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ABSTRACT.

A solvent extraction analytical method for the deter 
mination of nitrate ion has been taken from the literature 
for further development and improvement; The method was 
shown to be reproducible and precise, with a relative 
standard deviation of 1.5%. Stability of standard solutions 
and of the colored complex were determined; samples of 
soluble atmospheric particulate material were analyzed, and 
results compared with several other nitrate analytical 
methods. Bromide ion, an interfering substance present in 
atmospheric particulate matter, has been effectively dealt 
with. Sensitivity of the method was improved from 4.0 x 10" 
to 1.0 x 10"^ M nitrate. The crystal violet procedure is 
demonstrated to have some advantages over other widely 
accepted methods in terms of reproducibility and economy.



INTRODUCTION

The oxides of nitrogen in the atmosphere, produced 
mainly by combustion processes, contribute a role in the 
formation of visible pollution and are also potential health 
hazards. The most stable exhaust gas is nitric oxide; this 
gas may follow various reaction schemes of which the end pro 
duct is nitric acid aerosol. A high concentration of the 
acid has been observed to cause failures of relay springs 
used by telephone companies and to damage nylons. An 
increase in the concentration of nitrogen oxides in the 
atmosphere is followed by an increase in photochemical 
smo g (1) .

Monitoring of nitrate concentrations in atmospheric 
particulate material is of considerable interest because of 
the potential of the ion to produce toxic or cancerous sub
stances in the body. If nitrate is inhaled or ingested with 
food, it may be reduced by bacteria to nitrite, which can 
react with secondary amines to form toxic or carcinogenic. 
nitrosamines (2, p. 657).

The most convenient and economic nitrate analytical 
methods involve either direct potentiometric measurement of 
concentration or colorimetry. Liquid membrane ion-sensitive 
electrodes are commercially available for use in quick and



easy potentiometrie measurements. Halide interference in 
this method can be eliminated by precipitation with silver 
fluoride. To avoid fluoride interference, a fluoride (solid 
state) reference electrode is used; sodium fluoride is added 
to relative excess in order to keep the ionic strength of the 
samples relatively constant and to ensure that the response 
of the fluoride reference electrode is constant.

"Coated-wire” ion-sensitive electrodes have also been 
used for nitrate determination in this laboratory. These 
electrodes are composed of a copper or silver/silver chloride 
wire onto which is coated at the tip a viscous, solution of a 
large quaternary ammonium salt , Aliquat 336 S, in epoxy or .in 
poly(vinyl chloride). Prior to coating the wire tip, chloride 
in the Aliquat is exchanged for nitrate.

Factors inhibiting more frequent use of ion-sensitive 
electrodes include response to a number of diverse ions, 
i.e., lack of specificity; temperature fluctuations, drift, 
noise, need for uniform stirring, the possibility of organic 
substances in the sample interacting with the electrodes' 
liquid ion exchanger (in liquid membrane electrodes), lower 
precision than some other methods, and memory effects, 
especially with regard to the coated-wire electrodes.

Wet analytical methods/though more time consuming, 
are often reliable. Either nitration of a phenol derivative 
or reduction of nitrate to nitrite are involved in the most 
widely accepted methods. : //



Phenoldisulfonic acid (3) and 2,4 xylenol (4) are two 
well-known examples of reagents that.form a colored reaction 
product on nitration. The former reagent, in high concentra
tion, is added to an evaporated sample containing nitrate; 
visible color is developed on neutralization to produce the 
(sodium) salt of 6-nitro-l,2,4 phenoldisulf onic acid (5,p,. 135) 
Chloride, nitrite, and organic matter interfere extensively 
in the phenoldisulfonic acid method. It is also time- 
consuming, requiring approximately three hours per sample.
The detection limit is 0.02 mg nitrate, and optimum analyti
cal volume is thus 2-4 ml.

The latter reagent, 2,4 xylenol, is nitrated in a 
medium of 80% sulfuric acid, and the reaction is made more 
uniform and consistent by placing the samples in a constant- 
temperature heat bath. The yield of nitro-xylenol product, 
however, is only about 70%. The sample is diluted and then 
the reaction product is extracted into toluene. Back- 
extraction into dilute sodium hydroxide allows relatively 
effective separation of the nitro-xylenol. Large concentra
tions of foreign organic material and nitrite ion interfere. 
Multiplicity of distinct procedural operations and their 
additive variances render the method imprecise and incon
sistent, with coefficient of variation usually greater than 
5%. The detection limit is 0.002 mg nitrate, but the pro
cedure generally calls for. an initial dilution; thus 1-2 ml 
of sample volume is needed. The procedure requires



approximately one hour per sample. Great care is required 
in operations of quantitative transfer and in prevention 
of the formation of emulsions during the toluene extrac
tions .

Alternative methods that are more reliable involve 
reduction of nitrate to nitrite. Either hydrazine (2? 6, 
p. 954) or cadmium metal (7, p. 201) function as effective 
reducing- agents, according to the following equations: ;

(a) 2 NO" 4- 2 C d >  2 NO^ + 2 GdO

/.(b) 2 NO^ 4- N2H4 * 2 NO2 + N'2 + 2 H20

Both reactions are copper-catalyzed. The nitrite product . 
is then subjected to the following reactions to produce an 
azo dye end product:
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NHCHnCH0NH

0

The sensitivity is approximately 0.002 mg nitrate. Limita
tions •include difficulty in maintaining an active Cu-Cd 
surface and the production of lower oxidation states of 
nitrogen by hydrazine, as well as reproducibility problems " 
from run to run.

Another reduction method has been recently described 
in which nitrate reductase enzyme, with methyl viologen as 
cofactor, quantitatively and selectively reduces nitrate 
to nitrite (6) . The procedure is capable of determining 
parts per billion concentrations, but is not very economic 
of the enzyme either in the nonflow mode or in the more 
elaborate continuous flow mode, in which the enzyme is im- ' 
mobilized on a porous glass column. This method is suitable 
for analysis of environmental samples other than atmospheric 

, particulates because the analytical volume, 5-10 ml, is
; «law-ly hlgh: ' V:/ ^ J

Alternative nitrate procedures are vast in number 
and more restricted in use by expense, tediousness, and
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lesser reliability. The general types include the follow
ing : Oxidation of an organic compound by nitrate (8); polaro- 
graphy (9); UV spectroscopy (6, p. 954); and complexation 
of nitrate ion with copper (I) neocuproine, extraction of 
the complex into methyl isobutyl ketone, followed by atomic 
absorption determination of the copper (10).

Finally, there exists a reliable, convenient, and 
economic nitrate method which has hitherto received very 
little notice. The technique is a simple solvent extrac
tion of the associated ion pair formed between nitrate 
anion and the cation of crystal violet from aqueous solu
tion into chlorobenzene (11). Absorbance of the organic
phase is measured at a A'. of 595 nm; Beer's law ismax
followed in the range of nitrate concentrations from 
4 x 10”  ̂M to 2 x 10’5 M in standard solutions. Sample 
analytical volumes may thus be less than 0.5 ml. Phosphate 
buffer is used in order to maintain pH between 5 and 7, 
where the color of the dye remains violet.

Nitrate determination by solvent extraction with 
crystal violet beeame the focus of our research for several 
reasons. First, there was the recognition of the method 
as a viable alternative to any others in terms of sim-. 
plicity and economy; reagents and equipment required are 
common to any laboratory or stockroom, operations are : 
straightforward, no special conditions are required for



control of chemical reactions, and the procedure may be 
done in about 30 minutes on a given sample.

Secondly, the crystal violet method was expected 
to be highly reliable. Good precision was anticipated 
from the straightforward operations, and the reported 
sensitivity and selectivity' matched or exceeded those of 
the more widely accepted nitrate methods.

Finally, the relatively uncomplicated chemical 
system suggested that reagent and concentration variables 
could easily be adjusted in an attempt to improve sensi
tivity and selectivity. For example, crystal violet (see 
Figure 1) might be replaced by other bulkier triphenyl- 
methane dyes, or the organic phase could be made different. 
Another possibility was the introduction of additional 
equilibria in which diverse ions might participate in 
order to effectively reduce their interference. .

. I n t e r f e r i n g  ions in the crystal violet technique 
are those common to most other nitrate methods. Among 
these are perchlorate and chlorate, organic matter that 
may be easily oxidized by nitrate, and the halides, of 
which only chloride and bromide are found to any apprecia
ble extent in air particles. Even though the chloride 
fora of crystal violet is used, no interference is ob
served until the chloride concentration becomes ten times 
greater than nitrate, a condition not observed in aqueous
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Figure 1. Structure of crystal violet (chloride form).



samples of air particles. The effects of bromide ion, 
however, were of principal concern.



STATEMENT OF THE PROBLEM

Nitrate ion. in atmospheric particulate material is 
widespread and hazardous, yet no one method exists for its 
reliable, convenient, and economic determination. Selec
tivity problems are inherent. Improved sensitivity is also 
required if shorter sampling times are desired, i.e., 
better time resolution, because high sensitivity permits 
smaller analytical sample volumes. Our objectives were to 
strengthen the reliability of a method known to be conven
ient and economic, the crystal violet procedure, by manipu
lating reagent and concentration variables.

10



EXPERIMENTAL

The crystal violet method and the xylenol method 
were used in this study for analysis of aqueous samples of 
atmospheric particulate matter. Familiarity and experience 
was also acquired with the other methods described, although 
they were used by other workers in obtaining comparative 
analytical results presented in the following section, 
"Results and Discussion."

Apparatus and Measurements 
For all absorbance measurements, a Gilford 2400- 

spectrophotometer and 1.0 cm optical length glass cells 
were used. All potentiometric measurements were made with 
an Orion research model 701 digital/pH meter using an 
Orion fluoride solid state ion-specific electrode as a 
reference.

Materials
Reagent grade chemicals were used except as noted. 

Crystal violet Chloride was from Matheson, Coleman, and 
Bell. Chlorobenzene (b.p. 131-132°) was obtained from 
Malinckrodt., Hydrazine sulfate was from the Fisher Company. 
2,4-xylen-l-01 was from R & K Laboratories. Toluene was 
spectrophotometric grade from Matheson, Coleman, and Bell.

- ' -i i i -  - - ' \  '



Sampling Procedure 
Suspended particles from the air were collected at., 

stations on the roof of the Biological Sciences East 
building at The University of Arizona. High-volume filter 
samplers and either glass fiber or quartz filters were used. 
Pumps on the samplers were set to draw in approximately 
1400 cubic meters of air during 24-hour sampling periods.

The filters, were carefully shredded with fine 
scissors, then placed with 10 ml of deionized water into an 
inert teflon cup. The cup was capped and inserted into a 
stainless steel container of special fit. The container 
was capped and heated in ah oven for an hour, where the 
high pressure within the container during heating drives 
the particles into the water.

After cooling, the liquid was decanted from the 
filter paper and then refiltered through Whatman paper.

Crystal Violet Procedure

Reagents . . . 1
' ' 'Crystal violet chloride, 1.00 x 10 M, dissolved

in warm water. Potassium nitrate working solution, 5.00
r ■ ■ ■ \ - ■ ■■ . . Vx 10 H. Potassium phosphate monobasic, pH 6.0, roughly



Procedure
To 50 ml volumetric flasks, add 10,0 ml of crystal 

violet reagent, 4.0 ml of the.phosphate buffer, and 0.0,
4.0, 8.0, 12.0,- and 20.0 ml of the nitrate working solution 
for calibration standards. To analyze samples of dissolved 
air particulates, replace the nitrate working solution 
volumes with 0.5-1.0 ml of the sample. Dilute to the mark. 
Transfer a 10.0 ml aliquot into a 125 ml separatory funnel, 
add 10.0 ml of chlorobenzene and shake for three minutes. 
Measure the absorbance of the organic phase at 595 nm 
against either a crystal violet blank or chlorobenzene as 
a reference.

Interference Study
To determine the extent of interference from bromide

- -5ion, different volumes of 5.0 x 10 M KBr were included in 
the standard solutions. The expenditure of time and vigor 
in the shaking of extraction vessels was also varied because 
Oxygen in the vessels was thought to be a possible reactant 
with bromide ion. The effect of' hydrazine sulfate on such 
a reaction was studied by adding that reagent also in vary-. 
ing amounts to the standard solutions.



Colorimetric Determinations of Nitrate

Hydrazine Reduction Method

Reagents (12). Hydrazine sulfate, 2.7 g in one 
liter of distilled water. Copper sulfate pentahydrate,
12.5 mg in 500 ml dionized water. Sodium hydroxide, 0.3 N. 
Diazotizing-coupling reagent, 3.75 g sulfanilamide, 0.188 g 
N(1-naphthyl)ethylenediamine dihydrochloride in 25 ml con
centrated phosphoric acid, diluted to 250 ml; stored in 
refrigerator and filtered before use. Acetone, analytical 
reagent grade. Potassium nitrate working solution, 10 /ig/ml

' Procedure (12). Pipette 0, 1, 3, 5 and 10 ml of the 
nitrate working solution into 50 ml volumetric flasks. Add 
1 ml copper sulfate, 2. ml sodium hydroxide, and 2 ml hydra
zine sulfate. Mix well and let stand in dark for 20 
minutes. Add 1 drop acetone and 10 ml diazotizing-coupling 
reagent and dilute to the mark with deionized water. Mix 
well. Measure the absorbance at 535 run at least 10 minutes 
but less than 40 minutes after preparing the solutions (12).

Xylanol Method

? Reagents (13). - Xylenol reagent, 1.0 ml of 2,4 '
xylen-1-01 added to 99 ml of glacial acetic acid. Sulfuric

A : /  A-V: v  • .. . '' • A 4 '''' A .A ;A Aacid, 80% in distilled water. Sodium hydroxide, 0.4 N . Po
tassium nitrate stock solution, 0.1630 g/1; working solution



1:5 dilution of the stock solution; dilute working solution/. 
1:10 dilution of working standard.

Procedure (13). Pipette 0.0, 1.0, 2.0 and 5.0 ml of 
the dilute nitrate working solution and 1.0 and 2.0 ml of 
the working standard in to graduated cylinders equipped 
with stoppers. Add water to make each volume 5 ml. Slowly 
add 15 ml sulfuric acid solution, mix, and let cool. Add
1.0 ml xylenol reagent and mix. Heat for 30 min at 60°C, 
then cool to room temperature. Transfer samples to separa
tory funnels, adjust volumes to 80 ml, and add 10.0 ml of. 
toluene. Shake slowly for 3 minutes, then discard the 
aqueous layer. Wash the toluene once or twice with 
distilled water; discard the water. Add 10.0 ml of 0.4 N 
sodium hydroxide and shake gently for 5 minutes. Draw off 
the aqueous phase, centrifuge out any emulsion, arid measure 
absorbances at 435 nm.

Pbteritiometriic Determiriatioris of Nitrate

Reagents. Potassium nitrate working solution, 2.00
' -3x 10 M; dilute working solution, 1:10 dilution of the 

working standard. Sodium fluoride, 10” M. Silver fluoride
1 0 ” 2  M .  ' V  :

Procedure. Condition each electrode (nitrate- or
fluoride-sensitive) by allowing to sit for about 15 min in
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-3a solution roughly 10~ M in the" ion for which it is 

specific. Add 0.0-5.0 ml of the nitrate working solutions 
to different sets of beakers. Add 1.0 ml of both fluoride 
solutions to each beaker. Add enough deionized water to 
bring the total volume in each beaker to 10.0 ml. Measure 
the potential of each sample with a nitrate-sensitive elec
trode as working electrode and the fluoride-specific 
electrode as reference. Stir uniformly with a magnetic 
stirrer and wait for a consistent potential.reading. Plot 
absorbance vs. nitrate activity for standard curve.



RESULTS AND DISCUSSION

Reliability and Reproducibi11ty Tests 
Using potassium nitrate standard solutions, calibra

tion curves were prepared in order to determine the relia- 
bility of the crystal violet method. Typical data are shown .
in Table 1; a calibration curve is illustrated in Figure 2.

4The molar absorptivity was found to be 1.50 x 10 liters 
per mole per centimeter', with a 1.5% relative standard 
deviation in the slope of the curve. Standards less con- 
centrated than 4 x 10" H in nitrate ion showed approxi
mately the same absorbance as the blank solution, within
experimental error. With standards more concentrated than
V : ' _5 ■ . : - V- : ■ . . ' ■■2 x 10 M, a sharp decrease in slope was observed.

Whenever calibration curves were prepared during
the course of our research, the slope was reproducible to
within 27o. Absolute values of the absorbances also showed
consistency from run to run..

Stability of Standards and of Colored Complex 
Through daily analysis of the same standard solu

tions , their stability was observed to be approximately 
four days. Stability was measured by the linearity of the 
calibration curve and by the correlation coefficients of.



Table 1. Typical calibration curve data for 
method.*

18
crystal violet

[NO*] x 106 Absorbance

0.0 0.515

4.0 0.578

8.0 . 0.642

12.0 0.698

16.0 0.757

20.0 0.815

* Slope: 0.0150 + 0.0002 
Intercept: 0.005 + 0.002
Relative Standard Deviation: 1.5%
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Figure 2. Typical crystal violet calibration curve.
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the various slopesLinearity deviating by more than 2% 
or a correlation coefficient of less than 0.98 between any 
slope and the slope of the first calibration curve in a 
series were criteria of instability.

The stability of the colored complex in the chioro- 
benzene phase, as witnessed by deviations in repeatedly 
measured absorbances of less than + 0.005 absorbance units, 
was between four and five days. Absorbances after this 
period increased by 0.015 units or more, then decreased 
just as sharply over following days.

.Analysis of Aqueous Samples of Atmospheric Particulate 
Matter; Comparison with Results Obtained by .

: Other Nitrate Methods
A number of samples of atmospheric particulate 

matter were analyzed by several different technques during 
the summer of 1976 as part of the Environmental Protection 
Agency's St. Louis-based Regional Air Pollution Study 
(RAPS). Analyses were performed on the same set of samples 
at the University Analytical Center (UACj of The University 
of Arizona and at Rockwell International of Newbury Park, 
California. Personnel at the UAC used the xylenol method 
and the hydrazine reduction method, which is their routine 
nitrate method; analyses by Rockwell International were 
carried out by the method of cadmium reduction. Dr. Y. 
Masuda, working also at the UAC, analyzed the samples 
potemtiometrically. . ■



Aliquots from several samples were taken for the 
determinations by crystal violet and. by the xylenol methods 
used in this study. The results obtained in this study 
along with those of the UAC and Rockwell are presented in 
Tables 2 and 3. The last four samples listed in Table 2 
were not part of the Regional Air Pollution Study but were 
collected at The University of Arizona.

Results of statistical analyses of the data are 
presented in Tables 4 and 5. The formulas used in computing 
the various statistical indices (14) are given in Appendix. 
A, while the various calculated values of the test parame
ters F and t, together with the corresponding Critical 
values, are listed in Appendix B .

The degrees of certainty of the relationships 
specified in Tables 4 and 5 are important in testing the 
crystal violet technique against more widely accepted 
methods. In every statistical, test, the specified rela
tionships were shown to be significant with the highest 
attainable certainty when the comparative method was the 
hydrazine reduction method. This implies, however, that the 
relatively low regression coefficient, 0.77, is also sig
nificant. Based on the observations listed below, the 
xylenol method was judged to be most closely correlated 
overall with the crystal violet method.



Table 2. Comparison of crystal violet with xylenol and 
reduction methods.

[NOg] in Undiluted-Sample, M x 10^

Sample
Number

Crystal
Violet
Method

Hydrazine
Reduction
Method

Cd . , 
Reduction 
Method -

Xylenol
Method

608 4.30 . 4.62 1.55 . . 5.05
610 6.62 7.94 6.35 2.00*
707Q 1.12 1.12 1.03 1.13
713 2.20 1.82 0.99 2. 37
720 3.80 2.52 2.15 3.06
207G 1.73 1. 74 1.13 1.88
220 4.48 4.60 4.13 4.24
813 1.31 1.30 0.85 1.75
817 4.35 3.59 2.56
61 3.94 5.29
63 4.23 4.26
64 : V 3.83 3.89
66 3.28 3.59

* Anomalous result.
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Table 3. Comparison of crystal violet and potentiometric 

methods.

[NOv] in Undiluted Sample, M x 10^
Sample Crystal Electrode Electrode Electrode
Number Violet (Coated (Coated (Orion

Method Copper Ag/AgCl) Liquid
Wire) Membrane)

608 . 4.30 2.89 3.44 2.44
610 6.62 5.99 6.20 5.22
707Q 1.12 2.44 2.65 1.13
713 2.20 2.33 2.96 1.20
720 3.80 4.03 4.55 3.39
207G . 1.73 2.65 1.90 1.20
220 4.48 6.53 5.94 : 4.24
813 1.31 4.89 2.23 1.20
817 4.35 7.00 4.24 3.39



Table 4. Results of statistical analyses of analytical 
data in Table 2.

Method Compared Against Crystal Violet Method
Hydrazine
Reduction
Method

Cd
Reduction
Method

Xylenol
Method

Degree of Certain
ty of Linear Re-̂  
lationship by F 
test 0.995 0.950 0.995
Regression
Equation* Y=0.77x+0.75 Y=0 . 86x4-1. 33 Y=0.96x40.02
Degree of 
Certainty of 
Significance of 
Regression Coef
ficient by t 
test** 0.999 0.950 0.990
Correlation
Coefficient 0.931 0.917 0.943
Degree of 
Certainty of 
Significance 
of Correlation 
Coefficient by 
t and F tests, 
respectively 0.999,0.995 0.999,0.995 0.990,0.995

* Y = crystal violet, X = other method compared.
** This is a test of the null hypothesis Hn : B1 = 0 where B1 

is a Type II error.
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Table 5. Results of statistical analyses of analytical 

data in Table 3.

Method Tested Against Crystal Violet Method
Coated 
Cu Wire 
Electrode 
Method

Coated
Ag/AgCl
Electrode
Method

Orion 
Electrode 

. Method

Degree of Certainty 
of Linear Relation
ship by F test 0.950 0.995 0.975
Regression
Equation* Y=0.66X+0.47 Y=1.01X-0.53 Y=0.96X+0.80
Degree of 
Certainty 
of Significance 
of Regression 
Coefficient by 
t test** 0.900. - 0.990 0.980 .
Correlation
Coefficient 0.661 0.877 0.939
Degree of 
Certainty of 
Significance of 
Correlation 
Coefficient by 
t and F tests, 
respectively 0.900,0.900 0.990,0.995 0.999,0.995

* Y = crystal violet, X = other method compared.
** This is a test of the null hypothesis Hn: B, = 0 where 

B^ is a Type II error. ;,



a. The regression coefficient, 0.96, is near unity and 
is 99.07a Certain to be significant.

b. The intercept of the regression line is near zero, 
indicating no bias (on the average) of either 
method toward either high or low results .relative 
to the other.

c. The correlation coefficient is highest of the 
methods tested and is 99.5% certain to be signifi
cant (by F test) .

The anomalous result noted in Table 2 was discarded 
at the outset as indicated by a statistical Q value that 
exceeded the critical value at. 95% confidence.

Results of analyses of the samples are illustrated 
graphically in Figures 3-8. Confidence limits were chosen 
at the 95% level because the residual 5% approximates the 
error expected between any two of the. most precise methods 
used, i.e., the crystal violet method and either reduction 
method. The estimated error was based on adding variances 
in the slopes of calibration curves.

At least two types of information can be gained from 
visual inspection of the graphs in Figures 3-8.

a. Data points lying outside the 95% confidence limits 
are easily spotted, and regions in which the least 
correlation is found can thus be identified.
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b . Regions of specific bias of a method toward higher 

or lower results can be identified.

In every case, the crystal violet method yields 
lower values relative to the regression line at lower 
nitrate concentrations. Two sources of this effect may be 
proposed. First, the behavior of interferences is differ
ent in different methods. As will be discussed later, the 
bromide interference in the crystal violet method becomes 
effective at a certain concentration level regardless of 
the amount of nitrate, whereas interferences in the other 
methods affect results in a manner that depends on their 
proportion to nitrate. Crystal violet results that are 
high could therefore be caused by an absolute amount of 
interference that was not present in significant amounts 
at lower nitrate concentrations, whereas the total inter
ference in other methods may not have changed much in pro
portion to nitrate.

Secondly, bacteria in the samples can decrease the 
amount of nitrate by reducing it chemically. The relatively 
low crystal violet results at progressively low concentra
tions could then be explained as above. Since the crystal 
violet analyses were performed approximately one week after 
the other analyses, some changes in composition of the 
samples is not unexpected.
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In the xylenol chemical system, a possibly impor- 

' tant difference between-analysis of standards and of real 
samples is the reaction of nitrate in the real sample 
with other substances before addition of xylenol reagent.. 
Such substances include polycyclic aromatics, which are 
easily nitrated by virtue of greater resonance stability 
of the intermediate products to the electron-withdrawing 
effect of the ion formed in sulfuric acid solution (15,
pp. 1049-1050) . The requirement of slow addition of: sulfuric ; 
acid to the sample and heat generated in the process satisfy 
conditions for nitration reactions. . Partial control of the 
xylenol reaction is achieved by using glacial acetic acid 
as solvent for xylenol; the acid decreases the amount of 
NO2 in order to decrease the extent of formation of 
polynitrated compounds (16). If polynitration first.occurs 
during addition of sulfuric acid, however, then the reac
tion will proceed further when greater amounts of nitrate 
are present. Greater consumption of nitrate in the sample 
would cause analytical results to be relatively low at . 
higher nitrate concentrations.

Polycyclic aromatic substances are present in 
atmospheric particulate matter at about 10-20% of the weight 
of nitrate. ', .v/

Oxidizing agents are also known to affect xylenol 
analyses by consuming the reagent, thus decreasing the
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extent of the xylenol reaction with nitrate in the: sample 
and lowering the analytical result (13, p. 322). Such 
interfering substances, especially those containing oxygen, 
would have the opposite effect on crystal violet analyses 
by oxidizing halides to trihalides (see following section) 
or by acting with other anions to displace coordinated water 
from pairing cations, thereby increasing their chances of 
extraction if there are pairing anions present (17, p. 5). 
These undesired ion pairs, when colored, would increase the 
absorbance and apparent concentration of samples analyzed by 
the crystal, violet procedure. Absorbance caused by formation 
of. undesired complexes, however, could be measured by analyz
ing samples without adding crystal violet reagent and by 
using the standard addition method.

The differences in analytical results observed in 
comparing the crystal violet and Xylenol methods used in 
this study (i.e., relatively low crystal violet results at 
low nitrate concentration) are consistent with the above 
speculations on the assumption that high nitrate concentra
tions are indicative of high amounts of interfering sub
stances .

The xylenol method is tentatively recommended by 
the Intersociety Committee as a standard method for analysis 
of atmospheric particulate nitrate..
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Sources on inconsistency in analytical results 

obtained by the method of hydrazine reduction are direct in
terference from nitrite and peroxyacylnitrate (PAN) (13, 
p. 329) and probably also lack of pH control. Addition of 
sodium hydroxide reagent keeps the amine coupling agent in . 
the unprotonated form susceptible to attack by the■diazo- 
nium cation* The phenol produced from the reaction of the 
diazonium salt with water is mainly in anionic form, also 
susceptible to electrophilic attack, under the alkaline 
conditions used (15,. p. 781). The diazonium salt, however, . 
.exists in equilibrium with non-coupling species in the 
presence of hydroxide ion (15, p. 781.) as follows:

NaOH NaOH

The. latter two species do not couple. In samples 
of lower pH, the above- equilibria-will shift more to the 
right, thereby decreasing the relative amount of diazonium 
salt available for coupling and causing apparently low 
analytical results. Samples of high pH may be expected to
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be low in nitrate because the occurrence of nitrate in the 
samples is thought to result from absorption or condensation 
of. nitric acid aerosol onto airborne particles.

If the samples were analyzed in their naturally 
acidic condition, the protonated coupling agent would be 
unreactive toward the diazonium electrophile and coupling 
might proceed so slowly that phenol formation becomes a 
major reaction; decomposition of the diazonium salt might 
also then begin to occur (15, pp. 773-782) .

The ion pairing mechanism of complex formation in 
the crystal violet method is advantageous because the ex
tent of interference does not depend directly upon the 
amount of nitrate in the sample, but more upon the amount 
of interfering substances themselves, provided the amount 
of nitrate is not so low and the amount of interferences so 
high that the sensitivity to nitrate is destroyed.

In contrast, undesired reactions such as polynitra
tion or conversion of a diazonium salt into non-coupling 
species depend partially on the amount of nitrate and in 
addition disturb the desired chemical equilibria on which 
other color methods are based.

Interferences in the crystal violet method can 
therefore be more selectively handled without worry that 
the behavior of the nitrate ion will be significantly 
affected. '' \



' 3:8
Large differences between crystal violet results 

and potentiometric results can be attributed to incon
sistencies in electrode construction, 4-107= deviation from 
Nernstian behavior, 4-8% relative standard deviation in 
the slopes of calibration curves, and relatively low re
sponse at low nitrate concentration levels unless memory 
effects from previous measurements of more concentrated 
samples are significant.

Interference Effects
The data•shown in Tables 5 and 6 indicate that 

noticeable positive interference in the presence of bromide 
ion occurs when its concentration reaches 8 x 10" M, : 
regardless of nitrate concentration (within the working 
range). It also seems that the interference becomes 
slightly more pronounced as the nitrate concentration is 
increased from run to run. Such a conclusion, however, is 
probably not valid in consideration of experimental error..

Table 7 shows results that are'typical of the varia
tion in absorbance of a given organic phase when left in 
contact with the aqueous phase for a period of many hours 
or when the extraction vessels are shaken more than once. 
Systems containing bromide ion showed continuously increas- 
ing absorbances on repeated measurement of any sample, up 
to a certain point. . Results varied according to time



Table 5. Effect of bromide ion.

[NOo] at 4.0 x 10 6
- _ 6[Br ]~, M x 10 Absorbance

0.519 
0.520 
0.530 
0.535 
0.552 
0.572 
0.465

[NO’] at 8.0 x 10"6 0.0 0.577
4.0 0.578
8.0 0.590

12.0 0.604
16.0 0.616
Blank* 0.463

0.0
4.0
8.0 

12.0 
16.0 
20.0 
Blank*

* Contains no nitrate or bromide.



Table 6. Effect of bromide ion (II).
40

[NO"] at 12.0 x 10'6
[Br'l, M x I06 Absorbance
0.0 0.636
4.0 0.634
8.0 0.647

12.0 0.664
16.0 0.683
Blank* 0.466

[NO"] at 16.0 x 10"6 0.0 0.699J 4.0 0.702
8.0 0.715

12.0 . 0.729
16:0 0.747
Blank* . 0.467

* Contains no nitrate or bromide.
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. ' after Two after Three
Shakings Shakings

0,0 ' 0.577 0.576 0.578

4.0 0.578 0.580 0.585

8.0 0.590 0.608 0.611

12.0 0.604 0.610 , 0.614

16.0 0.616 0.622 0.631

Blank 0.463 0.464 0.464 V
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intervals between shakings and other conditions such as . 
amount of shaking time and vigor. Systems in which bromide 
was not present showed no appreciable change in absorbance 
under the same conditions. It was therefore hypothesized 
that bromide ion participated in some chemical reaction 
besides complex formation, and in addition to complex forma
tion, by which extractability was somehow enhanced. Air 
oxidation of bromide ion to tribromide ion could account 
for this observation. Tribromide, whose larger size in- . 
creases the solvation energy of the extractable complex 
it is part of, has a greater tendency to extract than . 
bromide, whose complex is relatively more soluble in the 
aqueous phase.

Test of Hydrazine Sulfate Reducing Agent
In the absence of an electrochemical catalyst such 

as copper (II), hydrazine sulfate reducing agent did not 
significantly affect nitrate ion, but the behavior of 
systems containing bromide was noticeably changed. The 
extent of the positive interference decreased, as illus
trated by the data in Table 8.

A number of different experiments were carried out 
in which the bromide, nitrate, and hydrazine sulfate con
centrations were:varied. The system was found to be 
somewhat sensitive to the expenditure of time and vigor in. 
shaking the extraction vessels. This was expected because



Table 8. Examples of the effect of hydrazine sulfate.

Sample ^ 2 H4-H2S04]a [Br*]b [N0g]b Absorbance

A 0.0 0.0 0.0 0.476
B 0.0 16.0 0.0 0.508
C 4.0 16.0 0.0 0.501
D 8.0 16.0 0.0 0.476

E 0.0 0.0 6.0 0.599
F 8.0 16.0 6.0 0.605

G 0.0 0.0 0.0 0.447
H 4.0 0.0 0.0 0.447

^Molarity x 10^ in standards. 

^Molarity x 10^ in standards,
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oxygen in the extraction vessels was thought to participate
chemically.

Optimum hydrazine sulfate concentration was 
empirically determined to be 8.0 x 10" M for removal of
interference from bromide ion in concentrations up to 1.6 ■ ̂ 5v ■' . • ■■ * :
x 10” M in the standards. Moderate shaking of the extrac
tion Vessels for two minutes was found to be suitable.

In a standard solution containing only crystal 
violet and hydrazine reagents, absorbances were rather in
consistent from run to run, varying- between 0.413 and 0.490. 
Possibly some leuco-dye is formed when more easily reducible 
substances are not present. Blanks were therefore not 
prepared in subsequent runs.

Effect of Increasing Crystal Violet Concentration
Attempts were made to increase the sensitivity of 

the crystal violet method by increasing the concentration of 
the dye. Results depended in an unpredictable way on the 
concentrations of crystal violet and hydrazine sulfate; 
linear calibration curves with slopes reproducible to 
within + 5% were obtained only when the concentration of 
crystal violet in the working solution was increased from
1.0 x 10” M to 1.3 x 10 M. A hydrazine sulfate concen- 
tration of 1.4 x 10 M in each standard was found to be 
suitable with the bromide level at 2,0 x 10 M.



' : ' ' - ; ' 45

See Table 9 for data and Figure 9 for calibration curve.
The data points are averages of duplicate analyses.

The data in Table 10 illustrate the results obtained
in analyses with various concentrations of crystal violet
and hydrazine sulfate. The best precision and the next-to-
highest value for the slope of the calibration curve is
obtained under the conditions described above.

Attempts to increase the sensitivity to 5 x 10” M
by increasing the crystal violet concentration were not
successful. Absorbances at the lowest nitrate concentration
were higher than the absorbance at the next highest con-

-  6cent rat: ion, 1 x 10 ' M, probably because the amount of
_ cbromide (2 x 10 M) and chloride from the crystal violet

_ — 3(working solution 1.6 x 10 ‘ M) overwhelmed the sensitivity
: . . .  ■ ' ' - _ 7  ■ ' . 

of the method to nitrate at 5 x 10 M.
The fourfold increase in sensitivity brought about

by increasing the concentrations of crystal violet and
hydrazine sulfate is accompanied by a loss of only 0.9%
in the relative standard deviation (a 60% relative change
in precision) compared with the original procedure, while
the molar absorptivity is increased by 40%.
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Table 9. Effect of increasing crystal violet and hydrazine 

sulfate concentrations on sensitivity.*

_  A ' -All Solutions are 1.4 x 10" M in Hydrazine Sulfate 
and 2.0 x 10"5 M in KBr .

[NOg] x 106 Absorbance

1.0 0.520 .

2.0 0.540

4.0 0.576

12.0 0.752

* Slope: 0.021 + 0.0005
Intercept: 0.496 + 0.003
Relative Standard Deviation: 2.4%
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Table 10. Results of varying the concentrations of 

crystal violet and hydrazine sulfate.

Nitrate Working Range is 1 x 1 0 -M to 12 x 10""̂  M in 
the Standards, Bromide Concentration is Set at

2 x 10'b M
Concentrated [N9H,-H9S0,], Slope Relative
Crystal , of Standard
Violet M x 10 Calibration Deviation
Working . in Standard Curve
Solution,* Solutions
M x 10 3

1.6 2.0 0.026 13.4%
1.4 • 1.2 0.017 6.5%
1.3 1.4 0.021 2.4%
1.3. ._ 1.6 . 0.018 12.0%
1.2 1.4 0.019 4.7%

* 10.0 ml of the working solution are pipetted into 50 ml 
volumetric flasks during preparation of standards.

/



SUMMARY AND CONCLUSIONS

The method for determination of nitrate ion by 
solvent extraction with crystal violet has been studied in 
some detail. Reproducible calibration curves can be 
generated, with slopes deviating from linearity by less 
than 2%. Results of analyses of aqueous samples of soluble 
atmospheric particulate material indicate that the crystal 
violet method generally: compares at least as well, with other 
nitrate methods as they do with each other.

Selectivity of the method has been improved by 
addition, of hydrazine sulfate into the standard solutions; 
the reducing agent tends, to keep bromide ion from inter
fering. By increasing the concentrations of crystal violet 
and hydrazine sulfate, the sensitivity can be made to reach
1.0 x 10 M nitrate.

We conclude from these.studies that the method for 
determination of nitrate ion by solvent extraction with 
crystal violet is reliable, economic, and convenient enough 
to be used on a routine basis.

49



APPENDIX' A

LINEAR REGRESSION AND CORRELATION STATISTICAL ANALYSIS*

F Test of Significance of Regression 
F = (Regression Mean Square)/(Residual Mean Square)

2 •

where Regression Mean Square = —
{■£ (X^-X) (Yi-Y) }'

2 (X.-X)2 
i . 1

X^ = a given s
X = IX,/n 

i 1
n = number of samples

Residual Mean Square =— --- ----
{ I'(Y\ -Y) ̂ } - (Regression Mean

Regres s ion Equatjon
Y = b0 + bjX

or
Y = Y + b1(Xi-X)

where bg — Y-b^X

After Middlebrooks (14, pp. 67-74)

50



51
= regression coefficient

Z (X. -X) (Y.-Y) '
i 1 >
E(X.-X)2 
i 1

Determination of 95% Confidence Limits for 
Regression Line

a. Choose an arbitrary X^ value and solve for Y
where Y = Y - b^(X^ - X)

b . Compute variance of Y from the equation

r  (xi -x )2 ^
Sv = { (Residual Mean Square) (— +  — — -0) } 2
1 n Z(X,-X)Z

; i
c. 95% confidence limits for Y are .

Y<± (t.05)(Sy) ;

where t is the t value listed in tables for n-2 degrees 
of freedom.

Five X. were used in sketching each graph in 
Figures 3-8.

:/ t Test of Regression Coefficient 
■ b-r-"Si . ' „t = q-"
. \  ■; ^ 

where b^ = regression coefficient '
S1 = probability of a Type II error .



= variance of
1 : ■ ; ■ V; .

= {(residual mean square)/(S(X.-X)^^
i '

H 0 : 31 = 0
b - i , 2so t = g— t = F for significance

of regression

Calculate t and compare with, value in tables for n^2 
degrees of freedom.

Calculation of Correlation Coefficient

E(X.-X)(Y.-Y) 
r.= 0  1 ■

{E(X.-X)2 (Y.-Y)2}^ 
i 1 i 1

t and. F tests of significance of correlation coefficient 

l-r2 ■
Calculate F and compare with values listed in tables for 
n-2 degrees of freedom

t = - >
{(l-r ))

Calculate t_ and compare with values . listed in tables for;



APPENDIX B

CALCULATED AND CRITICAL VALUES OF 
STATISTICAL TEST PARAMETERS

Crystal Violet vs. Hydrazine Reduction:

Probability of 
Calculated a Larger Value

Test of Significance
of Regression F = 73.36 0.005
'Test of Significance 
of Regression
Coefficient t = 8.61 0.001
Test of Significance 
of Correlation
Coefficient : F =72.72, 0.005,

t = 8.52 0.001

Crystal Violet vs. Xylenol:
Test of Significance
of Regression F = 41.52 0.005
Test of Significance 
of Regression
Coefficient t - 6.44 0.010
Test of Significance 
of Correlation
Coefficient F = 40.93, 0.005,

t = 6.75 , 0.010

* All critical values are from Middlebrooks 
(14, pp. 103-107).

Critical*

12.23

4.437

12.23
4.437

22.78

4.032

22.78,
4.032
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Crystal Violet vs. Cadmium Reduction:

Probability of 
Calculated a Larger Value

Test of Significance
of Regression F = 5.89 0.050
Test of Significance 
of Regression
Coefficient t = 2.42 0.050
Test of Significance
of Correlation F = 36.99 0.005
Coefficient 5 = 6.08 0.001

Crystal Violet vs.-. Copper Coated-Wire Electrode: 
Test of Significance
of Regression F = 6.18 0.050
Test of Significance 
of Regression
Coefficient t = 2.51 0.100
Test of Significance
of Correlation F = 5.43, 0.100
Coefficient t = 2.33 0.100

Crystal Violet vs. Ag/AgCl Coated-Wire Electrode: 
Test of Significance
of Regression F = 23.99 0.005
Test of Significance 
of Regression
Coefficient t = 4.57 0.010
Test- of Significance
of Correlation/ F = 23.32, 0.005
Coefficient t = 4.83 0.010

Critical

5.59

2.365

16.24 
5.405

5.59

1.895

3.59
1.895

16.24

3.499

16.24
3.499
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Crystal Violet vs. Orion Coated-Wire Electrode:
Probability of 

Calculated a Larger Value
test of Significance
of Regression F =11.42 0.025
Test of Significance 
of Regression
Coefficient t = 3.43 0.020
Test of Significance
of Correlation F = 53.13, 0.005
Coefficient t = 7.29 0.001

Critical

8.07

2.998

16.24 
5.405
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