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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 designéd 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 RECOMMENDATIONS

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. All 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 107 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. TFirst, 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 pilezoelectric 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
in natural water monitorimg because of interference from Fe3+. It would
find its principal application in monitoring wastes from metal plating baths.

COEEer. 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/1
which is much higher than the limit of detection of the electrode. Inter-
ference from Fe3+ and C1~ 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
waters down to 0.018 mgCu2+/l. 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 uswally much lower but
may get as high as 5 mg/l. The Fe3+ 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 detection 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
of 0.023 mg/1l. Unfortunately both Cu2+ and Fe3+ 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(II) 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 Niz+
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 1s needed for a definite
recommendation to be made.

Silver. Silver is rarely found in natural waters above 0.001 mg/1l
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 Zn2+ have detection limits well below
the 0.064 mg/l normally found in natural waters. Their use to monitor paper
bleaching wastes for Zn2+ would probably be difficult since SZ— and 804—
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-
ences from SOZ— and COZ‘ ions as well as HPOZ_. These interferences obviate

4 3 4
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their use in natural waters, but plating wastes could be monitored.
Cyanide. The cyanide ISE is capable 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

the pH is below 5.0 to prevent CO3 interference and where lead ions are
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
mill wastes the Sz_ 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
metals in sewage digestion since the metals would cause SZ— 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 Cl1~ and NO, and maintenance (replacement of liquid ion ex-

changer). Chloride can ge 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 important 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




measuring phosphate concentrations greater than 10 mg/l.

© Ammonium/Ammonia. Because of the interferences experienced by the

+ ,
NH4 electrodes most analysts now use the more selective NH3 gas sensor.

This electrode measures only NH_, and thus a pumped-flow system with pH

3
adjustment is necessary to obtain total ammonia. Sufficient experience is
available to believe that this electrode will be very useful in monitoring
sewage wastes and natural waters. In the United Kingdom it is used as an
indication of sewage contamination in natural waters. It has also been
applied to nitrate analysis in pumped-flow systems where the nitrate is
first reduced to NH,_.

3
Carbon Dioxide. These electrodes have been used with success in blood

analysis for some time and could be applied to water analysis. The level
of dissolved CO2 in surface waters is usually less than 10 mg/l so that the
electrodes would be operating at their limit of sensitivity. The electrodes
could possibly be used to monitor biological activity by measuring carbon
dioxide production or uptake,

Chlorine. The only information available on the commercially available
Cl2 ISE's is that from the suppliers. The Chemtrix model requires reagent
addition to regulate the pH and thus can only be used for grab sampling or
in pumped-flow systems.

Hydrogen Sulfide. The H,S electrode has the same potential for appli-

2
cations as the sulfide ion electrode except that pH adjustment is required

to obtain total sulfide measurements.

Nitrogen Dioxide. This electrode can be used to detect nitrite ion

with proper buffering. In a pumped-flow system it should be useful for
monitoring meat packing wastes.

Sulfur Dioxide. This electrode can be used for monitoring sulfite ion

by addition of a buffer. Its primary use would be monitoring wastes from
sulfite paper and pulp mills.

Piezoelectric Sensors. With regard to the utility of piezoelectric

sensors for water quality analysis, it appears that further investigations
will be necessary before their potential can be fully assessed. The work
described in this report is the first to examine their use as sensors of

dissolved gases in water. Amine-coated crystals were used to detect dissolved
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carbon dioxide, but these were found to 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-
fergntial 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.




1. INTRODUCTION

1.1 General

Improved and expanded water quality monitoring has been repeatedly urged
by those concerned with the management of water resources (211, 212, 389).
Factors detrimental to the health and well being of human and aquatic com-
munities must be kept under constant scrutiny. Without monitoring, legis-
lated water pollution cleanup programs cannot be effectively enforced. Con-
trol activities are presently still limited by a lack of adequate measure-
ment capabilities (208). In many cases, large sums of public and private
funds are being spent to control pollutant levels which either cannot be
adequately monitored or cannot be monitored at all.

In North Carolina the need for expanded monitoring programs for nutrients
and metals has been acknowledged (257). The textile industries in the state
and region use large quantities of arsenic, chromium, zinc, lead, cadmium
and copper in dyeing processes. At the present time it is impossible or at
least impractical to monitor streams receiving metal wastes from these indus-
tries. The cost and time required by presently used analytical procedures
make it extremely difficult to adequately monitor a system so transitory
and intricate as the aqueous environment into which these metals are intro-
duced. Another concern is the aquatic health of streams, impoundments, lakes
and estuaries of the Southeast which is often affected by both deliberate
and unintentional inputs of nutrients from various sources. Monitoring of
nutrients to provide a baseline for predicting affects on aquatic life in
North Carolina has been underway for some time and is now proceeding at an
increased rate (257, 391). Finally, it must also be recognized that dissolved
gases other than oxygen are important to the higher aquatic life such as
fish (208, 254). Ammonia and carbon dioxide can be toxic to fish at quite
low levels, but their concentrations are not usually monitored on a regular
basis.

To assure that the future workload of monitoring will be feasible,




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 sampies. 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 congideration 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 chemical 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 1in 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 15 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,




DISSOLVED SOLIDS IN U.S. WATERS

Table 1

Major Constituents (1 - 1000 mg/l)

Calcium

Magnesium

Sodium

Secondary Constituents (0.01 - 10 mg/1l)

Boron
Iron

Potassium
Strontium

Minor Constituents (0.0001 - 0.1 mg/1)

Aluminum
Antimony
Aresenic
Barium
Cadmium
Cobalt
Copper

Bicarbonate

Chloride
Sulfate

Carbonate
Fluoride
Nitrate

Germanium
Iodide
Lead
Lithium
Manganese
Molybdenum
Nickel

Trace Constituents (<0.001 mg/l)

Beryllium
Bismuth
Cerium
Cesium
Gallium
Gold
Indium

Lanthanum
Nickel
Platinum
Radium
Ruthenium
Scandium
Silver

Source: Davis and DeWiest (65)

Silica

Phosphate
Rubidium
Selenium
Titanium
Uranium
Vanadium
Zinc

Thallium
Thorium
Tin
Tungsten
Ytterbium
Yttrium
Zirconium




(c) evaluation of treatment process efficiencies,
(d) provision of warnings of malfunctions, accidents, spills, and
unsuspected interactions between effluents and natural waters,and
(e) 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. 1In the long run the determination of specific form
of the elements will be necessary since toxicity varies accordingly, e.g.
Cr (VI) is extremely toxic whereas Cr(III) 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,and Na, 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 of such contamination has been tested in Chicago and Philadelphia
and other cities have expressed interest in monitoring their distribution
systems. Finally, the relationship between water quality and heart disease
remains an active controversy but epidemiological evidence does indicate the
possible effect of water quality.

The World Health Organization has established tentative limits for six
inorganics in drinking water (Table 2) based on toxicological evidence (397).
Other species such as Ba, Be, Co, Mo, SCN_, Sn, U and V were considered
important for setting controls, but evidence for specific limits was con-
sidered insufficient. Limits on Nog and NOE were not felt to be needed in
view of the small intake of water by infants, to whom toxicity is greatest.
However, concern was expressed over potential in vivo conversion to carcino-

genic nitrosamines, evidence of which could force future reductions in

drinking water levels of nitrate.

Table 2

W.H.O. TENTATIVE LIMITS FOR DRINKING WATER

As 0.05 mg/1
Cd 0.01 "
CN~ 0.05 "
Pb 0.1 "
Hg 0.001L "
Se 0.01 "

The U.S. Federal Drinking Water Standards of 1962 (375), Table 3, are
presently under review. Water quality criteria were published in 1968 (374)
and 1972 (254) in accordance with the Federal Water Quality Act of 1965.
The criteria reflect advances in knowledge concerning water treatment pro-
cedures as well as health effects of waterborne chemicals. To quote the
latest criteria for drinking water supplies (254, p.51):

. « . The recommendations in this Section for raw water quality
for public supplies are intended to assure that the water will

be potable--for surface water, with the defined treatment process;
for ground water, with no treatment.




Table 3

U.S. DRINKING WATER STANDARDS AND CRITERIAZ

U.S.P.H.5. '62 E.P.A. '72
CONSTITUENT STANDARDS (mg/1)P CRITERIA (mg/1)C¢
Ammonia-N -~ 0.5
Arsenic 0.05 0.1
Barium 1.0 1.0
Cadmium 0.01 0.01
Chloride 250 (suggested) 250
Chromium 0.05 (crbh) 0.05 (total)
Copper 1 (suggested) 1.0
Cyanide 0.01 (suggested) 0.2
Fluoride 1.4-2.4 1.4-2.4
Iron 0.3 (suggested) 0.3
Lead ‘ 0.05 0.05
Manganese 0.05 (suggested) 0.05
Mercury - 0.002
Nitrate 45 (suggested) 10 (as N)
Nitrite - 1 (as N)
Selenium 0.01 0.01
Silver 0.05 -
Sulfate 250 (suggested) 250
Zinc . 5 (suggested) 5

a. See also Reference 255
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,Minor
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. Eﬁen 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. Pollutants 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 UnitedFStates 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,bpar—
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.
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Table 4

SELECTED POLLUTANT LIMITS TO PROTECT FRESHWATER AQUATIC LIFE

CONSTITUENT
Dissolved oxygen

Total dissolved gases

Free CO,

Hg

phthalate esters

PCB's

Cd
Cr(total)
Pb

Cu, Ni, Zn
NH3(g)

Cly

CN~
detergents
phenolics

Hy3(g)

RECOMMENDED LEVEL

>4 mg/l or the natural level if less
<110% atmospheric pressure

~6 mg/l

<0.05 mg/l, 0.2 mg/l at anytime
<0.3 mg/1

<0.002 mg/l at any time

<0.0004 - 0.03 mg/1 depending on hardness
<0.05 mg/1

<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/1l at any time

<0.2 mg/l at any time

<0.1 mg/1l at any time

<0.002 mg/l at any time

Source: NAS-NAE, EPA-R-73-033 (1973), Reference 254.
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Cultural eutrophication is the speed up of a natural ﬁrocess 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 regérding 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.
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As required by Section 143-211 a set of rules and regulations were
promulgated by the Board of Water and Air Resources (259). Rule III requires
the use of "Standard Methods" (9), "E.P.A. Methods" (76), or other analytical
methods as adopted. Rule IV adopted the U.S.P.H.S. Drinking Water Standards
of 1962 (375) for Class A waters in the State. Regulation I is an anti-
degradation clause. Regulation IITI forbids degradation of any downstream
water by effluent flow. Regulation IV requires representative sampling.
Regulation VIII reguires that maximum limits for toxic and deleterious mate-
rials in receiving waters shall not exceed the most recent E.P.A. criteria.
Regulation XI establishes the surface water clagsifications and standards
applicable thereto. With regard to toxic wastes the general statement is
to allow "Only such amounts, whether alone or in combination with other
substances or wastes as will not render the waters unsafe or unsuitable . . ."
for their best usage.

Regulations also have been published regarding the monitoring and report-
ing of wastewater discharges (258). This document gives approved methods of
sample collection (grab samples are permitted), sample analysis and report-
ing. As has been common in the past, only BOD, pH, dissolved and suspended
solids, coliforms and similar parameters are specified for frequent (monthly)
reporting. Toxic materials are only mentioned with regard to annual reports,
and then only with the requirement that industrial establishments which con-
tribute toxic quantities of toxic materials to a water pollution control
faciiity be named and their average daily waste volumes given., Toxic mate-
rials are reasonably well defined:

. +» . those wastes, or combinations of wastes, including disease
causing agents, which, after discharge, and upon exposure, ingestion
or assimilation into any organism, either directly from the environ-
ment or indirectly by ingestion through food chains, will cause
death, disease, behavioral abnormalities, cancer, genetic mutations,
physiological malfunctions (including malfunctions in reproduction),
or physical deformities, in such organisms or their offspring.

Toxic substances include, by way of illustration and not limitation:
lead, cadmium, chromium, mercury, vanadium, arsenic, molybdenum,
antimony, nickel, barium, beryllium, copper, selenium, zinc. . .

It is noted that additional tests and measurements may be required by the
Department of Natural and Economic Resources, particularly if a violation of ef-

fluent quality is detected by a public agency. The facilities submitting monthly
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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 1s 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% oﬁer 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 énter the waste stream would run into thousands of compounds. Many

industries have found that paying local municipal sewage plants to treat
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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.
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Table 6
SIGNIFICANT WASTEWATER PARAMETERS FOR SELECTED N.C. INDUSTRY CATEGORIES

Textile Mills
Class I: BOD, COD, pH, S.S., Chromium, Phenolics, Sulfide, Alkalinity
Class II: Heavy Metals, Color, 0il and Grease, T.D.S., Sulfides,
Temperature, Toxic Materials '

Organic Chemicals
Class I: BOD, COD, pH, T.S.S., T.D.S., Free-floating 0il,
Class II: TOC, Organic Cl, Total Phosphorus, Heavy Metals, Phenol,
Cyanides, Total Nitrogen, Other

Plastic Materials and Synthetics
Class I: BOD, COD, pH, T.S.S., 0il and Grease, Phenols
Class II: T.D.S., Sulfates, Phosphorus, Nitrate, Organic N,
Ammonia, Cyanides, Toxic Additives and Materials, Chloronated
and Polynuclear Aromatics, Zinc, Mercaptans

Inorganic Chemicals
Class I: Acidity/Alkalinity, T. S., T.S.S., Chlorides, Sulfates
Class 1I: BOD, COD, TOD, Chlorinated and Polynuclear Aromatics, Phenol,
Fluoride, Silicates, Tot. Phosphorus, Cyanide, Mercury,
Chromium, Lead, Titranium, Iron, Aluminum, Boron, Arsenic,
Temperature

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

Canneries and Preserved Fruit and Vegetables
Class I: BOD, COD, pH, S.S.
Class II: Color, Fecal Coliform, 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 Materials, Turbidity, Ammonia, 0il and Grease, Phenols,
Sulfite
Class II: Nutrients, T.D.S.

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

Adapted from: E.P.A., Handbook for Monitoring Industrial Wastewater, 1973.
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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 Carolina'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,
Bdhannon 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 was involved.

Chemical and fertilizer production create toxié 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
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industry of western North Carolina (48, 156).

The food processing industry produces mainly BOD and suspended solids
as a result of scraps, peels, etc. (260). Toxic chemicals do reach their
waste effluents from several sources, however. Pesticide residues from
washing fruits and vegetables can contain Cu and As for example. Leaching
from vats and cans can yield Fe, Al, Sb and others. Processing chemicals
such as brines and alum from pickle plants and nitrate and nitrite from
meat packing plants are toxic to aquatic life.

A final source of toxic materials and nutients which cannot be neglected
is runoff. Nonpoint sources such as storm drains, agricultural fields and
animal feed lots contribute nutrients, pesticides, metals, and numerous

other substances.
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3. EXISTING MONITORING PROGRAMS

Water quality monitoring programs are carried out on several levels.
National, regionél multistate watershed, single state, and municipal programs
are in existence and are frequently tied together by funding and data shar-
ing.  Some of the experiences with these which have been reported in the

literature are described below.

3.1 National Programs

The U.S. federal pollution surveillance system began as a result of
the passage of the Water Pollution Control Act of 1956 (331). The network
started with 50 stations in 1957 and grew to about 300 long-term stations,
of which 50 were automated by 1969 (50). The Act of 1956 left the primary
responsibility for water pollution control to the states. Thus, the
federal role has been essentially that of coordination, funding and technical
assistance through the U.S. Geological Survey. The backbone of the federal-
state network is made up of approximately 6000 municipal water treatment
plants which monitor raw water at their intakes. In addition, state pollu-
tion control agencies and numerous federal agencies monitor surface and
ground water quality. The Water Quality Office of E.P,A. operates a com-
puterized data storage and retrieval system, STORET, which receives data
routinely from many agencies. In 1971 data from 30,000 stations had been
entered into the central record (331). Over 250 continuous monitoring sta-
tions were in use by various federal, state and other agencies, mostly
located at fixed points on major rivers (14).

The Planning Branch of the Water Quality Office estimated in 1971 that
adequate coverage of the nation's water resources would require at least
10,000 monitoring points (331). Plans at that time called for the Office
to assume responsibility for about 2400 of those stations by 1975 to provide
data on areas of key federal concern such as international boundaries, prin-
cipal estuaries, major river deltas, and large metropolitan centers. The

principal aim of these stations would be to monitor compliance with water
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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 semnsors, although
automatic wet chemical analyzers have bheen used (122). WNearly all stations
have been located on river banks with pumped flow to sensors. Lester and
Woodward (193) reported that NO., C1~, CN , Na+, NH3 and hardness electrodes
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 + 57 accuracy with monovalent ion
probes, + 107 accuracy with divalent ion probes. Melbourne et al. (226)
.found the E.I.L. NH, electrode quite usable but the NO,

3 3
to long-term drift and required frequent standardization. Long-term immersion

electrode was subject

of solid state jion-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, NO3 and NH3 were all used with success. Several reports have
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
CrOZ_ were also in use where these materials were important. About 130
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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
pumpéd—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. TIon-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 907 efficiency, i.e. a 10% data
loss was incurred. Based on cost analysis they found the cost per water
quality parameter transmitted to be 14¢ 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 Iinexpensive high frequency sampling, even with the staff of engineers

and technicians required to maintain the system.

3.3 Problems and Successes with Existing Methods of Sampling

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
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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 ébsorption from the atmosphere, b) settling
of particles and adsorption on their surfaces,c) 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 highér precision and none of the tedium associated with manual

methods., Data can be directly recorded on graphs or fed to data processing
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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 autematically 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 aré 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). 1In 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 reguired 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, with elimination 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 chemical or biolegical alterations 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.
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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. Peri-
odic cleaning and standardizing of monitors submerged in a stream are usually

much more difficult than when the monitors are located beside the stream.
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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 difficuit 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 épplication 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.
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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 4
appeared by Covington (58, 59), Koryta (185), Pungor and Toth (302, 303, 304,
305), Rechnitz (310) and Simon (347). 1In 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 simplé pH meter, is another
advantage of these versatile probes,

Ion-selective electrodes are generally useful over a much larger range
of concentrations than other techniques, typically 100 - 10--6 M, 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 thé Nernst equation shown in Equation 1. An understanding of this
equation is necessary to fully appreciate the difficulties involved in elec-

trode use.

E= (B2 - E) + (ST/z,)log [a, + IK,_,( )zi/zj] (1)
B 717708 P8 T TPt

where
E = the potential measured between sensing and reference electrodes
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SOME COMMERCIALLY AVATLABLE CATION SELECTIVE ELECTRODES

Ca2t/Mg2+

X

cd2+

Cu2+

X

X

K+

X

Nat

X

NHE  Nit

%

Pb2+

7n2+t
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Table 8

SOME COMMERCIALLY AVAILABLE ANION SELECTIVE ELECTRODES

AsOj~ Br~ Cl™ . CN~ CO%” Crog=  F~ I~ NO3 POE~ S~ SCN” S0%3~ S0

BECKMAN X X X X _ X
CHEMTRIX x X X X X X X X X X X X X
COLEMAN X | X X X
CORNING X X X X X
LEEDS &

NORTHRUP X X X X X X X
METROHM X X X X X X
ORION X X X X X X X X
PHILIPS X X X X
RADIOMETER X X X X X X
SENSOREX X X X X X X X X X X

SOME COMMERCIALLY AVAILABLE GAS SELECTIVE ELECTRODES

Cl, €Oy HpS NH3 NO, S0,
CHEMTRIX X X
INSTRUMENTATION LABS ' X
ORION X X X X

SENSOREX , X X




E = the standard potential of the sensing electrode
Er = the potential of the reference electrode in the sample solution
S = a constant, 0.2 mV/oK
T = absolute temperature of the solution
z, = the charge on the primary ion being sensed
i = the activity of the primary ion
ij= the selectivity ratio between primary ion and interfering ion
aj = the activity of the interfering ion
zj = the charge on the interfering ion

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 Kij factor is generally called the "selectivity constant' but its value
in fact varies with the lonic 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 Kij and others specify
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. 1In 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

~metal ion sensitivity region.

29



FIGURE |
Typical pH Dependence of Cation ISE

Potential

Electrode

Another aspect affecting the utility of ion-selective electrodes is
the fact that they measure activities instead of concentrations. In many
cases activity is the preferred quantity and in cases of dilute solutions
it is sufficiently close to concentrations to be acceptable. However, ion
activity is a function of the ionic strength of the sample solution so that
the activity will change with a change in foreign ion concentration regard-
less of whether or not the foreign ion has a significant selectivity constant.
In the laboratory and some continuous systems the problem is overcome by
keeping the ionic strength high and essentially constant through addition of
an inert electrolyte. Other interferences can often be eliminated in a
similar manner by adding a complexing buffer or precipitating agent.

Temperature also affects electrode potential. The semilogarithmic
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calibration curve of a monovalent ion electrode will have a theoretical
slope of 59 mV per decade molar at 25°C and this slope will change about

1 mV for each 5°C change in temperature. For most electrodes an isopoten-—
tial point exists in the middle of the useful range and the change in slope
pivots around this point. Thus, errors due to temperature changes will be
greatest in very dilute or concentrated samples. In natural waters rapid
temperature changes do not generally occur so the problem is not as great
as it might be for effluent streams. Correction for temperature effects

is accomplished electronically with many pH meters or by thermostatting the
sample chamber (318)..

The final factor which introduces uncertainty into electrode potentials
is the liquid junction of the reference electrode. The junction potential
at the interface between reference electrode solution and sample solution
can vary as much as 100 mV with changes in pH or concentration of the sample.
Careful choice must be made with regard to the bridging solution used in the
reference electrode since the diffussion of interfering ions into the sample
might be detected by the sensing electrode. The latter problem is generally
solved by using a double junction reference electrode which decreases dif-
fusion. The former problem is more difficult to surmount. In some cases
it is possible to use a solid state ion-selective electrode as the reference
electrode (207). Another alternative is to use two identical ion-selective
electrodes with one measuring a fixed level of the primary ion and the other

measuring a combined stream, Figure 2. This latter technique also minimizes

FIGURE 2
Continuous Measurement with Two ISE%s

IESEll
Reference —»

pH Meter

ISE

— —

Sample —
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temperature errors since the two electrodes would behave similarly toward
temperature and compensate.

All of the effects mentioned combine to make highly precise measure-
ments with ion—seléctive electrodes difficult. An error of only 2 mV leads
to an error of 7.5% for a monovalent ion electrode and 15% for a divalent
ion electrode. The best obtainable precision for activity measurements is
+ 1% with a research grade pH meter, and this is only possible with constant
temperature and few, if any, interferences. Frequent calibration is also
required for high precision although in continuous applications a weekly
standardization is often sufficient.

Ion-selective electrodes also require a certain amount of maintenance.
Solid state membranes may require removal of chemical or biological films
periodically to maintain adequate response times and maintain calibration.
Liquid membrane electrodes require renewal of ion éxchanger periodically due
to dilution or contamination. Suspended solids may cause cloggiﬁg of some
liquid membrane types or they may scour solid membrane surfaces leading to

shortgned lifetimes.

4.3 Discussion of Selected Electrodes

For the purpose of this report, ion-selective electrodes have been
divided into three major groups: electrodes for toxic inorganic ions, for
nuttient ions and for dissolved gases. This grouping is somewhat arbitrary
inasmuch as some species fall within more than one category, e.g. NH3 is both
a dissqlved gas and a nutrient and NOE is both a nutrient and can be toxic.
Not infrequently an electrode made for one ion is used for indirect analysis
of another ion, e.g. titration of soz' using a Pb2+ electrode. Such methods
usually involve reagent addition and are not strictly applicable to in situ
monitoring but are useful for continuous monitoring in an effluent discharge

pipe or a pumped flow system for natural waters. Many of these methods are

discussed. In some cases, particularly with the volatile weak acids or bases,

reagent addition is a necessity for measurement of total concentration.
Circumstances may force a choice and one may wish to measure total sulfide,
for example, by acidification and use of a HZS probe or by making the sample
alkaline and using a 82_ probe. Because of the grouping mentioned above,

these two probes are discussed in different subsections and the reader should
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refer to both in order to make the appropriate choice.

+
Some of the electrodes which appear in Tables 7 and 8, e.g. Na ,

2+ 2+

Ca™ , Cl” and hardness (Mg2+ + Ca” ), 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 II.

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+ +

and stability to achieve significant application are those for Cd~ , Cu2 i

+ 2+
sz , Hg

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

+
and Ag . Each of these five electrodes is discussed in an

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—AgZS membrane and the
manufacturer claims a range of lO_7 - 10O M Cd2+. Brand et al. (31) evaluated
this electrode and found it to be linear from lO_5 - 10_l M_Cd2+ and usable

to 1o'§g. The ioms, Cu2+, Hg2+

and Ag+ 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 AgZS—metal sulfide
membranes, but the membrane can be restored by chemical treatment or polish-
, 3+ L+ 2+ 24+ _+ 3+
ing (165). Brand et al. found that Fe” , T1 , Pb , Mn~ , H and Al also
interfered,with selectivity constants ranging from 196 for Fe3+ to 0.134

+
for Al3 . Hirata and Higashiyama (131 , 141, 142) produced two electrodes

with similar characteristics using a membrane of CdS-Cu S—AgZS and one of

CdTe—AgZS. E?e former electrode was linear from 10_6- io'l ﬂ,Cd2+ and
usable to 10 ~ M 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—AgZS electrode

-6 -1
usable from 10 ~ - 10 ECd2+ but it did not give a linear response.
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Czaban and Rechnitz (62) fashioned a microelectrode from a CdS—AgZS pellet.
Anfalt and Jagner (8) made a cadmium selective electrode suitable for
titrations by simply soaking a AgZS coated Ag wire in saturated CdS solutionmn.
Ruzicka et al. (321, 324, 325) found that hydrophobized graphite could serve
as a conducting support for CdS—AgZS powder and yield a cadmium sensitive
electrode. Electrodes based on this design have been marketed by Radiometer

of Denmark (308). The cadmium electrode was reported to be linear to 10_9

M Cd2+ at pH 6.7 and to 10_ll§1at pH 9. Selectivity was similar to the Orion
electrode. Silicone rubber impregnated with CdS—AgZS was used by Hirata and
Date (138) to produce a Cd2+ selective electrode with characteristics similar
to the Orion 94-48. Mascini and Liberti (194, 218) impregnated polythene,
a Lucite-like thermoplastic, with CdS—AgZS and produced an electrode usable
to lO—7 M Cd2+. They reported losses of response above pH 4 due to Cd(OH)2
formation. Interferences were otherwise typical. Van Osch et al. (379,
392) formed Cd2+ sensitive membranes by combining CdS with powdered Cu25 or
Au for conduction purposes. WNo details have appeared except in the patent
literature. Beckman Instruments (285) patented an electrode consisting of
a CdCl2 coated Pt wire enclosed in a pH sensitive glass, but this electrode
has not been marketed. A liquid ion exchange membrane electrode based on
cadmium dithizonate was reported by Ruzicka and Tjell (326) but no details
were given on its success other than to state that it was not useful at low
pH. Materova et al. (220) used a thiophosphate ester to produce a liquid
membrane electrode which was selective for Cd2+ over group IA and IIA ions,
but N12+ and Pb2+ interferred. It was useful from lO_4 - 10_1 M,Cd2+.

Few applications of cadﬁium electrodes for direct measurement have been
reported. Thompson and Rechnitz (369) fabricated a flow-through electrode
by drilling a hole in a CdS—AgZS pellet. Taga et al.(364) found a cadmium

electrode could be used to analyze 5-500 ug Cd if dithizone~CHCl., extrac-

tion was first used to separate it from interfering ions. Potenzial use in
metal finishing effluents was discussed by Simpson (348).

Copper. Electrodes for this element have been among the most widely
studied and several diverse types have been produced. The Orion 94-29
solid CuS—AgZS membrane electrode replaced the earlier 92-29 liquid ion

exchange electrode (89, 319). The solid electrode was studied by Johansson
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and Edstrom (165) who found the usable range, 10—7 - 10"1 M_Cu2+, 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 Ag+ and C1 ions that diffused into the sample and

produced an interference. A 2 M 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
and Dinwiddie (24) investigated the Orion 94-29 electrode from 10_6 - lO_9
M_Cu2+. They found that although response was slow and nonlinear, the elec-

8

trode could be used to at least 10 M Cu2+, particularly if washed with

0.025 M H2504 to remove adsorbed Cu2+. -

Stiff (354) used the Orion 94-29A electrode to measure Cu activity in
the presence of bicarbonate concentrations similar to those ih natural water.
He found that CuCO3 was an important soluble complex species and that at
pH 7.0 and 10—3 M_HCO; only 257% of the total Cu existed as Cu2+. Stiff's
experiments were designed specifically to determine equilibrium constants.
In order to assess the utility of the Cu2+ 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-
bicarbonate concentrations of lO_4 - lO—ZE were chosen as representative of
natural fresh waters. Standard copper(II) nitrate solutions were made by
dissolving copper wire in Ultrex nitric acid (J.T. Baker). All pH and Cu2+
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
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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 Na2003 solution added to make the solution lO—4 M, lOfBM or
10_Zm in total CO

-— —
°

3 At the pH's chosen the major species present was HCO3

In order to control pH at the desired value, CO2 or N2 was bubbled into the
solution. Incremental additions of 1.574 X 10-2 M;Cu2+ solution were made

to span the 10-6 - 10—3 M concentration range. The electrode potential was
read following each addition after allowing 30-60 seconds for stable readings.
Figure 3 illustrates the data as potential vs. log[Cu2+]. The slopes in 3a
are Nernstian for 10-"4 E_and 10_3 g_cog-, but at 10_-2 g‘cog' the slope is only
25 mV, Both 3a and 3b indicate that increasing the total CO3- concentration
lowers the Cu2+ activity. Figure 3b indicates that a tenfold increase in
total cog’ causes an approximate 75% decrease in copper activity,suggesting
possible involvement of Cu(C03)§-. At higher pH's and larger total CO

3
concentrations precipitation of copper occurred, presumably as malachite,

Cuz(OH)2C03.

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 g 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-
lute mV response remained 30mV/decade M Cu2+, but the intercept at 10—4M Cu2+
varied 76 mV, If the copper electrode had been used in a remote operation

. . . . . 2+ -

without standardization for two weeks, an uncertainty in Cu activity of
over 1007 would have existed. Furthermore, these experiments were carried out at
pH 6.5 with only 10_4 M_Cog—

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

where minimum complexation or precipitation

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

Cu2+ was only 6 mV, or 20% uncertainty in measuring copper activity. At

- +
10 6 M.Cu2 , however, the uncertainty remained high, nearly 100%Z. Using

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

3 3
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electrolyte in the reference electrode, precision increased. The uncertainty

at lO_4 M Cu2+ was only 2 mV, or 7%, and at 10_6 M Cu2+ it was 7 mV, or 23%.

The response of the copper electrode to 1.572 X lO_5 M Cu2+ was also observed
to drop by 5 mV with addition of KNO3
4.7 X 107 3

to 6.8 X 10 . Polishing the electrode with diamond paste increased
the speed of response and decreased noise in the voltage reading, bpt it did

to change the total ionic strength from

not affect drift, which apparently was due mostly to variations in liquid
junction potential.

Madsen et al. (204) tested the Radiometer F1112 Cu electrode which had
a CuSe membrane and found it usable to 10_6M, A slight pH interference was
noted.

Hirata and coworkers of Matsushita Electronics (125, 131, 142, 143, 145)

produced copper electrode membranes from Cu,Te-Ag_ S, CuS-Ag,S and Cu,S. The
gy &9

2 2
latter material yielded an electrode sensitive from 10_6 to 10_l M Cu2+ and
usable to lO_SM. Interferences were Ag+, Hg2+, Sz_, I and Fe3+. A CuSe—AgZSe

membrane has been utilized by Tacussel (363). Single crystals of CuSe were
used to produce the CRYTUR 29-17 Cuz+ electrode (210, 381). This electrode
was found useful below 10_§M but Adametzova and Semler (3) noted that cali-
bration at such low concentrations had to be done with care because of im-

purities in reagents. They observed that a 1 M KNO, solution made with

3
reagent grade salt contained 1.8 X 10—6 M.Cu2+. Savin et al.(330) made a

Cu,S membrane electrode which was linear from 10_5 - 10--l M Cu2+ and subject

to the usual interferences. Van Osch et al. (379, 392) added Au powder or

CuZS to CuS to make Cu2+ selective membranes. Trachtenberg et al., (134, 164)

used Cu-As glass to produce a Cu2+ electrode which was pH independent and

2°3 &g -1 3+ +
useful from 10 to 10 7 M. 1Interferences were found with Fe and Ag and

the response differed‘iﬁ Cl—, Br', NO3 and acetate solutions. They found
similar behavior with the Coleman 3-804 and Orion 94-29A electrodes. Junction
potential differences could perhaps be responsible. A glass of Se-Ge-Sb
composition doped with Feo, Co® or Ni° was also found useful for Cu2+ in the
absence of Fe°! (13, 373).

Heterogeneous membrane electrodes have been produced for Cu2+ measurement
by imbedding copper salts in various matrices, Hirata and Date.(136) impreg-
nated silicone rubber with CuZS and obtained an electrode sensitive from
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10_7 - 10-1M 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 lO—6 - 10_l

+ +
M Cu2+. No anions interfered but Ag+, ng and Bi3 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
(194, 213, 216) produced an electrode with linear response from 10-.6 - 10_1
M Cu2+ by impregnating polythene with CuS and AgZS which had been simultan-
eously precipitated from solution. Interference was observed from Hg2+, Ag+,
Cl—, Br—, and I . The electrode was used in industrial pollution monitoring.
Nomura and Nakagawa (269) made a Cu2+ selective membrane by imbedding Cul

in a PVC film. The electrode also respondedto(hfkand I but other interferences
were not mentioned. Ruzicka et al. (119, 324, 325) prepared Cu2+ electrodes
'by pressing Cuo, CuS or CuS—AgZS into hydrophobized graphite. The latter

electrode was linear to 10_13 M Cu2+ in buffered metal solutions at pH 9.

2- and T . Copper(II) dithizonate was also

Interferences were Hg2+, Ag+, S
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
linear from lO—5 - lO“l M Cu2+ and that it possessed good selectivity over
other transition metals except Ag+ and Hg2+. Halides interfered by complexing
free Cu2+. Sharp and Johansson (341, 343, 344) used Cu(II) salts of organic
radical ions such as tetracyanoquinodimethane (2-) to produce solid pellet
membranes sensitive to Cu2+. The electrodes were linear from 10—7 - 10_1M
and had the usual interferences.

Flow-through and microelectrodes for Cu2+ were fashioned from CuS—AgZS
pellets by Rechnitz et al. (62, 369). Blaedel and Dinwiddie (25) also built
a flow-through cell using CuS—AgZS membranes and found response linear to
lO-8 M Cu2+ when the electrode was cleaned with 0.025 ﬂ_HZSO4 just before
use with the sample. Response below 10_6 M was very slow, requiring hours

9§_Cu2+ they observed that the

to reach steady potential. From 10_6 - 10
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 10—9ﬂ without waiting for full equilibration of
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the electrode potential.

Smith and Manahan (351) found the Orion Cu2+ 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 ug/l (352). Lamm et al. (188) used the Radiometer Selectrode for Cu2+ |
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)
studied the use of the Orion 94-29 electrode for direct Cu2+ 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 Fe3+ or Ag+ were neglible due to their low
levels in sea water.

Lead. The first solid state PbS—AgZS electrode was introduced by Orion

(89, 319). A range of 10-7 - 100g Pb2+ and interferences by Ag+, Hg2+, Cu2+

3
and to a lesser extent Fe3+ and Cdzt were claimed by the manufacturer.
6 _ 107 m pp?" in

nd

Rechnitz and Kenny (312) found linear response from 10

. - . 2+ 2+
water or methanol-water mixtures. Selectivity over Ni”™ , Mn"~ , Z

2+
n- a
Mg2+ was good. The electrode was used to determine Pb in urine at the 5-10

ug/100 ml level. Gordievskii et al. (98) discussed a prototype with the same

type membrane. Hirata and Date (137) examined PbS impregnated silicone

rubber membranes containing no AgZS. They observed a useful range of 10_7—

lO—l _I\’_I'Pb2+ from pH 2-7. Interferences due to Cu2+, Ag+, Hg2+and SO

4
occurred due to reactions with the membrane surface. Hirata and Higashiyama

(139, 142) used PbSe or PbTe with AgZS to make Pb2+ sensitive membranes.

The PbSe—AgZS sintered membrane was the most sensitive and was linear from

lO—7 - 10-1g Pb2+. Serious interferences were observed with Ag+, Cu2+, Hg2+,
Fe3+, SZ— and C1 . They also used a PbS—AgZS—CuZS membrane and found it to

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 lO_lsM Pb2+ by using buffered solutions. They found the PbS—AgZS

membrane to have the lowest detection limit, 10_13'5y,but concluded that these
membranes would not be useful for direct Pb2+ measurements, presumably because

+
of interferences and H sensitivity. Van Osch et al. (379, 392) made

40




electrodes from PbS with either CuZS or Au powder added as conductor. Mas-
cini and Liberti (194, 217) used PbS-AgZS imbedded in polythene to produce

an electrode good from 10—5 - 10_¥g and with typical selectivity. Ruzicka

et al. (120, 324, 325) discussed the Pb2+ Selectrode and its use in buffered
Pb2+ solutions. Linearity to 10'-10 M at pH 6.8 was observed with response
times of 1~5 minutes. The electrode was useful for monitoring titrations

of 802—, CrOi_ and ong_ with Pb2+. A lead dithizonate on graphite membrane
was also prepared but was less useful (326, 327).

A liquid membrane electrode for Pb based on thiophosphate ester exchanger

described by Materova et al. (220) had especially good selectivity over N12+,

Cd2+ and IA or IIA group ions and was useful over 10—'4 - 10_l M_Pb2+.

Sharp
and Johansson (341, 344) reported that organic radical ion salts of lead
could be fashioned into pellets for electrodes. The electrodes unfortunately
were H+ sensitive. Flow-through and microelectrodes prepared from PbS—AgZS
pellets were described by Rechnitz et al. (62, 369).

Mercury. Development of a commercial Hg2+ electrode has been slow in
coming. Only Chemtrix and Sensorex have marketed a Hg electrode. No details
were available on the composition of the membrane, although Chemtrix stated
that Ag2+, 52_ and CN ions interfered with Hg2+ measurements (43). Orion
(281) stated that the 94-53 I electrode could be used for mercury measure-
ments. Response was linear to 10_7ﬂ and useful to 10_?M (2ppb) with Ag+, I
and C1~ interfering. It is possible that the Chemtrix and Sensorex electrodes
in fact have AgI-AgZS membranes.

Ruzicka and Tjell (327) produced a Hg2+ sensitive electrode using mercury
dithizonate on a graphite rod. The electrode responded linearly to 10‘§g
at pH <3. Hydrophobized graphite impregnated with HgS was also useful as a
membrane for Hg2+ from 10_5 - 10—3M_(324). No selectivity data was given on
either model. Hiiro et al. (133) reported that an unspecified commercially

7 3

available I selective electrode was sensitive to Hg2+ from 10 ' - 10 M in

1-2 N HNO, or H,SO Response times were around 10 min and CN , C1 and Br

3 2774
were reported interferences. Species which did not interfere included Cu2+,
2+ 2+ 3+ 3+ - 2+
Pb", Zn", Cr ', Cr(VI), Al” and F . Yamazato et al. (398) produced a Hg

selective electrode membrane by mixing HgS or HgSe with epoxy. Halides and

+ . , s 4 :
Ag interfered. Gordievskii et al. (97, 102) mixed AgZHgI4 with epoxy to
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produce a Hg2+ sensitive membrane, The electrode responded linearly
- -6,5

to Ag+, Hg2+ and T from 10

AgI—AgZS pellets were found by Popescu et al.(294) to benearly linear from10 -6

5 X 10—2y Hg2+. The slope of the calibration curve was reported to be

- 10-l M, Membrane electrodes made from

strongly influenced by pH..

Silver. Glass electrodes sensitive to Ag+ but not very selective have
been known for several years (73). These electrodes had limited laboratory
use and were rather fragile compared to the present solid state membrane
electrodes.

Since silver sulfide has very low solubility and good conductivity,
it is not unexpected that many Ag+ sensitive membrane electrodes have been
described. The Orion 94-16 Ag+ electrode appeared in 1967 and evaluations
were published shortly thereafter. Light and Swartz (195) found its response
linear from 10_5 - 100 M Ag+ with only ng+ and Sz_ being serious interfer-
ences. Very fast response times were noted and the thermal coefficient
agreed with that predicted by the Nernst equation. Mueller et al. (248)
found the Orion electrode suitable for determinations of Ag+ in the 50-1G0

6 _ 107" M). Using 0.1M NaNO

ppb range (10" to maintain high ionic strength,

they observed only 0.27 error over the 22—2§°C laboratory temperature range.
Reproducibility over 3 months was 0.2%. Chloride ions interfered when in
concentrations nearly equal to the Ag+ concentration. Ross (319) discussed
the development of this electrode. Cammann (39) described the Beckman AgZS
membrane electrode. Use of single crystals of AgZS to produce membranes for
Ag+ has also been reported (2, 210). Vesely et al. (382) compared the single
crystal membfane with pressed powder AgZS membraﬁes prepared in their 1ab--_5
oratory. Both electrode types showed similar Ag response; linear from 10 "=
1o'lg and responsive to much lower Ag+ concentrations in buffered metal
solutions. Strong interference by Hg2+ was noted and CN interfered when
above 10_%§. Sensitivity of the membrane to light was not large enough to
affect analyses. Liteanu et al. {197, 293) characterized a AgZS membrane
linearfromlO-Q-ZQg_Ag+.Interference was observed with Hg2+ and, to a lesser

+

extent, Cu2+ , H, CN and I . Czaban and Rechnitz (62) fashioned micro-

electrodes from AgZS pellets and found their response linear from 10_5— lO_lM

+
Ag and other wise similar to commerical electrodes.
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+ .
Heterogenous membrane electrodes sensitive to Ag were introduced by
Pungor (297) in 1967, The Agl impregnated silicone rubber membrane responded
> 10H1 M\Ag+. A‘AgZS impregnated membrane was described

7 M (298). He pointed out that any of

linearly from 10
which could measure Ag+ down to 10~
the silver salt electrodes could be used to measure Ag+ but with different
interferences. The Pungor-type electrodes are manufactured by Radelkis of
Hungary and available in the U.S. from National Instrument Laboratories.
Mascini and Liberti (194, 215) produced an Agzs—polythene membrane electrode
L Agh. Ruzicka et al. (324, 325,

which gave a linear responsefromlO_ZlO_
326, 327) described electrodes for silver ion made by impregnating graphite
rods with silver dithizonate AgZS or Ag powder. Mesaric and Dahmen (232)

made Ag+ sensitive electrodes by mixing carbon paste with silver halides or
halide-sulfide mixtures. These electrodes had halide interferences. Van
Osch et al. (378, 379) precipitated AgZS onto Au powder and pressed membranes
for Ag+ which responded linearly from 10-1-10—¥M- The electrodes were less
subject to noise than others due to low impedance. The electrodes have been
made available commercially by Electrofact. Johnson and Trachtenberg (166)
received a patent for a Ag+ sensitive membrane consisting of a Ge-Se-Sb glass
doped with 2% AgCl. The resulting electrode was sensitive to 10—6- 10_2M_A8+-
A silver selenide membrane electrode was reported by Higashiyama and Hirata
(131, 142) to be useful for Ag+ measurement with interferences from Fe3+,

ng+ and SZ_. Tacussel (363) received a patent for an Ange membrane. Sharp
and Johansson (343) reported a solid state electrode based on the silver(I)
salt of tetracyanoquinodimethane which gave a linear response from 10_7—10_121
Ag+ and suffered interference only from Hg2+.

Durst and Duhart (72) used the Orion 94-16 Ag+ electrode to study adsorp-
tion of 2 X 10—6_1‘1Ag+ on container walls. They found the electrode linear
in response to 4 X 10—729 They did not discuss the possibility of adsorption
of Ag+ on the electrode itself. Tobias (370) discussed direct measurement

of Ag+ in cyanide plating baths.

Other Metals. The only commercially available electrodes for other toxic

+ , , 2+ 2+
metal cations are the Sensorex Ni2 and the Chemtrix Ni~ and Zn~ electrodes.
Their characteristics are listed in Appendix I. No evaluations of these

probes have appeared in the literature.
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There have been a number of attempts to make electrodes for metals
other than the ones already mentioned. Pungor and Toth (299) reported

membranes of nickel dimethylglyoxime mixed with paraffin or silicone rubber
to be sensitive to 10“6 M.Niz+, but selectivity over Co2+ or Zn2+ was not
good. Buchanan and Seago (33) were unable to produce an ion selective mem-
brane by imgregnating silicone rubber with phosphate salts of C02+, Mh2+ or
Niz+. Harrell et al. (123) made liquid ion exchange membranes consisting

b 3 3+
r (o]

of dinonylnaphthalene sulfonic acid with Th™ , La™ , C T Niz+ but these

did not exhibit selectivity. Ruzicka and Tjell (326, 327) impregnated gra-
phite rods with zinc dithizonate but strong H+ sensitivity made the membranes
unsuitable for practical use. Coetzee and Basson (53) reported a T1+—
molybdophosphate-epoxy membrane useful from 10—4 - 10_¥M Tl+. Siight dinter-
K+

+ +
ference was noted from Na , s NH4 and other monovalent ions. Fogg et al.

(85) prepared heterogeneous membrane electrodes based on the Brillant Green

salt of Zn(SCN)Z—. They responded over the range 10_4 - 10_1M Zn2+ at pH 2-7.
Excess SCN was added to samples to mask N12+, Pb2+, Cu2+ and Fe3+ interfer-
ences, Electrodes for antimony and thalliumwere reported by Al-Sibaai (5)
who used basic dye salts, e.g. Sevron Red L, in a hydrophobic solvent. The
electrodes were used in 2M HCl solutions and gave useful responses from 10—3

M to a lower limit of 10_4 - lO_8 M, depending on the cation. Few metal

ions interfered. Trachtenberg et al. (13, 166) reported a Se-Ge-Sb glass

5 1 3+

membrane doped with iron to give a linear response from 1077 - 10~ M Fe

with good selectivity over Fe2+. Hirata and Higashiyama (131, 132, 142)

A . \ + .2+
prepared sensitive membranes from selenide or telluride salts of Cr3 , Niv o,

Coz+, Zn2+ and Mh2+ mixed with AgZS. The Co2+ and Mn2+ electrodes were not
Nernstian and the Cr3+ electrode was not very responsive. The NiTe-Ag,S

2+ 3+ + 2+ 24 2
electrode was responsive to both Ni and Cr~ with Ag , Cu , Hg

Fe3+, Sz— and C1 as serious interferences. This behavior was general for

b

all the electrodes, i.e. they showed interferences from most of the other
metal ions. Cattrall and Chin-Poh (42) produced an electrode sensitive to
Fe3+ by dissolving the Aliquat 336S salt of FeCl

-

4
chloride and coating a platinum wire with the film, Its response was Nern-
stian from 10-4 - 10-l M Fe3+. A liquid membrane electrode usable for 10—4-

lO—lM N12+ was produced by Materova et al. (220) based on a dialkylphosphate

in a solution of polyvinyl

ester. Cadmium and lead ions interfered.
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4,3,2 Toxic Anion Sensors N

- - - - - 2
Electrodes for F , CN , 82 , SCN , ASOZ and CrO4 are described below.

Electrodes are also available for Cl", Br and I but since there are no

standards or criteria for these ions, they are not considered here. The
general characteristics of anion electrodes are described in Appendix I.

Fluoride. Development of a fluoride electrode occurred early in the
history of ion-selective electrodes. Frant and Ross (87, 319) reported that
LaF3 doped with Eu gave a Nernstian response to fluoride ilons to 10—7E, The
electrode is very specific for F , suffering direct interference only from
OH . Below pH 4 the formation of HF becomes significant and the usable range
is generally quoted as 4.0 - 8.5, Formation of fluorocomplexes with metals
will interfere with the electrode's ability to measure total fluoride.

The success of the fluoride electrode has been impressive. Moody and
Thomas (242) reported on 80 papers published between 1966 and 1970, about
half of all the papers on ion-selective electrodes for that period. A survey

of Chemical Abstracts shows that 10-20 papers a year are still appearing on

F electrodes and their applications. A comprehensive bibliography as well
as several applications bulletins (273, 274, 275) are available from Orion
Research, Inc. Because of the widespread use of fluoride electrodes in
water quality analysis (385), no further elaboration seems necessary here,

Cyanide. The techniques prescribed by Standard Methods (9) for cyanide

analysis both require distillation of HCN, a process which involves genera-
tion of a dangerous gas and not easily adaptable to continuous monitoring.
New methods have been developed for colorimetric and instrumental determina-
tions in solution (25). Such methods have also been adapted for automatic
analysis (41).

Orion (319) has produced a cyanide selective electrode, Model 94-06,

with a useful range 10—6— 10_2

M CN . The sensor is based on a solid membrane
consisting of Agl and AgZS powders pressed into a pellet. Sulfide and iodide
ions interfere. Gradual loss of AgI from the electrode by reaction with CN
limits the lifetime of the electrode, particularly in high CN level waste
streams.

Beals (17) reported the utility of the solid state CN electrode (pre~

sumably Orion's) in flow analysis systems. More complete descriptions of
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the Orion electrode in flow environments were provided by Fleet and von Storp
(83, 84). They observed some response dependency on flow rate and a 1.6
mV/°C temperature coefficient. The optimum pH was 12-13, being governed by
the HCN/CN equilibrium,. Below pH 12 and in the presence of some heavy
metals, e.g. Ag and Ni, the free cyanide does not equal the total cyanide.
Only I  and Sz_ were noted as serious interferences. The authors concluded
that the Orion electrode offered significant advantages over conventional
cyanide analysis methods and promise for continous monitoring,particularly

in pumped flow systems. Riseman (315) used this electrode for determining
CN in waste waters along with pH adjustment to eliminate metal interferences.
Use of cyanide electrodes for continuous monitoring of rivers in England was
reported by Briggs (32) who found better than 10% precision with constant
temperature and frequent standardization in flow analyzers. On the other
hand, Lester and Woodward (193) were not successful in application of cyanide
electrodes,

Use of a cyanide electrode to monitor metal finishing wastes was reported
by Sunahara et al. (358), Simpson (348) and Higashiura et al. (130). The
latter group found the method fast and reproducible compared to the distilla-
tion method. Total cyanide could be determined in solutions containing Zn2+
or Cd2+. Free cyanide could be determined in the presence of Fe2+, Fe3+ or
Au” but not Ag+ or N12+. Collombel gg'gl;(SS) determined CN in air, drink-
ing water, industrial wastes and biological media with an ion-selective elec-
trode. They found a detection limit of IO'SE CN  and interferences by Sz—
and C1 . Ito et al. (159) compared the Orion 94-06 with the Philips IS-550

electrode. They found the electrodes useful from 3 X 10‘1 to 3 X lO—SE.CN_
- - +
with no interference from Br , C1 or Pb2+, although an+ and NH4 did inter-

fere slightly. Oehme (272) described Polymetron's Condimat automatic water
analyzer which includes provision for a cyanide electrode. A silver salt
membrane electrode for cyanide has been used in a flow system with on-line
temperature compensation and pH adjustment for continuous river analysis (366).
A cyanide selective electrode was used to control waste waters with an

accuracy of +4% in 210—4 M cyanide (362), Standard addition and titration
techniques have been used in conjunction with cyanide electrodes to automate
analyses (81, 91). Hofton (147) developed a flow system based on the Orion
94-16 Ag+ electrode which was used to monitor effluents in the 0.01-1.0 nug CN /1
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range. The system involved addition of saturated AgCN and overcame the
problem of electrode replacement due to CN~ leaching of Agl from the membrane
of the 94-06 electrode.

Pungor and coworkers (300, 301, 372) developed cyanide selective elec-
trodes based on silver salt impregnated silicone rubber membranes. At pH >11
the electrodes could measure 10—1 to 10—6 M cyanide with good reproducibility
if ionic strength was held congtant at 0.1 by KNO3 addition. The cyanide
electrode was used to monitor sewage effluent and remained accurate to 0.1
pCN units after two weeks. Cyanide complexes of Ag(I), Hg(II), Cu(II) and
Ni(II) were not detected by the electrode. Industrial effluents with
2 10_6E.cyanide were analyzed continuously with silicone rubber electrode. (59).
The Pungor-type electrodes are commerically produced by Radelkis of Hungary
and available in the U.S. from National Instruments Laboratories, Inc. A
pressed silver iodide electrode has been developed in Czechoslovakia (2, 210).
The CRYTUR cyanide electrode is claimed to have a faster response than Agl AgZS
types. Grof (107) reported this electrode to be useful in the range 0.001-260
2+ ] 02_ SZ- and MnO,. Roumanian

27273 ° 4
workers (198) found that they could produce a pressed AgI—AgZS membrane with

mg CN /1 with interference from Ag+, Heg

response characteristics comparable to five commercial electrodes.

Mascini and Liberti (194, 213, 214, 219) reported a cyanide electrode
constructed from precipitated Agl imbedded in a plastic membrane, polythene.
Complexation and pH interferences were similar to other CN  electrodes.
Styrene impregnated with AgI has also been usedas a CN membrane material for
determinations in copper plating baths (174). Powdered gold (378, 379),

cuprous sulfide (392) and Ni S2 (29) have been used as matrices for CN

selective electrodes. ’

Russian workers (243, 282) used amalgamated Ag electrodes for potentio-
metric determination of CN in metallurgical waste waters. Their method was
sensitive to levels of cyanide higher than 0.1 mg/l and was affected by pH,
témperature, sulfide and xanthate. The Honeywell Company patented a device
which used a Cd electrode and a Au electrode with a SCE reference to mea-
sure both free and complexed cyanide in plating wastes (200).

Amperometric methods have also been used to monitor cyanide in waste
waters, Berndt (23) used a rotating Au electrode in a titrimetric technique.

Stafelda and Karlik (353) determined that a Au elecﬁrode with SCE reference
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could be used to measure cyanide with a sensitivity of 10“8 amp at lOp?g
cyanide., Meyer and Lantz (233) used packed silver granules as an electrode
to measure cyanide concentrations in solutions flowing through it at a
constant rate.

Sulfide. Sulfide ion and hydrogen sulfide are frequent pollutants of
water, particularly with anaerobic conditions. The usual measuring techniques
involve titrimetry of colorimetry, e.g. the Methylene Blue method (9, 40),.

, 2-
Measurement of total sulfide requires complete conversion to § or H,S,

2
usually by pH adjustment. Analysis of dissolved H,S is discussed in section

2
4,3.3.

Since Ag+ and Hg2+form the most insoluble sulfides, it is reasonable
that electrodes using these materials as membranes have the highest selec-
tivity. Indeed, all the commercially available sulfide electrodes appear
to be based on AgZS membranes, either as single crystals (2, 382), pressed
powders (39, 149), or precipitate impregnated rubber (298) or plastic (215).

A sulfide-sensitive electrode, Model 94-16, was developed by Orion in
1966 (90, 280). Bock and Puff (26) observed a detection limit of 10"3_@ Na,$
with this electrode and noted that addition of ascorbic acid as an antioxidant
allowed measurement to 10_6M NaZS. Hseu and Rechnitz (149) were able to get
linear calibration curves from 10_7 to 10_25 Sz— at pH 11.5. Variations in
potential of approximately 50 mV were observed with ionic strength changes
from 0.1 - 0.5. Selectivity ratios of all anions tested were essentially
infinite. Light and Swartz (195) reported similar selectivity ratios and
found the electrode's temperature coefficient in good agreement with that pre-
dicted by the Nernst equation. They also showed that the electrode behaved
well in titrations of 52— under oxidizing conditiomns, viz. IM HNO3 plus 0.1M
Fe3+. Ross (319) preferred the AgZS membrane electrode over the tyraditional
Ag/AgZS electrode because of its chemical inertness and rapid response time.

A more recent evaluation of the Orion 94-16 electrode has been published by
Natarajan and Iwasaki (252). The characteristics of all the homogeneous AgZS
electrodes are similar to those of the Orion 94-16, see Appendix I. Popescu
et al. (293, 295) demonstrated that useful ceramic Agzs electrodes could be
produced in one's own laboratory.

Pungor et al. (298, 335) reported development of a AgZS impregnated silicone
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rubber membrane electrode, now commercially available as Radelkis OP-S-711.
Its characteristics are very similar to homogeneous types except that the
membrane is poisoned at pH < 7 by diffusion of‘H+ into the silicone rubber.
The electrode was used to measure Sz_ in sewage (301). Mihalffy and Lengyel
(238) reported using the Radelkis electrode in leather processing solutions
with zinc titration, but response was rather slow.

Mascini and Liberti (194, 213, 215) produced a heterogeneous Szn elec~
trode by impregnating precipitated AgZS in polythene, a thermoplastic polymer.
The electrode, available in Ttaly as Amel 201/S, exhibited stable, rapid

> 10_2 M Sz_ range and possessed interferences similar

response over a 10
to the Orion 94-16. Mor et al. (245) tested this electrode for use in deter-
mining Sz_ in sea water. They proposed direct measurement with use of an
empirical equation to correct for pH dependency. Van Osch and Griepink (378)
reported an electrode based on a AgZS-Au0 membrane which was useful from 10—7-
1071y 527,

An early application of the sulfide ion-selective electrode was for the
analysis of pulp and paper process and waste streams. TFisher (78) reported
no direct interferences to 82- measurements with the Orion 94-16A electrode
in this media but nevertheless the electrode appeared not to give accurate
results for total sulfide compared to Cd2+ titrations. The sulfide electrode

was a good indicator for titration of Sz_ with HgCl Frant and Ross (88)

used the Orion electrode with an antioxidant bufferzand discussed methods

for measuring total sulfide including analate addition potentiometry. Two
technical bulletins are available from Orion Research, Inc. regarding appli-
cations of the 94-16 electrode (276, 277). The Foxboro Company (17, 361)

has developed flowing analysis systems for alkaline pulping liquor. Titri-
metry and standard addition techniques were suggested for highest accuracy
although direct measurement was adequate for following the course of 82_ oxi-
dation. Swartz's dissertation (360) provides additional details on continuous
use of ion-selective electrodes in process control. Similar continuous appli-
cations were reported by Fleet and Ho (80, 82). Papp (283) used a 82— elec~
trode in conjunction with Hg(II) titration. He found Sz_, Si- , szoi', 802-
and RSH to be measured by this method. Lenz and Magnell (191) compared several
standard addition and titration methods. They discussed electrode drift and

interferences and found HgCl2 titration useful. Nauman and Weber (253)
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suggested titration with NaszOz.

Mellon and Gruber (227) tested a laboratory prepared Ag/AgZS electrode
for determining sulfide in lime solutions from the leather industry. The
electrode did not respond to HS and was nonlinear in the presence of lime
due to the pH dependence of the 52_/HS- equilibrium. They concluded that
the electrode was useful nevertheless. Niklas~Salminen (268) made a statis-
tical comparison between direct and titrimetric Sz“ determinations with an
Orion 94-16 electrode. Using NaZS standard solutions he found direct measure-
ment less precise. Gauglhofer (95) found that photometric, potentiometric
and distillation methods for determining sulfide in tannery wastes gave dif-
ferent results. Simpson (348) discussed the possibility of using Sz— ion~
selective electrodes in metal finishing effluents. He noted that the elec-
trode had a detection limit of about 15 ug/l at pH 13. Many metals are
precipitated as sulfides under these conditions. Baumann (16) reported that
use of antioxidant buffer and dithizone masking of metals would allow the
Orion electrode to detect 30 ppb sulfide. Gottschaldt (103) reported the use
of 82_ selective electrodes in ground, surface and waste waters. Mosey et al.
(246, 247) found the Ag/AgZS electroge to reliably analyze pS values in sludge
digesters and suggested monitoring S to warn of the presence of heavy metals
which might inhibit digestion. A drop of pS to < 17 was considered evidence
of an inhibitory concentration of trace metals. Phillips and Mislan (288)
developed an automated ion-selective electrode system for measuring 20-100
ppm sulfide in aqueous solution., An automatic titration system for ng amounts
of sulfide was reported by Slanina‘gg_gl. (349). Using Pb(II) as.titrant
and a buffer system they obtained precisions of 2% for >90 ng Sz_ and <207%
for 6-90 ng Sz_. Ruzicka et al. (325) reported that an electrode having a
m;mbrane of silver powder impregnated graphite was useful for titrations of
s .

Other Anions. A number of reports have appeared which describe elec-

trodes sensitive to thiocyanate ion. The Orion AgSCN-AgZS membrane electrode,
Model 94-58, was described by Ross (319) in 1969. The electrode senses SCN
in the lOO - 5X 10_6 M range and suffers interference mainly from Sz_, I,
Br , CN , 8205— and NH3. Use in reducing solutions should be avoided (71).
Although Moody and Thomas (242) reported that the electrode was being with-

drawn, it was still available in 1975. Thiocyanate electrodes with similar
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characteristics have also been produced by Chemtrix and Radiometer, see
Appendix I.
Coetzee and Frieser (54) produced a liquid ion exchange membrane elec-

trode based on the SCN_ salt of Aliquat 336S. This electrode was useful from

107 to 1072 M and C10,, I and Ni, were interferences. A patent (161) was

issued for a similar coated wire electrode. Ishibashi et al. (157) reported
3. 1074 se”

a PVC-quaternary ammonium thiocyanate electrode linear in the 10~
region and possessing high selectivity over Br , C1 and CZHBO;' Reinsfelder
and Shultz (314) used substituted phenanthroline complexes of iron(II) to
produce a liquid membrane SCN  electrode which exhibited interference from
ClOZ, I and NOS. Vesely and Lebl (383) received a patent for a SCN  selec-
tive solid state electrode consisting of a AgSCN—AgZSe—AgZS membrane. Van

Osch et al. (379, 392) patented AgSCN-Cu,S and AgSCN—Au0 membranes. No details

on response were given in the patent absiracts. Liberti (194) reported that
embedding AgSCN or AgSCN—AgZS in polytEgne prgiuced a—thiocyanate selective
electrode with linear response from 10 ~ - 10 ™ M SCN . No discussion was
given regarding interferences.

Commerical electrodes for chromate ion have been produced by Chemtrix
and Sensorex (see Appendix I). These are probably based on e;ther BaCrO4 or
PbCrO4 membranes of the type reported by Lukkari et al. (117, 118, 201).

The latter electrodes were linear from 10—4— 10-1'2 but equally sensitive to

SOZ- and HPOE_. Carbonate and lead ions interfered as well.

The only information available on the commercial arsenate electrodes of

Chemtrix (43) and Sensorex (337) is summarized in Appendix I.

4,3,.3 Nutrient Ion Sensors

Nitrate. Several commercial nitrate-selective electrodes have appeared in
the last ten years. All are liquid ion exchange membrane design and require
frequent standardization due to loss or contamination of the liquid membrane
solution.

The Orion 92-07 liquid membrane nitrate ion activity electrode appeared
in 1967 (279). The ion exchanger employed was a nickel(II) phenanthroline
complex in a hydrophobic solvent. An evaluation was published by Potterton
and Shults (296). The electrode gave a linear response from 10_4—10—l M in
pure sodium nitrate solutions. Utility to 10—5.3 could be realized with a

standardization curve. Electrode potentials were reproducible to + 0.8 mV

51



over three hours and + 2.9 mV over five days. Reassembly of the electrode,
with fresh ion exchange solution, was necessary after three weeks of use.
The electrode was found to have a Nernstian temperature coefficient. Non~-
linearity at low No; concentration became more pronounced at 35-45°C due to
increased solubility of the ion exchanger. The response time of the elec-
trode in stirred solutions was faster than that of a glass pH electrode for
a decade molarity change, typically 30 seconds to equilibrium. In unstirred
solutions response was sluggish, requiring up to five minutes to reach equi-
librium. Optimum pH range of the electrode was 4-9 with only a 2 mV change
in raising the pH from 6 to 8 at lO—SE_nitrate. Anion interferences were

found to be in agreement with those given by the manufacturer, namely I_,

ClOZ, Br , cog' and POZ_. Exposure to strongly interferring ions produced
temporary erratic and sluggish response to No; for several minutes due to

contamination of the electrode. Although choice of reference electrode was
discussed, only saturated calomel electrodes were employed. Orion recommends
a double junction Ag/AgCl reference with 0.1 M KCl in the outer chamber.
Accuracy and precision in the 1-5% range could be obtained onlywith frequent
recalibration. The authors concluded that the electrode could yield results
comparable to colorimetric methods with the ease of a pH measurement. The
requirement of frequent reassembly was a major criticism.

Abbott (1) tested the Orion 92-07 nitrate electrode for analytical use
in freshwater, estuarine and marine environments. Hé prepared 10“6 to 10'45
NaN03 solutions using distilled water or 1:2 or 1l:4 diluted, nitrate-free sea

water. At the salinities tested the electrode's response slope to added NO3
was only 2-5 mV/decade molar, too low to be useful. This result was un-
doubtedly due to interfering ions and ionic strength effects. Pure nitrate
solutions gave useful responses, but erratic readings due to low conductivity
were troublesome.

Bunton and Crosby (36) reported using the Orion 92-07 electrode with a
series of drinking water samples and sewage effluents. The drinking waters

. = N/1 and the effluents 5-20 mg No;-N/l. The electrode

3
agree with standard colorimetric and U.V. determination at all except the

contained 0-7 mg NO
lowest concentrations. They observed that the electrode was more reliable
over a wider range of chemical compositions, particularly in sewage effluents.

When standardization was made at the same temperature and ionic strength as
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samples, the accuracy of the electrode was acceptable except below 5 mg
3"
sidered excessive for most purposes.

NOS—N/l. Even at 1 mg NO,-N/1 levels, however, the errors were not con-
Nitrate levels in Wisconsin well and surface waters were studied by
Keeney et al. (173) using the Orion 92-07 electrode. They found the electrode
method to give consistently low values compared with the steam distillation

and phenoldisulfonic acid tests. The difference could not be related to
interferences from other anions. They concluded that the electrode was
suitable for routine analysis at levels near or above the U.S.P.H.S. (375)
tolerance limit of 10 mg NOS—N/l.

Langmuir and Jacobson (189) used the Orion 92-07 nitrate electrode to
examine freshwaters and sewage effluents. They compared a simple electrode
calibration curve method and a direct electrode measurement method, in which
an empirical correction was applied for interfering ions based on the sample's
conductanceswith the brucine technique. The simple technique required a
check with a single standard after every two or three samples to correct for
drift. The results of the simple method agreed with the brucine method with-
in 2 ppm for samples containing 1.5 -~ 122 ppm NOE. After applying the cor-
rection for interferences, 25 out of 37 samples were within 1 ppm of the

brucine results.

They found the electrode method to be simple, rapid and easy to use in

3
or concentration of sample. Color and turbidity did not affect readings

the field. Measurements from 1-6000 ppm NO, were possible without dilution

although high levels of dissolved solids lowered the rate of response and
reproducibility. The electrode gave a linear response for 1-6 months before

requiring reassembly. Accurate measurements were difficult at Nog levels

; were present.

McKeown (223) used the Orion 92-07 nitrate electrode in the analysis

below 50 ppm when 500 ppm of interfering ions such as C1 or HCO

of pulp and paper mill wastewaters. Over the range 10-2000 mg Nog/l they
observed relative errors of 0-100% compared with the brucine method. Only
24% of the analyses showed less then 10% error.

Manahan (206) demonstrated that the nitrate liquid membrane electrode
could be used in natural waters without complications from bacterial growth.
He found that the electrode performed very well in microbial medis without

affecting the growth of the organisms or being affected by them. Similarly,
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Hussein and Guilbault (152, 153) found good agreement between the Orion

92-07 electrode and colorimetric procedures in measuring nitrate in the
presence of nitrate reductase enzymes. The electrode could be used for
continuous monitoring of reductase activity. Milham and coworkers (239, 240)
analyzed water using a buffer to remove interferences. They reported drift
requiring recalibration every 30 minutes to achieve 1 mV precision. Mertens
and Massart (229) analyzed mineral waters containing 0.5-5 ppm No; after
addition of a buffer. The method was found acceptable except in waters

with high mineral content. Manahan (207) used a standard addition method
with a fluoride ion-selective electrode as reference. Techniques which
require reagent addition would not be amenable to in situ monitoring but
could be applied in a pumped continuous monitor. The Electronics Instruments
Laboratory marketed a version of the Orion 92-07 electrode which has been
used with continuous monitors in England (193, 226). The electrode operated
for several months in river water with + 107%Z errors and only weekly cleaning
vand monthly recalibrationwere necessary. Pulp and paper mill wastewaters
have been examined with nitrate electrodes (223).

In 1975 Orion Research replaced the Model 92-07 electrode with the Model
93-07 "solid state'" electrode. The essential characteristics of the new
electrode are described in Appendix I. The most notable changes concern the
manner in which the new electrode is recharged and interferences. The new
electrode has been supplied with two disposable cartridges which contain the
sensing membrane. Each cartridge is claimed to have a useful laborétory life
of six months.

The only published evaluation of the Corning 476134 nitrate electrode
has been that of Madsen et al. (204). They found interferences similar to
those for the Orion 92-07 and reported a useful range of 10—4— 100M'N05.
Their report expressed concern with the "pronounced drift" which required
electrode recalibration several times each day.

Liquid ion exchange membrane electrodes based on high molecular weight
organic ammonium salts were developed by Russian workers. Gordievskii et al.

reported that cetyltrimethylammonium nitrate in octanol gave a NO3 sensitive
electrode with linear response over the range 10_4 to 0.8 M. TIodide was

the major interfering ion. Tetraoctylammonium nitrate in octanol (100) and
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trialkylbenzylammonium chloride in benzyl chloride (101) were also useful

for No; sensitive membranes. Grekovich et al. (106) used tetraoctylammonium

or tetradecylammonium nitrates in chlorobenzene enclosed behind a thin cello-
phane film to construct nitrate selective electrodes. The electrodes were

usable in the presence of hundredfold excesses of HCOE, CZHBOE, soi’ or POZ_

and a twentyfold excess of Cl .

Attempts have been made to comstruct nitrate electrodes with greater
stability and longer usable lifetimes by entrapping liquid ion exchangers in
a solid film. Davies gg‘gl.(64) mixed Orion or Corning nitrate ion exchange
electrode solutions with PVC and cast film membranes sensitive to nitrate.
The electrodes responded linearly from 107 '- 107+ M No; from pH 2.5-8.0
and one was still functional after two years frequent use. An electrode
made by mixing Orion 92-07 ion exchanger with waxy carbon was reported by
Ali Qureshi and Lindquist (4) to have a usable lifetime of 4-6 months. Hul-
anicki et al. (151) used a porous wick to hold the Orion exchanger in an
electrode which was pH independent and had a useful range of 10_5— 10~1.M NOE.

3 in tap water gave better than 27 precision

but up to 10% error compared to the brucine method, even though interferences

Determinations of 8-10 ppm NO

were eliminated by use of a buffer. Kneebone and Frieser (181l) used Aliquat

336S in the nitrate form mixed with poly(methyl methacrylate) to form a film

on platinum wire. The resulting electrode was linear from 10_4— 10"1 M No;

and useful to lO-SM. It exhibited response times of 30-60 seconds and was
reproducible to better than 1 mV. The electrode potential drifted 5-15 mV

from day to day and required frequent standardization. Grekovich et al.(105)
used tetradecylammonium nitrate in PVC with dibutylphthalate plasticizer to produce
a membrane with linear response to NO, from 10--4 to 2M and stable to + 1 mV

3
for 2-3 days. The electrode had a working life of several months and NO

2’

Cl and HZPO4 were major interfering ions. The Beckman Solidion nitrate
electrode is an ion exchanger in a collodion matrix (242). 1Its characteris-
tics are nearly identical to the Orion and Corning electrodes and the manu-
facturer claims a useful lifetime of 100 hours. The solid membrane is easily
replaced. Dobbelstein and Diehl (68) produced a bakelite-ammonia-nickel

copolymer which served as a NO3 sensitive electrode membrane. It was selective

. 2- 3- .
against SO, , PO4 and other multivalent anions but monovalent anions interfered.
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Ruzicka et al. (325) used graphite impregnated with a nickel(II) batho-

phenanthroline complex to produce an electrode useful from 10_5- 10‘¥g NOE.
Ammonium. Glass electrodes in use for NHZ determinations prior to the

early 1970's generally lacked sufficient selectivity over Na+, K+ and other
monovalent cations (73). They also suffered from lack of stability and
were fragile. Most current electrode users have chosen to determine NHI
with the NH3 electrodes desciibed later in this report. While NH3 electrodes
require pH adjustment for NH4 measurement, they are very selective. Some
non-glass NHZ electrode developments are described below.

Beckman Instruments reported a solid ammonium electrode, Model 39626,
in 1970 (57). The electrode apparently contained an organic ion exchange
material in a solid matrix in contact with an internal NH Cl reference

4

. . + . , ,
solution and developed a Nernstian response to NH4 solutions in contact with

the outer surface of the membrane. The electrode was useful over a pH range
of 2-8.5 and with NHZ concentrations as dilute as about lOﬂég. Response time
for a decade concentration change was one second. Only K+, Ag+, Na+ and Hg2+
were serious interferences. No reports of the use of the electrode in natural
or waste water analysis have appeared.

Scholer and Simon (336) developed an antibiotic based membrane sensitive
to NHZ. A nonactin-monactin mixture dissolved in tris(2-ethylhexyl) phosphate
and adsorbed on a Millipore filter was used with a Ag/AgCl internal reference.
5 +

- 10'11\1_ NH, and had

+ . +
good selectivity over Na but not over K'. A useful lifetime of 14 days was

The resulting electrode had a linear response from 10~

reported. Mertens et. al. (230, 231) tested an electrode produced by Philips
using a liquid membrane based on nonactin-monactin. Interferences from Na+,
K+ and Ca2+ made the electrode unsatisfactory for in situ water analyses.

The working lifetime of the electrode was two weeks. Guilbault et al. (112,
152, 153) mixed nonactin with silicone rubber to make NHZ sensitive electrode
membranes. The electrodes exhibited very fast linear response over the range
107~ 107'n N, .
the previously described antibiotic electrodes. Ammonia analyses of bacterial

f s + + .
Selectivities over Na and K were slightly better than
cultures agreed to within <57 with colorimetric analyses.

Phosphate. Several research groups have attempted to develop electrodes

selective for one or more of the phosphate ions. Most of the electrodes so
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far have exhibited poor sensitivity, selectivity or stability.

The earliest mention of a phosphate electrode was by Pungor et al. (307)
who imbedded BiPO, in a silicone rubber membrane. Rechnitz et al. (313)
found the Pungor electrode very unstable, possessing only about 7 mV/decade
Molar sensitivity and yielding only + 20% accuracy. Interferences by c1,
Br~, 1~ and HCOS were noted.

Guilbault and coworkers have been the most active group seeking a phos~-
phate selective electrode. They found that molybdophosphoric and tungsto-
phosphoric acids in n-pentanol liquid ion exchange electrodes and silicone
rubber membrane electrodes did not exhibit selectivity and had lifetimes of
less than a week (109). Many other slightly soluble phosphate salts impreg-
nated into silicone rubber produced membranes with equally poor selectivity
(110). It was concluded in 1969 that ion-exchange or precipitate based phos-
phate electrodes could not succeed. Shu and Guilbault (115, 346) later devel-
oped an electrode based on a polythiourea-glutaraldehyde complex of AngPO4.

This electrode showed selectivity over SO4 5 No; and CZH30; but not C1™ ,

Furthermore, the lifetime of the electrode was only 2-3 days. Quaternary
ammonium and phosphonium salts and triphenyltin cation were examined as liquid
ion exchangers but also showed poor selectivity (251). Most recently, an
immobilized enzyme electrode has been devised which shows selectivity over

most common anions (113). This electrode utilizes a dual enzyme system based

on the following sequence: o

1
glucose~-6-phosphate + H20 ————— glucose + HPO4

e
glucose + 02 —————— gluconic acid + H

2%

where ey and e, are alkaline phosphatase and glucose oxidase respectively.

The immobilized enzymes are mounted on a Pt disc which amperometrically
measures the O2 comsumption rate. The presence of 10—3- lO_QQ phosphate slows
the oxygen consumption by competitive inhibition in proportion to the phos-
phate concentration. The complex substrate-buffer system required for use of
this electrode precludes its use for in situ purposes. The electrode responds
2+ 2+ 3- 3- NH+ and

, Ca , EDTA, pH, AsO4 , BO3 s 4

temperature changes. Sensitivity to heavy metals and CN was not determined

to glucose and is affected by Zn

although poisoning of the enzyme might be expected. The electrode had a

lifetime of several months but required daily standardization and did not
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show enough sensitivity for measuring PO4 in river waters.

Nagelberg et al.(250) prepared liquid ion-exchange electrodes from
Aliquat 336 and Rohm and Haas' primary amine XLA3. These electrodes gave
30-33 mV/decade M linear response in the 10-4- 10_2§‘range of HPOiaeven in
the presence of 10'2g Cl . They could be used down to lO—SEHPOZ,— if C1~
was removed first.

Coetzee and Frieser (54) used Aliquat 336S to prepare liquid ion-exchange
electrodes for fifteen anions but phosphate was noticeably absent, Their
electrodes were not highly selective.

Neti et al. (261) received a patent for membranes containing AlPO4 or
Cd3(PO4)2 sintered into pellets with Teflon. The abstract did not disclose
whether or not these materials were intended to be phosphate sensors.

Shatkay (345) discussed the use of phosphate electrodes of the second
kind, particularly the Hg/HgZHPO4 electrode,and concluded they would be of
very limited use.

Huber et al. (150) reported the use of wax impregnated lead dioxide to
measure polyphosphate anions voltammetrically. The electrode could be used
for direct polyphosphate measurements at levels of 10_4§ with about 20% accuracy.
Accuracy could be increased by using standard addition or titration techniques.
The electrode showed no orthophosphate interference. The surface of the
electrode required renewal after 5-7 uses.

The only commercial phosphate electrode is produced by Sensorex, Model
S800P5, (337). It is also marketed by Chemtrix and Markson. The range claimed
for this electrode is 0.1 to 95,000 ppm (or 10_5 to 1.0M). Butler (38) eval-
uated this solid-state electrode and found it to be very unstable and devoid
of systematic sensitivity to phosphate under the conditions claimed by the
manufacturer. Sensorex claims 22 mV/decade M response but makes no statements
regarding selectivity. Chemtrix (43) does admit that co,, Croi_, Pb2+ and
SOZ- interfere. The pH of the sample must be controlled to 8.00 + 0.05 units
according to Chemtrix.

Carbonate-Bicarbonate. Ion-selective electrodes for carbonate species

are difficult to prepare because most ion exchangers have greater affinity
for other ioms, particularly Cl™. Insoluble carbonate salts have not been

useful because they are soluble at low pH and are nonconductive.
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Conti and Wilde (56) prepared a Pungor-type membrane by impregnating

GE RTV-615 silicone rubber with Ag2C03. The membrane was used in a SCUBA
diver-operated electrode for determining differences in CO3 concentration

between sediments and overlying sea water. The authors did not calibrate
this electrode and assumed a Nernstian slope. Their results were preliminary
and crude but the potential response to COS— concentration was in the right
direction.

Grekovich et al. (104) attempted to make a bicarbonate electrode using
anion exchangers as membranes. Polystyrene based resins were not selective
-3.5_ 10_1°5M HCOE

range. Foreign anions had to be less than 20-50 mole percent of the total

although linear responses could be obtained over the 10

anion concentration. A liquid ion exchange membrane consisting of tridode-

cylammonium chloride in 1:1 dibutylphthalate:chlorobenzene gave good selec-
2~

SOZ— and HPOZ_ but not when compared to CO3

tivity when compared to C2H302, 4 4

or No;.

A patent was issued to Corning Glass Works (396) for a bicarbonate
selective electrode with 15:1 to 40:1 selectivity over Cl~. The membrane
contained long chain aliphatic ammonium salts dissolved in octanol or decanol
and trifluoroacetyl-p-alkylbenzene.

Herman and Rechnitz (127, 128) used Aliquat 336 liquid ion exchanger
dissolved in trifluoroacetyl-p-butylbenzene and obtained a carbonate selective
electrode with no bicarbonate interference. An Orion 92-20 Ca2+ electrode
body with cellulose acetate membrane was used to hold the liquid medium. The
electrode responded linearly from 10_7- 10_¥§ cog'

Above pH 10 the electrode responded only to OH . Carbonate response time was

with a pH range of 5.5-8.5.

0.5-2 min with <0.2 mV noise and 0.5 mV reproducibility, When Aliquat 336

was dissolved in decanol in the manner of Coetzee and Frieser (54), the

3
An attempt by Sharp (342) to make liquid ion exchange membrane electrodes

resulting electrode was HCO, sensitive with poor C1_ selectivity.

for carbonate from organolead and organothallium salts was unsuccussful.

3
described in Appendix I, have appeared. The membranes are apparently the

No published evaluations of the Sensorex or Chemtrix CO electrodes,

same as used in their CrOZ_ and HPOi_ electrodes.

Sulfate-Sulfite, Electrodes responsive to sulfate ion have not been
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very selective (33, 146, 307). Rechnitz et al. (313) evaluated a Pungor

BaSO4 impregnated silicone rubber membrane electrode., It was nearly linear

from 10_4- 10-1ﬂ 802_ and usable to 10"?@. Response time was <2 min in

stirred solutions. Halide ions interfered when greater than 10"?&. A patent

issued to Beckman Instruments (261) described a SO electrode made with BaSO

4 4
molded with Teflon. Hakoila et al. (117, 118, 201) prepared 804_ sensitive
electrodes by impregnating silicone rubber with BaCr0O, or PbCr0,. Both Cr0%

4 4 4
and HPOZ were serious interferences, with nearly linear response for 10 4.

4

selective electrode membrane made of a BaSOA-silastic—(NH4)ZCO3 copolymer.,

No other details were given in the abstract. Coetzee and Frieser (54) devised

10—1ﬂ solutions of any of the three ions. Saunders (329) patented a S0

a liquid ion exchange membrane electrode from Aliquat 3365 in decanol which

1 M although ci, No; and sog" interfered. Rechnitz

et al. (241, 311) prepared a solid state electrode based on a hot-pressed

was useful from 10 °- 10°

pellet of AgZS-PbS—PbSO4-CuZS. The electrode range was approximately 10—4—
10_;M SOA- and it exhibited little H' interference from 3.8-5.0. Response

times were <1 min, usable lifetime was at least a month, and interferences

were Ag+t, Pb2+, SZ_, HPOZ— and SO§_. A French patent issued to Tacussel (363)
described a AgZSe—PbSe—PbSO4 solid membrane material for SOZ_ measurement.

The abstract gave no further details.

Belinskaya et al. (20, 21) received Russian patents for ion exchange
membranes sensitive to SO§~ or HSOS. Copolymers of p-divinylbenzene and an
ionogenic group such as pyridine or triethanolamine were used. No details

were given in the abstracts.

4,3.4 Dissolved Gas Probes

Oxygen. It is not necessary to give a review of in situ probes for
oxygen because of widespread use and general familiarity. A great deal of
information is available in water analysis manuals (9, 76), texts (47, 209),
review articles (286, 287), reports (256, 291, 292) and manufacturer's litera-

ture. The Pollution Control Directory 1975-76 (95) published by the American

Chemical Society listed 55 suppliers of dissolved oxygen instruments and

their addresses.

Carbon Dioxide. Many methods have been developed for the determination

of free and ionic forms of aqueous inorganic carbon (225). = Some of them
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require stripping of the gas from solution (390, 394) but most involve titra-
tion or measurement of pH changes resulting from equilibration of the sample
with a reference solution (332). All probe devices suitable for im situ
analysis of carbon dioxide partial pressure, PCOZa involve diffusion of the
gas through a membrane into a reference solution and measurement of the pH
change at equilibrium.,

Stow and coworkers (355, 356) developed an electrochemical cell for deter-
mining PCO2 using a glass pH electrode and rubber membrane. The rubber was
freely permeable to gases but not to ions so that no interference from ionized
species was possible. The pH electrode responded to the H+(aq) produced as
the CO2 dissolved in the thin film of water between it and the rubber membrane.
Because of the small volume of the film, response was rapid.

Stow's probe was rather unstable and insensitive, but Severinghaus (338,
339) showed that use of an internal film of 10_2y NaHCO, instead of pure
water improved both stability and sensitivity. The log PCO2 as measured by
his electrode was proportional to pH from 1.38-11.37 vol % COZ' The sensi-
tivity, defined as ApH/Alog PCOZ’ is 1.0 with 10_3- 10_¥§ NaHCOS, the lower
concentration preferred for faster response and use in low PC02 samples.
Severinghaus also found that a thin Teflon membrane yielded a probe with
greater accuracy and a longer lifetime than obtained with silicone rubber
membranes. The rubber membrane, however, had a higher 002 permeability and
more rapid response. A spacer material, such as lens tissue, between the
membrane and the pH electrode improved precision by providing a uniform thick-
ness of internal solution film. Accelerated response could be attained with
addition of carbonic anhydrase to the reference solution. Major sources of
error came from leaks in the membrane, inaccurate calibration and lack of
temperature control. ‘

Lunn and Mapelson (202) reported assessment of a Severinghaus-type probe
distributed by Electronic Instruments, Ltd. of England. They found that
claims of 1% accuracy could be attained only through thermostating the mea-
suring cell, frequent calibration and elimination of leakage.

Gertz and Loeschcke (96) produced a carbon dioxide probe using a 10-20
um polyethylene shell membrane over a pH electrode. Hertz and Siesjo (129)

found that a flat-ended probe with Teflon film gave a faster response than
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curved membrane models.
A Severinghaus-type electrode similar to one produced by Radiometer
of Denmark was used by Nicholls et al. (264, 265) to follow microbiological

reactions involving changes in CO2 concentrations. Using a silicone rubber

membrane over a flat-ended Radiometer pH electrode and 0.001 M NaHCO, plus

3
carbonic anhydrase as the internal solution, they found that 12-23 seconds

were required to reach 90% of equilibrium reading. Stability of the readings
was inversely proportional to response time, Sensitivity was restricted by

noise of about 1.0 yM (ImV) at measured concentrations of 0.0-1.0 mM CO
Interferences were noted from CN and SZOZ_ but not from CZHBO;, NHZ

9
or
butyrate ions.

Van Kempen et al. (377) investigated the quinhydrone electrode for mea-

suring the pH change of the internal HCO3 sqlg;ion. Platinum and calomel
electrodes were immersed in 0.1 M KCl with 10 "M quinhydrone, the cell solu-
tion being separated from the sample by a 25 um Silastic or 6 um Teflon mem-
brane. Stability (0.1-0.2 mV/hr), response time and accuracy of the thermo-
stated cell were of the same order of magnitude as Stow's electrode. Oxygen
up to 11.4% in the sample had no effect on the cell's response to CO2 which
was linear from 15-80 mm Hg Pgo,.

The commeréially available Instrumentation Laboratory, Inc. CO, sensor

(116, 262) was evaluated by Guilbault and Shu (114). This cell appirently
contained a 0.02 I\_{.NaHCO3 internal solution under the membrane. The cell
exhibited response times of about 1 minute and a useful range of 0.0001-0.05
M, being limited on the high end by the solubility of carbonic acid. Only
acetic acid with a selectivity ratio of about 10'-3 gave significantbinter—
ference in the pH 5-7 region. Response times were dependent on sample PCOZ’
with CO2 diffusion through the membrane faster for larger PCOZ.

Midgley (234) investigated two commercially availableCO2 probes for use
in continuous monitoring of PCO2 in boiler feed water of an electric power
generating plant. Samples were premixed with 0.1 EHZSO4 and pumped to elec-
trodes in a flow cell. Problems were encountered in calibration due to dif-
ficulties in preparation of standards uncontaminated by atmospheric C02.

The Radiometer E5036 cell with Teflon membrane gave the most satisfactory

performance. It exhibited a response of 55-59 mV/decade M concentration change
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and linear response to as dilute as 0.4 ug COz/ml. The cell required about
4 minutes to reach a new equilibrium reading after a concentration jump from
10 to 100 ug/ml. An Electronics Instruments Ltd. 19210 latex membrane sensor
gave a response of only 36-46 mV/decade M concentration change and was not
linear in the range 0.1-1000 ug C02/ml. Response time was twice as long as
for the Radiometer device. Precisions with the Radiometer sensor ranged from
8.7% at 23 g COZ/ml to 15% at 2 ug C02/m1. Thermostating and calibration
every 6-12 hours was necessary to maintain a constant baseline.

Recently, new membrane materials such as polyvinylidene fluoride (19)
and microporous filters (320) have been utilized. With the latter type of
membrane the gas diffusion occurs through the air trapped in the membrane
pores as opposed to dissolving in the membrane phase and then migrating across
it intd the internal solution. The microporous membranes give faster response
times, being effectively 607 open area, without sacrificing mechanical strength.
The membranes suffer leakage after being exposed to wetting agents for a few
days and water vapor transport with resultant concentration or dilution of
the internal solution can be a problem if the osmolalities of internal and
sample solutions are greatly different. The microporous membrane is used
in the Orion Series 95 electrodes and the Beckman gas electrodes.

The General Electric Company has had several patents issued for carbon
dioxide sensors (203, 266, 267). These are cells with Pd/Pd0, and Ag/AgCl

2
electrodes in a HCO, and Cl1 solution with an ion exchanger and use a silicone-

3
polycarbonate outer membrane.

Ammonia. Ammonia is a common toxic material in many waters, particularly
those receiving sewage wastes. The common standard methods for ammonia deter-
mination involve time-consuming steps and are subject to interferences (9).

In the past five years potentiometric electrodes have become available which
measure either free dissolved ammonia or ammonium ions. The former senses
total ammonia when the pH of the test sample is raised. Since only the
un-ionized ammonia molecule is toxic to fish (46), a sensor which discrimi-
nates for this form is valuable. Ammonia and its salts also play an impor-
tant role in the nitrogen nutrient cycle and monitoring is useful for predic-
ting its influence on eutrophication.

Orion Research produced an ammonia sensing cell,Model 95-10, in 1971

using a princple similar to that of the Severinghaus CO, cell (91, 278).

2
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The electrode was tested by E.,P.A, for use in surface, waste and saline
waters (368). Since the cell responded only to gaseous NH3, cation inter-
ferences were neglible except as the solubility of ammonia was affected. The
cell exhibited a Nernstian slope from 0.02-2.0 mg NHB—N/l in distilled water
with a limit of detection in actual samples of 0.03 mg NHB-N/l. The ammonia
electrode method was found comparable to the automated indophenol blue method.
In addition, it offered the advantages of minimal sample and reagent pre-
paration, wide concentration range and low expense. Nguy and Overman (263)
tested the Orion electrode and found it comparable in accuracy and precision
to the E.P.A. recommended optical method for analysis of sewage effluents.
The electrode method was judged equally effective and faster. Le Blanc and
Sliwinski (190) tested the Orion electrode against acid titration and nes-
slerization in a variety of waste waters, including effluents from sewage
plants, food processing plants, sulfite pulp and paper plants, and a chemical
plant. They concluded that the electrode was quantitative, sensitive to
0.017 mg NH3-N/1, accurate to 27 or better, and had an operating range of
0.017 -~ 17,000 mg NHB—N/l. They felt it had promise for continuous monitoring
of process and waste waters as well as receiving streams. The electrode was
also tested in Europe for analysis of rivers and effluents (317). In a paper
dealing with the theoretical basis of gas sensing electrodes, Ross et al.
(320) gave the limit of detection as 10’9@. They described volatile amines
as being the only interferences.

Electronics Instruments Ltd. of England markets a similar ammonia sensing
cell, Model 8002, which has been used to analyze waste water, boiler feed-water
and other aqueous media. Lester and Woodward (193) reported that performance
of the electrode was disappointing. The difficulties may have been with
early production models since Melbourne et al.(226) reported the eiectrode
to be the "quickest method available for total ammonia determinations in the
range 1-1000 mg N/1." They observed about 2% accuracy with response times
of 10 sec to 10 min depending on concentration. With the electrode in con~
tinuous use, they recommended frequent automatic standardization in order
to detect malfunction due to membrane rupture. Midgley and Torrance (235,
236) reported success with the electrode in measuring boiler feed-waters.

Mertens et al. (231) succeeded in automating the boiler water analysis with
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a continuous on-line system. Beckett and Wilson (18) published a full
evaluation of the EIL 8002 electrode. They found response linear from
0.01-100 mg N/1 and detection to 0.1 mg N/1. Standard deviations of 3-10%
and good agreement with colorimetric methods were reported. Another evalua-
tion was carried out by Bailey and Riley (11) who found the EIL electrode

useful from 10-7 -5X 10—1 M. The lower limit of NH, detection was governed

by the purity of the reagents added. They also referied to application in
analyses of sea water, plating solutions and process liquors from fertilizer
manufacture. Briggs (32) reported that the electrode was stable at least
four weeks in continuous use. With daily standardization,constant temperature
and stable electronics, + 5% accuracy was possible.

Other ammonia electrodes included one patented by Beckman (19) but not
commercially available. The electrode was similar to the Orion design, a
glass electrode covered with an ammonia permeable selective membrane. Montalvo
(244) devised electrodes using a Beckman 39137 monovalent cation electrode

covered with various hydrophobic,NH,-permeable membranes. Response times

3
were slow but the electrodes gave linear responses from 5.5 X 10—4 - 0.1 M

NH3 in the pH 7.3 - 9.0 range. Anfalt et al. (7) reported an ammonia gas
membrane electrode which used a metal-~ammonia complex system as internal
reference. Thus a AgZS, CuS-AgZS or HgS inner electrode sensed a change in
free metal concentration as NH3 entered or left the internal reference solu-~
tion. Response times of several seconds were observed and a limit of detec-
tion of 107>

A salid state NH

M or lower was realized.
3 electrode is commercially available from Chemtrix and
Sensorex, see Appendix I. No details are available on the membrane material.
Interferences are indirect through metal complexation of NH3 in solution.
Ruzicka et al. (121, 322, 323) developed an ammonia electrode with no
membrane. The "air-gap" electrode is presently applicable to discrete samples
only, since the reference electrolyte solution is unprotected from contamina-
tion by contact with the sample.

Hydrogen Sulfide. Dissolved, un~ionized hydrogen sulfide is generally

analyzed either indirectly by determining pH and the dissolved sulfide ion
concentration and then calculating HZS concentration from equilibrium constants

(9) or directly by spectrophotometry, iodimetric titration or coulometry (42,74).
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To avoid interferences, the determination may be carried out after sparging
the gas into another solution or cell. In the last few years potentiometric
devices have become available for direct in situ measurement of dissolved
hydrogen sulfide. 1In addition, the previously described sulfide ion probes
» could be used in conjunction with pH electrodes to ascertain HZS(aq) con-
centrations (67).

Ross and Riseman et al. (316, 320) described the Orion cell for éensing
HZS' The probe was very much like the CO2 and NH3 cells already descrigfd.
It consisted of a microporous Teflon membrane enclosing a solid state S
electrode and a solid F reference electrode in a citrate buffered reference
2S by a
shift of the HS_/SZ_ equilibrium caused by diffusion O; HZS into the refer-

- 10‘Zy_st with the

sample at pH <5, The membrane was not permeable to ions but oxygen could

HS  solution at pH 5. The cell sensed dissolved or atmospheric H
ence solution. The useful range was approximately 10~

interfere by oxidizing the sulfide species. Ascorbic acid antioxidant was
normally added to the sample solution to alleviate this problem. Surfactants
shortened the useful lifetime of the membrane. The authors found the probe
applicable to analysis of pulping liquors, anaerobic sediments and fermenta-
tion broths. Hoover (148) recommended this type of electrode for in situ
measurement of HZS in natural and municipal waste waters to 0.1 mg HZS/l
(3 X 10-639. Below this concentration the electrode was not reproducible.
Some other potentiometric hydrogen sulfide sensors have been reported.
Ruzicka (121) patented an air-gap electrode which sensed HZS expelled from
solution by pH adjustment. In common with other sensors that operate without
a membrane, it is not useful in situ where the sample might splash onto the
sensitive electrode film of electrolyte. Brand (30) developed an automated
1aboratory.system for dissolved HZS based on a sulfide electrode and addition

of oxygen-free NaOH solution to convert the H_S to Sz—. Barannik et al. (15)

reported an automatic bathospheric probe whici measured st by means of a
sintered AgZS membrane and a Ag/AgCl reference electrode.

Other Sensors. Ross et al.(320) described electrodes for SO
HF, C1,
The SO, electrode (186) has been patented, and SO2 and NOx electrodes are

2
available from Orion. Since neither of the gases is particularly common in

NO,, HCN,

2’
and other gases in addition to ones already discussed in this report.
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natural or waste waters the electrodes find their primary use in monitoring
stack gases or the anions of the dissolved gases. By adjusting the pH of a
NOE or 802_ sample to the acid region the gas electrodes can be used to

3
indirectly measure the ions, as shown in the chemical reactions:

sut + 3N0, ——> H,0 + HNO, + 2NO(g)

3

2m + sog' ——— H,0 + 50, (g)

Ross et al. 1istedC12andN02as interferences for the S0, probe and SO2 and
CO2 as interferences for the NOx probe. As with the other gas membrane
electrodes, ions do not permeate and thus do not interfere.

Bailey and Riley (11) discussed the performance characteristics of the
kElectronics Instruments Ltd. Model 8010-200 802 electrode. The operating
range was found to be from saturation to 10'?@ with response time less than
a minute at higher concentrations and 6-7 minutes at 10_4M, The electrode
membrane was 0.025 mm silicone rubber which provided very good resistance to
drift. The only important interference found was acetic acid although con~
centrated HCl1 would also interfere. Excess of chlorine gas would also inter-
fere by oxidation of the internal electrolyte. Carbon dioxide did not inter-
fere. Potential applications mentioned were food and beverage, boiler water

and effluent analysis.
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5. PIEZOELECTRIC CRYSTAL SENSORS

5.1 Background
Piezoelectric quartz crystals are simple, inexpensive devices which

are widely used as frequency standards in clocks and radios. They are
manufactured with accuracies of one part in 108 or better and are rugged
and stable.

Sauerbrey (328) used piezoelectric quartz crystals for microweighing
of deposited films. He developed the following relationship between the

mass deposited and the change in frequency of the crystal

AF = =2.3 x 106 x F2 x ‘l%“ (2)
where

AF = frequency change due to added mass (Hz),

F = frequency of crystal (Miz),

AW = change in mass due to deposited film (g), and

A = area of crystal coated by film (cm?).

He also pointed out that constant temperature operation is necessary
for accuracy.

Slutsky and Wade (350) measured the amount of adsorbed gases on quartz
crystals. King (175,176) reported the first use of coated piezoelectric
crystals as gas‘chromatographic detectors. He showed that selectivity depended
on the coating, and obtained rapid, linear responses to gas concentration. In
a later article (177) he reviewed basic principles of operation, circuitry and
uses of the gas detectors. Several patents have been issued (22,175, 178, 179,
180).

Guilbault (108) investigated HgBrp as a coating for a detector of organ-
ophosphorus compounds but found that the coating did not adsorb reversibly.
Iron(I1I) chloride showed promise as a coating for detecting organophosphorus
compounds (333) and also ethylamines(111). Organic oximes were also examined
and detection of <10 ppb organophosphorus pecticide was possible (340). Use

of other compounds, e.g. Carbowax 20, triethanolamine and quadrol, produced
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a sensor for 1 - 10° ppb SO, (170,199). No significant interference to
S0y detection was noted in the presence of moisture, COp, NH3 or NOx.
Polyethylene glycol coatings yielded sensors for NH3 and NO7 at the ppb
level (171). 1In this instance €07 did not interfere but moisture did.

Hartigan (124) classified twenty-five amines as possible coatings for
SO02 detectors. He found phenyldiethanolamine to be the best coating in
terms of stability, sensitivity and reversibility. Dodecylamines were also
suitable. |

Karasek and coworkers (168,169) designed a gas chromatograph around a
piezoelectric detector. They obtained rapid and sensitive detection of
hydrocarbons with a noise level of less than 0.05 Hz. A detection limit
for SO2 in air was about 3 - 5 ppm for a 1 ml sample and Carbowax 400 coating.

Janghorbani and Freund (162) described several coatings suitable for
monitoring SO02 from pulp mill stacks.

Fasching and coworkers (92,93) developed a low cost ($500 - $1000)
piezoelectric detection system for S02. Styrene-dimethylaminopropylmaleimide
(Uniroyal) was found to be an excellent coating with linear response in the
range 20 - 300 ppm SO2. Detection limit was approximately 0.1 ppm SO2. The
system was based on a "static" chamber with no carrier gas required.

Cheney and Homolya (44) have recently published a rigorous program for
evaluation of 802 detector coatings. Their procedure shows that temperature
is an important parameter and has frequently been ignored. The response -
time and sensitivity of a coated crystal were shown to vary with temperature.

Response of the quartz crystals to water vapor has resulted in several
moisture detection devices (160,176,395). Thibault and Carballiera (367)
received a patent for crystals coated with solid materials sensitive to
water vapor, COp, 02 and H3. A compact device based on butadiene copolymer
coatings was developed by Varga (380) for detecting 1,l-dimethylhydrazine
in combat locations.

Scheide and Taylor (334) at the National Bureau of Standards showed
that quartz crystals with gold electrodes could be used as microweighing
devices for mercury vapor. Mercury vapor exposure badges, much like

radiation exposure badges, were developed.
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The only previously reported use of piezoelectric devices for
determining species in solution was by Jones and Mieure (167,237). They
found that the electrodes of conventional quartz radio crystals could be
used as surfaces for the electrodeposition of some trace metals. Two-
minute depositions followed by drying of the crystals allowed detection

of Cd, Pb, Zn, Ni and In in the 10~3 - 10-7 M concentration range.

5.2 Purpose
Previous workers have shown that piezoelectric quartz crystals are

rugged, inexpensive and sensitive devices for microweighing. The Sauerbrey
relationship (Equation 2) predicts that typical commercially available
crystals with 9 MHz frequency and 5 mm electrode diameter should have
sensitivities of about 500 Hz per microgram of deposited material. Coupled
with a frequency counter with 1 Hz precision and good thermal stability
during measurement, the crystal is able to detect 1 ug of material with
better than 1% precision. Because of mechanical damping, crystals. cannot
be used immersed directly in water. However, continuous in situ monitoring
of dissolved gases should be possible by isolating the crystal in a chamber
separated from the aqueous sample by a gas permeable membrane. The work
"reported here explores this possibility in drder to ascertain its feasibility

and practicality.

5.3 Experimental - Materials and Methods

The crystals used in this study were 6, 9 or 15 MHz quartz with gold-
plated electrodes, AT cut,in HC 6/U holders with canisters removed (Inter-
national Crystal Mfg. Co., Oklahoma City, OK). The 0T-13 and O0T-14 oscillator
circuits and MT-1 mounting boxes from the same source were used.

Power supplies for the oscillator circuits were either 9 volt batteries
or an LS-511-A Precision Power Source (Lambda Electromics Corp., Melville,

NY) set at 9.000 volts.

A model 5326A Timer-Counter (Hewlett-Packard Corp., Santa Clara, CA)
with 8-digit readout and +1 digit accuracy was used to monitor the crystal
frequency. _ v

Didodecylamine (DDDA) and dioctadecylamine (DODA), practical grade, were obtained

from K & K Laboratories (Plainview, NY) and used without further purification
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for coatings., Solvents were ACS reagent grade. Gases were obtained from
National Welders Supply Co. (Charlotte, NC).

Membrane materials used for isolating the crystal detector chamber
from water were 1/8 or 1/4 mil cast Teflon-Type C film (Dilectrix Corp.,
Farmingdale, NY), PVC film (Alcoa) or 0.2 um pore size Fluoropore filters,
FGLP04700 (Millipore Corp., Bedford, MA).

Two methods were used for coating the crystals. Hartigan's (124)
results suggested that 5~10 ug of amine was optimal, so very dilute chloro-
form solutions, 4 ug/ml, of the amines were prepared and applied to the
crystals with a syringe. Each drop was placed in the center of the electrode
area and allowed to dry before adding the next drop. Some crystals were
coated on only one side, others on both sides, but in use there was no dif-
ference in response. A total of 0.5 ml of solution, nominally 2 ug of amine,
was usually applied. Using the Sauerbrey equation, the frequency shift due
to this coating corresponded to a 1-2 cm2 coverage., Dropwise application
was soon abandoned because it was tedious, requiring about twenty minutes.
Subsequent coatings were applied by painting with a saturated cotton swab
on a spot approximately 0.5 cm diameter on one side of the crystal only.

From the observed frequency shift and assumed area, the masses of the coat-
ings were calculated to be 5-55 ug. For the purposes of this work the amount
of coating applied each time was not important.

The apparatus used for initial studies is shown in Figure 4. The crystal
was suspended in a 300 ml filter flask by very short lengths (to minimize

pickup) of 22 gauge hook-upwire used to connect it to the oscillator circuit.
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Two membrane probe designs were used and are shown in Figures 5 and 6.

Probe 5 was constructed from a plexiglass tube. Films were wrapped around

the open end and sealed with tape, a rubber O-ring or silicone rubber adhesive.

Both adhesive tape and 3M Magic Mend tapes softened in water allowing leaks
so that a tight O-ring or the silicone sealant was preferred. The cast PVC
and Teflon films used were fragile and prone to pin-hole leaks which intro~-
duced water into the chamber. The usual procedure was to submerge the mem~-
brane end of the probe 1-2 inches under water for several hours to check for
leaks before starting a test. The second vessel, Figure 6, was constructed
from glass to hold approximately 250 ml of water, the membrane being about
four inches below the liquid surface. Standard taper joints allowed a tight
seal of the membrane chamber and little stress on the film during assembly.
In addition, this vessel could be used to test the response of coatings with

or without membranes . and with only gases in the bottle.
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5.4 Results and Discussion

Studies were carried out to determine the stability, sensitivity and
reproducibility of response of crystals with amine coating materials to
carbon diokide. Table 9 summarizes the frequency response for a variety of
coated crystals exposed to pure 002 in the chamber shown in Figure 4. The
frequency change due to the coating gives a relative measure of the amount
of amine applied. Frequency shifts attributed to CO2 are all compared to
the frequency observed in the presence of dry 100% N2 just prior to the intro-
duction of the C02. Experiments 1-4 were static tests and thirty minutes’
were allowed for equilibration with the test gas. The remaining experiments
were carried out under flow conditions. Frequency drift by volatilization of
coating was rarely more than 2 Hz/hr. Experiments 1-4 show the response of
9 MHz crystals coated by the syringe method. The frequency response to CO2
with either DDDA or DODA was reversible, but sensitivity was low. In the

presence of 100% SO, the DDDA coating showed a seven times greater response

2

than with pure CO, indicating a potential interference in waters containing

SO

9 Heavier coazings applied with a cotton swab gave improved sensitivity
to COZ’ experiments 5-24. Typically, responses to pure CO2 were in the 50-
150 Hz range with either 9 or 15 MHz crystals. Sensitivity appeared to de-
crease with repeated use of the coating but it usually became constant after
several experiments.

A study of the oscillator circuit output in relation to the voltage of
its power supply was carried out using a precision variable DC power source.
A coated 9 MHz crystal in a nitrogen-filled chamber was connected to an
0T-13 ¢ircuit. Figure 7 shows that the frequency decreased linearly with
the power supply voltage. Below 7.720 V no signal reached the counter. A
piezoelectric detector in continuous service will require a constant power
supply with a precision of at least + 0.01 V if + 1 Hz output frequency

precision is to be attained.
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Table 9

RESPONSE OF DDDA COATED CRYSTALS TO COz(g)

CRYSTAL

EXPT FREQ. (KHz)
1 9
2 9
3 9
4 9
5 9
6 9
7 9
8 9
9 15
10 15
11 15
12 15
13 15
14 15
15 15
16 15
17R 9
18R 9
19R 9
20R 9
218 9
228 9
238 9
248 9

% = DODA coating

AF (Hz) DUE TO

COATING Co2
163 8
282 11
348 12
174% 11
a 75
a 72
a 54
a 35
3438 90-100
3438 42
3438 34
9564 160
9564 55
9564 47
9564 53
9564 52
b 108
b 106
b 102
b 100
c 74
c 44
c 112
c 76

a,b,c, = AF not measured but was the same for each
experiment in each of the three series

R = reference crystal in differential méasurement

S = sample crystal in differential measurement
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Response to water vapor was also studied. In experiments 12-16 a

crystal was coated with approximately 15 ug of DDDA and its response to pure
CO» found to be reproducibly about 50 Hz. This crystal was then sealed in

the chamber (Figure 4) with water in the bottom instead of Drierite. The 100%
relative humidity produced a frequency shift of 1770 Hz in 90 min and 2735

Hz in 6 hr. Thus as can be seen in Figure 8 the coating was at least 33x
more sensitive- to water vapor than dry CO2. This property of the coating

can be explained by the greater tendency for multilayer adsorption by water
due to its ability to hydrogen bond. Rough calculations show that 15 ug of
DDDA corresponds to about 4 x 108 moles of basic sites for chemisorption

if all molecules were available. Based on the smaller 1770 Hz water vapor
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FIGURE 8
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response, 2.8 ug of water or 15 X 10_8 moles were adsorbed. This
indicates at least three times as many water molecules as amine sites.
On the other hand, the 50 Hz CO2 response indicates only 0.08 ug or

0.2 X 108 moles adsorbed. Carbon dioxide is thus occupying only about
4.5% of the theoretically available sites. In experiment 16 the test
chamber was dried and flushed with dry N2 followed by a dry CO2 response
check. Response to CO2 was not altered by the previous 100% relative
humidity experience indicating that moisture did not poison the coating.

Several types of membranes were investigated in an effort to develop
a probe with carbon dioxide selectivity. The first tests were made using
PVC wrapping film on the plexiglass holder, Figure 5. A 9 MHz crystal
coated with DDDA was placed in the holder and the film sealed around the
open chamber with adhesive tape. After immersion in 350 ml of distilled
water overnight no apparent leaks had developed. To purge the water of
CO2, nitrogen was bubbled through and the solution stirred. When a
steady frequency was attained the N7 flow was stopped and COp was bubbled
into the water. The results of the test are shown in Figure %a. The
sharp rise in frequency after the N2 purge and before the introduction of
CO2 is inexplicable. The frequency response to CO2 was 370-480 Hz de-
pending on whether AF was measured from the steady level A or the frequency
B at the start of CO2 flow. Total time to maximum CO2 response was 55 min
with 907 response in 30 min. At point C the COp flow was stopped and N2
purge restarted. The frequency response to CO2 appeared quite reversible.
After 160 min. the seal on the film failed and water began leaking into the
chamber. Figure 9b shows the results of another test after replacing the
PVC film. 1In each case the temperature of the water was 26 t oec.

Cast 1/4 mil Teflon film was used next along with the same DDDA
coated 9 MHz crystal as employed with the PVC film. Response to CO2
averaged around 125 Hz, but was difficult to measure because of baseline
drift. On one occasion approximately 1/8 in. of water leaked through the
Teflon film into the crystal chamber. Response to COjp under these
conditions was determined. Nitrogen was bubbled into the étirred distilled
water until a reasonably steady frequency was realized, Figure 10. When

the CO» flow was started the frequency dropped until eventually the fre-
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FIGURE 10
Response to Dissolved CO, through Teflon Membrane
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quency shift was so great that the oscillator circuit could not function
and no signal was received by the frequency counter. When the water in
the beaker was purged of COs with N2 the signal returned. The >900 Hz
frequency shift seemed to indicate that the response was greatly increased
due to the presence of liquid water inside the chamber on the film. This
internal water would eventually wet the crystal in field use so the result
was not further pursued. It is possible that a water soaked pad could be
placed inside the chamber next to the teflon film to provide constant
humidity conditions. This effect should be examined further.
When cast Teflon films were used with the glass vessel,

baseline frequency drift was still severe.

Figure 6,

Typically, a 9 MHz crystal was
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coated by the syringe method with DDDA, placed in the side arm and a 1/4 mil
Teflon film used to close the chamber. Distilled water was added to the

vessel and purged with Ny for an hour before frequency readings were begun,

Figure 11.
FIGURE 1!
Response to Dissolved CO, through Tefion Membrane
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After another 50 min of purging, CO2 was. bubbled into the vessel and a
response of about 140 Hz (measured from the drifting baseline) was recorded
in 20 min. The signal gradually returned to the original drifting baseline,
implying that the CO2 was displaced by water vapor.

Microporous membranes are used on several commercial gas sensing
electrodes (265). A Millipore Fluoropore FGLP04700 filter was next used as

a membrane. This filter consisted of a Teflon membrane with a polyethylene
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web backing and had 0.2 um pore openings. The first tests were carried

out using the glass vessel, Figure 6, without water. The same 15 MHz
crystal used in experiments 12-16 (ca. 15 ug DDDA coating) was placed in
the side arm and the chamber closed with a Fluoropore filter. Dry N2

was passed into the chamber to obtain the baseline frequency, Figure 12. A
slight positive slope indicated some loss of water vapor from the crystal
coating. On two occasions the gas flow was switched from dry N2 to dry COjp.
Reversible frequency shifts 22 Hz and 36 Hz were obtained with very rapid
response times. To determine the membrane's ability to selectivity pass
CO02, a water-filled gas scrubbing bottle was placed in the N2 line to
saturate, the gas flow with water vapor. The response to the wet Ny flow

was >460 Hz.

FIGURE 12
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In view of moisture interference and the lack of success in finding a
selective membrane, experiments were carried out to examine the feasibility
of a differential measurement. This method utilized two probes, a sample

probe which was exposed to dissolved CO, and a reference probe which was

2

exposed to CO,~free distilled water at the same temperature and pressure.

2
The response of the reference probe to water vapor penetrating its membrane

was taken as the baseline for the sample probe and the two signals expressed
electronically as their ratio.

The technique was first tested using two gas chambers of the style in
Figure 4., Two 9 MHz, DDDA-coated crystals were used and the responses to CO2
are shown in Table 9, experiments 19-24. For the data shown in Figure 13 flow
meters were used to assure equal gas flow to each chamber and the N, and

2

CO2 gases passed through water scrubbers to saturate them with water vapor.

FIGURE 13
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Both the sample and reference crystals exhibited steady, flat baselines in
the presence of wet Nyp. Total drift was 8 Hz by the sample sensor and 10
Hz by the reference sensor. Introduction of wet CO; into the sample chamber
produced a 130 Hz response. Since the background frequency of the coated
reference crystal was lower than that of the coated sample crystal the shift
in the ratio, sample frequency to reference frequency, was larger than 130,
specifically 149,

The same two DDDA-coated 9MHz crystals were next placed in plexiglass
probes and the chambers closed by sealing Fluoropore filters over the open-
ings with silicone adhesive. The probes were placed in beakers of distilled
water for five hours to allow equilibration of the coated crystals with water
vapor. When CO» was bubbled into the stirred sample beaker a response of

287 Hz was observed, Figure 14. The sample/reference ratio response was
321 Hz.

FIGURE 14 |
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