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I. INTRODUCTION 

A chromatographic method for the separation and simul

taneous determination of NOg" and NO^" is described in this 

thesis. The chromatographic detector is a Cd amperometric 

tubular electrode. The working range of the method is 0.05 -

1.0 mM for both NOg" and NO^", and the detection limit is 

0,01 mM. 

This research was prompted by the increasing need to 

monitor the concentrations of NOg" and NO^" in the environ

ment. Excessive amounts of NO^" and NOg" in food and HgO can 

lead to methemoglobinemia in humans (especially infants) and 

livestock (142, 174). Methemoglobinemia results from the 

oxidation of the Fe(II) in hemoglobin by NOg" and, to a lesser 

extent, NO^" (5^). The methemoglobin formed cannot reversibly 

combine with Og or COg. Death results from hypoxia in 

severe cases. 

Nitrate is not as toxic as NOg", but it can be converted 

to NOg" by the intestinal bacteria Escherichia coli (105). 

Nitrate is much more prevalent in the environment than NOg". 

In one study of 197 meat products, the average concentrations 

found were 28 ppm NOg" and 181 ppm NO^" (181), Vegetables 

may contain as much as 3517 ppm NO^", while the normal 

maximum concentration of NOg" is 5«5 PPm (143). The maximum 

limit set by the U.S. Public Health Service for N0^~ in 

potable HgO is 45 ppm (0.72 i#), and the generally accepted 
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maximum for NOg" is 0,2 ppm (4 |iM) (190). 

Ruminants are particularly susceptible to NO^ and NOg 

poisoning. Grasses and cornstalks often used as feed may 

accumulate toxic levels of NO^ at certain times of the year 

(78a). 

Carcinogenic nitrosamines may form in meat from nitrates 

and nitrites added during processing (70, 107, 196, 197)• 

Nitrosamines may also form in the stomach after ingestion of 

NO^" and NOg" (106). 

Because of the need for rapid, convenient, and accurate 

methods for the determination of NO^" and NOg", a chromato

graphic method utilizing electrochemical" detection was 

developed. Chromatographic methods are rapid, convenient, 

and easily automated. Electrochemical detectors are 

sensitive and sufficiently accurate for most analyses. 

The Cd tubular detector was developed after preliminary 

studies were made to discover those experimental conditions 

that would optimize detector response. Cyclic voltammetry 

with a rotating Cd-disk electrode was used for those 

preliminary studies. Then the chromatograph and detector 

were developed and evaluated. Experimental procedures were 

developed for the analysis of hay, cornstalks, and HgO. The 

reduction product of NO^" and NOg" was shown with a Cd 

coulometric detector to be NHgOH. Cyclic voltammetry with a 

rotating ring-disk electrode showed NO^"* is rapidly reduced 

to NOg , and NOg" is reduced more slowly to NHgOH. 
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II. LITERATURE REVIEW 

No reliable and satisfactory gravimetric method has 

been developed for the determination of NOg , but nitron 

can be used to quantitatively precipitate N0^~ (37, 88, 

230). Nitrite and many other ions interfere. When the 

gravimetric method has been applied to the determination of 

NO^" in HgO, the procedure was long, and the technique was 

insensitive. The working range of concentrations was 0.12 -

0.60 g NO^'A (198). 

Nitrite is quite reactive and can be determined by 

titration with an oxidizing agent such as MnO^" (132, 215), 

Ce(IV) (216, 230), chloramine T (6I, 230), and OCl" (132). 

Nitrite can also be determined iodometrically (132). 

Nitrate is less reactive and must be titrated with 

strong reducing agents such as Ti(III) (17) or Mn(Il) (139). 

Nitrate can be titrated with indigocarmine (40, 4l), or can 

be determined by reacting it with excess Fe(II), which is 

back-titrated with KgCrgO^ (I03, 178) or MnO^ (132). 

Complexometric titrations of NO^ can be performed with 

titrants containing Pb(0Ac)2 or Ba(0Ac)2 (31» 136). An 

indirect method, involving the reaction of NO^" with urea, 

has been reported (43). Nitrate can be titrated with HCIO^ 

in a nonaqueous solvent after it is reduced to NOg" (217). 

An advantage of titrimetric methods is that they require 

no elaborate equipment. However, they are best suited to the 
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analysis of more concentrated samples than those of interest 

here. 

Manometric methods have been used to analyze mixtures 

of NO^" and NOg". Both ions are reduced to NO at Hg in 

solutions of 19 N HgSO^ (227, 230). The concentration of 

NOg" can be calculated from the volume of Ng produced by 

reduction with sulfamic acid (227). Alternatively, NO^" and 

NOg" are reduced to NgO with HCOOH, which is decomposed to 

CO2 (18). The N^O is measured volumetrically, and the COg 

formed is collected and weighed on soda asbestos. The 

concentrations of NOg" and N0^~ are calculated from the 

stoichiometry of the reactions. 

Ammonia is formed if NO^" and NOg" are reacted with A1 

(14), Raney-nickel catalysts (33)» or Devarda's alloy (204), 

The NH^ can be distilled and determined titrimetrically or 

spectrophotometrically (137). However, phosphate is present 

in many samples and interferes with the Devarda's method 

(73). 

Microdiffusion methods have been developed, which use 

Zn or PeSO^ to reduce N0^~ to NH^ (74, 145). For the 

analysis of soil with these methods, the working range is 

only 1-6 ppm N0^"-N, and the amount of Zn used for the 

reduction is critical to the precision of the analysis. 

Both NOg" and N0^~ absorb light in the ultraviolet 

region of the spectrum, and they can be determined spectro-
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photometrically (21, 79» I63, 172, 214). Absorbance 

measurements at 302 nm and 355 nm can be used to calculate 

NOg" and N0^~ concentrations in a mixture (93, 234). The 

working range is narrow, and Ba(Il), Pb(II), Zn(II), and 

Cu(II) interfere. 

Most spectrophotometrie methods for NOg" and N0^~ 

employ color-forming reagents for greater sensitivity. 

Nitrate can be determined by reaction with brucine in 

concentrated solutions of HgSO^ (110, I35» 177), and NOg" 

can be determined with brucine in less acidic solutions 

(67, 193). The reaction of brucine with NO^" is not 

stoichiometric and is difficult to control (232). Cali

bration curves do not follow Beer's Law exactly (102), 

and the curves exhibit a minimum at high concentrations 

(102). Solutions containing 0.8, 23, and 38 mg N0^"-N/1 all 

produce absorbance readings of 0.6. 

Other color-forming reagents that react with N0^~ are 

phenoldisulfonic acid (14), diphenylamine (57» 108, 238), 

NH^ReO^ (98), 2-nitroso-l-naphthol-4-sulfonic acid (2), 

chromotropic acid (186, 233), methylene blue (125), and 

m-xylenol (14, 180). 

Nitrite can be determined by diazotization of sulfa-

nilic acid and reaction with a-naphthylamine (14, 173), 

Alternatively, NOg" can be determined by reaction with 

sulfanilamide and N-(l-naphthyl)ethylenediamine (14, 84, 175, 
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195» 231). Nitrate can be determined with either of these 

procedures if it is first reduced to NOg" with Zn powder 

(167). (55» 118), or a Cd or Cd(Hg) reduction column 

(14, 77, 83, 99» 194). Certain enzymes (I89, 229), bacteria 

(243), and algae (100) have been used to reduce NO^*" to NOg", 

Other color-forming reagents that react with NOg" are 

phenylenediamine (I6), antipyrine (151)» a-thiolacetic acid 

(26), dithiazanine iodide (68), 2-mercaptoethanol (210), 

amino-G acid (138), malachite green (111), congo red (111), 

di-sodium l-(4-amino-2-sulfophenylazo)-2-amino-8-hydroxy-

nàphthylene-6-sulfonate (120), and o-tolidine (80), 

Some spectrophotometric procedures have been automated 

to decrease the manipulation required to perform them 

routinely (12, 15» 42, 150, I6I, 236, 239). The Technicon 

Autoanalyzer uses a N-(l-naphthyl)ethylenediamine method (12) 

and can analyze 30 - 40 samples of HgO per day for several 

constituents besides NO^" and NOg" (236), However, the 

results obtained from the automated method do not always 

agree with those from the manual procedure (89). 

Various spectrbphotomexric methods recently were compared 

and evaluated (8, 156). The methods were used to analyze 

identical samples containing 1 ppm NO^" and 10 - 400 ppm Cl~. 

Chloride interfered with all of the methods used. The best 

method was a modified brucine procedure, but it produced 

relative errors of 5.5 - 9.2^, depending on the Cl" concen
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tration. Chloride is a common anion, yet it causes large 

errors in the standard spectrophotometric methods. 

Many samples (especially extracts of silage and green 

feeds) are highly colored and turbid. These samples must be 

clarified with ZnSO^ and K^Fe(CN)^ (3)» AlgCSO^)^ (126), 

ion-exchange resins (32; 112, 170), or acetone extractions 

(162) if they are to be analyzed spectrophotometrically. 

Electrochemical methods may be better suited than 

spectrophotometric methods for the analysis of turbid and 

colored samples and samples that contain Cl" and other 

salts that interfere with the standard methods. The 

majority of electrochemical methods for the determination 

of NO^" and NOg" are polarographic. Nitrite can be determined 

by oxidation at the dropping Hg electrode (DME) (9, 10). 

Nitrate and NOg" are predicted to be reduced to NHgOH at 

+0,41 and +O.91 V vs. SCE, respectively, from the thermo

dynamics of the reductions (122). However, the kinetics are 

very slow. Nitrate is reduced only at very negative 

potentials in concentrated solutions of HgSO^ (152, 185). 

The reduction occurs at more positive potentials in solutions 

of various polyvalent cations (25, 4?, 76, 1$8, 211, 222, 

223). Solutions containing La(III) (13, 59, 76, 85, l46, 

205, 211, 222, 223), Ce(IV) (59, 85, 211, 223), Th(IV) (69), 

Nd (III) (101, 211), and Zr(IV) (59, 157, 187, 235) are 

particularly effective. In the case of La(III), the 
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increased reversibility of the reduction of NO^ is known to 

be due to the formation of an electroactive NO^ complex 

(128). The calibration curves obtained with these polaro-

graphic methods are not strictly linear, and they are somewhat 

inconvenient to use. 

The polarographic waves from the reduction of several 

species are enhanced in the presence of NO^", although NO 

itself is not reduced at the DME in the medium used. The 

catalytic enhancement of the reduction waves for complexes 

of Cr(III) (92, 94, 220, 237). Mo(VI) (46, 90, 91, 115, 130), 

U(VI) (72, 95, 129, 131, 133, 134, 164), and V(V) (219) with 

NO^" has been reported. Nitrite also enhances these waves 

and can be determined (22, 46, 91, 92, 164), 

Some of these catalytic reactions do not result in 

linear calibration curves (115). The commonly used U(VI) 

method allows the determination of NO^" in the concentration 

range of 2 x lO"^ to 2 x lO"^ M (95), but several cations 

and anions interfere (164). Phosphate and P" interfere 

because they complex some of the uranium species in the 

solution. 

Nitrate and NOg" can be determined polarographically 

after reaction with some organic compounds to form electro-

active derivatives. Such reagents as semicarbazide (11), 

2,6-xylenol (30, 52, 59, 96, 97, 226), and sodium naphthionâte 

(20) have been used. The 2,6-xylenol method is useful in 
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the range of 2 x lO"^ to 1 x 10~^ M NO^". The reaction of 

NO^" with 2,6-xylenol requires ten minutes, and Cl" is a 

serious interference (97)> 

The nitrate-selective electrode has been widely used 

(23, 24, 49, 50, 63, 66, 78b, 127, 148, 149, 153, 155, 184, 

188). Both the membrane type and the liquid-anion exchanger 

type of electrode give linear response over the concentration 

range of 1 x 10~^ to 1 x 10~^ M (56). Relative errors are 

as small as 2^ (38). When soil is analyzed, the relative 

error is generally 5%» and the relative standard deviation is 

12.5# (66). Therefore, the nitrate-selective electrode 

compares well with spectrophotometric methods (147, 154, 159, 

169, 176, 179), and it gives better results than the 

Devarda's method in the analysis of plant extracts (I60). 

Nitrite can be determined if it is oxidized to NG^" with 

MnO^" (166). 

Disadvantages of the nitrate-selective electrodes are 

t h e i r  l o n g  r e s p o n s e  t i m e s  a n d  s h o r t  l i f e t i m e s  o f  o n l y  1 - 3  

weeks (56). Many ions (especially Cl") interfere with their 

use. For best results, temperature control and buffer 

solutions must be used (1, 71). The electrodes are not 

accurate if the N0^~ concentration is less than 5 fxg N/ml 

(36). Therefore, AlgXSO^)^ solutions containing 10 jig NO^"-

N/ml are often used to extract NO^" from plant material (19, 

39). 
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Coulometry has been used to determine NO^ and NOg 

with greater precision and accuracy than that obtained with 

other methods. Electrogenerated Ti(III) (44, 45), Fe(Il) 

(82), and U(III) (60, 6$) have been used. Nitrite has been 

determined by potentiostatic oxidation in a rotating Pt 

cell (48). These procedures are precise, but some are 

time consuming. 

Other techniques have been reported for the determi

nation of NO^"" and NOg", These include fluorometry (64, 183), 

atomic absorption (104), fourier transform infrared spectro

photometry (242), X-ray diffraction (192), and thermometric 

methods (191). 

The analysis of a mixture of NO^" and NOg" could be 

expedited if the mixture was separated chromatographically. 

A detector that is responsive to both NOg" and NO^" would 

allow the determination of the NOg" and NO^" concentrations 

with a single injection of the sample. This chromatographic 

method would be faster, more convenient, and more easily 

automated than the methods discussed above. 

The use of gel-permeation chromatography to separate 

NO^" from NO^" has been reported, but the chromatographic 

behavior of ions is strongly dependent upon the sample matrix 

in gel-permeation chromatography (200), A few ion-exchange 

separations of NO^ and NOg have been reported. The strongly 

basic Wofatit SBW anion-exchange resin was used with an 
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eluent of 1 N NaCl and 0.1 N NaOH, or 1 N NagSO^ and 0.1 N 

NaOH (88). Another reported separation scheme used Dowex-2 

resin and 1.25 M NaCl eluent (81). This separation required 

25 minutes for elution. A high-resolution separation was 

achieved with a column of Zipax, coated with a strongly 

basic anion-exchange resin (203). The eluent was HgO at 

a pressure of 1200 psi. The elution required 3 minutes. 

These separations were monitored either spectrophoto-

metrically (88, 200, 203) or with an ion-exchange membrane 

that swelled or contracted as ions were eluted onto it (81). 

This membrane detector had working ranges of 0.010 - 0.075 M 

NaNO^ and 0.010 - 0,040 M NaNOg* The working ranges of the 

spectrophotometric detectors were not reported. 

The sensitivity of electrochemical methods make their 

application as chromatographic detectors attractive. However, 

the polarographic procedures discussed above cannot be 

directly applied to the chromatographic detector. The 

normal DME is not suitable for the analysis of flowing streams 

because the drop-time is irregular due to turbulence near the 

drop. Therefore, the currents measured are erratic (113b). 

Vibrating and spinning DME's have been adapted to the 

analysis of flowing streams, but they are cumbersome and 

complicated (168), 

Tubular electrodes are simple and easily adapted to 

chromatographic analysis (27-29, 144, 207-209). Tubular 
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graphite électrodes have been used to monitor Fe(CN)^ 

Fe(CN)g"^, Ag"*", Fe*3, Fe"*"^, MnOj^", Mn"*"^, Tl*^, and Tl^^ 

(207-209). In a tubular Pt electrode, Fe(CN)^ ^ has been 

detected at concentrations as low as 0.01 (iM (2?). 

In addition to the tubular electrodes, other ampero-

metric detectors, having very large surface area to inter

stitial volume ratios, have been reported. These electrodes 

are called coulometric detectors if they electrolyze every 

equivalent of electroactive species entering them. They 

are very sensitive, and their response is not a function of 

the flow rate of the eluent (113b, 123, 212, 218, 24o).  

Coulometric detectors have been used to monitor l", Fe*^, 

Cu*^ (113b, 241),  various species of U and Pu (124),  

alkaline earths, various transition metals, halides, carbox-

ylic acids, amino acids, phenols, and monosaccharides (218). 

Although the catalytic enhancement of the U(VI) wave 

at amalgamated Ag and amalgamated Au cathodes has been 

reported (213) and could be adapted to a chromatographic 

detector, it would be subject to the same chemical 

interferences as the polarographic method. Direct reduction 

of N0^~ and NOg" at an electrode would be simpler and more 

impervious to interferences. The reduction of NO^" at a 

rotating Cd-disk electrode (RCDE) was observed by several 

workers, but it was not evaluated for analytical applications 

by them (86, 122, 224, 225). Recently, Davenport and 
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Johnson evaluated the reduction of both NO^ and NOg at a 

RODE and suggested the possibility of developing a Cd 

tubular chromatographic detector (53)* This thesis reports 

that development. 
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III. INSTRUMENTATION 

A. Electronic Circuitry 

1, Four-electrode potentiostat 

The electronic instrument used was that for the simul

taneous and independent potentiostatic control of two 

electrodes, described earlier (171)• The portion of the 

circuit for potentiostatic control of electrode I-l in 

Figure 1 of Reference 171 was modified according to the 

design described in Reference 35» The modification 

permitted the control of the potential or current in 

electrode I-l with simultaneous potentiostatic control of 

electrode 1-2. The circuit was constructed in our laboratory, 

but an equivalent instrument is available commercially from 

Pine Instrument Co, of Grove City, Pennsylvania. Instead of 

a recorder with a potentiometric input for recording the 

current in electrode 1-2 (171), a difference amplifier was 

used to monitor the difference in the voltages at the outputs 

of amplifiers A-2 and F-2. 

Voltages were measured with a digital voltmeter. Model 

345, from Data Technology, Inc. of Palo Alto, California. 

Current-potential curves were recorded on a X-Y recorder. 

Model 815, from Bolt, Beranek, and Newman, Inc. of Santa Ana, 

California. Instruments used for determining values of 

current, voltage, and resistance were calibrated with 

standards from the Physics Instrument Services of Iowa State 
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University. 

All potentials are reported as volts (V) vs. the 

saturated calomel electrode (SCE). 

2. Three-electrode potentiostat 

The three-electrode potentiostat used for all chromato

graphic experiments was an Electroscan JO from Beckman 

Instruments, Inc. of Fullerton, California. An internal 

potentiometer was used to apply a potential to the working 

electrode. The Initial Voltage Control on the Electroscan 

was calibrated with the digital voltmeter described above. 

Chromatograms were recorded on the strip chart recorder 

in the Electroscan. Both the chart speed and the current 

span were calibrated, A 1.30-Ka precision resistor mounted 

in a dummy cell was used to calibrate the current span. 

B. Rotating Cadmium-Disk Electrode 

The rotating Cd-disk electrode (RCDE) was constructed by 

Pine Instrument Co, from reagent grade Cd (99.9?^) from 

Mallinckrodt Chemical Works. The reagent grade Cd sticks 

were melted in a crucible over a bunsen burner. The resulting 

metal slug was machined into the disk electrode and sheathed 

in a Teflon sleeve. The geometric area of the Cd disk was 

OA56 cmf. 

The electrode surface was polished to a mirror finish 

with a 600 grit Buehler. Handimet strip followed by 30 fim,' 

6 and 1 nm Buehler AB Metadi Diamond on a nylon lapping 
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cloth. Before each experiment, the disk surface was 

polished with 0.3 p,m Buehler AB Polishing Alumina on a 

Buehler Microcloth, 

The electrode was rotated in a Model PIR synchronous 

rotator from Pine Instrument Co. 

C. Rotating Glassy-Carbon Disk/Platinum-Ring Electrode 

A rotating ring-disk electrode (RRDE) that had a glassy-

carbon disk and a Pt ring was obtained from Pine Instrument 

Co.- The face of the electrode was polished to a mirror 

finish using the procedure described for the RCDE. 

The disk radius was 0,3787 cm, the inner radius of the 

ring was 0,3989 cm, and the outer radius of the ring was 

0.4214 cm. The other geometric parameters of the electrode 

were a = O.168, g = 0,211, and N = 0,170, The significance 

of these parameters has been discussed by Albery and Hitchman 

(7b). 

D. Voltammetric Cell 

The cell used for all voltammetric studies was con

structed in the Department of Chemistry Glass Shop at Iowa 

State University from a 400-ml Pyrex beaker. The Pt wire 

counter electrode was placed in a side arm of the cell and 

was separated from the test solution by a fritted-glass disk. 

The side arm was filled with the supporting electrolyte. The 

reference electrode was a Beckman SCE, placed in a side arm 

connected to a Luggin capillary by a ground glass stopcock. 
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The Luggin capillary was filled with the supporting 

electrolyte, and the SCE side arm was filled with a satu

rated solution of NagSO^. 

E. Tubular Chromatographic Detector 

The Cd tubular electrode, shown in Figure III. 1, was 

constructed by melting reagent grade (99.90) Cd rods from 

J. T. Baker Chemical Co. in a test tube. The resulting rod 

was turned to l/2" o.d. and was cut 7/8" long. The interior 

dimensions of the tube were l/l6" i.d. x 1/2". The base of 

the electrode was tapped for a l/4" - 28 thread, and the 

electrode was connected to the chromatograph with a flanged 

tube and tube-end fitting from Chromatronix, Inc. of 

Berkeley, California. A Cu wire, soldered to the base of the 

electrode, was used for electrical contact to the potenti-

ostat. 

The Cd electrode was pressed into a concentric, tubular 

Teflon holder, shown in Figure III, 1. The upper, circular 

faces of the electrode and holder were covered with paraffin 

so only the interior of the tube was in electrical contact 

with the solution. 

The Teflon holder was machined to fit a 24/25 female, 

standard taper glass joint. The glass joint formed the walls 

of the detector cell and contained the Pt wire counter 

electrode, the Beckman SCE, and several milliliters of 

effluent. Excess effluent was removed from the cell by 
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suction. 

F. Coulometric Chromatographic Detector 

The coulometric electrode, shown in Figure III. 2, was 

also constructed from melted Cd rods from J. T. Baker Chemi

cal Co. The outer diameter of the electrode was l/2", and 

the interior of the electrode was a hole 3/16" i.d. and 1" 

long. From the 3/16" i.d. hole, a 60° taper led to a I/16" 

i.d. lip which was I/16" thick. The base of the electrode 

was tapped for a 3/8" - 24 thread. The male half of a 

Glass-to-Cherainert Union from Chromatronix, Inc, was screwed 

into the base, and a flanged tube and tube-end fitting was 

inserted in the male union to connect the electrode to the 

chromatograph. 

The interior of the electrode was filled to capacity 

with two hundred thirty 0.010" diam. x 1" Cd (99*9990) wires 

from Research Organic/inorganic Chemical Corp, of Sun Valley, 

California, The tapered section of the tube was filled with 

a wad of a 5" length of the Cd wire (see Figure III, 2), 

This electrode fit in the aforementioned Teflon holder, 

and the same detector cell was used as described previously. 

A Cu wire was soldered to the end of the electrode, and 

paraffin covered the upper surface of the Cd tube. 

G, Liquid Chromatograph 

The forced-flow liquid chromatograph used is shown 

schematically in Figure III. 3» The design and construction 
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of the chromatograph was based on that reported by Seymour, 

Sickafoose, and Fritz (206). The components shovm in 

Figure III. 3 were connected using Teflon tubing (O.O63" o.d, 

X 0,031" i.d.) and tube-end fittings from Chromatronix, Inc. 

A He tank and two-stage regulator were used to apply 

pressure (at about 25 psi) through a manifold to each of 

three réagent tanks. The manifold was made locally from 

Kel-F, but equivalent pieces are commercially available 

from Chromatronix, Inc. The reagent tanks were glass 

reagent grade acid bottles and held 2 1 of solution. The 

bottle caps on the tanks were constructed locally from nylon. 

The caps were tapped for tube-end fittings so that tubing 

could be attached from the manifold to the tanks, and from 

the tanks to the chromatograph. The plastic liners from the 

commercial acid bottle caps were inserted in the nylon caps 

to inhibit deterioration from acidic solutions splashed 

onto the caps during deaeration. 

Reagent tanks #1, #2, and #3 held the 0.010 M HCIO^ 

eluent, 2 M HCl, and 0.20 M HgSO^ electrolyte, respectively. 

Three 3"'way valves from Chromatronix, Inc. were used to 

control the flow of eluent through the chromatograph. Valve 

#1 allowed solution from either tank #1 or #2 to flow into 

the chromatograph. Bubbles of He trapped in the eluent 

stream were shunted to a waste container through valve #2. 

The sample injection valve was also from Chromatronix. 
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Two sample loops were used. One was calibrated by acid-

base titritmetry and contained 0,665 ml. The other contained" 

0.33 ml and was calibrated by a length measurement. 

Both the cation-exchange column and the anion-exchange 

column were borosillicate glass tubes (6 mm o.d. x 1 mm i.d. 

X 11 cm), and they were attached to the chromatograph 

through Chroraatronix Glass-to-Cheminert Unions. 

The cation-exchange column contained 80 - 100 mesh 

Dowex 50x8, a strongly acidic resin in the h"*" form. The 

purpose of this column was to remove from the eluent cations 

that would be deposited on the Cd electrode surface, thereby 

poisoning it. To regenerate the resin, 2 M HCl from reagent 

tank #2 was pumped through the cation-exchange column and 

into a waste container through valve #3. 

The anion-exchange column contained 180 - 250 mesh 

Amberlite IRA-900, a strongly basic, macroreticular resin in 

the C10^~ form. This column was used for the analytical 

separation. 

The effluent was mixed with the 0.20 M HgSO^ from 

reagent tank #3 in a 1:1 volumetric ratio in a Teflon mixing 

chamber from Pine Instrument Co. Gilmont flow meters, from 

Cole-Parmer Instrument Co. of Chicago, Illinois, were adapted 

to the chromatograph to measure the flow rate of the eluent 

and the 0.20 M HgSO^. The flow meters were calibrated by 

collecting volumes of HgO for known periods of time. The 
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flow rates were adjusted with screw clamps on the Teflon 

tubing. 
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IV. THE REDUCTION OF NITRATE AND 
iilTRITE AT A ROTATING CADMIUM-DISK ELECTRODE 

A. Introduction 

Some fundamental investigations of the reduction of 

N0^~ and NOg" at Cd cathodes must be made before samples can 

be analyzed chromatographically with a Cd detector. The 

electrochemistry of Cd must be studied, at least as it 

pertains to the analytical applications of the electrode. 

The potentials at which NO^" and NOg" are reduced at Cd 

cathodes, and the experimental conditions that maximize the 

rate of the reductions must be found before the chromato

graphic detector can be operated with optimum sensitivity 

and linearity of response. 

These investigations are more conveniently accomplished 

with a rotating disk electrode (RDE) than with a tubular 

electrode. Various media can be studied quickly by 

immersing the RDE in a cell filled with each solution. A 

tubular electrode requires a pumping apparatus and an 

electrolyte resevoir, which is often inconvenient to refill. 

The extent to which a reaction is limited by the rate of 

mass transport is easily determined with a RDE by increasing 

the rotational velocity of the electrode. The rates of mass 

transport obtainable with a RDE are many times greater than 

those conveniently achieved with a tubular electrode. 

The advantage of a tubular electrode is that it is 

easily adapted to the analysis of chromatographic effluents. 
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The experimental conditions that maximize the rate of the 

reductions at the rotating Cd-disk electrode (RCDE) will 

maximize the sensitivity and linearity of response of the 

Cd tubular detector. 

The equations concerning hydrodynamics and mass trans

port to a RDE were solved by Levich (144). The maximum 

current for a reversible electrochemical reaction is limited 

by the rate of convective-diffusional transport of the 

electroactive species to the electrode. The limiting 

current can be calculated from Equation IV. 1. 

= 0.62 nFAD^/^v"^^V/^C^ (IV. 1.) 

In Equation IV. 1, 

Ijj = limiting current (ma) 

n = equivalents per mole of electroactive species 

F= Faraday's constant (C/equivalent) 

A = geometric area of disk electrode (cm ) 

D = diffusion coefficient of electroactive species 

(cm^/sec) 
p 

V = kinematic viscosity of the solution (cm /sec) 

w = rotational velocity of electrode (rad/sec) 

= bulk concentration of electroactive species 
(moles/l) 

The limiting current is a linear function of w® and 

for reversible reactions; however, is independent of w® 

and if the reaction rate is entirely limited by the 

kinetics of the electrochemical reaction. Many moderately 
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reversible reactions are partially limited by kinetics at 
i 

high rates of mass transport, and plots of Ij^ vs. or 

ly vs. are not linear at large values of w® or C^. The 

experimental conditions that produce the largest values of 

Ijj and the most linear plots of Ij vs. w® or vs. C^, are 

the optimum conditions for application of that reaction for 

quantitative analysis, 

B. Experimental 

1. Chemicals and reagents 

All chemicals used were reagent grade quality from J. T. 

Baker, Inc. All HgO used was triply distilled with a 

deionization between the first and second distillation. The 

second distillation v/as from an alkaline solution of KMnOj^. 

Prepurified Ng (99.9990) from Air Products was used for 

deaeration. 

Stock solutions of NaNO^ and NaNOg were prepared by 

dissolving sufficient quantities of the salts (dried 4 hours 

at 90°C) in HgO to make 100 ml of 0.1 M solutions. 

The supporting electrolyte was prepared by diluting 

quantities of Baker reagent grade acids with H^O. 

2. Experimental procedures 

The voltammetric cell was filled with 400 ml of 

supporting electrolyte. To prevent air from being drawn 

into the cell by the rotation of the electrode, the cell was 

covered with a flat Teflon lid. The lid had a hole in the 
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center that was slightly larger in diameter than the 

electrode. 

Nitrogen used for deaeration of the electrolyte was 

saturated with HgO vapor by bubbling it through H^O in a gas 

washing bottle. Deaeration was accomplished by dispersing 

the Ng through the electrolyte while the electrode was 

rotated at 41.9 rad/sec. After deaeration, Ng was blown 

over the surface of the solution to exclude 0^ from the cell. 

The RCDE was potentiostated between -0.85 and -1.20 V 

whenever it was in the electrolyte to prevent oxidation of 

the electrode surface. 

Aliquots of stock solutions added to the electrolyte 

were mixed by momentarily rotating the RCDE at 16? or 26l 

rad/sec. 

Current-potential (I-E) curves were obtained and are 

shown only for the cathodic scan unless otherwise noted. 

C. Results and Discussion 

1. Usable potential range of the RCDE 

The potential region that can be investigated with a 

RCDE is narrow compared to that of most electrodes used in 

electroanalysis. In a deaerated solution of 0.10 M HgSO^ -

5.0 mM HCIO^ (the electrolyte used in the chromatographic 

detector), Cd is oxidized at potentials more positive than 

-0.8 V (Figure IV. 1). The product of the oxidation is Cd*^ 

(114), and the dissolution of the electrode produces a large 
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anodic current. The reduction of h"^ from the electrolyte at 

the RCDE produces a large cathodic current, which limits the 

negative end of the voltage scan to about -1.2 V. The 

measurement of current for an electroactive species can only 

be done at potentials where the Cd is not being oxidized 

and the reduction current from Hg evolution is not excessive. 

Therefore, the analytically useful range of potentials at the 

RCDE in this medium spans only 0.4 V. 

2. Voltammetrv of nitrate and nitrite at the RCDE 

Both NO^" and NOg" are reduced at the RCDE within the 

aforementioned potential limits. The I-E curves of 0,98? mM 

NaNOj and of 0.993 mM NaNOg in 0.10 M HgSO^ - 5.0 mM HCIO^ 

are reproduced in Figure IV. 2. Neither voltammetric wave 

is affected significantly by changes in the scan rate of the 

electrode potential. The waves typically exhibit some noise, 

especially at high rotational velocities or large concen

trations of NO^" and NOg". 

The N0^~ wave is considerably larger than the NOg" wave, 

but the waves have similar shapes. Neither wave exhibits a 

limiting-current plateau. Therefore, the current measured 

at the disk, I^, is dependent upon the potential at which it 

is measured. This dependence of on electrode potential 

is indicative of slow heterogeneous kinetics in the reduction 

process, and it will be discussed in greater detail below. 

Although a true limiting current cannot be measured, 
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at a given electrode potential can be measured and related 

to and C^. The disk current, measured at -1,0 V, is a 

linear function of NO^" and NOg" concentrations (Figure IV. 

3). The plot of vs. NO^" concentration is linear to 

1.1 raMj whereas the NOg" curve deviates from linearity 

above 0.9 n#. Both plots are curved at higher concen

trations. The positive intercepts exhibited by both curves 

in Figure IV. 3 are due to a small, noh-faradaic charging 

current resulting from the potential scan of the RODE. 

3. Electrolyte study 

The disk current from the reduction of both NO^" and 

NOg" is not a linear function of w®. The current is 

partially limited by mass transport and partially by the 

kinetics of the reduction process. The degree to which I^ 

is limited by kinetics is affected by the choice of acid 

used as the supporting electrolyte. It can be seen from the 

curvatures and slopes of the plots of I^ vs. w® in Figures 

IV, 4 and IV. 5» that the reductions of NO^" and NOg" 

occur with slightly faster kinetics in 0.10 M HCIO^ than in 

0.10 M HgSO^. The reductions are considerably less 

reversible in 0.10 M HCl than in 0.10 M HCIO^, and are 

entirely limited by kinetics at large values of w® in 0.10 M 

H^PO^. Excessive evolution of Hg in 0.10 M H^PO^ necessi

tated measurement of I^ at -0.85 V, The measurement of I^ 

at a more positive potential than -1.0 V increased the 
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curvature of the plots of vs. w®, as will be shown later 

in this chapter. 

The acidity of the electrolyte also affects the kinetics 

of the reductions. As shown by the greater slope and 

linearity of the plot of vs. w® in Figure IV. 6, the 

reduction of NO^" is kinetically faster in 0,10 M HgSO^ than 

in 0.010 M HgSO^, The use of a more acidic electrolyte 

might increase the rate of the reductions still more, but in 

solutions of HgSO^ more concentrated than 0.10 M, the 

reduction current for the evolution of Hg interferes with 

the measurement of the reduction current from NOg" and N0^~, 

Therefore, 0,10 M acid was concluded to be an optimum 

concentration. 

The reagent graue HCIO^ available locally was analyzed 

with anodic stripping voltammetry and was found to contain 
— ft 

approximately lO" M Cu(II) (8a)« Reagent grade HgSO^ 

contained much less Cu(II). Therefore, 0.10 M HgSO^ was 

used as the supporting electrolyte for all succeeding 

experiments to avoid the deposition of Cu on the RCDE. 

4. Effects of various anions and cations 

Most of the reported ion-exchange separations of N0^~ 

and NOg" use an eluent containing Cl" (81, 88). From the 

data in Figures IV. 4 and IV. 5» it is concluded that Cl" 

inhibits the reduction of N0^~ and NOg". An investigation 

was made to see if this inhibition was characteristic of 
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other halides that might be substituted for Gl" in a 

chromatographic eluent. Voltammetric waves of 0,989 mM 

NaNO^ were obtained with supporting electrolytes consisting 

of 0.10 M HgSO^ and 0.02 M Nal, 0.02 M NaBr, or 0,02 M NaCl. 

Voltammetric waves were also obtained in 0,10 M HgSO^ - 0,02 

M NaHSO^ for comparison. The NaHSO^ maintained the ionic 

strength equal to that of the other solutions, A plot of 

Zs* for each solution is shown in Figure IV. ?. 

Chloride and Br~ have an equal effect and inhibit the 

reduction slightly. In their presence, I^ is smaller and 
1 

the curvature of the I^ vs. w^ plot is greater than that 

obtained in the solution of 0.10 M HgSO^ - 0.02 M NaHSOj^, 

Iodide has a much more pronounced effect. The disk 

current is entirely kinetically limited, except at the 

lowest rotational velocities. This may be because l" is 

strongly adsorbed on Cd cathodes (182), and the adsorbed 

layer of I electrostatically repels the N0^~, On the other 

hand, the NO^** ions may have to compete with the l" for the 

active sites on the electrode surface at which reduction 

occurs. Iodide may also react with reduction intermediates 

of N0^~ and disrupt the reduction mechanism. Whatever the 

cause, the inhibition is severe, and the presence of I~ in 

the electrolyte must be avoided. 

Another series of w^ studies were made to investigate 

the effect that various cations in the electrolyte might 
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have on the reduction of NO^", Voltammograms of 0.984 mM 

NaNO^ in solutions of 0.10 M H^SO^ that contained 0.005 M 

K^SO^, 0.01 M MgSO^, or 0.01 M LaXHSO^)^ were obtained, and 
i 

plots of vs. w^ were made (Figure IV. 8). 

The values of were smallest in the solution containing 

0.01 M La^^, Nitrate is known to be complexed by La"*"^ (128), 

so the smaller currents may be due to a decrease in the bulk 

concentration of free NO^ because of complexation with 

La The decrease in is not as large in the case of 

La*^ as in the presence of l". Therefore, the presence of 

various cations in the electrolyte is expected to change 

the rate of the reductions relatively little, 

5. Treatment of the RODE surface 

The RCDE used in these studies was constructed from 

polycrystalline Cd. The crystal planes on the electrode 

surface are not visually apparent when the RCDE is polished 

as described in Chapter III. If the RCDE is potentiostated 

at 0.0 V for 90 seconds, the Cd on the polished surface is 

+2 oxidized to Cd . The polycrystalline inner structure of 

the electrode is exposed and is apparent to visual inspec

tion. 

The reductions of NO^ and NOg" occur more reversibly 

at the oxidized surface than at the polished surface. 

Voltammetric waves of 0.993 mM NaNOg and 0,98? mM NaNO^, 

obtained at both polished and oxidized electrode surfaces. 
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are reproduced in Figure IV. 9. The waves are larger and 

exhibit more of a limiting-current plateau when the oxidized 

RODE surface is used, and the slope of a plot of vs. w® 

is much greater (Figure IV. 10), 

The increased current is apparently not due to increased 

electrode surface area from oxidation of the Cd. The values 

of I^ are smaller when the RCDE is sanded with 600 grit 

sandpaper than when the electrode is polished. It is 

concluded that oxidation of the surface exposes more active 

sites to the solution than are present on the polished 

surface. The active sites may be on particularly reactive 

crystal planes, which are exposed when the RCDE is oxidized. 

The RCDE was normally polished before it was used to achieve 

good day-to-day reproducibility, even though the rates of 

the reductions were decreased. 

The chromatographic detectors were made of polycrystal-

line Cd and were never polished. Therefore, the reductions 

of NOg" and NO^" in the detectors are probably somewhat more 

reversible than expected if only the data obtained with the 

polished RCDE is considered. 

6. Fundamental considerations 

The increase in I^ following oxidation of the RCDE is 

not predicted by Equation IV. 1. The limiting current in 

Equation IV. 1 is related to the geometric area of the 

electrode, not the true surface area or an "activated" 
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surface area. The rate of the reduction of NO^ and NOg 

at Cd does seem to be related to the number of active sites 

on the Cd surface, A quantity, A', will designate the area 

of the electrode containing active sites. The area, A*, can 

be increased by oxidation of the surface, but the geometric 

area. A, is constant. 

A consideration of the fundamental equations leading to 

Equation IV. 1 may elucidate the relationship between A' and 

A. The reduction of a species, 0, which consumes h hydrogen 

ions and leads to the soluble product, P, can be represented 

by the equation below: 

0 + hH+ + ne" - P (IV. 2.) 

The heterogeneous rate constant, k, for such a 

reduction is given by Equation IV. 3 (4). 

k = k^exp (-@nFE/RTj (IV. 3.) 

In Equation IV. 3, 

k^ = specific rate constant (cm/sec) 

# = symmetry parameter 

E = electrode potential (V) 

R = gas constant (joule/°K) 

T = temperature (°K) 

The other parameters have their usual electrochemical 

significance. 

The reverse of Equation IV. 2 is negligible in the case 

of NO^ and NO^ because of the large overpotentials of the 
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reductions. Equation IV. 4 relates the surface concen

trations of the reactants to 

= nFA*kC^®(Cj^+®)^ (IV. 4.) 

In Equation IV. 4, 

= concentration of species, 0, at the electrode 
surface 

= concentration of at the electrode surface 

The activated surface area is used in Equation IV. 4 

because the rate of the reduction is dependent on the number 

of active sites on the electrode. All activity coefficients 

are assumed here to be unity. 

The surface concentrations can be related to I^ by the 

Nernst diffusion-layer model (4)i 

Id = " CQ®)nFAD/6 (IV. 5.) 

where, 

6 = diffusion-layer thickness 

The disk current is proportional to the geometric area of the 

electrode, regardless of the rate of the reduction. 

^ S The surface concentration of H can be related to C 
0 

from the stoichiometry of Equation IV. 2. 

= htC^b - Cq®) (IV. 6.) 

Substitution of the expressions for C ^ and 0^+^ from o n 

Equations IV. 5 and IV. 6 into Equation IV. 4 givesi 

•h ^ hi,a . 
Id ~ nPA'k( C Q  - nFAD^ ^V " rÎFÂD^ (IV. 7.) 
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hi 6 
The quantity, YipM)* evaluated and compared to 

if h and 6 are known. The true value of h for the 

reduction of NO^" is unknown, but the stoichiometry of the 

reduction of N0^~, given in Equation VI. 2, shows that a 

maximum of 7^"*" may be consumed prior to the rate-determing 

step. The diffusion-layer thickness can be calculated from 

Equation IV. 8 (4). 

6 = 1.61 (IV. 8.) 

The rotational velocity normally used was 41,9 rad/sec. 

The value of v was 0.01 cm /sec, and the literature value of 

the diffusion coefficient of N0^~ is 1,9 x 10"^ cm^/sec 

(228). If I^ is 1 ma, and h is 7, then the following 

equality exists: 

hi ,6 o 
^ = 4 X 10"^ moles/1 (IV, 9.) nPAD 

Since equals 0.1 M, the last factor in Equation 

IV. 7 can be approximated by Solving Equation IV. 

7 for I^ gives: 

nFA/kC^bfc 
I. = — (IV. 10.) 
^ 1 + k(A'/A) (6/D) (0%+^)* 

Substitution of Equation IV, 3 into Equation IV, 10 

gives: 

b\h 
Ij = 

nFA'C^" (Cy+°)" k^exp {-3nFE/RTj 

^ 1 + (A'/A) (ô/D) (C^+^)^ (k^exp{-pnFE/RT})^^^ ^ 
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Two opposite cases are clearly predicted by brief 

examination of Equation IV. 11, The second term in the 

denominator of Equation IV. 11 is much less than unity if 

the rate of the reduction is slow, the bulk concentration 

of is low, and the ratio of A*/A is small. The reduction 

is entirely limited by kinetics» and Equation IV. 11 can be 

rewritten. 

I^ = nPA'CQ^(C%+t)h k^exp[-gnFE/RT} (IV. 12.) 

The disk current is independent of the rate of mass transport, 

but is proportional to 

The second term in the denominator of Equation IV. 11 

is larger than unity when k is large (i.e. E is a large 

negative potential), 0^+^ is large, and the ratio A'/A is a 

maximum. The reduction is reversible, and Equation IV. 11 

can be rewritten. 

Id = nPAC^^ D/6 (IV. 13.) 

Substitution of Equation IV. 8 into Equation IV. 13 gives 

Equation IV. 1. The disk current is limited solely by the 
^ 1 

rate of mass transport, and is proportional to and w^. 

The reduction of NO^" and NOg" at Cd lies between these 

extremes, and the kinetic rate is comparable to the rate of 

mass transport. 

Equation IV. 11 predicts many of the observations that 

have been made. Increasing increases the reversibility 
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of the reductions (Figure IV. 6). Oxidation of the RODE 

increases the ratio A'/A, and increases the linearity of 

vs. plots (Figure IV. 10). 

The rate of the reductions increases at more negative 

potentials, as predicted by Equation IV. 11. Plots of Î  
A 

vs. exhibit greater slopes when Î  is measured at -1.0 V 

than at -0.90 V (Figure IV. 11). 

The disk current is proportional to in both the 

reversible case and the kinetically limited case. The two 

proportionality constants are different, however, and at 

large concentrations of N0̂ ~ and NOg", there is curvature 

in plots of Î  vs. because of the transition from mass-

transport limitation to kinetic limitation. At very large 

concentrations, the reduction of NÔ " or NOg" consumes so 

large a quantity of H"*" at the electrode surface that 0̂ +̂  

cannot be approximated by 0̂ +̂ . This adds to the curvature 

of the Î  vs. plots. 

7. Reduction of dissolved oxygen 

Oxygen is reversibly reduced at Gd cathodes (121), 

The voltammetric wave from Og in air-equilibrated electrolyte 

is shown in Figure IV. 12. This wave has a definite limiting-

current plateau from -0.85 to -1.0 V. The reduction of H"*" 

becomes significant at more negative potentials. Unlike the 

reductions of NOg" and NÔ ", a plot of I vs. ŵ  for air-

equilibrated electrolyte is linear to a rotational velocity 
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Figure IV. 11, 

(rad/sec)® 

Study of the potential dependence of the 
reductions of NaNOg and NaNÔ  

RCDE. Scan rate 1.0 V/min. Electrolyte 
0.10 M HgSÔ . 

A - 0.987 mM NaNÔ , measured at -1.0 V 

B - 0.987 mM NaNÔ , measured at -0,9 V 

C - 0.993 roM NaNOg, measured at -1.0 V 

D - 0,993 n# NaNOgt measured at -0.9 V 
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E (V vs. SCE) 

Figure IV. 12. Current-potential curve of Og reduction 

RODE. Scan rate 1.0 V/min. Rotational 
velocity 41.9 rad/sec. Electrolyte 0.10 M 
HgSÔ  - 5.0 mM HCIÔ . 

A - Deaerated electrolyte 
B - Air-equilibrated electrolyte 
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of 104? rad/sec (Figure IV. 13). 

Oxygen must be excluded from the test solution for two 

reasons. First, the reduction current due to Og cannot be 

distinguished from that of NÔ " or NOg", and the presence of 

dissolved 0̂  leads to serious errors. Also, the reduction 

of Og consumes h"*" ions at the electrode surface, as shown 

below: 

Og + M"*" + 4e" Z 2K̂ 0 (IV. 14.) 

A decrease in the surface h"*" concentration results in a 

decreased reversibility for the reduction of NÔ " and NOg"» 

as described above (Figure IV, 6). 
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Figure IV. 13. study of reduction of dissolved Og 

RODE. Scan rate 1.0 V/min. Air-
equilibrated 0,10 M Ĥ SÔ  - 5*0 HGIÔ  

electrolyte. measured at -1.0 V. 
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V. EVALUATION OF THE CHROMATOGRAPHIC 
DETERMINATION OF NITRATE AND NITRITE 

A, Introduction 

Tubular electrodes are conveniently adapted to the 

amperometric analysis of chromatographic effluents. The 

relationship between the current measured in a smooth 

tubular electrode, as an electroactive species continuously 

flows through it has been reported by Blaedel, et al. (29)« 

I = 5.24 X 10̂  (y. i.) 

where, 

L = length of tubular electrode (cm) 

= volumetric flow rate (ml/min) 

All other parameters in Equation V. 1 have their usual 

electrochemical significance. 

Electroactive species are eluted from a chromatograph 

in narrow bands and do not continuously flow through the 

detector. Chromatographic peaks are the result, and the 

relationship between the peak areas and the variables in 

Equation V. 1 was reported by Johnson and Larochelle (113b)i 

Q = k'nPV̂ "̂ /̂ [moles] (V. 2.) 

where, 

Q = peak area (C) 

k' = proportionality constant 

[moles] = number of moles of analyte injected into the 
detector 

Equation V, 2 assumes negligible electrolysis of the analyte. 
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The peak areas are linear functions of the analyte 

concentration in the sample for reversible reactions if the 

volume of the injections is constant. Prom inspection of 

Equation V. 2, it is seen that good precision in an analysis 

with a tubular electrode requires the flow rate to be 

constant. 

B. Experimental 

1, Chemicals and reagents 

All HgO used was triply distilled and deionized. 

Solutions used as the chromatographic eluent and electrolyte 

were prepared by diluting J. T. Baker reagent grade acids 

with HgO, These solutions were deaerated by bubbling He 

through them for 2 hours. 

Stock solutions of NaNOg and NaNÔ  were prepared by 

dissolving the salts (dried 4 hours at 90°C) with known 

volumes of HgO. Salts used in the interference study were 

all reagent grade quality and were not dried before use. 

The synthetic unknown was prepared from dried KNOg and 

KNOg, Solutions of sulfanilamide, N-(l-naphthyl)ethylene-

diamine, and assorted other solutions required for the 

spectrophotometric analysis of the synthetic unknown were 

prepared exactly as prescribed by the Association of Official 

Analytical Chemists (AOAC) (14). 

The Cd reduction column for the AOAC method was held in 

a 25-ml burette and was 16 cm long. The Cd particles were 
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prepared from J. T. Baker reagent grade mossy Cd, which was 

ground in a Waring blender until the particle size was less 

than 16 mesh. The Cd particles were packed into the burette 

and the column was back-flushed to remove fines. Thereafter, 

the reduction column was treated according to the procedure 

of the AOAC (14). 

2. Experimental procedures 

The interference study and the analysis of the synthetic 

unknown utilized 0.010 M HCIÔ  eluent and 0,20 M HgSÔ  

electrolyte. The flow rate of each was 0,2 ml/min. The 

tubular detector was potentiostated at -0,90 V, and the 

sample loop volume was 0.33 ml. 

The interference study was carried out over a five-day 

period. Three consecutive injections of a reference 

solution, containing 0,500 mM NaNOg and 0.500 mM NaNÔ , were 

made at the beginning of each day. Then three consecutive 

injections of a test solution were made. Each test solution 

contained 0.500 mM NaNOg, 0,500 mM NaNÔ , and a possible 

interference at a concentration of 5«0 1#, The reference 

solution was injected between injections of different test 

solutions to ascertain whether the previous interference had 

permanently affected the chromatograph or detector. 

The average NÔ " peak area and height were calculated 

from the 15 chromatograms of the reference solution. The 

average NOg" peak area and height were also calculated. Each 
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average was given the arbitrary value of 100̂ , The average 

area and height of both the NÔ " and NOg" peaks were 

calculated from the chromatograras of each test solution. 

The averages from each test solution were compared to those 

of the reference solution, which contained no interference. 

These results are listed in Table V. 1, 

For the long-term precision study, the NÔ " and NOg" 

peak areas and heights from the 15 chromatograms of the 

reference solution were statistically evaluated. This data 

is in Table V. 2. The short-term precision study consisted 

of a separate statistical evaluation of each of the 5 groups 

of 3 consecutive chromatograms of the reference solution. 

This data is presented in Table V, 3» 

A synthetic unknown, which contained 5«78 {ig KNÔ -N/ml' 

and 5.75 p.g KNOg-N/ml, was analyzed chromatographically and 

spectrophotometrically. The spectrophotometric procedure 

was a standard method of the AOAC (14). The total NÔ "* and 

NOg concentration was found after the N0̂ ~ present was 

reduced to NOg" in a Cd column. Then all of the NOg" in 

that portion of the sample was diazotized with sulfanilamide 

and coupled with N-(l-naphthyl)ethylenediamine. The 

procedure was repeated without the reduction step on another 

portion of the unknown to calculate the NÔ " concentration. 

Then the N0̂ ~ concentration was found by difference. 

The absorbance readings were made at 5̂ 0 nm using a 
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Beckman DU-2, and were compared to a calibration curve 

prepared two days earlier from standard solutions• 

The synthetic unknown was analyzed chromatographically 

by injection immediately after three standard solutions 

containing 7.278 (ig KNOg-N/ml, 4.852 {ig KNOg-N/ml, and 

7.212 |ig KNÔ -N/ml, respectively. The injection of the 

synthetic unknown was followed by an injection of a standard 

solution containing 4.808 {ig KNÔ -N/ml, Linear calibration 

curves were constructed for NÔ ' and NOg" from the peak 

areas of the chromatograms of the standard solutions. Then 

the unknown concentrations were calculated from the calibra

tion curves. 

All chromatographic peaks were integrated with a 

Keuffel and Esser planimeter. 

C. Results and Discussion 

1. The chromatographic separation 

All samples can be expected to contain dissolved Og, and 

Og is electroactive at Cd cathodes as shown in Chapter IV. 

Furthermore, samples cannot be deaerated because N0̂ ~ and 

NOg" are volatile and are lost from the sample when a gas is 

bubbled through it. Therefore, the chromatographic separa

tion must not only separate NÔ " and NÔ ", but it must 

separate dissolved Og from them. Most samples will not 

contain other electroactive anions; however, they may contain 

electroactive cations (e.g. Fe(II) and Cu(II)), These 
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cations are removed from the eluent by the cation-exchange 

column shown in Figure III, 3. 

The separation of Og, NOg , and NÔ  is easily accom

plished with a column of Amberlite IRA-900, a macroreticular, 

strongly basic anion-exchange resin. Oxygen is not retained 

on the resin. Nitrite is retained somewhat, but if an acidic 

eluent is used, most of the NÔ " in the chromatograph is 

protonated because HNOg is a weak acid = 6.0 x 10"̂ ). 

Nitrate is not protonated in a moderately acidic solution, 

and it is strongly retained on the resin. 

Two ion-exchange separations of NOg" and N0̂ ~, reported 

previously, used solutions containing NaCl as the eluent (81, 

88). The presence of Cl~ in the electrolyte was shown in 

Chapter IV to decrease the rate of the reductions of NOg" 

and N0̂ ~ (see Figures IV. 4, IV, 5i and IV. ?). Perchlorate 

does not decrease the rates of the reductions, and is 

sorbed strongly on Amberlite IRA-900, Even at low concen

trations, HCIÔ  effectively elutes NÔ " from the anion-

exchange column. The eluent used for most of these studies 

was 0.010 M HCIÔ . 

The optimum concentration of acid in the electrolyte was 

shown in Chapter IV to be 0.1 M. However, the separation of 

dissolved 0̂  and NOg" will not occur if the eluent is more 

concentrated than 0.010 M HCIÔ . Therefore, the eluent was 

mixed with 0.20 M HgSÔ  in a 1*1 volumetric ratio after the 
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separation had been achieved. The solution flowing through „ 

the detector was 0,10 M HgSÔ  - 5«0 niM HCIÔ . A satisfactory 

separation was attained when the flow rate of the eluent was 

0.2 ml/min. 

A chromatogram of 0.500 mM NaNOg and O.5OO n# NaNÔ  is 

shown in Figure V. 1. The detector potential was -0.90 V, 

the volume of the injection was 0.33 ml, and the other 

parameters were those already described, A relatively small 

Og peak in the chromatogram is followed by a sharp peak 

corresponding to the NÔ " in the sample. The NÔ " peak is 

last and requires 7-9 minutes for complete elution. 

2. Detector treatment 

Cadmium is quickly covered with an oxide layer if it is 

dried in air. The reductions of NÔ " and N0̂ ~ do not 

readily occur at such an oxide-covered electrode. However, 

the reduction of N0̂ ~ or NOg" apparently slowly removes the 

oxide layer and increases the detector sensitivity until the 

oxide layer has been entirely eliminated. After a few 

injections of a 1 mM NaNÔ  or NaNOg stock solution, the 

detector sensitivity increases to the maximum level. 

Following that pretreatment, the surface of the Cd tube is 

covered with a mossy, grey coating. The coating can be 

maintained by storing the detector under a few milliliters 

of effluent. The detector need not be potentiostated when it 

is stored, and it requires pretreatment only when it is 
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0,33-ml injection of 0.500 
mM NaNOg and 0.500 mM NaNÔ , 

Cd tubular detector potenti-
ostated at -0,90 V, 0,01 M 
HCIÔ  eluent flow rate 0,2" 

0,20 M HgSÔ 'flow ml/min, 

rate 0,2 ml/min. 11-cm 
column of #180-250 Amberlite 
IRA-900. 

NO, 

T 
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Figure V, 1, Typical chromatogram 

8 
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allowed to dry. 

The nature of the mossy layer on the Cd electrode will 

be discussed in Chapter VI, 

3. Peak areas vs. detector potential 

The areas of the N0̂ ~ and NÔ " peaks depend on the 

detector potential in much the same way as the disk current 

depends on the potential of the RCDE, The peak areas from 

injections of 0.500 mM NaNOg and 0.507 mM NaNÔ  solutions 

are shown as a function of the potential of the detector in 

Figure V. 2. The base line current is also shown as a 

function of potential. The Cd detector is oxidized at -0.775 

V, and the evolution of Hg becomes excessive at potentials 

more negative than -1.0 V. 

The peak areas are smaller at the more positive poten

tials because the rate of the reductions is slower than at 

more negative potentials (Chapter IV). The peak areas also 

decrease at the very negative potentials because the large 

number of bubbles formed adhere to the walls of the 

detector and prevent NÔ " and NOg" ions from reaching the 

electrode surface. The peak areas are a maximum when the 

detector potential is about -O.90 V. This potential was 

used for most subsequent studies. 

4. Peak areas vs. flow rate 

The areas of chromatographic peaks resulting from 

reversible electrochemical reactions in smooth-walled tubular 
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Figure V. 2, Potential dependence of peak areas and 
base line current 
Cd tubular detector. 0,665-ml injections 

of 0.507 rnM NaNOg or 0,500 NaNOg. Flow 

rate of 0,010 M HCIÔ  eluent 0.2 ml/min. 

Flow rate of 0,20 M HgSÔ  0,2 ml/min. 
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electrodes are proportional to (Equation V, 2). This 

proportionality was tested for the Cd tubular electrode with 

injections of 0.20 mM NaNOg and 0,20 mM NaNÔ  stock solutions. 

The reductions of NÔ " and NOg" at a RODE are not 

entirely reversible, and they may not be reversible at a Cd 

tubular electrode. The reduction of dissolved Og, however, 

was shown in Chapter IV to be reversible. Therefore, the 

areas of the dissolved 0̂  peaks in the chroraatograms of the 

0.20 mM NaNÔ  stock solution were measured at the three 

highest flow rates used. The Og peak was too broad at the 

slower flow rates for accurate integration. In all cases, 

the flow rate of the eluent equaled the flow rate of the 0.20 

M HgSÔ . 

In Figure V. 3» the peak areas are plotted against the 

total flow rate. From the slope of each curve, the exponen

tial value of the proportionality can be calculated. In 

that way, the 0̂  peak areas were found to be proportional to 

0*91̂  Since the reduction of dissolved Og is reversible, 

the difference between the exponential value of -0.667» 

predicted from Equation V, 2, and the actual value of -0.91 

must be due to the presence of the mossy layer on the 

interior surface of the Cd tubular electrode. The detector 

is not smooth-walled, and the convective-diffusional 

transport in the Cd tube is not that for which Equation V. 2 

is applicable. 
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Figure V. 3, Plow rate study 
Cd tubular detector potentiostated at 

-0,90 v. 0.33-ml injections of 0.20 sM 
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V. 

The areas of the NÔ  and NOg peaks are proportional 

to and respectively. The larger negative 

exponents for N0̂ ~ and NÔ ' reflect that they are reduced 

more irreversibly than Og, The difference between the 

exponential values of NOg" and NÔ " may result from a 

difference in the rates of the reductions, or the difference 

in the instantaneous fluxes of NOg" and NÔ " to the Cd 

surface. 

5. Peak areas and heights vs. concentration 

The chromatographic peak areas are proportional to the 

concentration of NÔ " and NOg" in the sample (Figure V. 4). 

The working range of concentrations is O.O5 - 1.00 mM. The 

N0̂ ~ plot intercepts the origin as expected, but the NOg" 

plot does not. In the chromatograms used for this data, the 

dissolved 0̂  peak was not entirely resolved from the NOg" 

peak. A constant error in extrapolating the base line under 

the NOg" peak resulted in the negative intercept observed in 

Figure V. 4. 

The detection limit for both NÔ " and NOg" is about 

0.01 mM. The relative uncertainty in the peak area measure

ment is approximately 100# at this concentration. Figure V. 

5 is a chromatogram of NOg" and NÔ " at the detection limit. 

The NOg" peak is a shoulder on the Og peak, and the N0̂ ~ 

peak is barely distinguishable from the base line. 

Manual integration of peak areas is tedious. It is 
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Figure V. 4. Concentration study 
Cd tubular detector potentiostated at 

-0,90 V. 0.33-inl injections. 0.010 jg 
HCIÔ  eluent flow rate 0.2 ml/min. 0.20 M 

HgSÔ  flow rate 0.2 ml/min. 
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Figure V. 5« Chromatogram of 0.01 mM NaNOg and 0.01 mM NaNÔ  

Cd tubular detector potentiostated at -0.90 V, 
0.33-ml injection. 0.010 M HCIÔ  eluent flow rate 

0.2 ml/min. 0.20 M HgSÔ  flow rate 0.2 ml/min. 
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much more convenient to calculate concentrations from peak 

heights. Unfortunately, the height of the NÔ  peaks is not 

a linear function of concentration (Figure V, 6). Although 

the NOg" peak heights are linear functions of concentration, 

the next section will show that the height of the peak, 

but not peak area, is greatly affected by the presence of 

other salts in the sample. Therefore, the peak areas are 

much more reliable for the calculation of unknown concen

trations. 

6. Interference study 

The presence of electroinactive salts in the sample 

affects the height and, to a lesser extent, area of the N0̂ ~ 

and NOg" peaks. For example, in Figure V. 7 a chroraatogram 

of a solution of 0.500 mM NaNOg , 0.500 mM NaNÔ , and 5.0 mM 

NaCl is compared to a chroraatogram of a solution containing 

0,500 mM NaNOg and 0,500 mM NaNÔ . The chromatograms were 

obtained with identical experimental conditions. The NaCl 

in the sample results in a shorter, broader NOg" peak. The 

NÔ " peak is only slightly affected. 

The shape of the peaks is affected because when the NOg" 

and N0̂ ~ ions are in the pure distilled HgO of the reference 

solution, they are sorbed onto the anion-exchange resin 

in a narrow band. They are not eluted until the entire 

0,33-ml sample volume has passed the band, and the acidic 

eluent enters the column. Conversely, if the sample contains 
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Figure V. 6. Concentration study 
Cd tubular detector potentiostated at 

-0.90 V, 0.33-ml injections. 0.010 M 
HCIÔ  eluent flow rate 0.2 ml/rain. 0T20 M 

HgSÔ  flow rate 0.2 ml/min. 
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Figure V. 7. Distortion of chromatographic peaks by NaCl 
Cd tubular detector potentiostated at 

-0.90 V. 0,33-ral injections. 0.010 M HCIÔ  

eluent flow rate 0.2 ml/min. 0,20 M HgSÔ  

flow rate 0.2 ml/min. 
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other salts, the NOg and NÔ  ions may be partially eluted 

by the anion of that salt while the 0,33-ml sample volume is 

flowing through the column. Nitrate is less susceptible 

than NOg" to elution by other salts because it is sorbed 

more strongly on the resin than is NOg". However, some 

anions (e.g. Br", ClÔ ", and HSÔ ") broaden the NÔ  peak if 

they are in the sample. 

The relative effect that various salts have on the 

chromatographic peaks of 0.500 mM NaNOg and 0.500 mM NaNÔ  

are listed in Table V. 1. The concentration of the salt in 

each test solution was 5*0 mM. The peak areas and heights 

are given relative to the values in the absence of inter

fering ions. 

Nitrite is not stable in acidic solutions and decomposes 

to N0̂ ~ and NO (51). Therefore, the NÔ " peak areas and 

heights are less than 100# for all solutions containing 

acidic interferences in Table V. 1, except HgSÔ . The 

solution containing HgSÔ  was analyzed before the decompo

sition had time to occur. Because NĜ " is a product of the 

decomposition, the N0̂ ~ peak areas are greater than 100# for 

the acidic test solutions. 

Neutral salts affect the NOg" and NÔ " peak areas 

relatively little. Except where C10̂ ~, Br", or HSÔ " is 

present, the NÔ " peak heights are also only slightly 

affected. However, the NOg" peak height is decreased to 
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Table V. 1. Interference study 
NaNÔ  

— 0. 500 mM NaNOg, 0.500 n# 

Interference 
(5.0 mM) 

Peak Areas 

NOg" NOg 

Peak Heights 

NOg" NÔ " 

None 100# 100$ % 100# 100# 

HgSÔ  114 114 33 60 

HCl 58 122 23 125 

46 126 35 100 

HCIO4 60 112 24 97 

NaClÔ  100 112 41 76 

NaCl 122 103 42 113 

NaBr 120 92 42 57 

Nal 81 125 35 97 

NaHSÔ  62 117 19 57 

NaHgPÔ  110 83 68 86 

NagHPÔ  112 84 69 86 

KCl 108 94 33 106 

CaClg 104 96 27 113 

ZnClg 101 83 29 112 

NagSOj 86 — 51 

NaBrÔ  116 — 140 

Pe(NĤ )(30̂ )3 82 101 22 61 

OuClg 102 91 28 133 
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Table V, 2. Long-term precision study 

Chromatogram Peak Areas Peak Heights 
Number (mC) (na) 

NOg- NOg" NOg" NOg" 

1 4.67 8.54 166 110 
2 4.76 8.87 168 110 
3 4.73 8.76 170 112 
4 5.00 8.35 175 115 
5 4.95 8.00 170 113 
6 4.84 8.11 166 112 
7 5.29 6.66 202 94 
8 5.45 6.42 214 91 
9 5.35 6.38 211 91 
10 5.48 8.11 185 115 
11 4.88 8.16 185 114 
12 5.36 8.28 183 114 
13 6.23 8.04 243 110 
14 6.09 8.28 247 114 
15 6,47 Ai 112 

average 5.30 7.95 196 109 

average deviation 0.44 0.58 28 6 

standard deviation 0.57 0.80 31 9 

relative standard 
deviation 11# 10# .. 16# 8# 

about one-third of its value in the reference solution. 

Therefore, when samples that contain unknown quantities of 

salts are to be analyzed, peak areas are much more reliable 

measures of concentration than are peak heights. 

The only salts in Table V. 1 that were severe inter

ferences were NaBrÔ , NagSÔ , and Nal. Both BrÔ " and SÔ "̂  



www.manaraa.com

76 

Table V, 3, Short-term precision study 

Chromatograms* Average Peak 
Areas (mC) 

NOg" NÔ ' 

Average Peak 
Heights (pa) 

NOg' NOg" 

#1-3 4.72 8.72 168 111 

#4-6 4.93 8.15 170 113 

#7-9 5.36 6.49 209 92 

#10-12 5.24 8.18 184 114 

#13-15 6.26 8.19 246 112 

Relative Standard Deviations 

#1-3 1.1# 2.2* 1.49g 1.1) 

#4-6 1.8 2.6 3.1 1.6 

#7-9 1.7 2.5 3.4 1.9 

#10-12 6.7 1.2 0.6 0.5 

#13-15 3.5 1.7 1.4 2.1 

•Chromatograms are numbered in Table V. 2, 

are electroactive and are eluted simultaneously with NOg". 

Hence, NOg cannot be determined in their presence. 

The Nal interfered because the l" adsorbed on the Cd 

electrode surface and decreased the detector sensitivity 

(Figure IV, 7). Successive injections of the Nal test 

solution resulted in progressively smaller peaks for NOg" 

and NÔ  . The data in Table V, 1 for the Nal test solution 

was taken from the first of the three chromatograms of that 
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Table V, 4, Comparison of chromatographic and standard 
methods 

Actual Chromatographic Standard 
Concentration Result Method 

5.75 \ig KNOg - N/ml 5.64 5.07 

5.78 fig KNOg - N/ml 5.86 5.36 

Relative Error 

Determination of NOg" 1,9# 11.8# 

Determination of NO^' 1.4# 7.3# 

solution. 

Ferric and Gu ions did not interfere because they 

were quantitatively eliminated from the eluent stream by 

the cation-exchange column. 

7. Precision study 

The long-term precision study simulates the accuracy 

obtainable when a calibration curve is constructed and used 

on subsequent days to determine unknown concentrations. The 

peak areas and heights from the 15 injections of the 0.500 mM 

NaNOg - 0,500 mM NaNO^ reference solution are listed in 

Table V. 2. Since these chromatograms were made over a 5-day 

period, the precision of the area and height measurements 

reflects the day-to-day reproducibility of the flow rate 
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adjustments and detector sensitivity. The long-term 

precision represents the accuracy of a single comparison of 

a peak from an unknown solution to peaks of stock solutions 

obtained previously• 

The relative standard deviations of the measurements of 

NO^" and NOg" peak areas in Table V. 2 are 10^ and II9S, 

respectively. The relative standard deviations of the peak 

heights are 16% for NOg" and 8^ for NO^". Therefore, about 

10^ relative error can be expected when a single calibration 

curve is prepared for routine analyses during a 5-day 

period. 

Greater precision is possible if the unknown injection 

is made just before or after injections of stock solutions. 

The accuracy of the determination of an unknown concentration 

is also greater because the fluctuations in flow rate and 

detector sensitivity are much less over a period of a few 

minutes than over several days. 

The short-term precision was found by calculating the 

standard deviation of each of the five groups of three 

consecutive chromatographic peaks from the reference solution. 

The standard deviations were calculated according to the 

method of Dean and Dixon (58), and are listed in Table V. 3» 

The largest relative standard deviation for the peak area 

measurements was 6,7% for NOg" and 2,6% for NO^", and for 

peak height measurements it was 3.4^ for NOg" and 2,1% for 
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NO^". The average relative standard deviation was 3^ or 

less for either measurement. Therefore, by bracketing the 

unknown sample injection with injections of standard 

solutions, the accuracy is improved by a factor of 3 to 4 

over the use of a previously prepared calibration curve. 

8. Comparison to a standard method 

A synthetic unknown was prepared and analyzed chromato-

graphically and spectrophotometrically with a standard 

method of the AOAC to make certain there were no serious 

determinate errors inherent in the chromatographic method. 

The synthetic unknown contained 5«75 |ig KNOg-N/ml (0,4ll mM) 

and 5,78 |ig KNO^-N/ml (0.^13 i#). No other salts were 

added so that both methods would be as accurate as possible. 

The chromatographic analysis was carried out with injections 

of stock solutions before and after the unknown injection 

for maximum accuracy. The spectrophotometric method 

utilized a calibration curve prepared two days before the 

analysis of the synthetic unknown. The synthetic unknown was 

analyzed once by each method. 

The results of each analysis are listed in Table V. 4. 

The chromatographic method reported 5.86 (Ag KNO^-N/ml and 

$.64 fig KNOg-N/ml, for a relative error of 1.4^ for NO^" and 

1.9# for NOg". The spectrophotometric method reported 5«36 

lig KNO^-N/ml and 5*07 fig KNOg-N/ml. The relative errors 

were 7.3# for NO^" and 11.8# for NOg". Had the chromato-
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graphic method used a calibration curve prepared a few 

days earlier, the relative errors of the two methods would 

have probably been equal. 
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VI. DETERMINATION OF THE NITRATE AND 
NITRITE REDUCTION PRODUCTS 

A. Introduction 

The application of coulometric electrodes as detectors 

for forced-flow liquid chromatography has been discussed by 

Johnson and Larochelle {113b). Coulometric detectors are 

more sensitive than tubular detectors because they electro-

lyze 100# of the analyte. The peak areas are independent of 

small variations in the flow rate of the effluent because 

the analyte is completely electrolyzed; therefore, the 

coulometric detector offers better precision than does the 

tubular electrode. The peak area resulting from 100# 

electrolysis of the electroactive species is given by 

Equation VI. 1 (113b)i 

Q = nPj^moles] (VI. 1.) 

where each factor has its usual electrochemical significance. 

The Cd couloraetric electrode used for these studies is 

shown in Figure III. 2. The electrode was not durable, but 

the value of n in Equation VI. 1 was determined using the 

coulometric detector. 

Additional voltammetric studies were made to determine 

the product of the reduction of NO^" and NOg". A rotating 

glassy-carbon disk/Pt-ring electrode was used. The products 

of reactions at the disk electrode are transported by 

diffusion and radial convection to the rin# where they can 

be identified. The RRDE has been used to detect Cu(I), an 
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intermediate in the reduction of Cu(II) in CI media (7b); 

HgOg, an intermediate in the reduction of Og (7b); and HgOg 

in the reduction of 0^ to H^O (113a). 

The product of the reductions of N0^~ and NOg" was 

sought because of the variety of possible products that 

exist. Depending on the experimental conditions, the 

reduction of NO^" has been shown to produce NOg" at Hg 

cathodes (l4l); NH^ at Pb (117), Cu (5i 62, l40), Ti (5). 

Pt (62), and Hg (62, 119) cathodes; and NHgOH at Cu (62), 

Pt (62), Sn (7a), Pb (7a), Pb(Hg) (5), Cu(Hg) (5, 221), and 

Hg (5» 6, 7a, 62, 119, l4l) cathodes. The reduction of NO^" 

to NHgOH is 90fo complete at Hg cathodes in solutions of 

HgSO^ at pH 0.56 to 1,22 (l4l). The reduction is quantita? 

tive if the electrolyte is k6% HgSO^ (6). 

B, Experimental 

1. Chemicals and reagents 

All HgO used was triply distilled and deionized. All 

chemicals were reagent grade quality. Stock solutions of 

NaNOg and NaNO^ were prepared by dissolving the salts, dried 

4 hours at 90°C, in HgO. Other solutions were prepared by 

dissolving undried salts or diluting reagent grade acids with 

HgO. 

2. Experimental procedures 

The coulometric electrode, shown in Figure III, 2, was 

used in the detector cell shown in Figure III. 1. The Cd 
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coulometric detector was pretreated like the tubular 

electrode and was stored under a few milliliters of effluent 

(Chapter V). 

The cation-exchange column was not used with the 

chromatograph shown in Figure III. 3 for these studies. The 

anion-exchange column was 7 cm long. The eluent was 1.0 mM 

HCIO^ - 2.0 mM HgSO^, and was mixed in a 111 volumetric 

ratio with 0.2 M HgSO^ before entering the detector. The 

volume of the sample loop was 0,665 ml. All other procedures 

and parameters used in these chromatographic studies are 

described in Chapter V. 

The RCDE and the rotating glassy-carbon disk/Pt-ring 

electrode were used for voltammetric studies. These 

electrodes are described in Chapter III. 

The glassy-carbon disk electrode of the RRDE was plated 

with Cd in a solution of 0.1 M KgSOj^ and 1 i# CdClg» The 

RRDE was rotated at 41.9 rad/sec, and the potential of the 

disk electrode was scanned from -0,85 to -1.2 V for 3 minutes. 

The scan rate was 1.0 V/min. The Pt-ring electrode was 

potentiostated at 0.0 V. The RRDE was then removed from the 

plating solution, rinsed, and transferred to the voltammetric 

cell that contained 400 ml of the 0.10 M HgSO^ - 5»0 mM HCIO^ 

electrolyte. The Cd-plated disk was potentiostated at -0.90 

V, and the Pt ring was scanned from -0.2 to +1.4 V at a rate 

of 1.0 V/min. The rotational velocity of the RRDE was 41.9 
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rad/sec. Current-potential (I-E) curves were obtained of 

the reduction products of NO^" and NOg" at the Pt-ring 

electrode after aliquots of the stock solutions were added 

to the deaerated electrolyte. 

Current-potential curves of NOg" and NHgOH were obtained 

at the Pt-ring electrode for comparison. The glassy-carbon 

disk was not plated with Cd in this instance, and was 

potentiostated at 0.0 V, at which no electrochemical 

reaction occurred. 

Current-potential curves of the NO^" and NOg" reductions 

at the RCDE were obtained at very low rotational velocities 

with a servo-controlled, variable-speed motor. Model ASR 

from Pine Instrument Co. The RCDE had been oxidized at 0.0 

V for 90 seconds (Chapter IV). 

All other voltammetric procedures were those discussed 

in Chapter IV. 

C. Results and Discussion 

1. Coulometric detector 

Several injections of 1.0 mM NaNO^ or NaNO^ stock 

solutions were made before the Cd coulometric detector 

electrolyzed 100# of the N0^~ and NOg" injected into it. 

After this pretreatment, the spaces between the wires in the 

detector were partially filled with the grey, mossy material 

that had previously been observed on the walls of the 

pretreated Cd tubular electrode. The mossy material 
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completely plugged the end of the coulometric detector 

nearest the SCE after a few hours of work and stopped the 

flow of eluent. The deposited material could only be 

removed from the detector by unpacking the electrode, 

wiping the Cd wires, and repacking the detector. The Cd 

coulometric detector was deemed unsuitable for routine 

applications for this reason. 

The mossy coating in the detector was Cd resulting from 

dissolution of Cd in the upstream end of the detector, and 

the deposition of that Cd in the end of the detector 

nearest the SCE. In normal use, the detector was potenti-

ostated at -0.90 V, The internal resistance in the electrode 

produced a potential gradient through the length of the 

detector whenever an electrical current flowed. The end of 

the detector nearest the SCE was maintained by the 

potentiostat at -0.90 V, but the upstream end was at a more 

positive potential; the potential difference between the 

ends being equal to the product of the current and the 

internal resistance by Ohm's Law. Cadmium is rapidly 

oxidized in this medium at potentials more positive than 

-0,76 V. Peak currents of 1 ma were common when 1.0 mM 

stock solutions of NaNOg or NaNO^ were injected, and an 

internal resistance of only a few hundred ohms would make 

the potential of the upstream end of the coulometric detector 

more positive than -O.76 V. The Cd*^ ions from the 
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dissolution were eluted down the detector until they were 

reduced to Cd° in a portion of the detector at which the 

potential was more negative than -O.76 V, A potential 

gradient of this sort in a porous Cd anode was reported by 

Bro and Kang (3^). 

The deposition of the mossy layer of Cd in the tubular 

electrode is not a problem since there are no capillary 

spaces to be clogged, 

2. Nitrate and nitrite reduction products 

A criterion of coulometric efficiency for a detector is 

the invariance of peak areas with changes in the flow rate of 

the effluent. The peak areas from injections of a 0o500 mM 

NaNOg solution are shov/n in Figure VI, 1 to be constant with 

effluent flow rates of 0,2 - 0.4 ml/min. At lower flow 

rates, the efficiency of the detector decreases because Hg 

bubbles formed in it are not expelled as they are at higher 

flow rates. 

Injections of stock solutions of 0.500 mM NaNOg and 

0.507 mM NaNO^ were made with a flow rate of 0.3 ml/min to 

determine the electrode potential at which the efficiency 

of the detector is a maximum. The peak areas at various 

detector potentials are shown in Figure VI. 2, The maximum 

efficiency for both NOg" and N0^~ is at -O.865 V, and the 

maxima in Figure VI, 2 exist for the same reasons as the 

maxima in Figure V. 2, 
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Figure VI. 1, Plow rate study 
Cd coulometric detector potentiostated 

at -0,90 V, 0,665-ml injections of 
0.500 raM NaNOg, 1,0 ng HClOj^ - 2.0 mM 

HgSO^ eluent mixed with 0,20 M HgSO^ in 

a 1:1 volumetric ratio. 
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Figure VI, 2. Potential dependence of peak areas 
Cd coulometric detector, 0.665-ml 

injections. 1.0 HCIO^ - 2.0 HgSO^ 

eluent flow rate 0,15ml/min. 0.20 M HgSO^ 

flow rate O.15 ml/min. 
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The peak areas at -0,865 V in Figure VI. 2 are 

concluded to correspond to the total electrolysis of the 

NOg" and N0^~. Equation VI. 1 was solved for the value of 

n with the data in Figure VI. 2, For NO^ and NO^ , n 

equals 4.0 and 6.1, respectively. These values correspond 

to the formation of NH^OH as the sole product of both 

reductions within the uncertainty of the integration of the 

peaks. Hence, the reductions occur according to the 

following equations in this mediumi " 

NO^" + 7H"'" + 6e" - NHgOH + 2H2O (VI. 2.) 

HNOg + ^H"*" + 4e" - NHgOH + H^O (VI. 3.) 

These reactions are consistent with the fact that NHgOH is 

not reduced at a Cd cathode in 0.10 M HgSO^^ - 5*0 n# HClOj^, 

3. Reduction products at the RCDE 

A characteristic of an electrochemical reaction 

controlled by the rate of convective-diffusional mass trans

port is that the concentrations at the electrode surface of 

the reactant and all intermediate states are virtually zero. 

The limiting current is related to the concentration of the 

reactant in the bulk electrolyte by Equation IV. 1. The 

voltammetric data obtained for the reduction of NOg" and NO^' 

in 0.10 M HgSO^ were characteristic of faradaic reactions 

partially controlled by slow reaction kinetics at the 

electrode surface. Semi-stable intermediates produced 

electrochemically in a kinetically controlled reaction may 
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"be transported away from the electrode surface by convection 

and diffusion. These kinetically controlled reactions and 

reaction intermediates are amenable to study with the RRDE. 

Products and semi-stable intermediates of electrochemical 

reactions at the surface of the disk electrode are trans

ported by diffusion and radial convection to the ring 

electrode where they can be electrolyzed and possibly 

identified. 

The RRDE used for these studies had a glassy-carbon 

disk and Ft ring. Nitrate, NOg", and NHgOH are not electro-

active at glassy-carbon electrodes. Nitrate and NO^" are 

reduced at the disk at -0.90 V when it is plated with Cd. 

Current-potential curves of the reduction products and 

intermediates can then be obtained at the Pt-ring electrode. 

An I-E curve of the reduction products of N0^~ is shown 

in Figure VI. 3. Nitrate is not electroactive at the Pt 

ring and does not interfere. The I-E curve of the N0^~ 

reduction products is compared to that of the Pt ring in 

supporting electrolyte. The I-E curve of the reduction 

products exhibits a small cathodic wave at potentials more 

negative than 0.0 V, and a large anodic wave at potentials 

more positive than +0.8 V. 

The same anodic wave is observed in an I-E curve of 

NHgOH (Figure VI. 4). However, the I-E curve of NHgOH does 

not exhibit a cathodic wave at 0,0 V. This cathodic wave 
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Figure VI. 3. Current-potential curve of the reduction 
products of NaNO^ 

Cd-plated disk potentiostated at -0.90 V. 
Scan rate at Pt-ring electrode 1.0 V/min. 
Rotational velocity 4-1.9 rad/sec. 0.10 M 
HgSO^ - 5«0 mM HCIO^ electrolyte. 

no NaNO^ 

— — —0.987 mM NaNO^ 
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Fi^re VI. 4, Current-potential curve of NHpOH at Pt-
ring electrode 
Glassy-carbon disk potentiostated at 

0.0 V. Rotational velocity 41,9 rad/sec. 
Scan rate 1.0 V/min. 0.2 mM NHgOH'HCl in 

0.10 M HgSO^ - 5.0 mM HCIO^. 
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is a characteristic of the I-E curve of NOg at a Pt 

electrode. 

An I-E curve of 0,993 mM NaNOg at the Pt-ring electrode 

is shown in Figure VI. 5. Nitrite is oxidized at Pt 

electrodes (E > 0.8 V) as well as reduced (E < 0.0 V), and 

the anodic waves of NOg" and NHgOH are indistinquishable. 

The addition of NHgOH to a solution containing NOg" only 

increases the height of the single anodic wave (Figure VI, 

5). It is concluded that the reduction of N0^~ to NHgOH 

at a RODE produces some NOg". 

Investigations of the reduction products of NOg" is 

complicated because NOg" is electroactive at the Pt-ring 

electrode. Current-potential curves at the ring electrode 

are shown in Figure VI. 6 when NOg" is simultaneously 

reduced at the disk, and when there is no reaction at the 

disk electrode. The I-E curve, obtained while NOg" was 

reduced at the disk, exhibits a smaller cathodic wave and 

larger anodic wave than the other I-E curve. This indicates 

the expected consumption of NOg" at the disk during its 

reduction there, and the presence of the larger anodic wave 

implies the formation of NHgOH, 

Equation IV. 1 can be used to calculate n, the average 

number of equivalents per mole of reactant transported to the 

RDE surface, from the slopes of plots of I^ vs, w^. This 

was done with the RODE for 0,499 r# NaNO^ and 0,496 raM NaNO^ 
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Fi^re VI. 5. Current potential curves of NO," and 
NHgOH at Pt-ring electrode 

Rotational velocity 41.9 rad/sec. Scan 
rate 1.0 V/min. 0.10 M HgSO^ - 5.0 mM 

HCIO^ electrolyte. Glassy-carbon disk 

potentiostated at 0.0 V, 

0.993 mM NaNOg 

0.993 mM NaNOg - 0.1 mM NHgOH'HCl 
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Fi^re VI. 6. Current-potential curves of NO^' and the 

reduction products of NOg" at Pt-ring electrode 

Rotational velocity 41.9 rad/sec. Scan rate 
1.0 V/inin, 0.10 M HgSO^ - 5.0 raJ4 HCIO^ 

electrolyte. Concentration of NaNOr, is 
0.993 mM. 

" Glassy-carbon disk potentiostated at 
0.0 V 

—Cd-plated disk electrode potentiostated 
at -0,90 V 
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in 0.10 M HgSO^ - 5*0 mM HCIO^, The RCDE was oxidized at 

0,0 V for 90 seconds to expose the polycrystalline structure 

of the disk. This maximized the reversibility of the 

reductions of NOg" and NO^" (Chapter IV). The disk current 

was measured at -1.05 V at rotational velocities as low 

as 5.25 rad/sec, and the results are shown in Figure VI. ?. 

The extrapolated intercepts of the plots of I^ vf 

approximate the non-faradaic residual current as expected 

from Equation IV, 1. 

The slope of the plot for NOg" in Figure VI. ?, calcu

lated for the lowest two values of w^, is 0.0516 ma(sec/rad)^. 

The value of n calculated for NOg" is 2.4, using 0,01 cm^/sec 

for V (4) and assuming the literature value of D for NO^", 

equal to 1.9 x lO"-^ cm^/sec (228), applies to NOg". The 

value of n equal to 2.4 is just 60^ of the value of 4.0 

expected for the total conversion of NOg" to NHgOH. The 

value of n calculated for larger values of w® was less than 

2.4, which is consistent with the diagnosis of slow reaction 

kinetics. 

The slope of the plot for NO^" in Figure VI. 7, 

calculated for the lowest two values of w^, is 0,0905 

ma(sec/rad)2, and the value of n calculated from Equation IV. 

1 is 4.3. This is 72^ of the value of 6.0 expected for the 

total conversion of NO^" to NHgOH. 

Studies with the RRDE at w® equal to 6.47 (rad/sec)^ 
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Figure VI. 7» study of NaNO^ and NaNOg 

RCDE, oxidized at 0.0 V for 90 sec. Sean 
rate 1.0 V/«in. measured at -1.05 V. 

0.10 M HgSO^ - 5#0 nJ8 HCIO^ electrolyte. 
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revealed that NOg is one product of the reduction of NO^ 

at the RODE. From the data in Figure VI, 7» it was shown 

that only 60% of the NO^" is reduced to NHgOH for 2.3 < 

< 3*2 (rad/sec)2. it is assumed that the only stable 

products produced from the reduction of NO^" are NOg" and 

NHgOH, The efficiency of the conversion of N0^~ to NOg" 

can be calculated if the reduction of NO^" to NHgOH 

proceeds through NOg", which is 60% reduced to NHgOH as 

shown in Equations VI. k and VI. 5« 

NO^" + 2H'*' + 2e" - NOg" + H^O (VI. 4.) 

NOg" + SH"*" + 4e" NHgOH + HgO (VI. 5.) 

The efficiency of the reduction of NO^" to NOg", X, can 

be calculated from the average value of n found for the 

reduction of NO^" to NHgOH (4,3) and the equivalents per 

mole in Equations VI, 4 and VI. S» 

2X + (0.60) (4) X = 4.3 (VI. 6.) 

X = 98# 

Similar calculations show that at higher rotational 

velocities the reductions shown in Equations VI. 4 and VI. 5 

are decreased in efficiency. When w® equals 5.6 (rad/sec)®, 

VI. 4 is 93% complete and VI. 5 is S^% complete. At the 

highest rotational velocities in Figure VI. 7» VI. 4 is 85^ 

complete, and VI. 5 is only ^0# complete. Neither reduction 

is extremely fast, but the rate of reduction of NOg" to 
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NHgOH is slower than that for the reduction of NO^ to NOg , 

The reduction of NO^" snd NOg" is incomplete at the 

RCDE at the lowest rotational velocities available ; yet, 

the reduction is complete in the Cd coulometric detector. 

The incomplete reduction at the RCDE is due to the much 

greater rate of mass transport at a RDE than at the 

coulometric electrode. The flux of an electroactive species 

to an electrode is related to the Reynolds number, (4). 

The Reynolds number for a RDE is given by Equation VI, 7 (4). 

NRe ° C " (VI. 7.) 

In Equation VI. 7, r* equals the overall radius of the RDE. 

The Reynolds number of the RCDE at 5*25 rad/sec equals 425, 

if V equals 0,01 cm /sec. 

The Reynolds number for the Cd coulometric detector can 

be calculated from Equation VI. 8 (4), 

"Re = f (VI- 8.) 

In Equation VI. 8, 

U = solution velocity (cm/sec) 

L = length of electrode (cm) 

The Reynolds number of the coulometric detector, neglecting 

the volume of the mossy layer of deposited Cd, is only 11 at 

a flow rate of 0,3 ml/min. Since the flux of NOg" and NO^" 

to the surface of the coulometric electrode is much less 

than to the RCDE, the ions have more time to react and the 
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efficiency of the reductions is greater. The rates of the 

reductions are sufficiently slow that NO^" and NOg" cannot 

be reversibly reduced at the RODE even at the lowest 

rotational velocities. 
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VII. CHROMATOGRAPHIC ANALYSIS OF SAMPLES 

A. Introduction 

The reductions of N0^~ and NOg" have been studied with 

both the RCDE and the Cd tubular detector, and the optimum 

chromatographic and electrochemical parameters have been 

determined. In this chapter, procedures are discussed for 

the application of the chromatographic method to the routine 

analysis of samples. The results of some of the analyses 

are compared to those obtained with a standard spectro-

photometric method. 

B. Experimental 

1. Reagents and stock solutions 

All HgO used was triply distilled and deionized, and 

all other chemicals were reagent grade quality. Stock 

solutions of NaNOg and NaNO^ were prepared from dried salts 

(4 hours at 90°C ). The chromatographic eluent and the 

0,20 M HgSO^ were prepared by diluting J. T. Baker reagent 

grade acids with HgO. 

2. Chromatographic procedure 

The Cd tubular detector, shown in Figure III. 1, and the 

forced-flow liquid chromatograph, shown in Figure III. 3# 

were used. Detailed instructions are given below for the 

routine use of the chromatograph. 

Deaerate the solution in each reagent tank by bubbling 

He through it for 2 hours. This need not be done each time 
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the chromatograph is used if the tanks are sealed and 

pressurized when they are not in use. 

Seal the tanks and pressurize them to 25 psi with He. 

After pressurization, adjust the flow rate of both the 0.01 

M HCIO^ eluent and the 0,20 M HgSO^ electrolyte to approxi

mately 0.2 ml/min. Insert a tube connected to an aspirator 

into the detector cell to remove excess effluent. Eliminate 

any bubbles of He from the eluent stream through the 3-way 

valve #1. Allow the flow rates of the eluent and electrolyte 

to stabilize. 

Attach the leads from the potentiostat to the SCE, 

counter electrode, and Cd tubular detector. If the Electro-

scan is used, balance the potentiometer and adjust the 

working electrode potential to -0.90 V. Turn the potenti

ostat on. Adjust the recorder chart speed and current 

sensitivity to the desired values. 

When the base line no longer drifts, inject the sample 

and stock solutions. Calculate the unknown concentration 

from peak area measurements. 

To shut down the chromatograph, stop the flow of 

eluent and electrolyte by tightening the flow-controlling 

screw clamps. Attach screw clamps to the Teflon tubes 

running from the manifold to each reagent tank. This 

prevents mixing of the solutions. Turn off the He at the 

regulator, and open each reagent tank to release the 
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pressure. If the chromatograph will be used again soon, 

leave the tanks pressurized, the He regulator turned on, 

and only stop the flow of eluent and electrolyte. 

Turn the potentiostat off (if the Electroscan is used, 

leave the main power switch on), and remove the SCE, 

counter electrode, and aspirator tube from the detector 

cell. Cover the cell with a watch glass to prevent evap

oration of the effluent in it. 

3» Preparation of samples 

a. Cornstalks Aqueous extracts of cornstalks were 

provided by the Iowa State University Veterinary Diagnostic 

Laboratory. The top, middle, and bottom of the cornstalks 

were separated, air-dried, and chopped. Ten grams of each 

sample were mixed with 100 ml of HgO in a 250-ml erlenmeyer 

flask 1 hour in a wrist-action shaker. The mixtures were 

filtered, and the aqueous extracts were refrigerated prior 

to the chromatographic analysis. 

The extract of the top of the cornstalks was chromato-

graphically analyzed without dilution. A 0.400-ml aliquot 

of the middle extract and a 1.00-ml aliquot of the bottom 

extract were each diluted to 50.0 ml with HgO. 

Stock solutions of NaNOg and NaNO^ were injected before 

and after the cornstalk extracts to prepare a calibration 

curve. 

b. Oat hay A sample of oat hay was analyzed after 
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10.1 g of the finely chopped, air-dried hay was mixed with 

100 ml of HgO in a Waring blender at the highest speed for 

5 minutes in this laboratory. A portion of the mixture was 

centrifuged and filtered through Whatman 4l paper. This 

extract was chromatographically analyzed immediately after 

its preparation. 

A 2,00-ml aliquot of the extract was diluted to 100 ml 

with HgO prior to the chromatographic analysis. The NO^" 

peak area was compared to the peak areas from 0.200 mM and 

0.400 n# NaNO^ stock solutions. 

c. Water A sample of HgO, from Squaw Creek in Ames, 

Iowa, was collected, and particulate material was allowed to 

settle to the bottom of the collection vessel. The H^O was 

chromatographically analyzed without dilution soon after it 

was collected. The NO^" peak area from the H^O sample was 

compared to peak areas from 0.400, 0.600, and 0.800 mM 

NaNO^ stock solutions. 

The cornstalk extracts and the oat hay were analyzed by 

the I.S.U. Veterinary Diagnostic Laboratory, The Diagnostic 

Laboratory analyzed the same cornstalk extracts that were 

analyzed chromatographically, but prepared their own extract 

of the oat hay using the procedure for the cornstalks. The 

Diagnostic Laboratory determined NO^" spectrophotometrically 

by reducing it to NOg" with NgH^. The NOg" was diazotized 

with sulfanilamide and coupled with N-(l-naphthyl)ethylene-
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diamine. The total NO^ and NO^ concentration was reported 

as N0^~. The oat hay extract prepared by the Diagnostic 

Laboratory was decolorized with activated charcoal. 

C, Results and Discussion 

The cornstalks taken for analysis were suspected of 

containing a toxic concentration of NO^". Five cattle had 

eaten some of the cornstalks and died, exhibiting symptoms 

of methemoglobinemia. The top, the middle, and the bottom of 

the cornstalks were sampled and analyzed for NO^ by the 

I.S.U. Veterinary Diagnostic Laboratory. 

The extract of the tops was slightly yellow. The other 

extracts were colorless, and none were turbid. The spectro-

photoraetric results from the Diagnostic Laboratory compared 

well with the chromatographic results, as shown in Table VII. 

1. The results from the two methods agree to within 10^ for 

the middle and bottom of the cornstalks. The chromatographic 

method showed that the top of the cornstalks contained 140 

ppm NOg" in addition to 580 ppm NO^". The spectrophotometric 

method did not report the NOg" because NO^" was not expected 

to be present and was not sought. Nitrite is considerably 

more toxic than NO^" (54, 78a); therefore, it is advantageous 

to detect NOg" even when it is not expected to be in a 

sample. Nitrite was not detected in the extract of the 

middle or the bottom of the cornstalks. 

The extract of the oat hay was turbid and brown, but it 
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Table VII. 1. Analytical results 

Sample Chromatographic Spectrophotometrie 
Results Results 

Top of 
cornstalks 

00 

X 10^ ppm NO^" 

P ^ 
7. ,22 X 10 ̂ ppm NO^" 

1.4 X 10 ppm NOg 

Middle of 
cornstalks 

3.4 

NOg-

X 10^ ppm rîO^" 

not detected 

3. 1 X 10^ ppm NOg" 

Bottom of 
cornstalks 

3.8 

NOg-

X 10^ ppm NO^" 

not detected 

3. 7 X 10^ ppm NOg" 

Oat hay 6,27 X 10^ ppm NO^" 4. 8 X 10^ ppm NOj" 

Squaw Creek 
water 

34.1 ppm NO^" Squaw Creek 
water 

34.1 ppm NO^" 

was analyzed chromatographically without difficulty. A 

chromatogram of the diluted extract is shown in Figure VII. 

1 with a chromatogram of a 0,200 mM NaNO^ stock solution for 

comparison. 

Figure VII. 2 is a calibration curve prepared for the 

analysis of the oat hay. A straight line was drawn through 

two points, corresponding to peak areas from standard 

solutions of NaNO^, and the origin. The diluted oat hay 
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Figure VII. 1, 
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Time (minutes) 

Analysis of oat hay 
Cd tubular detector potentiostated at 

-0,90 V, 0.010 M HCIO^ eluent flow rate 

0,2 ml/min, 0,20 M HgSO^ flow rate 0,2 

ml/fflin, 0,33-ml injections, 

A - 0,200 mM NaNO^ stock solution 

B - Oat hay extract, diluted li50 
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O NaNO- stock solutions 

6 
D Oat hay extract 

diluted li50 

4 

2 

Figure VII. 2. Calibration curve for analysis of 
oat hay 
Cd tubular detector potentiostated at 

-0.90 V. 0,010 M HCIO^ eluent flow rate 

0.2 ml/min. 0,20 M HgSO^ flow rate 0.2 

ml/rain. 0.33-ml injections 
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Figure VII. 3, Chromatogram of HgO from Squaw Creek 

Cd tubular detector potentiostated at -0.90 V. 
0,010 M HCIO^ eluent flow rate 0.15 ml/min. 0,20 JJ 

HgSO^ flow rate 0,15 ml/min. 0.33-ml injection. 
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extract was injected twice, and the two NO^ peak areas 

correspond to concentrations of 0,215 and 0.195 n# NO^ from 

the calibration curve. The average of the concentrations 

of NO^" calculated for the oat hay is 6,2? x 10^ ppm (Table 

VII. 1). 

The spectrophotometric result from the analysis of the 

oat hay was 4.8 x 10^ ppm NO^". Assuming the extraction 

procedure used by the Diagnostic Laboratory was quantitative, 

the large discrepancy between the results of the chromato

graphic and spectrophotometric methods may be a result of 

the decolorization of the extract with activated charcoal 

prior to the spectrophotometric analysis. Some N0^~ may have 

been adsorbed on the charcoal and lost from the solution. 

This discrepency in the results emphasizes the possible 

errors inherent in some clarification procedures. 

A chromatogram of HgO from Squaw Creek is shown in 

Figure VII. 3» The flow rate of the eluent was decreased 

from 0,2 to 0.15 ml/min to resolve the NO^" peak from the 

very large dissolved 0^ peak. The N0^~ concentration was 

calculated from a calibration curve like that in Figure VII. 

2 to be 0.552 mM (34.1 ppm N0^~). Nitrite was not detected. 

The broad shape of the NO^" peak implies the presence 

of large quantities of electroinactive salts (Chapter V). 

These salts cause little error in the chromatographic method 

(see Table V, 1), but do cause significant errors in the 
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standard spectrophotometric methods (I56). Therefore, the 

chromatographic method is expected to provide more accurate 

results than the spectrophotometric method for many clear 

samples. 
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VIII. SUMMARY 

Nitrate and NOg" are reduced to NHgOH at Cd cathodes in 

0.10 M HgSO^ - 5.0 rtiM HCIO^. Nitrite is an intermediate in 

the reduction of NO^". The reduction of NO^ to NOg is 

nearly complete at a RODE at low rates of mass transport, 

but the reduction of NOg" is kinetically slower. 

The rates of the reductions of NO^" and NOg" are 

decreased as the acidity of the electrolyte is decreased. 

Nitrate is quantitatively reduced to NOg" in a Cd reduction 

column in a standard spectrophotometric procedure of the 

AOAC because the pH equals 9.6 and the rate of the reduction 

of NOg" at Cd is slow (14). 

The rates of the reductions of NOg" and N0^~ at a RCDE 

are increased when the electrode is oxidized to expose more 

active sites on the electrode surface. The reductions 

approach convective-diffusion control at low rates of mass 

transport at the oxidized RCDE. 

A Cd coulometric detector cannot be used for routine 

analyses because it is quickly plugged with deposited Cd. 

However, a Cd tubular electrode is durable and can be used 

as the detector for a forced-flow liquid chromatograph. 

Dissolved 0^, NOg", and NO^" are separated in 8 - 9 minutes 

using Amberlite IRA-900 resin and 0.010 M HCIO^ as the 

eluent. 

The peak areas for NOg" and NO^" are linear functions 
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of concentration when the eluent is mixed with 0,20 M 

HgSO^ to increase its acidity. The working range of 

concentrations is 0.05 - 1.0 mM, and the detection limit 

is 0.01 mM for NOg and NO^ . 

Only BrO^", and l" were found to interfere with 

the analysis. Cationic interferences were removed from the 

eluent by a cation-exchange column in the chromatograph. 

Analysis of samples can be accomplished with relative 

errors less than 2^ and relative standard deviations of Jfo, 

Cornstalks, oat hay, and surface HgO samples were analyzed, 

and the chromatographic results compared well with spectro-

photometric results. 

The chromatographic method is well-suited for the 

analysis of colored and turbid samples and samples that 

contain large concentrations of Cl' and other salts that 

interfere with standard methods. The chromatographic method 

is rapid, convenient, and requires little laboratory skill. 
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IX. SUGGESTIONS FOR FUTURE WORK 

Oxidation of a polished' RODE exposes the polycrystalline 

inner-structure of the electrode to the solution, and the 

rates of the reductions of NOg" and N0^~ at the RODE are 

increased. Some of the crystal planes of Cd may be 

particularly reactive, and these planes may be exposed when 

the RCDE is oxidized, Voltammetric studies with an electrode 

constructed from a single crystal of Cd might prove that 

hypothesis. The reductions of NOg" and NO^" at the different 

faces of the crystal would be compared. 

A major advantage of any chromatographic method is the 

rapidity of each analysis. The chromatographic determination 

of NO^" and NOg" requires 7 to 9 minutes per sample. This 

time could be shortened to 3 to 4 minutes with higher eluent 

flow rates and a longer, high-resolution anion-exchange 

column. The cation-exchange column is unnecessary for most 

samples, and its removal would shorten the time per analysis. 

A shorter tubular detector could be used to achieve higher 

resolution. 

Coulometric detectors are more sensitive and precise 

than tubular detectors, but the Cd coulometric detector was 

quickly plugged with deposited Cd. A coulometric detector 

might be made from a carbon tube packed with carbon particles. 

The packed carbon detector would be plated with Cd for 

coulometric efficiency in the determination of NO^' and NOg". 
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When it became plugged, the Cd would be anodically stripped 

from the electrode, and a fresh layer of Cd would be 

deposited. Thus, the electrode could be rejuvenated without 

disassembly. 

More samples should be analyzed after the above improve

ments have been made to evaluate the method. Fertilizers 

and meat products should be analyzed, and the results 

compared to a standard method. 

The chromatographic determination of N0^~ might be 

applied to the determination of the total nitrogen content of 

samples. Oxidation of nitrogen species during the Kjeldahl 

digestion leads to errors in that method. Total oxidation 

of organic samples with HCIO^ or some other strong oxidizing 

agent, possibly in a sealed container to avoid the loss of 

gaseous intermediates, may quantitatively convert those 

nitrogen species to N0^~, Then the NO^" concentration would 

be determined chromatographically. 

The large hydrogen overpotential of Cd electrodes might 

be useful in the analysis of some reducible organic compounds. 

Nitrobenzenes are electroactive at Cd cathodes, and other 

organic compounds may be determined chromatographically with 

a Cd tubular detector. 
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