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ABSTRACT 

Ion-selective electrodes and a new type of dissolved gas sensor based 

on piezoelectric crystals were assessed for use in continuous monitoring of 

water quality. Relevant stream and effluent water quality standards were 

reviewed in order to define the constraints on the use of these sensors. 

The use of sensors in continuous monitoring programs in the United States 

and other countries was also examined and reviewed. 

The state-of-the-art of ion-selective electrodes for the title consti- 

tuents in water was reviewed. A tabular summary of electrode characteristics 

and an extensive bibliography were compiled. Recommendations for the use of 

these sensors were made with consideration of the practical problems encoun- 

tered in continuous monitoring. 

A dissolved gas sensor for carbon dioxide utilizing a coated piezoelec- 

tric crystal was fabricated and evaluated. Didodecylamine and dioctadecyl- 

amine were found to be useful coating materials but were also sensitive to 

water vapor and sulfur dioxide. A probe was designed with the crystal iso- 

lated from the aqueous sample by a film of polyvinyl chloride, cast Teflon 

or by a microporous Teflon filter. A differential mode of measurement using 

two probes, a probe to measure dissolved carbon dioxide and another to 

measure water vapor at the same temperature was employed in an attempt to 

circumvent the interference of water vapor. Results indicatedthat this 

approach is useful. 
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SUMMARY, CONCLUSIONS AND RECOWNDATIONS 

A comprehensive monitoring network appears necessary to provide ac- 

curate data and reliable assessment of the short- and long-term quality 

of the nation's water resources. The adequacy of such a network cannot be 

measured simply in terms of the number and placement of monitoring stations 

but depends also on the parameters chosen for monitoring and the frequency 

of sampling. Continuous monitoring of all possible parameters at each 

sampling point would seem to be ideal and provide maximum security against 

detrimental health and economic effects, but the cost of such a program 

would be prohibitive and the mass of data would be unmanageable. Therefore, 

optimization of monitoring systems is important and must take into account 

known variability -in water quality, use category of the water and available 

funds. A11 these factors provide constraints on the analytical techniques 

which could be used in continuous monitoring. 

Potentiometric sensors are attractive devices for continuous water 

quality monitoring, either as -- in situ probes or as chemical analysis systems. 

Thus far, however, only half a dozen sensors are considered completely reli- 

able and even those suffer about 10% loss of information when in continuous 

use and often require maintenance at least once a week. It is possible to 

make some generalizations regarding the suitability of ion-selective elec- 

trodes (ISE's) for continuous water quality analysis. First, the electrodes 

do not respond solely to the ion of interest, but respond also to changes 

in temperature, ionic strength, and to interfering ions. But even if a 

truly specific electrode could be produced, it would respond only to the 

free ion activity and since in water many metals are complexed or adsorbed 

on particulates, a large fraction of the total metal concentration would 

not be measured by this electrode. If incorporated into a pumped-flow 

system with reagent addition to overcome this limitation, the rate of release 

from the complex or adsorbate may be too slow for accurate measurement of 

total concentration (187). Secondly, ion-selective electrodes are gen- 

erally not sensitive enough for in situ measurement in natural waters -- 
because the activity of most metal ions, cyanide, etc. is too small to be 

sensed, so that at best, these electrodes would be operating at their limit 
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of detection. For the monitoring of effluent streams where composition is 

reasonably well known, ISE's can be used with better results. However, 

analyses based on ISE's are not currently acceptable for reporting dis- 

charges as required by the Federal Water Pollution Control Act, PL 92-500 

(60). Even with these limitations, ion-selective electrodes still have 

appeal and promise. The solid-state types are rugged and capable of long- 

term stability over a very large range of concentrations. 

As a summary of the many research developments and practical applica- 

tions presented in the body of this report, the following recommendations 

are given for each ion-selective electrode considered. A summary is also 

given of the investigationscarried out with a piezoelectric sensor. Par- 

ticular attention is given to interferences, detection limits and mainten- 

ance requirements. Concentrations of constituents in water are taken from 

Kopp and Kroner (182), Warner (386) or Standard Methods (9) and the 1972 

E.P.A. criteria are taken from reference 254. 

Cadmium. This element is rarely detected in natural waters of the U.S. 

Where found the mean concentrations is 0.0095 mg/l which is the lower limit 

for the Cd ISE and just below the 1972 E.P.A. criteria of 0.01 mg/l. Levels 

up to 0.120 mg/l have been found. The Cd electrode would have little use 
3+ 

in natural water monitoring because of interference from Fe . It would 

find its principal application in monitoring wastes from metal plating baths. 

Copper. The mean level of Cu in natural waters is 0.015 mg/l which is 

roughly twice the lower limit of the Cu ISE. The 1972 criterion is 1 mg/l 

which is much higher than the limit of detection of the electrode. Inter- 

ference from Fe3+ and CL- would be high in natural waters. The tendency to 

form complexes with bicarbonate and organics would interfere with total Cu 

determination. Smith and Manahan (351) reported use of the Cu ISE in natural 
2+ 

waters down to 0.018 mgCu /1. Metal finishing effluents could be monitored 

with the electrode. 

Iron. No commercial electrode is available but the ISE patented by 

Johnson and Trachtenberg (166) is sensitive in the region of the 1972 cri- 

terion of 0.3 mg/l. The natural level of iron is usually much lower but 
3+ 

may get as high as 5 mg/l. The Fe electrode could be important as an 

alarm sensor for water treatment plants and could also be used in metal 
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finishing effluent streams. 

Lead, The lower detectian limit of the lead ISE is below the 1972 - 
criterion of 0.05 mg/l and about the same as the mean level in U.S. waters 

3+ 
of 0.023 mg/l. Unfortunately both cu2+ and Fe levels are high enough to 

offer strong interference. The Pb ISE has been used in monitoring plating 

wastes. 

Mercury. No commercial electrode is available which will sense Hg down 

to the 1972 criterion of 0.002 mg/l. Halide ions interfere by complexation. 

Nickel. The 1972 criteria document gave no limit for nickel(I1) but 

suggested ocean levels of 0.1 mg/l could be hazardous to marine life. The 

mean level in natural waters where Ni was detected was 0.02 mg/l. The Ni 
2+ 

electrode will detect that level but no interference data has been given. 

Nickel is used in dyes, inks and electroplating and an electrode would be 

useful in monitoring effluents there. More data is needed for a definite 

recommendation to be made. 

Silver. Silver is rarely found in natural waters above 0.001 mg/l 

which is an order of magnitude lower than the detection limit of available 

ISE's. Applications have been reported for photographic wastes and plating 

baths. 

Zinc. The available ISE's for 2n2+ have detection limits well below 

the 0.064 mg/l normally found in natural waters. Their use to monitor paper - 

2 - 2- bleaching wastes for zn2+ would probably be difficult since S and SO4 

interfere. Galvanization wastes could be monitored. 

Arsenate. The available arsenic(V) electrodes are sensitive down to 

the 1972 drinking water limit for total arsenic. A strictly pH-limited 

operating range and interference from aluminum ions would probably not allow 

direct, in-line use of the electrodes for monitoring raw water. They could 

possibly find use in monitoring wastes from pesticide manufacturing but 

more evaluation is needed. 

Chloride. This electrode should be useful in monitoring brine wastes 

from food processing plants. It could also be used to monitor salt water 

intrusion in tidal rivers and ground waters. 

Chromate. The available chromate electrodes suffer severe interfer- 
2- 2- 2 - 

ences from SO and C03 ions as well as HPO 4 4 '  
These interferences obviate 



their use in natural waters, but plating wastes could be monitored. 

Cyanide. The cyanide ISE is cqpable of measuring free CN- well below 

the 1972 criterion of 0.2 mg/l, The direct interferences in 

natural waters are few but the cyanide fraction that complexes with metals 

would escape detection. Adjustment of pH and addition of EDTA in a pumped- 

flow system frees the complexed cyanide and permits its measurement. The 

electrode has also been successfully used to monitor wastes from plating 

baths. 

Fluoride. This electrode has been used successfully in monitoring 

and controlling fluoridation equipment for years. 

Sulfate. The sulfate electrode could be used in those situations where 
2 - 

the pH is below 5.0 to prevent CO interference and where lead ions are 
3 

absent. Its sensitivity limit is far below the 250 mg/l drinking water 

standard. 

Sulfide. This toxic ion is converted to sulfate in aerobic waters, 

thus its concentration is usually low. In anaerobic situations and in pulp 
2 - 

mill wastes the S ISE could be used for direct monitoring or in automatic 

titration systems. It is also capable of monitoring sulfide levels in 

sediments. Its use has been suggested as an indirect indicator of heavy 
2 - metals in sewage digestion since the metals would cause S to be abnormally 

low. 

Nitrate. This electrode has sufficient sensitivity to measure NO; levels 

in most natural waters as well as waste waters, The main problems are inter- 

ferences from ~ 1 -  and NO- and maintenance (replacement of liquid ion ex- 2 + 
changer). Chloride can be masked by Ag addition in pumped-flow systems. 

If the new Orion 93-07 electrode or some of the heterogeneous ion exchange 

membrane electrodes allow greater time between maintenance the electrode 

will probably see wide use in continuous monitoring systems. Monitoring of 

meat packing wastes, fertilizer manufacturing wastes and sewage effluents 

would be inportant uses. 

Phosphate. The commercially available phosphate electrodes are not 

sufficiently sensitive or free from interferences to be used in monitoring 

natural waters. In water with low sulfate and carbonate concentrations or 

in instances where these ions could be masked they could be useful for 



measur ing phosphate  c o n c e n t r a t i o n s  g r e a t e r  t h a n  1 0  mg/l .  

Ammonium/Ammonia. Because of t h e  i n t e r f e r e n c e s  exper ienced  by t h e  
+ 

NH e l e c t r o d e s  most a n a l y s t s  now u s e  t h e  more s e l e c t i v e  NH gas  s e n s o r .  4 3 
This  e l e c t r o d e  measures o n l y  NH and t h u s  a  pumped-flow system w i t h  pH 3 
ad jus tment  i s  n e c e s s a r y  t o  o b t a i n  t o t a l  ammonia. S u f f i c i e n t  e x p e r i e n c e  i s  

a v a i l a b l e  t o  be l i -eve  t h a t  t h i s  e l e c t r o d e  w i l l  b e  v e r y  u s e f u l  i n  m o n i t o r i n g  

sewage w a s t e s  and n a t u r a l  w a t e r s .  I n  t h e  Uni ted Kingdom i t  i s  used a s  a n  

i n d i c a t i o n  of sewage con tamina t ion  i n  n a t u r a l  w a t e r s .  It h a s  a l s o  been 

a p p l i e d  t o  n i t r a t e  a n a l y s i s  i n  pumped-flow systems where t h e  n i t r a t e  i s  

f i r s t  reduced t o  NH 
3 ' 

Carbon Dioxide.  These e l e c t r o d e s  have been used w i t h  s u c c e s s  i n  blood 

a n a l y s i s  f o r  some t ime  and could  b e  a p p l i e d  t o  w a t e r  a n a l y s i s .  The l e v e l  

of d i s s o l v e d  C 0 2  i n  s u r f a c e  w a t e r s  i s  u s u a l l y  l e s s  t h a n  10 mg/L s o  t h a t  t h e  

e l e c t r o d e s  would b e  o p e r a t i n g  a t  t h e i r  l i m i t  of  s e n s i t i v i t y .  The e l e c t r o d e s  

could  p o s s i b l y  be  used t o  moni tor  b i o l o g i c a l  a c t i v i t y  by measur ing carbon 

d i o x i d e  p r o d u c t i o n  o r  up take .  

C h l o r i n e .  The o n l y  i n f o r m a t i o n  a v a i l a b l e  on t h e  commercially a v a i l a b l e  

C 1  ISE's  i s  t h a t  from t h e  s u p p l i e r s .  The Chemtrix model r e q u i r e s  r e a g e n t  2 
a d d i t i o n  t o  r e g u l a t e  t h e  pH and t h u s  can o n l y  b e  used f o r  g rab  sampling o r  

i n  pumped-flow sys tems .  

Hydrogen S u l f i d e .  The H S  e l e c t r o d e  h a s  t h e  same p o t e n t i a l  f o r  a p p l i -  2 
c a t i o n s  a s  t h e  s u l f i d e  i o n  e l e c t r o d e  e x c e p t  t h a t  pH ad jus tment  i s  r e q u i r e d  

t o  o b t a i n  t o t a l  s u l f i d e  measurements. 

Ni t rogen  Dioxide.  T h i s  e l e c t r o d e  can b e  used t o  d e t e c t  n i t r i t e  i o n  

w i t h  p roper  b u f f e r i n g .  I n  a  pumped-flow system i t  shou ld  b e  u s e f u l  f o r  

moni to r ing  meat packing w a s t e s .  

S u l f u r  Dioxide.  T h i s  e l e c t r o d e  can b e  used f o r  moni to r ing  s u l f i t e  i o n  

by a d d i t i o n  o f  a  b u f f e r .  I ts pr imary u s e  would be  m o n i t o r i n g  w a s t e s  from 

s u l f i t e  paper  and p u l p  m i l l s .  

P i e z o e l e c t r i c  Sensors .  With r e g a r d  t o  t h e  u t i l i t y  of p i e z o e l e c t r i c  

s e n s o r s  f o r  w a t e r  q u a l i t y  a n a l y s i s ,  i t  a p p e a r s  t h a t  f u r t h e r  i n v e s t i g a t i o n s  

w i l l  b e  n e c e s s a r y  b e f o r e  t h e i r  p o t e n t i a l  can b e  f u l l y  a s s e s s e d .  The work 

d e s c r i b e d  i n  t h i s  r e p o r t  i s  t h e  f i r s t  t o  examine t h e i r  u s e  a s  s e n s o r s  of 

d i s s o l v e d  g a s e s  i n  w a t e r .  Amine-coated c r y s t a l s  were  used t o  d e t e c t  d i s s o l v e d  



carbon dioxide, but these were found t~ be also sensitive to moisture and 

sulfur dioxide. A gas permeable membrane was required to keep the crystals 
from contact with liquid water and to inhibit transfer of water vapor. Of 

the membranes investigated, microporous Teflon membranes appeared to offer 

the best qualities of selectivity and response time. Even with this membrane, 

however, significant amounts of water vapor reached the crystal and a dif- 

ferential measuring technique was required to obtain quantitative continuous 

measurement. The sensor was also sensitive to temperature changes and to 

changes in depth of probe immersion. 
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1. INTRODUCTION 

1.1 Genera l  

Improved and expanded w a t e r  q u a l i t y  m o n i t o r i n g  h a s  been r e p e a t e d l y  urged 

by t h o s e  concerned w i t h  t h e  mana.gement o f  w a t e r  r e s o u r c e s  (211, 212, 389) .  

F a c t o r s  d e t r i m e n t a l  t o  t h e  h e a l t h  and w e l l  b e i n g  of human and a q u a t i c  com- 

m u n i t i e s  must b e  k e p t  under  c o n s t a n t  s c r u t i n y .  Without m o n i t o r i n g ,  l e g i s -  

l a t e d  w a t e r  p o l l u t i o n  c leanup  programs cannot  b e  e f f e c t i v e l y  e n f o r c e d .  Con- 

t r o l  a c t i v i t i e s  a r e  p r e s e n t l y  s t i l l  l i m i t e d  by a  l a c k  o f  a d e q u a t e  measure- 

ment c a p a b i l i t i e s  (208).  I n  many c a s e s ,  l a r g e  sums of p u b l i c  and p r i v a t e  

funds  a r e  b e i n g  s p e n t  t o  c o n t r o l  p o l l u t a n t  l e v e l s  which e i t h e r  cannot  be  

a d e q u a t e l y  moni tored o r  cannot  b e  moni tored a t  a l l .  

I n  North C a r o l i n a  t h e  need f o r  expanded moni to r ing  programs f o r  n u t r i e n t s  

and m e t a l s  h a s  been acknowledged (257) .  The t e x t i l e  i n d u s t r i e s  i n  t h e  s t a t e  

and r e g i o n  u s e  l a r g e  q u a n t i t i e s  of a r s e n i c ,  chromium, z i n c ,  l e a d ,  cadmium 

and copper  i n  dyeing p r o c e s s e s .  A t  t h e  p r e s e n t  t i m e  i t  i s  i m p o s s i b l e  o r  a t  

l e a s t  i m p r a c t i c a l  t o  moni to r  s t r e a m s  r e c e i v i n g  m e t a l  w a s t e s  from t h e s e  indus-  

t r i e s .  The c o s t  and t ime  r e q u i r e d  by p r e s e n t l y  used a n a l y t i c a l  p rocedures  

make i t  ex t remely  d i f f i c u l t  t o  a d e q u a t e l y  moni tor  a  sys tem s o  t r a n s i t o r y  

and i n t r i c a t e  a s  t h e  aqueous environment i n t o  which t h e s e  m e t a l s  a r e  i n t r o -  

duced.  Another concern  is  t h e  a q u a t i c  h e a l t h  of s t r e a m s ,  impoundments, l a k e s  

and e s t u a r i e s  of t h e  S o u t h e a s t  w'hich i s  o f t e n  a f f e c t e d  by b o t h  d e l i b e r a t e  

and u n i n t e n t i o n a l  i n p u t s  o f  n u t r i e n t s  from v a r i o u s  s o u r c e s .  Moni tor ing of 

n u t r i e n t s  t o  p r o v i d e  a  b a s e l i n e  f o r  p r e d i c t i n g  a f f e c t s  on a q u a t i c  l i f e  i n  

North C a r o l i n a  h a s  been underway f o r  some t ime  and i s  now proceed ing  a t  an 

i n c r e a s e d  r a t e  (257, 391).  F i n a l l y ,  it must a l s o  b e  recognized  t h a t  d i s s o l v e d  

g a s e s  o t h e r  t h a n  oxygen a r e  impor tan t  t o  t h e  h i g h e r  a q u a t i c  l i f e  such a s  

f i s h  (208, 254).  Ammonia and carbon d i o x i d e  can b e  t o x i c  t o  f i s h  a t  q u i t e  

low l e v e l s ,  b u t  t h e i r  c o n c e n t r a t i o n s  a r e  n o t  u s u a l l y  moni tored on a  r e g u l a r  

b a s i s .  

To a s s u r e  t h a t  t h e  f u t u r e  workload of m o n i t o r i n g  w i l l  b e  f e a s i b l e ,  



continuous systems must be devised to replace the rather piecemeal systems 

that are prevalent today. Although the initial costs will perhaps be high, 

correctly designed systems will replace costly human labor and tend to 

eliminate human errors which would accumulate from the tedium of handling 

so many samples. Such systems will have to rely mostly on a variety of 

sensors, although automated wet chemistry analyzers have found considerable 

use. There is a great need for the development and evaluation of simple, 

rugged sensors for -- in situ measurement as opposed to jury-rigging of already 

complicated colorimetric or titrimetric analyses. Sensors for pH, conduc- 

tivity, oxidation-reduction potential and dissolved oxygen, among others, 

are in use at this time. However, devices for trace metals, nutrients and 

other dissolved gases besides oxygen have not been sufficiently evaluated 

or exploited as -- in situ sensors. It is important that this be done, since 

even well-known, reliable sensors for the laboratory, e.g. the glass pH 

electrode, may be inappropriate for -- in situ water quality monitoring at 

high concentrations of surfactants or at very low ionic strengths (73). 

1.2 Objectives and Scope 

The first objective of this study was to evaluate state-of-the-art 

sensors which could be useful in meeting the needs of continuous monitoring 

of effluents and receiving waters in North Carolina and the southeastern 

geographical region. The evaluations were based on consideration of analy- 

tical sensitivity as compared to federal and state concentration regulations, 

selectivity over other species in the aquatic matrix, physical interferences 

such as temperature and suspended solids, and reliability and precision with 

respect to legal evidence requirements. 

The second objective was to develop a new sensor for dissolved gases 

based on a microweighing technique using piezoelectric crystals coated with 

various adsorbents. A probe with the crystal mounted in a compartment 

covered by a gas-permeable membrane was fabricated and evaluated. 

1.3 General Approach 

Existing and proposed water quality standards and effluent regulations 

were reviewed. Special attention was given to species toxic to humans and 

aquatic life such as trace metals, cyanide and dissolved gases. Nutrient 



species, nitrate and phosphate, responsible for cultural eutrophication were 

also considered. The types of effluents considered were those important to 

North Carolina and the southeastern region: municipal sewage, textile manu- 

facturing wastes, food processing wastes, chemical and fertilizer manufac- 

turing wastes, pulp and paper wastes and others. The chenical composition 

of the effluent types were ascertained from published sources. Sensors were 

than evaluated for their appropriateness in continuous monitoring of effluent 

and receiving streams within the constraints of sensitivity required by the 

standards and the interferences found in the effluents. Experiences with 

sensors in continuous monitoring programs in this country and abroad were 

also reviewed. 

In an effort to develop a new type of sensor for monitoring dissolved 

gases in water, experimental work was carried out on a microweighing tech- 

nique. A survey of the literature showed that piezoelectric quartz crystals 

displayed considerable promise for detecting minute quantities of trace 

gases. The investigation was centered on finding a suitable coating material 

which would adsorb carbon dioxide and a selective gas-permeable membrane 

which would allow passage of carbon dioxide but not moisture. A probe was 

constructed and test performed to evaluate the sensitivity, selectivity and 

reproducibility of the sensor. 



2. NEED FOR CONTINUOUS MONITORING 

2.1 General 

Bodies of water are continuously undergoing change as a result of 

physical, chemical and biological processes. The chemical constituents of 

the water, Table 1, are circulated by stream flow, lake overturn and tidal 

action. Physical and biological processes mediate deposition in and release 

from sediments. The activities of man unbalance the natural dynamic state 

of waters and add constituents not normally found in nature. The complex 

interactions at play in aquatic systems may give rise to dramatic and abrupt 

changes in the quality of water as a result of seemingly inconsequential 

human activities. In many cases a short-term, high level of a chemical 

could be physiologically harmful to humans or aquatic species and the excess 

might be overlooked by daily or composite' sampling procedures. In addition 

to complexity of interactions, there is a diverse set of sources from which 

pollutants reach water. Not only effluents from pipes, but also storm run- 

off and rainout of airborne wastes and gases are important inputs. The 

ubiquitous nature of these nonpoint sources means that more than effluent 

monitoring is necessary to safeguard water supplies. Ever-increasing popu- 

lations pressures demand that more and more water resources be reused. 

Nature alone can no longer be expected to handle the cleanup and revitaliza- 

tion of polluted waters. As the pressures for reuse increase, the distance 

between water withdrawals and upstream effluent discharges decreases,thus 

increasing the dangers of an accidental spill without sufficient warning. 

For these reasons it is necessary to establish continuous monitoring networks 

to assure that water quality does not deteriorate below that required for 

its intended use. 

Mancy (208) has given some specific applications in which continuous 

monitoring devices can play important roles: 

(a) evaluation of effluent conformance of legal standards, 

(b) evaluation of treatment requirements of waste waters to be released 

into surface waters, 



Table 1 

DISSOLVED SOLIDS IN U.S. WATERS 

Major Constituents (1 - 1000 mg/l) 

Calcium Bicarbonate Silica 
Magnesium Chloride 
Sodium Sulfate 

Secondary Constituents (0.01 - 10 mg/l) 

Boron Carbonate 
Iron Fluoride 
Potassium Nitrate 
Strontium 

Minor Constituents (0.0001 - 0.1 mg/l) 

Aluminum Germanium Phosphate 
Antimony Iodide Rubidium 
Aresenic Lead Selenium 
Barium Lithium Titanium 
Cadmium Manganese Uranium 
Cobalt Molybdenum Vanadium 
Copper Nickel Zinc 

Trace Constituents ((0.001 mg/l) 

Beryllium Lanthanum Thallium 
Bismuth Nickel Thorium 
Cerium Platinum Tin 
Cesium Radium Tungsten 
Gallium Ruthenium Ytterbium 
Gold Scandium Yttrium 
Indium Silver Zirconium 

Source: Davis and Dewiest (65) 



evaluation of treatment process efficiencies, 

provision of warnings of malfunctions, accidents, spills, and 

unsuspected interactions between effluents and natural waters,and 

provision of background data for planning future uses of water 

resources, particularly with regard to the extent and frequency of 

variation in pollutant concentrations. 

The monitoring of water quality in distribution systems is another potential 

use (309). 

Extended discussions of needs for monitoring networks and their rela- 

tionship to water management are found in references 69, 74, 224, and 331. 

2.2 Human Toxicity and Related Standards 

Although much is unknown regarding the health effects of environmental 

levels of chemicals in water, it is not possible to be comfortable with the 

hope that current water treatment practices will provide safe water. A 

growing number of inorganic chemicals, particularly trace metals, may con- 

stitute a risk to human health (221). An Environmental Protection Agency 

(E.P.A.) report (10) declared that of the many potentially polluting in- 

organic chemicals tested, 18% were carcinogenic, 20% were teratogenic and 

all showed mutagenicity. In the long run the determination of specific form 

of the elements will be necessary since toxicity varies accordingly, e.g. 

Cr(V1) is extremely toxic whereas Cr(II1) is not. However, until more 

complete information is available on chronic effects, biotransformation and 

storage of ingested elements, the survey of total concentrations in water 

must be continued. Known and suspected interactive effects of chemicals 

both in water systems and in human physiology also demand scrutiny of our 

water sources. 

Craun and McCabe (61) recently reviewed the problems associated with 

inorganics in drinking water and stated that although many inorganic con- 

stituents, e.g. Ca, Fe,andNa, are among those required for human health, 

several others have been implicated in instances of waterborne illness. 

They point out that although many contaminants have geochemical origins, 

e.g. As, Ba and Se, these and others also enter surface and ground waters 

from industrial and municipal wastes. The water supply system itself is a 

major source of metal contaminants such as Cu, Cd, Pb, and Zn. Automated 



sampling o f  such  con tamina t ion  h a s  been t e s t e d  i n  Chicago and P h i l a d e l p h i a  

and o t h e r  c i t i e s  have expressed  i n t e r e s t  i n  moni to r ing  t h e i r  d i s t r i b u t i o n  

systems.  F i n a l l y ,  t h e  r e l a t i o n s h i p  between w a t e r  q u a l i t y  and h e a r t  d i s e a s e  

remains  an  a c t i v e  c o n t r o v e r s y  b u t  e p i d e m i o l o g i c a l  e v i d e n c e  does  i n d i c a t e  t h e  

p o s s i b l e  e f f e c t  o f  w a t e r  q u a l i t y .  

The World H e a l t h  O r g a n i z a t i o n  h a s  e s t a b l i s h e d  t e n t a t i v e  l i m i t s  f o r  s i x  

i n o r g a n i c s  i n  d r i n k i n g  w a t e r  (Table  2) based on t o x i c o l o g i c a l  e v i d e n c e  (397) .  

Other  s p e c i e s  such  a s  B a ,  Be, Co, Mo, SCN-, Sn, U and V were c o n s i d e r e d  

i m p o r t a n t  f o r  s e t t i n g  c o n t r o l s ,  b u t  e v i d e n c e  f o r  s p e c i f i c  l i m i t s  was con- 

s i d e r e d  i n s u f f i c i e n t .  L i m i t s  on NO- and NO- were  n o t  f e l t  t o  b e  needed i n  
3  2  

view of t h e  small i n t a k e  of w a t e r  by i n f a n t s ,  t o  whom t o x i c i t y  i s  g r e a t e s t .  

However, concern  was expressed  over  p o t e n t i a l  i n  v i v o  convers ion  t o  c a r c i n o -  

g e n i c  n i t r o s a m i n e s ,  e v i d e n c e  o f  which cou ld  f o r c e  f u t u r e  r e d u c t i o n s  i n  

d r i n k i n g  w a t e r  l e v e l s  o f  n i t r a t e .  

Tab le  2  

W.H.O. TENTATIVE LIMITS FOR DRINKING WATER 

The U.S. F e d e r a l  Dr ink ing  Water S tandards  o f  1962 (375) ,  T a b l e  3 ,  a r e  

p r e s e n t l y  under review.  Water q u a l i t y  c r i t e r i a  were  p u b l i s h e d  i n  1968 (374) 

and 1972 (254) i n  accordance  w i t h  t h e  F e d e r a l  Water Q u a l i t y  Act of 1965. 

The c r i t e r i a  r e f l e c t  advances  i n  knowledge concern ing  w a t e r  t r e a t m e n t  pro- 

c e d u r e s  as w e l l  a s  h e a l t h  e f f e c t s  of wa te rborne  chemica l s .  To q u o t e  t h e  

l a t e s t  c r i t e r i a  f o r  d r i n k i n g  w a t e r  s u p p l i e s  (254, p . 5 1 ) :  

. . . The recommendations i n  t h i s  S e c t i o n  f o r  raw w a t e r  q u a l i t y  
f o r  p u b l i c  s u p p l i e s  a r e  i n t e n d e d  t o  a s s u r e  t h a t  t h e  w a t e r  w i l l  
b e  po tab le - - fo r  s u r f a c e  w a t e r ,  w i t h  t h e  d e f i n e d  t r e a t m e n t  p r o c e s s ;  
f o r  ground w a t e r ,  w i t h  no t r e a t m e n t .  



Table 3 

u . s . DRINKING WATER STANDARDS AND CRITERIA~ 

CONSTITUENT 

Ammonia-N 

Arsenic 

Barium 

Cadmium 

Chloride 

Chromium 

Copper 

Cyanide 

Fluoride 

Iron 

Lead 

Manganese 

Mercury 

Nitrate 

Nitrite 

Selenium 

U.S.P.H.S. '62 E.P.A. '72 
STANDARDS (mg/l)b CRITERIA (mg/l) 

0.05 

1.0 

0.01 

250 (suggested) 

0.05 (cr6+) 

1 (suggested) 

0.01 (suggested) 

1.4-2.4 

0.3 (suggested) 

0.05 

0.05 (suggested) 

45 (suggested) 

0.1 

1.0 

0.01 

250 

0.05 (total) 

1.0 

0.2 

1.4-2.4 

0.3 

0.05 

0.05 

0.002 

10 (as N) 

1 (as N) 

0.01 

Silver 0.05 - 

Sulfate 250 (suggested) 250 

Zinc 5 (suggested) 5 

a. See also Reference 255 

b. Reference 375 

c. Reference 254 



In setting limits for chemicals in water supplies it is necessary to consi- 

der daily intakes of water as well as food and air intakes. Water used 

in food preparation must generally meet drinking water standards as well. 

In some instances water quality criteria are based on esthetics, e.g. 

clairty and taste, rather than toxicity. 

In September of 1973 the Environmental Protection Agency published in 

the Federal Register a list of "Toxic Pollutant Effluent Standards" (388). 

This list was drawn up with the intention of protecting humans from acute 

poisoning incidents and chronic low-level exposure. Also intended was 

protection of economically important aquatic species and prevention of 

human ingestion of high concentrations of toxic materials - via food chain 

biomagnification. The initial list included Cd, Hg and cyanide. Future 

additions will be made as information becomes available concerning definite 

toxicity levels. 

2.3 Toxicity to Aquatic Life and Related Standards 

Natural aquatic ecosystems have evolved into a delicate and intri- 

cately complex balance of organisms. Many of the economically important 

species can tolerate only a narrow range of environmental conditions.~inor 

changes, especially rapid ones, can crucially upset the necessary balances 

and endanger the survival of fish, shellfish or their food supplies. Pol- 

lutants may be directly lethal or may cause subtle effects on physiology, 

behavior or reproductive success. In either case the aquatic richness of 

a body of water almost invariably decreases through death, extinction or 

migration. 

Another important consideration is the concentration effect that aquatic 

organisms can have with toxic elements in water. Even though levels in 

water are normally below those considered directly harmful to humans, toxic 

metals may be stored in the tissues of some aquatic species used for food 

and reach levels that can be harmful when ingested. Ocean disposal of Hg, 

Cd and their compounds is now forbidden in this country because of these 

considerations (271). A permit is required for other heavy metals. 

The objective of the Environmental Protection Agency freshwater quality 

recommendations is to protect "fish and other aquatic organisms for sport 

or commercial harvesting" (254). To accomplish this end other aquatic life 



must also be considered in order to provide sufficient biological diversity 

for maintenance of a stable environment. In setting limits the most sen- 

sitive species, whether economically important or not, is frequently used. 

Toxic pollutants are assumed to have additive effects unless proven other- 

wise. A summary of E.P.A. recommendations for freshwater pollutant levels 

is presented in Table 4. Pollutantp which affect aquatic life can be 

characterized (172) : 

(1) wastes with high BOD, e.g. canneries and sugar refineries; 

(2) wastes with high BOD and significant toxicity, e.g. kraft pulping 

mills and petroleum refineries; 

(3) wastes with low BOD and high toxicity, e.g. metal finishing, chemi- 

cal plants and acid mine wastes; and 

(4) thermal wastes, e.g. power plants. 

The first category mainly affects dissolved oxygen levels and may eliminate 

economic species by creating anaerobic conditions. The second type of waste, 

in addition to being toxic, reduces the tolerance of fish for pollutants 

by reducing dissolved oxygen at the same time. The third category kills 

fish by producing intolerable pH and heavy metal levels which interfere 

with respiration or other physiological functions. Elevated temperature 

reduces oxygen solubility and generally increases chemical toxicity. Tem- 

perature is also closely associated with the species distribution of fish, 

economically important species generally requiring lower temperatures for 

success. 

2.4 Cultural Eutrophication 

As early as 1966 a committee of the American Water Works Association 

estimated that over half of the surface waters in the United States experi- 

enced water quality problems due to excessive growth of aquatic flora (365). 

The source of the problems can be shown to be nutient availability, par- 

ticularly nitrogen and phosphorus. Excessive nutrients in forms readily 

available for algal growth can cause a change in the dominant species to 

nuisance types,such as the blue-green algae, and frequent occurrences of blooms 

(387). Death and decomposition of these algae can lead to anoxic conditions 

and further degrade the water for use by important aquatic species. 



Table 4 

SELECTED POLLUTANT LIMITS TO PROTECT FRESHWATER AQUATIC LIFE 

CONSTITUENT RECOMMENDED LEVEL 

Dissolved oxygen >4 mg/l or the natural level if less 

Total dissolved gases <110% atmospheric pressure 

Free C02 

Hg 

phthalate esters 

PCB' s 

Cd 

Cr (total) 

Pb 

Cu, Ni, Zn 

NI13 63) 

c12 

C N  

detergents 

phenolics 

H2S (g) 

~6 mg/l 

<0.05 mg/l, 0.2 mg/l at anytime 

<0.3 mg/l 

<0.002 mg/l at any time 

<0.0004 - 0.03 mg/l depending on hardness 
C0.05 mg/l 

<0.03 mg/l at any time 

toxic but variable and uncertain 

<0.02 mg/l at any time 

<0.003 mg/l at any time 

<0.005 mg/l at any time 

€0.2 mg/l at any time 

<0.1 mg/l at any time 

<0.002 mg/l at any time 

Source: NAS-NAE, EPA-R-73-033 (1973), Reference 254. 



Cultural eutrophication is the speed up of a natural process due to 

man's addition of nutrients over and above those from natural soil and 

sediment releases. These additions come primarily from sewage effluents, 

with industrial wastes and agricultural practices contributing smaller 

but important amounts. The Environmental Protection Agency has recognized 

the importance of slowing down cultural eutrophication and has called for 

emission standards on nitrogen and phosphorus compounds. 

2.5 Specific North Carolina Needs 

As North Carolina becomes increasingly industrialized and heavily popu- 

lated, its waterways cannot escape an increase in waste loading, at least 

not without an adequate water quality management program. Clearly, no man- 

agement program is successful without an appropriate monitoring system. 

The legal development of North Carolina's water quality management pro- 

gram was reviewed by Heath (126) in 1971. Basically, the program stems 

from the Stream Sanitation Act of 1951 and the Water and Air Resources Act 

of 1967. The approach taken has been to classify the surface waters of the 

State with regard to their potential use and set quality standards for each 

class. In 1971 the State enacted an environmental policy act, authorized 

effluent standards and limitations, and passed the Water and Air Quality 

Reporting Act. Numerous agency reorganizations have slowed complete imple- 

mentation, but water quality management is now proceeding well under the 

Environmental Management Commission and the Department of Natural and Eco- 

nomic Resources. A brief look at three water quality related documents will 

serve to show the State's commitment and intentions regarding monitoring 

programs. 

Chapter 143, Article 21 of the N.C. General Statutes provides enabling 

and regulatory legislation within which the State water agencies operate. 

Section 143-215 authorized effluent standards and limitations and required 

permits for new effluent sources. All persons subject to 143-215 were also 

required to file monthly reports on waste characteristics and flows. Certain 

kinds of discharges were prohibited outright by Section 143-214: a) radio- 

active wastes, chemical and biological warfare agents, b )  discharges into 

the ground water via wells, and c) dumping into the Atlantic within N.C. 

jurisdiction. 



A s  r e q u i r e d  by S e c t i o n  143-211 a  s e t  of r u l e s  and r e g u l a t i o n s  were  

promulgated by t h e  Board of Water and A i r  Resources  (259) .  Rule I11 r e q u i r e s  

t h e  u s e  of "Standard Methods" ( 9 ) ,  "E.P.A. Methods" (76 ) ,  o r  o t h e r  a n a l y t i c a l  

methods a s  adopted.  Rule I V  adopted t h e  U.S.P.H.S. Drinking Water S t a n d a r d s  

of 1962 (375) f o r  C l a s s  A w a t e r s  i n  t h e  S t a t e .  Regula t ion  I i s  an  a n t i -  

d e g r a d a t i o n  c l a u s e .  R e g u l a t i o n  I11 f o r b i d s  d e g r a d a t i o n  of any downstream 

w a t e r  by e f f l u e n t  f low. Regula t ion  I V  r e q u i r e s  r e p r e s e n t a t i v e  sampl ing.  

R e g u l a t i o n  V I I I  r e g u i r e s  t h a t  maximum l i m i t s  f o r  t o x i c  and d e l e t e r i o u s  mate- 

r i a l s  i n  r e c e i v i n g  w a t e r s  s h a l l  n o t  exceed t h e  most r e c e n t  E.P.A. c r i t e r i a .  

R e g u l a t i o n  X I  e s t a b l i s h e s  t h e  s u r f a c e  w a t e r  c l a s s i f i c a t i o n s  and s t a n d a r d s  

a p p l i c a b l e  t h e r e t o .  With r e g a r d  t o  t o x i c  w a s t e s  t h e  g e n e r a l  s t a t e m e n t  i s  

t o  a l l o w  "Only such  amounts, whether  a l o n e  o r  i n  combinat ion w i t h  o t h e r  

s u b s t a n c e s  o r  w a s t e s  a s  w i l l  n o t  r e n d e r  t h e  w a t e r s  u n s a f e  o r  u n s u i t a b l e  . . . ' I  

f o r  t h e i r  b e s t  usage .  

R e g u l a t i o n s  a l s o  have been p u b l i s h e d  r e g a r d i n g  t h e  m o n i t o r i n g  and r e p o r t -  

i n g  of was tewate r  d i s c h a r g e s  (258) .  T h i s  document g i v e s  approved methods of 

sample c o l l e c t i o n  (g rab  samples a r e  p e r m i t t e d ) ,  sample a n a l y s i s  and r e p o r t -  

ing .  A s  h a s  been common i n  t h e  p a s t ,  o n l y  BOD, pH, d i s s o l v e d  and suspended 

s o l i d s ,  c o l i f o r m s  and s i m i l a r  pa ramete rs  a r e  s p e c i f i e d  f o r  f r e q u e n t  (monthly) 

r e p o r t i n g .  Toxic  m a t e r i a l s  a r e  o n l y  mentioned w i t h  r e g a r d  t o  a n n u a l  r e p o r t s ,  

and t h e n  o n l y  w i t h  t h e  requirement  t h a t  i n d u s t r i a l  e s t a b l i s h m e n t s  which con- 

t r i b u t e  t o x i c  q u a n t i t i e s  of t o x i c  m a t e r i a l s  t o  a w a t e r  p o l l u t i o n  c o n t r o l  

f a c i l i t y  be  named and t h e i r  average  d a i l y  w a s t e  volumes g i v e n .  Toxic  mate- 

r i a l s  a r e  r e a s o n a b l y  w e l l  d e f i n e d :  

. . . t h o s e  w a s t e s ,  o r  combinat ions  of w a s t e s ,  i n c l u d i n g  d i s e a s e  
c a u s i n g  a g e n t s ,  which,  a f t e r  d i s c h a r g e ,  and upon exposure ,  i n g e s t i o n  
o r  a s s i m i l a t i o n  i n t o  any organism, e i t h e r  d i r e c t l y  from t h e  environ-  
ment o r  i n d i r e c t l y  by i n g e s t i o n  through food c h a i n s ,  w i l l  c a u s e  
d e a t h ,  d i s e a s e ,  b e h a v i o r a l  a b n o r m a l i t i e s ,  c a n c e r ,  g e n e t i c  m u t a t i o n s ,  
p h y s i o l o g i c a l  m a l f u n c t i o n s  ( i n c l u d i n g  m a l f u n c t i o n s  i n  r e p r o d u c t i o n ) ,  
o r  p h y s i c a l  d e f o r m i t i e s ,  i n  such organisms o r  t h e i r  o f f s p r i n g .  
Toxic  s u b s t a n c e s  i n c l u d e ,  by way of  i l l u s t r a t i o n  and n o t  l i m i t a t i o n :  
l e a d ,  cadmium, chromium, mercury,  vanadium, a r s e n i c ,  molybdenum, 
antimony, n i c k e l ,  bar ium,  b e r y l l i u m ,  copper ,  se len ium,  z i n c .  . . 

It i s  n o t e d  t h a t  a d d i t i o n a l  t e s t s  and measurements may b e  r e q u i r e d  by t h e  

Department of N a t u r a l  and Economic Resources ,  p a r t i c u l a r l y  i f  a  v i o l a t i o n  of e f -  

f l u e n t  q u a l i t y i s  d e t e c t e d b y  a p u b l i c  agency. The f a c i l i t i e s  s u b m i t t i n g  monthly 



analysis reports may utilize their own laboratory personnel or commercial 

laboratories. The State must certify the commercial laboratories, but 

analyses done by industrial laboratories are accepted on good faith. 

The State's water quality monitoring program is currently composed of 

two grab sampling networks. The primary network, about 100 stations, is an 

outgrowth of a cooperative program with the U.S. Geological Survey. Its 

purpose is to keep watch over the general water quality of the State. The 

secondary network, about 1500 stations, is for the purpose of monitoring 

compliance with effluent regulations. The sampling sites are all located 

near significant sources of potential pollution such as industries and muni- 

cipal sewage treatment plants. The only automatic monitoring done by the 

State is on the Cape Fear River near the City of Wilmington where temperature 

and specific conductance are recorded. The State lab in Cary has mobile 

monitoring equipment which was used in the original pollution studies for 

the 1952-62 surface water classification program. Much of the data accumu- 

lated through the State sampling networks is submitted to the national water 

quality data bank, STORET. 

North Carolina's population has grown at an average annual rate of about 

15% over the past few decades (49). Urbanization has occurred at an even 

higher rate. As a result municipal sewage plants have often been hard 

pressed to maintain sufficient capacity. The waters of the state are receiv- 

ing sewer effluents which contain significant amounts of nutrients and pos- 

sibly non-neglible amounts of heavy metals. Metals such as copper, cadmium, 

lead and zinc are usually below 0.1 mg/l in treated sewage (66), but up to 

5-20 mg/l concentrations have been reported by Mytelka et al. (249) who -- 
surveyed effluents in the N,Y.-N.J.-Conn. area. The latter concentrations 

in combination with low-flow receiving stream conditions could cause serious 

deterioration of water quality. 

Some of the State's important industries and their wastes are listed 

in Tables 5 and 6. Industrial wastes vary greatly in strength and composition 

and are often released sporadically. Complete enumeration of the raw mate- 

rials, intermediates, final products, by-products and processing chemicals 

which enter the waste stream would run into thousands of compounds. Many 

industries have found that paying local municipal sewage plants to treat 



Table 5 

IMPORTANT NORTH CAROLINA INDUSTRIES 

Textile Mill Products 

Tobacco Manufacturers 

Chemicals and Allied Products 

Furniture and Fixtures 

Food Products 

Electrical Equipment and Supplies 

Apparel, other Textile Products 

Fabricated Metal Products 

Machinery, except Electrical 

Paper and Allied Products 

Lumber and Wood Products 

Stone, Clay and Glass Products 

Rubber and Plastic Products 

Source: N.C. State Government, Statistical Abstracts, 1973. 



Table 6 

SIGNIFICANT WASTEWATER P A W T E R S  FOR SELECTED N.C. INDUSTRY CATEGORIES 

Textile Mills 
Class I: BOD, COD, pH, S.S., Chromium, Phenolics, Sulfide, Alkalinity 
Class 11: Heavy Metals, Color, Oil and Grease, T.D.S., Sulfides, 

Temperature, Toxic Materials 

Organic Chemicals 
Class I: BOD, COD, pH, T.S.S., T.D.S., Free-floating Oil, 
Class 11: TOC, Organic C1, Total Phosphorus, Heavy Metals, Phenol, 

Cyanides, Total Nitrogen, Other 

Plastic Materials and Synthetics 
Class I: BOD, COD, pH, T.S.S., Oil and Grease, Phenols 
Class 11: T.D.S., Sulfates, Phosphorus, Nitrate, Organic N, 

Ammonia, Cyanides, Toxic Additives and ~aterials, Chloronated 
and Polynuclear Aromatics, Zinc, Mercaptans - 

Inorganic Chemicals 
Class I: Acidity/Alkalinity, T. S., T.S.S., Chlorides, Sulfates 
Class 11: BOD, COD, TOD, Chlorinated and Polynuclear Aromatics, Phenol, 

Fluoride, Silicates, Tot. Phosphorus, Cyanide, Mercury, 
Chromium, w, Titranium, Iron, Aluminum, Boron, Arsenic, 
Temperature 

Phosphate Fertilizers 
Class I: Calcium, D. S., Fluoride,pH,Phosphorus, S.S.,Temp 
Class 11: Acidity, Aluminum, Arsenic, Iron, Mercury, Nitrogen, 

Sulfate, Uranium 

Canneries and Preserved Fruit and Vegetables 
Class I: BOD, COD, pH, S.S. 
Class I1 : Color, ~ e z l  Colif orm, Total Phosphorus, Temperature, 

TOC, T.D.S. 

Pulp and Paper Mills 
Class I: BOD, COD, TOC, pH, T.S.S., Coliforms, Color, Heavy Metals, 

Toxic ~aterials,'~urbidit~, Ammonia, Oil and Grease, Phenols, 
Sulf ite 

Class 11: Nutrients, T.D.S. 

Class I = most significant for effluent standards 
Class I1 = may require effluent standards in individual cases 
Underlined = sensors available 

Adapted from: E.P.A., Handbook for Monitoring Industrial Wastewater, 1973. - 



their wastes is expedient. This, of course, creates problems in treatment 

which the sewage plant was not originally designed to handle. Monitoring 

of influents from industry is very important to avoid damage to biological 

treatment systems. 

The textile industry is one of North ~arolina's largest employers and 

waste producers. The wide variety of wool, cotton, and synthetic finishing 

processes produce an equally wide variety of waste characteristics (155). 

Toxic wastes come from the use of bleaches, dyes and dye carriers. Typical 

compounds include hypochlorites, nitrites, copper salts, chromates, sodium 

sulfide, as well as other salts,acids and alkalies. In addition to these, 

Bohannon -- et al. (27) have shown the presence of cobalt and antimony in the 

Catawba River below a textile dyeing effluent discharge. Over half of the 

wastes discharge into municipal sewerage. 

Pulp and paper mill wastes constitute another large water pollution 

source in North Carolina. Although BOD and color compounds are the most 

significant wastes, sulfide, sulfite and metals are also present in most 

effluents (154). Fisher (79) reported atomic absorption analysis of mill 

effluents for heavy metals. Zinc, calcium and manganese were the prominent 

elements with copper, chromium and magnesium also found. Average levels 

ranged from 0.02 mg/l for Cr to 1.5 mg/l for Zn. Nitrogen and phosphorus 

nutients werenot usually significant in pulp effluents unless the ammonium 

bisulfite process wasinvolved. 

Chemical and fertilizer production create toxic wastes. Producers 

of plastics, dyes, pesticides, pigments and other industrial chemicals use 

metals either as ingredients or catalysts. Spills and malfunctions can 

release significant quantities of Cd, Hg, As, Cu and other metals into 

streams. In addition to the obvious nutrient problem associated with fer- 

tilizer manufacture, toxic materials such as fluoride and arsenic are re- 

leased in phosphate mining and processing. 

Rinse wastes from the electroplating industry contain high concentra- 

tions of Cd, Cr, Zn, CU,CN- and others (260). Cheremisinoff and Habib (45) 

have discussed the occurrence and toxicity of some of these wastes and their 

effect on municipal treatment plants. Chrome tanning wastes, lime wastes, 

sulfides, and salt solutions are characteristic of the leather-making 



i n d u s t r y  of w e s t e r n  North C a r o l i n a  (48,  1 5 6 ) .  

The food p r o c e s s i n g  i n d u s t r y  produces  mainly  BOD and suspended s o l i d s  

a s  a r e s u l t  of s c r a p s ,  p e e l s ,  e t c .  (260) .  Toxic  chemica l s  do r e a c h  t h e i r  

w a s t e  e f f l u e n t s  from s e v e r a l  s o u r c e s ,  however. P e s t i c i d e  r e s i d u e s  from 

washing f r u i t s  and v e g e t a b l e s  can c o n t a i n  Cu and A s  f o r  example. Leaching 

from v a t s  and c a n s  can  y i e l d  Fe,  A l ,  Sb and o t h e r s .  P r o c e s s i n g  chemica l s  

such a s  b r i n e s  and alum from p i c k l e  p l a n t s  and n i t r a t e  and n i t r i t e  from 

meat pack ing  p l a n t s  a r e  t o x i c  t o  a q u a t i c  l i f e .  

A f i n a l  s o u r c e  of t o x i c  m a t e r i a l s  and n u t i e n t s  which cannot  b e  n e g l e c t e d  

i s  r u n o f f .  Nonpoint s o u r c e s  such a s  s torm d r a i n s ,  a g r i c u l t u r a l  f i e l d s  and 

an imal  f e e d  l o t s  c o n t r i b u t e  n u t r i e n t s ,  p e s t i c i d e s ,  m e t a l s ,  and numerous 

o t h e r  s u b s t a n c e s .  



3 .  EXISTING MONITORING PROGRAMS 

Water q u a l i t y  moni to r ing  programs a r e  c a r r i e d  o u t  on s e v e r a l  l e v e l s .  

N a t i o n a l ,  r e g i o n a l  m u l t i s t a t e  wa te r shed ,  s i n g l e  s t a t e ,  and m u n i c i p a l  programs 

a r e  i n  e x i s t e n c e  and a r e  f r e q u e n t l y  t i e d  t o g e t h e r  by fund ing  and d a t a  s h a r -  

i n g .  Some of t h e  e x p e r i e n c e s  w i t h  t h e s e  which have been r e p o r t e d  i n  t h e  

l i t e r a t u r e  a r e  d e s c r i b e d  below. 

3 . 1  N a t i o n a l  Programs 

The U.S. f e d e r a l  p o l l u t i o n  s u r v e i l l a n c e  sys tem began a s  a  r e s u l t  o f  

t h e  passage  of t h e  Water P o l l u t i o n  C o n t r o l  Act o f  1956 (331).  The network 

s t a r t e d  w i t h  50 s t a t i o n s  i n  1957 and grew t o  abou t  300 long-term s t a t i o n s ,  

of which 50 were automated by 1969 (50) .  The Act o f  1956 l e f t  t h e  pr imary 

r e s p o n s i b i l i t y  f o r  w a t e r  p o l l u t i o n  c o n t r o l  t o  t h e  s t a t e s .  Thus,  t h e  

f e d e r a l  r o l e  h a s  been e s s e n t i a l l y  t h a t  o f  c o o r d i n a t i o n ,  f u n d i n g  and t e c h n i c a l  

a s s i s t a n c e  through t h e  U . S ,  Geo log ica l  Survey. The backbone of t h e  f e d e r a l -  

s t a t e  network i s  made up of approx imate ly  6000 m u n i c i p a l  w a t e r  t r e a t m e n t  

p l a n t s  which moni to r  raw w a t e r  a t  t h e i r  i n t a k e s .  I n  a d d i t i o n ,  s t a t e  p o l l u -  

t i o n  c o n t r o l  a g e n c i e s  and numerous f e d e r a l  a g e n c i e s  m o n i t o r  s u r f a c e  and 

ground w a t e r  q u a l i t y .  The Water Q u a l i t y  O f f i c e  of E.P.A. o p e r a t e s  a  com- 

p u t e r i z e d  d a t a  s t o r a g e  and r e t r i e v a l  sys tem,  STORET, which r e c e i v e s  d a t a  

r o u t i n e l y  from many a g e n c i e s .  I n  1971  d a t a  from 30,000 s t a t i o n s  had been 

e n t e r e d  i n t o  t h e  c e n t r a l  r e c o r d  (331) .  Over 250 con t inuous  moni to r ing  s t a -  

t i o n s  were i n  u s e  by v a r i o u s  f e d e r a l ,  s t a t e  and o t h e r  a g e n c i e s ,  mos t ly  

l o c a t e d  a t  f i x e d  p o i n t s  on major  r i v e r s  (14) .  

The P lann ing  Branch o f  t h e  Water Q u a l i t y  O f f i c e  e s t i m a t e d  i n  1971 t h a t  

adequa te  coverage  o f  t h e  n a t i o n ' s  w a t e r  r e s o u r c e s  would r e q u i r e  a t  l e a s t  

10,000 m o n i t o r i n g  p o i n t s  (331) .  P l a n s  a t  t h a t  t ime  c a l l e d  f o r  t h e  O f f i c e  

t o  assume r e s p o n s i b i l i t y  f o r  about  2400 of t h o s e  s t a t i o n s  by 1975 t o  p r o v i d e  

d a t a  on a r e a s  of key f e d e r a l  concern such a s  i n t e r n a t i o n a l  b o u n d a r i e s ,  p r i n -  

c i p a l  e s t u a r i e s ,  major  r i v e r  d e l t a s ,  and l a r g e  m e t r o p o l i t a n  c e n t e r s .  The 

p r i n c i p a l  aim o f t h e s e s t a t i o n s  would b e  t o  moni to r  compliance w i t h  w a t e r  



quality standards. Potential for variation of water quality with time 

would be considered so that all the stations need not be monitored at the 

same frequency. It was estimated that as many as 15% of the stations 

would warrant automatic continuous monitors. 

Continuous monitoring of water quality in the United Kingdom began 

in 1967 (371). Emphasis has been on the use of electronic sensors, although 

automatic wet chemical analyzers have been used (122). Nearly all stations 

have been located on river banks with pumped flow to sensors. Lester and 

Woadward (193) reported that NO- ~ 1 - ,  CN-, ~a', NH and hardness electrodes 3 ' 3 
had proved disappointing in these applications. Only the F- electrode 

received their endorsement. Five water quality monitoring systems of the 

Technicon CSM-6 type were discussed in the same paper. The authors compared 

continuous monitor records with hourly grab samples and found that the 

continuous record showed a wider range of concentrations than the grab sam- 

ples. Furthermore, they observed that some accidental discharges were 

detected by the continuous monitor which would have been overlooked with 

daily sampling. Meredith (228) described the Electronics Instruments Ltd. 

(E.I.L.) Water Quality Monitor which employed ion-selective electrodes in 

a constant temperature bath to achieve + 5% accuracy with monovalent ion 
probes, + 10% accuracy with divalent ion probes. Melbourne et al. (226) 

found the E.I.L. NH electrode quite usable but the NO- electrode was subject 
3 3 

to long-term drift and required frequent standardization. Long-term immersion 

of solid state ion-selective electrodes resulted in erosion of the membranes. 

Toms et al. (371) reported on the design of river bank stations and instru- -- 
mentation. Sensors for DO, pH, temperature, suspended solids, specific con- 

ductivity, NO- and NH were all used with success. Several reports have 
3 3 

appeared relating the experiences in particular river basins (48, 76, 135). 

Problems encountered with sensors and telemetry of data were recently 

reported (32). 

Automatic water quality monitoring systems have also been reported in 

Germany (63, 192), Poland (384) and Japan (359). The Japanese used auto- 

matic monitors for pH, DO, COD, conductivity, turbidity and temperature 

quite generally. Automatic devices for suspended solids, CN-, TOC, F- and 
2- 

CrO were also in use where these materials were important. About 130 4 



stations exist for continuous monitoring in Japan. 

3.2 State and Regional Programs 

The Ohio River Valley Water Sanitation Commission,ORSANCO, has been 

using robot monitors since the early 1950's (51). These devices are of the 

pumped-flow type using electrodes for monitoring four of the parameters, pH, 

chloride, dissolved oxygen, and oxidation-reduction potential. By 1965 

thirteen of the units had been installed, ten of which relayed data to a 

central point by telemetry. The monitors have provided valuable alerts on 

pollution incidents. Analysis of the costs involved in obtaining data via 

the robot monitors yielded 7 . 5 ~  per item compared with $2.20 per item when 

obtained by manual sampling and analysis. 

The Delaware River Basin Commission also established a continuous moni- 

toring system, INCODEL (284, 309). They used buoy-type monitors as well as 

land- and ship-based stations (257). Electrodes were used for monitoring 

dissolved oxygen, pH, chloride and conductivity. Other parameters were moni- 

tored by automated wet chemical analysis. Ion-selective electrodes are 

currently being evaluated. 

Automated surveillance has been undertaken by the New York State Depart- 

ment of Environmental Conservation (222). River analysis stations were con- 

nected by telemetry. As a result of early studies it was concluded that 

automatic water quality monitors would provide a valuable compliment to 

manual sampling at locations where rapid fluctuations occurred. The total 

monitoring and telemetry system operated at 90% efficiency, i.e. a 10% data 

loss was incurred. Based on cost analysis they found the cost per water 

quality parameter transmitted to be l4C at 100% reliability compared to $6.00 

for manual collection and analysis at the same sampling frequency. Thus,both 

the N.Y. and Ohio examples demonstrate that automatic instrumentation per- 

mits inexpensive high frequency sampling, even with the staff of engineers 

and technicians required to maintain the system. 

3 . 3  

The success of any pollution awareness and abatement program depends 

on the reliability of information obtained by sampling. Actions based on 

carelessly obtained data may be inadequate or excessive and costly. Atten- 

tion to details is required if the sample is to be truly representative of 



the stream. Grab sampling, composite sampling, and continuous sampling 

are the most frequently chosen methods. Many current programs still analyze 

samples manually or involve considerable manual handling even when samples 

are automatically collected or analyzed with automated instrumentation. Con- 

tinuous stream analysis with pumped flow automatic analyzers or in situ -- 
sensors is still regarded impractical by many, although many promising trials 

have been carried out. This section will consider the strengths and weak- 

nesses of various sampling methods. 

Grab samples are unrepresentative of a stream whose flow and composi- 

tion are highly variable. The composition of a stream may vary in space as 

well as time due to mixing and to velocity gradients. Flow measurements 

should almost always be taken along with grab samples, particularly if total 

pollutant load is to be known. Only if the steam's composition can be shown 

to be relatively constant can grab sampling be used with confidence. New 

industries, agricultural practices or housing developments in the watershed 

may change previous conditions and force reassessment of sampling practices. 

Composite sampling is frequently done to minimize the number of samples 

for analysis and to smooth out flow and composition variation typical of 

grab samples. This method also requires consideration of flow since in order 

to avoid exaggeration of concentrations during low flow situations, the size 

of the sample added to the composite must be proportional to flow. 

Both grab and composite sampling are susceptible to other errors. Inter- 

mittent dumping or the sudden additions from runoff chemicals with rain storms 

can be overlooked. Samples need to be taken randomly, so that statistical 

analysis of the data is possible. Sampling is often limited by manpower 

and time and space for pretreatment and storage. Samples often deteriorate 

upon storage by a) gas loss to or absorption from the atmosphere, b) settling 

of particles and adsorption on their surfaces,~) microbial activity, and 

d) reaction with container walls. Finally, information can be lost through 

improper marking and cataloging procedures. 

Automatic monitoring is another widely used and reliable method for 

some species (47). Continuous or very frequent sampling and analysis is 

possible with higher precision and none of the tedium associated with manual 

methods. Data can be directly recorded on graphs or fed to data processing 



units. Alarm systems and automatic control of treatment processes can be 

incorporated and fast preventative measures taken to prevent further dis- 

charge or misuse of a water resource. Problems resulting from storage of 

samples are essentially eliminated. 

Initial cost is high for setting up automatic water monitoring systems. 

The characteristics of the stream need to be known before parameters to be 

monitored automatically are chosen. Placement of stations will generally 

be a compromise between the number which will provide the optimum amount of 

information and the number for which funds are available. Their placement 

may be further limited by ease of access and provision of power. Equipment 

failures due to fouling of lines by bacteria and slime growth, pump break- 

down, vandalism and damage to intakes by floating debris must be expected 

(270). In one E.P.A. study lasting for 629 days, 10-37% of the data was 

lost due to equipment failures (14). Remote stations are also susceptible 

to loss of data and false signals caused by power failures or voltage varia- 

tions. Even though less manpower is required for analytical purposes, highly 

trained personnel are still required to service electronics, replenish 

reagent reservoirs and recalibrate sensors at least weekly. Those moni- 

toring systems which utilize automated wet chemistry are frequently limited 

by a restricted range of concentrations within which the method is accurate 

or even applicable (209). 

In situ sensing, withelimination of a discrete sample would be the -- 
ideal method for obtaining representative measurements of water parameters. 

The stream itself would become the sample and no time lag would occur between 

sampling and analysis inwhich ehemicalorbiologicalalterations could take place. 

The major problem with all in situ monitoring systems is lack of speci- 

ficity of the sensor for the desired parameter. There are very few sensors 

which do not respond to temperature, turbidity, sunlight or other chemical 

and physical variables in addition to the chemical species or other water 

quality parameter for which they were designed. Probes for pH, temperature 

and oxidation-reduction potential are among the few which have been widely 

used. The available sensors for toxic ions and nutrients have not achieved 

universal acceptance because they have not been clearly shown to possess 

requisite selectivity. 



The usual problems associated with maintaining remote electronic equip- 

ment become more complicated for users of in situ monitors. Provisions for 

sensor protection and for ease of access are not totally compatible. Yeri- 

odic cleaning and standardizing of monitors submerged in a stream are usually 

much more difficult than when the monitors are located beside the stream. 



4. GAS AND ION-SELECTIVE ELECTRODES--STATE OF THE ART 

4.1 General 

Many spectroscopic and electrochemical instruments have been adapted 

for use in environmental monitoring. Each of the techniques has its par- 

ticular requirements for sample size, pretreatment and concentration range. 

Not all are amenable to continuous monitoring which is the focus of this 

report; even fewer are at all suitable for in situ applications. 

Ion-selective electrodes (ISE's) possess a number of characteristics 

which make them attractive for environmental analyses. They are simple and 

rugged enough to be placed in remote in situ sites where regular sampling 

would be difficult or tedious or alter the sample. The output voltage 

is easily measured, recorded or transmitted with relatively inexpensive 

equipment. Most water laboratory personnel are already quite familiar with 

pH electrodes and meters. Measurements can often be made without sample 

pretreatment. For applications requiring pretreatment prior to ISE use, 

all that is frequently necessary is addition of a single reagent for adjust- 

ment of pH, complexation or ionic strength. Thus monitoring systems measure 

the sample directly or use pumped flow-through cells. 

4.2 Abilities and Shortcomings 

Several books are available which discuss the theory and application 

of ion-selective electrodes. The National Bureau of Standards Special Pub- 

lication No. 314 (70) is a 1969 conference report and contains some infor- 

mation that has been superceeded by more recent research, but chapters on 

theory and application remain useful. Moody and Thomas' book (242) is a 

thorough and easily read treatment of the state of the art in 1970. Discus- 

sions of procedures for determining selectivity and of the application of 

commercially available electrodes are particularly good. Another source is 

Whitfield's handbook (393). It contains details on calibration, grounding 

of equipment, field methods and other techniques for natural water analysis 

using ion-selective electrodes and is slightly slanted toward use in the 

marine environment. Koryta's book (184) is the most recent and up to date, 

covering literature though 1973. While being primarily concerned with the 

theory of operation and development of ion-selective electrodes, it neverthe- 

less contains good treatments of applications and an extensive bibliography. 



Reviews have appeared by Andelman (6), Frant (86), Pungor and Toth (306) 

and Riseman (317) which discuss use of ion-selective electrodes in water 

and wastewater analyses. General reviews of ion-selective electrodes have 

appeared by Covington (58, 5 9 ) ,  Koryta (185), Pungor and Toth (302, 303, 304, 

305), Rechnitz (310) and Simon (347). In addition, biannual reviews appear 

in Analytical Chemistry (34, 35) in even-numbered years. 

Tables 7 and 8 show that ion-selective electrodes are commercially avail- 

able for many species of Interest in water quality monitoring. Their designs 

include glass membranes, liquid membranes, solid membranes and heterogeneous 

membranes. Most of them operate on an ion exchange principle (184), and 

commercial liquid membrane electrodes can often be used for analysis of 

several species using new ion exchanger solutions described in the recent 

literature (54). Other electrodes can be produced in one's own laboratory 

using coated wires (42, 181) or solid membranes produced in a pellet press 

(198). 

The probes are generally robust, durable and portable. They are capable 

of direct reading of ion activities or gas partial pressures in the field 

by grab sampling or in situ measurement, and may also be incorporated into -- 
monitors for continuous service. Use with a simple pH meter, is another 

advantage of these versatile probes. 

Ion-selective electrodes are generally useful over a much larger range 
-6 

of concentrations than other techniques, typically 10' - 10 g, so that 
dilution or concentration is not often required. Opaque, colored, viscous 

or turbid samples can be easily analyzed. The electrodes exhibit rapid 

responses, from fractions of a second to a few minutes, thus providing faster 

readout than the usual colorimetric methods. 

The potential developed by ion-selective electrodes is described by the 

form of the Nernst equation shown in Equation 1. An understanding of this 

equation is necessary to fully appreciate the difficulties involved in elec- 

trode use. 

where 

E = the potential measured between sensing and reference electrodes 
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EO = the standard potential of the sensing electrode 
m 
E = the potential of the reference electrode in the sample solution 
r 

S = a constant, 0.2 ~v/'K 

T = absolute temperature of the solution 

z = the charge on the primary ion being sensed 
i 
a = the activity of the primary ion 
i 

K..= the selectivity ratio between primary ion and interfering ion 
13 

a = the activity of the interfering ion 
j 

z = the charge on the interfering ion 
j 

A major shortcoming of ion-selective electrodes is their inability to 

respond solely to the activity of a single ion,which often makes their direct 

use in natural waters and effluents difficult. The summation term in Equa- 

tion 1 represents the contribution of all interfering species in the solution. 

The K factor is generally called the "selectivity constant'' but its value 
i j 

in fact varies with the ionic concentrations. Care should be taken in 

interpreting selectivity "constants". The many methods of stating spe- 

cificity and measuring selectivity ratios are dealt with clearly in Moody 

and Thomas (242). These authors prefer expressing these constants as the 

sensitivity of the electrode toward the interfering ion divided by its sensi- 

tivity toward the primary ion; i.e. the smaller the value the more selective 

the electrode. Some suppliers give the inverse of K and others specify 
i j 

mole ratios between primary and interfering ion which will give a certain 

percent error. 

One of the most important interferences affecting the use of ion-selec- 

tive electrodes is pH. The general features of pH effect on a solid state 

cation electrode are shown in Figure 1. In region A the electrode is 
+ 

sensitive to H , region B is the useful region for direct metal ion measure- 
ments, and region C is where OH- precipitates or hydroxide complexes of the 

metal ion reduce the free ion concentration. Manufacturers frequently 

give pH ranges for electrodes without regard for the variation in useful 
1 

metal ion sensitivity region. 



FIGURE I 

Typical pH Dependence o f  Cation IS€ 

Another a spec t  a f f e c t i n g  t h e  u t i l i t y  of i on - se l ec t ive  e l e c t r o d e s  i s  

t h e  f a c t  t h a t  they measure a c t i v i t i e s  i n s t e a d  of concent ra t ions .  I n  many 

cases  a c t i v i t y  i s  t h e  p re fe r r ed  quan t i t y  and i n  cases  of d i l u t e  s o l u t i o n s  

i t  i s  s u f f i c i e n t l y  c l o s e  t o  concent ra t ions  t o  be acceptab le .  However, i on  

a c t i v i t y  i s  a func t ion  of t h e  i o n i c  s t r e n g t h  of t h e  sample s o l u t i o n  so  t h a t  

t h e  a c t i v i t y  w i l l  change wi th  a  change i n  fo re ign  ion  concen t r a t ion  regard- 

l e s s  of whether o r  no t  t h e  fo re ign  ion  has  a  s i g n i f i c a n t  s e l e c t i v i t y  cons t an t .  

I n  t h e  l abo ra to ry  and some continuous systems t h e  problem i s  overcome by 

keeping t h e  i o n i c  s t r e n g t h  h igh  and e s s e n t i a l l y  cons tan t  through a d d i t i o n  of 

an i n e r t  e l e c t r o l y t e .  Other i n t e r f e r e n c e s  can o f t e n  be e l imina ted  i n  a  

s i m i l a r  manner by adding a  complexing b u f f e r  o r  p r e c i p i t a t i n g  agent .  

Temperature a l s o  a f f e c t s  e l e c t r o d e  p o t e n t i a l ,  The semi logar i thmic  



c a l i b r a t i o n  c u r v e  o f  a  monovalent i o n  e l e c t r o d e  w i l l  have a t h e o r e t i c a l  

s l o p e  o f  59 mV p e r  decade molar  a t  25OC and t h i s  s l o p e  w i l l  change about  

1 mV f o r  each  5°C change i n  t empera tu re .  For most e l e c t r o d e s  a n  i s o p o t e n -  

t i a l  p o i n t  e x i s t s  i n  t h e  middle  o f  t h e  u s e f u l  r ange  and t h e  change i n  s l o p e  

p i v o t s  around t h i s  p o i n t .  Thus, e r r o r s  due t o  t empera tu re  changes w i l l  b e  

g r e a t e s t  i n  v e r y  d i l u t e  o r  c o n c e n t r a t e d  samples .  I n  n a t u r a l  w a t e r s  r a p i d  

t empera tu re  changes do n o t  g e n e r a l l y  occur  s o  t h e  problem i s  n o t  a s  g r e a t  

a s  i t  might b e  f o r  e f f l u e n t  s t reams .  C o r r e c t i o n  f o r  t e m p e r a t u r e  e f f e c t s  

i s  accomplished e l e c t r o n i c a l l y  w i t h  many pH m e t e r s  o r  by t h e r m o s t a t t i n g  t h e  

sample chamber (318) .  

The f i n a l  f a c t o r  which i n t r o d u c e s  u n c e r t a i n t y  i n t o  e l e c t r o d e  p o t e n t i a l s  

i s  t h e  l i q u i d  j u n c t i o n  of t h e  r e f e r e n c e  e l e c t r o d e .  The j u n c t i o n  p o t e n t i a l  

a t  t h e  i n t e r f a c e  between r e f e r e n c e  e l e c t r o d e  s o l u t i o n  and sample s o l u t i o n  

can v a r y  a s  much a s  100 mV w i t h  changes i n  pH o r  c o n c e n t r a t i o n  of t h e  sample. 

C a r e f u l  c h o i c e  must b e  made w i t h  r e g a r d  t o  t h e  b r i d g i n g  s o l u t i o n  used i n  t h e  

r e f e r e n c e  e l e c t r o d e  s i n c e  t h e  d i f f u s s i o n  o f  i n t e r f e r i n g  i o n s  i n t o  t h e  sample 

might be d e t e c t e d  by t h e  s e n s i n g  e l e c t r o d e .  The l a t t e r  problem is  g e n e r a l l y  

s o l v e d  by u s i n g  a double  j u n c t i o n  r e f e r e n c e  e l e c t r o d e  which d e c r e a s e s  d i f -  

f u s i o n .  The former problem i s  more d i f f i c u l t  t o  surmount.  I n  some c a s e s  

i t  i s  p o s s i b l e  t o  u s e  a  s o l i d  s t a t e  i o n - s e l e c t i v e  e l e c t r o d e  a s  t h e  r e f e r e n c e  

e l e c t r o d e  (207) .  Another a l t e r n a t i v e  i s  t o  u s e  two i d e n t i c a l  i o n - s e l e c t i v e  

e l e c t r o d e s  w i t h  one measur ing a  f i x e d  l e v e l  o f  t h e  p r imary  i o n  and t h e  o t h e r  

measur ing a combined s t ream,  F i g u r e  2. T h i s  l a t t e r  t e c h n i q u e  a l s o  minimizes  

FIGURE 2 

Continuous M e a s u r e m e n t  w i t h  Two I S E k  



t empera tu re  e r r o r s  s i n c e  t h e  two e l e c t r o d e s  would behave s i m i l a r l y  toward 

t empera tu re  and compensate. 

A l l  of  t h e  e f f e c t s  mentioned combine t o  make h i g h l y  p r e c i s e  measure- 

ments w i t h  i o n - s e l e c t i v e  e l e c t r o d e s  d i f f i c u l t .  An e r r o r  of o n l y  2 mV l e a d s  

t o  an  e r r o r  o f  7.5% f o r  a  monovalent i o n  e l e c t r o d e  and 15% f o r  a  d i v a l e n t  

i o n  e l e c t r o d e .  The b e s t  o b t a i n a b l e  p r e c i s i o n  f o r  a c t i v i t y  measurements i s  

+ 1% w i t h  a  r e s e a r c h  g rade  pH m e t e r ,  and t h i s  i s  o n l y  p o s s i b l e  w i t h  c o n s t a n t  

t empera tu re  and few, i f  any ,  i n t e r f e r e n c e s .  Frequent  c a l i b r a t i o n  i s  a l s o  

r e q u i r e d  f o r  h i g h  p r e c i s i o n  a l though  i n  con t inuous  a p p l i c a t i o n s  a weekly 

s t a n d a r d i z a t i o n  i s  o f t e n  s u f f i c i e n t .  

I o n - s e l e c t i v e  e l e c t r o d e s  a l s o  r e q u i r e  a  c e r t a i n  amount o f  maintenance.  

S o l i d  s t a t e  membranes may r e q u i r e  removal o f  chemical  o r  b i o l o g i c a l  f i l m s  

p e r i o d i c a l l y  t o  m a i n t a i n  adequa te  r e s p o n s e  t imes  and m a i n t a i n  c a l i b r a t i o n .  

L i q u i d  membrane e l e c t r o d e s  r e q u i r e  renewal  of i o n  exchanger  p e r i o d i c a l l y  due 

t o  d i l u t i o n  o r  con tamina t ion .  Suspended s o l i d s  may c a u s e  c l o g g i n g  o f  some 

l i q u i d  membrane t y p e s  o r  t h e y  may s c o u r  s o l i d  membrane s u r f a c e s  l e a d i n g  t o  

s h o r t e n e d  l i f e t i m e s .  

4 . 3  D i s c u s s i o n  of S e l e c t e d  E l e c t r o d e s  

For  t h e  purpose  of t h i s  r e p o r t ,  i o n - s e l e c t i v e  e l e c t r o d e s  have been 

d i v i d e d  i n t o  t h r e e  major  groups:  e l e c t r o d e s  f o r  t o x i c  i n o r g a n i c  i o n s ,  f o r  

n u t r i e n t  i o n s  and f o r  d i s s o l v e d  gases .  T h i s  grouping is  somewhat a r b i t r a r y  

inasmuch as some s p e c i e s  f a l l  w i t h i n  more t h a n  one c a t e g o r y ,  e . g .  NH i s  b o t h  
3 

a  d i s s o l v e d  g a s  and a n u t r i e n t  and NO- i s  b o t h  a n u t r i e n t  and can b e  t o x i c ,  
3 

Not i n f r e q u e n t l y  an  e l e c t r o d e  made f o r  one i o n  i s  used  f o r  i n d i r e c t  a n a l y s i s  
2 - 

of  a n o t h e r  i o n ,  e . g .  t i t r a t i o n  of SO u s i n g  a  pb2+ e l e c t r o d e .  Such methods 
4 

u s u a l l y  i n v o l v e  r e a g e n t  a d d i t i o n  and a r e  n o t  s t r i c t l y  a p p l i c a b l e  t o  i n  s i t u  -- 
moni to r ing  b u t  a r e  u s e f u l  f o r  con t inuous  m o n i t o r i n g  i n  a n  e f f l u e n t  d i s c h a r g e  

p i p e  o r  a pumped f l o w  system f o r  n a t u r a l  w a t e r s .  Many of  t h e s e  p e t h o d s  a r e  

d i s c u s s e d .  I n  some c a s e s ,  p a r t i c u l a r l y  w i t h  t h e  v o l a t i l e  weak a c i d s  o r  b a s e s ,  

r e a g e n t  a d d i t i o n  i s  a n e c e s s i t y  f o r  measurement of t o t a l  c o n c e n t r a t i o n .  

Circumstances  may f o r c e  a c h o i c e  and one may wish t o  measure t o t a l  s u l f i d e ,  

f o r  example,  by a c i d i f i c a t i o n  and u s e  o f  a  H S probe o r  by making t h e  sample 
2 - 2 

a l k a l i n e  and u s i n g  a S probe.  Because o f  t h e  grouping mentioned above,  

t h e s e  two probes  a r e  d i s c u s s e d  i n  d i f f e r e n t  s u b s e c t i o n s  and t h e  r e a d e r  shou ld  



refer to both in order to make the appropriate choice. + 
Some of the electrodes which appear in Tables 7 and 8, e.g. Na , 

ca2+, ~ 1 -  and hardness (Mg2+ + ca2+) as well as electrodes for pH and 

oxidation-reduction potential (ORP) do not fall within the purview of this 

report. They were mentioned merely in the interest of completeness and 

the reader can write directly to the manufacturers for detailed information, 

see Appendix 11. 

4.3.1 Toxic Metal Ion Sensors 

Development of ion-selective electrodes for cations has progressed con- 

siderably from early glass membrane electrodes (73). The electrodes now 

available for toxic metal ions which have sufficient response, selectivity 
2+ 2+, 

and stability to achieve significant application are those for Cd , Cu 
4- 

pb2+, H~~~ and Ag . Each of these five electrodes is discussed in an 

individual section below and probes for other toxic metal ions are discus- 

sed in a single section following them. The characteristics of commerical 

electrodes are summarized in Appendix I. 

Cadmium. Electrodes for cd2+ have generally been produced from CdS, 

CdSe or CdTe compressed with some conducting material into a membrane pellet. 

The Orion 94-48 electrode (89, 319) is made with a CdS-Ag2S membrane and the 
- 7 0 

manufacturer claims a range of 10 - 10 M - cd2+. Brand -- et al. (31) evaluated 
-5 2+ 

this electrode and found it to be linear from 10 - lo-' M Cd and usable 

to ~o-~EI. - The ions, cu2+, Flg2+ and A ~ +  interfere by reacting with the CdS 

in the membrane to form less soluble salts than CdS and must be absent for 
2+ 

direct Cd analysis. This "poisoning" is common to all Ag S-metal sulfide 2 
membranes, but the membrane can be restored by chemical treatment or polish- 

2+ 
ing (165). Brand -- et al. found that I7e3+, TI', Pb Mn2+, H+ and 813+ also 

3+ 
interfered,with selectivity constants ranging from 196 for Fe to 0.134 

for ~1~'. Hirata and Higashiyama (131 , 141, 142) produced two electrodes 
with similar characteristics using a membrane of CdS-Cu S-Ag S and one of 

2 
CdTe-Ag2S. The former electrode was linear from :Om' - M cd2+ and 

- 7 
usable to 10 g between pH 4 and 7.5. Response time was <1 second and the 

electrode was reproducible to 0.5 mV. A stability of + 1 mV for 7 months - 
was reported. Russian workers (98) reported a prototype CdS-Ag S electrode 

2 
usable from - 10-I g cd2+ but it did not give a linear response. 



Czaban and Rechnitz (62) fashioned a  microe lec t rode  from a  CdS-Ag S p e l l e t .  
2 

Anfa l t  and Jagner (8) made a  cadmium s e l e c t i v e  e l e c t r o d e  s u i t a b l e  f o r  

t i t r a t i o n s  by simply soaking a  Ag S coated Ag wire  i n  s a t u r a t e d  CdS s o l u t i o n .  
2  

Ruzicka -- e t  a l .  (321, 324, 325) found t h a t  hydrophobized g r a p h i t e  could s e r v e  

a s  a  conducting support f o r  CdS-Ag S powder and y i e l d  a  cadmium s e n s i t i v e  
2  

e l e c t r o d e .  Elec t rodes  based on t h i s  des ign  have been marketed by Radiometer 

of Denmark (308). The cadmium e l e c t r o d e  was repor ted  t o  be l i n e a r  t o  10 
-9 

M cd2+ a t  pH 6.7 and t o  1 0 - l 1 ~ a t  pH 9. S e l e c t i v i t y  was s i m i l a r  t o  t h e  Orion - - 
e l ec t rode .  S i l i c o n e  rubber impregnated wi th  CdS-Ag S  was used by H i r a t a  and 

2  
Date (138) t o  produce a  cd2+ s e l e c t i v e  e l ec t rode  wi th  c h a r a c t e r i s t i c s  s i m i l a r  

t o  t h e  Orion 94-48. Mascini and L i b e r t i  (194, 218) impregnated polythene,  

a  Luc i t e - l i ke  thermoplas t ic ,  wi th  CdS-Ag S  and produced an e l e c t r o d e  usab le  
2  

t o  l o m 7  M cd2+. They repor ted  l o s s e s  of response above pH 4 due t o  Cd(0H) 
2  

formation.  I n t e r f e r e n c e s  were o therwise  t y p i c a l .  Van Osch e t  a l .  (379, -- 
392) formed cd2+ s e n s i t i v e  membranes by combining CdS wi th  powdered Cu S  o r  

2  
Au f o r  conduction purposes.  No d e t a i l s  have appeared except  i n  t h e  p a t e n t  

l i t e r a t u r e .  Beckman Ins t ruments  (285) pa ten ted  an e l e c t r o d e  c o n s i s t i n g  of 

a CdCl coated P t  w i re  enclosed i n  a  pH s e n s i t i v e  g l a s s ,  b u t  t h i s  e l e c t r o d e  2  
has no t  been marketed. A l i q u i d  ion  exchange membrane e l e c t r o d e  based on 

cadmium d i t h i z o n a t e  was repor ted  by Ruzicka and T j e l l  (326) bu t  no d e t a i l s  

were given on i t s  success  o the r  than t o  s t a t e  t h a t  i t  was no t  u s e f u l  a t  low 

pH* Materova -- e t  a l .  (220) used a  thiophosphate  e s t e r  t o  produce a  l i q u i d  

membrane e l e c t r o d e  which was s e l e c t i v e  f o r  cd2+ over group I A  and IIA i o n s ,  
2+ b u t  N i  and pb2+ i n t e r f e r r e d .  It was u s e f u l  from - 10-I - M cd2+. 

Few a p p l i c a t i o n s  of cadmium e l e c t r o d e s  f o r  d i r e c t  measurement have been 

repor ted .  Thompson and Rechnitz (369) f a b r i c a t e d  a  flow-through e l e c t r o d e  

by d r i l l i n g  a  h o l e  i n  a  CdS-Ag S  p e l l e t .  Taga e t  a1.(364) found a  cadmium 
2  -- 

e l e c t r o d e  could be used t o  analyze 5-500 ug Cd i f  dithizone-CHC1 ex t r ac -  
3  

t i o n  was f i r s t  used t o  s e p a r a t e  i t  from i n t e r f e r i n g  ions .  P o t e n t i a l  use  i n  

meta l  f i n i s h i n g  e f f l u e n t s  was d iscussed  by Simpson (348). 

Copper. E lec t rodes  f o r  t h i s  element have been among t h e  most widely 

s tud ied  and s e v e r a l  d i v e r s e  types have been produced. The Orion 94-29 

s o l i d  CuS-Ag S  membrane e l e c t r o d e  rep laced  t h e  e a r l i e r  92-29 l i q u i d  ion  2  
exchange e l e c t r o d e  (89, 319).  The s o l i d  e l e c t r o d e  was s tud ied  by Johansson 



2+ 
and Edstrom (165) who found the usable range, - 10-I - M Cu , in agree- 
ment with specifications. Choice of reference electrode affected perfor- 

mance. The slope and intercept of the calibration curve depended on the 

nature of the bridging solution in the reference electrode, even at constant 

solution ionic strength. Furthermore, the 90-00-02 bridging solution recom- 

mended by Orion contained A ~ +  and ~ 1 -  ions that diffused into the sample and 

produced an interference. A 2 5 KNO bridging solution was found to provide 
3 

the least variation in liquid junction potential over the analytical range 

of the 94-29 electrode. This finding has been confirmed in studies by the 

present authors(vide -- infra). Johansson and Edstrom also observed that micro- 

scopic cracks and pits in the surface of the membrane led to unstable responses. 

Both entrainment of sample and structural edge effects were thought responsi- 

ble. Polishing to a mirror finish with diamond paste resulted in greater 

stability of response. The electrode surface was also found to be light 

sensitive, i.e. the potential varied in proportion to light exposure. Blaedel 
- 6 

and Dinwiddie (24) investigated the Orion 94-29 electrode from 10 - 
2+ M Cu , They found that although response was slow and nonlinear, the elec- - 

- 8 
trode could be used to at least 10 g cu2+, particularly if washed with 

2+ 
0.025 - M H2S04 to remove adsorbed Cu . 

2+ 
Stiff (354) used the Orion 94-298 electrode to measure Cu activity in 

the presence of bicarbonate concentrations similar to those in natural water. 

He found that CuCO was an important soluble complex species and that at 
3 2+ pH 7.0 and - M HCO- only 25% of the total Cu existed as Cu . Stiff's 3 

experiments were designed specifically to determine equilibrium constants. 
2+ 

In order to assess the utility of the Cu electrode in natural waters, and 

particularly to investigate the affect of pH and carbonate equilibria on the 

potential of the Orion 94-29 electrode, studies were carried out in our lab- 

oratory and are presented below. The pH range 6.5 - 7.5 and carbonate- 
-4 -2 bicarbonate concentrations of 10 - 1 M_ were chosen as representative of 

natural fresh waters. Standard copper(I1) nitrate solutions were made by 

dissolving copper wire in Ultrex nitric acid (J.T. Baker). All pH and Cu 2+ 

measurements were made using a Fisher 520 pH meter. An Orion 92-02 double 
2+ junction electrode was used as reference for the Cu measurements . All 

solutions were stirred at the same rate, although no variability in potential 



was observed with stirring rate. In order to minimize adsorption to its 

surface, the beaker chosen was quartz. 

Initially, a set of nine experiments were run, three each at pH's 6.5, 

7.0 and 7.5. For each pH, 100 ml of distilled water were added to the beaker 

and enough 0.1 M Na CO solution added to make the solution My ~ O - ~ E I  or - 2 3  - - 
-2 2 - 

10 - M in total C03 . At the pH's chosen the major species present was HCO- 
3' 

In order to control pH at the desired value, CO, or N, was bubbled into the 
L. , 2+ solution. Incremental additions of 1.574 X M Cu solution were made - - 3 to span the - 10 M concentration range. The electrode potential was - 

read following each addition after allowing 30-60 seconds for stable readings. 
2+ Figure 3 illustrates the data as potential vs. log[Cu 1. The slopes in 3a 

-4 2- 2 - are Nernstian for 10 M and lom3 M C03 , but at M C03 the slope is only - - - 
2 - 25 mV. Both 3a and 3b indicate that increasing the total CO, concentration 
3 

lowers the cu2+ activity. Figure 3b indicates that a tenfold increase in 
2 - 

total C03 causes an approximate 75% decrease in copper a~tivity~suggesting - - 
L - L- 

possible involvement of Cu(C0 ) 3 2 '  At higher pH's and larger total CO 3 
concentrations precipitation of copper occurred, presumably as malachite, 

Experiments were also performed to determine repeatability and drift 

as a function of reference electrode bridging electrolyte solution, ionic 

strength and polishing the copper electrode. In a series of experiments 

over a two week span using Orion 90-00-02 electrolyte in the inner and outer 

chambers of a 92-02 double junction reference electrode, the slope of abso- 
2+ -4 2+ 

lute mV response remained 30mV/decade M_ Cu , but the intercept at 10 g Cu 
varied 76 mV. If the copper electrode had been used in a remote operation 

without standardization for two weeks, an uncertainty in cu2+ activity of 

over 100% would have existed. Furthermore, theseexperimentswerecarried out at 
2- 

pH 6.5 with only lom4 - M C03 where minimum complexation or precipitation 

would be expected. The same conditions were employed in a series of copper 

measurements over a six-day span, where the electrode was standardized prior 
-4 to each measurement. This time the difference in the mV readings at 10 - M 

2+ 
Cu was only 6 mV, or 20% uncertainty in measuring copper activity. At 

2+ 
Cu , however, the uncertainty remained high, nearly 100%. Using 

0.2 M KNO to maintain constant ionic strength and 2 M KNO as the bridging - 3 - 3 



FIGURE 3 

~opper ( l l )  I S E  Response Curves 



e l e c t r o l y t e  i n  t h e  re ference  e l e c t r o d e ,  p rec i s ion  increased .  The u n c e r t a i n t y  
2+ - 6 

a t  g Cu was only 2 mV, o r  72, and a t  10 g cu2+ i t  was 7 mV, o r  23%. 

The response of t h e  copper e l e c t r o d e  t o  1.572 X g cu2+ was a l s o  observed 

t o  drop by 5 mV wi th  add i t i on  of KN03 t o  change the  t o t a l  i o n i c  s t r e n g t h  from 

4 . 7  X l om5  t o  6.8 X Po l i sh ing  t h e  e l e c t r o d e  wi th  diamond p a s t e  increased 

t h e  speed of response and decreased n o i s e  i n  t h e  vo l t age  r ead ing ,  b u t  i t  did 

not  a f f e c t  d r i f t ,  which apparent ly  was due mostly t o  v a r i a t i o n s  i n  l i q u i d  

junc t ion  p o t e n t i a l .  

Madsen -- e t  a l .  (204) t e s t e d  t h e  Radiometer F1112 Cu e l e c t r o d e  which had 
-6 a CuSe membrane and found i t  usab le  t o  10 g. A s l i g h t  pH i n t e r f e r e n c e  was 

noted.  

H i r a t a  and coworkers of Matsushi ta  E lec t ron ic s  (125, 131, 142, 143,  145) 

produced copper e l e c t r o d e  membranes from G u  Te-Ag S, CuS-Ag S and Cu2S. The 
2 2 - 6 2 

l a t t e r  m a t e r i a l  y i e lded  an e l e c t r o d e  s e n s i t i v e  from 10 t o  10-I M cu2+ and - + 2+ 2- usable  t o  ~ o - ~ M .  - I n t e r f e r e n c e s  were Ag , Hg , S , I- and Fe3+. A CuSe-Ag2Se 

membrane has been u t i l i z e d  by Tacussel  (363). S ing le  c r y s t a l s  of CuSe were 

used t o  produce t h e  CRYTUR 29-17 cu2+ e l e c t r o d e  (210, 381). Th i s  e l e c t r o d e  

was found u s e f u l  below - bu t  Adametzova and Semler (3) noted t h a t  c a l i -  

b r a t i o n  a t  such low concent ra t ions  had t o  be done wi th  c a r e  because of im-  

p u r i t i e s  i n  reagents .  They observed t h a t  a 1 M KNO, s o l u t i o n  made wi th  
2+ -I - 6 

reagent  grade s a l t  contained 1 .8  X 10 - M Cu . Savin -- e t  a1.(330) made a 
- 5 

Cu S membrane e l e c t r o d e  which was l i n e a r  from 10 - 10-I M cu2+ and s u b j e c t  
2 - 

t o  t he  usua l  i n t e r f e r e n c e s .  Van Osch e t  a l .  (379, 392) added Au powder o r  -- 
Cu2S t o  CuS t o  make cu2+ s e l e c t i v e  membranes. Trachtenberg -- e t  a l .  (134, 164) 

used Cu-As S g l a s s  t o  produce a cu2+ e l e c t r o d e  which was pH independent and 
-6 

u s e f u l  from 10 t o  10-I - M. I n t e r f e r e n c e s  were found wi th  and A ~ +  and 

t h e  response d i f f e r e d  i n  ~ 1 - ,  ~ r - ,  NO- and a c e t a t e  s o l u t i o n s .  They found 
3 

s i m i l a r  behavior  wi th  t h e  Coleman 3-804 and Orion 94-298 e l e c t r o d e s .  Junc t ion  

p o t e n t i a l  d i f f e r e n c e s  could perhaps be r e spons ib l e .  A g l a s s  of Se-Ge-Sb 
0 0 2+ composition doped wi th  Fe , Co o r  N i O  was a l s o  found u s e f u l  f o r  Cu i n  t h e  

absence of Fe3+ (13, 373). 
2+ 

Heterogeneous membrane e l e c t r o d e s  have been produced f o r  Cu measurement 

by imbedding copper s a l t s  i n  va r ious  ma t r i ce s .  H i r a t a  and Date (136) impreg- 

na ted  s i l i c o n e  rubber  wi th  Cu S and obta ined  an e l e c t r o d e  s e n s i t i v e  from 
2 



- 10-'M - cu2+. Epoxy and other plastics have been tried but they were 

found to exhibit a large interference from anions. Pungor -- et al. (12, 289, 

290) used CuS in silicone rubber and found it to be linear from - 10-I 
2+ + 

M Cu . No anions interfered but Ag , H ~ ~ +  and T3i3+ did. The electrode was - 
more stable if soaked in ascorbic acid to prevent oxidation of the sulfide 

ions in the membrane. Standardization at low cu2+ levels was accomplished 

by generating dilute copper solutions electrochemically. Mascini and Liberti 
- l 

(194, 213, 216) produced an electrode with linear response from - 10 
M cu2+ by impregnating polythene with CuS and Ag S which had been simultan- - 2 2+ + 
eously precipitated from solution. Interference was observed from Hg , Ag , 
~ 1 - ,  ~ r - ,  and I-. The electrode was used in industrial pollution monitoring. 

Nomura and Nakagawa (269) made a cu2+ selective membrane by imbedding CuI 
+ 

in a PVC film. The electrode also responded to Cu and I- but other interferences 

were not mentioned. Ruzicka -- et al. (119, 324, 325) prepared cu2+ electrodes 
0 

by pressing Cu , CuS or CuS-Ag S into hydrophobized graphite. The latter 2 
electrode was linear to lo-13 - M cu2+ in buffered metal solutions at pH 9. 

2+ + 2- Interferences were Hg , Ag , S and I-. Copper(I1) dithizonate was also 

used on graphite rods but suffered H+ interference in addition to the usual 

ones (326, 327). Burdin -- et al. (37) found the copper dithizonate electrode 
2+ 

linear from - LO-' g Cu and that it possessed good selectivity over 
+ 

other transition metals except Ag and H ~ ~ + .  Halides interfered by complexing 
2+ 

free Cu . Sharp and Jshansson (341, 343, 344) used Cu(I1) salts of organic 

radical ions such as tetracyanoquinodimethane (2-) to produce solid pellet 
24- - 7 membranes sensitive to Cu . The electrodes were linear from 10 - 10-'PI - 

and had the usual interferences. 

Flow-through and microelectrodes for cu2+ were fashioned from CuS-Ag S 
2 

pellets by Rechnitz -- et al. (62, 369). Blaedel and Dinwiddie (25) also built 

a flow-through cell using CuS-Ag S membranes and found response linear to 
2 

M cu2+ when the electrode was cleaned with 0.025 M H SO just before - - 2 4  
use with the sample. Response below 10-b - M was very slow, requiring hours 

to reach steady potential. From lom6 - IO-~M - cu2+ they observed that the 
initial rate of change in potential from a specific initial voltage was pro- 

portional to the concentration. They proposed that measurement of that rate 

would allow analysis down to ~ o - ~ M  - without waiting for full equilibration of 



the electrode potential. 
2+ 

Smith and Manahan (351) found the Orion Cu electrode useful for direct 

measurements in natural water systems down to 18 ppb. With the standard 

addition technique they found it possible to measure cu2+ in tap water to 

9 vg/l (352). Lamm et al. (188) used the Radiometer Selectrode for Cu 
2+ 

-- 
measurements in soil and soil-water slurries. Paper machine waters were 

analyzed with a cu2+ selective electrode by Korhanen -- et al. (183) and Simpson 

(348) discussed its use in metal finishing effluents. Jasinski et al. (163) -- 
2+ 

studied the use of the Orion 94-29 electrode for direct Cu measurements in 

sea water. They found measurements possible to the ppb level if the electrode 

was calibrated in sea water and if no strong organic chelating agents were 
+ 

present. Interferences from ~ e ~ +  or Ag were neglible due to their low 

levels in sea water. 

Lead. The first solid state PbS-Ag S electrode was introduced by Orion 
0 2 + 2+ 2+ (89, 319). A range of - 10 - M pb2+ and interferences by Ag , Hg , Cu , 

and to a lesser extent l?e3+ and cd2+, were claimed by the manufacturer. 
-6 Rechnite and Kenny (312) found linear response from 10 - LO-' - M pb2+ in 
2+ 2+ water or methanol-water mixtures. Selectivity over Ni , Mn , zn2+ and 

2+ 
Mg was good. The electrode was used to determine Pb in urine at the 5-10 

pg/100 ml level. Gordievskii et al. (98) discussed a prototype with the same -- 
type membrane. Hirata and Date (137) examined PbS impregnated silicone 

- 7 rubber membranes containing no Ag S. They observed a useful range of 10 - 
2 2+ + 2+ 2- 

10-I - M pb2+ from pH 2-7. Interferences due to Cu , Ag , Hg and SO4 

occurred due to reactions with the membrane surface. Hirata and Higashiyama 
2+ 

(139, 142) used PbSe or PbTe with Ag2S to make Pb sensitive membranes. 

The PbSe-Ag S sintered membrane was the most sensitive and was linear from 
- 1 2+ + 2+ 2+ - 10 - M Fb . Serious interferences were observed with Ag , Cu , Hg , 

3+ 2- 
Fe , S and ~ 1 - .  They also used a PbS-Ag S-Cu S membrane and found it to 2 2 
have similar properties, a faster response time, and a five month continuous 

use lifetime (140, 144). Majer et al. (205) studied lead chalcogenide solid -- 
membranes to 1 0 - l ~ ~  - pb2+ by using buffered solutions. They found the PbS-Ag2S 

membrane to have the lowest detection limit, 10- 5M,but - concluded that these 
2+ membranes would not be useful for direct Pb measurements, presumably because 

+ 
of interferences and H sensitivity. Van Osch et al. (379, 392) made -- 



e l e c t r o d e s  from PbS w i t h  e i t h e r  Cu S  o r  Au powder added a s  conduc tor .  Mas- 2  
c i n i  and L i b e r t i  (194, 217) used PbS-Ag2S imbedded i n  p o l y t h e n e  t o  produce - 5 - 1 
an e l e c t r o d e  good from 1 0  - 10 - M and w i t h  t y p i c a l  s e l e c t i v i t y .  Ruzicka 

e t  a1 .  (120, 324, 325) d i s c u s s e d  t h e  pb2+ S e l e c t r o d e  and i t s  u s e  i n  b u f f e r e d  -- 
pb2+ s o l u t i o n s .  L i n e a r i t y  t o  10"~ - M a t  pH 6.8 was observed w i t h  r e s p o n s e  

times o f  1-5 minu tes .  The e l e c t r o d e  was u s e f u l  f o r  m o n i t o r i n g  t i t r a t i o n s  
2 - 2 - 4  - 

of  SO4 , Cr04 and P207 w i t h  pb2+. A l e a d  d i t h i z o n a t e  on g r a p h i t e  membrane 

was a l s o  p r e p a r e d  b u t  was less u s e f u l  (326, 327).  

A l i q u i d  membrane e l e c t r o d e  f o r  Pb based on t h i o p h o s p h a t e  ester exchanger  
2+ 

d e s c r i b e d  by Materova -- e t  a l .  (220) had e s p e c i a l l y  good s e l e c t i v i t y  o v e r  N i  , 
-1 

cd2+ and IA o r  I I A  group i o n s  and was u s e f u l  o v e r  - 1 0  - M pb2+. Sharp 

and Johansson (341, 344) r e p o r t e d  t h a t  o r g a n i c  r a d i c a l  i o n  sa l ts  of  l e a d  

cou ld  b e  f a s h i o n e d  I n t o  p e l l e t s  f o r  e l e c t r o d e s .  The e l e c t r o d e s  u n f o r t u n a t e l y  
+ 

were H s e n s i t i v e .  Flow-through and m i c r o e l e c t r o d e s  p r e p a r e d  from PbS-Ag2S 

p e l l e t s  were d e s c r i b e d  by Rechni tz  -- e t  a l .  (62,  369). 

Mercury. Development o f  a  commercial H ~ ~ +  e l e c t r o d e  h a s  been s low i n  

coming. Only Chemtrix and Sensorex have marketed a Hg e l e c t r o d e .  No d e t a i l s  

were a v a i l a b l e  on t h e  composi t ion of t h e  membrane, a l t h o u g h  Chemtrix s t a t e d  
2+ 2- 2+ 

t h a t  Ag , S and CN- i o n s  i n t e r f e r e d  w i t h  Hg measurements (43) .  Or ion  

(281) s t a t e d  t h a t  t h e  94-53 1- e l e c t r o d e  could  b e  used f o r  mercury measure- 
-8 + - 

ments.  Response was l i n e a r  t o  l o m 7 M  - and u s e f u l  t o  1 0  - M (2ppb) w i t h  Ag , I 
and ~ 1 -  i n t e r f e r i n g .  It i s  p o s s i b l e  t h a t  t h e  Chemtrix and Sensorex  e l e c t r o d e s  

i n  f a c t  have AgI-Ag,S membranes. 
L 

Ruzicka and T j e l l  (327) produced a H ~ ~ +  s e n s i t i v e  e l e c t r o d e  u s i n g  mercury 

d i t h i z o n a t e  on a g r a p h i t e  rod .  The e l e c t r o d e  responded l i n e a r l y  t o  ~ o - ~ ' M  - 

a t  pH <3. Hydrophobized g r a p h i t e  impregnated w i t h  HgS was a l s o  u s e f u l  a s  a 

membrane f o r  H ~ ~ '  from - 1 f 3 n  - (324) .  No s e l e c t i v i t y  d a t a  was g iven  on 

e i t h e r  model. H i i r o  e t  a l .  (133) r e p o r t e d  t h a t  a n  u n s p e c i f i e d  commercia l ly  -- 
a v a i l a b l e  I- s e l e c t i v e  e l e c t r o d e  was s e n s i t i v e  t o  H ~ ~ +  from - ~ o - ~ M  i n  - 
1-2 - N HN03 o r  H2S04. Response t i m e s  were around 1 0  min and CN-, ~ 1 -  and ~ r -  

2-f- were r e p o r t e d  i n t e r f e r e n c e s .  S p e c i e s  which d i d  n o t  i n t e r f e r e  i n c l u d e d  Cu , 
pb2+, zn2+, cr3', Cr(V1) , A I ~ +  and F-. Yamazato e t  a l .  (398) produced a Hg 2+ -- 
s e l e c t i v e  e l e c t r o d e  membrane by mixing HgS o r  HgSe w i t h  epoxy. H a l i d e s  and + 
Ag i n t e r f e r e d .  G o r d i e v s k i i  e t  a 1 , ( 9 7 ,  102) mixed Ag HgI w i t h  epoxy t o  -- 2  4  




































































































































































