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Using published equilibrium constants and
adjusting for the impact of temperature and
tonic strength to match common swimming pool
conditions, hypochlorous acid concentration was
calculated for arangeof pH (7.0-9.0), free chlorine
concentration (1, 2 and 4 mg/L) and chlorine
stabilizer (cyanuric acid) concentration (0, 12.5,
25, 50 & 100 mg/L). The calculations show that
hypochlorous acid concentrationis generally much
lower in the presence of stabilizer than in its ab-
sence; hypochlorous acid concentration is far less
sensitive to pH than to the presence of stabilizer,
and that, hypochlorous acid concentration is sig-
nificantly less sensitive to pH in the presence of
stabilizer than in its absence. Available disinfec-
tion rate dataindicate that disinfection rates follow
these same general trends seen for hypochlorous
acid concentration. Raising the upper pH limit
from 7.8 to 8.5 would have comparatively little
impact on disinfection and water quality, while
making it easier to maintain relatively constant
pH, and thereby prevent the needless effects of
corrosion and scale formation that can result
from pH swings. It would also be appropriate to
tie ideal chlorine residuals to cyanuric acid con-
centration, since cyanuric acid has a profound
chlorine sequestering tendency.

Introduction
A number of standards and codes, such as
ANSI/APSP-11' and the Model Aquatic Health
Code?, limit the operational pH for swimming pools
and spas to the 7.2 to 7.8 range. The reasons for
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not allowing pH to be outside the 7.2 — 7.8 range
generally include concerns about possible corro-
sion (especially at lower pH), scale formation (at
higher pH), irritation or tissue damage, and the
lower efficacy of chlorine at higher pH due to a
shift toward more hypochlorite (a markedly less
effective disinfectant) and away from hypochlor-
ous acid (the dominant disinfectant in chlorinated
pools) at higher pH.

Scale Control

The risk of scale formation at higher pH
can be mitigated by proper application of a scale
index, most commonly the Langelier Saturation
Index. The primary limitation of the Langelier
Index in open bodies of water, such as swimming
pools, is failure to actually predict scale forma-
tion due to the tendency for pH to drift upward
as carbon dioxide is lost to the atmosphere. This
upward driftis most rapid when the pHislow and
the alkalinity is high. The upward pH drift can
lead to scale formation, unless pH is constantly
controlled. Since use of pH controllers remains
atypicalinresidential pools, it is desirable to have
alternate means to limit upward drift in pH and
the resulting scale formation. One method is to set
ahigher pH target (8.0to 8.5) in combination with
alkalinity low enough to achieve LSI (Langelier
Saturation Index) balance.

Irritation and Tissue Damage
The human body can easily endure external
exposure to a pH in the 8 to 9 range. The pH of
some foods is in the alkaline range. For example,
the pH of egg whites ranges from 7.0 to 9.0; and
crackers range from 7.0 to 8.5.2 The majority of
soaps have pH values ranging from 9 to 10.4
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Eyes are more sensitive than skin. The Annex
to the Model Aquatic Health Code indicates that
in terms of bather comfort optimum pH limits
are 7.5 to 8.0.> No documentation was cited. A
peer-reviewed study not cited in the annex to the
code, however, noted that damage to corneal cells
was observed after three hours of exposure to a
pH outside the 6.5 to 8.5 range.® A 1973 study by
Rylander, et al. on eye irritation by pool water
generally reported no significant influence of pH
variation between pH 7 and 9, though reduction
of the pH from 8.0 to 7.0 resulted in higher fre-
quency of eye irritation.” Eye drops and similar
ophthalmic preparations typically are formulated
with pH in the pH 6.5 — 8.5 range. Therefore, in
the interest of bather comfort and safety, the pH
of pool water should not be allowed to exceed 8.5.

Impact of pH on Disinfection

The primary reason cited in the Model
Aquatic Health Code Annex for an upper pH
limit of 7.8 is the impact of pH on hypochlorous
acid concentration and the fact that, compared to
hypochlorite ion, hypochlorous acid is estimated
to be 100 times as effective at killing microor-
ganisms.® For the same reason, pool operator
training materials from various organizations,
including APSP and NSPF?, present graphs of
the fraction of free chlorine in the acid (HOCI)
form as a function of pH (Figure 1):

The pKa of hypochlorous acid, which appears
in the equation that defines the graph, is about
7.4 to 7.5, depending on temperature and ionic
strength.

Such plots and the associated guidance can,
however, be misleading in many pools. Chlorine
stabilizer (cyanuric acid) is commonly present,
usually at concentrations exceeding 25 mg/L,
especially in outdoor residential pools. Under
such conditions most of the chlorine is bonded to
isocyanurate, though DPD tests include cyanu-
rate-bound chlorine in the free chlorine reading.
(For this reason, in this paper the term “Free
Chlorine” includes not only hypochlorite and
hypochlorous acid, but also isocyanurate-bound
available chlorine.) As is the case with hypochlo-
rite, isocyanurate-bound chlorine is a relatively
ineffective disinfectant. Most of the inactivation
of microorganisms is accomplished by the small
fraction of free chlorine present as hypochlorous
acid, not hypochlorite or chlorine bonded to cy-
anurate. In view of this, a few key factors should
be noted:

When cyanuricacidis absent, hypochlorous
acid concentrations tend to be relatively
high—even at high pH.

Hypochlorous acid concentration is far
more sensitive to the cyanuric acid than
to pH (when the pH range is limited to 7
— 8.5 and CYA concentration may range
from O to >25 mg/L).

Figure 1 — Plot of hypochlorous acid fraction as a function of pH in the absence of
cyanuric acid. Such plots are common in pool operator training materials.
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*  Hypochlorous acid concentration is far
less sensitive to pH when measurable
concentrations of cyanuric acid are
present, than when cyanuric acidis absent.

Each of these points will be illustrated in the
graphs and tables that follow.

Hypochlorous Acid
Concentration Dependence
pH and CYA

The graphs shown below illustrate the im-
pact of pH, and measurable “free” chlorine and
cyanuric acid concentrations on hypochlorous acid
concentration. For all these graphs the assumed
conditions were:

27.0°C (81°F)
0.04 (Roughly 1,600 ppm TDS)

1, 2 or 4 mg/L,, as indicated, in
most cases 2mg/L

0, 12.5, 25, or 50 mg/L, as
indicated. (This includes
all ten possible forms
cyanuric acid: ionized or
uncharged, unchlorinated,
monochlorinated,
dichlorinated, trichlorinated,
etc.)

At the temperature and ionic strength indi-

Temperature:
Tonic Strength:
Free Chlorine:

Cyanuric Acid:

cated, the pKa of hypochlorous acid is approxi-
mately 7.44.

Figure 2, below, shows the decline in hy-
pochlorous acid concentration as pH increases.
The higher, blue, dotted-line curve is for 2 mg/L
free chlorine and no cyanuric acid. The shape
matches that of the common reverse-sigmoidal
graph shown in Figure 1, though the pH range in
Figure 2 is limited, so the full sigmoidal shape of
the curveisnotdisplayed. Note that with cyanuric
acid present, even at the low concentration of 12.5
mg/L (red, dashed line), hypochlorous acid con-
centration is much lower than the cyanurate-free
curve. Clearly hypochlorous acid concentration
1s more sensitive to cyanuric acid concentration
than to pH. The hypochlorous acid concentration
in the absence of cyanuric acid at pH 8.6 1s higher
than the hypochlorous acid concentration with
12.5 mg/L cyanuric acid at pH 7.0. Doubling the
cyanuricacid concentration hasaslarge animpact
on hypochlorous acid concentration as raising
the pH one to two full units. This can be seen in
Figure 3 and Figure 4, in which the free chlorine
concentration is fixed at 2 mg/L and the cyanuric
acid concentration ranges from 0 to 100 mg/L. The
vertical axis in Figure 3 is expanded to focus on
the 0 to 0.4 mg/L hypochlorous acid range. The
vertical axis in Figure 4 is logarithmic, allowing
the hypochlorous acid sensitivity to pH to be
compared for various cyanurate concentrations.

Figure 2 — Hypochlorous acid concentration as a function of pH at various cyanurate
and chlorine concentrations. Hypochlorous acid concentration is expressed in units of
mg/L available chlorine.
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In addition tobeing more sensitive to cyanuric
acid concentration than to pH, hypochlorous acid
concentration is far less sensitive to pH when
cyanuric acid is present than when it is absent.
This becomes more apparentin Figure 4, in which
all the curves are for 2 mg/L free chlorine concen-
tration and the hypochlorous acid (vertical) axisis
logarithmic, and in Figure 5, which shows a plot
of the ratio of HOCI concentration at the given
pH to the HOCI concentration at pH 7.5 for the
same combination of free chlorine and cyanuric

acid. By normalizing the hypochlorous acid con-
centration at any given pH to the concentration
at pH 7.5, all of the curves are brought into the
same approximate magnitude on the vertical
axis. Due to this normalization, all the curves
naturally cross each other at pH 7.5 and a ratio
or normalized value of 1.0. A normalization pH
of 7.5 was selected because 7.5 is the midpoint
of the common operating range of pH 7.2 — 7.8.

Note that the cyanurate-free curve (blue

Figure 3 — Hypochlorous acid concentration versus pH for 2 mg/L free chlorine and
various cyanuric acid concentrations, as indicated.
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Figure 4 — Hypochlorous acid concentration as a function of pH for various cyanuric
acid concentrations. The hypochlorous acid concentration (vertical axis) is logarithmic.
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dotted line) in Figures 2 to 5 varies more with pH
than do the curves in which cyanurate is present;
and to some degree the sensitivity of hypochlorous
acid concentration to pH decreases with increas-
ing cyanuric acid concentration, though with
diminishing additional impact as cyanuric acid
concentration increases from already substantial
values. This decrease in pH sensitivity as cyanu-
rateis added may seem surprising, since cyanurate
should have noinfluence on the hypochlorous acid
acid-dissociation equilibrium constant, Ka, or

pKa, or the equation shown in Figure 1. The same
relationship between pH and the ratio [HOCI]/
([HOCI]+[OC1 ) exists with or without cyanuric
acid; however, the affinity of cyanuric acid for
chlorine decreases as the pH moves upward from
7.0. This is shown in Figure 6, where the concen-
trations of hypochlorous acid, hypochlorite anion,
and the total isocyanurate-bonded chlorine are
plotted versus pH. Note how the solid purple line
(cyanurate-bonded chlorine) drops off, especially
asthe pH rises above 8. With less chlorine bonded

Figure 5 — Hypochlorous acid concentration at any given pH normalized to the
concentration at pH 7.5
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toisocyanurate as pH increases, the hypochlorite
ion concentration rises more and the hypochlorous
acid concentration drops off less than would be
the case in the absence of cyanuric acid.

For reference, Table 1 provides the numeric
values plotted in Figure 5. Stabilized-chlorine
pools rarely have cyanuric acid concentrations
below 25 mg/L, and usually do not maintain
chlorine concentrations greater than 4 mg/L. (At
present the US EPA does not allow bather entry
to the water when the free chlorine concentration
exceeds 4 mg/L.) Consequently, the last four col-
umns in the table are most relevant to common
situations. From these columns, it can be seen
that even at pH 8.5 the hypochlorous acid concen-
tration is at least 70% of what it would be at pH
7.5 (for the same concentrations of free chlorine
and cyanuric acid). If the cyanuric acid concen-
tration is at least 50 mg/L, the hypochlorous acid
concentration at pH 8.5 is at least 75% of what it
would be at pH 7.5.

The net takeaway from these calculations is
that hypochlorous acid concentration is far more
sensitive to cyanuric acid concentration than to
pH, and that when cyanuric acid is present, and
hypochlorous acid is therefore lowest, sensitivity
of hypochlorous acid concentration to pH is also
at its lowest. It is generally acknowledged that
hypochlorous acidis the primary or only significant
disinfectantinchlorine treated recreational water.
Ifthe chlorine is not stabilized, hypochlorous acid
concentration would be higher than in a typical
stabilized pool. This is the case even if the pH is
as high as 8.5in the non-stabilized pool and as low
as 7.2 in the stabilized pool. On the other hand,
in stabilized pool water—where hypochlorous
acid concentrations tend to be the lowest—the
pH sensitivity is so low that increasing the pH
limit to 8.5 would only allow the hypochlorous
acid concentration to drop to 75% of what it
would be at pH 7.5 or 83% of what it would be
at the currently common upper limit of pH 7.8.

Table 1 — Relative Dependence of Hypochlorous Acid

Concentration on pH, normalized to pH 7.5.

HOCI Concentration at Given pH Divided by HOCI Concentration at pH 7.5

2 ppm FC, 2 ppm FC, 2 ppm FC, 2 ppm FC, 1 ppm FC, 4 ppm FC,
PH 0 ppm CYA 12.5 ppm CYA 25 ppm CYA 50 ppm CYA 50 ppm CYA 50 ppm CYA
7.0 1.57 1.38 1.38 1.38 1.39 1.38
7.1 1.47 1.27 1.27 1.27 1.27 1.27
7.2 1.36 1.19 1.18 1.18 1.18 1.18
7.3 1.25 1.11 1.11 111 1.11 1.11
7.4 1.12 1.05 1.05 1.05 1.05 1.05
7.5 1.00 1.00 1.00 1.00 1.00 1.00
7.6 0.88 0.95 0.96 0.96 0.96 0.96
7.7 0.76 0.91 0.92 0.93 0.93 0.93
7.8 0.65 0.87 0.89 0.90 0.90 0.90
7.9 0.55 0.83 0.86 0.88 0.88 0.88
8.0 0.46 0.80 0.84 0.86 0.86 0.85
8.1 0.39 0.76 0.81 0.84 0.84 0.83
8.2 0.32 0.72 0.78 0.82 0.82 0.81
8.3 0.26 0.67 0.76 0.80 0.80 0.79
8.4 0.21 0.63 0.72 0.78 0.78 0.77
8.5 0.17 0.58 0.69 0.75 0.76 0.75
8.6 0.14 0.53 0.65 0.73 0.73 0.72
8.7 0.11 0.48 0.61 0.70 0.70 0.69
8.8 0.09 0.43 0.57 0.67 0.67 0.66
8.9 0.07 0.38 0.53 0.64 0.64 0.62
9.0 0.06 0.33 0.48 0.60 0.60 0.58
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Consequently, one would expect that disinfection
shouldbe little affected by increasing the pH upper
limit from 7.8 to 8.5. This invites the question of
whether this expectation would be borne out by
actual disinfection data.

Impact of pH on

Disinfection Time

To verify whether the predictions based on
calculated hypochlorous acid concentration are
supported by actual disinfection data, peer-re-
viewed studies were sought in which disinfection
rates were compared over a range of pH and cy-
anuric acid concentrations. One published study
was located that satisfied these criteria.!® In this
paper John Anderson measured 99% kill times
for Streptococcus faecalis, currently referred to
as Enterococcus faecalis, at pH 7.0 and 9.0, at
cyanuric acid concentrations of 0, 25, 50 and 100
mg/L,, and nominal total chlorine concentrations
of 0.25, 0.5 and 1.0. Data were also provided in
the paper that allow estimation of free chlorine
concentrations for each of the total chlorine con-
centrations measured. (See section on Methods.)

Unfortunately, since kill times are so short
in the absence of cyanuric acid, kill times could
not be accurately estimated for free chlorine

concentrations >0.2 mg/L: and cyanuric acid con-
centration of zero. Nevertheless, a couple of clear
relationships are confirmed:

1. As expected, kill times (not just hypo-
chlorous acid concentration) are far more
dependent on cyanuric acid concentration
than on pH.

2. Also, as expected, while kill times are
longerinthe presence of cyanuric acid, they
are also far less dependent on pH. With
25 mg/L or more of cyanuric acid present,
the kill times at pH 9.0 are generally little
over twice thekilltimesat pH 7.0, whereas
in cyanurate-free water, kill times are
several times (probably >10x) longer at
pH 9.0 than at pH 7.0.

One unexpected observation is that with no
cyanuric acid present, kill times are far less sen-
sitive (by about half) to pH than is hypochlorous
acid concentration; whereas with atleast 25 mg/L
of cyanuric acid present, kill times generally ap-
pear to be somewhat more sensitive to pH than
is hypochlorous acid concentration. Nevertheless,
it appears clear that in the absence of chlorine
stabilizer, bacterial inactivation times tend to
be short, even at pH as high as 9; whereas with
stabilizer present, kill times are relatively insen-
sitive to pH.

Table 2 — Time required for 99% inactivation of S. faecalis at pH 7 vs. pH 9 for various
combinations of free chlorine and cyanuric acid concentration.

Also included, at right, are estimated hypochlorous acid concentrations.

CYA FC 99% Kill Time (minutes) [HOCI] in units of mg/L FC
(mg/L) | (mg/L) | @pH7.0 | @pH9.0 (@ pHI9/@ pH7| @pH7.0 | @ pH9.0 |@ pH7/@ pHI

0 0.18 0.3 3.5 11.7 0.14 0.006 23
0 0.41 1.6 0.318 0.013 24
0 0.86 0.9 0.674 0.029 24
25 0.19 7.2 15.5 2.2 0.002 0.001 2.3
25 0.41 3.2 7.7 2.4 0.005 0.002 2.1
25 0.88 1.6 3.3 2.1 0.01 0.005 2.2
50 0.19 11.5 29.5 2.6 0.001 0.001

50 0.41 4.7 12.1 2.6 0.002 0.001

50 0.87 2.4 5.5 2.3 0.005 0.002

100 0.19 21.7 55.3 2.5 0.001 0.000 1.9

100 0.41 10.2 20.4 2 0.001 0.001 1.9

100 0.86 4.1 9.4 2.3 0.002 0.001 2

12
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Estimating Appropriate
Chlorine Residuals

Given the strong dependence of hypochlorous
acid concentration oncyanuric acid concentration,
it seems appropriate to establish appropriate
chlorine residuals as a function of the amount of
cyanuric acid present. This can be done if an ideal
hypochlorous acid concentration can be agreed
upon. As the hypochlorous acid concentration
decreases, the rate of disinfection will decrease,
as will the rate of oxidation of contaminants.
However, as the hypochlorous acid concentra-
tion increases, formation of irritating and toxic
disinfection byproducts may also increase. Direct
toxicity from the hypochlorous acid would also
increase in tandem.

In the absence of consensus on an ideal
hypochlorous acid concentration, a rough range
may be estimated as follows:

*  For a lower limit: A free chlorine residual of
no less than 0.2 mg/Lis required to insure the
safety of potable water.!' Also consider the
secondary drinking water standard for pH:
6.5 to 8.5.12 This would establish a minimum
hypochlorous acid concentration (assuming
the absence of cyanuric acid) of 0.0161
(expressed as milligrams free chlorine per
liter), using the 0.2 mg/L: FC and pH 8.5. To

avoid bacterial infestation, the hypochlorous
acid concentration should never be allowed to
drop below this lower limit, though even this
limit may not be high enough.

For an upper limit, consider the common pool
water chlorine limit of 4.0 mg/LLand minimum
pH of 7.2. This would, in the absence of
cyanuric acid, equate to a hypochlorous acid
concentration of 2.54 (expressed milligrams
of free chlorine per liter). To avoid issues with
chlorine toxicity and excessive formation of
irritating disinfection byproducts, this upper
limit should not be exceeded when bathers
are present.

Using these upper and lower limits for gen-
eral guidance, one can then determine the free
chlorine concentrations required to establish such
hypochlorous acid concentrations, as a function
of pH and of cyanuric acid concentration. Figures
7 and 8 plot the free chlorine concentrations cor-
responding to the upper and lower hypochlorous
acid limits indicated above.

It can be seen that the 0.0161 to 2.54 hypo-
chlorous acid concentration range corresponds to
a rather broad range for free chlorine, especially
when variationsin pH and cyanuricacid are taken
into account. Few experts would be comfortable
recommending hypochlorous acid concentrations

Figure 7 — Free chlorine required to provide the upper limit hypochlorous acid
concentration of 2.54 mg/L (as free chlorine).
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outside the 0.0161 to 2.54 mg/LL concentration
range when bathers are present. For most, the
lower limit would be too low and the upper limit
too high. A more ideal hypochlorous acid con-
centration would be the geometric mean of the
indicated limits, 0.20 milligrams of hypochlorous
acid per liter. Figure 9, below, is based on this
hypochlorous acid target.

Note that even fixing the ideal hypochlorous
acid concentration still allows for a wide range
in free chlorine concentration, with cyanuric acid
concentration having a particularly large influ-
ence on the chlorine concentration requirement.
The increase in the free chlorine requirement
as pH or cyanuric acid concentration increase is
probably overstated by the graphs. As cyanuric
acidincreases to higherlevels, above 10—20 mg/L,
hypochlorous acid becomes a very small fraction
of the total chlorine present. Under such circum-
stances the weak disinfecting influence of the
chlorinated isocyanurates could become signifi-
cant, asthe concentrations of these species dwarfs
the concentration of hypochlorous acid. The net
result would be that if a target disinfection rate,
ratherthanjust atarget HOCl concentration were
allowed to determine the required free chlorine
concentration, a leveling off of each curve, below

the lines shown in the figures at higher values
of cyanuric acid. The green dashed line “pH 7.5
corr.” curve in Figure 9 was generated with an
assumption that, in aggregate, the active chlorine
speciesother than hypochlorous acid (hypochlorite
and the various chlorinated isocyanurates) would
have 2% of the disinfecting strength of hypochlor-
ous acid. It would be very difficult to determine
the right disinfection credit to assign to the key
chlorinated isocyanurates. This would vary with
the number of chlorines bound to the cyanurate
ring (1 to 3) and the charge, if any, of the species
(0, -1, or -2). In view of this, the green dashed line
is presented simply to illustrate the general type
of deviation one might anticipate, not to establish
the actual magnitude of the correction.

Calculations show the mono-negative, mo-
no-chlorinated isocyanurate (HC,N,0,Cl") to be
the dominant chlorinated isocyanurate in the pH
range of 5.5 to 10. In view of the negative charge
of the ion, it is unlikely to penetrate microbial
cells well enough to be very active as a disin-
fectant. Consequently, an efficacy greater than
2% as high as hypochlorous acid is unlikely; so,
deviations greater than that shown by the green
dashed line are unlikely. In all probability, actu-
al chlorine concentration required to match 0.2

Figure 8 — Free chlorine concentration required to provide the lower limit
hypochlorous acid concentration of 0.0161 mg/L (expressed as free chlorine).
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mg/LL HOCl falls between the dashed green curve
and the solid green line. This suggests that even
with reasonable allowance for disinfection con-
tributions from chlorinated isocyanurates, with
cyanuric acid concentrations as low as 20 mg/L, a
free chlorine concentration in excess of 4 mg/L is
required to match the efficacy of a 0.5 mg/L free
chlorine pH 7.6 solution without cyanuric acid.

Increasing chlorine residual concentration to
atleast partially offset the impact of cyanuric acid
should not be a concern in terms of formation of
chlorinated disinfection byproducts. By lowering
the concentrations of hypochlorous acid and of
dissolved free chlorine, cyanuric acid also slows
the formation of chlorination disinfection byprod-
ucts. Ronald L. Jones, et al. have demonstrated
that addition of cyanuric acid causes a decrease
in the formation of chloroform from the reaction
of free chlorine with humic acid.!?

A final note of caution: Federal law under
FIFRA (the Federal Insecticide, Fungicide and
Rodenticide Act) forbids use of a pesticide, for
example an antimicrobial such as a chlorinating
agent, in a manner inconsistent with its labeling.
At present the US EPA does not allow chlorine
residuals in excess of 4 mg/Li in recreational wa-
ter when bathers are present. Consequently, any
efforts to increase chlorine residuals based on
the considerations discussed in this paper would
need to involve the US Environmental Protection
Agency, before changes are made on product labels

or in the actual operation of swimming pools. It
does seem prudent, however, tobring tothe EPA’s
attention information on the impact of cyanuric
acid on disinfection, oxidation and chlorination
of disinfection byproduct precursors. It should
also be noted that the Conference on the Model
Aquatic Health Code has an ad hoc committee
that 1s conducting a more thorough investiga-
tion on the impact of cyanuric acid on the risk
of exposure to pathogens from other bathers in
swimming pools. The report of the committee,
when available, could be quite relevant to the
current subject, and includes considerations (such
as diffusion, pathogen load per bather, etc.) not
taken into account in the present paper.

Calculation Methods

Hypochlorous acid concentration was cal-
culated using equilibrium constants reported by
O’Brien.'* However, critical equilibrium constants
were adjusted for temperature and ionic strength,
based on peer-reviewed reports of the effects of
these parameters. The impact of temperature on
the dissociation constant of hypochlorous acid
was from Morris.!'® The impact of temperature
on O’Brien’s key equilibrium constants K, and
K, was from Wojtowicz.'® The acid dissociation
constant for hypochlorous acid and the various
protonated cyanurate species were adjusted for
ionic strength using Davies’ method, which has
been described by Wojtowicz!’, among others.

Figure 9 — Estimated free chlorine concentrations corresponding to an “ideal”
hypochlorous acid concentration of 0.2 mg/L (expressed as free chlorine). See the
limitations and precautions indicated in text on the next page.
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The effect of ionic strength on hydrogen ion is
already accounted for in pH, and the impact of
ionic strength on neutral (uncharged, non-ionic)
molecules is negligible, so only the impact on
anions had to be taken into account in the pres-
ent work. Taking the ionic strength of 0.04 and
temperature of 27°C into account the equilibrium
constants are as indicated in Table 3.

Prior to calculating equilibrium concen-
trations of the various species, free chorine and
cyanuric acid concentrations were converted from
mg/LL units to molarity, by dividing the mg/L
concentrations by the molecular weights: 70,906
mg/mole for free chlorine and 129,074 mg/mole
of cyanuric acid.

Using the adjusted equilibrium constants,
it is possible—for any given combination of pH,
hypochlorous acid concentration and cyanuric acid
concentration (total)—to calculate the ratio of the
concentration of each of the ten possible cyanurate
species (H,C,N,O,, H,C,N,O,, CIH,N,C,O,, etc.)
to the concentration of some common form, such
as the fully protonated, unchlorinated H,C,N,O,
form. Then by summing all ten ratios one can
calculate the ratio of the total cyanuric acid

concentration (sum of all ten species) to the
common form, H,C,N,O,. Dividing the chosen total
stabilizer concentration by this ratio yields the
concentration of the common form. From it, the
absolute concentrations of each of the ten forms
can be calculated. Likewise, from the pH and
the hypochlorous acid dissociation constant the
hypochlorite concentration can be calculated. The
net total “free chlorine” concentration can then
be calculated by summing the contributions from
hypochlorous acid, hypochlorite and the various
chlorinated isocyanurate species (Equation 1).

To determine the concentrations of the var-
1ous species for a chosen free chlorine concentra-
tion rather than a pre-determined hypochlorous
acid concentration, one can start with an initial
guess of the hypochlorous acid concentration (as
a very small percentage of the free chlorine, or
0 for simplicity). Then the concentrations of the
ten cyanurate species and of hypochlorite are
calculated asindicated above. The calculated free
chlorine concentration, summed from the chlorine
contributions of all the calculated active chlorine
species (as in the equation above), will then differ
from the chosen free chlorine concentration. For
the next iteration, the calculations are repeated

Table 3 — Temperature and ionic strength adjusted pKs used in calculating
concentrations of hypochlorous acid and related species.

Reaction pK
HOCl = H* + OCI~ 7.441
H.Cy= H +HCy~ 6.860
HCy~ = H'+HCy’~ 11.322
HCy*~ = H'+ Cy°~ 13.324
H.CICy + H,O = H.Cy + HOCI 3.954
HCl Cy + H,O = H,CICy + HOCI 2.822
Cl.Cy + HO <= HCl.Cy + HOCI 1.800
H.CICy = H* + HCICy— 5.310
HCICy— = H* + CICy*~ 10.042

HCl.Cy = H* + Cl .Cy~ 3.73

Equation 1
FC=[HOCI] + [OCI"] + [H,CICy] + [HCICy™] + [CICy*"] + 2([HCL,Cy] + [CL,Cy™]) + 3[CL,Cy]

where Cy = C,N,O,
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with a different value for the hypochlorous acid
concentration, adjusted as needed to bring the
calculated total free chlorine closer to the chosen
value for free chlorine. With enough iterations,
it is possible to converge on a concentration for
hypochlorous acid that produces a chlorine sum
(Equation 1) equal to the chosen free chlorine
value. The number of iterations required for
convergence can be greatly reduced by use of
the Newton-Raphson method. To do this, the
above equation for free chlorine (Equation 1) is
differentiated with respect to [HOCI]. The re-
sulting differential or slope, dF'C/d[HOCI], can
be used in selecting the value of [HOCI] for the
next iteration based on the difference between
the calculated total FC in the current iteration
and the target FC. Moving from any iteration,

I, to the next iteration, i+1, a new estimate for
[HOCI] is calculated:

Equation 2
FC

target - i

dFC/d[HOCI]

[HOCT] ,, = [HOCI], +

+1)

Using this Newton-Raphson method to
achieve rapid convergence, consistency between
the chosen (target) free chlorine concentration
and the calculated sum can be achieved in a few
iterations. A spreadsheet was developed with 20

such iterations (to insure complete convergence),
one iteration per row and the concentration of
one species or the ratio of concentrations of two
species, or sum of ratios, etc. per column. This
spreadsheet was used for the computation of
hypochlorous acid concentration for each com-
bination of pH, free chlorine and cyanuric acid
concentration cited in this paper.

For Table 1 and Figures 1 through 4 the
assumed temperature was 27°C (80.6°F) and the
lonic strength was assumed to be 0.04, which
roughly equates to about 1,600 ppm total dis-
solved solids. For calculation of hypochlorous acid
concentration in the disinfection work reported
by Anderson, the temperature 20°C, indicated by
Anderson, was used for equilibrium calculations.
Theionic strength was assumedtobe 0.01, roughly
400 ppm TDS.

Time required for 99% inactivation of S. fae-
calisunder various conditions of pH, total chlorine
and cyanuric acid concentration were taken from
Table 3 in the cited paper by Anderson.!® Free
chlorine concentrations were estimated by the
relationship:

Equation 3
FC=0.933x TC — 0.036

This relationship was discerned by plotting

Figure 10 — Plot of free chlorine versus total chlorine in Anderson’s work. Filled circles
are average initial values. Open circles are average final values, for the three nominal
total chlorine levels.
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the data from Table 1 in Anderson’s paper.

With the work being reported by Anderson
in 1965, free and total chlorine were measured
by the, now obsolete, OTO-arsenite method. The
method was discontinued by the 15% edition
(1991) of Standard Methods, due to inaccuracy
and OTO toxicity.'® Nevertheless, Anderson’s
estimates of free and total chlorine were remark-
ably consistent. In view of this, and the evidence
that combined chlorine concentrations were low
in comparison to total chlorine, the free chlorine
estimates are sufficiently accurate for the cur-
rent purposes of showing whether hypochlorous
acid concentration and disinfection rate share
approximately the same relationships with pH
and stabilizer concentration.

Conclusions
Available evidence based on disinfection
rate data and hypochlorous acid concentration
calculations indicate that:

+ Disinfection rate and hypochlorous acid
concentration are far more dependent on
stabilizer (cyanuric acid) concentration than
on pH, when pH can vary from 7 to 8.5 and
cyanuric acid can vary from 0 to >25 mg/L.

* Hypochlorous acid concentration and
disinfection rate are higher in the absence of
stabilizer—even at pH as high as 8.5—than
in the presence of 12 mg/L of stabilizer, even
at a pH as low as 7.0.

*  Uponraising the pH from 7.5t0 8.5, the percent
decline in hypochlorous acid concentration
with >25 mg/L stabilizer present is little more
than a fifth of the percent decline without
stabilizer. Best indications are that sensitivity
of disinfection rate to pH is more or less the
same.

+  Consequently, when stabilizer is absent,
hypochlorous acid concentrations and
disinfection rates remain comparatively high
even up to pH 8.5.

*  When stabilizer is present, and therefore
hypochlorous acid concentrations and
disinfection rates are depressed, the HOCI
concentration and disinfection rate are
comparatively insensitive to pH. Raising the
pH upper limit from 7.8 to 8.5 would not have
a significant impact on bacterial kill rates or
water quality in general. Operation at a higher

18

pH (8.0-8.5) could actually improve water
quality somewhat with respect to nitrogen
trichloride generation during breakpoint
chlorination. Conduction of breakpoint
chlorination at high chlorine concentrations
or low pH tends to increase the amount of
noxious nitrogen trichloride formed, relative
to what would be formed at higher pH. This
might also explain the higher irritation at
pH 7 than at pH 8, noted on page 7 in the
last paragraph of the “Irritation and Tissue
Damage” section.

It would be appropriate to establish an ideal
free chlorine concentration range that varies
with cyanuric acid concentration, rather than
being fixed regardless of cyanurate levels.

With cyanuric acid concentrations aslow as 20
mg/L, a free chlorine concentration in excess
of 4 mg/L is required to match the efficacy of
a 0.5 mg/L free chlorine solution at pH 7.6
without cyanuric acid.

Duetotheimpactof cyanuricacid in depressing
the concentration of hypochlorous acid, and
the trace concentration of dissolved elemental
chlorine, formation of chlorinated disinfection
byproducts is also slowed by cyanuric acid.
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