B(OH)3 attached to the middle of them render the diche-
late complex ion (mid-mid) the most stable, for both mannitol and
xylitol. The calculated reaction energies for the formation of diche-
late complex ions (mid-mid) were −87.2 and −98.1 kcal/mol for
mannitol and xylitol, respectively, indicating highly exothermic
characteristics of the reactions, and the thermodynamic favorable-
ness of the 1 : 2 molar ratio of B(OH)3 to polyol was also valid for
both polyols. Meanwhile, the highest activation barrier only slightly
increased up to 35 kcal/mol for mannitol (compared to 30 kcal/
mol for glycerol), and thus the kinetic readiness of the whole reac-
tion would be equivalent. In the calculations for the energetics in
Figs. 2 and 3, several steps after the release of three moles of water
were replaced by the simple insertion of hydroxyl ion (OH−) be-
cause of our limited computational capacity. However, the omit-

ted reaction pathways are expected to be similar to the pathway
for glycerol shown in Fig. 1. Regarding the size of dichelate com-
plex ions, the distance between the boron and the most remote ele-
ment was calculated roughly as 3.76, 8.00, and 7.33 Å for glycerol,
mannitol, and xylitol, respectively, indicating that the dichelate com-
plex ions of B(OH)3 with mannitol and xylitol become almost as
large as ~1.5 nm. Considering that the nominal pore size of RO
membranes is ~1.0 nm [9], the complexation by using polyols will
be an excellent approach to improve the efficiency of the removal
of boron by size in the RO processes.
3. Thermodynamic Favorableness for the Complexation of
B(OH)3 with Polyols

As mentioned, the complexation of B(OH)3 with polyols is very
viable from the kinetic viewpoint, and the complexation reactions
have highly exothermic characteristics. The calculated reaction
energies for the formation of monochelate and dichelate complex
ions when using three polyols (glycerol, mannitol, and xylitol) as
the complexing agents are shown in Fig. 4. By the comparison with
the calculated reaction energy (−75.7 kcal/mol) for the standard
boron chemistry in an aqueous solution, B(OH)3+OH−

→B(OH)4
−,

Fig. 2. Calculated energetics for the complexation of B(OH)3 with mannitol. Red, white, gray, and incarnadine balls indicate oxygen, hydro-
gen, carbon, and boron, respectively. All the energy values are in kcal/mol.
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Fig. 3. Calculated energetics for the complexation of B(OH)3 with xylitol. Red, white, gray, and incarnadine balls indicate oxygen, hydrogen,
carbon, and boron, respectively. All the energy values are in kcal/mol.

Fig. 4. Comparison of thermodynamic favorableness for the complexation of B(OH)3 with polyols. Red, white, gray, and incarnadine balls
indicate oxygen, hydrogen, carbon, and boron, respectively. Reaction energies are in kcal/mol.
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the complexation of B(OH)3 with polyols is much more favorable
from the thermodynamic viewpoint, except for the case (−67.6 kcal/
mol) of 1 : 1 molar ratio of B(OH)3 to glycerol. Fig. 4 also shows
that a 1 : 2 molar ratio of B(OH)3 to polyol is more favorable than
a 1 : 1 molar ratio by about 4-12 kcal/mol. Moreover, xylitol with
one less hydroxyl group (−98.1 kcal/mol) is more favorable for the
complexation than mannitol with one more hydroxyl group (−87.2
kcal/mol). Interestingly, the latest lab-scale RO experiments [26]
showed that the results support our computational prediction, as
shown in Figs. 5S and 6S (the Supplementary Information (SI)).
At pH 7, the application of xylitol as the complexing agent with a
1 : 2 molar ratio of B(OH)3 to xylitol had ~80% efficiency for boron
removal compared to ~50% with no complexing agent (Fig. 5S in
the SI). Mannitol and glycerol followed xylitol in that order. More-
over, although a 1 : 2 molar ratio of B(OH)3 to xylitol was the most
effective, a 2 : 1 molar ratio still had more than 10% higher effi-
ciency of boron removal than the case with no complexing agent
applied (Fig. 6S in the SI).

CONCLUSION

Computational chemistry was used to discover the reaction path-
ways and their energetics for the complexation of B(OH)3 and poly-
ols in an aqueous solution for the first time. The calculated activation
barriers for the complexation reactions were in the range of 20-
35 kcal/mol, sufficiently low enough to lift off the kinetic constraint
for the reactions, while the complexation reactions had highly exo-
thermic characteristics, in other words, thermodynamically favor-
able. Among the considered polyols (glycerol, mannitol, and xylitol),
xylitol has the lowest reaction energy (−98.13 kcal/mol) for the for-
mation of dichelate complex ion with a 1 : 2 molar ratio of B(OH)3

to xylitol, indicating that xylitol with one less hydroxyl group is more
effective as the complexing agent than mannitol with one more hy-
droxyl group. The latest lab-scale RO experiments supported our
computational prediction to verify the complexation of B(OH)3

with polyols as an excellent pathway to improve the efficiency of
boron removal in the RO processes.
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Fig. 1S. Transition states during the complex formation of B(OH)3
with mannitol. Red, white, gray, and incarnadine balls indi-
cate oxygen, hydrogen, carbon, and boron, respectively.

Fig. 2S. Intermediates during the complex formation of B(OH)3 with
mannitol. Red, white, gray, and incarnadine balls indicate
oxygen, hydrogen, carbon, and boron, respectively. Fig. 5S. Test of boron removal with RO membrane; effect of polyol

type [26].

Fig. 4S. Intermediates during the complex formation of B(OH)3 with
mannitol. Red, white, gray, and incarnadine balls indicate
oxygen, hydrogen, carbon, and boron, respectively.

Fig. 3S. Transition states during the complex formation of B(OH)3
with xylitol. Red, white, gray, and incarnadine balls indi-
cate oxygen, hydrogen, carbon, and boron, respectively.

Fig. 6S. Test of boron removal with RO membrane; effect of molar
ratio [26].



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 290
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 290
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


