Boric Acid asa Swimming Pool Buffer

Robert G Birch
The University of Queensland, Brisbane 4072 Austral

1.0 Summary

Boric acid in equilibrium with its conjugate ba$iee borate ion, has been applied
increasingly in recent decades as a pH buffer systeswimming pools. This article
provides a critical review of chemical and biolagitactors relevant to this application,
based primarily on the refereed scientific literatut examines basic chemistry, sources and
conversion factors, safety and toxicology, pH burfig, and potential side-benefits including
antimicrobial activity, anti-corrosive propertigg)otostabilisation of hypochlorite, and
sensory effects such as water softening and caByuhighlighting some advantages of
borate over bicarbonate as a buffer in salt-wabetg defining safety precautions in terms
relevant to pool use, and noting the limits to stfec understanding of some potential side-
benefits; the review should assist in science-bdsetsion making about adoption of boric
acid as a primary or adjunct buffer in swimming isoo

2.0 Introduction

Based on estimates from national pool associatibese are in the order of 20 million
swimming pools on earth, maintained at an averageaf more than $500 per annum for
chemical inputs, plus the costs of electricity fomping and heating. Thus pool maintenance
is a multi-billion dollar industry internationallythe number of pools, their combined
operating cost, and their environmental footpntrease with average living standards. The
vast majority of pools are now domestic, and maddmyetheir owners with varying degrees
of technical input from user forums, pool serviceviders, and the manufacturers and
retailers of pool supplies. Advice from these searis often conflicting. Therefore, a
compelling case exists on financial and environmlegrtounds for far greater scientific input
-- through research, critical analysis and dissation of knowledge -- to support science-
based decision making in swimming-pool managemniérg.objective of this review is to
contribute to that process, in relation to the afsgoric acid in swimming pools.

3.0 Basicsof boric acid chemistry

Boric acid, formula B(OH) is a Lewis acid. It does not release a protohi¢H) from its
own structure, but it can acquire an @joup from water: B(OH)+ H,O = B(OH),” + H'.
The final effect is still to increase thé Eoncentration in solution: the hallmark of an acid

In solution, there is a equilibrium between thedaci
form (a planar molecule) and various borate ions oH HO H 0OH
the simplest of which is tetrahydroxyborate t |

B(OH), (a tetrahedral molecule) (Fig. 1). So, in B OH B-
swimming-pool context “the boric acid buffer AN |
system” and “the borate buffer system” are exac HO OH HO OH OH
the same thing. Around pH 7, boric acid is the

predominant form in aqueous solution. Boric Acid Borate lon

Boric acid is a weak acid. At 25C, its pKa (the pl-FigC.' 1. Dilssociation of watecl" inéhe presence of boric
at which buffering is strongest because the free 2 '© "¢'¢as¢ a proton and a borate fon,
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acid and borate ion are in equal concentration3)24 in pure water. But apparent pKa is
substantially lower in swimming pool or ocean wateecause of interactions with various
other molecules in solution. It will be around $h( salt pool (see pH buffering below).

At high concentrations (above those used in swingrpimols) various polyborate species may
predominate at higher pH. For example, “Borax” udsarious household purposes is a
hydrated form of sodium tetraborate (Bz07.10 H,0). From another perspective, boric acid
is sometimes considered as an aqueous form of bxide: BO3.3H,0 = 2 B(OH}.

No matter which form of soluble boron is Ot

added, within the acceptable range of pH and 01238 %

boron concentration for swimming pools, boric _ %t zz | /

acid is the predominant form in aqueous § 0% e 80 90

solution (Fig. 2). This is important, because ¢ ggi t PH

any of the side-benefits mentioned below that 002 £

are mediated through the borate ion, as distin 000 fs o, Boric Acid == Borate ion
from the boric acid molecule, will be pH 72 73 74 75 76 77 78 79 80 81 82
dependent; and more evident in a pool at pH pH

than at pH 7.5. Fig. 2. Boric acid is the predominant form in aqueous

solution across the swimming pool pH range.

Reviews of borate chemistry in other contexts Herén 1996; Hunt 2002; Schubert 2011).

4.0 Supply

Boric acid is used commercially for a wide rangeénalustrial processes. Because boron is a
micronutrient needed by crops, and some soils @fieient, boric acid may be purchased
inexpensively (around $50 for 25 kg) in suitablygtorm (>99.5%) from some farm supply
stores. In some localities, borax is sold by supekets for domestic (laundry) use. Using
borax to provide borate in a pool is typically memnplex and expensive, because HCI must
be added at the same time to maintain a satisfaptml pH (Birnholz 2008). Several other
borate complexes and hydration levels are marketgabol, farm or industrial use; and

some of these are formulated near neutral pH foveoience.

The concentration of boric acid or borates is somes expressed in terms of the boron
component. For example, pool recommendations ar@lysn ppm boron equivalents,
whereas toxicology and chemistry reports more contynase ppm of the compound tested,
or molar units. When using units based on weigke bpm, in contrast to molar units), the
dose of a compound can be multiplied by that comg@uboron content to obtain boron
equivalents. For example, 1000 ppm boric acid @%.4oron) is 174.8 ppm in boron
equivalents and 1000 ppm borax (11.34% boron) 34Lfpgpm in boron equivalents.

To achieve 100 ppm boron equivalents in a 50 kl,@pool operator could add
100*50/0.1748/1000 = 28.6 kg of boric acid (572 ppn®.0572% boric acid). Because it is a
weak acid, no pH readjustment may be required,ceslpeif the initial pool pH was on the
high side or drifting upwards (for example throwggtt-water chlorinator action).

‘Combination’ products are also marketed. For eXamgome granular sanitizers contain
trichlor and up to 30 % (w/w) sodium tetraboratatplydrate. Unless the composition
matches a ratio needed for some special purpageidaeplenish borate and cyanurate lost
in pool overflow), combination products are likétyprove expensive, and to complicate the
calculation of materials needed to maintain a pretechemical make-up of pool water.
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5.0 Safety

This section considers safety in context of bolkatered swimming pools. The underlying
toxicological data are reviewed in other (pesticdienking-water) contexts in summary
(Harperet al.2012) and in more detailed analyses (WHO 1998; AD06) which provide
full citations to the primary scientific papers.

In solution, boron is found almost entirely as bacid or borates, which are common at low
concentration in our environment. Several commaitdrand vegetables typically contain
160-300 ppm boron. Sea water contains about 4.5(ppt8 mM) boron and some saline
lakes contain above 300 ppm boron. It is generalbpmmended that drinking water should
be below 1 ppm boron. Boric acid is classed asvatdxicity chemical. Reports of poisoning
are rare, but symptoms from ingestion of large d¢s®re than could be plausibly
swallowed while swimming - as discussed below)udel nausea, vomiting, abdominal pain,
diarrhoea, headaches, red skin rash, weaknesfyrseumconsciousness, respiratory
depression, kidney failure, shock and death.

Boric acid and borates are poorly absorbed acraastiskin. Estimated human consumption
in food and drinking water is around 1-5 mg boren glay, with at least a 10-fold range
around this amount depending on diet. At the lod efnthis range, boron may be an
essential micronutrient. Several studies indicadeaeased risk of particular cancers with
increased boron ingested from non-supplementeddoddvater (Hendersaat al. 2009).

Acute oral LBy for boric acid in laboratory animals is in thegar2.5-5 g/kg; about the same
as table salt (NaCl: L{3 3-4 g/kg). For an individual weighing 50 kg, tlwsuld indicate

more than 100 g of boric acid for lethal effectofrstudy of fewer individuals, dogs may be
about 4-fold more sensitive. From accidental parsgsin humans, minimum oral lethal
doses of boric acid have been estimated to beeinainge of 5-20 g for adults, 3-6 g for
children (>500 mg boron/kg/day, with sub-lethakets above 180 mg boron/kg/day). The
dose for acute toxicity depends on multiple factocduding the form ingested (powder,
concentrated solution) duration for ingestion amtividual susceptibility. To obtaina 5 g
dose of boric acid from a swimming pool at 100 gporon it would be necessary to swallow
10 litres of pool water.

There are no compelling data on doses causing icheffiects in humans, but studies have
been performed in several animal species. In tas@dmals, the most sensitive indicators of
boron toxicity are testicular atrophy in males affécts on foetal development in pregnant
females. Mice exposed over their lifetime to 0.9% lmoron/kg/day in their drinking water
showed no adverse effect. Long-term studies onesadsure in dogs and rats indicate that
the lowest dose for testicular effects is aroundQ@7ng boron/kg/day. In pregnant mice and
rabbits, the lowest chronic dose for adverse effentoffspring was in the range 40-80 mg
boron/kg/day. To obtain a dose of 10 mg boron/kgfdam a swimming pool at 100 ppm
boron, an individual weighing 50 kg would needwaBow 5 litres of pool water every day.
The World Health Organization recommends intakewd).4 mg/kg/day (intended to avoid
any possibility of harm to a foetus in a pregnaotman): under this scenario an individual
weighing 50 kg should swallow less than 0.2 lippes day of pool water at 100 ppm boron.

In humans, reported half-life for urinary elimiratiof ingested boric acid ranges from 13-21
hours (> 90% elimination within 4 days).
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In summary, it is inadvisable to use a borate-atfgpool as drinking water for any animal.
It does not seem plausible that a swimmer coul@lantally swallow enough pool water to
suffer any adverse effects - acute or chronicmflmric acid used anywhere in the range up
to 100 ppm boron. A pregnant woman who swims edagymight take particular care: to
stay below the WHO-recommended maximum intake, tckmaallow more than a half-cup of
pool water (at up to 100 ppm boron) per session!

The most recent USA-EPA assessment (2006), basadonservative 100-fold safety
margin above average daily doses giving no adwdfsets in mammalian species (and
assuming ingestion of swimming pool water at up.@b litres per hour by children),
considers levels below 360 ppm boron safe for ahilddult non-competitive swimmers.

6.0 Antimicrobial activity

The antimicrobial uses of boric acid - borate sohg have been explored since at least the
early 1900’s, including uses on foods (Winston )92bout 1% boric acid is needed for
broad antimicrobial activity (Borokhov and Schuki#&07). At swimming-pool
concentrations, no adverse effect is expected tenpally pathogenic bacteria:
Pseudomonas putidaas unaffected at 290 ppm boron equivalents (ECETQE7).

There are few published scientific studies of b®takicity to algae. For the green alga
Scenedesmud the cyanobacteriuMicrocystis a 50% reduction in viable cell count
within 72 hours required 34 -53 ppm boron equiveldBCETOC 1997). A patent example
(Girvan 1986) states no visible growth by the alGa#rella pyrenoidosandChlorococcum
mustardand the funguéspergillus flavusn a nutrient medium supplemented with 200 mg/I
sodium tetraborate pentahydrate (i.e. 30 ppm bequivalents), but there appear to be
confounding variables relative to the control (adzseof phosphate and altered pH). It is
reasonable from this limited evidence to expectesarhibitory effect on the growth of some
algal species at the levels (50-100 ppm) applicebborate-buffered pools. Any operator of
such a pool will know that some algal (and cyantdyéal) species are capable of rapid
growth at these levels.

There appears to be no scientific support for gsedion sometimes made that borate starves
algae of CQ. Under some conditions borate can acceleratddlessep (hydration of

dissolved CQto form carbonic acid) in the aquatic carbonataldmium, but under typical
swimming pool conditions the effect is trivial (Gabal.2011). Antibiotic activity is likely

to involve multiple molecular targets, given thgtaffinity of boric acid to form complexes
with various poly-hydroxyl compounds (Hunt 2002h&xdt et al. 2010) .

Borax is used in the control of various wood-ragtfungi and insect pests, but the methods
are expected to give very high local concentratiartseated wood (0.2% to 2% of sodium
borate by weight in some industry estimates). Cotragons needed for antifungal activity
have never been documented (USDA 2006). Boriciadghgistatic against some yeasts,
with a minimum inhibitory concentration around 0.53echmidtet al. 2010).

In effect, the use of borate does not allow anycédn in free HOCI concentration needed
for pool sanitation. There are no documented tEsasiditive or synergistic effects between
boric and hypochlorous acids. It is perhaps irdhat in the (now-expired) patent which
appears first to have recommended borate use mraimg pools, the claims are limited to
control of algal growth through tetraborate addit{®irvan 1986). However, improved pH
buffering and enhanced blue colour were also naseoenefits of the method.

Boric Acid as a Swimming Pool Buffer (V3 2015) Robert Birch  http://members.iinet.net.au/~jorobbirch/Boric_acid.pdf Page 4 of 14




7.0 pH buffering

A swimming pool is an aqueous solution of variocisis,
salts and other solutes.

The capacity of an aqueous solution containingcich ta
resist change in pH due to ldr OH addition increases
with buffer concentration and is highest aroundpKa of
that acid (where the free acid and its dissocibtegk ion
are in equal concentrations). Buffer capacity aedi
steeply as pH moves away from the pKa (Fig. 3), so
ideally one would choose a buffer with a pKa cltséhe
intended working pH; preferably +/- 1 pH unit. Hoxee,
pKa depends on factors that vary between pools ¢aad
time in the same pool) including temperature, oveaic
strength of the solution and the concentratiorpetgic
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Fig. 3. Buffer strength is highest when pH
equals pKa (around 9.0 for borate in a salt
water pool), and very low when pH is more

than 2 units from pKa. Prepared using
academic.pgcc.edu/~ssinex/buffer_cap.xls
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At 25 C, the apparent pKa of boric acid is 9.24 in 917

pure water. pKa is expected to decrease with g 90

increasing ionic strength, as modelled using S0 ] \'\

refinements of the Debye-Hiickel equation (Pitze 44 | if_gﬁ_ N \‘
1991). But borate (and carbonate) buffers show I Toe D e
much greater than predicted decrease in pKaint
presence of some ions (Fig. 4). This has been 0 s 10 15 20 25 10

attributed to specific ion-pairing interactions. In
the case of borate, the effect is absent with K
evident with Né., and even stronger with Caand Fig. 4. pKa of boric acid vs salinity in solutions
Mg++ (Owen and King 1943; Reardon 1976; Bassecontaining NaCl alone (), or NaCl plus 0.05 molal

MgCl, (o) or CacCl, (A). From equations of Hershey et
1980; Hershe}et al. 1986). al. (1986). At typical swimming pool concentrations,

the relationship would lie just below the NaCl curve.

Borate also forms low-pKa complexes with some oigaampounds including sugars (a
reaction used in some borate test kits). Thereforgnot possible to predict the apparent
pKa of borate in a pool from a measurement suadoaductivity or total dissolved solids
(TDS). It is necessary to know the precise compositf the water and to include the
dissociation constants for each of the pairing i@nother solutes) in the calculations to
obtain a reasonable prediction.

Salinity (103 ppm)

Temp °C

——5

While we can say that apparent pKe
of boric acid will be around 9.0ina ,3"
salt water swimming pool (Fig. 5), it _ o1
will vary with pool salt contentand = s
composition to an extent that is very
noticeable in pool management. Fol
example, the amount of acid
required to adjust from pH 8.0 to pH
7.8 would approximately double
with a decrease of 0.2 in the pKa.

—=—10
15
20
—%—25
—e—30
—+—35
——40
45

20,000
Salinity (ppm)

Fig. 5. The apparent pKa of boric acid decreases with salinity (from NacCl)
and temperature. Plotted from experimental data of Owen & King (1943).
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7.1 Buffering and pH updrift in SWC pools: Assuming the target range for pool pH is 7.5 -
8.2, boric acid is a more effective buffer in a-sehter pool than in fresh water; and its buffer
strength will increase with salinity (which shoudld adjusted according to recommendations
from the manufacturer of the electrolytic salt-watkelorinator - SWC) and hardness (which
an SWC pool operator may prefer to keep low andipdiom Mg™ to reduce problematic
scaling of calcium salts in the SWC cell).

While buffering by borate will be stronger with neasing pH up to 9, a pool operator will
need to consider other effects of pH including dtehlorine photolysis and potential for
scaling or staining at high pH. Increased loss ©fHioccurs at high pH through photolysis
of OCI (2 HOCl= 2 H + 2 OCI --{UV} - 2 H + O, + 2CI). Loss via G} (2 HOCI + 2 H

+ 2 CI = 2 ChL + 2 H,0O --{light, metal oxides}» 4 HCI + ) predominates below pH 5.

In any pool there are many interacting chemicattreas that affect and respond to pH, and
all of these reactions are affected to differinteais by seasonal factors. Whether, where and
when any particular pool tends to settle at anldggiuim pH, in the absence of deliberate
intervention, is a matter for empirical observatitra pool tends to equilibrate at a pH that is
workable for other management needs, operatingeagquilibrium pH will save costs of

time and HCI. If a pool continuously drifts highttan the preferred operating pH, periodic
adjustments by addition of HCI will be required.

Note that in this common scenario of up-drifting, fiidffering does not reduce the amount of
HCI required: it just avoids the need for very fieqt additions of small amounts of acid to
correct rapid swings in pH that can occur withautisient buffer. The buffer allows less
frequent (but correspondingly larger) acid addiiém counteract the same amount &f H
depletion from the SWC process.

If the pH rise in an SWC pool is from'Hepletion associated with GOutgassing from
bicarbonate added as a pH buffer, then there shmulsaving if the addition of bicarbonate
can be avoided through use of a suitable boratetcdncentration. As borate does not have
the problem of a volatile component in its buffgstem, this cause of ‘Hiepletion would be
eliminated by leaving the carbonate system at #jiwim with atmospheric COIndeed

borate can catalyse (albeit slightly at pool cotr@ions) the rate-limiting C&hydration

step in the natural carbonate buffer system (€ual.2011).

This brings us to consider whether a borate comagon that is safe for swimmers (arguably
up to 100 ppm boron equivalents) can - either atoria combination with other pool buffer
components such as CYA or bicarbonate - providgcserit pH buffering for effective pool
management.

Buffer capacity of an acid is directly proportionalthe molar concentration of that acid in
solution. When multiple acids are present, theffdystrengths at any specified pH are
additive. Therefore, in a salt-water pool at 25nd 6,000 ppm NacCl, considering capacity to
resist upward drift of pH from a working targetpl 7.5 - 8.0: buffer strength from boric
acid at 9.25 mM (100 ppm boron, pKa 9.0) will ghgaixceed that from bicarbonate at a
typical pool concentration of 2 mM (pK&.0 and pKa9.4). CYA at 0.39 mM (50 ppm, pKa
< 6.9) and bicarbonate in equilibrium with the asploere (< 1 mM at typical pool salinity
and pH; Mook 2000) help to buffer against fallph (Fig. 6). Hypochlorous acid at <2 ppm
Cl, equivalents (<0.04 mM HOCI, pKa < 7.5) is too tBlto contribute useful pH buffering.
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. . . . Buffer Capacity
From thIS anaIySIS! and In praCtlce! - -0- - Sum (Borate + CYA+ Bicarb Equilib @ pH 7.5)

boric acid at 50-100 ppm boron , ¢ | —=—Borate 50 ppm B)

provides more than sufficient pH "~ | ——CYA GO ppm) ~
buffering for efficient SWC pool ¢ Bicaronate (Aim Equllb @ pri 7.5
management, without any need to
add bicarbonate.

—o—— Bicarbonate (Atm Equilib @ pH 7.9)
=209 4 25mM Bicarbonate (TA 120 @ pH 7.5)

15

“Total alkalinity” (TA) commonly
measured by pool test kits is an
indicator of resistance to downward

210 -
o
2
amount of acid needed to titrate the Sos \ o g /

er Capacity (mM H* or OH / ApH)

movement in pH (typically the

@
pool water down to pH 4.0 or 4.5). It~ ¢°° SO
is a poor measure of buffering in the oo ‘ ‘ !
common SWC scenario of upward- ¢, 7.0 pH 8.0 9.0

drlftlng pH' When pH IS Changmg Fig. 6. Buffer capacity from key acid-base pairs at typical levels in a
because of addition or depletion Of H borate-buffered outdoor salt-water pool at 25 C: 4.62 mM borate and

H H H 0.39 mM cyanurate. Bicarbonate is shown at 0.33 mM and 0.82 mM
Or_ OH lons, TA will always mcr_ease_: (equilibrium with atmospheric CO; in a pool with 6,000 ppm NaCl held
with pH; whereas buffer capacity Will mostly at pH 7.5 or 7.9) and for comparison at 2.5 mM (a high level for

; bicarbonate-buffered pools). Data points can be derived using pKa
decline Steeply as pH moves away frovalues and tools referenced in Table 1 of Birch (2013). Borate (at 50
the pKa of the buffer. ppm B) provides greater buffer capacity above pH 7.4 than
bicarbonate added to a TA level of 120 ppm CaCOj; equivalents.

With pKa around 9 in a salt-water pool, borate mtes increased buffer strength as pH rises
in the usual working range of pH 7.5 - 8.0 (or adowut it has little buffer capacity against
falling pH below that range (Fig. 6). Becausetsfower pKa (< 6.9 in a salt-water pool),
CYA complements borate by buffering more againgidalls in pool pH (rarely seen in
SWC pools unless the operator mistakenly adds tachracid). The contribution of
chlorocyanurate complexes to pH buffer capacityl(8A) in pool water may be quite

variable, because of fluctuations in FC and lortgem drift in CYA levels.

8.0 Reduced corrosion

Borate is used as a corrosion inhibitor in somestigal reticulation systems. Apart from
buffering at alkaline pH, where corrosion is electremically less favoured, borate ions
interact with metal surfaces and contribute to ashiring anodic passivation (protective
oxide film formation) at those surfaces (Schub@i). Depending on the metal involved,
pool concentrations of borate may be sufficiergribance passivation, but halides (8F)
at SWC pool concentrations may still contributeititing corrosion (de Chialvet al. 1985;
Refaey 1996; Martini and Muller 1999).

9.0 Protection against photolysis of HOCI

Brady et al. (1963) made the curious observatianttie extinction coefficient of OUk
considerably lower in borate relative to carboratéer at the same pH. This has been
attributed to reversible formation of a hypochlobibrate complex [B(OHDCI] which does
not absorb around 300 nm, and which reaches a nuaxiconcentration at pH 8.3 (Bousher
et al. 1987). Formation of this complex is expected tuce both the photodegradation of
OCI and the HOCI (sanitizing chlorine) concentratidherefore, borate will act as a
photoprotectant and buffer of HOCI release from sneed FC, with a pH sensitivity
different from CYA.
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From the work of Bousher et al. (1987), it 0.08
appears that borate has a much lower affinity [~ = - HoBr e
than cyanurate for hypochlorite, and at typical [—e—roc . w
pool concentrations (< 0.01 M B(Ofgnd ~1 g

ppm FC excluding chlorocyanurates) the
hypochloritoborate complex will comprise < 3%
of FC; even lower at pH 7.5 (Fig. 7). This is no
enough for substantial photoprotection.
However, as for CYA, the estimations of
stability constants were somewhat indirect and
limited by the spectrophotometric methods of
the time. It would be very interesting to see a OOlE

follow-up study using direct measurements, to g0 f . . . ., oL
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evaluate the extent to which borate might 75 8.0 85 9.0 95
supplement CYA in the photoprotection of _ PR

hypochlorite in swimming pools, and in rapid 8 e e o po -
complexing of hypochlorite in SWC cells to borate and 1 ppm ‘free halogen’ (without CYA),
minimise outgassing of € HOBY, and 754 for HOG!, with stabilty sonstant

of 68 for B(OH)3;OBr and 178 for B(OH);OCI, as

Wavelengths below 300 nm are almost estimated by Bousher et al. (1987).

completely blocked by ozone and oxygen in

the earth’s atmosphere (Madronighal.

1998). Therefore, any solute with substantial 300
absorption in the 300-400 nm range (where
photolytic degradation of hypochlorite and
hypobromite ions under sunlight is most
severe, Fig. 8) has the potential to increase
the half-life of sanitizer, particularly in

deeper parts of a pool (Anbar and Dostrovsky
1954; Nowell and Hoigne 1992). As noted
below, the absorbance of pure water is
minimal whereas dissolved organic matter
can absorb strongly in this range. While full 100
UV-visible absorption spectra have never

been published (or perhaps even measured

with sufficient path length for this context) it
appears from the published information that

200

Molar Absorbtivity

neither CYA nor boric acid has any 0
absorption peak in this range (Berton 1938;
Sancieret al.1964). nm
Fig. 8. Absorption spectra of aqueous hypochlorite
10.0 Sensations and hypobromite species, relative to earth surface

radiation. Data from Anbar & Dostrovsky (1954),
Madronich et al. (1998) and references therein.

10.1 Blue colourlt is sometimes asserted that

addition of borate (to about 50 ppm boron equivialeconfers either or both of an attractive
blue tint or a sparkling appearance to pool waesbably unrelated is the observation that
symptoms of acute borate poisoning include bluemgtented vomiting and diarrhoea. Some
suppliers of borate for pesticide use add a bl pgrhaps to convey an (incorrect)
impression of higher potency. Borate does formgloieured complexes with some
chemicals (Juzat al. 1966; Ma and Boo 1976), but it is not apparent éimy of these should
commonly form in swimming pools.
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Blue colour (under white light) arises from
preferential absorption of other wavelengths, \thiga
effect that those perceived in the blue colour eazuge
preferentially reflected or transmitted. Outdoodies
of water change in colour and intensity dependimg ¢
viewing angle and reflected sky colour. Clear sky i
blue for most of the day, because shorter (blue)
wavelengths are preferentially scattered by mo&scu
in the atmosphere. When we look at the Sky, or at aFig. 9. Scattered (blue) and transmitted (red) light
reflection of the sky in a body of water, we areisg icnthﬁ Skx at_iunsit_- Pdhotoglr?i_f/‘ F’IV_Rodrigo dbé
mostly scattered light; except around dawn and dusk -« PHenkpeda.orgidRIE:SOIMOZ4LDpg)
(Fig. 9; Gibbs 1997). This component of colour tlueeflection from the pool water surface
does not depend much on pool solute compositianmniamy times (depending on viewing
angle and disturbance to the surface mirror eff@etare seeing a substantial proportion of
light that has been transmitted through the podémand reflected back to us from the pool
floor or walls, or by scattering from dissolved maliles or suspended particles in the pool
water.

Pure water is nearly transparent "< T T T ST
throughout the visible spectrum, bu_ "1 | |

when the light path is long enough § ** \ : h

(a metre or more) water has a blue § ; l W NN N

tint, due to higher absorbance at th§ o f \ \\“

red end of the visible spectrum (Fic; 1 N .

10; Braun and Smirnov 1993; g 1l ” i ™
Chaplin 2013). The red : blue 2., s “

absorbance ratio of about 100 : 1 it W g n

ultra-pure water is reduced by s 3 Foa A I

common trace impurities (Pope ant \ <o) s\

Fry 1997) but it remains high W T T T T
enough to cause a blue tint in man "o 1000 T — YT Jm
clean natural water bodies. Fig. 10. Absorption of radiation by pure water igvglr;nlgc:\r;v across visible

Coloured dissolved organic matter wavelengths, and minimal in the near UV - blue range. From Chaplin (2013).
shifts the colour towards green or yellow (Greed Blough 1994). Light absorption in pure
water is substantially due to vibrational effectshe OH bond. Colourless salts can have
measurable effects on the absorption spectrum wissolved in water at high concentrations
(Wolszczaket al.2002) but at swimming-pool concentrations no disable effect seems
likely above traces of chromogenic organic substama the water (Moredt al.2007). No
direct evidence has been published in support edrgibion of visible light by boric acid in
solution, whereas infra-red absorbance is chaiaett(Maoet al.2005; NIST 2011).

Dissolved salts can also affect the perceivedofintater due to increased light scattering.
This is a complex phenomenon (partly explainedrittgzally by luminaries including
Rayleigh and Einstein). In summary, bigger molesénd ion pairs) increase scattering,
which is greater at shorter wavelengths. Withintgpecal SWC pool concentration range,
effects of different solutes may be more than agelind molecular scattering of blue
wavelengths would be arounddper metre (Zhangt al.2009). This is comparable in
magnitude to absorption of blue, but >30-fold I absorption of red which confers the
blue tint in pure water (so a visible effect seembkely). Whether greater scattering of
shorter wavelengths increased or decreased a peddelue tint would depend on the
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proportion of the light scattered or transmittedtsrcourse to the observer. It seems barely
plausible that borate could have an effect thrahggymechanism on perceived water tint,
depending on overall solute composition. No dieegieriments on borate have been
published, but comparisons of natural and artifiseawater indicate no likely visible effect
(Ravisankaet al. 1988; Sullivaret al.2006). Another indirect test is that molecular
scattering tends to polarize light scattered pedfmerar to the original direction of travel.

The vector of polarization is then in a plane parpeular to the plane formed by the light
source, the point of scattering and the obsenvee.degree of polarization decreases with
consecutive scattering events. The sum of thesetsftan be seen in the sky viewed through
polarizing sunglasses (Hall 2010). Ocean solutasatso cause a high degree of polarization
to underwater light (Yot al.2011). When viewing pools through a polarizinggfi] there is
an obvious and expected effect on reflection froemwater surface. But | have not observed
any polarizing effect that would support a solut@enular scatter model for pool colour.
More critical scientific testing is needed to sugiolight scattering mechanism for any
effect of borate on pool colour.

Altered refractive index of the pool water is sommets proposed as a mechanism for an
effect of borate on colour, with the idea that éfffect arises from altered path length or
direction of the light reflected back to the vievirm the pool floor. This seems implausible
considering that refractive index increases froB820 for pure water (at 20 C and 589 nm)
to 1.3335 with NaCl at 3,000 ppm or 1.3340 with Nat35,000 ppm (spanning the range in
most SWC pools). To increase the refractive indexaier to 1.3335 using borate would
require 100 mM of B(OH)(Galleguilloset al.2001), or more than 1,000 ppm expressed as
boron equivalents. Any effect on refractive indéborate at recommended concentrations
(< 100 ppm boron equivalents) will be trivial ir5&/C pool. Variations in refraction within a
solution do contribute at the molecular level te ftattering mechanism mentioned above.

Sparkling appearance of a pool is generally a eefe to water clarity, in contrast with a dull
or turbid appearance arising from a fine suspensimh as a hascent Cag@ecipitate in

the pool water. It is possible that through impbyéd buffering or ion-pairing with C3, the
addition of borate might help in a pool at the kraf CaCQ precipitation (scaling). This
condition is not common, and in the longer termvould likely indicate a need for better
filtration, attention to pH, and/or reduced calciamd carbonate levels in the affected pool. It
is sometimes suggested that the effect might lageeblo algaestasis. This is not consistent
with ‘instant’ sparkle on borate addition, but itght follow a period of effective filtration in

a pool at the brink of failure to control boratexsive algae. Again this condition is not
common, and in the longer term it would likely iogtie a need for better filtration and
attention to chlorine, pH, and/or CYA levels in tféected pool.

In summary, there is no published evidence in gasicience for a mechanism of enhanced
blue colour or sparkle in otherwise well-maintaimpembls (particularly SWC pools) through
addition of boric acid; but data are scant or lagkih some areas such as long-path UV-
visible absorption spectra. Other treatments (sigctiltration that increased pool water
clarity, or chlorination that removed coloured dised organic matter) applied around the
same time as borate addition could clearly haveffatt in some cases.

10.2 Water softeningdAnother comment sometimes made is that the watahiorate-
buffered pool “feels softer”. Water “hardness” ssaciated with divalent cations (Cand
Mg™™) that form precipitates with some other ions, soa@p lipids on human skin and hair
surfaces - resulting in a sticky feel after swimgui/ater “softening” involves removal of
divalent cations from solution, commonly by ion kange with a monovalent cation such as
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Na'. Unless there is precipitation on addition of botais mechanism (which would reduce
both measured hardness and boron concentratios)reeem to be involved: €gq +
NagB4O7(ag)— CaBO7ppy + 2 Nd (aqy Borate does form ion-pairs with divalent catians
higher affinity (higher pK for dissociation) tharitwNa“ (Reardon 1976). Therefore borate
can function as a “non-precipitating water softénigy forming soluble complexes with
divalent cations and thereby reducing the subsedaenation of the above-mentioned
sticky precipitates (Borax Co. 2013). These ionrgare reversible interactions: they do not
alter hardness (CH or TH) measured in common festhut it is plausible that they affect
reactions perceived by human ‘skin tests’ in soo@$

While some boron compounds are important for lutyrioc some industrial settings (Shah

al. 2013), it is not clear how they could form undemsming pool conditions. The assertion
is sometimes made that borate gives pool wateft desd through saponification of skin
lipids. Saponification (hydrolysis of triglyceride®o glycerol and fatty acids) requires a high
concentration of OHons. It will not proceed at a detectable ratthathydroxide
concentration in swimming pool water (below pHWith or without buffering by borate.
More likely, the propensity of borate to crosslodnjugated hydroxyl groups (Hunt 2002)
contributes to a ‘soft’ feel by emulsifying compalsnat the skin surface.

Despite anecdotal reports to the contrary, dissbbagic acid does not directly alter the
surface tension of water (Nakathal.2013). Borate can protect some surfactants from
depletion by precipitation with Ca(Borax Co. 2013), and it can form complexes with
surfactant properties (Zharmg al. 2008) , but it is not clear that either of thefedts is
expected within the usual range of swimming podltgocompositions.

10.3 Sound absorptio®oron is a contributor to the sound-absorbing propof sea water
(Francois and Garrison 1982). But this effect ofgeraver long distances and even at the
higher boron concentrations used in swimming pdbkse is unlikely to be any substantial
sound-muffling (for example against nuisance nénge a pool cleaning device).

11.0 Measuring concentration

Colour tests are used for boron (as boric acidooates) in drinking water, and in soil

extracts (Keren 1996). Several suppliers have medistrip or drop-based tests for use with
swimming pools and aquaria. Opinions vary abougtt®iracy, precision, readability and
stability of different products (e.g. Poolforum A(Q1For current versions, search the web for
‘pool borate test’ and check that the tested camagans suit your need. Test strips generally
have fairly large borate concentration steps betvekgtinguishable colours. The designs are
proprietary, and the extent of interference by o8\ C pool solutes is difficult to guess.
Titration based on the lowered pKa of boric acicewlcomplexed with a sugar alcohol seems
to provide finer resolution, but kits based on thisthod may not be widely available.

Kits designed to measure the contribution of botaikalinity in marine aquaria are more
widely available. However, kits sold for aquariuseunay run into problems such as
interference from HOCI, CYA or other chemicals wopwater at concentrations well outside
of their range in sea water. For example, a kisbgchem uses strontium to complex
bicarbonate and carbonate, then titrates to pHméeasure alkalinity attributed to borate. For
pool use, HOCI must first be converted to chloaae bisulphate using thiosulphate, to avoid
bleaching of the indicator dye. Then (non-carbonallealinity measured by titration must be
corrected for CYA (subtract 0.19 to 0.31 meq/L36rto 50 ppm CYA in pool water at pH 8).
Then remaining (assumed borate) alkalinity in mexgh be multiplied by 119 to compare
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with ppm boron equivalents measured by some pd®| &ssuming pool pH = 8. The
correction factors depend on the proportions ofchamnd cyanuric acids in base form, and
therefore on both pH of the pool and the pKa o$éhacids as influenced by the exact solute
composition of the particular pool water.

A further complication is that ‘chlorine neutralimm’ using thiosulphate (3 N&0O; + 4

HOCI — 4 NaCl + 2 NaHSQ+ 2 S + 2 S@+ H,O ) yields bisulphate, which is a strong acid
(pKa < 2). It will remain nearly fully ionized anmtbt contribute substantially to ‘alkalinity’
measured in titration to end-points in the rangedaid 6. However, formation of this strong
acid will lower the pH of the test sample befoteation, by an amount that depends on the
initial FC (provided that sufficient thiosulphateaddded for complete conversion) and the
other buffer components in the sample. This willuee the amount of acid needed to titrate
to the selected end point, and therefore the medsalkalinity’. Care is also needed that
adjustments of the method to suit pool compositiomot alter salinity- or volume-
dependent calibration of the kit. There are propadsd many variables for reliable use of the
aquarium borate kit with pool water, especiallyigh FC levels. Errors in estimated
correction factors are compounded in the finaheste of borate concentration. Users
without knowledge of these factors will likely obtayreater satisfaction from a borate test
designed for salt-water swimming pools, if onevaikble.

12.0 Conclusions

Boric acid can be conveniently and safely applrethe concentration range 50 - 100 ppm
boron equivalents as a primary or adjunct pH buffestem in swimming pools. It is most
likely to be useful as a primary buffer system &itbting for the bicarbonate system) in
pools with salt-water chlorine generators that tenshow upward drift in pH from a

working range of pH 7.5 - 8.2 (Birch 2013). Whikeese boron concentrations are exceeded
in some common foods, swimmers should be advisetbrgwallow more than a cup of pool
water per day, to remain below the WHO-recommemdagimum rate of chronic intake.
Precise concentration is not critical, but 200 ppould call for dilution as a precaution
against excessive ingestion with pool water byydawimmers. The use of boric acid in this
concentration range does not allow any reductidneia HOCI concentration needed for pool
sanitation, but it may add marginally to the photdective effects of cyanuric acid. There is
some scientific support for other marginal bendfiteugh anti-corrosive activity or
perceived water softness, depending on overall golate composition. On current evidence,
effects on water colour or clarity seem unlikelyotherwise well-maintained pools. Direct
scientific tests are needed to establish the eXifesuhy) of these potential marginal benefits
under various swimming pool conditions. In contrés¢ pH buffering chemistry is
thoroughly established. Like any other pool solbtajc acid will be lost through overflow or
back-flushing. Several borate test kits exist.sikdi with care they should provide sufficient
resolution to manage replenishment to the desimedantration range.
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