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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

19




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

method