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Abstract

Conventional characterisation of low alkalinity waters via pH measurement and titration of total alkalinity to a prescpbét end
invariably leads to large errors. These errors result from instability of the pH probe and an unknown titration endrhopeplert

two indirect methods (termed the “double Gran function” and the “blend” method) for the characterisation of such waters are
evaluated critically. A blend composed of the raw water, sodium chloride (to increase conductivity), and standard bi¢arbonate (
increase buffering capacity) was titrated with standard strong acid in two pH regions: 6.3 < pH < 7.0, and 3.5 > pHetl.0. In b
methods, total alkalinity was determined using the latter set of points, and the first Gran function. In the double Gram&thotl

the upper set of titration points was used to determing&ciity using the second Gran Function. In the “blend” method,
equilibrium chemistry data were used to calculate total acidity for each point based on the known total alkalinity, pH reading,
temperature and ionic strength. The two methods gave excellent results (in terms of both repetition and accuracy) a®compared t
characterisation based on total alkalinity and inorganic carbon analysis. A detailed procedure for the execution of tha¢tvesapp

is given in an appendix.

Introduction problems in design and control of water treatment plants in soft
water regions.

Natural terrestrial waters on the eastern seaboard region of all the The problems that arise in these measurements can be

continents in the southern hemisphere have low alkalinity arsimmarised briefly as set out below:

hardness and are usually slightly acidic; incidents of such waters

arise also in most of the northern hemisphere continents. Alkalinity measurement problem

In South Africa such waters occur from just south of Durban to

Cape Town. These waters are corrosive to metals and aggressiv@tiorently most laboratories measure Alkalinity by titration to a

cement materials. Consequently, stabilisation is required prior fi@ed end-point (i.e. to a colorimetric or pH end-poifthé¢ term

distribution. Usually stabilisation is effected via lime (to increasdlkalinity is used here to define the proton-accepting capacity with

calcium and alkalinity concentrations) and (&@dition to obtain respect to carbonic acid as reference ppifor low Alkalinity

a slight supersaturation with respect to Ca@Q®@ewenthal and waters, this is unsatisfactory because of the difference between the

Marais, 1976). Dosages to be applied depend on the initimbe titration end-point and that used (or reflected by the indicator

characteristics of the water, i.e. pH, total alkalinity (referred to heresed). For these wate&tandard Method$1998) propose an

as Alkalinity, referring specifically to the alkalinity associated withapproximate method based on titration to an arbitrary end-point

aH,CO, reference solution) and Eaoncentration. In this regard (anywhere between 4.3 and 4.7). However, this results in large

Alkalinity and pH measurements for these waters pose problemslative errors.

The difficulty with measuring Alkalinity arises from its low value  Less often used is a Gran titration (Gran, 1952). The method is

(usually less than 10 ndgis CaCQand sometimes as low as 1 fng/ accurate, easily effected and independent of a titration end-point.

and an unknown titration end-point. For pH the problem is one of

instability of the probe in the low buffer/low ionic strength waterspH measurement problems

These problems are highlighted in Table 1 below in which are listed

results from five analytical laboratories on the eastern seaboard fdte problem of pH instability in low Alkalinity waters can be

Alkalinity and pH analyses of a particular water. The magnitude @fartially resolved using glass and reference pH electrodes

the differences between the “true” values and the variable resudisecifically designed for these waters. However, these are expensive

measured by the laboratories is best presented by comparing el fragile and most laboratories are not equipped with them. It

total acidity (referred to here as Acidity, referring specifically to thghould be noted, however, that even with these electrodes measure-

Acidity associated with an COreference solution) values of the ments are still not necessarily reliable as discussed below.

water calculated from the measured data with their “real” Acidity = Characterisation of the carbonate system (i.e. the weak acid

value calculated from an Alkalinity (measured via Gran functiorgystem controlling pH) in terrestrial waters requires measuring any

and total dissolved inorganic carbon (measured using inorgamigo independent parameters for this system in water (in addition to

carbon analyser). The large errors likely to arise in characterisatitgsmperature and ionic strength). The independent parameters

from “conventional” Alkalinity and pH observations lead to extremawvailable include Alkalinity, Acidity, CQacidity, total dissolved
inorganic carbon (G and pH The terms Acidity and CQ@cidity

* To whom all correspondence should be addressed. are used here to define the proton-donating capacity with respect
WI72-4-8293479; fax: 972-4-8221529; to COzand HCQ as reference species respectiy¢iecognizing
e-mail: agori@techunix.technion.ac.il that Alkalinity can be measured accurately using a Gran titration,
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and that (i) Acidity cannot be measured directly (Loewenthal and CO, acidity = 2[HCO,’] — 2[CO/?] + [H*] — [OH]

Marais, 1976), (i) measurement of @equires an expensive = - CQ, alkalinity (5)
inorganic carbon analyser, and (i) pH measurementis impractical Acidity = 2[H,CO,"] + [HCO,] + [H*] — [OH] 6)
for reasons described above, measurement of the remaining Total inorganic carbon =.G= [H,CO,] + [HCO,]

parameter, i.e. CQacidity also should be consideregtandard +[CO2] @)

Methods(1998) proposes titration to pH 8.3 using a standardised

base, but does not propose a method for&@lity measurement These mass and capacity parameters are interdependent as follows:
invery poorly buffered waters where the problem of pH measurement

arises. Such consideration is effected in this paper and shown to be Alkalinity + Acidity = 2C. (8)
acceptable, provided that sodium chloride and standard bicarbonate Alkalinity + CO, acidity = G 9)

are added to the test solution.

In this paper, an in-depth investigation is effected into thelearly, each equation incorporates an extra parameter so that the
various means of characterising low-alkalinity waters. The methogltial problem remains unchanged, that is, two independent
investigated include: parameters need to be measured.

Usually (H) can be measured via operational pH observation
» Direct characterisation via measurement of Alkalinity (usingji.e. the pH value measured relative to National Bureau of Standards

Gran function) and pH using various probes available on thguffer solutions). The remaining parameter is obtained by

market. considering various alkalinity and acidity capacity parameters
» Indirect characterisation where a blend of sample, standaa@plicable to the system. Of these capacity parameters, Alkalinity

bicarbonate solution and sodium chloride is used. Charactetnd CQ acidity normally are considered to be easily measurable

isation of the blend is then effected via: via strong acid/base titration to a prescribed end-point (about 4.5

Measurement of Alkalinity using the first Gran functionand 8.3 respectively) with minimal error involved.
and CQ acidity using the second Gran function. From
these analyses, the characteristics of the raw water avieasurement of Alkalinity and CO , acidity using Gran
determined. titrations
Measurement of Alkalinity (as above) and measurement of
pH of the blend after addition of standard acid to adjust tGran (1952) showed that functions can be formulated for alkalimetric
a well-buffered zone (6.3<pH<7.0). From these analyseand acidimetric titrations and used for determining the various
the characteristics of the raw water are determined.  capacity parameters independent of a titration end-point. Detailed
formulation of these functions is set outdippendix A.
Before dealing with these methods, itis necessary to review briefly In brief, determination of Alkalinity is effected from standard
the capacity parameters for the carbonate system (i.e. various forstreng acid titration data effected in a pH region below tj@04
of alkalinity and acidity) and their interactions with pH viaequivalence point. The appropriate Gran functiop, i this

equilibrium equations. region being:
Theory FlX = _10—pHx qu +V><) = Ca l]Ve _Vx) (10)
System parameters where:

V_ = the unknown volume of standard strong acid to be

pH in natural terrestrial waters is governed principally by the ‘ added to reach the,80, equivalence point ((
carbonate system. Equilibrium relationships for this system in v the volume of standard strong acid added to a point x
water are: with pH equal to pH(m¥),

C, = concentration of standard strong acid (#)p#nd
(H") [HCO,)/[H,CO, 1=K, (1) V_ = volume of sample analysed {m
(H*) [COAJ[HCO, 1=K, 2
(HY)[OH] =K, (3)  Values for E are obtained by inserting titration data in the region
3.5 < pH < 4 in the left-hand side of Eq. (10), i.e. Plotting/&.
where: V_gives a linear relationship and its extrapolation t-€ (i.e.
x) = activity of species x; where the line intercepts with the vertical axis) gives the value of
x] = molarity of species x; V.. The desired Alkalinity is thus determined as:
K, K, = thermodynamicequilibrium constants adjusted V. T
for Debye-Huckel affects; Total alk (geq, =52 (11)
H,CO/T = [H,COJ+ [CO,, )

S
Determination of CQacidity is effected from titration data in the
The three equations above include five weak acid parameters —tt@igion 6 < pH < 7. The appropriate Gran functigp,if this region
observation forms the basis for the need to measure two independsnt
parameters in order to characterise a water. In addition to the above F,, =10 (v, -V, ) = -K,(V, -V,)

equilibrium equations, a number of proton balance (alkalinity and (12)

acidity) equations and a mass balance equation for the dissolvgdere:

carbonate species can be developed in terms of weak acid species/, = the unknown volume of standard strong acid/base to be

concentrations, giving: added to reach the HG@quivalence point (f
Alkalinity = 2[CO,*] + [HCO,] + [OH] - [H'] (4) Values for E, are obtained by inserting titration data into the left-
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hand-side term of Eq. (12), aftefhas been determined viathe firstleads to measurement of two capacity parameters — an approach
Gran function. Inspection of the right-hand-side term shows thawhich is independent of factors affecting potentiometric
plot of F,, vs. V, is linear and extrapolation tg./= O (i.e. where observations and equilibrium constants such as temperature,
the line intercepts with the vertical axis) givestWat is the volume  pressure, and ionic strength. In contrast, the second approach
of strong acid/base to reach the HC@quivalence point. The utilises pH measurements directly (on a sample modified to allow

desired CQacidity is determined as: stable pH readings), and depends on all factors affecting equilibrium
Vv, [T constants.
CO, acidity moeq1y = — 13) .
s Materials and methods

It should be noted that for low alkalinity waters, the second Gran

function is not useful because of pH instability. In order to obtaiAcidity and Alkalinity measurements were carried out on two low-
stable pH observations one may increase bpfto@crease buffer alkalinity waters originating from the southern coast of South
capacity) and ionic strength (to increase conductivity). IncreaseAfrica (Port Elizabeth and Knysna). The water samples were
C, can be effected by addition of a standard bicarbonate solutidnitially processed for humic acids removal using(€6)), and
termed “a spike” in this paper. The standard bicarbonate solutidaOH and their pH was set at approximately pH 6 prior to
is designed as an equivalent bicarbonate solution in equilibriucharacterisation.

with the air, i.e. Alkalinity = Acidity, and CQacidity = O (this is Standard bicarbonate and hydrochloric acid solutions and
attained ONLY at 96.5 mgNaHCQ, that is Alkalinity = Acidity ~ standardisation of these is described in detaigpendix B.
= 57.5 mg as CaCQor 1.15 mmol). This standard solution Inorganic carbon was measured by means of a Shimadzu TOC

remains unchanged with time enabling a long usage period. TR&000A analyser.
modified Gran functions for the blend of sample and standard Instruments used: Metrohm digital titrator 715, Metrohm pH
bicarbonate are as below (the full development of these functiometer 744 with combined electrode 6.0228.000, Schott pH meter

is given inAppendix A): model CG816 with Orion reference electrode model 90-01 and
_oH glass electrode Ag/AgCl 9101SC. Calibration of pH was effected
Fix = =107 [V, +V, +V,) =C, [V, -V,) (14)  with pH 4 and pH 7 NBS buffers.
Fo =107 IV, -V,) = -K [V, -V,) (19) Results and discussion
where:
V,, = volume of spike added to the sample)(m Two low-alkalinity water samples (from Knysna and Port Elizabeth)

were used to assess three methods of characterisation. These were:

From a measurement standpointavid \, are obtained as before o

from strong acid titration data in the relevant pH regions. Note th@t Alkalinity and pH measurement of the raw water sample.

the V, and \/ data determined above refer to those for the blend §f Alkalinity and CQ acidity measurements (effected via Gran
raw water sample and bicarbonate spike. The raw water Alkalinity functions) for a blend of the raw water, standard bicarbonate
and Acidity values are then determined using Egs. (8) and (9) and solution, and sodium chloride.

Simp|e stoichiometric considerations giving: Cc Alkallnlty measurement and pH measurement (|n the region
6.3 < pH < 7.0) effected on the blend described in (b) above.
Alkalinity raw = [ Alkalinity blend[QV,, +V,) -V,, Bpike,]/V, (16) Note that the pH — strong acid titration data used to effect the
. o _ analysis for CQacidity determination in (b) above, are used
Acidity raw =[ Acidity blend@V,, +V,) -V,, Bpike,1/V,  (17) also in this approach.
where: L . -
spike, = spike_=57.5 mglas CaCQ(standard bicarbonate Characterisation via Alkalinity and pH measurements

solution). on the raw water
etermination of Alkalinity for the two samples was effected via

With the above basic considerations in mind, it is possible 11% f . ; !
whe first Gran function (Eq. (14)). The results of these are listed in

evaluate critically the various methods for characterising lo
alkalinity waters in the laboratory. Note that determination @iov/ Table 2. .
calculate CQacidity) is effected by extrapolation of data based on pH measurem"ent of Fhe raw samples was attempted using a
pH measurements in the region 6 < pH < 7. It will be shown thaltthig,eneral purpose” combined electrode (Metrohm, 6.0228.000),

extrapolation is sensitive to small pH uncertainties. This arises qgpd a speciglised glass electrode plus a rapid-flow ref_erence
to the extremely large extrapolation of a plot in which the slope 81Iectrode (Orion, model Ag/AgCI9101SC and 90-01 respectively),

the regression line is six orders of magnitude greater thamfther@Cornmended for pH measurement in low-conductivity waters.

value. Nevertheless, recognising that,@Qdity of these waters is Neither probe gave stable pH observations for the two samples

usually very low (< 3 mghs CaCQ), even an error of 50% in this analysed (Fig. 1). Cpn_sequently, this option was abandoned.
determination has a relatively minor effect on Acidity. This is The observed driftin pH probably reflects the broad spectrum

important, because the chemical dosing to be applied to the wa%_PH data reported by various analytical Iaboratc_)ries for the Port
in the treatment works is based on Acidity value and not C&Ilzabeth water samples sent to them for analysis (Table 1).
acidity. - - .

Alternatively, the data points can be used individually and tHfg/kalinity and CO , acidity measurement via Gran
drawback of extrapolation is circumvented. This constitutes tH4nctions (the double Gran function method)

second indirect option of characterisation described in the )
introduction. Samples of the two waters to be analysed were each blended with

Itis to be noted that characterisation via a double Gran functigindard bicarbonate solution (#ggpendix B) in the volumetric
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pH

TABLE 1
pH and Alkalinity results measured by commercial analytical
laboratories (Port Elizabeth water)
Laboratory pH Alkalinity  Calculated “True” Alkalinity
(mg/t as Acidity* (via Gran titration)
CaCo,) (mg/t as and Acidity
CaCoO,) (via IC measurement)
(mg/t as CaCO,)
1 6.0 2.0 10.9
2 5.9 4.0 13.3 Alkalinity = 2.80
3 6.9 2.0 3.1 Acidity =5.78
4 5.43 2.8 105.2
5 6.1 2.8 4.3
* calculated @ 25C, EC = 10 ms/m
7
TABLE 2
6.8 Raw water Alkalinity measured via first Gran
function (average of triplicates)
6.6 -
Sample Alkalinity Average linear
64 | (mg/¢as CaCO,)| regression (R ?)
Knysna 1.13+£0.05 0.9998
6.2 1 Port Elizabeth|  2.80 + 0.04 0.9999
6 . T T ‘
0 2 4 6 8 10 12 14
Time (min) TABLE 3
Raw titration data (in duplicate)
—e— Knysna (specialized probe) —=— Port Hizabeth (specialized)
—a— Knysna (conventional probe) —<— Port Elizabeth (conventional) Standard acid pH1 pH 2
addition (m ¢
Figure 1 1.485 6.93 6.91
pH measurement with time for Knysna and Port Elizabeth samples, 2.905 6.71 6.71
with specialised (Orion) and conventional (Metrohm) probes 4.025 6.55 6.56
5.485 6.36 6.37
ratio 4 to 1 (Knysna) and 6.78 to 1 (Port Elizabeth). The solutions Knysna
were then titrated with standard acid (for a selection of blending 21.620 3.98 3.98
ratio and titration information, ségpendix B) to obtain four pH 23.775 3.90 3.90
data points in the region 6.3 < pH < 7.0 (to be used with the second 26.895 3.81 3.81
Gran function), and another 5 points in the region 3.5 < pH < 4.0 (to 30.190 3.73 3.72
be used with the first Gran function). 34.715 3.66 3.66
The raw titration data (in duplicate, for each water sample) are
listed in Table 3. Excellent repeatability was obtained between the 1.845 6.78 6.78
duplicates (normally within + 0.01 pH units). 3.015 6.57 6.57
Alkalinity and CQ acidity results calculated from these data 4.025 6.40 6.39
via the first and second Gran functions (and the accuracy of the 5.140 6.22 6.21
linear regressions) are listed in Table 4. Port
Figures 2 and 3 show plots of the first and the second Gran| Elizabeth 18.790 3.96 3.95
functions for a blended sample of the Knysna water. In all cases, 21.350 3.86 3.85
linearity was excellent (with R> 99.7%). Comparing Acidity 23.700 3.79 3.79
determined for repetitions (i.e. precision), the values determined 27.260 3.70 3.70
are close in terms of concentrations, i.e. 4.33 and 5.15ang/ 32.600 3.61 3.61

CaCQ, for Knysna, and 4.31 and 4.01 thgs CaCQfor Port
Elizabeth. In order to assess accuracy of the method, results were
compared with Acidity determined from observed Alkalinity and
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Vx (ml))
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30
y = -2E+06x - 1.3073
25 | 4 R? = 0.9986
y = 1173.6x + 12.794 3 |
201 R2 = 0.9995 x 3
>
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2 L
10 1
1 L
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0 ‘ ‘ ‘ 0
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F1x = 10*-pH*(Vs +Vx+VH)

Figure 2
First Gran function regression curve for Knysna water blend,
Sample 1 (Ve=12.794 ml, R?=0.9995)

F2x = 10*-pH*(Ve-Vx)

Figure 3

Second Gran function regression curve for Knysna water blend
Sample 1 (V,=1.307 ml, R? = 0.9986)

TABLE 4
Double Gran function results

C, obtained from a total inorganic carbon
analyser. Again, Acidity results are very close
(i.e 4.87 mg/as CaCQfrom Alkalinity and

— — — C,datavs. 4.33and 5.15forKnysna, and5.78
Sample Alkalinity — blend CO , acidity - Acidity — mgk as CaCQversus 4.31 and 4.01 for Port
(mg/tas CaCO,) raw water raw water Elizabeth)
(in brackets — R 2) (mg/tas CaCO,) (mg/t as ; L
(in brackets — R ?) CaCo) As previously noted, determination of CO
° acidity is extremely sensitive to small
Knysna 1 12.61 (0.9995) 1.62 (0.9986) 4.33 differences in pH (which result in very small
Knysha 2 12.63 (0.9999) 2.03 (0.9967) 5.15 differences in the slope of the regression
Port Elizabeth 1 10.58 (0.9998) 0.75 (0.9980 4.31| Ccurve)and as such may create large errors in
Port Elizabeth 2 10.26 (0.9995) 0.61 (0.9971 4.01| utilising the second Gran function because of
the large extrapolation involved. This

TABLE 5

Sensitivity test for double Gran method - Results
obtained from different three-point data combinations

(Knysna 1 sample)

Available on websitéttp://www.wrc.org.za

phenomenon is shown for the titration results
obtained from the blend effected for Knysna
water, Sample 1. For this sample, four pH observations
were effected in the pH region used for Caridity
determination. The sensitivity of the second Gran function
was then assessed as follows: accepting that the four data
points did not give 100% linearity, the data were grouped

into four sets of three-point data combinations on which
Points v, CO, acidity | CO , acidity R? Gran analyses were effected. Referring to these analysesin
combination | (m ¢ (blend) (raw water) Table 5, CQ acidity varies from 1.30 to 1.80 ndgis
(ggg S‘S (rggg S‘S CaCQ compared with 1.62 mgias CaCQobtained from
aco,) aco,) 4 points. Although the percentage differences appear large,
. Acidity values calculated from these vary only between
Eoyr:tpi'ngs 3 11::’115 112‘?‘? 11 ?3%) %2288( 3.70to 4.69 m@tespectively, and the pH value of the raw
Pg:ntz 2’ 3’ 4 1'05 1'04 1‘30 ) 1 ? water calculated from these Acidity data (and Alkalinity of
Points 1. 3. 4 137 136 1.70 0.999% 1.13 mgf as CaCQ) gives 6.32 and 6.19 respectively.
ZOmts 12,4 131 1.29 1 61:5-.6(3)219 0.998f Alkalinity and pH observations using a
Verage o bicarbonate blend (The “blend” method)

Samples of the two waters were created as in (b) above, and

titrated with standard acid to obtain pH titration data in the regions
6.3<pH<7.0and 3.5<pH<4.0(i.e. exactly the same experimental
data as in (b) above were utilised here). However, the titration data
are now analysed differently. In a particular titration, the Alkalinity
(inthe form of \/ of the blend derived from the first Gran function)

is used together with the various pH titration data to calculate
Acidity. In this calculation, in addition to the titration data one will

ISSN 0378-4738 = Water SA Vol. 27 No. 4 October 2001 427



TABLE 6
Raw water Acidity determination using the “blend” method
Sample V., pH, Alkalinity * Acidity 2 Acidity
(m¢) (blend) (blend) raw 3
(mg/t as (mg/t as (mg/t as
CaCo,) CaCo,) CaCo,)
Knysna 1 1.485 6.93 10.84 16.22 4.66
(Sample to 2.905 6.71 9.22 16.81 4.26
bicarbonate 4.025 6.55 8.00 17.53 4.31
ratio: 4 to 1) 5.485 6.36 6.48 18.45 4.42
Knysna 2 1.485 6.91 10.85 16.50 5.02
(Sample to 2.905 6.71 9.23 16.84 4.30
bicarbonate 4.025 6.56 8.01 17.34 4.06
ratio: 4 to 1) 5.485 6.37 6.49 18.21 4.09
PE 1 1.845 6.78 8.43 13.81 5.90
(Sample to 3.015 6.57 7.16 14.60 5.90
bicarbonate 4.025 6.40 6.10 15.50 6.21
ratio: 6.78 to 1) 5.14 6.22 4.97 16.62 6.76
PE 2 1.845 6.78 8.12 13.30 5.29
(Sample to 3.015 6.57 6.85 13.97 5.14
bicarbonate 4.025 6.39 5.79 14.95 5.53
ratio: 6.78 to 1) 5.14 6.21 4.68 15.92 5.87
! Alkalinity, = (V -V )*C /(V+V, +Vx), C, in this calculation = 0.000992 M, Ve (blend) = 12.74,
12.754, 10.686, and 10.358 for the four samples respectively.
2 Acidity was calculated using STASOFT, with TDS = 10004fay/all samples, temperature|=
23°C and 28C for Knysna and Port Elizabeth respectively.
® Acidity raw = [(Vs+V, +Vx)*Acidity -V *57.5-Vx*0.000992*50000]/Vs

TABLE 7
Summary of Acidity results obtained from the various
methods
Sample Acidity via Acidity via  Acidity via
“blend” method double Gran inorganic
(mg/tas CaCO,) function carbon
method (mg/ ¢| analyzer
as CaCo,) (mg/¢ as
CaCo,)
Knysna 1 441 +£0.18 4.33 4.87
Knysna 2 4.36+£0.44 5.15 4.87
Port Elizabeth 1 6.19 £ 0.40 4.31 5.78
Port Elizabeth 2 5.45+£0.32 4.01 5.78

also use equilibrium constants adjusted for temperature and ionic
strength effects. Results of this calculation are listed in Table 6.
Referring to Table 6, for each pH value in a particular titration one
can calculate an Acidity value (and Céxidity value). Acidity
results for each titration point together with the average and
standard deviation for the duplicates of the two waters are given in
Table 7. Comparing these Acidity results with those determined
using the double Gran function and results obtained from the Regarding direct COacidity measurement, it was concluded
inorganic carbon analyser, the results are very similar (i.e. an that the second Gran function is not applicable because of pH

accuracy of approximately + 1 ndgls CaCQ).

428

Conclusions

Conventional characterisation of low alkalinity
waters, i.e. via pH measurement and Alkalinity
measurement via titration to a prescribed end-point
invariably leads to large errors due to instability of
the pH probes and an unknown titration end-point.
This problem was highlighted by the large variability
in results obtained from commercial analytical
laboratories for a given sample of water, and by the
inability to obtain stable pH readings in such waters
even with specialised probes (see Fig. 1).
Full characterisation of terrestrial waters requires a
reliable measurement of at least two independent
parameters. Recognising that Alkalinity can be
accurately measured using a Gran titration, and that:
- Acidity cannot be measured directly;
measurement of Crequires an expensive
inorganic carbon analyser; and
pH measurement is impractical for reasons
described above;
direct and indirect measurement of Caxidity
through a second Gran function, as well as indirect
Acidity measurement were considered.

instability. In order to obtain stable pH observations one may
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increase both (Qto increase buffer capacity) and ionic strength Appendix A
(to increase conductivity). Increase in @as effected by
addition of a standard bicarbonate solution, termed in thi®evelopment of modified Gran functions for the
paper “spike”. ‘spiked’ sample

Two indirect characterisation methods were assessed with
regard to the blended sample: Measurement of Alkalinity usingevelopment of modified first Gran function for
the first Gran function and C@cidity using the second Gran Alkalinity of spiked sample
function (termed the “double Gran function” method); and
measurement of Alkalinity (as above) and measurement of pFotal alkalinity is measured via addition of standard acid to a
of the blend after addition of standard acid to adjust the solutialume of sample (Y to which \V, m¢ of standard bicarbonate has
into a well-buffered zone (6.3<pH<7.0) (termed the “blendbeen added (i.e. “blend”). At any point in the titration, aften¥
method). From these analyses, the characteristics of the rafistandard acid has been added, the Alkalinity of the blend can be
waters were determined. represented as follows:

» The CQ acidity and Acidity results obtained from the two o
methods were very similar to each other and also similar to the Alkalinity, = (Ve [, =V, [C)/(Vs +V, +V,) (1)
Acidity results calculated using Alkalinity and @easurement where:
obtained using aninorganic carbon analyser. Acidity values for - alkalinity,

concentration of alkalinity after the addition of

all three methods fell between 4.33 and 5.1% egCaCOfor V_m¢ of standard strong acid (mgl/
the Knysna sample (Alkalinity = 1.13 nigis CaC@), and V, = the unknown volume of standard strong acid to
between 4.01 to 6.19 for the Port Elizabeth sample (Alkalinity be added to the alkalimetric end point of the
= 2.8 mgl as CaCQ). blend ()

* The Double Gran function method was found to be sensitiveto vV, = volume of bicarbonate spike added)m
small pH differences (although the linear regressionwas inall Vv, = the volume of standard strong acid added to a
cases above 99.7%) due to an extremely large extrapolation point x with pH equal to pH(m¢)
involved in the calculation of VNevertheless, sensitivity tests ~ C_ = concentration of standard strong acid (#)ol/
showed that this phenomenon, although resulting in relatively v_ = volume of raw water sample analysed)(m
large fluctuation in the CQacidity result, has only a small
affect on the Acidity value. Alternatively Alkalinity can be written in terms of weak acid

» Itwould appear that use of either of the two indirect methodspecies concentration. Equating this with Eq. (1) gives:
will reduce the errors involved in characterisation of low o B . _ .
Alkalinity waters and, consequently, improve control of water ~ Alkalinity, ={Hco;1, +2cos ), +1oH 1, ~[H 1} )
treatment plants dealing with these waters. = (V. [C, -V, [C)/(V, +V, +V,)

° [lis re(_:ommendeq thatsoftwgt_ers be characterised V|a'AIkaI|n|\t,¥here [y]indicates concentration of species y after addition df xm
and either CQacidity or Acidity measurement. pH is then

dof standard acid.

determined from equilibrium considerations. In this regard, In the pH region of the titration where pH<4, the specieg,CO

any of various computer programs can be used. In this resear, i - ' A !

STASOFT4 (Loewenthal and Morrison, 2000) was utilised. ﬁl&o3 and OHare negligible and Eq. (2) reduces to:
+ A detailed procedure to facilitate the execution of the two L e _ 3)
approaches is presenteddippendix B. Alkalinity, = -TH T, = (Ve L€, =V [E) MV +Vs Vi)

Rearranging terms gives:
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Development of modified second Gran function for
CO, acidity for the ‘spiked’ sample

Recognising that the CQ@cidity of the standardised bicarbonate

solution is zero and following the procedure set out above, the total
CQ, acidity equation can be written as follows:
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CO,acd, ={H2C0}], ~[COZ ], ~[OH ], +[H'],} Appendix B
" g g * * Procedure for execution of the “double Gran

=V, [T, -V, [C)/(V, +V, +V,) (6) function” and “blend” methods
where:
CO, acid, = CQ, acidity after addition of Vx #standard ~ Apparatus
bicarbonate solution (md)/and
V, = theunknownvolume of standard strongbasetd pH probe and reference electrode: general purpose combined
be added to reach the HC@quivalence point electrodes cannot be used. In the work reported here an Orion
at pH 8.3 (). glass electrode and an Orion rapid flow reference electrode
were used (seklaterials and methodg. However, one can
Acknowledging that CQacidity = - CQ alkalinity, Eq. (6) can be also use any specialised combined electrode available on the
rewritten as follows: market for use with low conductivity waters.
_ . . _ N 2 Titration apparatus: a micro-burette can be used for the strong
CO,alk, = {_[H2C03]X *+[CO; ], +[OH "], ~[H ]X}D acid titration, but rather use an automatic titrator with accuracy

==V €~V [C)IV, +V, +V,) () ofatleastz 0.0Lf S
3 Magnetic stirrer: any magnetic stirrer with slow and smooth
In the pH range between 7 and 6, Egs. (2) and (7) are respectively stirring.
reduced to:
Reagents
Alkalinity , =[HCO,™], = (V. [T, =V, [T,) /(V, +V.+V,,) (8)
1 Standard hydrochloric acid: dilute 0.198auncentrated HCI

CO,alk, ={H,CQ;], =-(V, [T, -V, [T,)/I(V, +V, +V,) (32%) in 2¢ with distilled or deionised water. Add 2 g NaCl.
9) Standardise against 2@ @005 N NgCO, solution by titrating
Recognising that [HCQ/[H,CO,] = K, /(H*), dividing Egs. (8) to 4 points at pH values in the region 3.5 < pH < 4. Execute a
and (9) yields: first Gran function calculation (s&&e double Gran method
, below) to calculate the accurate standard acid concentration
Alkalinity, 0- [HCO ], _V.C,-V\.C, __ K, (10) (Na,CO, concentration is 250 migis CaCQ).
CO,alk, [Hzco;]X - V,C, -V,C, - (H") 2 Standard bicarbonate solution: dissolve 96.5 mg NaHEO
1¢distilled or deionised water. Verify Alkalinity of solution by
Rearranging gives the desired equation for, &lKalinity: the first Gran function, using the standard acid. Result of
titration should be very close to 57.5 thgs CaCQ If
F,, = 107 (PHx v, -V,) = _Kl' v, -V,) (12) necessary, correct value to 57.5 by either diluting with

distilled water or by the addition of NaHCO
where E_is the second Gran function used for determining C33 NaCl can be added to the blend either as powder or as a
acidity as follows: 250 gf aqueous solution.
Plotting F,, vs. V_gives a linear relationship the interception of
which with the vertical axis (i.e. where fequals zero) gives the Procedure
value of V/ (in this calculation YWwill appear as a negative value due
to the representation of C@cidity as —CQalkalinity). 1 Titrate the raw sample to get 4 to 5 points between pH 4 and 3.5.
The CQ acidity of the original water is thus calculated using ~ Analyse Alkalinity using the first Gran function (s&he
Eq. (12) (note that C@cidity of the standard bicarbonate solution ~ double Gran methodbelow).

is zero): 2 Prepare the blended sample according to the following table:
. Vf |:(|:a
CO, acid (eq1)= ~ (12)
s If Alkalinity | Use raw Standard NaCl

Note that another interesting feature of the second Gran function is of raw sample bicarbonate (25Q)g

that the slope of the curve represents the apparent equilibrium mgk is (mY) (me) (me)

constant K. CaCQ
05-2 45 5 0.18
2-10 40 10 0.16

Note: the purpose of the bicarbonate to raw sample ratjo is
to effect pH readings with a minimal Gf approximately
10 mg/ as CaCQwhile not camouflaging the original
acidity value. NaCl is added to maintain a Total dissolved
solids (TDS) concentration of approximately 4thfough-
out the titration.

1

3 Record the temperature of the blend solution.

4 Titrate the blend as follows: 4 points evenly distributed between
pH 7.0 to pH 6.3. Stir very slowly (to minimise Céxchange
with air), and allow the pH to stabilise for at least 40 s before
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further addition of acid. After completion of the upper pH4 Using Excel, plot E (X axis) vs. \( (Y axis), and draw a linear
region, add acid to reach a pH below 4 and additional volume regression curve. The constant of the curve (multiplied by (-1)
for another 4 to 5 points down to around pH 3.5. The mixing constitutes Y(m¢). R? of the regression curve in this case
speed at this stage can be slightly increased as the lower Granshould be greater than 0.996.

function is not affected by CQoss or gain. Calculation of CQacidity of the raw water is based on the fact
that CQ acidity of the bicarbonate (and the NaCl solution)
Calculations solution is zero. Hence:
The double Gran method CQ, acidity (raw) (mgfas CaCQ

=(V,*C,*50000)/\,
1 First Gran function: using the data from the lower pH region,
set up the following table (note that if NaCl is added to the Acidity (raw) (mgt as CaCQ)

sample as powder, Y= 0 as developed iAppendix A): =[CQO, acidity (raw) + Alkalinity (raw)]*2 — Alkalinity (raw)
The blend method
Point pH F . =10 V,
VAV AV o) | (MY 1 Calculate Yof the blend using the first Gran function as in No

1 underThe double Gran method.

1 2 For each individual titration point, carry out the following
g calculation (given in a tabular format):
4
Point V., pH, | Alkalinity | Acidity , | Acidity
2 Using Excel, plot E (X axis) versus Y(Y axis), and draw a (m¢) (blend) (blend) raw
linear regression curve. The constant of the linear regression (mg/tas | (mg/tas| (mg/tas
formula (i.e. where F=0) constitutes (m¥). Rof the regression CaCO, | CaCO,) | CaCo,)
line should be greater than 0.999. 1
Alkalinity of blend (mgf as CaCQ) g
=V, *C_*50000/(M+V,+V,) 2
where:
V, = linear regression constant4jmn +  Alkalinity, = (V-V )C/(V AV, +V, +V,)
C, = standard acid concentration (ndpl/ «  Acidity, is calculated using STASOFT or any other software,
V, = raw water volume in blend @n with TDS =1 000 m@/and the measured temperature of the
V, = bicarbonate volume in blend {m blend, using the measured pkhd the calculated
Vi = Vvolume of NaCl 250 giolution (nd). Alkalinity .
Note: For a raw water Alkalinity (No 1 underocedure), «  Acidity raw = [(Vs+V_+V . +VX)*Acidity -V, *57.5
Vyand V= 0. -Vx*C *50 000]/Vs

3 Second Gran function: using the data from the upper pHregiaf, The average of the four points should be reported as the result
and V, from 2 above, set up the following table: accompanied by the corresponding standard deviation (e.g..
4.0 £ 0.2 mg/as CaCQ).

Point | pH |F, =10% (V. V)| V.

WM
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