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The use of some special electrochemical techniques, such as the measurement of the double layer 
capacitance and the determination by fast charging curves of the fraction of electrode surface covered 
with adsorbate, is proposed as a powerful tool for the evaluation of water quality with respect to 
organic pollution. Principles of the method are described in detail and practical possibilities are 
exemplified which make use of simple organic substances. The sensitivity of the method in relation 
to the nature of the electrode used, as well as of the kind of impurities in solution, is discussed. As a 
practical application, the method is used for the evaluation of the quality of industrial waters coming 
from demineralization beds and boilers as well as of laboratory waters prepared with different chemi- 
cal and electrochemical treatments. This method enables impurity contents as low as 0.01 p.p.m, to 
be detected. However, if the reference purity could be that of water treated with active charcoal, 
then the sensitivity of the method could be greatly increased and the lower limit would become 
ideally pure water. 

1. Introduction 

The problem of the control of the purity of 
water is especially relevant to the laboratory 
research where it is necessary to work with 
such pure base solutions as not to affect experi- 
mental measurements [I]. However, this prob- 
lem may also be faced in the industrial field 
where the water quality required may, in com- 
parison, appear not very high, but where it 
must be kept below rather sharp upper limits 
above which the lifetimes of the plants can be 
compromised. This is particularly true in the case 
of the steam system of an industrial plant in- 
cluding, besides the boiler which is the vital 

* Paper presented at the National Congress of Analytical 
Chemistry, October 16-18 1973, Ferrara (Italy). 

organ, stills, heaters, regenerators, in short all 
parts where heat exchange may occur. 

Impurities in water can consist of both organic 
and inorganic materials. Inorganic impurities 
will not be dealt with in this paper, for several 
sensitive, precise methods are available for their 
detection [2]. Attention will be focused here on 
the organic pollution which very often is, or 
must be kept, at a level below the sensitivity 
of current analytical methods. In fact, if in the 
boiler the organic impurity level must be below 
10 to 20 p.p.m., the impurity content in feed 
water for re-cycling must necessarily be kept fifty 
to a hundredfold lower. Now, titration with 
permanganate allows evaluations down to 10 + 2 
p.p.m.t, while the use of an infrared analyser of 

t The impurity concentration is throughout expressed 
as carbon content. 
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the CO 2 formed in the oxidation with 0 2 of the 
carbonaceous material present in water allows a 
sensitivity of 1-2 p.p.m, with an accuracy of 20% 
at these pollution levels [3]. The latter methods 
present some inconvenience as regards the pos- 
sible distinction between organic and inorganic 
carbonaceous materials. In some rare cases where 
no volatile organic materials are present, sample 
concentration may allow the practical sensitivity 
to go down to about 0"1 p.p.m. [4]. 

The above methods, while possibly useful in 
some cases of industrial water, never ensure the 
sensitivity required to evidence the pollution of 
laboratory water. They are often unsuitable also 
for industrial water, for instance in the case of 
water for re-cycling coming from demineral- 
ization beds. 

In this paper the possibility of exploiting 
electrochemical techniques for the evaluation of 
pollution levels in water is discussed. As will 
be shown, the proposed method is capable of 
providing evidence of organic contents as low 
as 0.1 p.p.m. The most interesting feature is 
that the sensitivity is at a maximum in the range 
0.01 to 10 p.p.m., precisely where the other 
available analytical methods appear to fail. 

2. Principles of the method 

The method relies on the adsorption equilibrium 
at the solid/liquid interface. Consider an aque- 
ous solution containing an organic impurity. If  
a solid/liquid interface is created by immersing 
a solid body, the organic substance will adsorb 
at the phase boundary following a sort of parti- 
tion law [5]. The phenomenon is particularly 
marked in the case of metallic surfaces and it can 
also be governed by polarizing the metal [6]. 
The adsorption equilibrium established at the 
metal/liquid interface is expressed by adsorption 
isotherms which are relationships between F, the 
concentration of the organic substance at the 
interface (mol cm -2) and c, the concentration 
in the solution bulk. In a quite general way, 
the adsorption isotherm may be written in the 
form [7, 8]: 

F(r)  = fie (1) 

where fl is a constant at constant electrical state 
of the interface, fl is termed the adsorption 

coefficient and to a first approximation may be 
identified with the equilibrium constant of the 
adsorption process, fl is therefore directly related 
to the free energy of the reaction. For our pur- 
poses Equation 1 may be reduced to: 

r occ (2) 

which strikingly evidences the possibility of 
exploiting adsorption isotherms for analytical 
purposes. To a first approximation, the deter- 
mination of F is sufficient to derive c. 

In practice, the procedure cannot be so 
straightforward. In fact, apart from in a few 
cases*, a direct experimental determination of 
F cannot be accomplished. However, it is 
possible to determine, either directly or indirectly 
F/Fs = O, i.e. the degree of coverage of the metal 
surface with adsorbed organic substance, Fs 
being the saturation surface concentration. 
Equation 2 can thus be rewritten in the form: 

0 oc c (3) 

A further point to consider is the necessity 
of a calibration curve, because the proportion- 
ality constant in Equation 3 is unknown. This 
means that this is in practice a relative and not 
an absolute method. However, this does not 
reduce its usefulness. In fact, if the substance 
to be analysed is known, the establishment of 
the calibration curve is straightforward, whereas 
if just the general organic content is to be evalu- 
ated, then the pollution level can be deduced 
from a comparison with a blank made up with 
ultra-pure water prepared in the laboratory. 
However, it must be noted that comparison 
between two water samples containing the same 
kind of impurity is rigorously quantitative, 
whereas any comparison between water samples 
differently polluted can only be qualitative. This 
results from the fact that, in general, different 
fl values pertain to different substances, so that 
the same value of c need not correspond to the 
same value of 0. 

Lastly, as the method is electrochemical in 
nature, it is necessary to make the water electri- 

* For example, F can be easily obtained from inter- 
facial tension and capacity measurements for liquid 
metals (Hg) [9]. Radiotracer techniques enable such 
measurements to be extended to solid metals in some 
cases [10]. 
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cally conducting in order to carry out the analysis 
Generally, water samples are made 0.1 to 1 M 
in HC10 4. C10 4 ions are known to be weakly 
adsorbed on electrodes [1 I] and this keeps any 
interference with the surface phenomenon due 
to organic impurities at a minimum. 

From Equation 3, the present method is seen 
to be experimentally based on the determination 
of 0. This can be accomplished in two ways, 
one indirect and the other direct. Corresponding- 
ly, two electrochemical techniques can be used. 

2.1. Indirect route. Measurement of the double 
layer capacity. 

The interface between an electrode and an 
electrolytic solution behaves as an electric con- 
denser [9, 12]. The capacitance of this condenser 
can be measured experimentally with a bridge 
[13-15] or with the single galvanostatic pulse 
method [16, 17]. Let C o be the capacity at a 
given electrode potential in the absence of pol- 
lution. After adding an organic substance to 
the solution, its adsorption will occur by the 
replacement of the solvent molecules orginally 
present at the interface. This is formally equiva- 
lent to the substitution of the dielectric in a 
condenser [12]. A decrease in Co will occur on 
account of the generally larger size and lower 
dielectric constant of organic substances with 
respect to water. The lower value, C1, will 
correspond to the saturation of the electrode 
surface with adsorbate. 

At constant potential and in the potential 
range where adsorption is most pronounced, the 

following equation holds to a satisfactory ap- 
proximation [12]: 

Co - C~ _ 0 (4) 
Co--C 1 

where CO is the capacity at the coverage 0. 
Since C1 is not always measurable in an un- 
equivocal way, but is, however, a constant for 
a given substance (or for a given kind of pol- 
lution), from Equation 3 and 4 we may write: 

( C o -  c~) oc c (5) 

It results from Equation 5 that it is in principle 
possible to build up calibration curves or evalu- 
ate organic pollution simply from the extent of 
the decrease in the capacitance of the electrode/ 
solution interface. 

2.2. Direct route. Fast galvanostatic pulses 

This technique can be applied only to metals 
of the Pt group. If a cathodic galvanostatic 
pulse is applied to a Pt electrode after a suitable 
potential sequence to condition its surface (see 
later), the electrode potential changes in a char- 
acteristic way with time before attaining the 
value corresponding to the hydrogen evolution 
reaction (Fig. la). This portion of the charging 
curve refers to the formation of a monolayer 
of atomic hydrogen on the surface [18, 19]. From 
the value of the applied current density and the 
value of the transition time, ~ (Fig. 1), the quan- 
tity q~ is derived, namely the charge needed to 
saturate the surface with hydrogen. 

When the surface is partly covered with or- 
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Fig. 1. Decrease in the hydrogen adsorption region of cathodic charging 
curves for Pt in 1M HC104 solutions duet to parallel increase in the 
fraction of surface (0) covered with adsorbed organic impurities. 
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ganic substance, some sites cannot be used for 
the deposition of hydrogen and ~ will decrease 
(Fig. lb, c). From the relation: 

q ~ -  qH 
- 0 (6) 

qh 

the fraction of surface occupied by organic 
molecules can be obtained. 

It is of interest to note that this technique 
and the determination of capacitance by the 
single galvanostatic pulse method require pre- 
cisely the same equipment. The difference be- 
tween the latter technique and the bridge method 
is that it is impossible to follow the decrease in 
C with time (if necessary) when a hand-balanced 
bridge is used. However, the bridge ensures 
much higher accuracy. 

3. Kinds of electrodes 

The choice of metal to use as the indicator 
electrode depends on several factors, such as 
the possibility and reproducibility of measure- 
ments of C and qn. The capacitance of the double 
layer at the metal/solution interface can be 
measured easily on Hg but, among solid metals, it 
can be measured with sufficient accuracy and 
reliability only on metals of the Pt group [20]. 
In contrast, qH measurements are performable 
only on Pt metals [21, 22]. The choice is ulti- 
mately restricted to Pt and Hg inasmuch as the 
other metals of the Pt group show some over- 
lapping between the range of potential where 
oxygen and hydrogen are adsorbed [21, 23], 
which complicates somewhat the interpretation 
of experimental data. 

An important experimental point is the need 
for a renewable electrode surface. This is a fur- 
ther factor which restricts the possible choice 
to Pt and Hg. In fact, Hg surfaces are known to 
be easily restored by dropping, while an electro- 
chemical pre-treatment, such as that shown in 
Fig. 2, can be used for Pt [13, 22]. In this case, 
organic substances possibly pre-adsorbed on Pt 
surfaces can be removed by bringing the electrode 
potential to values around 1.5 V (RHE), where 
the adsorbate is oxidized as the surface becomes 
covered with a monolayer of adsorbed oxygen. If  
the potential is then brought to a value close 
to the hydrogen evolution, the oxide layer is 

oxidation 

reduction 

(1) Capacitance 
measurement 

0.4V "-.,.Lc 
(2)Cathod~c 

pulse 

m, 

TIME 

Fig. 2. Sketch of the potential/time sequence used to 
pre-treat the Pt electrode surface before adsorption 
measurements. 

rapidly reduced within a few milliseconds and 
substituted by a monolayer of atomic hydrogen. 
Finally, bringing the potential to 0.4 V where 
atomic hydrogen is quickly ionized, leaves a 
perfectly clean surface in a reproducible con- 
trolled state. Neither hydrogen nor oxygen is 
adsorbed on Pt at 0.4 V [22, 24]. Thus, after 
each adsorption measurement, it is sufficient to 
apply to the metal the potential/time sequence of 
Fig. 2 to restore the surface and to make the 
electrode ready for a new measurement. 

A further important point is that the presence 
of oxygen dissolved in solution does not affect 
this type of measurement, so that degassing is 
not needed and any risk of removing volatile 
impurities in this way, is avoided. Moreover, 
effects due to inorganic carbonaceous materials 
are negligible. Therefore this method is highly 
selective with respect to organic carbon. 

Further experimental details can be found in 
previous publications [13, 18, 24, 25]. 

4. A practical example 

The adsorption of glycol aldehyde, which inter- 
acts very strongly with the surfaces of Pt elect- 
rodes, is used by way of a practical illustration. 
Fig. 3 shows capacity/potential curves for a 
platinum electrode in solutions containing 
various amounts of glycol aldehyde. The capa- 
city of the double layer, C, can be seen to de- 
crease with increasing concentration of the 
organic substance, particularly around 0.4 V, 
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Fig. 3. Capacity/potential curves at 25~ for Pt in 1 M 
HCIO4 solutions containing increasing amounts of glycol 
aldehyde. Adsorption time, 3 min. (a) 0; (b) 10 -s ; (c) 3"3 x 
10 -5 ; (d) 10 -4; (e) 3'3 x 10-4; (f) 10 -3 ; (g) 3.3 x 10 -3 ; 
(h) lO-Z; (j) 10 -~ M. 

down to a lower value which remains constant 
even if the concentration is further increased. 
This is the value indicated above by C~, while 

the starting value in the absence of any organic 
addition is indicated by C O . 

The coverage of the surface with adsorbed 
glycol aldehyde at 0.4 V has been derived from 
Fig. 3 with the aid of  Equation 4 and has also 
been measured directly by cathodic pulses making 
use of Equation 6. Fig. 4 compares the two sets 
of ~ values as a function of the concentration of 
glycol aldehyde expressed as mol 1-1 as well as 
carbon content. The two experimental techniques 
give exactly the same adsorption isotherm. There 
exists clearly a linear relationship between 0 
and log c (Temkin isotherm [26]) which can 
be employed as a calibration curve. We see 
that the range of applicability of  this method 
for this substance extends from 0.01 to about 
100 p.p.m. Beyond the latter value the electroae 
surface becomes saturated and tile capacity of 
the double layer does not vary with concentra- 
tion. 

5. Sensitivity of the method 

The sensitivity of this method depends on a num- 
ber of  factors which, though interrelated, will be 
discussed separately for the sake of clarity. 

5.1. Nature of the electrode 

This governs the value of fl (in Equation 1) 
to which sensitivity is directly proportional. 
From this point of  view, Pt turns out to be 
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Fig. 4. Isotherm (calibration curve) at 25~ for glycol aldehyde ad- 
sorption on Pt from 1 M HC104 solutions. (�9 Capacity data; (o) 
Charging curves data. 
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Fig. 5. Isotherm (calibration curve) at 25~ for acetoni- 
trile adsorption on a dropping Hg electrode from 0.25 M 
NaF solutions. 

strongly favoured with respect to Hg. In fact, 
except for a few cases of chemisorption [8, 27], 
adsorption of organic substances on Hg is phy- 
sical in nature [12, 28, 29] with AGad s only 
amounting to a few kcal tool- 1. Fig. 5 shows an 
isotherm at about -0 .4  V (versus SCE) for the 
adsorption of acetonitrile on Hg. Ethylene 
glycol gives almost identical results [30]. It 
can be seen that the sensitivity with Hg is much 
lower than that with Pt. In fact, it is impossible 
to detect with Hg amounts below 1000 p.p.m., 
whereas ethylene glycol adsorbs on Pt with an 
isotherm [31] identical to that for glycol alde- 
hyde. The times necessary to attain adsorption 
equilibrium can also lead to problems in the 

case of dropping mercury electrodes. Hanging 
Hg drop electrodes could be used in these cases 
[32], but from all points of view Pt electrodes 
are more satisfactory. 

5.2. The value o f t  

The value of fl is exponentially related to the 
free energy of adsorption. 

Large differences in/3 can sometimes be ob- 
served for various substances adsorbing on Pt 
electrodes. This is certainly the case for some 
substances containing the carboxyl group (oxalic 
acid, glycolic acid etc.). While most of the organic 
substances undergo dehydrogenation and chemi- 
sorption on Pt electrodes [33], the above acids 
do not lose hydrogen on adsorption [34, 35]. 
This gives rise to a lower value of fl and thus 
a lower sensitivity (see case of oxalic acid in 
Fig. 6). 

5.3. The role of the 'blank' 

The purity of the reference water ('blank') 
directly affects the sensitivity. In the case of the 
adsorption of glycol aldehyde illustrated above, 
solutions were made up with triple-distilled 
water. The value of the capacity for Pt immedi- 
ately after the surface pre-treatment [24] is about 
34 /zF cm -2. However, this cannot be taken 
as the reference value Co, because, owing to the 
slowness of the organic material adsorption 

o,  o1~ 
: j , / j j  
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t I 1 I I 
0,1 1 10 100 1000 p p m  

l , , f  I I I ~ I 
-6  -5  - 4  -3  -2  log (C/moil "1) 

Fig. 6. Isotherms (calibration curves) at 35~ for the adsorption of various 
organic substances on Pt from aqueous solutions of surface inactive electro- 
lytes. (e) Glyoxal; (�9 glycol aldehyde; (-k) ethylene glycol [31] (zx) oxalic 
acid 
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process, it takes some time to attain equilibrium. 
For this reason, capacity readings were taken 
3 rain after the application of the potential/time 
sequence for cleaning the surface. During this 
time, co-adsorption, though limited, of glycol 
aldehyde and impurities originally present in 
the 'blank' will take place. Thus the value of 
C O to be used in Equation 4 should be that 
measured with the 'blank' under the same 
experimental conditions as those used for the 
subsequent measurements. In the particular case 
of Fig. 3 we see that the value of C O (i.e. the 
value of C measured 3 min after the application 
of the pre-treatment sequence) for the given 
'blank' is about 29/ tF cm-2. 

The maximum sensitivity would be obviously 
obtained in ultra-pure water for which Co 
should change with time. Although this may 
be practically realizable [36] (filtration through 
active charcoal) no convenience would result 
therefrom in practical cases where the ultra- 
pure water would unavoidably come into con- 
tact with the atmosphere. For this method, it 
is therefore sufficient to use double-distilled 
water which should be stored under nitrogen. 
This very simple arrangement has been found 
to give water with impurity contents within 
rather narrow limits. 

The relative impurity levels of 'blanks' can 
be assessed from qH values and their dependence 
on time. As an example, Table 1 shows the 
fraction of electrode surface covered with im- 
purities at the given times after activation for 
a 1M HC104 solution and two 1M H3PO 4 
solutions, respectively. The two H3PO 4 solutions 

differ in that the former was made up with 
concentrated H3PO 4 taken as such from the 
bottle, whereas the latter was prepared from 
concentrated H3PO 4 refluxed overnight with 
H202. Table I clearly shows that the measure 
of qn is a powerful tool to evidence the degree 
of purity of a solution. 

A linear relationship between qn and t 1/2 
shows that impurity adsorption is diffusion- 
controlled. From the well-known equation: 

idiff = FDc/6 (7) 

where /diff" t=AqH, F is the Faraday constant, 
and assuming for D a reasonable average value 
of 10 -5 cm 2 s -1 and for 6, the diffusion-layer 
thickness, a value of 0.01 cm in quiescent solu- 
tion, the impurity concentration can be esti- 
mated to be of the order of 10-7-10 -6 equiv. 
1-1. This can be regarded as the level of impuri- 
ties of a water in equilibrium with a 'normal' 
laboratory atmosphere in agreement with other 
authors [37-39]. 

It is advisable not to try to measure experi- 
mentally 0 values lower than 0"2-0.3 inasmuch 
as the influence of the 'blank' at these levels is 
not negligible. It is best in these circumstances 
to extrapolate the calibration curve itself to the 
lower concentrations (the 8 versus log c relation- 
ship is usually linear [33] down to about 8 =0.1). 

6. Selectivity 

It is clear that this method is not selective as 
regards different organic substances, which is 
also true of other analytical methods which are 

Table 1. Fraction ~ of electrode surface covered with impurities after the given time t at 
0.4 V (RHE). 

1 M H C 1 0 4  1 M H a P O 4  1 M H3PO4 
t ( S )  (pre-electrolysis) (no purification) (chemical purification) 

5 - -  _ _  m 

15 - -  2 . 2  - -  

30 - -  8.0 - -  
45 --  10-8 1.2 
60 - -  12.2 1.6 
90 2.0 15.9 2.8 
120 2.5 20-0 5.0 
180 5.3 25.5 6.4 
300 8"0 36"4 8'8 
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Fig. 7. Isotherms (calibration curves) at 25~ for the 
adsorption of various organic substances on Pt from 
1 M HCIO4 solutions. 

sensitive to the total carbon content. Fig. 7 
shows some calibration curves for organic 
substances. It can be seen that equal AC values 
are obtained for different concentrations of 
different substances. Practically, it will be the 
more surface active substance in a mixture which 
will be preferentially adsorbed. Thus it is neces- 
sary to bear in mind that with this method the 
purity of a solution is classified on the basis of the 
surface activity of its impurities. It is obvious 
that this concept of purity may not always coin- 
cide with the usual concept based on the value 
of the concentration of impurities. The most 
striking consequence of this is that in the presence 
of two substances with very different values for 
/3, the electrode does not detect the substance 
with lower/3 even though its concentration may 
be much higher. This method is thus especially 
relevant to heterogeneous systems, but it may be 
useful in other cases as well. Thus the method 
is of course best used for the control of high- 
purity waters, (if the impurity content is very 

high other analytical methods can be employed 
more profitably). 

7. Some  practical applications 

7.1. Industrial water quality evaluation 

As an example, three water samples (X, Y ,Z)  
coming from the steam system of an industrial 
plant have been examined. The three samples 
were classified by means of a titrimetric analysis 
of CO2 formed by combustion. Sample Z, coming 
from the boiler contained 5.2 p.p.m., while 
samples X and Y, coming from two different 
demineralization beds of the same plant, gave 
on analysis 2.5 and 3.0 p.p.m., respectively. 
Table 2 summarizes the values of the decrease 
in capacity (AC) measured at 0.4 V (RHE) with 
a Pt electrode. It is of interest to note that, 
as expected, AC increases as the impurity level 
increases. However, AC is clearly not linearly 
related to log carbon content and AC for sample 
X appears to be too low. This does not seem 
to be related to the presence of different kinds 
of impurities in the three samples. The intrinsic 
inaccuracy of the analytical technique used to 
evaluate chemically the carbon content is more 
likely to be the reason for the observed behaviour. 

Fig. 8 shows the values of AC as a function 
of the carbon content varied by diluting pro- 
gressively sample Z with 'blank' water. The 
relationship thus obtained is strictly linear and 
can be exploited as a calibration curve for the 
control of other water samples coming from the 
same demineralization bed. The scatter of the 
points shows that, in a relative sense, the accu- 
racy of the measure is within 15-20%. In abso- 
lute terms the carbon content expressed in p.p.m. 
will obviously not be more accurate than the 
corresponding chemically determined value. 

Table 2. Characteristics of examined industrial water samples 

Type Source Carbon content (p.p.m.) 
aC= (Co + Ce) 

(pF cm- 2) 

X Demineralized bed 2"5 
Y Demineralized bed 3'0 
Z Boiler 5"2 

2'8 
4"5 
8"0 
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Fig. 8. Calibration curves obtained by diluting industrial 
water samples several times with ultra-pure water. 
(e) Original samples; (o) diluted samples. Experimental 
points to which the dashed line refer are not reported. 

Conversely the technique does not provide 
absolute data if the pollution level cannot be 
measured by an independent technique. 

Fig. 8 shows that the sensitivity can go down 
to 0.01 p.p.m. The dashed line indicates the 
AC versus log p.p.m, relationship obtained in 
the same way in the case of  water Y. The hori- 
zontal shift can be attributed to an error in the 
'chemical' value of the impurity level, as well as to 
a difference in the 'electrochemical' value related 
to impurities of different origin. 

The scatter of experimental points about the 
solid straight line in Fig. 8 (namely the average 
accuracy of the measure) is unlikely to be due 
to the nature of the method, for the repro- 
ducibility within the same run is usually better 

than 1 ~ .  The inaccuracy is more likely to depend 
on unsystematic errors, such as solution handling, 
Co oscillation, dilution imprecision, etc. How- 
ever, the accuracy is comparable to that of  the 
other available methods [3] and it is to be 
emphasized that this degree of accuracy is 
retained by the present method at levels as low 
as 0"01 p.p.m. 

7.2. Laboratory water quafity evaluation 

The best way to test the quality of  laboratory 
water is to measure C or qH as a function of 
time. We examined various water samples 
treated differently in order to improve their 
purity. Two alternative methods can be used to 
de-ionize water: distillation and demineraliza- 
tion by ion exchange. The latter method certainly 
gives better de-ionization as conductivity 
measurements can easily show [2]. However, 
organic pollution may be favoured by passing 
water through ion exchange beds. Fig. 9 shows 
that the slope of the linear C versus t ~/2 relation- 
ship is higher for de-ionized water than for dis- 
tilled water. Similar conclusions have been 
reached indirectly by Raspi and Malatesta [40] 
in a study on silver electrocrystallization. Also, 
polarographic measurements by Stenina and 
Nikolaeva-Federovich [30] show a peculiar, 
deleterious effect brought about by de-ionized 
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u. t~,, - :).5 

e,o stilled �9 ~ , l  r 

>2 deionized p. S S  S ~  

=< =5 ~ 0.3 , -  
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delonized ~ "  �9 r----- ~ 
. .  "* J \ ~  ~ o 0.1 
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Fig. 9. Decrease in capacity and parallel increase in fraction of blocked 
surface sites with time for Pt in 1 M HC10~ solutions made up with water 
from different sources. (o) De-ionized water used as such; (~) evaporated 
de-ionized water 
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water. However, distillation does not improve 
water purity as regards organic pollution. If  
de-ionized water is distilled, the purity of the 
product is the same as that of the feed water. The 
volatility of the impurities does not appear to be 
the primary reason for this. Fig. 9 shows that 
de-ionized water evaporated to half its initial 
volume still presents the same impurity level. 
From the above, we must necessarily conclude 
that distillation is ineffective in determining the 
background impurity level in water. 

It is often reported in the literature that the 
dissolution of some permanganate and caustic 
potash in the intermediate stage of the still 
should be a powerful tool to remove organic 
impurities by oxidation. However, we could not 
obtain a detectable positive result. It may be 
that the permanganate is not effective in the 
working conditions of the still and at low im- 
purity levels. 

Further purification of distilled water is extre- 
mely important as regards the preparation of 
'blanks'. Chemical purification with H202 has 
been found to be more effective. This reactant 
has the advantage that it is easy to eliminate. An 
example of its action has been shown above in 
Table 1 in the case of HaPO 4 solutions. Fig. I0 
stresses its effectiveness also in the case of plain 
water. Curve a refers to distilled water, while 
curve c refers to distilled water refluxed with 
H202. Although successful, the process is 
rather time-consuming. 

Another method of removing organic pol- 

lution by oxidation is to distil the water through 
a heated column filled with CuO. Fig. 10 shows 
(curve b) that it is possible in this way to effect 
a small improvement. 

Besides chemical methods, organic pollution 
can also be removed by an electrochemical 
technique, pre-electrolysis [41]. We tested two 
types of pre-electrolysis, inside and outside the 
cell, respectively. Outside-cell pre-electrolysis 
consists in storing up a large volume of water, 
to which the supporting electrolyte has been 
added, in a glass vessel equipped with two 
electrodes, a large anode and a small cathode. 
Organic impurities are removed by oxidation 
at the anode. Fig. 10 shows that the impurity 
reduction by pre-electrolysis depends on the 
electrolysis time. However, the atmosphere 
above the solution must be controlled with 
great care [42], and the transfer of solution to 
the cell inevitably requires some handling which 
can again reduce the purity of the solution. 

Inside-cell pre-electrolysis [24] appears to be 
more effective, as shown in Fig. 11, inasmuch as 
two factors make this method more favourable 
in this case i.e. the absence of any subsequent 
handling and the higher anodic area/solution 
volume ratio. 

The most effective technique to remove 
organic pollution is undoubtedly to filter the 
solutions through active charcoal which removes 
organic substances by adsorption. This method 
was introduced by Barker [43] and subsequently 
used by quite a number of workers [36, 39, 44- 
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Fig. 10. Decrease in free surface sites with time for Pt in 1 M HC104 
solutions made up with water differently treated. (a) Distillation; (b) 
distillation over heated CuO; (c) reflux with H202; (d) 2-days pre- 
electrolysis; (e) 8-days pre-electrolysis. 
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Fig. l l .  Decrease in capacity with time for Pt in 1M 
HC10~ solutions after pre-electrolysis inside (�9 and 
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47]. Under special conditions, the method can 
actually lead to ultra-pure water in which the 
capacity of an electrode remains constant over 
many days [36]. The present analytical technique 
evidences the effectiveness of the treatment with 
active charcoal. It can be seen in Fig. 12 that in 
the case of two waters of very different initial 
purity the greater improvement is observed in 
the water treated with active charcoal. However, 
this purification technique can be applied only 

in particular cases. Nevertheless, a simple 
filtration through active charcoal ensures in any 
case a satisfactory improvement in purity [46]. 

8. Discussion 

The results presented in this paper evidence the 
possibility of exploiting adsorption measure- 
ments for the estimation of pollution levels in 
water. A number of other electrochemical 
techniques have been proposed to the same end 
[32, 39, 46, 49-54]. The method suggested by 
Stenina and Nikolaeva-Fedorovich [39] is parti- 
cularly interesting. These authors focused their 
attention on the problem of the purity of solu- 
tions used for electrochemical measurements. 
They observed a progressive decrease in the 
third-kind maximum of Cu 2 + as the content of 
intentionally added camphor is increased. Their 
results show that the method is sensitive to 
below 0.01 p.p.m. Their 'blank' was water treated 
with active charcoal; a similar 'blank' would lead 
to a substantial improvement in the sensitivity of 
the method proposed here. 

Techniques based on the measurement of 
double layer charging [39, 49, 52, 54] or of 
reaction rates [46, 49] do not have a general 
validity because they are especially sensitive to 
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Fig. 12. Decrease in capacity with time for a Hg hanging drop electrode 
( ) and Pt electrode ( ) in solutions of surface 
inactive electrolytes treated in different ways. 1 and 2, original 
solutions; 3, filtration over active charcoal; 4, pre-electrolysis. Data 
for Hg taken from Reference [49]. 
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ionized impurities. This remark applies parti- 
cularly to surface potential measurements re- 
cently proposed [53] for non-ionized impurity 
detection. This limitation rules out all these 
techniques if the background ionic content 
changes from sample to sample. On the contrary, 
ionic impurities have much less effect on the 
response of the technique used in this paper. 
Cations have no practical influence even at 
relatively large concentrations due to their low 
adsorbability at the interface. Anions are more 
likely to be adsorbed and can be more surface- 
active. They can modify the capacity of the 
electrode [20], strongly in the case of Hg, less so 
in the case of Pt, so that a variable anionic 
content can produce a sensible oscillation in 
the value of C o. However, qn is much less in- 
fluenced by anion adsorption [55]. The reasons 
for this are twofold. First, hydrogen adsorption 
occurs on Pt essentially at negative potentials 
with respect to the potential of zero charge [56]. 
In this region, anions are largely repelled by 
negative charges on the electrode surface. Second, 
ionic adsorption cannot give rise to large cover- 
ages because of strong particle-particle surface 
repulsion. From measurements on Pt it can be 
seen that ionic coverages above 0.1-0.2 are 
seldom attained in the hydrogen adsorption 
region [55-57]. 

Ionic impurities can play an important role 
in the analysis of water. The practical cases 
discussed here refer always to de-ionized waters. 
More generally, in the case of domestic sewage 
and mixed industrial waters, the presence of 
ions appears to be unavoidable. The complexity 
of these systems makes it difficult to treat these 
waters by the present method. However, tap 
water can be treated, as ions, though present, 
are in comparatively small amounts. C1- is the 
most representative anion in tap water. If its 
concentration remains constant, AC is still 
indicative of organic pollution. Although studies 
especially focused on this aspect have not been 
made, qualitatively C1- can be said to decrease 
by itself the value of C O in the case of Pt elec- 
trodes [58]. Thus the presence of C1- reduces 
the sensitivity, but not the applicability, of the 
present method. Actually, the general behaviour 
of C1- is much more complicated inasmuch as, 
depending on the value of the electrode potential 

the curve of C O versus ccl- may even show a 
maximum at about 5-10 p.p.m. Fe 2+ ions, 
possibly present in this type of water, are much 
less interfering. 

We have shown that these experimental 
techniques cannot be selective towards different 
organic substances. However, they are in fact 
extremely selective with respect to inorganic 
carbonaceous materials which are usually present 
as ions. These electrochemical techniques may 
thus present undoubted advantages with respect 
to the combustion method. 

The range of applicability of the present 
method depends in principle on the nature of 
the electrode as well as of the impurities. On 
average, the lower limit appears to be about 
0"01 p.p.m., while the upper limit is 10 to 100 
p.p.m., if a Pt electrode is used. However, 
whereas the upper limit cannot be practically 
overcome because it is due to surface saturation 
phenomena, the lower limit can in principle be 
lowered inasmuch as the theoretical reference 
standard is represented by ideally pure water, i.e. 
water without any organic impurity. 

The accuracy of these techniques is inde- 
pendent of the amount of solution to be analysed. 
In principle it may be possible to apply these 
techniques to microanalysis by employing smaller 
and smaller amounts of solution. 
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