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Abstract approved:

A reliable, easy, and inexpensive modification of the method of

Schneider and Freund for determination of molecular hydrocyanic

acid (HCN) in solution is described. The method was used to determine

molecular HCN concentrations as low as 0. 005 milligrams of HCN per

liter, and can be used for determination of lower levels.

Results of experiments on the influence of free cyanide on the

swimming performance of coho salmon indicated that a method for

determination of HCN suitable for wide application in the field of water

pollution control must be highly sensitive. Sublethal cyanide concen-

trations as low as 0.01 mg/l CN produced almost immediate, large

reduction of the swimming time of coho salmon forced to swim at a high

velocity This effect did not increase markedly with continued

exposure of the fish to the cyanide solutions. Coho salmon that had been

exposed to cyanide for 193 hours showed incomplete recovery after 337
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hours in clean water.

The time to equilibrium for dissociation of the nickelocyanide

complex is directly related to the degree of dissociation, which

increases as the pH or the total cyanide concentration decreases. This

time ranged from 6 hours to 10 days for solutions with pH ranging from

6. 5 to 7. 7 and total cyanide concentrations ranging from 0. 50 to 500

mg /1. Formation of the nickelocyanide complex from cyanide and

nickel ions was more rapid than its dissociation in comparable tests.

Results obtained at high total cyanide concentrations were anomalous

but verifiable by bioassay with fish. The HCN concentration first

determined was unexpectedly low and the concentration then increased

very slowly to the higher equilibrium level.

Calculated Tiapparentli cumulative dis s ociation constants (KD)

for the nickelocyanide complex inexplicably varied somewhat with

total cyanide concentration and pH. Using these values, it was possible

to calculate a theoretical relationship beween pH and 48-hour median

tolerance limits of the nickelocyanide complex for fish, assuming

HCN to be the only lethal agent. This computed relationship agreed

about as well as could be expected with a published empirical one that

had been determined without assurance that equilibria had been attained

in test solutions of the complex. Curves depicting the computed and

empirical relationships diverged only at pH below 6. 9 and above 7. 9.

The divergence at low pH values is clearly ascribable to the introduction



of fish into test solutions long before equilibrium had been attained in

the solutions of low pH. The divergence at high pH values is attribut-

able to moderate toxicity of the Ni(CN)4 complex ion itself. The

curve computed by using the varying apparent KD values more closely

approximated the empirical curve than did a similar curve computed

by using the most appropriate value for that could be obtained

from recent literature, namely, 2.28 x io3l. The reason for this

disagreement has not been determined.

Experiments with radioactive sodium cyanide indicated that pH

over the range 6. 5 to 7. 7 does not affect the rate at which HCN

penetrates into tissues of bluegills when the HCN concentration is kept

constant. Gill tissues contained more of the cyanide labeled with

carbon- 14 than did the blood and liver tissue. The liver accumulated

nearly as much cyanide, or some detoxification product, when the fish

were exposed to a low, sublethal concentration of HCN (0. 05 mg/l)

than when they were exposed to a much higher, lethal concentration

(0.20 mg/l) for the same period (1 to 2 hours). Although the rate of

entry of cyanide into tissues of fish exposed to solutions of the

nickelocyanide complex was generally correlated with the HCN

concentration and not with the concentration of the Ni(CN)4 complex

ion, the complex ion was absorbed in substantial amounts when its

concentration was high
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DETERMINATION OF MOLECULAR HYDROCYANIC ACID
IN WATER AND STUDIES OF THE CHEMISTRY AND

TOXICITY TO FISH OF THE NICKELOCYANIDE COMPLEX

INTRODUCTION

Cyanide has long been recognized as a substance highly toxic to

.Lish, Many industrial effluents contain the cyanide radical and heavy

metals that also can endanger aquatic life in receiving waters. In past

years, numerous studies have been conducted to determine the individ-

ual toxicity to various fish species of simple alkali metal cyanides and

salts of the heavy metals and the influence of factors such as pH,

temperature, length and weight of the fish, water hardness, and oxygen

concentration on their toxicity. These toxicants are often present

together in industrial effluents, forming complex metal cyanides, but

;here have been only a few investigations of the toxicity of the

complexes, A comprehensive review of the literature on this subject

is included intherecent paper by Doudoroff, Leduc and Schneider

(1966).

Doudoroff (1956) presented indirect evidence that the toxicity to

fish of dilute solutions containing some complex metallocyanides was

due primarily to the presence of molecular hydrocyanic acid (HCN)

and not of cyanide ion nor of the complex metallocyanide ions.

Doudoroff, Leduc and Schneider (1966) gave direct evidence that HCN

concentrations determined the acute toxicity to bluegills of various
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solutions of simple and complex metal cyanides. They observed that

'median immobilization times" for the bluegills in these solutions

varied independently of total cyanide concentrations but were closely

related to molecular HCN levels between 0. 18 and 1.0 mg/I, decreas-

ing as the HCN levels increased. The silver cyanide complex proved

to be an exception at relatively high pH values and very low HCN

levels; the experimental results suggested considerable toxicity of the

complex itself under these conditions.

A chemical analytical method designed for the specific determina-

tion of low levels of molecular HCN in water without material disturb-

ance of ionic equilibria was developed by Schneider and Freund (1962)

and used in the work of Doudoroff, Leduc and Schneider (1966). A

distribution equilibrium is established between the concentrations of

HCN in the water and in air bubbled through thewater. Analysis of the

dispersed air for HCN, which is collected on a concentration column,

is accomplished by gas liquid chromatography, permitting determina-

tion of HCN in water in the concentration range of 1 x i06 to 5 x

M (0. 027 to 13,5 mg/i HCN). Schneider (1962) reported that the

efficiency of his equilibration apparatus with a sintered glass air

disperser at a depth of 40 inches was fairly constantwhen the rate of

flow of air varied between 25 and 125 mi/mm. Schneider also reported

that, with a constant air flow rate, the efficiency apparently does not

vary significantly with disperser depth over the range of 11 to 40 inches.
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The method of Schneider and Freund requires costly analytical

apparatus which can be operated only by specially trained personnel.

The method also requires cooling of an HCN collecting column in a dry

ice-acetone mixture. These features of the method tend to limit its

application, for it can be used only in well equipped and well staffed

laboratories. Doudoroff, Leduc and Schneider (1966) stated that a

method which is usable in field situations and which requires less

expensive apparatus is needed for practical application in the area of

water quality control, and they suggested some possible approaches to

the problem. Accordingly, my first objective was to modify the

method developed by Schneider and Freund so it could be used by

persons with limited technical training and laboratory facilities and

yet remain sufficiently accurate and precise for studying the toxicity

and chemistry of simple and complex metal cyanides.

In the development or selection of an analytical method for the

determination of HCN, the required sensitivity and precision, as well

as the nature and cost of facilities required, are important considera-

tions. Claeys (1968) developeda highly sensitive modification of the

method of Schneider and Freund for determination of HCN. He

determined nanogram quantities of HCN collected on a concentration

column by a gas chromatographic procedure, using a flame ionization

detector. Twenty liter test solutions containingas little as 1ig/l

HCN were analyzed in five minutes after 30-minute concentration
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periods, during which air was bubbled through the solutions and HCN

collected in a cold trap for gas chromatographic analysis. Claeys'

method thus is very sensitive, but it is not very simple and. it

requires equipment that is costly and not easily transported.

In seeking to define the sensitivity of a method suitable for

practical application, I turned to previous research on cyanides for a

sensitive measure of chronic toxicity. It was noted that impairment

of swimming performance was one such measure which has received

wide acceptance as a meaningful measure of sublethal injury. Neil

(1957) and Leduc (1966) both investigated chronic poisoning of fish

with cyanide by measuring their ability to swim at sublethal levels.

Neil (1957) reported that exposure to 0.05 mg/I of cyanide as CN had

an immediate effect on the swimming ability of the brook trout,

Salvelinus fontinalis, The duration of swimming at a uniform, high

velocity was reduced to about one-third of that of controls not exposed

to cyanide. He also reported that exposure to 0.01 mg/I of cyanide.as

CN for 29 days reduced by 75 percent the length of time that the trout

would continue to swim in a rotating chamber at a constant velocity at

which controls were able to swim for about 25 minutes, on the

average. Leduc (1966) observed much less pronounced effects of low

levels of cyanide on the swimming performance of cichlid fish,

Cichlasoma bimaculatum, forced to swim against currents of high

velocity. He reported that, at a velocity at which the mean swimming
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time of controls was 22 minutes, the swimming times of cichlids

previously subjected to 0.02, 0.04, and 0. 10 mg/I HCN for 36 days

were shorter by 37, 33, and 67 percent, respectively, than that of the

controls. At a velocity at which the controls could swim for about 15

minutes, the corresponding percentages of reduction of swimming time

were 8. 0, 27, and 58 percent, respectively; at a velocity at which

controls swam for about 4. 8 minutes, they were 0. 0, 15, and 45

percent, respectively. Because of the significant difference of Neil1s

and Leducts findings, a few experiments were performed by me to

verify Neil's evidence of sensitivity of salmonid fishes to very low

levels of cyanide. Juvenile coho salmon, which were available

salmonid fish of suitable size, were used as the experimental material.

Not only the degree and rate of impairment of the swimming perform-

ance of the salmon by cyanide, but also the rate of recovery from the

effects of sub]ethal exposures to cyanide were evaluated. Such

information can be useful in connection with the establishment of water

quality standards as well as of sensitivity requirements for chemical

analytical methods to be used for detection and measurement of HCN

in polluted waters.

Doudoroff (1956) reported that the toxicity of a solution containing

the complex nickelocyanide ion increased more than a thousandfold with

decrease of pH from 8. 0 to 6. 5; a tenfold to thirteenfold decrease of

median tolerance limits was observed when the pH was reduced from



7. 8 to 7. 5 (i. e., by 0. 3 pH unit). The increase of toxicity with

decrease of pH was explained as being a consequence of great increase

of dissociation of the Ni(CN)4 complex ion resulting from combination

of cyanide ions liberated by this dissociation with hydrogen ions to form

molecular HCN. With respect to their shape, Doudoroff's sigmoid

curves relating logarithms of 24-hour, 48-hour, and 96-hourmedian

tolerance limits (50% lethal concentrations) to pH do not agree fully,

however, with theoretical curves relating pH and the logarithms of

total cyanide concentration required to produce constant HCN levels

that would account for the observed constant levels of toxicity. At

very low pH levels, the increase of toxicity was found to be less than

that which was theoretically predictable on the basis of the assumptions

that molecular HCN was the only toxic component of the test solutions

and that equilibria had been attained. With increase of pH to the

highest tested level, the decrease of toxicity proved less than that

which was predictable on the same basis. The slope of the middle

portion of the pH-toxicity curves did not differ greatly from the

theoretical slope. Doudoroff (1956) gave a partial but apparently

inadequate explanation of the shape of the observed curves. He stated

that very dilute solutions with relatively low pH must undergo a

considerable, gradual loss of cyanide, and therefore the initial con-

centration of cyanide necessary to render the solutions fatal to fish is

higher than it would be if no such loss occurred. Doudor off also
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concluded that the high toxicity of the concentrated solutions with high

pH probably is not completely referable to HCN and that some ions

present in these solutions probably contributed considerably to the

ioxicity, iheir relative importance increasing with the concentration

and pH of the solutions.

Sonie unpublished data of D oudoroff' s (per s onal communication)

provided verification of the unduly low initial toxicity of dilute and

acid nickelocyanide solutions, He also observed that after aging in

sealed vessels, these solutions are much more toxic than freshly

prepared solutions, their toxicity apparently approaching the theoretical

value. This result indicated slow dissociation of the nickelocyanide

complex. My major research objective was to clarify further the

discrepancy between the observed and theoretical toxicities of the

nickelocyanide complex, examining in some detail the rates of dissoci-

ation and formation of the nickelocyanide complex in solutions of vary-

ing concentration and pH. This was done by repeated chemical analysis

of specially prepared fresh and aged solutions to determine rates of

attainment of chemical equilibria, and also by performing acute

toxicity bioas says of the solutions with fish as test animals.

Only limited information is available on the rates of uptake of

cyanide by various fish tissues, and all of this information was obtained

by somewhat dated histological and colorimetric techniques (Holden

and Marsden, 1964). No information is available on the extent to
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which cyanide may enter the body of a fish in the form of a complex

and then dissociate yielding cyanide and metal ions. As noted above,

Doudoroff (1956) did suggest that the sigmoid curves relating median

tolerance limits in mg/I total cyanide to pH gave evidence of the

presence of some toxic species other than molecular HCN in nickelo-

cyanide solutions. Doudoroff, Leduc and Schneider (1966) also

presented some toxicity test results that indicate probable penetration

of the silver-cyanide complex ion into fish tissues. The rates of

uptake of cyanide by various tissues of fish exposed to simple cyanide

and nickelocyanide solutions were therefore studied by the use of

cyanide labeled with radioactive C-14. A comparison of these rates of

uptake from the two kinds of solutions with equal concentrations of

molecular HCN can show whether cyanide enters a fish in the form of

the complex or only in the form of molecular HCN.



MATERIALS

Experimental Fish

The fish used in swimming performance tests were yearling coho

salmon, Oncorhynchus kisutch (Walbaum), obtained from raceways of

the Oregon Fish Commission's Alsea River Salmon Hatchery on Fall

Creek. Fish of approximately equal size were selected, averaging

66. 6 mm in total length and 2. 31 grams in wet weight. They were held

in glass aquaria placed in a 15°C constant-temperature room. The

aquaria contained a continuously renewed and aerated supply of un-

treated well water with a low and uniform dissolved mineral content.

This water was maintained at a constant temperature of 15°C by heating

the incoming water with an immersion heater in a constant-head box.

In the laboratory the salmon were fed daily rations of tubificid worms

equal to about 5% of their wet body weight. These fish grew little;

none died in the holding tanks while the experiments were in progress.

The fish used for acute toxicity bioas says and carbon- 14
r

experiments were young bluegills, Lepomis macrochirus Rafinesque

Fish used in the acute toxicity bioassays were seined from a small

pond located in Kings Valley, Oregon. They averaged 51.7 mm in tota]

length and 1. 91 grams in wet weight. These fish were initially held

out of doors in a circular wooden tank, 4 feet in diameter and 3 feet

deep, which was continuously supplied with stream water. Before use
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in bioassays, all experimental bluegills were held in plastic aquaria

placed in a 20°C constant-temperature room. The aquaria contained

a continuously renewed and aerated supply of filtered but not other-

wise treated water supplied to the laboratory by polyethylene pipe from

a small spring-fed stream. The aquarium water was maintained at a

constant temperature of 20°C by heating the incoming water with an

immersion heater in a constant-head box.

Fish used in the C- 14 experiments were seined from a small pond

located on the property of Builders Supply, Corvallis, Oregon. These

fish were kept in plastic aquaria located in the 20°C constant-.

temperature room and continuously supplied with aerated running water

at 20°C. They averaged 81. 9 mm in total length and 8. 07 grams in

wet weight.

All stocks of bluegills were fed a maintenance ration of tubificid

worms and remained apparently in good health throug1out the period

of experimentation.

Experimental Water

Three types of water were used in the various experiments.

They were water supplied from a small spring-fed stream and sand-

filtered, water from a 110-foot well, and deionized water that was

prepared by passing distilled well water from a Barnstead tin-lined

still through an ion exchange column containing 500 grams of Dowex
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50 and 500 grams of Dowex 1 ion exchange resins.

Available data on the mineral content of a sample of well water

taken at a time when this research was in progress and analyzed by

the U. S. Geological Survey are given in Table 1.

Table 1. Dissolved mineral content of a sample of well water.

Date 2-16-67

Specific conductance (25°C) 260 micromhos/cm
pH 7.5

Silica (Si02) 36 mg/I
Calcium (Ca) 33

Magnesium (Mg) 9.4 1

Sodium (Na) 8. 6

Potassium (K) 0.4 U

Bicarbonate (HCO3) 163

Carbonate (CO3) 0 U

Sulfate (804) 0.2 1?

Chloride (Cl) 3 5 H

Fluoride (F) 0. 1
Nitrate (NO3) 0.2 Ii

Iron (Fe) 0. 03

Dissolved solids
Residue on evaporation at 180°C 170 U

Calculated 171

Hardness as CaCO3 121 H

Noncarbonate hardness 0

Color 5

Data on the mineral content of samples of the stream water,

taken in late summer and fall, have been reported by Doudoroff, Leduc

and Schneider (1966).
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The untreated well water was used to prepare all solutions for

experiments with fish except experiments on swimming performance,

in which stream water was used. The well water was used in the bio-

assays because the stream water became very turbid after heavy rains

and is not as uniform in composition as the well water.



APPARATUS AND METHODS

Analytical Method

Outline of Method

13

The method used for determination of low-level molecular HCN

in solution is my modification of that of Schneider and Freund (1962).

Finely dispersed compressed air is passed (bubbled) continuously, at a

precisely regulated rate, through a large volume (approximately 20

liters) of the test solution as the solution circulates through a special

glass bubbler, The equilibrated air is then passed through a concen-

tration column containing glass beads coated with 6N NaOH solution,

in which the HCN is trapped. Subsequent repeated washing of the

concentration column with deionized water and collection of the wash-

ings in a 25 ml volumetric flask permits measurement of the trapped

HCN by means of the pyridine pyrazolone colorimetric method for

determination of cyanide. The HON concentration in the tested solu-

tion is obtained from a calibration curve relating the quantity (in g)

of HON displaced per liter of gas dispersed to the concentration of

HON (in mg/i) present in standard solutions of known HON content.

Because the loss of HON due to bubbling of air through a large

volume of test solution in the course of each determination is very

small, equilibria are not materially disturbed.
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Appar atu s

The apparatus used for determination of molecular HCN is

pictured in Figure 1.

The flow rate of compressed air from a cylinder is maintained by

means of a two-stage gas regulator with pressure reducing valve, and

also a constant differential flow controller and metering valve equipped

with a vernier adjustment. It has been determined that adequate flow

regulation can be accomplished with the two-stage gas regulator alone;

however, the vernier adjustment metering valve used in addition to

this flow regulator permitted more precise control. The gas is sparged

through an 11-inch high column of test solution in a bubbler immersed

in a ZO-liter pyrex glass carboy. The bubbler was designed by

Schneider and Freund (196Z). They determined that the 11-inch height

of the solution column was adequate for attaining equilibrium distribu-

tion of HCN between air and water, The bubbler was designed so that

the rising bubbles cause circulation of the test solution in the

container, preventing significant local depletion of cyanide. A medium

porosity sintered glass disc (ZO mm diameter) produces the desired

bubble size.

A spray trap is inserted between the bubbler and the concentra-

tion column to ensure that no droplets of test solution are carried over

in the air and deposited on the concentration column.

The use of a new concentration column was my most important
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modification of the method of Schneider and Freund. The column is a

26-cm section of 10-mm diameter borosilicate glass tubing to which a

three-way buret stopcock has been fused and which is packed with glass

beads of 3-mm diameter. The actual concentration section of the

column containing the beads is 18-cm long. To facilitate installation

and removal of the concentration column, ground glassjoints were

fused to each end. Tests with columns of various lengths showed that

100% absorption of HCN from the dispersed air could be obtained with

a column having a glass bead packing as short as 7 cm. The capillary

tip of the three-way buret stopcock facilitates complete delivery of the

column washings into a 25 ml volumetric flask.

A lO-literwater-displacement bottle is used to determine the

volume of air dispersed in the solution and passed through the con-

centration column. The bottle is inverted and mounted ona supporting

frame, A graduated glass tube of 8-mm diameter is inserted into a

3/4-inch hole drilled in the bottom of the bottle. The glass tube

extends to within about 2 millimeters of the rubber stopper inserted in

the neck of the bottle. An inlet tube for air and an outlet tube for

displaced water are inserted into the stopper closing theneck of the

bottle. A two-way teflon stopcock controls the flow of air into the

bottle. The bottle need not be removed from the support except for

cleaning purposes, because it can be filled through the 3/4-inch hole

after each run.
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By proper manipulation of the various stopcocks, the dispersed

air from the bubbler can be passed through the concentration column

and then to the water displacement bottle. By manipulation of three

stopcocks, the air flow can be diverted from one concentration column

to another and at the same time from one water displacement bottle to

another, permitting virtually continuous determinations.

Procedure

The solution whose molecular HCN content is to be determined is

placed in a 20-liter solution bottle and the circulating glass bubbler

is immersed in the solution. The bubbler is connected to the spray

trap, which is connected to the No, 1 three-way teflon stopcock; all

connections are made by means of ball and socket ground-glass joints

The gas regulator on the compressed air cylinder is opened and its

pressure adjusted to 12 pounds per square inch, The vernier metering

valve is then adjusted so the compressed air is bubbled through the

solution at a regulated flow rate of approximately 50 ml per minute,

The No. 1 three-way teflon stopcock is positioned so that the

equilibrated air from the bubbler will not pass through the arm of the

stopcock to which the concentration column is to be connected, but

instead will escape into the atmosphere through the third arm, which

at that time is open to the atmosphere. Compressed air is then

bubbled through the test solution for 30 minutes to ensure equilibrium



In the system before collection of HCN is begun. The concentration

column is prepared by coating the glass beads with 6N NaOH. This is

done with the concentration column held in a vertical position, with

the stopcock end down, by a buret clamp fastened to a ring stand. A

separatory funnel, containing 6N NaOH,, is connected to the buret

stopcock lower end of the column by means of tygon tubing and a ball

and socket ground-glass joint, By raising and lowering the separatory

funnel, the column can be filled and drained. When this procedure has

been repeated three times, the ball and socket joint is disconnected

and the excess NaOH is allowed to drip out of the column. The

column is then placed in position between the No. 1 and No. Z three-

way teflon stopcocks, and the ball and socket ground-glass joint at

each end of the column is secured with a metal clamp. The concentra-

tion column is connected in series with a water displacement bottle

by rotating, in the appropriate manner, the three-way buret stopcock

and No. 2 and No. 3 teflon stopcocks, and by opening also the two-way

teflon stopcock on the air inlet tube of the water displacement bottle.

The No. 1 three-way teflon stopcock is then rotated so the equilibrated

air coming from the bubbler passes through the concentration column

and then continues through the system to displace water from the

displacement bottle, In the concentration column, the HCN in the air

reacts with the NaOH to form NaCN.

At the end of the concentration period, the column is removed
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from its collecting position and rinsed three times with deionized

water, using five milliliters of water each time, to remove the NaCN..

Thewashings are collected in a. 25 ml volumetric flask, and deionized

water is then added to make up to 25 ml. The combined washings are

then analyzed for cyanide (CN) by the pyridine pyrazolone method

(American Public Health Associationetal., 1965). This method was

first described by Epstein (1947). Color intensity is determined with a

Beckman DU spectrophotometer or a Beckman Spectronic-ZO color-

imeter, and the concentration of CN in the volumetric flask is

determined by reference to a calibration curve. Since the quantity of

CN collected on the column is directly related to the HCN concentra-

tion in the test solution, the latter concentration can be determined by

reference to another calibration curve. Only one concentration column

is used at a time, but continuous HCN determinations can be made by

rotating the stopcocks at the end of each concentration period so as to

channel the equilibrated air through a newly prepared concentration

column and into a displacement bottle that has been refilled with: water.

In making an HCN determination, it is necessary to know precise-

ly the amount of air that has passed through the concentration column.

Since gas regulators do not always deliver precisely the desired,

sustained flow, I decided to measure the air volume by means of the

water displacement bottle (Figure 1), The inverted bottle is filled

through the 3 /4-inch hole in its bottom with stream water that has been



thoroughly aerated at 20°C. The graduated glass tube is then inserted

into this 3/4_inch hole and,the rubber cap is removed from the S-

shaped outlet tube, The water in the graduated glass tube drops to the

level of the discharge end of the outlet tube and the displaced water is

discarded, The two-way stopcock on the inlet line now can be opened

and the air that has passed through the concentration column allowed

to enter the displacement bottle, The displaced water flows out through

the S-shaped outlet tube and is collected. At the end of the concentra-

tion period, the two-way inlet stopcock is closed and a rubber cap is

placed over the outlet tube opening, The displaced water is measured

in a volumetric flask and small graduated cylinder and corresponds to

the total uncorrected volume of gas dispersed. Water is then intro-

duced into the graduated tube by- means of a 100 ml buret until the

water level in the tube rises to the water level in the 10-liter dis-

placement bottle. The amount of water added by way of this tube is

referred to here as the 'crude correction volume." To obtain the

'1true correction volume, " one must determine how muchwater would

have been required to just fill the graduated tube to the level of water

in the displacement bottle if the correction tube were sealed off at the

bottom. This value is called the "tube correction" and will never

exceed 10 ml. The true correction is equal to the crude correction

minus the tube correction, When the level of water in the tube equals

the level of water in the displacement bottle, the gas above the water
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must be at atmospheric pressure, because the correction tube is open

to the atmosphere at the top. Therefore, the total volume of gas

dispersed is equal to the total uncorrected volume of gas dispersed

minus the true correction volume.

Standardization

Calibration curves relating abs orbance and cyanide concentration

were prepared for a Beckman flU spectrophotometer and Beckman

Spectronic-ZO colorimeter. These relationships were linear over the

concentration range of zero to six Lg HCN per liter.

The calibration curve in Figure 2 shows the relation between

the known quantity of HCN in solution and the amount (pg) of HCN

collected in the concentration column per liter of air dispersed. The

known HCN concentrations were obtained by adding known amounts of

NaCN to deionized water and lowering the pH of the solution with 20%

H2SO4 to about 5, 0. At this pH, virtually all cyanide is in the form of

HCN. Each point in Figure 2 represents the mean of a series of

determinations (Table 2) and the slight deviation of the points from the

regression line fitted to these data indicates the precision of the

method, One can also represent the precision of the method by

computing the coefficients of variability and the 95% confidence inter-

val for the amounts of HCN, in g, displaced per liter of dispersed air

for various HCN concentrations in the test solution. A summary of
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Table 2. Information from analysis of the data used to define the calibration curve relating various known HCN concentrations in the test solutions with
the amount of HCN, in u g, displaced per liter of dispersed air (Y).

Bubbling time Y (u /1)g
HCN concentration Number of required to

in test solution consecutive collect each Standard 95 percent Coefficient of

(mg/i) tests sample 11 Standard deviation confidence variability
(miii)

Mean Range deviation of mean interval (percent)

0.00481 2 400 0.01324 0.01265 - 0.01382 0.0008275 0.000585 0.01487 6.25

0.00959 10 400 0.02808 0.02541 - 0.03259 0.002372 0.001060 0.004796 8.42

0.0242 8 160 0.08652 0.07033 - 0.10452 0.01317 0.006585 0.02979 15.22

0.0484 10 100 0.1811 0.1677 - 0.1986 0.01112 0.004974 0.02250 6.12

0.1435 10 80 0.5001 0.4517 -0.5409 0.03136 0.01402 0.06344 6.27

0.2418 10 60 0.8693 0.7303 -0.9706 0.08302 0.03713 0.1680 9.56

0.4835 10 40 1.6874 1.5543 -1.8116 0.09046 0.04045 0.1830 5.36

0.7215 10 30 2.5905 2.4608 - 2.8381 0.07232 0.03234 0.1463 2.76

0.9569 10 30 3.2218 2.9519 - 3.3979 0.1178 0.05268 0.2383 3.68

'The compressed air was dispersed through the solution at a rate of approximately 50 mi/mm.

= jQQs where s = sample standard deviation
y sample mean
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these calculations is presented in Table 2. In general, one can

conclude that there is a decrease in the coefficient of variation with an

increase in HCN concentration in the test solution. One can also

observe that the 95% confidence intervals for the amounts of HCN, in

.g, displaced per liter of dispersed air for various HCN concentrations

in the test solution increase with increase in HCN concentration; how-

ever, on a percentage basis, they decrease. The correlation coeffi-

dent of 0. 9972 (Appendix A) for the data used to define the linear

regression line demonstrates that the data very closely approach a

straight line relationship.

The lowest HCN concentration in the test solution used to obtain

the calibration curve in Figure 2 was 0.00481 mg/i HCN. It is

reasonable to assume that lower concentrations of HCN could be

determined in test solutions by increasing the volume of air dispersed

through the test solution. The only limiting factor is the time

required to disperse this air through the solution, for the longer the

test takes the more likely is the HCN concentration to change during

the collecting period. This difficulty would be of little consequence if

one were interested in determining HCN only in solutions in a state of

equilibrium.

All tests were performed in a constant temperature room at

20°C.
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The coho salmon were held during the period of their exposure

to sublethal cyanide concentrations in 15-gallon glass aquaria, each of

which contained 47 liters of solution. A head-box containing an

electric heating element supplied exchange water, warmed to 15°C, to

each aquarium at a constant rate of 200 milliliters per minute. The

water flow to the aquaria was controlled by glass stopcocks and

measured with flowmeters. During the course of the experiment,

daily observations showed that the water flow deviated only by about

plus or minus 2 milliliters per minute from the desired setting.

Sodium cyanide solutions were introduced at virtually constant flow

rates into these aquaria from 20-liter Mariotte bottles. Bubbling of

oxygen gas through the water in the head-box resulted in dissolved

oxygen concentrations near the air-saturation level in the aquaria.

The swimming ability of coho salmon subjected to various sub-

lethal cyanide concentrations was tested by means of the apparatus

described by Davis etal. (1963) with modifications described by

Dahlberg etal. (1968). In this apparatus, water is continuously cir-

culated with a centrifugal pump through the test chamber, a horizontal

Pyrex glass tube 60 inches long and four inches in diameter with

screens at each end. The rate of circulation, and therefore the water
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velocity in the test chamber, is regulated by means of a graduated and

calibrated valve. The water in the system was exchanged at a rate of

1,000 ml/min in order to maintain in the test chamber a dissolved

oxygen concentration near the air-saturation level. The temperature

was kept constant at 15°C by circulating the test solutionthrough a heat

exchanger immersed in a cooled water bath. The test chamber and the

tubes carrying the solution to and from the circulating pump (including

the heat exchanger tubes) contained about 33 liters of test solution. A

solution of sodium cyanidewas introduced at a nearly constant flow

rate from a Mariotte bottle into the lower end of the test chamber to

establish the desired concentration in the circulating water before and

while the fish were in the test chamber.

Procedure

All coho salmon were held in glass aquaria for a period of seven

days before the swimming performance experiment was begun.

Initially, each aquarium contained 55 coho salmon, and five fish at a

time were removed as needed for each swimming test. Fish to be

used in a swimming experiment were not fed for a period of 24 hours

before the test.

The cyanide concentrations maintained in three aquaria were

0.05, 0.03, and 0.01 mg/l CN; a fourth aquarium received no cyanide.

After initial acclimation of the fish for seven days in well water, these
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concentrations were maintained for the first 193 hours of the experi-

ment. Thereafter, and until the end of the experiment, the aquaria

contained only well water with no cyanide. During that portion of the

experiment when cyanide was added, flows from the Maraotte bottles

into the three aquariawere measured daily and the required flow rates

were maintained with little difficulty.

The NaGN solutions introduced continuously into the aquaria and

testing apparatus containing coho salmon were prepared by diluting a

computed amount of a concentrated stock NaCN solutionwith deionized

water in 20-liter carboys. The pH of the solution was raised to

approximately 9. 5 by adding one milliliter of a 2 percent sodium

hydroxide solution per liter of NaCN solution. The concentrations of

the test solutions were assumed to be fairly constant, since.:the addi-

tion of NaOH minimized the loss of HCN to the atmosphere and since

no stock solution in a Mariotte bottle was used for more than two days.

The swimming ability of the fish was evaluated in the following

manner. Five fishwere quickly transferredfrom the appropriate

aquarium and placed in the tubular chamber of the testing apparatus.

The fish were then forced to swim at the concentration towhich they

had been previously exposed in an aquarium. A short interval of one

hour was allowed for the fish to become accustomed to the new surround-

ings. During the first 45 minutes of this period, the fishwere subjected

to a current velocity of 0. 5foot per second. During the next 15



minutes, the fish were subjected to a current velocity of 0. 75 foot

per second. At the end of the one-hour period, the current velocity

was increased abruptly to 1.62 feet per second, and the length of

time each swam at this velocity was recorded. When a fish dropped

back against the downstream closure, this screen was rotated and

tapped as necessary in order to stimulate the fish to cOntinue swim-

ming. This procedure encouraged the fish to swim until it was forced

permanently against the screen, unable to maintain its position. As

soon as a fish could no longer resist the current, it was removed

from the tube; its total length in millimeters and wet weight in grams

were recorded,

The effects on swimming performance of exposure to sublethal

cyanide concentrations were investigated by performing tests after

exposure for 2, 26, 53, 126, and 194 hours. These periods include

the one-hour exposure in the testing apparatus prior to the actual

performance test. To determine the rate of recovery from cyanide

poisoning, swimming tests, each with five fish, were performed 6,

83, 169, 251, and 337 hours after the flow of cyanide solutions into

the aquaria and the testing apparatus had been discontinued. The effect

of cyanide on swimming performance was evaluated by comparing the

mean swimming time for cyanide-exposed fish with that of control

fish, The mean swimming time for control fishwas determined by

taking the average swimming time observed in three consecutive



trials, each with five fish, performed four times during the course of

the experiments.

Dissociation, Formation, and Toxicity
of the Nickelocyanide Complex

Preraration of Test Solutions

Reagent grade chemicals and deionized water were used in the

preparation of all stock solutions,

Phosphate buffers were prepared by combining in various

proportions 1/15 molar solutions of KH2PO4 and Na2HPO4dissolved

in deionized water. Buffered solutions of pH ranging from 6. 50 to

7. 70 were thus produced (Koithoff and Rosenblum, 1937).

Test solutions containing the nickelocyanide complex were

prepared by two methods. To study dissociation of the complex and

effects on toxicity, a solution of NiSO4 (5, 000 mg/l Ni) first was added

to a continuously agitated solution of NaCN (approximately 10, 000 mg/I

CN), The CN concentration in the NaCN solution was determined by

titration with 0. 02N standard silver nitrate solution according to the

Liebig method as modified by Vogel (1951). The nickel salt was added

until a definite and persistent turbidity due to precipitated metal

cyanide was observed. The ratio of nickel to cyanide (Ni/CN) by

weight in the nickelocyanide complex solution was consistently near

the theoretical value of 0,564. The formation of a slight but persistent
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precipitate indicated that all the free cyanide had been complexed.

The solution had a deep yellow color and a pH of about 10. 2.

Appropriate amounts of this solutionwere then added to buffered water

(deionized water or well water) to giv'. the desired total cyanide

concentrations in the test solutions. To study formation of the nickelo-

cyanide complex and effects on toxicity, test solutions of approximately

20-liters were prepared by adding to buffered experimental water in a

20-liter carboy the NaCN stock solution and then the NiSO4 stock

solution in the proportion determined to be appropriate in preparing

solutions for the dissociation experiments. The same ratio of nickel

to cyanide in the differently prepared solutions was thus ensured.

In preparing all test solutions, 200 ml of the appropriate buffer

solution were added to the test water before the cyanide and nickel were

added, If the phosphate buffer did not produce the desired pH, dilute

solutions of H2SO4 or NaQH were added as needed to attain the desired

pH. Usually no more than two milliliters of the acid or base were

required. All test solutions were exposed to artificial illumination by

fluorescent lights.

All pH valueswere determined with a Corning Model-12 pH

meter. Values were generally reported to the nearest hundredth of a

pH unit.
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To determine rates at which eculihria are attained, at 20°C, the

test solutions of varying pH and concentration were allowed to stand

in completely filled, stoppered, 20-liter Pyrex glass bottles, and

determinations of the molecular HCN content of these solutions were

made after different time intervals. Only two successive determina-

tions of HCN were made on each solution in a given bottle to avoid

possible removal of enough cyanide as HCN to alter materially the Nil

CN ratio. By varying both the pH and the total cyanide concentration in

diluted solutions of the formed nickelocyanide complex and testing

various combinations of these, the influence of each of these two

factors on the time necessary for attainment of equilibrium after dilu-

tion of the complex and pH adjustment could be determined and their

effects compared. The time necessary for attainment of equilibrium

is a measure of the rate of dissociation of the. complex. To compare

the time necessary for formation of the nickelocyanide complex,

corresponding experiments were performed in which uncomplexed

cyanide ion and nickel ion were combined in dilute solutions

In conjunction with the determination of HCN, bioas says of test

solutions for the evaluation of their relative acute toxicity were

performed by the method described by Doudoroffetal, (1966).

Various solutions of nickelocyanide complex and sodium cyanide were
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prepared with buffered well water, adjusting the concentration and the

pH so as to produce in each case a concentration of molecular HCN of

approximately 0.20 mg/i at equilibrium. The temperature was main-

tamed at 20°C, and other test conditions were properly controlled.

The median resistance time (arithmetic mean of the survival times for

the fifth and sixth fish to succumb in a sample of 10 fish) of bluegills

exposed to such a solution was evaluated, and at the same time the

molecular HCN concentration in the test solution was determined. Fish

used in these bioas says were not fed for at least one day before a test,

A fish was considered dead when it was completely and finally

immobilized. A marked color change from dark to light and back to

dark occurred about 2 minutes before the defined death point. Erratic

quivering of fins and opercies followed. The time of cessation of these

movements was taken as the time of death,

Penetration of Cyanide and the Nickelocyanide Complex

Prepration of Test Solutions

The radioactive tracer was obtained from Nuclear-Chicago, Des

Plaines, Illinois. The sodium cyanide C-14 had been prepared by the

absorption of hydrogen cyanide C-14 in an excess of aqueous sodium

hydroxide. Technical data concerning this material are as follows:

56.2 mc/mM
1. 1 me/mg sodium cyanide
90% isotopic abundance of carbon- 14
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51 molecular weight of sodium cyanide-C14

The contents of an ampule containing the radioactive cyanide

were dissolved and diluted to one liter with deionized water, This

stock solution of radioactive cyanide was then added to all test solu-

tions requiring labeled CN to produce2. 5 i.c of C-14 per liter of

test solution.

The amount of total cyanide required to produce 0.20 mg/l HCN

in the test solutions of NaCN and solutions containing Ni(CN)4 complex

ions with varying pH values was calculated from dissociation constants

applicable at 20°C, as shown in Appendices B and C. The determina'-

of the dissociation constants used will be explained later, in connec-

tion with the presentation of results of experiments on the dissociation

and formation of the complex.

For simple alkali metal cyanide experiments, the appropriate

amounts of NaCN, ranging from 0.0484 to 0. 1967 mg/l CN, and then

of the radioactive cyanide were added to buffered well water, At the

pH of the solutions (pH 6. 5 to 7. 7) nearly all of the C- 14 in the Na.CN

experiments was present in the form of HCN, and only a very small

percentage was present as CN ion. In the preparation of solutions for

the nickelocyanide complex experiments, the order of addition of the

chemicals used was important. First, the desired amount of unlabeled

NaCN was added to well water in a 20-liter carboy, and then the

desired amount of radioactive cyanide was added. Next, NiSO4 was



added to form the Ni(CN) complex. The ratio of nickel to cyanide by

weight was 0. 565. The stoichiometric ratio for this complex is 0. 564;

however addition of a slight excess of Ni ensures the absence of free

CN other than the amount that would derive from dissociation of the

complex. Test solutions containing 0.2523, 12.74, and 563.7 mg/I

CN were prepared in this manner. The pH was adjusted by adding 200

ml of a phosphate buffer solution. If the buffer could not hold the pH

in the desired range, a dilute solution of H2SO4 or NaOH was added to

adjust the pH. These solutions were then allowed to stand undisturbed

in a 20°C constant-temperature room in rubber-stoppered 20-

liter Pyrex glass carboys until chemical equilibrium was attained.

The time to equilibrium was determined from dissociation rate

studies previously described, and it varied from about 1 to 10 days,

depending on the pH and total cyanide concentration of the test

solution, Through appropriate calculations (Appendices B and C), the

percentages of the radioactive cyanide present as free HCN and as

Ni(CN)4 at equilibrium were determined.

Four fish were placed in a 20-liter carboy filled with test

solution and one fish was removed at a time after exposure periods of

15, 30, 60, and 120 minutes. Since the duration of exposure to HCN

was not more than 120 minutes and the volume of water used was large
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in relation to the weight of fish, the HCN and C- 14 concentrations were

assumed to be constant throughout the exposure period.

Immediately after removal of a fish from a test solution,

various tissues were taken from it for C-14 analysis. A blood sample

was obtained by severing the caudal peduncle with a sharp razor blade

and drawing the blood by capillary action into a heparinized capillary

tube until it was about three-quarters full. The sample was then blown

into a glass vial. The entire liver was removed and placed in a vial.

The gills were dissected and the filaments were placed in a sample

vial. The wet weights of all tissues and the disintegrations per

minute per gram of wet weight were recorded.

Various methods have been described by which tissue and whole

blood can be prepared for assay of beta-emitting isotopes by liquid

scintillation counting. With most of these methods, color quenching

is present to such a degree that accurate counting is difficu1t. The

method used in these experiments was described by Mahin and Lofburg

(1966). Following this procedure, protein was digested and heme

completely decolorized by heatifig the sample to moderate temperature

(70-80°C) after addition of 0. 50 ml 60% perchloric acid and 1. 0 ml

30% hydrogen peroxide. In this way, tissue samp1es of variable size

and type could be dissolved in individual counting vials and measured

with nearly uniform counting efficiency, The sample vials were

heated in an oven set at 70-80°C for one hour, The contents were
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swirled twice during this period to ensure thorough mixing with the

added chemicals, The vials were then cooled to room temperature

and sample preparation was completed by the addition of 9 ml of

ethylene glycol monoethyl ether (Cellosolve) and 10 ml of toluene

phosphor solution. The phosphor solution contained 6. 0 grams of PPO

(Z, 5-diphenyloxazole) per liter of toluene. After mixing, the samples

were placed in a tri-carb liquid scintillation spectrometer, manu-

factured by Packard Instrument Co. Inc., for counting. The informa-

tion received was then corrected for background and counting efficiency

in order to obtain disintegrations per minute per gram of tissue. The

counting efficiency was obtained by dividing the counts per minute for

channel Z by the counts per minute for channel 1, and by reference to

the appropriate curve. All samples were counted or 100 minutes to

reduce the counting error to about one percent.
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RESULTS

min Performance Tests

The effects of cyanide poisoning on the duration of high velocity

swimming of coho salmon was studied by testing fish that were beirg

or had been exposed to one of three cyanide concentrations for varying

periods of time (Table 3),

The swimming behavior of fish that were being exposed to cyanide

and that of fish which had not been exposed to it (controls) were quite

different. The fish which had not been exposed to cyanide showed

little hesitation in responding to the current in the test chamber. They

established a position in the tube and swam steadily until the point of

exhaustion was reached. Fish that were being exposed to cyanide,

even at the lowest concentration, were reluctant to swim, and stimu-

lation, mechanical and visual (with a flashlight), was required to

discourage them from falling back against the screen even when they

could thus be shown to be capable of continuing to resist the current

for sometime. This reluctance to swim was evident even during the

1-hour period preceding the increase of water velocity to 1. 62 feet

per second,

The swimming time of fish exposed to low concentrations of

cyanide was found to be markedly reduced, Results of experiments

performed to determine how soon the fish were affected by sublethal



Table 3. Exposure of coho salmon to 0,01, 0.03, and 0005 mg/I sodium cyanide as CN before swim-
ming performance tests.

Date of Time fish exposed Time after exposure Total time from beginning of
test eT st to CN before test to CN before test experiment to swimming test

(1967) number (hr)/ (hr) (hr)

5/5 1 2 0 2

5/6 2 26 0 26

5/7 3 53 0 53

5/10 4 126 0 126

5/13 5 194 0 194

5/13 6 193 6 199

5/16 7 193 83 276

5/20 8 193 169 362

5/23 9 193 251 444

5/27 10 193 337 530

All periods of exposure to cyanide before tests include the one-hour period during which the fish
were being accustomed to the test chamber before the actual swimming performance test,
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cyanide concentrations and the speed of recovery are presented in

Table 4, and also graphically in Figure 3.

In control tests at 1. 62 feet per second, the average swimming

time observed in four sets of three consecutive trials, each with five

fish (total of 12 trials with 60 fish), was 8. 72 minutes. The mean

swimming times of five fish subjected for two hours to 0.01, 0.03,

and 0. 05 mg/i were, respectively, 3.80, 1.85, and 1.40 minutes.

Using the control mean swimming time of 8. 72 minutes as a basis for

comparison, the reductions of mean swimming time were computed to

have been 56, 79, and 84 percent, respectively. After 193 hours of

exposure to cyanide followed by 337 hours of retention in well water

containing no cyanide (530 hours from beginning of experiment),

samples of five fish that had been subjected to 0. 01, 0.03, and 0. 05

mg/i CN showed mean swimming times of 7. 35, 5. 50, and 5. 05

minutes, respectively. The reductions of swimming time were 16,

37, and 42 percent, respectively.

The impairment of swimming performance was very rapid, for

after two hours of exposure to cyanide the fish swam only 1/2 to 1/6

as long as did the controls. Little or no difference was observed

between the mean swimming times of fish that had been exposed for

two hours and for 194 hours to each of the three cyanide concentrations.

The recovery of fish exposed to the three cyanide concentrations for

193 hours and then placed in well water containing no cyanide, as
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Mean swimming times, total lengths, and wet weights of
coho salmon exposed to various cyanide concentrations.

Date of Mean swimming Mean total Mean wet
test Test time length weight

/(19o7) number (mm) 1/ (mm) (gm)

5/4 1 9.13 64.8 2.21
5/4 2 12,40 68.6 2.49
5/5 3 7.40 68.0 2.60

9,60* 67,1* 2.43*

5/12 4 13.50 66.4 2.38
5/12 5 6, 60 68.8 2. 53
5/12 6 6.35 66.2 2. 20

8. 80* 671* 2. 37*

5/20 7 8.35 66.4 2.34
5/20 8 8.90 65.8 2.19
5/20 9 6.00 68.2 2.45

7.80* 66.8* 2.33*

5/27 10 8.50 67.4 2.39
5/27 11 9.00 70.2 2.66
5/27 12 8.80 68.2 2.29

8,70' 68.6
.3-

2.45'

0. 0 lgJ

5/5 1 3.80 66.4 2. 29

5/6 2 3.55 66.2 2.25

5/7 3 4.25 68.8 2.55

5/10 4 2,95 67.6 2.37

5/13 5 3.00 67.0 2.41

5/13 6 3,15 66,4 2.33

5/16 7 3,20 65.4 2. 16

5/20 8 4.00 68.0 2.58

5/23 9 3,95 68.6 2.49

5/27 10 7.35 65.8 2.39
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Table 4. (Continued).

Date of Mean swimming Mean total Mean wet
Testtest time length weight

number
(1967) (min)JJ (mm) (gm)

0.03 mg/i
5/5 1 1.85 63.2 1.93

5/6 2 L70 65.6 2.31

5/7 3 1.75 64.8 2.14

5/10 4 1.35 69.6 2.49

5/13 5 1.75 65.8 2.30

5/13 6 2.25 65.8 2.25

5/16 7 2.45 64.0 1.98

5/20 8 3.75 67.8 2.49

5/23 9 3. 85 66.4 2. 26

5/27 10 5.50 66.8 2.35

0.05 mg/l

5/5 1 1.40 65.4 2. 16

5/6 2 1.45 66,0 2.32

5/7 3 1.40 65,2 2.18

5/10 4 1.65 67,8 2.29

5/13 5 1,45 63.8 2.18

5/13 6 2.50 66.8 2.31

5/16 7 2,55 64.0 2.16

5/20 8 3.10 66.2 2. 14

5/23 9 3.95 68.2 2.34

5/27 10 5.05 67.0 2. 14

-A1l swimming tests were performed with five coho salmon and these
values are the means of the five observed swimming times (Appendix
F), The values marked by an asterisk are means of the three above
mean values.
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indicated by the results of tests Nos, 6 and 10, is shown in Figure 3.

Some improvement in swimming performance could be seen only six

hours after removal of the fish from the cyanide solutions (test No. 6

versus test No. 5). The increases of the mean swimming time of fish

that had been previously held at concentrations of 0,01, 0003, and 0.05

mg/i CN were 5.0, 29, and 72 percent, respectively. After the first

six hours in well water, the recovery was very gradual, and complete

recovery was not yet observed when the experiment was discontinued

after 530 hours.

Dissociation and Formation of the Nickelocanide Complex

In the experiments described below, either the nickelocyanide

complex or NaCN and NiSO4, as well as appropriate buffers, were

added to deionized water. The subsequent change with time of the HCN

concentration, through dissociation or formation of the nickelocyanide

complex in the test solutions, then was observed.

Figure 4 shows these changes in HCN concentrations in the

solutions with various pH values and total cyanide concentrations.

Estimates of time required for equilibrium to be reached in each test

solution and of the HCN concentration at equilibrium are given in

Table 5.

In the five experiments in which the nickelocyanide complex was

added to buffered deionizedwater and the subsequent increase of the
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Table 5. Estimates of time required for HCN equilibrium to be
reached, and of the respective equilibrium concentrations,
in different test solutions containing cyanide and nickel with
various pH values and total cyanide concentrations.

Equilibrium HCN Estimated time to

H
Total CN concentration equilibrium

(mg/i) (mg/i) (minutes)
Dis s ociation Formation Dis s ociation Formation

6,5 0,5 0.26 0,27 14,000 4,000

6.5 5, 0 0.44 0,43 9, 000 5, 000

7. 1 5.0 0. 16 0. 17 1,500 500

7.1 500 0.52 0.51 600 4,000

7.7 500 0.19 0,20 350 4,000

HCN concentration through dissociation of the complex was observed,

the time to equilibrium decreased with any increase of either pH or the

total cyanide concentration (Table 5). Neither pH nor the total cyanide

concentration was clearly the dominant factor determining the time to

equilibrium. In Table 6, the percentage of total cyanide that is present

as HCN at equilibrium in each of the test solutions is shown together

with the approximate time required for attainment of the equilibrium.

Figure 5 shows that the logarithms of percentages of total

cyanide present as HCN at equilibrium in the five experiments are

directly and probably linearly related to the logarithms of time to

attainment of equilibrium. In other words, the time to equilibrium is

apparently a function of the ratio of HCN concentration present at

equilibrium to the total cyanide concentration.
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Table 6. Percentages of total cyanide present as HCN at equilibrium
in water to which the nicicelocyanide complex has been added
and the times in minutes to attainment of equilibrium through
dissociation of the complex.

Equilibrium HON Percentage of total Time in
Total ON

pH concentration cyanide present as minutes to HON
(mg/i) HON at equilibrium equilibrium

6.5 0,5 0,26 52 14,000

6.5 5.0 0.44 8.8 9,000

7,1 5,0 0,16 3,2 1,500

7. 1 500 0.52 0. 12 600

7.7 500 0.19 0.038 350

In the experiments in which NaCN and then NiSO4 were added to

deionized water and the change in HON concentration was determined,

the initial rate of formation of the complex tended generally to

increase with increase of pH or of the total cyanide concentration

(Figure 4). However, the results of the two experiments at pH 7. 1 and

7.7, in which the total cyanide concentration was 500 mg/I, were

entirely anomalous. Not only was the time required for attainment of

equilibrium unexpectedly long (Table 6), but also the HCN concentra-

tion first determined was comparatively low and the concentration

then increased to the equilibrium level, I can offer no explanation for

this anomaly at this time. In the three experiments in which the HON

concentrations first determined were greater than the equilibrium

concentrations, the time to equilibrium was less than the time required

for attainment of equilibrium in corresponding experiments on the



dissociation of the nickelocyanide complex (Table 6).

From the equilibrium concentration of HCN in a test solution of

known temperature, pH, and total cyanide concentration, the cumulative

dissociation constant (KD) for the nickelocyanide complex can be

calculated. An "apparent KD" value corresponding to the equilibrium

value for HCN obtained in each of the experiments was calculated

(Table 7). The procedure used to calculate these values is presented

in Appendix E.

The apparent values thus obtained tended generally to increase

with increase in pH and total cyanide concentration. Theoretically,

the should be independent of pH and total cyanide concentration.

The apparent values for the 0.50 and 5.0 mg/I CN experiments

agree within limits of expected experimental error. The observed

change in the apparent value of KD with increasing pH and total cyanide

concentration could be the result of many different factors, some of

which are considered in the Discussion.

From information given by Christensen et al. (1963), one can

calculate the at 20°C by the equation:
K1 = KD at temperature T1

K2 H°( T 'r )
K2 = KD at temperature T2

2 1 = Enthalpylog
K1 2. 303 R T1 T2 R = Ideal gas constant

This calculation gives a KD value of 2.28 x l0 which is in good

agreement with the apparent KD value of 2.40 x iü based on my

observations on the solutions with pH 7. 7 and 500 mg/I total CN.



Table 7. Apparent cumulative dissociation constants for the nickelocyanide complex at 20°C, as
calculated from equilibrium HCN concentrations determined at various pH values and total
cyanide concentrations,

Type of Total CN Molarity of Activity of H+ Apparent
Hp test!' (mg/i) (moles /1) HCN x 10 in moles/I x 1031

6.5 F 0.50 1. 9218 x 1O 0. 99904 3. 162 x l0 0.3928
D 0.50 1. 9218 x l0 0. 96204 3. 162 x l0 0.3127

0. 35271

6.5 F 5.0 1.9218 x io- 1.5911 3, 162 io 0.2104
D 5,0 1. 9218 x iO4 1. 6281 3. 162 x io 0.2366

0. 2235

7. 1 F 5,0 1. 9218 x i0 0. 62903 7. 943 x io_8 0.4859
D 5,0 1. 9218 x l0 0.59202 7.943 x 10-8 0.3581

0.4220

7. 1 F 500 1. 9218 x 10 1.8871 7.943 x io-8 1. 1431
D 500 1.9218 x io2 1. 9241 7.943 x i08 1.2596

1.2014

7.7 F 500 1.9218 x 10_a 0.7400 1.995 x t08 2.7051
D 500 1. 9218 x iO 0.7030 1.995 x io-8 2.0936

2.3993

-"Letter F designates formation and Letter D designates dissociation of the nickelocyanide complex.

Average of the two values above.
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Toxicity of the Nicicelocyanide Complex

The results of all bioas says are summarized in Table 8. In

Figure 6, the mectian survival times of bluegills, as determined in

tests Nos, 1 through 5 (Table 8) of solutions with 0. 20 mg/I HCN but

varying concentrations of nickelocyanide complex and pH values, are

plotted against the total cyanide concentration, expressed in mg/I CN.

It can be seen that, although the HCN concentration is constant, there

is an inverse and linear relationship between total cyanide concentra-

tion as CN and median survival time. This observation is direct

evidence that some constituent other than the HCN molecule contributes

to the toxicity to bluegills of solutions with high concentrations of the

nickelocyanide complex. It indicates that the Ni(CN)4 complex ion

itself is toxic, because the CN ion concentration is very low in these

test solutions and by calculation can be shown to increase only by

0.0023 mg/i CN with an increase in pH from 7. 1 to 7.6 (Table 8, tests

Nos, 1 and 5), By reference to a curve relating median resistance

time in minutes to the concentration of molecularHCN in milligrams

per liter as was determined by ]Joudoroff, Leduc and Schneider (1966),

we observe that this increase in CN would result in a negligible

decrease in median resistance time of the bluegills. Thus, the

observed differences in toxicity of the solutions cannot be ascribed

to differences in CN ion content. It is apparent, however, that when

the total cyanide concentration is not much greater than 10 mg/i CN,



Table 8. The total cyanide and molecular HCN concentrations, and the median survival times for bluegilis exposed to various NaCN and Ni(CN)
complex test solutions.

Test number 1 2 3 4 5 6 7 8 9 10 11 12 13

Chemical or NaCN NaCN

mixture tested NaCN Ni(CN)4 Ni(CN)4 Ni(CN)4 Ni(CN)4 Ni(CN)4 Ni(CN)4 Ni(CN)4 Ni(CN)4 Ni(CN)4 NaCN + +

NiSO4 NiSO4

MeanpH 7.10 7.10 7.34 7.45 7.60 6.50 6.50 6.50 7.10 7.10 7.10 7.10 7.60

Total cyanide concen-
tration (mg/l) .2395 9.99 100 248 500 2316 .2316 2316 5.0 5.0 1935 9.9 500

Time from preparation
of solution to beginning
of bioassay (mm) 30 1, 440 1, 440 1,440 1, 440 7,050 11, 370 29,580 315 1, 750 210 60 45

Molecular HCN con-
centration during test 0. 35 0. 09.1
period (mg/l) 0. 20 0. 20 0. 20 0. 20 0. 20 0.08 0.11 0. 20 0.06 0.16 2/ 0.17 to to

0.25 0.15

Median survival
time (mm) 260 257 226 196 140 >480 >480 240 600 308 351 174 280

"This HCN concentration was calculated from the apparent KD value for pH 6.5; 0.50 mg/i CN (0.3527 x i031).

These HCN concentrations were determined by referring to the dissociation curve for the test solution at pH 7.1; 5.0 mg/l CN in Figure 4.

First value represents the initial determination and the second value the final determination made during the course of the experiment.

Test was discontinued at this time with all fish still alive.

u-I
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the toxicity of the complex is negligible, and that the toxicity is then a

function of the molecular HCN concentration only, for all practical

pu r 05 e 5

Dissociation curves (Figure 4) for the nickelocyanide compl.ex

give information on the course of dissociation of the complex in

solutions with various pH values and total cyanide concentrations.

From these curves one can conclude that the toxicity of the test solu-

tions should increase with time until equilibria are attained, and more

slowly when the solutions are very dilute and acid than when they are

more concentrated and slightly alkaline. Various acute toxicity bio-

assays were performed in order to verify this conclusion. These are

reported as tests Nos. 6 through 10 (Table 8). Ten bluegills were

used in each test. The median survival times of bluegills in test

solutions containing 002316 mg/i total cyanide and with pH 6.5 were

greater than 480 minutes when the time from preparation of the test

solutions to the beginning of the bioassays were 7,050, or 11,370

minutes; when this time interval was 29, 580 minutes, the median

survival time was only 240 minutes. In test solutions containing 5. 0

mg/I total cyanide and with pH 7. 1, bluegills of average resjstance

lived for more than 600 and 308 minutes whet the times from prepara-

tion of the test solutions to the beginning of the bioassays were 315 and

1, 750 minutes, respectively. The toxicity of nickelocyanide complex

solutions evidently increased with time, and as the pH and total cyanide
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content of the test solutions increased, the time required forequilibri-

um to be attained decreases,

Tests Nos, 12 and 13 were performed to verify by bioassay

some of the observed differences of molecular HCN concentration in

different solutions where NaGN was combined with Ni.SO4 to form the

nickelocyanide complex. In test No. 12, the median survival time of

bluegills should be shorter than that observed in test No. 2, the

corresponding Ni(CN)4 complex ion dissociation experiment, because

of the relatively high molecular HCN concentration that was expected

and observed in the former test, Indeed this was the result; the

median survival times were 174 minutes in test No. 12 and 257 mm-

utes in test No. 2. In test No. 13, the median survival time should be

longer than that observed in test No. 5, the corresponding Ni(CN)4

complex ion dissociation experiment, because of the surprisingly low

initial concentration of molecular HCN that was observed in relatively

concentrated solutions such as that used in test No. 13. Indeed this

was the result; the median survival times were 208 minutes in test

No. 13 and 140 minutes in test No. 5. These tests show that the

toxicity of the solutions varied in accordancewith variations in

molecular HCN concentration determined by chemical analysis. The

confirmation by bioassay of the anomalous, immediate reduction of

molecular HCN to a very low level that was observed upon combination

of 500 mg/l of CN ion with nickel ion at pH 7. 1 and 7.7 is especially
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noteworthy

Penetration of Cyanide and Nickelocyanide Complex

The experiments with labeled cyanide were of two kinds:

experiments with NaCN, and those in which NiSO4 was combined with

NaCN to form the nickelocyanide complex, Ni(CN)4.

The percentage of cyanide present in different forms in the

various solutions used in the tests is presented in Table 9. Sample

calculations used to determine these percentages are presented in

Appendices B and C.

The numbers of C-14 disintegrations per minute per gram of

tissue, as determined for blood, liver, and gill tissues in the NaCN

and Ni(CN)4 experiments at various pH values, are presented in

Table 10 and plotted against exposure time in Figure 7. 1'he informa-

tion used to calculate these values is presented in the Appendix (G).

Figure 7 facilitates comparison of the rates of increase of the

labeled cyanide content of the various tissues of the bluegills in the

NaCN and nickelocyanide experiments. In general, the relationship

to exposure time of the numbers of disintegrations per minute, and

therefore of the amounts of CN accumulated, in the blood and liver

tissue of fish exposed to all test solutions was fairly linear. On the

other hand, the rate of increase of C-14 labeled cyanide in the gill

tissue tended to decrease in all experiments as exposure time



Table 9. Percentages of cyanide present in different forms in various test solutions prepared with
NaCN labeled with C-14.

Calculated HCN Percentage of cyanideTest
pH

Total cyanide concentration psent as:number (mg/i) (mg/l)JJ' CN HCN Ni(CN)

NaCN Experiments

1 6. 50 0. 1928 0,20 0. 14 99.86

2 7. 10 0. 1936 0,20 0.55 99.45 -

3 7.10 0.0484 0.05 0.55 99.45

4 7.70 0.1967 0.20 2,14 97.86

Ni(CN)4 Experiments

5 6.50 0.2523 0,20 0.11 76,31 23,59

6 7, 10 12.74 0.20 8.29 x io- 1. 512 98.49

7 7.70 563.7 0.20 7.48 10 0.03415 99. 97

1The HCN concentrations were calculated by using the dissociation constant for HCN at 20°C of
4.365 x i010 given by Izattetal, (1962) and my apparent K values for the Ni(CN) complex ion at
20°C as determined for the different pH values and total cyanide concentrations.

Ui
0"



Table 10. C-14 disintegrations per minute per gram of blood, liver, and gill tissue samples or per
milliliter of test solution from NaCN and Ni(CN) experiments at various pH values,

Timein .NaCN Experiments
,

Ni(CN)4
=

Experimentstest
solution Tissue

1 4 5 6 72 3

(minutes) (pH 6, jjp7, 1) (pH 7. 1) (pH 77) (pH 6 5) (pH 7 1) _L)
15 Blood 5, 749 5, 024 4, 452 4, 823 3, 647 70, 02 9. 03

Liver 5, 179 2,664 5, 655 3,736 2, 641 37 80 5 92
Gills 9,894 9,827 8,612 9, 116 6,817 395,3 229.8

30 Blood 6,265 7,714 7,349 5,413 4,185 123,2 8,44
Liver 4,772 5,774 10, 838 4,518 2,464 85,30 19.0
Gills 12, 336 14, 552 11,322 13, 922 9, 986 563,8 439.6

60 Blood 7,224 9, 168 11,525 5,994 5,739 148.5 14,3
Liver 8,544 6,279 26,759 6,802 5,839 164,0 57,3
Gills 17, 020 20, 820 20, 575 17, 841 13, 387 695. 6 493. 2

120 Blood 8,900 12, 224 15, 567 10, 238 6, 966 360. 1 169
Liver 11, 137 12, 083 39, 789 10, 167 7,480 553, 1 150. 9
Gills 21,036 21,627 32, 115 23,314 13,811 927.4 6336

Test solution

4, 924 4, 905 4, 821 4, 613 4, 830 4, 740 4, 850

Calculated HCN concentration
(mgjl)

0,20 0,20 0. 05 0. 20 0. 20 0. 20 0. 20

Ui
-4
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increased. The blood and liver samples had nearly equal concentra-

tions of labeled cyanide, whereas the gill filaments had considerably

higher concentrations. When one compares the rates of increase of

labeled cyanide in various tissues in the NaCN experiments at the three

pH values, it becomes apparent that pH within the range 6. 5 to 7. 7

does not affect these rates for the three tissues of bluegilis that were

studied,

The penetration and concentration in tissues of labeled cyanide

in the Ni(CN)4 experiments are generally similar to those observed in

the NaCN experiments. One notable difference is that, as the total

cyanide concentration increases from 0.2523 mg/i GN at pH 6. 5 to

563.7 mg/i CN at pH 7.7, while the HCN concentration remains

constant, the percentage of labeled cyanide found in the gills and in

the liver is substantially increased, This can be seen in Figure 7 by

comparing the respective curves for the three tissues from NaCN and

N1(CN)4 experiments at pH 7. 7.

By calculating the percentages of the total cyanide that were

present as HCN in the test solutions used in the three Ni(CN)4

experiments, it was possible to estimate the number of disintegra-

tions per minute per gram of tissue ascribable to penetration of HCN

in these experiments, on the basis of the results of the corresponding

NaCN experiments. Any great deviation of the observed values from

the values so estimated must result from penetration of the Ni(CN)4



complex ion itself, since the concentration of CN ion is very small or

negligible in all the Ni(CN) experiments. A sample calculation for

the gill tissue of a bluegill that had been exposed for 120 minutes to the

experimental test solution at pH 7. 7 and 563 7 mg/l CN illustrates

this procedure

Observed disintegrations per minute per gram of tissue

NaCN experiment 23, 314
N1(CN) experiment 663 6

Estimated disintegrations per minute per gram of tissue
referable to penetration of HCN is equal to:

Observed disintegrations for NaGN expimen1 rpercentage of cya-
I

Percentage of cyanide present as HCN nide present asIin NaCN experiment HCN for corres- =

I f

ponding Ni(CN)LJ Lexpem1t

[z33i41 ,03415 = 8,136

Ratio of observed to estimated disintegrations per minute per
gram of tissue for Ni(CN) experiment is:

633,6
77. 888,136

In making these calculations we must assume that the total cyanide

concentration does not affect the penetration of molecular HCN.

In Table 11, the numbers of Cl4 disintegrations per minute per

gram of tissue in various body tissues of the bluegills observed in the

Ni(CN) experiments are presented along with the estimated numbers

referable to penetration of HCN. The ratio of an observed value to the



Table 11. Observed numbers of C-14 disintegrations per minute per gram of tissue in various body
tissues of bluegilis exposed to solutions containing the N1(CN) ion, estimated numbers
referable to penetration of HCN alone, and ratios of the observed to the estimated numbers.

Time in
test pF 6.5; 0.2523 mg/i CN pH 7. 1; 12.74 mg/I CN pH 7.7; 563.7 mg/i CNTissuesolution observed estimated ratio observed estimated ratio observed estimated ratio

(minutes)

15 Blood 3, 647 4, 393 0.830 70. 02 76. 36 0. 917 9. 03 1. 683 5. 36
30 4, 185 4, 788 0.874 123.2 117.2 1. 051 8.44 1.889 4.47
60 5, 739 5, 520 1. 040 148. 5 139. 3 1. 066 14. 3 2. 092 6. 84

120 6, 966 6,801 1.024 360. 1 185.8 1. 938 16. 9 3.573 4.73

15 Liver 2, 641 3, 957 0. 667 37.80 40.49 0. 934 5. 92 1. 304 4. 54
30 2,464 3, 647 0,676 85.30 87.76 0. 972 19.0 1.577 12. 0
60 5,839 6,529 0.894 164.0 95.44 1.718 57.3 2.374 24.1

120 7,480 8,510 0.879 553. 1 183.6 3.013 150. 9 3.548 42.5

15 Gills 6,817 7,561 0.902 395.3 149.4 2.646 229.8 3. 181 72.2
30 9, 986 9,427 1. 059 563. 8 221. 2 2. 549 439. 6 4. 858 90. 5
60 13,387 13,006 1.029 695.6 316.4 2.198 493.2 6.226 79.2

120 13,811 16,075 0.859 927.4 328.7 2.821 633.6 8.136 77.9
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estimated value referable to penetration of HCN alone indicates to what

extent forms of cyanide other than HCN entered the fish tissues. A

ratio near unity indicates that HCN is the only species of cyanide

entering; a ratio substantially greater than unity is evidence that some

cyanide species other than HCN also enters. Information presented in

Table 11 gives convincing evidence that some cyanide species other

than HCN does enter tissues of the bluegills in substantial amounts.

Doudoroff, Leduc and Schneider (1966) reported that a decrease

of the pH of nickelocyanide complex test solutions at the gill surfaces,

as a result of release of free carbon dioxide through respiration, does

not materially increase the toxicity of the solutions to fish. They

concluded that the Ni(CN)4 complex ion does not dissociate rapidly

enough to materially increase the molecular HCN concentration at the

gill surfaces. Therefore, the Ni(CN)4 complex ion must enter the

bluegills and account for the added radioactivity of the tissue samples,

and its uptake probably accounts for the fact that the nickelocyanide

complex solutions proved more toxic than NaGN solutions with the same

molecular HCN concentrations.

In the experiments at pH 7.7 with 563.7 mg/l total cyanide I

found a nearly constant ratio of observed to HCN-referable disintegra-

tions per minute per gram of tissue for the blood and gill tissues

(Table 11). But the liver evidently concentrates the Ni(CN)4 complex

ion, for the ratio in question increased markedly with exposure time.
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The effect of HCN concentration on the rate of uptake of radio-

active C- 14 was also considered by comparing results of two experi-

ments at pH 7. 1, one with 0,05 and another with 0.20 mg/i HCN (Table

10). The rate of uptake of C- 14 labeled cyanide by all tissue samples

in both experiments was nearly constant except for the progressively

declining rate of uptake by the gill tissues in the 0.20 mg/i HCN

experiment. It was noted that fish exposed to this high HCN concen-

tration for a period of 120 minutes were near death and their respira-

tory rate was markedly reduced. Such a decrease in irrigation of the

gills may account for the decreased rate of C-14 uptake. It is also

quite possible that the turnover rate of labeled cyanide is more rapid

at this higher HCN concentration. The most apparent and probably

the most significant difference between the 0.05 and 0.20 mg/I HCN

experiments is the difference between the rates of uptake of C- 14 by

the liver. In the 0. 05 mg/i HCN experiment the liver accumulated a

far greater amount of C- 14 cyanide than it did in the experiment where

0.20 mg/I HCN was present; on a weight basis this accumulation even

exceeded that in the gills. This signifies that in the more dilute HCN

solution the liver accumulated nearly as much cyanide (or some product

of its detoxification) as it did in the more concentrated solution. How-

ever, it must also be emphasized that since only retention and not turn-

over rates were measured, this observation could be the result of

accelerated clearance by the liver at the high HCN concentration of 0. 20

mg/i.
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DISCUSSION

The modification of the method of Schneider and Freund that was

developed during my research renders the procedure for determination

of HCN usable in both field and laboratory situations where only

limited facilities are available. Throughout this research, my method

proved a reliable, easy, and inexpensive method for determining

molecular HCN in aqueous solution at concentrations ranging from

about 0.005 to 1.0 mg/I. The apparatus could easily be modified for

field use, that is, for use in mobile or temporary field laboratories,

by employing a smaller compressed air cylinder, only a two-stage gas

regulator for controlling the flow of air, a smaller volume of test

solution, one concentration column, and one water displacement

bottle. To reduce as much as possible the time required to collect the

HCN on the concentration column, the flow rate could be increased to

about 75 mi/n-un without material reduction of the equilibration

efficiency, as compared with that attained at a flow rate of 50 mI/mm

(Schneider, 1962).

The results of my experiments on the influence of cyanide on the

swimming performance of coho salmon agree with the results of Neil's

(1957) experiments with brook trout, showing that the swimming

performance of salmonids is indeed affected by cyanide much more than

is that of cichlids tested by Leduc (1966). The behavior of the salmon

in the test chamber suggested that behavioral changes, as distinguished
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from true impairment of swimming ability, may have been largely

responsible for the poor performance of the fish exposed to cyanide.

A marked reduction in swimming performance of coho salmon was

apparent even at 0.01 mg/I CN, Therefore, more swimming tests

should have been performed at lower concentrations in order to define

the limit of sensitivity required of an analytical method suitable for

determination of any effective level of }-ICN. These experiments not

having been performed, I can only say that a method for determination

of molecular HCN that is suitable for wide application in the field of

water pollution control apparently must be sensitive enough to measure

micrograms of HCN per liter of solution. With my method, I deter-

mined concentrations of HCN as low as 5 g/1. It is believed that even

lower concentrations could be determined by increasing the bubbling

rate or the bubbling time, or both, so as to collect enough cyanide on

the concentration column.

The dissociation and formation of the nickelocyanide complex

were studied in an attempt to explain some of the results reported by

Doudoroff (1956), My results indicate that the time to equilibrium for

dissociation of the nickelocyanide complex is a function of the per-

centage of total cyanide initially present in the form of Ni(CN)4 comp1ex

ion that will be present as HCNat equilibrium. This percentage

increases with a decrease of pH to a value near 6. 5, at which the

complex is mostly dissociated when the concentration is near the limit



of tolerance of fish such as the bluegill and equilibrium has been

attained. In a solution with a total cyanide content of 0. 2316 mg/I and

pH 6. 5, the complex was about 85% dissociated at equilibrium. Having

determined equilibrium HCN concentrations, I was able to calculate

apparent values for the Ni(CN)4 complex ion in test solutions of

various total cyanide concentrations and pH values. A KD value of

2.28 x io31 at 20°C was also calculated from data of Christensen et

al. (1963). Using these lCD values, it is possible to calculate the

theoretical relationships between pH and median tolerance limits of

the nickelocyanide complex, expressed in mg/l total cyanide, assum-

ing HCN to be the only toxic species in the solutions. Figure 8

illustrates these relationships. Figure 8 shows that Doudoroffts

sigmoid curve relating logarithms of median tolerance limits to pH

does not agree fully with the theoretical curves relating pH and the

logarithms of the total cyanide concentration required to produce 0. 16

mg/i HCN. The HCN concentration of 0. 16 mg/i was selected for two

reasons First, it was chosen because I found by trial that curves

obtained by using this value and my apparent lCD values for thenickel-

ocyanide complex or the lCD of 2. 28 x iü3' most nearly approximate

Doudoroff's (1956) 48-hour median tolerance limit curve obtained with

fathead minnows, Secondly, this value was judged appropriate because

Doudoroff, Leduc and Schneider (1966) reported that the 48-hour median

tolerance limit of HCN concentration for bluegilis exposed to NaCN
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solutions that were continuously renewed was near 0. 16 mg/i.

At a low pH, the toxicity of the complex observed by Doudoroff

(1956) was much less than that which is theoretically predictable on

the basis of the value of 2.28 x io31 and the assumptions that

molecular HCN is the only toxic component of the solutions and that

equilibrium has been attained. On the other hand, at a high pH, the

toxicity is greater than that which is predictable on the same basis.

The slope of the middle portion of the curve relating toxicity to pH

differs considerably from the theoretical slope. Much smaller differ-

ences between theoretical and observed toxicities are seen when one

compares Doudoroff's sigmoid curve with the theoretical curve ca1-

culated from the various apparent KD values derived by computation

from results of my dissociation experiments and presented in Table 7.

The latter curve approximates Doudoroff's 48-hour median tolerance

limit curve at nearly all pH values except the most extreme pH levels

tested, that is, at pH values below 6. 9 and above 7. 9, where the

curves diverge considerably.

Because of the long time required for equilibrium to be attained

in nickelocyanide complex solutions at pH 6. 5 and at low total cyanide

concentrations in Doudoroff's experiments, it is now obvious that his

test solutions at pH 6. 5 were not at equilibrium when bioassays were

begun and that complete equilibrium had not been attained by the time

of their conclusion. This accounts for the deviation of the lower portion



of his curve from the theoretical curve calculated from the various

apparent KDvalues. The upper portion of my theoretical curve very

closely approximates Doudoroff' s 48 hour median tolerance limit

curve except for pH values above 7. 9. If the complex ion itself is as

toxic as my experiments with bluegills indicate that it is (Figure 6),

the divergence of these two curves at high concentrations of the complex

should be even greater than was observed, The fact that a greater

divergence was not observed cannot be accounted for at this time ex-

cept by pointing out that fathead minnows were used by Doudoroff,

whereas bluegills were used in my toxicity bioassays. The reason why

the curve computed from the various apparent KDvalues more closely

approximates the observed data. presented by DoudorofL than does a

curve computed from the of 2.28 x o31 of Christensen etal.

(1963) is unknown, The apparent variation of the value of KD with pH

or with concentration of the complex also cannot be explained.

One of the factors causing a change in the apparent KD value

could be biological and chemical breakdown of cyanide during the

prolonged period required for attainment of equilibrium in solutions

with the low total cyanide concentrations. A small loss of cyanide from

these very dilute solutions would have a greater effect on the equilib-

rium HCN concentration than would the same loss of cyanide from

more concentrated solutions of the nickelocyanide complex. Such a

loss would result in a reduction of the apparent value of Some
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loss of cyanide is suggested by the gradual decrease in HCN concen-

tration observed after the attainment of a maximal HCN level in the

experiment atpH 6.5 in which the total CN concentrationwas 0.50

mg/i (Figure 4). However, there is no evidence of any considerable

loss of cyanide in the tests with more concentrated solutions, and

the apparent value of obtained in the experiment at pH 6. 5 with

5. 0 mg/i total cyanide is less than that obtained in the tests at the

same pH and with the lower total CN concentration of 0. 50 mg/i

Therefore, the approximately two-fold increase in apparent KD with

an increase in pH by 0.6 in the experiments with each of the higher

concentrations of total cyanide (5.0 and 500 mg/i) could not have been

a consequence of loss of cyanide. Therefore some other factor must

be responsible for the change in the apparent KD with increase in pH

and total cyanide concentration.

A second factor causing a change in the apparent KD value could

be the increase in ionic strength of the more concentrated and alkaline

test solutions. However, over the range of ionic strengths that I

worked with such a change could not account for the near 10-fold

difference in values. It is therefore concluded that no one factor

seems to explain the variation in the apparent KD values and that no

satisfactory explanation can be offered at this time.

The use of radioactive carbon-i4 cyanide as a label provided
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much information on the rate of uptake and accumulation of cyanide by

various organs and tissues of bluegills. It was observed that external

pH within the range 6. 5 to 7. 7 had no apparent affect on the rate at

which radioactive cyanide was absorbed from NaCN solutions having

equal concentrations of molecular HCN. It was also noted that, on

a weight basis, the gills take up the HCN more rapidly than do the

liver and the blood. Since the gill tissue weights included the weight of

some cartilage, this difference would be evenmore apparent if only

the gill filaments had been removed for analysis. This statement is

based on the assumption that the gill arch cartilage does not absorb

much cyanide. In potassium cyanide solutions, Holden and Marsden

(1964) observed that trout generally had a higher concentration of

cyanide in the liver than in the gills, but in salmon the order was

reversed.

The effect of HCN concentration on the rate of uptake of radio-

active cyanide was evaluated from data collected in experiments with

solutions at pH 7. 1 and containing 0.05 or 0.20 mg/I HCN. The most

apparent and probably the most significant difference between the

results of the 0,05 and 0.20 mg/l HCN experiments is the difference

in rate of uptake of C- 14 cyanide by the liver, In the 0. 05 mg/I HCN

experiment the liver accumulated in 1 or 2 hours nearly as much

cyanide, or of some detoxification product, as it did in the experiment

where 0. 20 mg/I HCN was present. The lack of proportionality of the
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amounts accumulated to the external concentrations may be due to loss

of the liver's efficiency in removing and detoxifying cyanide at high

concentrations. Holden and Marsden (1964) also observed accumula-

tion of cyanide in the liver of fish exposed to various cyanide concen-

trations.

Experiment with nickelocyanide solutions gave evidence that

the complex Ni(CN)4 ion entered the three tissues of bluegills studied

in these experiments. The observed disintegrations per minute per

gram of gill or blood tissue taken after the four exposure times showed

a nearly constant ratio to the estimated values referable to penetra-

tion of HCN. This was to be expected, neither tissue presumably being

a site of detoxification. The liver, on the other hand, showed a

marked accumulation of radioactive cyanide with increase in exposure

time of the bluegills to the 563. 7 mg/l CN test solution. This sub-

stantiates the supposition that the liver is a site of cyanide detoxifica-.

tion in bluegills. The very high concentration of radioactive cyanide

found in the gills, in the experiment at pH 7. 7 and 563. 7 mg/i CN,

may have resulted from combination of the complex ion with muco-

proteins on the gill surfaces. Some coagulated mucus was observed

on the gills of the fish in this experiment and it was not removed.
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APPENDIX A.

Data collected for the calibration curve relating the known concentrations of HCN in solution
(mg/i HCN) and the amount of HCN collected in the concentration column per liter of air
dispersed (pg/i HCN).

HCN displaced HCN displaced
HCN concentration per liter of HCN concentration per liter of

in test solution air dispersed in test solution air dispersed
(mg/i) (pg/i) (mg/i) (jig/i)

0.004810 0.01382 0.241767
0.004810 0.01265 0.241767

0. 24i767
0.009566 0.02541 0. 24i767
0.009566 0. 03012 0. 24i767
0. 009566 0.02587 0. 24i767
0.009566 0.02636 0.24i767
0. 009566 0. 02862 0. 241767
0.009622 0. 02634 0. 241767
0. 009622 0.02628 0. 241767
0.009622 0.03056
0. 009622 0. 02868 0. 483545
0.009622 0.03259 0.483545

0.483545
0. 024211 0. 07033 0. 483545
0.024211 0.09714 0.483545
0.024211 0.07384 0.483545
0.024211 0. 10452 0.483545
0. 024211 0. 08750 0. 483545

0.024211 0.09815 0.483545
0.024211 0.07518 0.483545
0. 024211 0. 08550

0. 72532
0. 048422 0. 1834 0. 72532
0.048422 0. 1705 0. 72532
0.048422 0. 1713 0. 72532
0.048422 0. 1899 0.72532
0. 048422 0. 1713 0. 717675
0.048422 0. 1983 0.717675
0.048422 0. 1677 0. 717675
0.048422 0.1814 0.717675
0. 048422 0. 1785 0. 717675
0. 048422 0. 1986

0.9569
0. 14353 0.4517 0.9569
0. 14353 0. 5171 0.9569
0. 14353 0. 5232 0. 9569
0. 14353 0. 4698 0.9569
0. 14353 0.5409 0.9569
0. 14353 0.5140 0.9569
0. 14353 0.4783 0.9569
0.14353 0.5365 0.9569
0. 14353 0.4827 0.9569

0. 14353 0. 4871

0. 8455
0. 8685
0. 8557
0. 9706
0.7303
0.9190
0.9591
0.9344
0. 7601
0. 8497

1. 5878
1.6439
1.8116
1.7418
1.7470
1. 5543
1. 6986
1. 6678
1.8002
1.6212

2.8381
2. 6692
2. 6342
2. 5328
2,6446
2. 542i
2. 5429
2.4608
2. 5296
2. 5104

3.2815
3.3420
3.3979
3. 1473
3.3738
3. 3285
3. 1308
3. 1666
2.9519
3. 0970
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Sum of
Mean of
Standard deviation of
Standard error of mean
Maximum
Minimum
Range of

Sample size = 80

Regression line

A = .016552
B = 3. 434533

APPENDIX A. (continued)

HCN concentration
in test solution

(mg/i)

26. 25586
.32820
.33570
.03753
95690

.00481
95209

HCN displaced per liter
of air dispersed

(1g/1)

91. 50076
1. 14376
1. 15620

12927
3.39790
.01265

3.38525

Correlation coefficient R = . 9972

Y =A+BX

Standard error of A = .013611
Standard error of B . 029084

Analysis of Variance

Source of Degrees of Sum of Mean

variation freedom sguare ua

Total 79 105.60690 1. 3368

Regression 1 105.01949 105.0195

Error 78 . 58741 .0075
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APPENDIX B

Procedure for determining the total free cyanide required to produce
the desired HCN concentrations for NaCN experiments.

K
(Ht)(CN)

a (HCN)
Let (H+) A

(CN) B
(HCN) = C

A B
Ka; c = AKaB; K/A Let Y = K/A

Then C = or B = CY; Therfore C + B = C + CY
C(l+Y)

C+B C+B
l+K/Aa

(HCN) + (CN)
Substituting we see: (HCN) = + K 1(Ht)a

But (HCN) + (CN) total free cyanide

(HCN)K
Therefore (HCN) + (CN) = (HCN) +

a

(H)

According to Izatt etal. (1962), the Ka @ 20°C = 4.365 x 10_jo

0.20 mg/i HCN = 7.40 x lO_6 M Mol. Wt. HCN = 27.0259
CN 26.0179

0.05 mg/i HCN = 1.85 x 1o6 M
Molarity of Total

+ (HCN)Ka total free cyanide
pH (H) (HCN) (Ht) cyanide (mg/1CN)

6.5 3.162x107 7.40x106 1.022x108 74L022x18 .1928

7.1 7.943x108 7.40x106 4.067x108 744.067x108 .1936

7.1 7.943x108 1.85x106 1.017x108 186.017x108 .0484

7.7 1.995x108 7.40x106 1.619x107 756.19 x108 .1967
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APPENDIX C

Procedure for calculating the total cyanide required to produce the
desired HCN concentration for nickelocyanide complex experiments.

Assume: HCN concentration is 0.20 mg/i
pH = 7.1

(Ni)(CN) -32= 4.220 x 10
(Ni(CN)) (Table 7, pH 7. 1; 5. 0 mg/i CN)

(H+)(CN) -10
(HCN)

4.365 x 10

0.20 mg/i HCN = 7.400 x M

+ -8
(H ) 7.943x10 M

If (HCN) = 7.400 x io6 then (CN) (4. 365 x l0°)(7. 400 x io6)
7.943 x 10

(CN) = 4.06659 x l0

(CN) + (HCN) = 4.06659 x io8 + 7.400 x i06

= 7.4406659

(Ni) = ((CN) + (HCN)) = (7.4406659 x 1o6)

= i.860i66xi06

(CN)4= (4. 06659 x io8)4 = 2. 7347747 x

Let X = (Ni(CN)4)

(1.860166 x io6)(2. 7347747 x io30 -32
Therefore 4 2201 x 10

X

-365. 0871349 x 10X = = 1.205453 x 10
4. 2201 x io32
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CN can be present as: 1. Ni(CN)4

2. HCN
3. CN

1. CN present as Ni(CN)4

N1(CN)4 Ni++ + 4CN

1.205453 x 10 4.821812 x 10

Mol.Wt CN 26.0179

(4. 821812 x 10)(26. 0179) = 12. 5453 x 10 g/l
= 12.5453 mg/i CN

2. CN present as EGN

(7.400 x l0_6)(26. 0179) = 0.19253 x g/i

= 0.19253 mg/i CN

3. CN present as CN

(4. 06659 x 1o8)(26. 0179) = 0.001058041 x 10 g/l

= 0.001058041 mg/i CN

Total cyanide = 12.5453
0.19253
0. 001058041

12. 738888041

= 12.7389mg/i CN

The percentages of the total cyanide present in the respective
cyanide forms are as follows:

12. 5453
12. 7389

x 100 = 98.49% present as N1(CN)4

0. 19253 x 100 = i.51% present as HCN
12. 7389



1.058 x 10

12. 7389
x 100 = 8.29 x io% present as CN



APPENDIX D

Procedure for calculating the HCN concentration produced for a
given total cyanide concentration for nickelocyanide complex
eq)$rjments.

Assume: Total cyanide concentration is 12. 7389 mg/i CN
pH 7.1

(Ni++)(CN_)4 -32 (H+)(CN)
= 4.365 x iO4.2201 x 10 (HCN)

(Ni(CN))

12. 7389 mg/i CN = 4.89582 x 1O4 M

(H+) 7.943 x io8
-10

3(CN) 4.365 x 10 = 5.4954 x iO
(HCN) 7. 943 io8

If (HCN) X, then (CN) = (5.4954 x 103)(X)

(CN) + (HCN) = (5.4954 x 103)(X) + (X)

(X)(5.4954 x 10 + 1)

= (1.0054954)(X)

(Ni) = ((CN) + (HCN)) X(1. 0054954)

Total cyanide is equal to: 1. CN as Ni(CN)4
2. CN as HCN
3. CN as CN

If we assume that CN as CN is negligible then:

CN as Ni(CN)4 = Total Cyanide - CN as HCN

= 4.89582 x 10 - x

Ni(CN)4 = Ni + 4CN
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Therefore CN as Ni(CN)4 and expressed in (Ni(CN)) is

= 4.89582 - x 1.223955 x

4
(x)(1.00549s4 [5.4954 1o)(x

= 4.2201 x 10 -32
x1.223955 x -

[x)(1. OO54954 [912.005039 x 1012)(X
= 4.2201 x io324

-4 X1.223955 x 10 -

(X5)(917. 01687 x io2
4

1.223955 x 19 -
4.2201 x

(X5)(229. 2542 x 10 2)=5.L652,125106 (4.201x1032)(X)

(X5)(2.292542x100) +(1.055025x1032)(X) = 5.165Z106

X = 7.400x10

(HCN) = (7.400 x 106)(27. 0259) = 0.20 mg/1HCN

Check:

(2. 2l9006624x 1026)(2. 292542 x 1o10) +(1. 055025 x 1032)(7.400x 106)

5.08716588 lo_36 + 0.07807185 1o36 = 5.1652 x 1o36

This checks with the above value of 5. 1652 x lo_36
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Derivation of an equation used for determining the cumulative
dissociation constant of the nickelocyanide complex.

N1(CN) = Ni++ + 4CN KD
(Ni)(CN)4
Ni(CN)4

HCN = H+ + CN Ka
(H)

According to Izatt etal. (196Z), the Ka @ ZO°C 4. 365 x 1O

Let: X Initial total (CN)

Y = Initial total (Ni++)

Z Equilibrium N1(CN)4

X = (HCN) + (CN) + 4(Ni(CN)4)

Because N1(CN)4 = N1++ + 4CN

(CN) = X - (HCN) - 4Z

(Ni++) = Y - Z

K
(Ni)(CN)4

and
D (Ni(CN)4)

K (HCN)a
+

= (CN)
(H)

(Ni)
(Hf)Therefore K

(Ni(CN) )

X - (HCN) - (CN) (Ni++) = Y - ZWe know that Z and
4

(X - (HCN) + (CN))Therefore (Ni ) = Y

- +
(HCN)+(CN)- (Y-4) 4



++Initially 1(Ni ) + 4(CN ) are added together to form the com-

plex. Therefore X 4Y and Y - Y - Y 0.

Therefore (Ni) (HCN) +(CN)
4

K (HCN)

(HCN) + (CN) rK (HCN)1
(HCN) + a

+ K(HCN)I

[HJLH) j

(H) a

=
(Ni(CN)4) (Ni(CN)4)

X - (HCN) - (CN)
(Ni(CN)4) = z

4

K (HCN)
a r(HCN) +

+
I

K (HCN)(H) a
I +4 L(H)

K
D X- (HCN) - (CN

4

K (HCN) 4
(HCN) + a

+ [K (HCN)(H)
I

a
I +4
L (H)

K K(HCN)D aX-(HCN)- +(H)
4



4 5

rK (HCN)1 rK (HCN)1

(HCN)I
a j I a I

+ I

L(H) L (H) J
4

K
X-(HCN)- a

+(H)

(HCN)1 rK (HCN)1

K

(HCN) a +1 a

j(H) J L (H)
D K (HCN)

X-(HCN)- +(H)
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Swimming times, total lengths, and wet weights of coho salmon exposed
to various cyanide concentrations.

Swimming Total Wet Swimming Total Wet
Date Test time length weight Date Test time length weight
(1967) number (minute) (mm) (gm) (1967) number Iminute) (mm) (gm)

Total Cyanide Concentration - 0.00 mg/i CN 5/20 8 2.00 62 1.69
. 61

5/4 1 8.00 62 1. 80
9.00 62 1.83 11.00 63 1.76
7 42 68 2

15.00
2 8.90 65. 8 . 19

13.00 67 2. 56
9. 13.11' 64. 1" 2.21.1' 5/20 9 2.00 67 2.27

5/4 2 4.00 70 2. 51
8.00 68 2.37

00 1 2

11:00
68 2 24. 5

29.00 70 2.86
12.40 68.6 2.49 5/27 10 5.00 68 2.38

5/5 3 3.50 67 2.59
5.50 69 2.64 i000 6 1

:: 11.00
8.50 67. .39

11.00 66 2.48
7.40 68.0 2.60 5/27 11 4.50 66 2.17

5/12 4 2.00 65 2.07

12.00 69 2.64
825 65 266 15.00 73 2.85

2625 66 22 9.00 70.2 2.66
29:00
13. 50

..2

66.4 2.38 5/27 12 3. 50 61 1.45

5/12 5 4.00 72 2.92
5.00 69 2.

12. 50 71 2.63
6.00 62 1.84 14.00 72 2.61

8.80 68.2 229

6.60 68. 8 2. 53 Total Cyanide Concentration - 0.01 mg/i CN

5/12 6 2.50 65 2.04 5/5 1 1.00 61 1.73
3.25 66 2.29 3.00 69 2.70
7.00 68 2.28 3.00 71 2.70
8.00 64 2.02 6.00 65 2.10

11.00 68 2.36 6.00 66 2.20
6.35 66.2 2.20 3.80 66.4 2.29

5/20 7 3.00 63 1,86 5/6 2 2.00 65 2.25
3.25 62 1.85 2.75 67 2.25
5.00 68 2.33 3.50 65 1.98

14.50 68 2.64 4.50 66 2.31
16.00 71 3.02 5.00 68 2.47

8. 35 66.4 2. 34 3. 55 66. 2 2. 25
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APPENDIX F. (continued)

Swimming Total Wet Swimming Total Wet

Date Test time length weight Date Test time length weight

(1957) number (minute) (mm) (gm) (1967) number (minute)_Jmm) (gm)

Total Cyanide Concentration 0.01 mg/i CN 5/27 10 1.75 68 2.65

5/7 3 1.00 64 1.97
4.00 71 2.80 10.50 65 2.14
4.75 71 2,66 12 00 73 3 26
5.50 70 2.89 35 8 239
6.00 68 2.43
4. 25 68. 8 2. 55 Total Cyanide Concentration- 0. 03 mg/i CN

5/10 4 1.00 68 2.35 5/5 1 0.50 62 1.81

1.25 66 2.32 0.50 60 1.63

2.50 68 2.33 1.25 65 2,06

3.50 69 2.55 3.00 63 1.95
6.50 67 31 4.00 66 29
2,95 67.6 2,37 1. 85 63. 2 1,93

5/13 5 0.75 67 2. Si 5/6 2 0.75 57 1.63

1,00 66 2.42 1,00 66 2.38

1,7S 65 2.32 2.00 69 2,40
5.50 68 2.36 2.25 67 2.32

6.00 69 2.46 2.50 69 2.83
3.00 67.0 2.41 1.70 65.6 2.31

5/13 6 1.00 65 2. 19 5/7 3 0.75 68 2.42
2.75 66 2.01 1,00 63 1.90

3.50 66 2.10 1.50 67 2.35
4.00 70 2,61 2.50 61 1.98

4.50 65 2.26 3.00 65 05

3. iS 66, 4 2.23 1. 75 64. 8 2, 14

5/16 7 1. 50 60 1, 50 5/10 4 0. 50 69 2.33

2,75 66 2.27 0.75 71 2.92
3.50 70 2,82 1.25 70 2.50
3,75 64 1,84 2.00 72 2.56
4.50 67 2.37 2.25 66 2.15
3.20 65.4 2. 16 1.35 69.6 2.49

5/20 8 1.75 69 2.75 5/13 5 0.50 64 1.99

3.75 66 2.55 1.00 66 2.12
4.00 67 2.32 2.00 66 2.34
5.00 71 2.73 2.25 62 2.02
5.50 67 2.55 3.00 71 01

4.00 68.0 2.58 1,75 65,8 2,30

5/23 9 1. 75 63 1. 83 5/13 6 1.00 67 2. 45

2,00 70 2.68 1.50 64 1.99

4.25 70 2.37 2.00 65 2,15
5,25 73 3.18 2,75 65 2 21

650 67 2.39 4,00 68 2,46

3.95 68,6 2.49 2,25 65. 8 2,25



APPENDIX F. (continued) 88

Swimming Total Wet Swimming Total Wet

Date Test time length weight Date Test time length weight

(1967) nnmber (minute) (mm) J _117) nc_() Lmm) (gmj

Total Cyanide Concentration 0.03 mg/i CN 5/10 4 1.00 64 1.87

5/16 7 1.00 64 2.00 ::
1.25 64 1.89 2.00 69 2.40
2.50 65 2.08 250 69 2.32

2.45 64.0 1.98 5/13 5 0.75 59 1.61

5/20 8 1.00 70 2.51
:

3.75 68 2.46 1 75 64 1 91
4.25 2.45 2:50 3:00

1.45 63.8 2.18

3. 75 67. 8 2. 49 5/13 6 0.75 66 2.07
1.75 70 2.77

5/23 9 2.25 69 2.48 .5 66
3.50 66 2.22 3.25 64 1.96
A £.UV 4.50 68 2.615066.82
3.85 66.4 2.26 5/16 7 0.75 63 1.96

5/27 10 1.50 65 2.06
4.25 65 2.18 4.50 61 1.76
4.75 67 2.23 5.25 65 2.45
6.00 68 2.63 .55

11.00 69 2.67
5.50 66.8 2.35 5/20 8 1.00 64 1.97

Total Cyanide Concentration - 0.05 mg/i CN

5/5 1 0.75 63 1.90 3.75 66 2. 14

0.75 65 2.14 1.95
1.00 66 2. 26 3. 10 66. 2 2. 14

5/23 9 1.00 70 2.57- - - 1.25 68 2.18
1.40 65.4 2.16 2.50 66 2.14

5/6 2 0. 50 64 2.04 6.00 67 2.12
1.00 70 2.45 9.00 70 2.67
1. 50 65 2. ii 3.95 68.2 2.34
2.00 5/27 10 1.50

5 . 3.50 69 2.25
5/7 3 0.50 61 1.90 8.00 65 2.00

1.00 63 2.03 .29 2

1.00 70 2.66 5.05 67.0 2. 14

1.50 66 2.15
3.00 66 2.18
1.40 65.2 2.18

1/ Arithmetic mean of the five above observations.



APPENDIX C

Data on the penetration into bluegill tissues and concentration by them of C- 14 labeled cyanide in NaCN

and nickelocyanide complex test solutions at various pH values and total cyanide concentrations.

Counts per minute Counts per

Time in Total Wet Tissue corrected for minute Disintegrations

test length weight
- Wet background Counting corrected to per minute

solution of fish of fish weight Channel Channel efficiency 1003 counting per gram

(mm) (mm) (gm) Kind (gm) 1 2 ratio (percent) efficiency of tissue

NaCN experiment - pH 6. 5; 0. 1928 mg/i CN

15 90 10.10 Blood .0578 99.69 34.35 .345 30.0 332.3 5,749
Liver . 0872 130. 96 44. 53 . 340 29.0 451. 6 5, 179

Gills .1725 375.50 99.60 .265 22.0 1,706.8 9,894

30 82 7. 95 Blood .0453 90. 82 32. 93 . 363 32. 0 283. 8 6,265
Liver .0606 83. 88 28. 36 . 338 29.0 289. 2 4, 772

Gills .1674 412.99 99.59 .241 20.0 2,065.0 12,336

60 80 6.40 Blood .0357 85.11 31.75 .373 33.0 257.9 7,224
Liver .0511 130.97 45.08 .344 30.0 436.6 8,544
Gills .1009 429.32 129.22 .301 25.0 1,717.3 17,020

120 79 7. 45 Blood .0609 113. 82 29. 31 . 258 21. 0 542.0 8, 900

Liver .0768 205.28 59.05 .288 24.0 855.3 11,137
Gills .1517 733.97 205.40 .280 23.0 3,191.2 21,036

Test solution 2, 560. 53 1,459. 50 . 570 52.0 4,924. 1

NàCN experiment- pH 7. 1; 0. 1936 mg/i CN

15 86 9.30 Blood .0593 89.37 31.03 .347 30.0 297.9 5,024
Liver .0874 72.16 25.47 .353 31.0 232.8 2,664
Gills .1815 445.90 131.20 .294 25.0 1,783.6 9,827

30 80 7.35 Blood .0668 154.58 53.53 .346 30.0 515.3 7,714
Liver . 0704 126.02 44. 52 . 353 31.0 406. 5 5. 774

Gills . 1262 514. 23 164. 47 . 320 28.0 1, 836. 5 14, 552



Appendix G. (continued)

Counts per minute Counts per
Time in Total Wet Tissue corrected for minute DisintegratIons

test length weight Wet background Counting corrected to per minute
solution of fish of fish weight Channel Channel efficiency 100% counting per grain

(mm) (mm) (gin) Kind (gin) 1 2 ratio (percent) efficiency of tissue

NaCN experiment - pH 7. 1; 0. 1936 mg/i CN (continued)

60 81 8.30 Blood .0644 183.03 64.34 .352 31.0 590.4 9,168
Liver .0705 132.82 46.56 .351 30.0 442.7 6,279
Gills .1594 730.12 192.39 .264 22.0 3,318.7 20,820

120 75 6.10 Blood .0517 202.24 74.68 .369 32.0 632.0 12,224
Liver .0627 227.27 79.37 .349 30.0 757.6 12,083
Gills 1292 838.26 294. 12 . 351 30.0 2, 794. 2 21, 627

Test solution 2, 550.69 1,458. 90 . 572 52.0 4, 905. 2

NaCN experiment - pH 7. 1; 0. 0484 mg/i CN

15 70 4.95 Blood .0378 47.13 15.14 .321 28.0 168.3 4,452
Liver . 0880 99. 53 24.04 . 242 20.0 497. 6 5,655
Gills .0856 191.66 59.41 .310 26.0 737.2 8,612

30 73 5.40 Blood .0364 74. 90 24. 16 . 323 28.0 267. 5 7,349
Liver .0339 110.22 38.34 .348 30.0 367.4 10,838
Gills .1020 288.70 84.66 .293 25.0 1,154.8 11,322

60 84 8.70 Blood .0577 172.91 52.34 .303 26.0 665.0 11,525
Liver .0813 609.15 197.87 .325 28.0 2,175.5 26,759
Gills . 1363 701.09 207. 55 .296 25.0 2, 804.4 20, 575

120 80 7. 20 Blood .0534 216. 15 65. 13 . 301 26.0 831. 3 15, 567

Liver .0622 692.98 222.29 .321 28.0 2,474. 39,789
Gills .1150 960.22 296.15 .308 26.0 3,693.2 32,115

Testsolution 2,506.88 1,436.06 .573 52.0 4,820.9



Appendix G, (continued
Counts per minute Counts per

Time in Total Wet Tissue corrected for minute Disintegrations

test length weight Wet background Counting corrected to per minute

solution of fish of fish weight Channel Channel efficiency 100% counting per gram

(mm) (mm) (gm) Kind (gm) 1 2 ratio (percent) efficiency of tissue

NaCN experiment - pH 7. 7; 0. 1967 mg/i CN

15 76 6.90 Blood .0699 91.01 2,8.98 .318 27.0 337.1 4,823
Liver .0802 86. 89 29. 22 . 336 29.0 299. 6 3, 736

Gills .1028 262.39 85.21 .325 28.0 937.1 9,116

30 82 7. 55 Blood .0516 89. 37 32. 77 . 367 32.0 279. 3 5, 413

Liver .1017 137.84 47.31 .343 30.0 459,5 4,518
Gills .1082 421,79 139.30 .330 28.0 1,506.4 13,922

60 82 7.95 Blood .0495 86.03 28.73 .334 29.0 296,7 5,994
Liver ' .0651 128.40 43.20 .336 29.0 442.8 6,802
Gills .1411 654.52 197.45 .302 26.0 2,517.4 17,841

120 84 9.45 Blood .0661 216.53 78.59 .363 32.0 676.7 10,238
Liver .0988 301.35 104. 81 . 348 30.0 1,004. 5 10, 167

Gills .1513 1,058.22 362.02 .342 30.0 3,527.4 23,314

Testsolution 2,352.56 1,310.69 .557 51.0 4,612.9

Ni(CN)4 experiment - pH 6. 5; 0.2523 mg/i CN

15 85 8.70 Blood .0555 62.74 22.02 .351 31.0 202.4 3,647
Liver .1093 92.35

'

33.43 .362 32.0 288.6 2,641
Gills .1369 .233,32 67.66 .290 25,0 933.3 6,817

30 83 8.25 Blood 0579 72.69 25.22 .347 30.M 242.3 4,185
Liver ,0910 67.26 22.94 .341 30.0 224.2 2,44
Gills .1494 343.14 94.36 .275 23.0 1,491.9 9,986

'0



Appendix G. (continued)

Counts per minute Counts per
Time in Total Wet Tissue corrected for minute Disintegrations

test length weight Wet background Counting corrected to per minute
solution of fish of fish weight Channel Channel efficiency 100% counting per gram

(mm) (mm) (gin) Kind (gin) 1 2 ratio (percent) efficiency of tissue

Ni(CN)4 experiment - pH 6. 5; 0. 2523 mg/i CN (continued)

60 89 10.60 Blood .0664 102.90 3.31 .314 27.0 381,1 5,739
Liver . 1094 159. 70 47. 43 . 297 25. 0 638. 8 5, 839
Gills .1716 597.27 181.57 .304 26.0 2,297.2 13,387

120 81 8.00 Blood .0597 141.41 54.30 .384 34.0 415,9 6,966
Liver .0807 205.22 79.42 .387 34.0 603,6 7,480
Gills .1247 516.69 178,26 .345 30,0 1,722.3 13,811

Testsolution 2,559.66 1,488.13 .581 53.0 4,829.5

Ni(CN)4 experiment - pH 7. 1; 12. 74 mg/i CN

15 85 8.40 Blood .0674 2.36 1,29 .547 50.0 4.72 70.02
Liver . 0745 2,09 1. 66 . 794 74.0 2. 82 37. 80
Gills .1113 15.84 6.53 .412 36.0 44.0 395.3

30 81 7, iS Blood .0371 1.37 0.46 .336 30.0 4. 57 123. 2

Liver .0742 3, 48 2,08 . 598 55.0 6.33 85. 30
Gills . 1242 20. 31 6.84 .337 29.0 70.03 563.8

60 85 9.70 Blood .0577 4.37 2.44 .558 51.0 8.57 148,5
Liver .0774 3,43 1.08 .315 27.0 12.70 164.0
Gills .1462 36.61 1.48 .404 36.0 101.7 695.6

120 84 8. 70 Blood , 0662 5, 96 1. 76 . 295 25. 0 23. 84 360. 1
Liver . 1045 17. 34 5, 96 . 344 30.0 57. 80 553. 1
Gills . 1420 34.24 10.61 . 310 26.0 131. 7 927. 4

Testsolution 2,464.69 1,403.25 .569 52,0 4,739.8

NJ



Appendix C. (continued)

Counts per minute Counts per
Time in Total Wet Tissue corrected for minute Disintegrations

test length weight Wet background Counting corrected to per minute
solution of fish of fish weight Channel Channel efficiency 100% counting per grain

(mm) (mm) (gin) Kind (gm) 1 2 ratio (percent) efficiency of tissue

Ni(CN)4 experiment - pH 7. 7; 563. 7 mg/i CN

15 90 10.15 Blood .0709 0.21 0.08 .381 330 0.64 9.03
Liver . 1047 0. 18 0.06 . 333 29.0 0.62 5. 92
Gills .1721 9.49 2.69 .283 24.0 39.54 229.8

30 79 6.75 Blood .0533 0. 14 0.05 . 357 31.0 0. 45 8. 44
Liver .0737 1.01 0.78 .772 72.0 1.40 19.0
Gills .1209 14.35 4.48 .312 27.0 53.15 439.6

60 80 8.40 Blood .0680 0.32 0.12 .375 33.0 0.97 14.3
Liver . 1083 1. 80 0. 60 . 333 29.0 6. 21 57. 3

Gills .1473 18.89 5.67 .300 26.0 72.65 493.2

120 86 10.20 Blood .0649 0.33 0. 11 333 30.0 1. 10 16.9
Liver .0804 2. 79 0.78 .280 23.0 12. 13 150. 9
Gills 1678 30. 83 10.32 .335 29.0 106.31 633.6

Test solution 2, 473. 56 1, 379. 82 . 558 51.0 4, 850. 1




