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Abstract approved:

This thesis is concerned with the development of analytical methodology based on

ammonia gas transport, via headspace gas, porous tubing, or membrane, into a receiving

solution, a reagent mixture containing o-phthaldialdehyde (OPA) and mercaptoethanol

which reacts with ammonia to form fluorescing products which are monitored.

In the batch mode (ammonia and the reagent mixed rapidly), the signal with a pH

of 12.5 reaches a constant value in about 20 min and is about 20 times greater than the

maximum transient signal observed at pH 9.5, the pH recommended in the literature. At

pH 12.5, the linear range extends from a detection limit of about 2 nM to 10 I.LM (in-cell

concentration).

The shapes of the profiles of fluorescence signal versus time produced with the

batch method vary greatly with reaction pH. A mathematical kinetic model was developed

based on three consecutive first-order reactions and one side reaction which fits the

observed data. In the model, four intermediates or products are produced (A B C -

D), with one side reaction (C E), two of which are proposed to fluoresce (B and D).
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The existence of two fluorescing species was confirmed from fluorescence excitation and 

emission spectra, but species D dominates at pH 12.5. 

Three analytical transport methods were developed, all of which were tested on 

real soil samples. The results were compared to the results obtained with a colorimetric 

method by the Soil Science Department of Oregon State University. 

The first method involves bubbling ammonia gas from the headspace of the sample 

solution directly into an OPA solution in a fluorimeter and the signal is measured after a 

period of time. With OPA present in the receiving solution, the transfer efficiency is 

greatly enhanced. The detection limit was 4 nM (2 x std dev) with a 20-min transfer time 

and the transfer rate at pH 12.5 was 0.03 nmol miri 1 pM-1. 

The kinetic model for batch experiments was modified to describe the kinetics of 

continuous transport of ammonia into an OPA solution. The model predicts the shape of 

the reaction profiles observed. 

The second analytical method involves transport of ammonia from a flowing 

sample solution through porous polypropylene tubing into a flowing OPA solution that 

continuously recirculates through the flow cell and the porous-tube membrane (rather than 

routed to waste) for a boosted signal. The signal is measured after a period of time and 

the detection limit was 4 nM with a 20-min transfer and the normalized transport rate at 

pH 12.5 was 0.03 nmol min 1 -1 
. 

The third analytical method involves the passive aqueous ammonia transport 

through a plastic bag into an OPA solution. The plastic bag with the OPA solution was 

placed in contact with the sample solution for one hour and then removed for fluorimetric 

measurements. The detection limit with this method was about 10 pM. 
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STUDIES OF AMMONIA GAS TRANSPORT AND FLUOREVIETRIC DETECTION
 
IN AN AQUEOUS SOLUTION 

INTRODUCTION 

Ammonia is readily detected using a number of methods, one of which is reacting 

ammonia with a chemical reagent to form a product which fluoresces. This method of 

ammonia detection is recognized as one of the most sensitive (1, 2). Fluorometry was 

chosen as the technique of ammonia detection in this research because of its general 

availability, simplicity, and ability to detect low concentrations of ammonia. The detection 

limit for ammonia using fluorescence can be as low as 1 nM (3, 4). 

The original research about ammonia detection with fluorescence was published in 

1942 by Gunther Hillmann using the fluorescence reaction of ammonia with 

o- diacetylbenzol (5). Roth (2) continued research based on Flillmami's work and 

subsequently improved and modified the method. In this reaction, a fluorescing product is 

formed when ammonia is reacted with the reagent o-phthaldialdehyde (OPA) with 

mercaptoethanol as a reducing agent (2). This method will be denoted the OPA/NH3 

method. Some research has suggested that using another thiol compound as the reducing 

reagent may enhance the fluorescence signal (6 - 8). Because the primary goal of this 

research was to investigate various types of methodology rather than to improve 

detection limits, the proven method prescribing the use of mercaptoethanol was used. 

Virtually all research using this method has consistently recommended a pH of 9 (± 0.5) 

for an optimal signal (1, 2, 4 - 15). 
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This research was begun by following the conventional wisdom about the 

OPA/NH3 reaction and a series of batch experiments (rapid mixing of NH3 and OPA) was 

performed which explored the characteristics of this reaction at pH 9.5. A simple 

mathematical model was developed to describe the formation and disappearance of the 

fluorescing (and non-fluorescing) species in the reaction in both a batch experiment and 

other experimental systems in which ammonia is continuously transported to a receiving 

OPA solution. 

This research presents three methods of transporting ammonia gas from an 

aqueous sample solution to another aqueous OPA reagent solution from which a 

fluorescence measurement is made. The first method involves bubbling ammonia from 

one aqueous solution, the sample vessel, to another aqueous solution, which contains the 

OPA reagent. This technique is similar to sparging (16) or micro extraction (17). The 

receptor solution is in a cuvette placed in a fluorimeter which is plumbed to accommodate 

the incoming ammonia gas. The pH of the sample solution is adjusted to be high to help 

drive the NH3 out of solution. As the ammonia gas enters and dissolves in the solution in 

the cuvette, it reacts with the OPA and produces a fluorescing signal. As the bubbling 

continues, the concentration of the fluorescing product increases, thus increasing the 

fluorescing signal. 

The second method is based on ammonia gas transport through a porous 

membrane which is commonly used in flow injection analysis methods for NH3 (4, 9, 13, 

14, 18 - 31). A hydrophobic membrane partitions the aqueous solutions and allows 

ammonia gas to readily cross the membrane through the pores. Porous tubing containing 

the fluorescing reagent is placed in contact with an aqueous solution containing the 
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analyte. As the reagent passes through the tubing which is in contact with the sample 

solution, ammonia is transported through the membrane and reacts with the OPA. The 

fluorescing reagent solution then passes through a flow cell in a fluoritneter and the 

ammonia concentration in the sample can be determined. The important and unique 

difference in the system which was developed in this research is that the fluorescing 

reagent is recycled through a closed loop rather than routed to waste. When the ammonia 

reacts with the fluorescing reagent, the actual ammonia concentration in the receiving 

solution decreases as it reacts to form the fluorescing compound. With each pass through 

the loop, more ammonia is transported to the receiving solution and the signal increases. 

In theory, the detection limits developed in conventional flow injection techniques can be 

improved with each pass through the loop. 

The third method developed involves the passive transport of ammonia through a 

porous membrane from the sample container to the fluorescing reagent. This method is 

somewhat similar to analyte collection using an osmotic membrane and subsequent 

colorimetric analysis, but this method uses a hydrophobic membrane and a subsequent 

fluorometric analysis. A plastic bag served as the porous membrane which contained the 

OPA. 

Soil samples which were already tested for ammonia by the Oregon State 

University Soil Science Department were obtained. These soils were then retested for 

ammonia using the three methods developed in this research and the results were 

compared. 
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HISTORICAL 

History of the Production of Ammonia 

Agriculture research begun in the mid 1800's revealed that, among other things, 

fixed or combined nitrogen in the soil was essential for plant growth. The principle 

sources of nitrogen before the era of ammonia synthesis was from nitrogen fixing 

leguminous plants, animal manures, seed meals, fish scrap, leather scrap, and wastes from 

animal slaughtering (32). With nitrogen fertilizers, agriculture production had increased 

to the point where plants were consuming fixed nitrogen faster than it was being returned 

to the soil by the relatively few nitrogen fixing plants and other organic sources. 

European production of synthetic nitrogen products was almost entirely dependent on 

naturally occurring sodium nitrate imported from Chile. In 1898, it was recognized by Sir 

William Ramsey (discoverer of the inert gases), that sustained high-production agriculture 

was depleting the world supply of fixed nitrogen. He predicted that at the current world 

population and agriculture trends of his time, a world famine was imminent by the middle 

of the twentieth century (33). Serious concerns arose that the world supply of nitrates 

would be exhausted within one or two generations. Sir William Crookes addressed the 

British Association for the Advancement of Science in September of 1898 to warn and 

challenge the scientific community. He said: 

England and all civilized nations stand in deadly peril of not 
having enough to eat ... It is the chemist who must come to 
the rescue of the threatened communities. It is through the 
laboratory that starvation may ultimately be turned into 
plenty. Before we are in the grip of actual death, the 
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chemist will step in and postpone the day of famine to so 
distant a period that we and our sons and grandsons may 
legitimately live without undue solicitude for the future ... 
the fixation of atmospheric nitrogen is one of the great 
discoveries awaiting the ingenuity of chemists (34). 

Development was rapid. The epoch of fixing atmospheric nitrogen was begun in 

1908, by Frank and Caro, in Germany who succeeded in fixing atmospheric nitrogen with 

calcium carbide to form calcium cyanamide. 

CaO + 3C - CaC2 + CO
 

N2 + CaC2 CaCN2 + C
 

CaCN2 + 31120 - CaCO3 + 2NH3 

This method, however, consumed very large amounts of electricity and produced calcium 

cyanamide with a 2% reaction yield. 

In 1901, Henri Louis Le Chatelier in France demonstrated the possibility of 

synthesizing ammonia from a mixture of hydrogen and nitrogen under pressure. Le 

Chatelier halted his research when one of his assistants was killed in an accidental 

explosion during a high pressure experiment (35). In 1909, Fritz Haber synthesized 

ammonia from hydrogen and atmospheric nitrogen using an iron catalyst and principles of 

Le Chatelier and William Nernst. 

3H2 + N2 2NH3 

In 1909, the American Cyanamide Company built a plant in Ontario, Canada, to 

produce cyanamide from atmospheric nitrogen, which led to the production of nitric acid 

and ammonia (33). Because much of the later research on ammonia synthesis in Germany 

was kept confidential, the cyanamide process was the method of choice at the time, since 

the British Nitrogen Products Committee had estimated that the cost of ammonia 



6 

synthesis from its elements would be about 50% more expensive than that from calcium 

cyanamide (36). Meanwhile, in 1913, Badische Ani lin and Soda Fabrik (BASF) built the 

first commercial ammonia plant using the Haber process which was put into operation at 

Ludwigshafen-Opau, Germany, with a capacity of 30 metric tons per day (36, 37). 

Nitrogen compounds were not only useful for the production of fertilizers, but also 

explosives, which were in great demand shortly afterward during World War I. 

Germany's total production of ammonia grew to 95,000 metric tons per year by 1918 

(33). 

The first plant built in the United States using the more efficient Haber process 

was built in 1921 and had a capacity of 36,000 tons of ammonia per year. The efficiency 

of ammonia production has improved with every new plant built over the years with the 

newest plant operated by Nihon Ammonia Company in Chiba, Japan, with a capacity of 

1700 tons of ammonia per day (33). 

When ammonia is synthesized from elemental hydrogen and nitrogen, three moles 

of hydrogen and one mole of nitrogen produce two moles of ammonia, and the reaction is 

exothermic (Ku. = 103 atm', AH = -46 kJ moll (38). For the equilibrium to proceed to 

the right, the system must be simultaneously compressed and cooled. For the process to 

proceed without a catalyst, the reaction mixture must be hot enough so that the elements 

can react; however, at these temperatures, ammonia decomposes. Therefore, the 

reaction requires a catalyst which does not change the thermodynamics of the reaction, 

just the reaction mechanism and rate. It was known to Haber that an iron catalyst 

decomposes ammonia to elemental nitrogen and hydrogen, so after 6500 experiments 

using 2500 kinds of catalysts, he discovered that iron with small amounts of alumina and 
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potash produced a catalyst stable enough for the production of ammonia (39). Industrial 

production began when large scale engineering problems were overcome to recirculate 

unreacted gas back to the reaction vessel (39, 40). Although improvements in plant 

design have increased the efficiency of ammonia production, the basic equilibrium process, 

recirculating unreacted material back to the reaction vessel, and the use of an iron based 

catalyst has not changed (41). In fact, the newest catalysts used for ammonia production 

"are hardly more than tidied-up versions of the original" (39). 

Ammonia: The Molecule 

Ammonia is a nitrogen compound with the formula NH3. The Lewis dot structure 

of the assembly of ammonia from nitrogen and hydrogen is 

H + H + H + ist H:N:H 
H 

The nitrogen in the ammonia molecule can form four bonds provided an electron is lost to 

give a positively charged ion RNH 3+ . When R is hydrogen, the ionic molecule, NH4+, is 

referred to as the ammonium ion. Any organic derivative of ammonia with the general 

H 
H:N:H + II+ H:N:H + 

H H 

formula of RNH2, R2NH, or R3N (where R may be an organic group containing 

hydrocarbons) is classified as an amine, and more specifically a primary amine, secondary 

amine, or tertiary amine, respectively. For the purposes of this research, one H will be 

considered an organic group and ammonia is given the classification of primary amine. 
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The Nature of Ammonia 

Ammonia reacts with water in the following manner: 

NH3(aq) + H20 -NH4+ + OH-


When ammonium chloride is introduced into an aqueous solution, it is fully ionized (42)
 

1VH4C1 -NH4+ + (K= c.)
 

and 

NH44" + H20 -NH3+ H30+ (K25. =5.5 x 104°) 

Thus, a 1 M solution of NH4C1 at 25°C will have a pH of 4.7, assuming an activity 

coefficient of 1. 

Ammonia has a freezing point of -77°C and a boiling point of - 33.35°C (43) and 

is therefore a gas a room temperature. The NH3 in an aqueous solution of NH3 

interchanges between a free gas and an aqueous solution. 

NH3(aq) .-.NH3(g) 

The equilibrium vapor pressure of ammonia is determined using Henry's constant KH, 

where 
KH 

DVII 

[NH3(aq)] 

At 25 °C, Henry's constant has been determined to be 7.5 x 1e (44), if both 

concentrations are expressed in molarity, and KH equals 1.8 x 10' atm M-' (45) if the gas 

concentration is expressed in atmospheres. These values differ only by their units. 

Consider the first KH value with a 1 M aqueous concentration. 

(7.5 x 10-4 mol NH3(g) L-I) x (1 L) = 7.5 x 10-4 mol NH3(g) 

From the ideal gas law, 

nRT
P

V 
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where p is the pressure in atm, V is the volume in L, n is the number of moles, R is the 

universal gas constant, 0.0820578 L atm mot' K-1, and T is temperature, 298 K. The 

calculated pressure in atmospheres is 

(0.75 mmol NH3(g)) (0.08206 L atm mol -1 K-1) (298 K) 
P% 0.018 atmA 

This, of course, verifies the relationship between the two Henry's law constants. 

Because pH plays a vital role in the presence of dissolved ammonia, consider the 

following equilibria: 

H2O + NH3(aq) =NH4OH 

NH4OH NH4.+ + OH-

and equilibria expressions: 

[1VH4+][0H-]
K = 1.8 x 10-5 mot L -1 

a [NH PH] 

Kw = /H 710H 7 = 1.0 x 10-'4 mol L ' 

The vapor pressure of ammonia in water is given by 

KH KwENH41 

where 
p3(s) 

Ka [H'] 

K Kw 
H 
K. 

1 x 10-11 atm (at 25°C) 

with 0.01 M NH: at pH 7 

pNH3 = 1.0 x 10-6 atm NH3(g) 

and pH 11, 

//Imo = 0.01 atm NH3(g) 

The vapor pressure of ammonia gas with respect to the pH of the host solution is a 

recurring theme throughout this research. 
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The Detection of Ammonia 

Much of the analytical research regarding primary amines relates to the detection 

of amino acids (1-3, 6, 8, 10-12, 46, 47). Because the amine structure is the functional 

group of ammonia, many of the analytical techniques for all of the primary amines are 

similar. 

There are twenty naturally occurring amino acids. Of these, the structure shown 

below is valid for all but proline, in which the other end of the structure of R re-attaches 

itself back to the nitrogen to form a secondary amine. The twenty amino acids can be 

categorized into five groups: amino acids with acidic side chains; amino acids with basic 

H side chains; amino acids with hydrocarbon 

(non-polar) side chains; and amino acids 

C C with polar, neutral side chains (48). The 

R 
O H detection of amino acids or ammonia is 

General Structure of Amino Acid accomplished when they are chemically 

tagged using the properties of the primary amine. Although reactions indicating the 

presence of primary amines are similar, these primary amines are easily separated using 

chromatographic techniques (10, 11, 49). Once separated, they are detected using the 

chemical properties of the primary amine. The detection of primary amines has been 

accomplished with colorimetry (19, 24-26, 50, 51), electrochemical methods (21, 22, 24, 

31, 38, 52, 53, 54), and fluorimetry (4, 5, 9, 13, 14). 

In general, colorimetric methods are used for the determination of ammonia in 

aqueous samples. However, color or turbidity interferes with these methods and a time 

consuming distillation step may be involved before analysis (55). An ammonia selective 
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electrode is also widely used. However, interferences by amines can cause erroneous 

results (56). The fluorimetric methods used for the detection of amino acids are generally 

the same for the detection of ammonia and many comparisons can be made regarding 

technique. However, because fluorimetric techniques usually involve a fluorophore 

associated with the amine, amino acids and other amines can cause interferences. 

Ammonia may be separated from these interferences with membranes (4, 25, 26, 28, 31, 

51, 52). 

It is interesting to note the detection ranges which have been achieved for 

ammonia for some of the various methods. Some of the typical detection limits for 

ammonia using colorimetric methods are 1 - 5 gg/mL (22), 7 gM (50), and 0.05 gM (19). 

Typical detection limits for electrochemical methods are 0.6 gg/mL (52) to 26 gg/dL 

(31). The lower detection limits of electrochemical methods are about the same as 

colorimetric methods. However, in one electrochemical experiment, atmospheric air was 

continuously blown through a membrane onto a gas sensitive electrode over a long period 

of time to yield a detection limit of 5 gg per cubic meter of air (54); this is equivalent to 

0.29 nM. 

The method of choice for the rapid detection of primary amines, including 

ammonia, with very low detection limits is based on fluorescence (49). Much of the work 

in this area involves flow injection methods. Typical detection limits are in the range of 

25 nM to 1 gM (13, 26, 53), with a few very careful experiments performed to 

demonstrate a lower limit at 3.3 nM (47), and 1.5 nM (4). Extremely low detection limits 

are difficult to reproduce. An attempt at reproducing the detection limit of 1.5 nM (4) 
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resulted in a detection limit of 25 nM (57). This is not unusual. Heinrich Kaiser has 

discussed this phenomena in some detail when he wrote the following (58): 

Limits of detection of idealized analytical procedures are 
especially dear to the hearts of authors, inventors and 
suppliers of equipment; such data can indeed be scarcely 
matched with experience gained in the hard world of 
analysis of commonly occurring samples. Nevertheless, 
such idealized examples are not without use, showing as 
they do what might be possible, and so stimulating to 
improvement. 

Although extremely low detection limits are not the thrust of this research, a good 

faith effort is made to detect lower ammonia concentrations and the fluorescence signal of 

about 1 nanomolar is shown. 

The Reaction Mechanism of Ammonia with o-phthaldialdehyde to Form a 
fluorescing Product 

Ortho-phthaldialdehyde, or OPA, is used primarily as a means of detecting primary 

amines through fluorescence. The mechanism of the OPA/mercaptoethanol reaction with 

primary amines has been studied but is presently not thoroughly 
CHO 

understood (1, 6, 11, 47, 59-61). The most thorough discussion 

of a probable mechanism of this reaction is by Simmons and 

CHO 
Johnson (11) who provide a probable theory. The discussion


o-phthaldialdehyde, or
 
OPA begins with the OPA molecule. 

The reaction occurs in a pH buffered aqueous solution by first reacting OPA with 

a thio group, which, in our case is mercaptoethanol. The end product of this initial 
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CH2CH2OH reaction is the fluorescing moleculeS 

1- allcylthio- 2- alkyisoindole. 

With the mechanism proposed by 

Simons and Johnson (11), a precursor 

1-alkylthio-2-alkylisoindole 
polyfunctional molecule containing an 

aldehyde and thiohemiacetal units (I) is produced, along with a diversionary product 

which is a reduced isobenzofuran (II), step A. This reaction in step A must occur prior to 

reacting with a primary amine. 

CHO 

HSCH2CH2OH 

CHO OH 

CH S CH2CH2OH 

On to reaction 
(I) CHO with ammonia 

[Step A] 
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The precursor molecule, I, in step A then begins a proton transfer reaction, step B. 

CH2CH2OH CH2CH2OH 

H OH
 

CHO 

[Step B] 

The primary amine, or in our case, ammonia, then forms a bond with the molecule and in 

the process a water molecule is split out, step C. 

,/,,,,CH2CH2OH CH2CH2OH 

S 
S 

CH OH 

+ NH3 + H2O 

NH 

[Step C] 
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A proton is attached to the newly formed alcohol group and a positive molecular ion is 

formed, step D. 

S 

CH2CH2OH 

S 

CH2CH2OH 

1 
I 

HOH2+ 
+ H+ 

=...NH 

[Step D] 

H/ 

The newly formed amine then bonds to the thio-carrying carbon and splits out another 

water molecule, step E. 

,./CH2CH2OH 
S ,..".CH2CH2OH 

I 

OH 2+ 

N+H + H2O 

[Step E] 
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The thio-carrying carbon then eliminates its hydrogen as an ion and forms a double bond, 

step F, creating the fluorescing isoindole compound of interest. 

.../CH2CH2OH s,,,/CH2CH2OH 
S 

+ H+ 

[Step F] 
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THEORETICAL CALCULATIONS OF AMMONIA CONCENTRATIONS WITH
 
HENRY'S LAW RELATIONSHIPS
 

Ammonia Gas Transport and Equilibria 

In a closed system, when an aqueous ammonium solution is placed in proximity to 

a sample cuvette, equilibria are established between the sample vessel, the cuvette, and the 

common headspace between the two solutions as shown in figure 1. 

(headspace) 

NH 3(g) NH 3(g) 

Ilrmum, um 111111111111111 ir111111111 1111 1111111111111 

NH3(aq) NH3(aq) 

It It 
NI14+ NH4+ 

(sample) (cuvette) 

Figure 1 Equilibrium of ammonia in 
a closed system. 

The equilibria are 

[N1/44] [N113(610])1A [N113(g)]h" '-[NH4 +]}c 

where the subscripts s, h, and c, denote the equilibrium reaction occurring within the 

sample vessel, the headspace, and the cuvette, respectively. The relevant equilibrium 

constants being 



18 

INI14710H 7K (1) 
a [NH 3(aqll 

K. = [H 7/OH 7 (2) 

[NH 3(g)] 
KH (3)

NH 300] 
where Ka is the equilibrium constant of ammonia with water with units of mol L'; Kwis 

the dissociation constant of water with units of (mol LT; KH is Henry's constant with 

mol(g)/Lunits of . The goal is to derive an equation to determine the total amount of
mol(aq)/L 

aqueous ammonia (delivered by the sample vessel via the headspace as ammonia gas) 

available in the cuvette with which the OPA may react to form a product. 

First consider a sample solution and headspace of equal volume. The total 

ammonia gas produced depends on the pH of the solution. Combining equations 1 

through 3 gives 

KHK,s, [NH 4: hos
[NH 3(g) Ih- (4) 

Ka IH 7, 
where [NH410, = [NH 300], + [NI141 and is the total concentration of ammonia and 

ammonium ion initially introduced to the sample vessel (at t=0) and [His is the hydrogen 

ion concentration of the sample vessel. 

In equation 4, an infinite source of ammonium ion is assumed (i.e., the volume of 

solution is much greater than the headspace volume). However, in a closed system, the 

total ammonia present is equal to the amount introduced in the sample vessel. After 

equilibrium is established, the total ammonia is distributed between the solution in the 

sample vessel and the headspace; equation 4 is modified so the amount present as gas is 

subtracted from the initial concentration producing equation 5. 
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Ha°, iN113(eih KIM' 47ts _
NH 3(8). Ih = K[N (5)

!H7 [H75 
where the three separate equilibrium constants are combined into a single constant, K, for 

convenience as defined in equation 6. 

K =KHKw 
Ka
 

and 

INH ;Its = [NH 47to, [Nil Allh 

where [NI-14+]c, is the total ammonia and ammonium ion remaining in solution in the 

sample vessel after equilibrium is reached. With algebraic rearrangement the equilibrium 

ammonia gas concentration in a closed system partitioned between the sample vessel and 

the headspace is given by 

Thr1147tos 
INH3(g)Ih (8)

IH 
+ s 

K 

When the cuvette is added to the system (assume an equal volume for now), we 

must account for its influence on the equilibrium of the system as well. So the total 

concentration of ammonia and ammonium ion in solution in the cuvette must also be 

subtracted from the total introduced initially to the system, and equation 4 is modified 

further. 

3(gh KThr1147tos /NH3(ggh iNHat,
= (9)

IH 7, 
The total ammonia and ammonium ion present in the cuvette after equilibrium is reached 

is EN114+ 

(10)tc 

where [Hic is the hydrogen ion concentration of the cuvette solution. Substituting 

equation 10 into equation 9, we find the total ammonia gas concentration of the system. 
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lATH3h

[NH4 INH Allh 

[NH 3(g)]h = K 
[H 7 

Again, with algebraic rearrangement, the true equilibrium ammonia gas concentration in a 

closed system partitioned between the sample vessel, the headspace, and the cuvette is 

given by 
fig-4: hos

Aullgilh (12)
[H 7

1 [H7
and K K
 

iN114)ts = INHaos INH3(g)]h (13) 

In the above model, equal volumes of each of the three physical equilibrium 

partitions are assumed. So equation 9 is modified to account for varying partition 

volumes by dividing the volume of each partition by the volume of the headspace (the 

units of volume are arbitrary). 

V 
-0/311/4710., VINH4tc 

iM13(ggh = K (14)
[H 

where Vh is the volume of the headspace, V, is the liquid volume of the sample, and vc is 

the liquid volume of the cuvette solution. By substituting equation 10 into equation 14, 

the total ammonia concentration of the system. 

V V,. V (NH 3(g).1 h[H 7c
' 4*./to --21ATH W./ c( )v s vs 3 h Vs K 

iNHIgilh K (15) 
[H. 7s 

With algebraic rearrangement, the true equilibrium ammonia gas concentration, in terms 

of initial conditions, is 

INI-1440,
NI' 3(gll (16) 

Vh [H 7 V, [H 7c 

V K Vs K 
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and 

iNH4.its = iNH47,0 -2-01/3(gil IiN/147tc (17) 

recalling that [NH41,, is given by equation 10. 

To find the total aqueous ammonia, and ammonium ion, we must look again at the 

equilibrium occurring in the cuvette. Rearrangement of equation 1 yields 

[NH4] [OH
INH3001 (18) 

where [NH3(aq)], is the aqueous ammonia concentration of the cuvette solution, [Ar1/41, is 

the ammonium concentration of the cuvette solution, and [OH ]c is the hydroxide 

concentration of the cuvette solution. The relationship shown in equation 19 

PVH4+lc = UVHAte iN1/300ic (19) 

is substituted into equation 18 to determine the total aqueous ammonia in the cuvette. 

([NH4]tc INT1300.1) [OH -lc
INH300.1c (20)

Ka 

With algebraic rearrangement and substitution of values from equation 2 to eliminate the 

[OH] term, the total ammonia concentration in the cuvette is 

[NH4 c 
IN113001c (21) 

K:1111 1 
recalling that [NH41,, is given by equation 10 and [NH3(g)] is given by equation 16. 

Substitution of equation 21 into equation 10 gives the ammonia gas concentration in terms 

of the aqueous ammonia of the cuvette. 

INH3(aq)I # 

1NH3V = K (22)
[H 

By setting the right hand side of equation 22 equal to the right hand side of equation 16, 

the final working equation for aqueous ammonia concentration in the cuvette, in terms of 

initial conditions, is 

http:INH300.1c
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Pal 4 +J tos [H 7
INHAq11, (23) 

V [H*J., #Va[H7a\t K \
K (g-

V K 17,E)41 NI 1) 
Setting the right hand side of equation 21 equal to the right hand side of equation 23 yields 

the final working equation for total concentration of ammonia and ammonium in the 

cuvette, in terms of initial conditions 

iNH4ito, [111
[NH4]tc (24)

K( V 
+ 

[11 7, 
+ 

V [H '4) 
l Vs K Vs K 

To find total ammonium ion concentration in the cuvette, [VH41c, equation 18 is 

rearranged. 

[NH 3(aq)] Ka 
(25) 

[OH "1 

Substitution of equation 2 (to eliminate the /0H1 term) into equation 25 gives 

INH.dc = IN1130q)u-HliKc.a (26) 

Substitution of equation 19 into equation 26 gives the ammonium ion concentration of the 

cuvette. 

Ka 
ThrH47c = ([NH4]c [NH4] )[H '7 (27) 

c Kw 

Algebraic rearrangement yields 

iN1147tc = 1N1147c( Kw (28)
Ka rHy, # 1 ) 

When the right hand side of equation 27 is set equal to the right hand side of equation 23, 

the final working equation for aqueous ammonium ion concentration in the cuvette, in 

terms of initial conditions, is 

INH a°, [111
IN1141 (29)

( V [I-17 K 1H '4)( K., 1 1) 

Kl Ts K V K il .K TH1 ) 
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Effect of Temperature 

The equilibrium constants used for this system vary with temperature. For the 

a [oH 7
hydration of ammonia (NH3(a0 + H2O ** HH4+ + OH ), K. INH . For the 

INH3(aq)] 

dissociation of water (H20 'H+ IP + OH ), Kw = [H *KOH] . For ammonia between 

[N3(gil1/water and air (NH3(aq) NH3(g)), KH . The data points in table 1 were
INH3(aqll 

used to generate the curves (3rd order polynomials) shown in figures 2, 3, and 4 from 

which (respectively) Ka, .K and KH (62, 63, and 64) values, continuous with temperature 

over a limited range, were determined. 

Table 1. Temperature dependence of Ka, Ic, and KR. 

Temperature (K) Ka (mol L4) Kw ( (mol L4)2) KR 

283 1.63 x 104 3.0 x 1045 5.35 x 104 
288 1.70 x 104 
291 1.72 x 104 
293 6.8 x 1045 6.70 x 104 
298 1.81 x 104 1.0 x 1044 
303 1.5 x 1044 8.35 x 104 
313 1.98 x 10-5 3.0 x 1044 1.05 x 104 
323 1.81 x 104 5.5 x 1044 1.37 x 104 
333 9.5 x 1044 1.85 x 10-3 
348 1.64 x 104 
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Figure 2 Temperature dependence of 
hydration constant of ammonia. 
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Figure 3 Temperature dependence of the 
dissociation constant of water. 
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Figure 4 Temperature dependence of KR, Henry's 
constant for ammonia in water. 

As the temperature rises, the overall K increases as shown in figure 5. This has the 

effect of increasing the ammonia gas concentration in the headspace and decreasing the 

total aqueous ammonia and ammonium concentrations in both the cuvette and sample 

container. 

12 

10

8
 

6
 

NC 4 

2 

--r-1 
280 290 300 310 320 330 340 

Temperature (K) 

Figure 5 Temperature dependence of the combined 
K from equation 6. 
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Effect of pH 

From equation 4 it is clear that pH is an important parameter of the equilibrium 

system. The pH of the solutions in the sample container and the cuvette determine how 

much ammonia is transported from the sample container to the cuvette (via the headspace 

as ammonia gas). 

Ammonia in the Cuvette 

Equation 24 describes the total ammonia concentration in the sample cuvette after 

transport from the sample solution. When [a static] equilibrium is established, ammonia 

not transported to the cuvette remains in the sample container or in the headspace. The 

fractional amount of ammonia transferred from the sample container to the cuvette (TR) is 

given by equation 30. 

iN1147 to,V, [NH4TR = 1 (30) 
[ATI-147,0y, 

Algebraic rearrangement yields 

INHatc TR 
Vs 

INH4*-1tos (31) 

Setting the right hand side of equation 31 equal to the right hand side of equation 24 and 

solving for the pH of the sample yields, 

V, [H Vh V, 
ll
pH, = -log(y 1-7-K -1-71H (32)

cl 
where pHs is the pH of the sample. This equation can be used to calculate the sample pH 

necessary to transfer a specific percentage of ammonia to the receiving solution of a 
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specific pH. The pH values predicted by equation 32 for 90% and 99% transfer are shown 

in figures 6 and 7, respectively. 

0 I 

0 2 4 6 8 10 12 14 

pH of Cuvette Solution 

Figure 6 Headspace limit for 90% transfer. Sample 
container: 30 mL; cuvette: 3 mL. 

2 

0 I I I I 

0 2 4 6 8 10 12 14 

pH of Cuvette Solution 

Figure 7 Headspace limit for 99% transfer. Sample 
container: 30 mL; cuvette: 3 mL. 

The sample must be at a higher pH than that of the receiving solution in the 

cuvette for most of the ammonia to be transported from the sample container to the 
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cuvette. For example, figure 6 shows that 90% of the ammonia from the sample is 

transported to the cuvette when the pH of the sample is 6 and the pH of the receiving 

solution in the cuvette is 4; figure 7 shows that for a sample pH of 6, the pH of the 

receiving solution must be 3 for 99% transfer to occur. In general, the pH of the receiving 

solution must be about 2 to 3 pH units lower than that of the sample solution for 90% or 

greater transfer to occur at equilibrium. 

Figures 6 and 7 also illustrate the limit of transfer for the various headspace 

volumes as well. For a given transfer efficiency, the relationship between the sample pH 

and receiving solution pH is linear at lower pH values. However, at higher pH values 

there is a limit to how much ammonia can be transferred for a given headspace. For 

example in figure 6, with a 1 L headspace, if the pH of the cuvette solution is greater than 

about 9, a transfer efficiency of more than 90% is impossible; figure 7 shows that a 

transfer efficiency of 99% (with a 1 L headspace) cannot be achieved if the receiving 

solution pH is 7.5. Ammonia transfer is limited when the receiving solution pH is at a high 

pH, even when the sample vessel pH is very high. A portion of the ammonia remains in 

the headspace at equilibrium because of the unfavorable conditions for ammonia to enter a 

solution (NH4+ not formed) at either end. 

Ammonia Gas in the Headspace 

Multiplying the left hand side of equation 16 by the volume of the headspace 

reveals the amount of ammonia gas in the "pipeline". From figure 8, it can be seen that 

when the pH of the receiving solution is sufficiently lower than that of the sample solution, 

only a very small portion of the total ammonia remains in the headspace when the 
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headspace has a volume of the order of 10 to 100 mL. Clearly, for efficient transfer to the 

receiving solution, the headspace should be minimized. 

s 4 
ov
 

n 2 
z 
To 0
I 0 20 40 60 80 100 

Volume of Headspace (mL) 

Figure 8 Ammonia gas in the "pipeline". Sample 
container: 25 mL: pH 12.5; initial ammonia 
concentration 10 mM (250 umol); cuvette: 3 mL; 
pH 9.5. 

Ammonia Transfer Efficiency 

The aqueous ammonia concentration varies with pH according to equation 1. Low 

pH favors the ammonium ion; as the pH rises, more aqueous ammonia is formed; as the 

pH rises even more; the aqueous ammonia increases; and according to equation 3, when 

the aqueous ammonia concentration increases, ammonia gas comes out of solution. 

As the pH of the solution in the cuvette changes, so does the ammonium 

concentration in the cuvette. Based on equation 29, figure 9 shows how the percent of the 

total ammonia transferred to the cuvette as ammonium ion [NH;LVC x100%) 
Vs/HaosYs 
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depends on the pH values of the sample and receiving solutions. For example, when the 

pH of the receiving solution in the cuvette is at about 5 or less, and the sample solution is 

pH 9, virtually 100% of the ammonia is transferred and occurs as ammonium ion in the 

cuvette. When the pH of the cuvette solution rises to about 10, virtually no ammonia 

which is transferred to the cuvette exists as ammonium ion. The higher the pH of the 

receiving solution in the cuvette, the higher the pH of the sample solution must be for 

most of the ammonia to transfer. But, as figure 9 shows, there is little difference in the 

equilibrium behavior when the pH of the sample solution is above pH 12. 

100 
floc) 

80 so sampte 

.S P 14 

60 0 60 
13 

en 12 
11 

a 
O 

40 " 4° 
20 

O
'c 20 

* 0 
EE 

0 
12 14 0 2 4 6 8 10 12 14 

pH of Cuvette Solution pH of Cuvette Solution 

Figure 9 Ammonium ion in the cuvette. Figure 10 Aqueous ammonia in the 
Sample container: 30 mL; initial cuvette. Sample container: 30 mL; initial 
ammonium, 10 mM (300 !mop; ammonium, 10 mM (300 ttmol); 
cuvette: 3 mL; headspace: 10 mL. cuvette: 3 mL; headspace: 10 mL. 

The dependence of the aqueous ammonia concentration in the cuvette on the pH 

values of both the sample and receiving solutions is given by equation 23 and shown in 

figure 10 as a percentage relative to the total ammonia and ammonium 

WH3(aq)], 
x 100% I . When the pH of the cuvette solution is about 6 or less, 

[NH4 10,17, 

virtually no ammonia exists in any solution as NH3. As the pH of the cuvette solution rises 

for a given sample pH, the aqueous ammonia concentration also rises until it reaches a 



31 

maximum. The transfer efficiency decreases for higher pH values of the receiving solution 

because most of the ammonia is in the headspace. Also, a lower sample pH makes less 

ammonia available for the receiving solution. Again we see that any pH of the sample 

solution over about 12 makes very little difference in the efficiency of transfer because 

most of the ammonia is in the headspace. The amount of total ammonium transferred (at 

298.15 K) to the cuvette for the conditions specified in figures 9 and 10 at a sample pH of 

12 equals 96.4% (35.2% ammonia plus 61.2% ammonium), 73.9 (3.9% ammonia plus 

70.0% ammonium), 22.2% (0.11% ammonia plus 22.1% ammonium), and 2.8% (2.8% 

ammonia plus 0.001% ammonium) when the receiving solution is at pH 9.5, 10.5, 11.5, 

and 12.5, respectively; at 10°C higher temperature (308.15 K), the transfer is less 

efficient 95.3% (73.9% ammonia plus 21.4% ammonium), 67.5% (65.7% ammonia plus 

1.8% ammonium), 17.2% (17.2% ammonia plus 0.05 ammonium), and 2.0% (2.0% 

ammonia plus 0.0005% ammonium), for the same respective pH values. 

Summary 

To ensure favorable thermodynamic conditions (greater than 90% ammonia 

transfer) for the transfer of NH3 from a sample solution to a receiving solution, the theory 

presented suggests that the pH of the receiving solution should be should be 2 to 3 units 

lower than that of the sample solution. These calculations are based a headspace of less 

than 25% of the total volume (solutions plus headspace) at room temperature (25°C). 

High pH values (>12) for the receiving solution can be a disadvantage because a large 

portion of the ammonia can be in the headspace depending on its relative volume. Higher 

temperatures for both the receiving and sample vessel cause less efficient ammonia transfer 
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due to a lower solubility of ammonia gas; a higher temperature for only the sample vessel 

may enhance ammonia transfer to the receiving vessel. These calculations are based on 

purely aqueous solutions in the state of equilibrium in which no chemical change occurs 

with the ammonia other than protonation at various levels of pH. 
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EXPERIMENTAL 

This research began with characterization of the o-phthaldialdehyde (OPA) 

reaction with ammonia. The procedure which was used initially was similar to the 

prescribed methods (2, 4, 9) and later evolved into other methods as the research 

progressed. 

Instrumentation 

Fluorimetric monitoring of the OPA/NH3 reaction was performed with a modified 

in-house spectrofluorimeter (65, 66, 67) with the excitation and emission wavelengths set 

at 365 nm (Hg line) and 460 nm, respectively. The spectral bandpass for the excitation 

and emission monochromators was set at 8.5 nm. Typical PMT bias voltage and Rf values 

were 700 V and 1 - 10 M( (1 Mg except where noted differently), respectively. The 

fluorescence signal was filtered using a 1-s or 10-s time constant and displayed on a chart 

recorder and input into a PC based data acquisition system. The data acquisition system is 

based on a voltage to frequency converter (Teledyne Philbrick, Model 7405 CTM-05, 100 

kHz V') and a timer-counter board (Metrabyte Corp.). The data acquisition system was 

developed and is described by Chung (68) and was used with the modified 

spectrofluorimeter for previous research. The software allows theuser to select the 

number of data points and the time interval between them. The signal data were either 

transcribed from the voltage chart recording tracing into a spreadsheet (Quattro Pro 6.0) 

or the data file acquired by the computer was imported onto a spreadsheet. For the data 
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acquisition program, the user chooses the integration time per data point (normally 0.5 s 

unless specified otherwise) and the total number of data points (69). 

Absorption measurements were made with an Hitachi U3000 spectrophotometer 

which used a D2 lamp for the UV and W lamp for visible wavelengths. The spectral 

bandpass was set at 2 nm or 5 nm for the D2 lamp or W lamp, respectively, with auto 

PMT mode. Data points were taken every nanometer or every 0.5 s for wavelength scans 

or time scans, respectively. Fluorescence spectra obtained with an Hitachi F4500 

spectrofluorimeter. Excitation and emission spectral bandpasses were set at 5 nm, and 

auto PMT mode. Data points were taken every 1 nm. 

Reagents 

OPA/MERC Stock Solution 

To prepare a reagent stock solution that is 10 mM OPA (Lancaster #1948) in 15 

mM, 2-mercaptoethanol (MERC)(Sigma #M-6250), a 0.25 M borate buffer solution is 

first made by adding 1.55 g of boric acid (MW, 61.83) to 100 mL of DI water in a 250

mL Erlenmeyer flask. The solid boric acid does not readily dissolve in the water until the 

base is added to adjust the pH. The pH of the buffer is adjusted to the desired level by 

adding 4 to 8 mL of 1 M NaOH while monitoring the pH with a glass electrode and pH 

meter for pH values ranging from about 7 to 12.5. In a separate 50-mL Erlenmeyer flask, 

40 mg of OPA (MW, 134.1), or OPA, is dissolved in 1 mL of methanol. OPA dissolves 

with great difficulty in aqueous solution, but it readily dissolves in methanol. The 

methanol is merely the vehicle by which the OPA is solubilized into an aqueous solution. 
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To this OPA solution is added 25 mL of the borate buffer and 30 !IL of MERC (MW, 

78.41; p, 1.11 g mL-1). As with any mercaptan, all handling must be done under a hood 

due to the very strong and objectional order. The MERC is added in a molar excess of 1.5 

relative to the OPA to insure all the OPA reacts to form the precursor compound prior to 

the addition of ammonia. In all further references to OPA concentration, the MERC 

concentration is 1.5 times greater than that of the OPA concentration. 

Ammonium Stock Solution 

A 0.1 M ammonium stock was prepared from reagent grade ammonium chloride 

by adding 5.25 g of NH4C1(MW, 52.5) (EM #AX1270-1) to a 1-L volumetric flask along 

with a few drops of concentrated sulfuric acid (to insure a low pH to minimize loss of 

ammonia to the air). This solution is diluted serially to a convenient ammonia 

concentration for measurements. A few drops of concentrated sulfuric acid is added 

during dilution. 

Batch Experiments 

When an aliquot of ammonia is added to the OPA reagent solution and rapidly 

mixed (by vigorous hand shaking) in a spectrometer sample cell, the ammonia and OPA 

immediately begin react to form a fluorescing compound. This type of experiment is 

referred to as a batch experiment. 

To a 1.00-cm path length fused silica cuvette with a screw-type top (threaded-top 

cell by Spectrocell) is added 3.00 mL of the OPA solution. The cuvette is then sealed 
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with a septum cap. The cuvette is placed in the fluorimeter and the background 

fluorescence signal is monitored. No magnetic stir bar was used in the initial experiments 

in order to minimize oscillations from scattered light reflecting from the stirbar. 

(However, at longer reaction times, it was found that stirring was necessary to maintain a 

steady signal.) The background signal is measured for 5 to 15 min until a steady signal is 

obtained. The average of the last several minutes of the steady background signal is 

subtracted from the subsequent signals after addition of ammonia to provide a 

background-corrected signal. The cuvette is then removed from the fluorimeter, and 

depending on the desired ammonia concentration, 1 to 100 AL of the ammonium standard 

is injected through the septum cap using a syringe. Schlabach and Weinberger (70) 

describe the practical aspects of this reaction. 

The reaction proceeds best around pH 9 when buffered 
with borate. It does require a sulfhydryl reducing agent that 
unfortunately contributes a foul order to the reagent. The 
reaction is nearly foolproof provided that the reagent and 
solute are adequately mixed and that organic eluents do not 
precipitate the borate. 

When the ammonia is added, the cuvette is vigorously shaken (to insure immediate 

mixing) for 1 to 2 s and the data acquisition program is immediately started (even before 

the cuvette is in the fluorimeter and the lid closed); the usable data are, of course, the data 

gathered when the cuvette is in place and the fluorimeter lid is closed. The data 

acquisition program was used for all experiments except where specified otherwise. Time 

"zero" or to is defined as the moment the ammonia and the OPA come into contact. 
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Effect of Ammonia Concentration at pH 9.5 

For the first four batch experiments, 10, 20, 40, and 80 AL of 10 mM ammonium 

chloride were injected into the 3.00 mL of 10 mM OPA solution of pH 9.5 in the cuvette. 

The in-cell ammonia concentrations were 33, 67, 130, and 270 AM (all concentrations in 

batch experiments are reported as in-cell concentrations). The fluorescence signal was 

recorded for 5 min with a 1-s time constant. The background signal was subtracted from 

the total signal so that the corrected signal at to is zero for each run and ranged from 

about 1.1 to 1.6 mV. And, as previously noted, for each of these four batch experiments, 

the signals from two equivalent runs were averaged. Here and elsewhere, the slope in the 

initial stages of the reaction was calculated as the slope from a least-squares fit of the data 

points acquired over a specific time period. 

Effect of pH at Constant Ammonia Concentration 

The conventional wisdom that the optimal signal occurs when the OPA reaction 

mixture is at pH 9.5 was tested. A series of batch experiments was performed using 33 

AM ammonium (injection of 10 AL of 0.01 M NH4CI) reacting with 3 mL of 10 mM OPA 

with the pH of the borate buffer at pH values of 7.5, 8.5, 9.5, 10.5, 11.5, 12.5, 13.0, and 

13.4. The signal for a given reaction mixture was recorded for 120 min on a strip chart 

recorder with a 1-s time constant. For the experiment at pH 13.4, a straight 0.1-M NaOH 

solution was used rather than a buffer. 
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Effect of Ammonia Concentration at pH 12.5 

Because the greatest signal with the fastest rise time was observed at pH 12.5 in 

the previous study, a set of batch experiments with ammonia concentrations of 8.4, 17, 

33, and 67 I.LM were conducted at pH 12.5 with an OPA concentration of 10 mM. These 

experiments were performed in a similar fashion to the batch experiments at pH 9.5 

(injection of 2.5 to 20 gl, of 0.01 M NH4C1) but for a duration of 30 min. A magnetic 

stirbar was used inside of the cuvette here and for all further batch experiments. The time 

constant was set at 10 s with Rf = 10 Ma Each experiment was run in duplicate and the 

results were averaged. 

Effect of OPA Concentration at pH 9.5 

A series of batch experiments were performed with a 33 AM ammonium 

concentration (injection of 10 RI, of 0.01 M NH4C1) at pH 9.5 with OPA concentrations 

of 0.25, 0.5, 1.0, 2.5, 5.0, 10, 25, and 50 mM, and 0.10, 0.25, 0.5, and 1.0 M. These 

experiments were run singularly (i.e., non-duplicate) for a duration of 15 min using a 1-s 

time constant. 

To achieve true pseudo-first order kinetics during the initial stages of the reaction, 

the concentration of the OPA must be about an order of magnitude greater than the 

ammonium concentration in the solution. The next logical steps in the progression to 

lower OPA concentrations are 25, 50, and 100 RM . However, at these OPA 

concentrations, second-order kinetic effects would become important (and the point of 

this experimental set would be lost). Hence, to evaluate the effect of these OPA 
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concentrations, the ammonia concentration was reduced by an order of magnitude to 3.3 

tiM (from 33 AM). For comparative purposes, the acquired fluorescence signals were 

multiplied by 10. 

The rate of each reaction was taken as a measurement of the initial slope at the 

steepest and straightest portion of the reaction profile. For OPA concentrations of 2.5 to 

100 mM, the slope for the signal data acquired from 10 to 20 s was measured; for OPA 

concentrations of 0.25 to 1.0 mM, the slope from 10 to 40 s of signal was measured; for 

OPA concentrations of 25 to 100 the slope from 10 to 400 s was measured. 

Ammonia Calibration Range 

A set of batch experiments was performed to determine the practical range over 

which ammonia can be measured with the OPA reaction at pH 12.5 in the batch mode. 

Ammonia concentrations of 1, 10, and 100 nM and 1, 10, and 100 1.1M were measured 

(injections of 3 to 30 µL of 1 tiM to 10 mM NH4C1). Each experiment was performed for 

a duration of 30 min under conditions identical to the previous batch experiments at pH 

12.5, and the signals from duplicate runs were averaged. 

In a separate experiment, signal profiles for ammonia concentrations of 1, 2, 4, 8, 

16, and 32 nM were measured (injections of 3 to 96 RI. of 1 1.1M NH4C1). The Rf value 

was increased from 1 to 10 MO for this experimental set. Each experiment was 

performed with a duration of 15 min with a 10-s time constant and was run singularly. 
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Measurements for Mathematical Modeling 

A set of experiments was performed to obtain data to fit to a mathematical model 

for the kinetics of the OPA/MERC/ammonia reaction. These experiments were run for 15 

min at pH values of 9.5, 10.5, and 12.5. At each of these pH values, the OPA 

concentration was 5 mM and a batch runs were made at ammonia concentrations of 8 and 

17 tiM (injections of 2.5 and 5µL of 10 mM NH4C1). Results from duplicate runs were 

averaged. 

Spectrophotometric Measurements and Fluorescence Spectra 

A series of absorption measurements were made with a spectrophotometer 

(I-Etachi U3000). A 1.00-cm path length fused silica cell was used. Each pair of 

experiments involved a run at pH 9.5 and one at pH 12.5 with 5 mM OPA and 125 

ammonia (25 AM of 10 mM NH4C1 injected into 2 mL OPA solution in the cuvette). 

For the first pair of time-based runs, the absorbance at 365 nm was monitored for 

15 min. For the second pair, a series of scans were taken from 350 to 450 nm. The first 

scan was made before any ammonia was added to the cuvette. Ammonia was then added 

and another absorption scan was made at 1 min; the final scan was made at 15 min. For 

the last pair, the monitoring wavelength was 430 nm. 

A series of fluorimetric measurements were made with another spectrofluorimeter 

(Hitachi F4500). A 1.00 cm path length fused silica cell was used. Excitation scans were 

made from 250 to 450 nm with the emission monitored at 460 nm. Three scans were 

made each for pH 9.5 and 12.5 with 5 mM OPA and 12.5 µM in-cell ammonia (injection 
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of 25 ttL of 1 mM NH4C1 in 2 mL OPA in the cuvette). The first scan was made before 

any ammonia was added to the cuvette; ammonia was then added and a scans were made 

at 1 and 15 min. Emission scans were made from 375 to 575 nm with the excitation 

wavelength monitored at 365 nm with the same OPA and ammonia concentrations as with 

the excitation scans. Ammonia was added and two scans were made each for pH 9.5 and 

12.5 at 1 min and 15 min. 

Ammonia Gas Transport Experiments 

As was discussed in Chapter 3 in the section Ammonia Gas Transport and 

Equilibrium, when an aqueous ammonium solution is placed in proximity to another 

aqueous solution in a closed system, an equilibrium is established between the two vessels 

and the common headspace between them. The principle was tested for ammonia 

transport with a spectrofluorimeter. A cuvette containing a 10 mM OPA solution at pH 

9.5 was placed in the sample holder of a fluorimeter. The fluorometric signal at 460 nm 

was monitored and the usual background signal was present. A 100-mL beaker 

containing approximately 80 mL of 1.0 M NH4C1 at approximately neutral pH was placed 

in the sample compartment near the cuvette (without interfering with the light beams). 

The lid was closed and the signal was monitored on a strip chart recorder. No appreciable 

signal greater than background signal was observed. The lid to the fluorimeter was 

opened again and a scoopula full (about 7 g) of NaOH pellets were placed into the beaker 

containing the NH4C1 and the lid immediately closed. Within a few seconds, the signal 

increased several millivolts which was well above background. 



42 

Bubbling Ammonia Gas into a Buffer Solution 

The efficiency of transfer of ammonia from a sample solution to a receiving 

solution was studied with the apparatus shown in figure 11. A stoppered 1-L Erlenmeyer 

flask served as the sample vessel and was connected with Tygon tubing to a stoppered 10

mL test tube which functioned as the receiving vessel. All connecting tubing was 1/8-in 

(3/32-in i.d.) Tygon tubing. The test tube contained 3 mL of boric acid buffers at 

different pH values (without OPA) and the Erlenmeyer flask contained 1.0 L of 10 mM 

NH4C1 in a 0.2 M KCl/NaOH solution at pH 12. A (house) vacuum was drawn from the 
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Figure 11 Schematic of apparatus to transfer ammonia to an aqueous buffer in a test tube. 
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headspace of the test tube. The pressure imbalance was restored from gas drawn through 

the other tube with one end below the surface of the buffer solution in the test tube. This 

tube drew gas from the headspace of the Erlenmeyer flask. This pressure imbalance of the 

Erlenmeyer flask was restored from gas drawn from another piece of Tygon tubing with 

one end below the surface of the sample solution and the other end drawing fresh air from 

the atmosphere. The fresh air bubbles through the sample solution. This air, which 

acquires ammonia by direct contact with the ammonia solution and is then bubbled 

through the test tube. The ammonia from these bubbles is then captured by the buffer 

solution. 

Ten transfer experiments were run at five different pH values for the receiving 

solution in the test tube: pH 7.5, 8.5, 9.5, 10.5, and 11.5. Two experiments were run at 

each pH for durations of 10 and 20 min at a gas flow rate of 8 mL s-1. Gas flow 

measurements were made with a float ball flow meter (Manostat) and calibrated with a 

soap bubble flow meter. The flow was regulated with the wall valve and fine tuned with a 

pinch clamp. The sample pH was 12. 

For ammonia determination, 2.0 mL of the buffer solution (containing the 

captured ammonia) were withdrawn and placed in a cuvette, and 1.0 mL of 30 mM OPA 

solution, prepared in the appropriate buffer solution of the same pH, was added (three 

times the normal concentration to account for the 2 mL of sample already present). For 

each pH studied, a normal batch analysis was performed and the analytical signal was 

taken at the maximum fluorescence signal (about 1 min) or when a maximum or plateau 

was reached. At each pH, the calibration slope was determined from the maximum signal 

from 2 mL of buffer spiked to 100 and 200 f.tM NH4C1 (20 and 40 pL injected into 2 mL 
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buffer in cuvette) diluted with 1 mL of 30 mM OPA (for an in-cell concentration of 67 

and 130 AM NH4C1 and 10 mM OPA) at each pH studied. 

Bubbling Ammonia Gas Directly into an OPA Solution 

An analytical method, denoted the bubbling/OPA method, was developed in which the 

ammonia was bubbled directly into a cuvette in a fluorimeter as fluorescence 

measurements were made. This experimental method was similar to that illustrated by 

figure 11 and is shown in figure 12. 
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Figure 12 Schematic of apparatus for transfer of ammonia into an OPA solution in a 
cuvette in a fluorimeter. 
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The gas flow was constant at 15 mL s' and the gas was bubbled into the receiving 

vessel which was the cuvette in the fluorimeter containing 3 mL of OPA solution. A 

specially machined Rulon adapter (appendix 1) which was tapped so that it screwed onto 

the head of the cuvette (' /2 in - 20 threads in-1). The hole in the top of the adapter was 

plugged with a #2 stopper which was bored to accommodate two pieces of tubing (1/8-in 

o.d. Tygon tubing). The vacuum secured the stopper in place. The adapter contains a 

cavity of about 5 mL in volume so that the receiving solution has room to splash during 

rigorous bubbling in the adapter cavity and drip back into the cuvette and hence it is not 

lost by exiting gas through the tubing. At a gas flow of 15 mL s', evaporation of the 

OPA receiving solution was negligible for most measurements although some loss of 

receiving solution was noted for a few runs. 

Experiments were performed with NH4C1 concentrations in the sample vessel of 

2.5, 5.0, 10, 20, 40, 80, 160, 320, and 640 1.LM at pH 12. The pH of the receiving 

solution remained at 8.5 with an OPA concentration of 10 mM. The gas was bubbled into 

the cuvette for approximately 75 min. Each experiment was run once using a 1-s time 

constant and the signal was recorded with a strip chart recorder. 

A second set of experiments was run under the same experimental conditions 

specified above except the NH4C1 concentration in the sample vessel was set to 40 p.M 

and the flow rate was reduced to 8 mL s'. The OPA receiving solutions were at pH 

values of 7.5, 8.5, 9.5, 10.5, 11.5, and 12.5. 
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Transfer of Ammonia into a Buffer Solution by Porous Tubing 

Experiments were performed in which ammonia was transferred to a buffer 

solution via porous polypropylene (pp) tubing. The schematic of the system is shown in 

figure 13. The tubing used was a 400-pm i.d. and 468 pm-o.d., with an effective pore 

size of 0.05 µm (Hoechst Celanese Corporation, Charlotte, NC). The porous pp tubing 

was the center tube of a two-tube gas transfer module with the outer tube being the non

porous Teflon (1/8 in o.d.) through which the sample flowed. This pp tubing is 

hydrophobic so that the ammonia gas molecules but not H2O pass through the pores in the 

sides of the tubing. The transfer occurs along a gradient from the sample solution, which 
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Figure 13 Apparatus based on porous-tubing for transfer of ammonia to an aqueous 
buffer to be collected in a test tube. The inset shows the Teflon adapter. 
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is outside the porous pp tubing, to the receiving solution, which flows through the porous 

pp tubing. Each end of the concentric tubing was connected to a specially machined 

Teflon adapter (appendix 2) which allowed the inner and outer tubing to be attached to 

Teflon tubing terminated with standard 1/4 - 28 connectors. All tubing external to the gas 

transfer module was 1/16-in i.d. Teflon tubing. The pumps were positive-displacement 

valveless pumps (Model RH1CKC, Fluid Metering, Inc.) driven by a stepper motor 

(Model Super Lox SO-1, Ivek Corp.). The Teflon and pp tubing was cemented to the 

connectors using amine-free epoxy (50:50 mixture of Shell Resin 828 and Shell Epi-Cure 

3140). 

A series of transfer experiments were made to determine the length of tubing 

through which the sample must flow in order to achieve maximum ammonia transfer from 

the sample solution through the porous pp tubing to the receiving solution. A sample 

flask containing 200 mL of 67 tiM NH4C1 standard at pH 9.5 was prepared. This 

ammonia standard was then pumped at approximately 10 mL min' through the tubing 

system (outer tube of transfer module) and recirculated back to the sample flask, and a 9.5 

borate buffer (taken from the same stock as the sample pH 9.5 buffer) was pumped at 

approximately 1 mL min' through the inner porous pp tubing and collected in the sample 

collection test tube as it exited. After approximately 2.5 to 3 mL of this solution were 

collected (4 to 5 min), 2.0 mL of this solution was mixed with 2.0 mL of the 20 mM OPA 

reagent (double the normal concentration so that the final OPA reagent mixture was 10 

mM) in a pH 9.5 buffer in a fused silica cuvette in which fluorescence measurements were 

made. These tubing experiments were run in duplicate with two different lengths of 

tubing: 32 and 100 cm. Standard measurements of 33 tiM NH4CI were obtained by 
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directly transferring 2.0 mL of the standard 67 AM NH4C1 solution to the 2.0 mL of 20 

mM OPA solution in the cuvette. 

Porous Tube Transfer into an OPA Solution with a Flow Cell 

The next experiment was performed with the same concentric tube gas transfer 

module used in the last experiment. However, the OPA solution was continuously 

recirculated through a loop containing a 1-mm path length flow cell (Precision Cells, Inc., 

model P/N 8830), the pump, and the porous tubing. The schematic of the system is 

shown in figure 14. This experimental configuration is different from that in typical flow 
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Figure 14 Apparatus for transfer of ammonia to the OPA solution in a porous tube, gas 
transfer module. 



49 

injection analysis because the reagent is recycled back through the porous tubing (i.e., gas 

transfer module). 

Most tubing was Teflon (1/16 in i.d.), flanged at the ends, and terminated with 

standard 1/4-in, 28-thread connectors. These connectors will be referred to as standard 

male (sm) or standard female (sf) connectors. The sample is drawn out of the stoppered 

sample vessel through tubing connected to the pump by a sm connector. This length of 

tubing terminates with a sm connector as the sample enters at the gas transfer module 

(fitted with a sf connector at this point). The sample flows through the outer tubing of the 

gas transfer module. The sample exits the other end of the gas transfer module through 

tubing connected in the same manner and is directed back to the stoppered sample vessel. 

The OPA solution is drawn out of the reservoir test tube through 1/16-in (1/32-in 

i.d.) Teflon tubing connected to the pump by a standard sm/sf connection. The outlet of 

tubing from the pump terminates with a sf connector as the OPA solution enters at the gas 

transfer module (fitted with a sm connector at this point). The OPA solution flows 

through the inner porous tubing of the gas transfer module and exits the other end of the 

gas transfer module through tubing connected in the same manner and flows directly to a 

flow cell. The flow cell exit tubing is directed back to the reservoir test tube. 

To measure the volume of the OPA solution, the reservoir was replaced with a 10

inL graduated cylinder filled with 10 mL of DI water. Next, the water was drawn into the 

empty loop and the volume of solution loss in the graduated cylinder was taken as the 

volume within the loop. 

A 1-L Erlenmeyer flask (sample vessel) was filled with a 0.2 M Ka/NaOH 

solution at pH 12. The OPA loop (test tube, pump, pp tubing and flow cell) contained 
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1.25 mL of solution. The pH of the 10 mM OPA solution was 9.5. Initially, the blank 

buffer and OPA were allowed to circulate and the signal was recorded on a strip chart 

recorder. After 20 min, the sample flask was spiked with NH4C1 to bring the ammonia 

concentration up to 0.25 AM. After 60 min of continued transfer, the sample was 

replaced with a blank solution. 

The OPA loop contained a minimal volume of OPA solution to maximize the 

concentration of the transferred ammonia. The test tube was necessary to allow any air 

bubbles to be pumped out and to allow for expansion of the solution. Previous 

experiments without the test tube (a closed loop system) were unsuccessful because the 

tubing connections burst apart at tubing connections to the transfer module or pump when 

ammonia and other gases transferred into the inner loop. 

Next, a series of experiments were run with the procedure and conditions 

described above except the receiving OPA solution adjusted to pH 12.5. The blank was 

allowed to recirculate for 30 min. Then, the sample container was spiked to 0.50 gM 

NH4C1. After 30 min of recirculation, the sample container was spiked again and the 

process repeated bringing the total ammonia concentration up to 1.0 and then 2.0 pM. 

Passive Ammonia Collection 

Ammonia gas passing through the pores of a hydrophobic membrane was used to 

demonstrate the principle that ammonia gas in solution can pass from an NH4C1 solution 

through a membrane to a static receiving solution within the enclosed membrane. This 

type of apparatus is similar to the Slide-A-Lyzer' Dialysis Cassettes made by Pierce. 
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These Slide-A-Lyzer' membranes, however, are unsuitable for this technique because of 

the hydrophilic nature of dialysis membranes. 

A thin plastic produce (e.g., broccoli, carrots, etc.) bag found in most 

supermarkets was chosen to perform this experiment. This thin plastic, mostly-

transparent material is typically made from low density polyethylene (LDPE) which is the 

preferred material for vegetables because of its high diffusivity for gases (70). A 5.0-mL 

portion of 10 mM, pH 12.5 OPA solution was placed into a plastic bag. The solution was 

allowed to collect into one corner of the bag and that corner was fastened securely with a 

paper/wire twist-fastener to prevent any stray liquid sample from entering the solution. 

The corner of the bag with the 5.0 rnL of the OPA solution was then submerged (with a 

screwdriver handle) for 1 hr in a 1-L uncovered beaker containing the analyte solution. 

The analyte solution was stirred while the bag was submerged. A 3.0-mL portion of this 

solution was then withdrawn from the bag, transferred to a fluorimetric sample cell, and 

the fluorescence signal was monitored for 60 min. 

A series of experiments were performed to test the principle of passive analyte 

transport (PAT). With a 10 mM OPA solution at pH 12.5 in the bag, PAT experiments 

were run with the sample solution at pH 12. The experiments were performed with a 

blank and analyte concentrations of 0.5, 1.0, and 2.0 mM NH4C1 (sample solutions of pH 

12 were spiked with appropriate portions of 0.1 M ammonium chloride standard). 

Transfer Experiments to Measure Ammonia in Soil 

Soil samples which were previously analyzed for ammonia were obtained from the 

Oregon State University (Corvallis) Soil Science Department. The sample numbers and 
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ammonium (MW 18) concentrations were #94-6491, 2.8 ppm and #94-6690, 155.0 ppm. 

The extraction method of Keeney and Nelson (72) was used in which the soil is first 

placed in a 2 M KC1 solution (10 mL/g soil) and shaken for 1 hr. The soil is then allowed 

to settle and the clear ammonium-equilibrated supernatant liquid is withdrawn and 

analyzed for ammonia. 

This procedure was followed with the following modifications. The soil slurry 

was stirred for 1 hr with a magnetic stirrer and stirbar. After this, the soil in the 

supernatant was not allowed sufficient time to settle but rather was filtered immediately 

with a Buchner funnel and Whatman no. 2 filter paper. The supernatant was then 

analyzed for ammonia. 

Ammonia Determination with the Bubbling Method 

A soil sample (#94-6690) was analyzed for ammonia with the transfer method 

based on bubbling an OPA solution described earlier. Samples of 50 g soil were prepared 

in duplicate. To each 50-g soil sample was added 500 mL of the 2 M KC1. The samples 

were stirred rapidly for 1 hr and the supernatant was immediately filtered. From the 

supernatant liquid recovered, 200 mL was transferred to the 1-L Erlenmeyer sample flask. 

To this sample vessel was added 300 mL of pH 12 buffer solution for a total 

volume of 500 mL at pH 12. From the reported soil ammonium concentration, the 

ammonia concentration in the final sample solution was estimated to be 344 tiM. 

Three separate ammonium chloride standards (500 mL) were prepared directly in 

1-L Erlenmeyer sample flasks at 100, 200, and 400 pM at pH 12. The receiving solution 

was 3 mL of 10 mM OPA at pH 12.5 in the cuvette in the fluorimeter. For each standard 
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or sample, bubbling into the OPA solution continued for approximately 30 min at a gas 

flow rate of 8 mils and the signal was recorded on the strip chart recorder. Between 

samples or standards, a flask of DI water was bubbled to remove residual ammonia. 

Ammonia Determination with the Porous Tube Transfer Method 

A soil sample (#94-6491) was analyzed for ammonia with the porous tube transfer 

method described earlier. Samples of 100 g soil were prepared in duplicate. To each 

100-g soil sample was added 1 L of 2 M KC1. The samples were stirred rapidly for 1 hr 

and the supernatant was immediately filtered. From the supernatant liquid recovered, 100 

mL was transferred to the 1-L Erlenmeyer sample flask. To this sample vessel was added 

900 mL of pH 12 KCl buffer solution for a total volume of 1.0 L. From the reported soil 

ammonium concentration, the ammonia concentration in the final sample solutionwas 

estimated to be 1.6 p.M. 

Three separate ammonium chloride standards were prepared at 0.5, 1.5, and 2.0 

I.LM at pH 12 in a 1-L Erlenmeyer sample flask. The receiving solution was 0.8 mL of 10 

mM OPA at pH 12.5 which was recirculated through a flow cell in the fluorimeter. 

Measurements for each standard or sample continued for approximately 30 min and the 

signal was recorded on a strip chart recorder. Between samples or standards, DI water 

was recirculated to remove residual ammonia. 
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Ammonia Determination with the Passive Ammonia Transfer Method 

A soil sample (#94-6690) was analyzed for ammonia using the PAT method 

described earlier. Samples of 25 g soil were prepared in duplicate. To the 600-mL beaker 

containing each 25-g soil sample was added 250 mL of the 2 M KC1. The samples were 

stirred for 1 hr. From the reported soil ammonium concentration, the ammonia 

concentration in the final sample solution was estimated to be 0.816 mM. 

Ammonium chloride standards were prepared in the 600-mL beaker at pH 12 at 

concentrations of 0.5, 1.0 and 2.0 mM. A plastic produce bag containing 5 mL of 10 mM 

OPA at pH 12.5 which was secured with a twist-tie paper covered wire was placed in the 

standard solutions for 1 hr. After 1 hr, the plastic bag was removed from the standard 3 

mL of the OPA was withdrawn from the plastic bag, immediately transferred to the 

sample cell, and the fluorescence signal was monitored for 60 min. 

The slurry of the first soil sample was immediately filtered. About 30 mL of 

NaOH pellets were then added to the clear filtered solution and stirred (in the side-arm 

suction flask) of this sample to raise the pH. A plastic bag containing 5 mL of 10 mM 

OPA solution at pH 12.5 was placed directly into the solution without further dilution. 

After 1 hr of passive analyte collection, 3 mL of the OPA was immediately withdrawn 

from the plastic bag and the fluorescence signal was measured. The second sample was 

not filtered. After 1 hr of stirring, a few pellets of NaOH were placed into the 

supernatant, mud and all, along with the plastic bag containing 5 mL of 10 mM OPA 

solution. After 1 hr, 3 mL of the OPA solution in the plastic bag was immediately 

removed to determine the fluorescence signal. The fluorescence signal for all standards 

and samples was monitored for approximately 30 min on a strip chart recorder. 
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RESULTS AND DISCUSSION 

This research involved four major goals. The first goal was to understand how 

solution conditions such as pH affect the reaction of OPA with NH3. The second was to 

develop analytical methods and construct equipment to transfer and detect ammonia by 

fluorimetry. The next goal was to derive mathematical models to describe the time 

dependence of the fluorescence signal in various situations. Finally, the developed 

methods were tested on real soil samples to demonstrate the practical applications of these 

analytical methods. 

Batch Experiments 

The dependence of the fluorescence signal on ammonia concentration, pH and 

time in batch experiments was measured under a variety of conditions. The pH of the 

solution proved to be a critical parameter not only for ammonia equilibrium, but also for 

the kinetics of the reaction between ammonia and OPA. 

Effect of Ammonia Concentration at pH 9.5 

Batch measurements were made with ammonia concentrations of 33 to 270 1.1M. 

The shapes of the reaction profiles (fluorescence signal vs time) are the same, but the 

amplitude of the signals increased linearly with concentration as shown in figure 15. The 

difference in signals between the duplicate runs was a little less than 1 mV for the 33 pM 
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Figure 15 Reaction profiles at pH 9.5. OPA 
concentration, 10 mM. 

run. It is apparent from the eventual decay in the fluorescence that the monitored 

fluorescent species is an intermediate that is eventually converted to another species. 

The proportionality of the signal at any point in time to the concentration of 

ammonia leads to two conclusions. First, this reaction can be used to determine ammonia 

quantitatively in aqueous solution. Second, the reaction kinetics follow that expected for 

consecutive first-order reactions as will be discussed later. In general, the fraction of 

species consumed or formed at a given time is independent of the initial concentrations for 

first-order reactions. 

A calibration curve was constructed based on the average signal from 58 to 63 s 

and is shown in figure 16. This linear calibration curve is consistent with first-order 

kinetics. The blank signal was subtracted to give a corrected signal and was typically 1.3 

to 1.6 mV. The standard deviation in the blank signal (as calculated from 60 values of the 

mean signal for 5-s intervals (10 pointsrmterval) before injection of NH3, with Quattro Pro 

6.0) was 0.018 mV which corresponds to about 0.06 11M ammonia (2 x std.dev.). 
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A calibration curve based on the slope during the initial part of the reaction is 

shown in figure 17. The slope was evaluated from twenty data points taken between 5 

and 15 s (at the straightest and steepest portion of the curve) for each run. The curve 

exhibits good linearity which is consistent with pseudo first-order calibration kinetics. 
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Figure 16 Calibration curve for ammonia at pH 9.5 based on the intensity of the 
fluorescence signal at one minute after the start of the reaction. E(ml = 0.35 
[NH41(p.M) + 3.1; std error of slope = 0.005; std error of intercept = 0.75. 
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Figure 17 Calibration curve for ammonia concentration at pH 9.5 based on the initial 
slope. Slope (mV s-1) = 1.2 x 10' [NH4 '](1M) + 0.033; std error of slope = 0.00025; std 
error of intercept = 0.038. 
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The difference between the two duplicate runs was about 0.04 mV s' for the 33 I.LM run. 

The blank standard deviation (as calculated from slope measurements on the last 10 s of 

data before injection of NH3 for 4 runs) was 0.02 mV s' which corresponds to 2 p.M. 

Effect of pH at Constant Ammonia Concentration 

The conventional wisdom that the optimal signal occurs at pH 9.5 was tested. The 

time dependence of the monitored signal for batch experiments at pH values varying from 

7.5 to 13.4 are presented for both over the first three minutes of the reaction and over the 

2-hr time period that data were collected. The profiles for pH values of 10.5 and less are 

shown in figure 18 and those for pH values greater than 9.5 are shown in figure 19. 

At pH values less than 10.5 (see figure 19), the signal magnitude increases and 

then decreases with time, but it never returns to the initial background level. This initial 

rise and fall defines a knoll which is characteristic of this reaction at a pH less than 10.5. 

As has been observed by many researchers (1, 3, 4, 6, 13, 21, 60), the highest 

fluorescence signal occurs at pH 9.5 and then the signal falls to a steady value above the 

initial background level and remains relatively constant. At pH 10.5, the initial knoll is 

present, but instead of the signal falling to a constant value, it rises again and levels off at 

about the same height as the initial knoll. 

When the pH is increased from 10.5 to 12.5 (see figure 19), the height of the initial 

knoll decreases, the knoll becomes more transient, and the signal climbs to a steady value 

as much as five times the value of the maximum signal at pH 9.5. The highest final signals 

are observed at pH values of 11.5 and 12.5. At pH 12.5, the rate of approach of the 

signal to the plateau is about double that at pH 11.5. At pH values greater than 12.5, the 
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Figure 18 Reaction profiles for in-cell ammonia concentrations of 33 JIM, pH 7.5 to 10.5. 
First 3 min (left), 2 hr (right), OPA concentration, 10 mM. 
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Figure 19 Reaction profiles for in-cell ammonia concentrations of 33 .tM, pH 9.5 to 13.4. 
First 3 min (left), 2 hr (right), OPA concentration, 10 mM. 

plateau is much lower and the knoll is non-existent. At pH 13.4, the signal is barely 

higher than background for the first 60 min and then rises slightly. 

At pH 12.5, the maximum signal is significantly greater than at pH 9.5, but the 

cost is waiting 20 min for a steady signal. The major fall and rise in the signal at about 50 

min for the pH 12.5 run as well as fluctuations in the signal at pH 11.5 do not to reflect 

the true course of the reaction. This behavior may be due to not stirring the solution in 
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the cuvette, temperature fluctuations, or fluctuations in the excitation source intensity. 

Later experiments with stirring showed that the signal with pH 12.5 reaches a plateau and 

does not decrease. 

The shape of the profiles for lower pH values are similar to those obtained by Aoki 

(9) which are shown in figure 20. The highest pH evaluated by Aoki was 10 and the trend 

is evident: the maximum signal occurs at pH 9.5. This trend is also observed in figure 18. 

However, as figure 19 shows, the fluorescence signal actually begins to rise again after the 

initial rise and fall at pH values higher than about 10. Close inspection of Aoki's data at 

pH 10 shows that the signal is leveling off at the tail end of the run. Perhaps had the run 

been allowed to continue longer than 20 min, this signal would have also begun to rise. 

Later measurements at this pH support this reasoning. 

0	 5 10 15 20 
Reaction time .mi n 

Figure 20 Reaction profiles observed by Aoki. 
Ammonia concentration 40 ttM., OPA 
concentration 1 mM. Reprinted with permission 
from Analytical Chemistry, vol. 55, p 1621. 
Copyright 1983 American Chemical Society. 
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Dependence on Ammonia Concentration at pH 12.5 

The higher response observed at pH 12.5 was examined more closely with four 

batch experiments with ammonia concentrations from 8.4 to 67 RM. The results are 

shown in figure 21. 
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E300 
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co
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0 
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Figure 21 Reaction profiles at pH 12.5. OPA 
concentration, 10 mM. 

As observed previously at pH 9.5, the signal at any point in time is proportional to 

the concentration of ammonia (up to about 33 ilM) which allows this reaction to be used 

for quantitative analysis. This behavior is consistent with pseudo first-order kinetics. 

A calibration curve was constructed based on the average signal from 25 to 30 min 

from each run and is shown in figure 22. The average change in signal from 25 to 30 min 

was 0.07% for all four measurements which confirms the signal is steady. The blank 

signal was typically 2.5 to 3 mV with a standard deviation of 0.019 mV (calculated from 5 

values of the mean signal for 1-min intervals from 25 - 30 min at the end of a blank run) 

which is equivalent to 3.8 nM ammonia (2 x std.dev.). 
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The steepest and straightest slopes at the beginning of the reaction profile were 

determined from the signal data between 1.5 and 3.5 min which are shown in figure 23. 

The slopes were calculated by linear regression and were 20, 37, 66, and 94 mV min' for 

8.4, 17, 33, and 67 p.M, respectively. The calibration curve based on slope is shown in 

figure 24. The standard deviation of the blank slope (measured from 5 blank slopes at 1

min intervals) is 0.14 mV mid' which corresponds to a detection limit of 0.14 p.M 

ammonia (2 x std. dev.). 

At pH 12.5, the shape of the calibration plots in figures 22 and 24 are similar. The 

major difference between the two methods is the time involved in acquiring the data. 

Because the time to reach a steady signal is 20 to 30 min at pH 12.5, the reaction would 

not reach equilibrium in a standard flow injection analysis. However, note that the signal 

is within 50% of its final value within about 3 min so a delay coil could be used. 

Alternatively, with a computerized data acquisition system, the average signal or slope of 

the signal in the first few minutes could be measured after the flow was stopped so that 

the sample plug is stationary in the flow cell during the time of measurement. 

For either calibration curve (figure 22 or 24), the linearity is good to about 30 AM. 

The point at which the non-linear and linear curves diverge and differ by more than 5% is 

virtually the same for both methods (36 1.LM). At higher NH3 concentrations, non-linearity 

due to significant absorption by the monitored product (inner-filter effect) or other 

sources (73) becomes evident as will be discussed later. However, good linearity at lower 

concentrations is consistent with pseudo-first order kinetics. 
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Figure 22 Calibration curve (curved line) for ammonia at pH 12.5 based on the average 
intensity of the fluorescence signal from 25 to 30 min after the start of the reaction. 
E(mV) = -0.088(iNH4-7)2 + 13/NHa + 2.0; std error in x2 coeff. = 0.006, x coeff. = 
0.43; std error in intercept = 5.1. Overlaid straight line indicates linear fit to 33 p.M. 
E(mV) = 9.8 (iNH411) + 13.8; std error in slope = 0.64; std error in intercept = 13.8. 
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Figure 23 Reaction profiles over slope Figure 24 Calibration curve (curved line) 
measurement period for pH 12.5. Curved for ammonia at pH 12.5 based on the slope 
lines indicate actual reaction profile, of the signal from 1.5 to 3.5 min after the 
overlaid straight lines indicate calculated start of the reaction. Slope (mV/min)= 
slope (mV s'). -0.017(INH47)2 + 2.6ThrHa 0.14; std 

error in x2 coeff. = 0.0014, x coeff. = 0.099; 
std error in intercept = 1.3. Overlaid 
straight line indicates linear fit to 33 gM. 
Slope (mV/min) = 2.0[11H4+.1 + 2.0; std 
error in slope = 0.09; std error in intercept 
= 1.8. 
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Effect of OPA Concentration at pH 9.5 

The data in figures 16 and 17 for pH 9.5 demonstrate that the fluorescence signal 

varies proportionally with ammonia concentration when the OPA concentration (10 mM) 

is much greater than the ammonia concentration (33 to 270 tiM). This chemical behavior 

is a characteristic of pseudo first-order kinetics and has been noted by others (1, 3, 8, 9) 

for the OPA reaction. 

The variations of the amplitude and shape of the reaction profile for twelve 

different OPA concentrations (0.25 mM to 1 M) with a constant ammonia concentration 

are shown in three graphs in figure 25. Two trends are noted in this figure: 1) the 

maximum signal occurs near the midpoint of the range of OPA concentration studied, 2) 

the rate at which the signal reaches maximum is .quite dependent on OPA concentration. 

The first trend is more clearly shown in figure 26. The maximum signal is largest 

at 5 mM and within 10% of the largest value in the range of 1 to 25 mM OPA. For lower 

OPA concentrations, the maximum signal increases with OPA concentration because the 

concentration of the monitored fluorescent intermediate formed before decay ofthe 

intermediate increases with increasing OPA concentration due to a higher reaction rate 

(also see figure 25C). The decrease in the maximum signal for OPA concentrations 

greater than 10 mM is attributed to a significant fraction of the excitation radiation being 

absorbed by OPA or intermediate or products formed. The absorbance with a 1-cm path 

length cell at the excitation wavelength of 365 run is (no ammonia) 0.12 and 1.2 for 10 

and 100 mM OPA, respectively. From Beer's law, the fraction of excitation radiation 

transmitted to the center of the cell (0.5 cm path length is 10'2 or 0.87 and 0.25 for 10 

and 100 mM, respectively. Hence, the maximum signal with 100 mM OPA should be 
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Figure 25 Effect of OPA concentration on the reaction profile 
at pH 9.5. Ammonia conc. 33 RM. 
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Figure 26 Dependence of maximum fluorescence 
signal on OPA concentration at pH 9.5. Ammonia, 
33 tiM (3.3 AM for 25, 50, and 100 11M OPA). 
E(mV) = 2.2 - 9.6x - 1.5x2+ 0.14x3; std error in 
intercept = 1.6, in x coeff. = 2.8, in x2 coeff. = 1.5, in 
x3 coeff. = 0.14, wherex = [OPA] (M). 

about 25/87 or 29% of the highest signal obtained at 5 mM OPA if only the absorption 

effect is dominant. The actual signal decrease was about 50% which suggests the 

concentration of the monitored intermediate increased somewhat between 10 and 100 

mM. An absorbance spectrum and calibration curve for OPA are given in Appendix 3. 

Aoki (9) also noted that the signal decreased at higher OPA concentrations higher than 

about 5 mM. 

At OPA concentrations of less than about 10 mM, the initial rate of increase of the 

signal is roughly proportional to the OPA concentration which is consistent with pseudo 

first order kinetics. This trend is shown in figure 27. The decrease inrate at OPA 

concentration above 10 mM is attributed to absorption effects discussed above. 
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Figure 27 Dependence of initial slope on OPA 
concentration at pH 9.5. The slope is roughly 
proportional to OPA concentration over the range of 
50 1114 to 5 mM. log (slope) = 1.0 log (10PAI) + 
2.0; std error of slope = 0.48, std error of intercept 
= 0.14. 

Dynamic Range of Calibration Curve 

Previous data show that the OPA reaction with ammonia at pH 12.5 yields a 

significantly higher fluorescence signal than that at pH 9.5. The calibration plots obtained 

at pH 12.5 (shown in figures 22 and 24) are not as linear as those observed at pH 9.5 

(shown in figures 16 and 17). A new series of experiments was run at pH 12.5 to show 

the ammonia concentration range over which the signal is linear withconcentration. The 

reaction profiles are shown in figure 28. Three graphs are needed to cover the wide signal 

range. 

The average fluorescence signal was measured from 25 to 30 min. The results are 

shown in table 2. These data were corrected for inherent ammonia contamination at very 
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Figure 28 Reaction profiles for ammonia concentrations over a 
wide range for pH 12.5. OPA conc., 10 mM. 
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Table 2 Average fluorescence signal at pH 12.5 from 20 to 30 min.' 

Ammonia Maximum Corrected Maximum 
Concentration Signal (mV) Signal (mV) 

100 1.1M 590 589 
10 pM 147 146 
1 pM 16.5 16.0 

100 nM 2.06 1.59 
10 nM 0.56 0.08 

1 nM 0.47 0 

a Bold indicates range of linearity after correction. 

low concentrations by subtracting the 1 nm data points in the profile for a concentration 

signal from the corresponding data points in all other profiles. 

From the log-log calibration plot shown in figure 29, the slope of the line is 1.0 

from about 0.01 to 10 ttM ammonia (after correction). For concentrations somewhat 

above 10 LtM, negative deviation is expected due to significant analyte (product) 

absorption. The maximum absorbance (OPA plus monitored product) at 365 nm with 10 

mM OPA at pH 12.5, a 1-cm pathlength, and aqueous buffer as a blank, is 0.19 and 0.82 

for 10 and 100 RM NH4C1, respectively. Hence, the fraction ofexcitation radiation 

transmitted to the center of the sample cell (la') is 0.80 and 0.39 for 10 and 100 

NH4C1, respectively. Hence the signal is predicted to increase by a factor of 10 x 

(0.39/0.80) or -5 from 10 to 100 tiM NH3. The actual increase is a factor of 4. 

Deviation at the lower concentrations may be primarily due to contamination and 

is partially compensated by the correction employed. Many laboratories in which 

http:0.39/0.80
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Figure 29 Log-log calibration curve (points) at 
pH 12.5 based on intensity of the average signal 
from 20 to 30 min. Filled boxes indicate data 
points prior to correction; boxes with X's are 
after correction. From 0.01 to 10 AM (after 
correction), the curve is linear. Log (E) = 1.0 
([1111:1) + 7.6. Std error in slope = 0.05, std 
error in intercept = 0.35. 

ammonia is routinely determined at very low concentrationsare designated as an 

"ammonia free" environment. Ammonia's inevitable presence in most chemical 

laboratories makes a totally ammonia free environment difficult (74). The increase in the 

corrected signal from 10 to 100 nM (table 2) is about a factor of 20 instead of the 

expected 10. This is attributed to uncertainty in the signals for 10 nM and the blank limit 

due to noise and drift. Ammonia contamination is most likely introduced through 

laboratory air. Ammonia in the reagent solution should have reacted before injection of 

the ammonia standards giving rise to the initial background signal. 

The ability of this method of ammonia determination to detect nanomolar 

ammonia concentrations is further illustrated with the data in figure 30. These signal 

intensities were averaged from 12.5 to 15 min and a calibration curve was constructed and 

is shown in figure 31. For these measurements, ammonia contamination at the lower 
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concentration levels measured was less obvious and no corrections other than subtracting 

the blank were made. The good linearity shows this method to be useful for measuring 

ammonia concentrations down to a few nanomolar. 
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Figure 30 Reaction profiles for nanomolar ammonia 
concentrations at pH 12.5. OPA conc., 10 mM. Smoothed 
profiles shown in B (Quattro Pro 6.0 Moving Average, 
Period: 20, Weight: Standard.) 
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Figure 31 Calibration curve for nanomolar ammonia 
concentrations at pH 12.5 based on the average 
intensity of the signal from 12.5 to 15 min. E(mV) 
= 0.14 [NH41](n.1V1) - 0.08; std error of slope = 
0.002, std error of intercept = 0.08. 

Mathematical Modeling of the Reaction Kinetics 

From the proposed OPA reaction mechanism described earlier, and the 

experimental evidence presented so far, it is clear that pH plays a prominent role in the 

reaction mechanism and formation of the fluorescing compound. However, the proposed 

reaction mechanism (see section The Reaction Mechanism of Ammonia with 

o-Phthaldialdehyde to Form a Fluorescing Product) does not account for the rise and 

fall of the concentration of the fluorescing species at a given pH and the fact the maximum 

concentration of the fluorescence species varies with pH. The inherent instability of the 

isoindole product may be a contributing factor to this unusual behavior (61, 75). 

Reaction profile data were obtained at pH values of 9.5, 10.5, and 12.5 and are 

shown in figure 32. To ensure linearity with respect to NH3, concentrations of 8 and 17 

AM ammonia, 5 mM OPA, and 7.5 mM MERC were chosen. At this OPA concentration, 
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Figure 32 Reaction profiles for 8 and 17 AM ammonia at 
three pH values. OPA conc., 5 mM; Merc conc., 7.5 mM; 
at pH 9.5 (A), 10.5 (B), and 12.5 (C). 
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the fraction of excitation radiation absorbed is small. The pH values of 9.5 and 12.5 were 

chosen because they represent the best "optimal" pH from the literature and "optimal" pH 

in terms of maximum signal, respectively. A pH of 10.5 was chosen as an intermediate 

"hybrid" pH because the initial knoll characteristic of the lower pH is observed as well as 

the later ascent to the plateau of the higher pH. 

A qualitative assessment can be made of the shapes of these reaction profiles to 

help describe the kinetics. At pH 9.5, the reaction profiles show an exponential rise and 

fall similar in shape to that of concentration profile of the intermediate species in two 

consecutive first order reactions. The signals at pH 12.5 rise exponentially to an 

asymptotic level as expected for the concentration of the final product oftwo consecutive 

first order reactions. The shape of the profile at pH 10.5 show somewhat ofa "blend" of 

the shapes observed at pH 9.5 and pH 12.5. 

Because the reaction profiles observed experimentally exhibit shapes similar to 

those predicted by consecutive first-order reactions, it was decided to use this fact as a 

starting point to model the data. A review of consecutive first-order reactions begins here 

(76). 

A B C (32) 

When a reactant A is initially introduced to a system in a batch experiment, it undergoes a 

first-order reaction which decreases its concentration exponentially. The concentrationof 

A with respect to time is described as follows: 

d[A] 
MA] (33)dt 
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where 1 c1 is the first-order rate constant for consumption of A (or production of B). At to, 

[Al = a, its initial concentration, and at any later time, [A] < a. 

As [A] decreases at rate k1 [A], intermediate B is formed at the rate that [A] 

decreases. But at the instant B forms, it also begins a first order decay and [B] changes at 

a rate described by 

d[B] 
k i[A] (34)

dt 
where k2 is the first-order rate constant for consumption of B. 

As [B] decreases, the final product C forms. The concentrations of each species is 

determined by the principle of conservation of mass: 

a = [A] + [B] + [C] (35) 

The concentration of C with respect to time is most easily found by rearrangement of 

equation 35. 

[C] = a [A] [B] (36) 

Solving the differential equation 33 by integration yields 

-ln[A] = k t + constant (37) 

At t0, [A] = a, the constant (of integration) is solved as - In a, and 

[A] = ae-k's (38) 

Substitution of the formula found for [A] into equation 34 gives 

d[B] 
-k2[B] + k iae -k'` (39)

dt 
Equation 39 is integrated giving 

Et lae(-rat[B] = e + constant (40)
k2 

At to, [B] = 0, and 

-lc la 
constant (41)

k2 k1 
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Substituting equation 41 into equation 40 yields 

412 [ kiae(k2 kdi k a[B] = (42)k2 -k1 

The concentration of C is found by substituting the right hand sides of equations 39 and 

42 for [A] and [B], respectively, into equation 36, the solution of which yields equation 

43. 

k,e - kit 

[C] =a1- (43)
k2 

The time dependence of the relative concentrations of A, B, and C with arbitrary 

values of rate constants are shown in figure 33. If the fluorescing species is assumed to be 

B, the time dependence of the "fluorescence signal" recorded for species B has somewhat 

the same shape as the profile for the OPA reaction at pH 9.5 shown in figure 32A. The 

variation of the maximum intensity with pH (figure 18) could be explained by a change in 

the value of one or more rate constants with pH. For example, if k2 is twice ki (instead of 

half as shown in figure 33B), B spends less time as the fluorescing species because it 

decays faster to produce C. However, the match between theoretical and experimental 

profiles is not good at longer times where the experimental signal never decays back to its 

original background level or "zero" as predicted for the theoretical case. 

For higher pH values of the reaction (greater than 10), the match is even poorer 

because the fluorescence signal either reaches an initial knoll and then rises to a higher 

level, or as can be seen in figure 32 C, at pH 12.5 the knoll virtually disappears and the 

signal rises slowly to an intense plateau. This signal profile is somewhat similar in shape 

to that of the theoretical end-product C in figure 33 (A or B). 
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Figure 33 Theoretical reaction profiles for two consecutive 
first-order reactions. a = 100, kl= 0.01 s-i, k2 = 0.005 s-1 
(A), 0.02 s-' (B). Fluorescing species is B (bold). 

To provide a better model for the reaction kinetics of the OPA reaction, equation 

32 was modified to include another step as shown in equation 44. 

A -. B -. C -. D (44) 

Here, there are three consecutive first-order rate reactions and product C is produced as 

before, but now decays to form D. 

Equation 43 is invalid because the concentration of C depends now not only on 

the depletion rate of B as controlled by k2, but also on the depletion of C to form D as 
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controlled by k3. The differential equation which describes [C] is shown in equation 45 

dEC1 k [B] k3[C] (45)dt 2 

Substituting the right side of equation 42 into equation 45 for [B] yields 

k lae(-k2-10t kdig k2 e -k2t{ k3[C] (46)dt k2 -k k2 1 

Integration of equation 46 (and solving for [C] at to and then solving for the constant of 

integration, and reinserting it back into the integrated equation) yields equation 47. 
k 

1
k

2[C] = ae -kr{
 

(k2 k1) (k3 k1)]
 

+ ae 421 kik2 
(k1 k2) (k3 k2).1 

ae -1![ k1k2 (47)
(ki-k3) (k2-k3) 

From the principle of conservation of mass, the concentration of D at any time t 

can be calculated as follows: 

[D] = a [C] [B] [A] (48) 

The solution for [D] is found by substituting equations 47, 42, and 39 for [C], [B], and 

[A], respectively, into equation 48 and is shown in equation 49. 

[(k:k k31 4k2e -k31 k32 k 421)
[D] = -a

((k2 k1) (k3 k1) (k3 k2)) 

(k k3e k2t + k24 e kit k:k3e k't ) 

((k2 k1) (k3 k1) (k3 k2)) 

( -k2k32 + k22k3 1422 + 1432 4k3 + 4k2) 
(49)

((k2 k1) (k3 k1) (k3 k2)) 
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Because incorrect derivations were given by Steinfeld (76), equations 46 and 49 were 

solved and simplified with the mathematics computer program Maple (version V release 

3). Figure 34A shows an example of the time dependence of A, B, C, and D, with 

arbitrary values of rate constants. 

To fit the OPA data, a model is proposed in which two fluorescing species are 

produced: B and D, the theoretical profiles of which are shown in figure 34B. The 

experimental reaction profiles in figures 32 (A, B, & C) are remarkably similar to the 

profiles of B or D or a combination of B and D. For the last case, it is assumed that the 

measured signal is the sum of the two signals from B+ D as shown in figure 34B. Hence, 

as a first approximation, the observed fluorescence signal (Et) is the sum as given by 

equation 50. 

E1 = m ( q[B] + [D] ) (50) 

where m is the instrumental/analyte calibration factor relating the concentration of D to 

signal, q is relative calibration factor of B with respect to D which accounts for differences 

in molar absorptivities and quantum efficiencies, and [8] and [D] are given by equations 

42 and 49, respectively. The q factor may be greater or less than 1 depending on whether 

the product of the quantum efficiency and molar absorptivity of B is greater or less than 

D. 

Equation 50 is not a good model for pH values less than about 11 such as is 

shown in figure 32(A & B), because the signal never reaches the high plateau observed at 

pH values higher than about 11, such as is shown in figure 32C. Equation 48 dictates that 

the signal must eventually reach the plateau level with [Co] = a. To model better the 

reaction at lower pH values, it is assumed that the non-fluorescing C component can be 
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Figure 34 Theoretical reaction profiles for three consecutive first-order reactions (from 
equation 48). a = 100, k1 = 0.01 s', k2 = 0.005 s', k3 = 0.0025 st. Fluorescence signal 
(bold) is proportional [A] or [B] (shown in (A)) and [B] + [D] (shown in (B)). 

converted (through a first-order reaction) as before to fluorescing D, or to a non-

fluorescing species E (rate constant k4), as shown in equation 51. 

A-.8-C-D 
s, 

E (51) 

Equation 50 must be modified to equation 52 to account for this situation 

EI = m[ q[B] + p[D] ] (52) 
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where q is the relative calibration factor of B with respect to D as before and p is the 

k,
fraction of C converted to E. This fraction is given by . All of the factors 

k + k4 

involved with equation 52, the final working equation, are summarized in table 3. 

The effect on the reaction profiles of the diversion away from the final product D 

is shown in figure 35 where the B and D contribute to the fluorescence signal. With k, /k2 

= 2, note that the theoretical profile with p = 0.1 (curve c) is very similar in shape to the 

experimental profiles at pH 9.5 (figure 32A) while the profile with p = 1 (curve a) is 

similar to the experimental profile at pH 10.5 (figure 32B). If k2 is increased so kik2= 

0.2, the profile (curve b) is more similar to the experimental profiles at pH 12.5 (figure 

32C) and the initial knoll becomes smaller. 
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Figure 35 Theoretical reaction profiles for three 
consecutive first-order reactions with some 
diversion of C to E (from equation 52, with q = m = 
1). Conditions same as given in caption of figure 34 
except as follows: a, p = 1, kjk2= 2 (100% product 
D forms); b, p = 1, kik2 = 0.2 (100% product D 
forms); c, p = 0.1, k,1k2 = 2 (10% of product D 
forms). 
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Fitting the Reaction Profile Data to the Mathematical Model 

The data points from the experiments shown in figure 32 (A, B, & C) were fit to 

equation 52. The data points were entered onto a spreadsheet (Quattro Pro 6.0 for 

Windows) along with equation(s) 52 (42 and 49) and the optimizer function was used to 

determine the constants listed in table 3. 

Table 3 Factors associated with equation 52. 

Variables 

t time 

a initial conc. mV, (molar) 

Constants 

k rate constant A - B, 

k2 rate constant B C, s"1 

k3 rate constant C D, 

k4 rate constant C E, 54 

p diversion 
factor 

fraction of C converted to D 
0 < p < 1 

q calibration 
factor 

relative fluorescence signal of B 
with respect to D 

The results of this optimization are summarized in table 4. The rate constants 

determined at a given pH level for the two NH3 concentrations are in good agreement 
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Table 4 Results of optimization to solve for parameters in equation(s) 52 (42 and 49). 

pH 9.5 pH 9.5 pH 10.5 pH 10.5 pH 12.5 pH 12.5 
8 AM 17 AM 8µM 17 gM 8µM 17µM 

a 94 mV 203 mV 107 mV 215 mV	 101 mV 210 mV
 
101 mV' 210 mV'
 

lc/ 0.25 min' 0.22 mind 0.16 min' 0.12 min-1 0.37 min' 0.41 min' 
0.38 mie ' 0.41 min-1 a
 

k2 4.1 min' 4.0 min' 9.1 min' 9.1 min"' >170 mine >170 mite
 
0.40 min' ' 0.42 min' '
 

k3 0.13 min' 0.15 min-1 0.13 min' 0.13 mine 0.40 min4 0.44 min'
 

p 0.024 0.024 0.096 0.085 1.0 1.0
 

q 1.0 1.0 1.0 1.0 1.0 1.0
 

' Optimized from equation 43 for comparison; k2 (eq. 42) is equivalent to k3 (eq. 52) when 
k2 (eq 52) is large. 

with each other. These values provide theoretical profiles that fit the experimental data 

well as shown in figure 36. 

For the data at for pH 12.5, the optimizer attempted to raise the value of k2 to 

greater than 170 min' which caused an error message. The value for k2 was then 

manually set to 170 min' which was the maximum value which did not cause an error 

message and other constants were allowed to converge to their respective values. It was 

concluded that the "correct" value of k2 at pH 12.5 is very large relative to the other rate 

constants. A very large k2 and p of 1.0 (the value fitted) suggests that all of C is 
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eventually converted to the D product without formation of E. In effect, A is converted 

directly to C so the concentration of B is very small. 

A 

5 10 15 
Time (min) 

250 C 

200 

S'
E 150 

1-1 

ED 1 oo 
i75 

50 

0 
0 5 10 15 

Time (min) 

Figure 36 Comparisons of experimental and theoretical reaction profiles. Lines indicate 
graphical representation of equation 52 with pH 9.5 (A), 10.5 (B), and 12.5 (C) values 
from table 3. Squares are experimental data points acquired at 5 s intervals. Squares with 
X's denote 8 pM ammonia and empty squares denote 17 pM ammonia. 
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For pH 12.5, equation 44 can be modified to one similar to equation 32 and is 

shown as equation 53. 

A - C D (53) 

Product D in equation 53 is analogous to product C in equation 32 and the shapes of the 

experimental reaction profiles at pH 12.5 (figure 32C) are comparable to the shape of 

product C in figure 33 (A & B). 

As shown in table 4, the values of k2 calculated with the simpler modelare 

effectively the same as the k3 values previously calculated. The constant q, which 

accounts for differences in the quantum efficiency and in the molar absorptivities between 

B and D, remained at unity. For this fit and the fit to equation 52, the values ofp and q 

were "fixed" while the k values were optimized and then they were allowed to float once 

the k values were established. When the second reaction step (A B) is skipped as is 

suggested at pH 12.5, equation 53 is effectively equivalent to equation 32. 

Note that k, and k3 are effectively the same at pH 9.5 and 10.5 and increase a 

factor of 2 or 3 at pH 12.5. Apparently pH has the greatest effect on k2 which is much 

greater at pH 12.5. At the higher pH, A is effectively converted directly to C. The value 

k3 
ofp, , increases with increasing pH which suggests the rate constant for

(k3 + k4) 

conversion to the non-fluorescing product (k4) decreases with increasing pH. The reason 

for this behavior is not clear. 

Spectrophotometric and Fluorescence Sectra 

Absorption and fluorescence measurements were made at pH values of 9.5 and 

12.5. These pH values were chosen because they result in the maximum fluorescence 
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signals corresponding to the proposed species B and species D as described in the section 

Mathematical Modeling of the Reaction. 

Absorption scans were made at 1 and 15 min after the ammonia was added to the 

OPA and are shown in figure 37. The spectrum at 1 min at pH 9.5 corresponds to the 

time at which species B is proposed to be predominant and the spectra at 15 min for both 

pH 9.5 and 12.5 correspond to the time when species D is assumed to be predominant. 

For pH 9.5, the intense absorbance observed at 1 min at about 350 nm may be primarily 

due to species B as it disappears later, and at 15 min, a broad band is observed at about 

360 nm. The broad band observed at about 410 nm at 1 min shifts to about 420 nm at 15 

min. For pH 12.5, the predominant broad band at 365 nm is attributed to species D and is 

the fluorescence excitation wavelength used in previous experiments. Also, a slight 

shoulder is observed at about 385 nm and a broad peak appears at about 430 nm. 

0.12 

pH 12.5 

0.09 

; 
0.06 

pH 9.5 
15 min \. 

15 min 
(abs/10) 

0.03 

Nis..., pH 
1 min0 1 

350 370 390 410 430 450 
Wavelength (nm) 

Figure 37 Absorption spectra after 1 and 15 min of 
ammonia reaction with OPA. OPA conc., 10 mM; 
ammonia conc., 125 
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Time scans at 365 and 430 nm are shown overlaid in figure 38. The initial non

zero values at pH 9.5 are due to the time necessary to inject the NH3, shake the sample, 

and transfer the cuvette to the instrument. The shapes of these time profiles at 365 nm at 

pH values of 9.5 and 12.5 are similar to those of the fluorescence profiles at the same pH 

value shown in figure 32(A & C) and hence are attributed to at least species B and D. 

A 

0 300 600 900 
Time (s) 

B 
1 

365 nm0.8 --ii. 
§ 0.6 

II_ 430 nm 

2 0.4 
Q 

02 

0 
0 300 600 900 

Time (s) 

Figure 38 Absorbance time scans of OPA reaction with ammonia at pH 9.5 
(A) and 12.5 (B). OPA conc., 10 mM; ammonia conc., 125 JIM. 
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For pH 9.5 (figure 38A) the absorbance time profiles at 430 nm are quite different 

from those at 365 nm. At 365 nm, the peak response observed at about 60 s in figure 

38A is primarily attributed to the absorbance of species B. After about 2 min, the 

absorbance may be due to species E or D. The slight continual rise in the absorbance at 

365 nm after about 100 s, not observed in fluorescence profiles, may be due to species E. 

At 430 nm, the absorbance rises rapidly to a near steady state within 2 min and the 

characteristic knoll observed at 365 nm is absent. Hence, the absorbance at 430 nm is not 

primarily determined by species B and is attributed to species E or D. 

At pH 12.5 (figure 38B), there is virtually no absorbance for the first 60 s after 

which a gradual rise to plateau over the next 10 min is observed. The absorbance 

observed at 365 nm is attributed to species D or E as is the absorbance observed at 430 

nm and a contribution from species B is not evident. Overall, these absorption 

measurements verify multiple species co-existing during the reaction. 

Fluorimetric excitation wavelength scans for pH values of 9.5 and 12.5 at different 

reaction times are shown in figure 39. At pH 9.5 (figure 39A), two bands are evident 

with maxima at about 335 nm and 420 nm. These bands rise and fall proportionally and 

the signal at 335 nm is attributed to species B and the band observed at 420 rim may be 

due to B or a species which parallels B. At pH 12.5 (figure 39B), some absorbance at 1 

min is evident at 335 nm which could partially be due to species B, but the maximum of 

the band is near 350 nm and no corresponding band is observed at 420 nm. As the 

reaction proceeds to 15 min, the band shifts from about 350 to about 365 nm, and the 

latter band is attributed to species D and was observed in the absorbance spectrum (figure 

37). A shoulder at 375 nm is also evident on both bands. 
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Figure 39 Fluorescence excitation and emission spectra for OPA reaction with ammonia. 
Excitation. scan with emission monitored at 465 nm at pH 9.5 (A) and 12.5 (B); 
comparison of spectra for pH 9.5 and 12.5 shown in (C); emission scan with excitation at 
365 nm for comparison of spectra for pH 9.5 and 12.5 shown in (D). OPA conc., 10 
mM; ammonia conc., 125 AI. 

In figure 39C, two excitation spectra are compared. Clearly the species 

responsible for the initial knoll in the reaction profile at 1 min for pH 9.5 (described earlier 

as proposed species B) or the band with a maximum at 335 nm is clearly not the same 

species as that gives rise to the final plateau of 15 min (described earlier as species D) or 

the band with a maximum at 365 nm. Also note that both species are excited at about 365 

nm which was the excitation wavelength used for most experiments, although this is not 

the best wavelength for measurements at pH 9.5 with axenon lamp. Most fluorescence 

measurements were done with a fluorimeter with a xenon-mercury lamp for which the 
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intense 365 nm band is the most efficient wavelength. The emission spectra shown in 

figure 39D also show two distinct bands which clearly indicate the presences of two 

distinct fluorescent species, namely B and D. 

Ammonia Gas Transport Experiments 

Bubbling Ammonia Gas into a Buffer Solution 

The transfer of ammonia from a sample solution to a receiving solution with pH 

values from 7.5 to 11.5 was accomplished with the apparatus shown in figure 11. 

Ammonia standards yielding in-cell concentrations of 67 and 130 µM were used to 

establish the calibration slope relating fluorescence signal to ammonia concentration at 

each pH for the subsequent transfer experiments. For example, for the experimentat pH 

7.5, the maximum signal for 67 AM NH3 was 18.5 mV yielding a calibration slope 

18'5 mVof 0.28 mV/AM.
67 AM 

The amount of ammonia gas which transferred during the runs of 10 and 20 min at 

each pH was compared to that predicted by theoretical Henry's law calculations. 

Because KH = 7.5 x 10-4 [N113(g)] 
, the concentration of ammonium chloride in the 

iblii3(aq)] 
sample vessel was 0.01 M, and the pH of the sample vessel was 12, most of the ammonia 

in the sample vessel was in the form of aqueous or gaseous ammonia. It was assumed 

that the concentration of NH3 in the sample solution does not significantly change during 

the experiment because the sample vessel is sufficiently large and the number of moles of 

ammonia transferred is small. Therefore, if the aqueous ammonia concentration is 

constant and if the ammonia gas in the headspace remains in equilibrium with the solution, 
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the ammonia gas concentration can be calculated: NH3(g) = 7.5 x 10-6 mon. This 

theoretical concentration of ammonia gas applies for the entire experimental set as only 

the pH of the receiving solution in the test tube is varied. The theoretical or maximum 

amount of ammonia carried over to the test tube is calculated from the flow rate of the 

gas which was 8 mL/s. The delivery rate of ammonia gas is 

NI/3(g))
(7.5 x 10-6mo/ (8 n-2

L) (60-7-) 3.6 limo/it/in, so that the maximum
1000 mL s mm 

amount transported in 10 and 20 min is 36 and 72 timol NH3, respectively. Note these 

amounts are negligible compared to the 10 mmol in the original sample vessel. 

The amount of ammonia gas which is actually transferred to the three milliliters of 

buffer solution was measured experimentally with the batch method of ammonia analysis. 

The transfer efficiency is then calculated from the ratio of the experimental to the 

theoretical amount transferred. For example, the 10-min transfer at pH 7.5 was 20 mV, 

20 m Vthe maximum signal which corresponds to 71 11111 which is 0.21 tunol 
0.28 mVItuld 

ammonia in the 3 mL of solution in the cell. Because only 2 mL (of 3 mL) of the 

receiving solution were withdrawn from the test tube for analysis and mixed with 1 mL of 

OPA solution (triply concentrated) in the cuvette, the total amount of ammonia captured 

is 0.21 AM x 3/2 = 0.32 gmol, the rate of capture is 32 nmol min' or 0.0032 nmol 

ttM4 (in sample), and the measured efficiency is 032 0.0089 or 0.89%. 
36 

The results of all bubble transport experiments are summarized in table 5. 

Receiving solutions at pH 8.5 and 7.5 appeared to capture approximately the same 

amount in 10 min and the amount doubled in 20 min. However, for receiving solutions 

with pH values 9.5 and greater, the amount of ammonia captured was significantly less 

during the first 10 min and a smaller amount or none was captured from 10 min to 20 min. 
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For all pH values, the efficiencies are very low and could be due to the ammonia gas 

concentration being less than predicted by Henry's law (e.g., limited by liquid/gas transfer 

kinetics) or incomplete transfer from bubbles into the receiving solution. As the pH of the 

receiving solution rises, the efficiency decreases which suggests that less of the ammonia 

is retained by the receiving solution. At pH values of 9.5 and greater (see sections entitled 

The Nature of Ammonia and Ammonia Transfer Efficiency), more of the total ammonia 

in solution exists as dissolved ammonia rather than ammonium ion. This may decrease the 

rate of transfer of the ammonia from the bubbles of the gas stream into the receiving 

solution because the concentration gradient is less than if all the ammonia is converted to 

ammonium ion. At the higher pH values, the ammonia concentration in the receiving 

Table 5 Transfer efficiency for bubbling into a buffer solution. 

Receiving Avg. Calib. Maximum Amount Transport
 
Solution Slope Signal Transferred Efficiency
 

pH (mV/gM) (mV) (prnol) ( %)
 

7.5	 0.28 20.0' 0.32' 0.89'
 
37.0b 0.60b 0.83b
 

8.5	 0.29 17.0' 0.26' 0.73'
 
33.5b 0.52b 0.72')
 

9.5	 0.47 16.0' 0.15' 0.43'
 
15.5b 0.15'1 0.21b
 

9.5a10.5	 0.34 0.13' 0.353
 
8.0b 0.11b 0.15b
 

11.5	 0.24 6.0" 0.11' 0.31'
 
6.0b 0.11b 0.15b
 

'10 min and b20 min bubbling time 
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solution may approach an equilibrium value based on Henry's law and the ammonia gas 

concentration into the air bubbles. If the ammonia concentration is only 1% of the 

calculated value (7.5 x le moi L-1 for the 0.01 M solution) based on the data at pH 7.5, 

then the ammonia gas concentration in the receiving solution is limited to 100 

Ammonia concentrations of about 25 gM at pH 11.5 were measured. 

Dependence on Ammonia Concentration with Bubbling Directly into an OPA Solution 

Ammonia gas was transferred from a sample vessel to a cuvette in a fluorimeter by 

bubbling gas in the sample and the fluorescence signal was measured during the transfer. 

The dependence of the signal on NH3 concentration was measured with an OPA solution 

in the cuvette (3 mL) which remained at pH 8.5 and a pH for the sample solution of 12. 

The results of these transfer experiments are shown in figure 40. 

The signal at any time within the first 30-min of transfer, or the initial slope, 

increased with the ammonia concentration in the sample solution. The leveling off of the 

signal of the higher concentrations at longer times and the rollover at 640 pM is attributed 

to a significant attenuation of excitation radiation due to absorption of the monitored 

product and scattering by a dark brown precipitate. The precipitate was visually evident 

when the ammonia concentration in the sample solution was 80 pM or higher. 

The mean signal over a 2-min interval centered at 20 min for eachrun was 

calculated and the resulting calibration curves are shown in figure 41. Good linearity 

extends to 97 1.1M. Indeed it is possible to determine ammonia by transferring it from the 

headspace of the sample container and bubbling it directly in the receiving solution 

containing OPA in the cuvette in the fluorimeter as fluorescence measurements are made. 
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The concentration of the ammonia gas in the headspace is directly proportional to the 

concentration of ammonia in solution. Henry's law is obeyed. 

A blank was measured by bubbling directly from distilled water in the sample 

container. The mean signal (over 2-min intervals every 10 min over 70 min) was 
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Figure 40 Dependence of fluorescence signal on ammonia gas 
concentration with transfer by bubbling directly onto a cuvette in a 
fluorimeter. The OPA concentration in the cuvette was 10 mM at pH 8.5. 
Sample solution pH was 12. Gas flow rate was 15 mL s'.. 
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calculated. The standard deviation of the blank signal was calculated from the seven mean 

blank signals to be 0.016 mV which corresponds to 42 nM (x 2 std.dev.). 

When ammonia is transferred directly to a receiving solution containing OPA 

which is buffered at pH 8.5, the signal continues to increase with time until negative 
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Figure 41 Calibration curve for ammonia based on the blank corrected 
signal after 20 min from air containing ammonia gas bubbling over to the 
cuvette (see figure 40). (A) E (min) = 0.72 [NH3] (AM) - 0.67; std error of 
slope = 0.016, std error of intercept = 0.6. (B) E (mV) = -3.4 x 104 x2 + 
0.63 x + 1.5 where x = [NH3] (gM), std error of x2 coeff= 3.5 x 105, std 
error of x coeff = 0.022, std error of intercept = 1.6. Deviation of 5% 
from linearity occurs at 90 RM. 
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deviation occurs due to significant attenuation of the excitation radiation. This suggests 

that ammonia is being captured continually at a constant rate which is consistent with 

observations made previously at pH 8.5 (see section Bubbling Ammonia Gas into a 

Buffer Solution). 

The transfer efficiency of ammonia into an OPA solutioncan be estimated from 

the data for transfer into a buffer. At pH 8.5, the average calibration slope from table 5 is 

0.29 mV p.M-1 and 0.52 ttmol were transferred in 20 min from a sample of 10 mM 

ammonia (2.6 x 10' nmol Lan. 

From figure 40, the signal after 20 min of transfer for a sample of 40 itM was 29 

mV. However, because the ammonia was introduced continuously, the reaction time is 

different for different ammonia molecules so the calibration slope must be adjusted. 

Because the signal rises and then decays for the batch measurements at pH 8.5, the 

effective signal can be estimated from the pH 8.5 data shown in figure 18. The average 

signal in 10 min is 11 mV and the maximum signal is 20 mV, so the effective calibration 

slope is estimated to be about half the value based on the maximum response or 0.5 x 

0.29 = 0.15 mV RM-1. As described in the previous section, the maximum delivery can be 

calculated from Henry's law. When the sample solution concentration is 40 pM, the 

headspace ammonia gas concentration is 0.030 1.1M. At this concentration, 0.54 pmol will 

be delivered (in theory) in 20 min. Hence, the amount of ammonia transferred 

29 mVcorresponds to 193 I.LM or 0.58 pmol ammonia (0.73 nmol min-1
0.15 mV tiM 

0.0.58 timol AM-1). The efficiency can be estimated to be = 1.1; virtually all the
0.54 pmol 

ammonia in the air stream is captured. 
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Clearly the transfer efficiency is much better into OPA than into a buffer. Possibly 

the ammonia is rapidly converted to another species by the OPA and doesnot pass out of 

solution. The formation of the monitored product is relatively slow, but the ammonia may 

be quickly converted to an intermediate before conversion to the first fluorescence 

species. Because the transfer efficiency into OPA at pH 8.5 appears to be near 100%, the 

ammonia gas concentration in the air stream must be near its theoretical value based on 

Henry's law. Note also the preconcentration achieved. The effective ammonia 

concentration in the OPA (mostly converted to product) is 193 I.LM which is also five 

times the sample ammonia concentration.. 

Effect of pH at Constant Ammonia Concentration with Bubbling Directly intoan OPA 
Solution 

The time profiles in figure 42 show the effect of the pH ofan OPA receiving 

solution with vapor transport of ammonia from a sample vessel. For all cases, the 

fluorescence signal increased with time as more ammonia enters the OPA solution. In 

general, the signal at any time increased with pH which is in agreement with the batch 

experiments because the fraction of ammonia converted to fluorescence species D 

generally increases with increasing pH. The increase in slope at longer times for the OPA 

solutions of higher pH is attributed to the ultimate production of fluorescent species D; 

the more species D that is produced, the steeper the slope at longer times as will be shown 

in the next section. 

In table 6, the calculation of the transfer efficiency at three pH values is 

summarized. The calibration slope is derived from figure 32 and the signalat 15 min for 
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Figure 42 Dependence of fluorescence signal on the pH of the receiving solution 
with bubbling directly into the receiving cuvette while fluorescence measurements 
are made. Sample pH, 12; ammonia conc., 40 11M; gas flow rate, 8 mL 51; OPA 
conc., 10 mM. 

batch experiments. As an approximation is assumed that the majority of the ammonia that 

has entered the solution has reacted 15 min or longer. 

Theoretical calculations show that when ammonia is transferred from the sample 

solution to a receiving solution (no reaction), transfer occurs most efficiently when the pH 

of the sample solution is high and the pH of the receiving solution is 2 or 3 units lower 

than the pH of the sample solution (see Ammonia Transfer Efficiency). The transfer 



99 

Table 6 Transfer efficiency by bubbling ammonia into OPA solutions of different pH. 

pH Signals Calibration Conc.' Amount' Transfer 
Slope" Efficiency` 

(mV) (mV PM-) (I1M) (pmol) ( %) 

9.5 26 0.22 91 0.27 96 

10.5 22 0.72 31 0.093 33 

12.5 114 12.6 9.0 0.027 9.6 

After 20 min from 40 !AM ammonia (figure 42) 
b From figure 32 for average of 8 and 17 p.M ammonia at 15 min 

Effective ammonia concentration in OPA 
d Moles transferred in 20 min into 3.0 mL OPA 

Theoretical amount transferred in 20 min is 
0.030 pM x 8 tnL min-1 x 60 s x 20 min = 0.28 gmol 

efficiency into a buffer (without OPA) was shown experimentally to decrease with 

increasing pH of the receiving solution. Likewise, the rate of transfer does appear to 

decrease at higher pH when OPA is present in the receiving solution, but the transfer 

efficiency is much better with OPA present. A significant fraction of the ammonia 

apparently reacts with the OPA in the receiving solution. When OPA is present, ammonia 

transfer can occur at the pH which produces a greater signal even though the transfer 

efficiency is not as good. 

Mathematical Model of a Continuous Introduction of Analyte 

Based on the previous discussion of mathematical modeling of the batch 

experiment, a model was developed to describe a system in which ammonia is introduced 
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into a reagent solution at a constant rate. In a batch experiment, when A is introduced at 

initial concentration a to a chemical system and undergoes transformation via three 

consecutive first-order reactions, the reaction proceeds in a manner as shown in equation 

54. As previously discussed, the concentration of the initial reactant A exponentially 

A-B-C-D (54) 

decreases giving rise to intermediates B and then C which rise and fall in concentration. 

Eventually, the concentration of the final product D approaches a level equal to the initial 

concentration of the reactant A or a as A, B, and C disappear. Further discussion of the 

pathway to species E is not considered (high pH is assumed). 

For a consecutive first-order system in which the reactant A is introduced into a 

reagent solution at a continuous rate R in mol s' (R is the ratio of the gas delivery rate in 

mol s'l to the volume of the reagent solution), and the concentration of A is 0 (zero) at 

time zero (to), the concentration of A added increases linearly according to Rt; at the same 

time, A is removed from the system at the rate governed by k1, the first-order rate 

constant for conversion to B. The differential equation for [A] in the system is 

d[A] = R k
1 
[A] (55)

dt 
by multiplying both sides of the equation by the integrating factor ekit, we obtain 

d[A]ekli 
+ (ki[Apekti = Rek 1' (56) 

which can be simplified to 

d([A]ek) k
= Re it (57)

dt 
Integrating equation 57 (Maple, version V release 3) yields 

-k[A] = R (1 e 't ) (58)
ki 

As A is consumed, B is formed; and B is converted to C at the rate governed by k2, the 
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first-order rate constant for conversion of B to C. The differential equation for the 

concentration of B is 

d[B] - k1[A] - k2[B]
dt 

or 

d(ek2i [B]) 
kl[A]ek2`

dt 
Substituting equation 58 into equation 60 for [A], yields 

d(e21[B]) 
R(1 e kil)ek2i

dt 
Integrating equation 64 gives 

-k'` 
1 e-k2` e e-k21)[B] = 

k2 k2 k2 ) 
As C is formed, it is converted to D at a rate governed by k3, the first-order rate 

constant for the conversion of C to D. In a similar fashion to the equation for [A] and [B], 

the differential equation for the concentration of C is 

d(ek3t[C]) 
k2 [B]ek3f (63) 

dt
 

Substituting equation 62 into equation 63 for [B] gives 

d(ek31Ecri) k2(e-Y e-k2t))
R(1 -e-k2t (64)

dt k2 -k1 
Integrating equation 64 gives 

-R {[(1 e '25k3 + (e k3t 1)k2]4) 
[C] 

[(-k3 + k2) (-k3 + ki) (-k2 + ki) k3] 

-R {[(-1 + e-k2t)k32 + (1 e-k3t)41ki)
 

[(-k3 + k,) (-k3 + k1) (-k2 + k1) k3]
 

-kit 1)k22-R {[(1 e k'')k214 
(65)

R-k3 + k2) (-k3 + k1) (-k2 + ki) k3] 
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At any point in time, the concentration of D can be calculated as with the batch 

system by subtracting the concentrations of everything else in the system from the amount 

of reactant A which has been introduced to that point as shown in equation 66. 

[D] = Rt [A] [B] [C] (66) 

The time dependence of these concentrations of the four species using arbitrary values for 

the rate constants is shown graphically in figure 43A. As with the batch system, the 

assumption is made that there are two fluorescing species, B and D, that contribute to the 

total observed signal, as plotted in figure 43B. The conversion to species E is not 

considered. Therefore, when ammonia is introduced to the reagent system continuously, 

the signal is predicted to increase with an increasing slope and this is observed 

experimentally as shown in figure 42B for pH values above 9.5 where the diversion to 

species E is less favored. Note that at longer times, A, B, and C reach a steady state 

concentration as the production and consumption of each species reaches a balance and 

d[D] 
approaches a constant value which is equal to R.

dt 

In figure 44, theoretical and experimental profiles for continuous sample 

introduction at pH 12.5 are compared. The theoretical curve is based on the calculated 

rate constants from the batch experiment at pH 12.5 at 8µM from table 4, the sum of the 

concentrations calculated from equations 62 and 66 ([B] + [D] = Rt - [A] - [C]), and a 

manually set ammonia delivery rate expressed in terms of the signal rate. There is 

reasonable agreement between the shape of the theoretical profile and the experimental 

profile of the transfer experiment at pH 12.5 shown in figure 42. 

The agreement supports the general suitability of the model for continuous sample 

introduction and the mathematical model used to describe batch experiments and 
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Figure 43 Theoretical reaction profiles for continuous introduction of NH3 with first-
order reactions (arbitrary rate constants). k, = 0.005 k2 = 0.01 k3 = 0.0025 s 1, R= 
0.01 Amol sd. Bold lines indicate (A) fluorescing species and (B) sum of fluorescing 
species. 

determine rate constants; however, more work remains to be done. A constant delivery 

rate is assumed; however, the control of flow rate should be improved to assume this 

condition is true. The differences shown in figure 44 suggest that many more variables 

remain unaccounted for in the continuous flow model such as, for example, the diversion 

of species D to species E, non-linearity due to significant absorption of excitation 
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radiation, and perhaps the effects of liquid/gas transfer kinetics of ammonia, so the 

analysis ends with this comparison. 

0 10 20 30 40 50 so 
Time (min) 

Figure 44 Theoretical time profile (A) of fluorescence signal with consecutive first-
order reactions and continuous sample introduction compared to experimental time 
profile (B) from pH 12.5 data (from figure 42B). The theoretical signal is the sum of 
the fluorescing species B and D from equations 62 and 66, respectively. k, = 0.41 

k2 = 170 k3 = 0.44 min', R = 4 mV mie ; k values taken from table 4, pH 
12.5, 17 ILM; R value is manually set to fit the data. 

Transfer of Ammonia into a Buffer Solution with a Porous Tube 

Two experiments were performed in which ammonia was passed through porous 

polypropylene (pp) tubing (0.4-mm i.d.) to determine the length of tubing sufficient for 

ammonia transfer efficiency. The sample solution was pH 9.5 pumped through tubing 

surrounding the pp tubing, while the receiving solution was a pH 9.5 buffer and pumped 

once through the pp tubing and collected for analysis. The data in table 7 show that 

signals are essentially the same for the receiving solutions with either length of porous 

tubing and the standard. Hence, the concentration in the sample and receiving solutions 

are about the same and the transfer efficiency is near 100%. 
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Table 7 Effect of tubing length on efficiency of 
porous tube transfer'. 

Maximum Efficiency' 
Signal (mV) 

Standard (1) 15.5 
Standard (2) 15.3 

tubing length 
100 cm (1) 15.0 97 
100 cm (2) 14.8 97 

32 cm (1) 14.8 95 
32 cm (2) 15.0 98 

OPA conc., 10 mM, pH 9.5; sample and standard 
ammonia conc., 67 pM; pp tubing, 0.4-mm i.d. 

100% 
Sad 

Blet et al (13) used two diameters of porous polytetrafluorethylene tubing (2- and 

10-mm i.d.) with a sample solution of pH 11.5 and a receiving solution of pH 5. The 

transfer efficiency of ammonia increased linearly with tube lengths of 10, 20, 30, and 40 

cm as monitored with an ammonia sensitive electrode. The tubing was totally immersed 

in the sample solution and slightly more was ammonia transferred when a larger diameter 

tube was used, perhaps due to a slightly higher flow rate of 5.7 mL minil for the larger 

diameter as opposed to 4.9 mL min-1 for the smaller tube size. 

Jeppesen et al (21) used Micro-Line tubing (0.51-mm i.d.) and observed no 

difference in ammonia transfer efficiency between tubing with lengths of 45 cm and 147 

cm. The pH of the sample solution was 10.5; the receiving solution was a borate at pH 

8.5 with OPA. The transfer tubing contacted the sample solution in a transfer module 
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through which the sample was pumped. Ammonia concentration was monitored by 

fluorescence in a flow injection analysis scheme. A higher transfer efficiencywas noted 

with the longer tube length for i-aspartic acid, i-phenylalanine, and urea. 

Although shorter lengths of tubing may have indeed proven to be effective, 32 cm 

was most accommodating when plumbing together the various components of the 

research apparatus and was therefore selected as the most practical length with which to 

work. All further tube transfer research was conducted at this length. 

At pH 9.5, the transfer efficiency with porous tubing into a buffer without OPA is 

much better than the transfer efficiency by bubbling directly into a buffer without OPA. 

With porous tubing, the normalized transfer rate (calculated from data from table 7) is 

about 1 nmol min'; with bubbling, the normalized transfer rate (calculated from data 

from table 5) is about 1.5 x 10' nmol AM' min' (calculated from the data for 10 min of 

bubbling in table 5). 

Porous Tube Transfer into an OPA Solution with a Flow Cell 

The porous transfer tubing module was used to transfer ammonia directly to the 

OPA solution. However, instead of sending the analyte (OPA) solutionto waste after one 

pass through the flow cell, it was cycled continually through the porous tube of the 

transfer tubing again to allow the fluorescence signal to build with each pass. 

The time profile of signal when 0.25-gM ammonia is circulated through the outer 

tube for 60 min is shown in figure 45. This ammonia concentration can be clearly 

distinguished, and the detection limit is estimated from the blank noise (from 0 to 20 min) 

of 0.02 mV to be 0.02 pM (2 x blank noise) after 60 min. 
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Figure 45 Response with porous tube transfer at pH 
9.5. From 0 - 20 min, sample vessel contained pH 
12 blank; 20 - 80 min, sample contained 0.25 gM 
ammonia at pH 12; 80 - 100 min, sample vessel 
again contained pH 12 blank. OPA conc., 10 mM at 
pH 9.5, total volume of OPA, 1.25 mL. 

The signal response to multiple additions of analyte to the sample vessel are shown 

in figures 46 and 47. Note that the response curve in figures 46 and 47 are similar in 

shape to those predicted by the theory presented earlier (see figure 43B). 

The signal increase calculated over 30 min was used to construct the calibration 

curve shown in figure 48. The mean signal over a 30-s interval was calculated at the 

beginning and end of each 30-min experiment and the plotted signal is the difference 

between these signals. The calibration slope is about 2.9 mV tall for 30 min at pH 12.5 

compared to about 1 mV gM'i for 30 min in figure 45 (pH 9.5). The absolute transfer 

rate at pH 12.5 is estimated to (from table 6 and figure 48) to be 

(gmo1/1000 mL 2.7)( 2.88 mV/gM)( 1000 nmol)( inL) 
0.026

12.6 mV 30 min gmol 

min"' gM-1. The factor of 2.7 accounts for the ratio of response for the same fluorescent 

solution in the flow cell (1-mm path length) to that in the normal cell (1-cm pathlength). 
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Figure 46 Response with porous tube transfer at pH 
12.5. Ammonia was added to the sample vessel at 
30 min intervals to attain the concentrations shown. 
The pH of the sample solution was 12. OPA conc., 
10 mM at pH 12.5, total volume of OPA, 1.25 mL. 
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Figure 47 "Close-up" view of the data shown in 
figure 46. 

At pH 9.5, the same type of calculation yields a transfer rate of 0.51 nmol min-1 !AP. As 

observed for bubbling experiments, the efficiency of production of the fluorescent product 

D is more efficient when the pH of the OPA receiving solution is higher even though the 

absolute transfer rate is lower at the higher pH. The transfer rate at pH 12.5 is very 
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Figure 48 Calibration curve based on signal 
difference over 30 min for porous tube transfer. 
E(mT0 = 2.9 [NH3] (gM) + 0.3, std error in slope = 
0.2, std error in intercept = 0.2. 

similar to that observed with bubbling transfer into an OPA solution at pH 12.5 (0.034 

nmol 

Passive Analyte Collection 

A plastic bag was used to demonstrate the passive analyte collection of aqueous 

ammonia into an OPA solution. A pH 12.5 receiving solution was used because it 

provided the maximum signal in previous batch experiments. The data shown in figure 49 

are for the batch response of solutions in contact with ammonia solutions for 1 hr. The 

method of passive analyte collection with a porous hydrophobic membrane for 

quantitative analysis is indeed possible. 

The blank corrected signal from 56 to 60 min was used for the calibration curve 

shown in figure 50. The curve shows reasonable linearity. The standard deviation of the 

four mean blank signals over 5-min intervals from 41 to 60 min is 0.0087 mV which 

corresponds to 2.3 AM ammonia. The efficiency of the system can be estimated by 
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Figure 49 Signal response to standards with passive 
ammonia collection. Sample pH 12; OPA conc., 10 
mM; pH 12.5; OPA solution volume, 5 mL 

considering that an OPA concentration of 10 mM at pH 12.5 produces a signal of 12.3 

mV RM-1 in a batch experiment (table 7). For passive ammonia collection (figure 50), the 

calibration slope is 3.8 mV mM' or about 0.03% of the other calibration slope. The 

effective concentration of ammonia in the OPA solution after 60 min with a 1 mM sample 
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Figure 50 Calibration curve based on passive 
analyte collection. E (mV) = 3.8 [/VHA(mM) + 0.13; 
std error of slope = 0.4, std error of intercept = 0.4. 
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is 0.36 ILM and the transfer rate is 2.3 x 10' nmol mie RM. Clearly the transfer 

efficiency is low. 

Transfer Experiments to Measure Ammonia in Soil 

The three methods developed in this research were tested for analysis of actual soil 

samples: bubbling headspace gas from the sample vessel directly into the receiving OPA 

solution in the cuvette; transferring ammonia from the sample solution to the receiving 

OPA solution through porous membrane tubing; passively transferring ammonia from the 

sample solution to the OPA solution through a plastic bag. The results of these three 

experiments are shown graphically in figures 51, 52, and 53, respectively, and numerically 

in table 8. 

The specified value is based on a colorimetric method to determine ammonium. It 

provides results that vary about ±10% on duplicate samples (74). 

The bubbling technique yielded a precision with a relative range of 16%, and the 

error relative to the value obtained with a reference method was about 5%. The 

imprecision is attributed to the uncertainty in the final volume of the receiving solution in 

the cuvette (due to the turbulence created by bubbling, some of the OPA solution does 

not drip back into the cuvette), and the variability of the gas flow rate as controlled by the 

house vacuum. Four blank signals were measured (5 minute spacing for 20 min) and the 

standard deviation was calculated to be 0.031 mV which corresponds to 17 nM ammonia. 

The tube transfer method provided the best precision (8% range). However, the 

mean value was higher than the value obtained with the colorimetric method by 16%. 

Both trials produced high results relative to the reference value. Four blank signals were 
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Figure 51 Calibration curve for ammonia determination in soil with the 
bubble transfer method. Small solid squares denote standards; squares with 
X denote soil sample. OPA conc., 10 mM; pH, 12.5; 3 mL; sample pH, 
12. Gas flow rate, 8 mL s'. Transfer time about 30 min. Blank corrected 
signal measured at 20 min. E (min) = 1.8 [NHA(gM) + 16, std error of 
slope = 0.092, std error of intercept = 21. 
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Figure 52 Calibration curve for ammonia determination in soil with the 
porous tube transfer method. Transfer time, 30 min. OPA conc., 10 mM; 
pH 12.5; 0.8 mL in loop; sample pH, 12. Blank corrected signal measured 
at 20 min. Small solid squares denote standards, squares with X denote 
soil sample. E (mV) = 4.4 [NH3](1M) + 0.06, std error in slope = 0.07, std 
error in intercept = 0.08. 
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Figure 53 Calibration curve for ammonia determination in soil using the passive analyte 
collection method. Small solid squares denote standards, squares with X denote soil 
sample. OPA conc., 10 mM; pH, 12.5; 5.0 mL in bag. Signal plotted is mean of signals 
measured at 1 min intervals from 56 to 60 min. Transfer time, 60 min. S = 3.7 
WHA(mM) - 0.18, std error in slope = 0.16, std error in intercept = 0.02, 

Table 8 Analysis of soil. 

Reference Trial 1 Rangeb Efforc 
Value' Trial 2 ( %)

(Mean)' 

Bubbling 155	 175 15% 5%
 
150
 

(162) 

Tube Transfer 2.8	 3.04 7.7% 16% 
3.29 

(3.26) 

Passive Collection 155	 131 19% -28%
 
110
 

(120) 

a conc. shown in L i g S' (ppm); b 'Mall Ma12l x 100% ; c mean eall value ret value x 100%
( trial 1 + trial2)	 value 

2 
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measured (at 5 min intervals for 20 min), and the standard deviation was calculated to be 

0.008 mV which corresponds to 2 nM ammonia. 

The range of the passive analyte collection method (19%) was similar to that of 

the bubble method. However, the mean concentration determinedwas low (-28%) 

compared to the reference value. There are not enough repetitions to determine if the 

results from trials 1 and 2 are different. In this particular experiment, the trials were 

conducted differently (the soil was not filtered from the slurry in trial 2). The lower 

amount of analyte determined for trial 1 may be due to the pores of the plastic bag being 

obstructed by soil particulates. The low results observed on the second trial could also be 

attributed to obstruction by particulates but to a lesser extent because the slurry was 

filtered with the relatively coarse Whatman No. 2 filter paper. The standard deviation of 

the blank signal (at 1 min intervals) from 51 to 60 min is 0.020 mV which corresponds to 

5µM. 

These experiments demonstrate that these three techniques are feasible methods 

for determination of ammonia for real samples although accuracy and precision must be 

improved. The average error for these three methods ranged from +16 to -28% 

compared to the reference values. More study is required to refine these methods. 

Methods Summary 

Results of the bubbling experiments are summarized in table 9. The calibration 

slope determined during the soil analysis (figure 51) agrees well with the calibration slope 

obtained months earlier during a pH study (figure 42B) when the pH of the 

OPA/receiving solution was 12.5 and the ammonia concentration of the sample was 40 
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Table 9 Summary of bubbling experiments. 

Receiving Calibration Gas Blank Detection 
Solution Slope' Flow Rate Standard Limitb 

Deviation 
pH mV IIM1 (mL s'') (mV) (nM) 

pH 12.5 2.8 8 

(fig 42B) 

pH 12.5 1.8 8 0.008 4 
(fig 51) 

pH 8.5 0.50 8 
(fig 42A) 

pH 8.5 0.72 15 0.016 42 
(fig 41A) 

Measurement made at 20 min for response curve. 
b Concentration yielding a signal equal to 2 x std dev. 

pM. For the data at pH 8.5, the slope increases approximately 50% with a doubling in 

the gas flow rate. The ratio of the calibration slopes of pH 8.5 data to pH 12.5 data at the 

same gas flow rate is approximately 5, which is consistent with the higher efficiency of 

production of the fluorescence species at pH 12.5 observed with batch experiments. The 

absolute transfer rate at pH 8.5 (0.5 nmol min' AM') is actually higher than that at pH 

12.5 (0.03 nmol AM-1) due to a higher transfer efficiency. 

Results of the tube transfer experiments are shown in table 10. The calibration 

slope determined for the soil analysis (figure 52) is about twice than that observed in an 

earlier experiment at pH 12.5 (figure 48) as shown in table 10. A higher calibration slope 
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Table 10 Summary of porous tube transfer experiments. 

Receiving Calibration Receiving Blank Detection 
Solution Slope' Solution Standard Limit" 

Volume Deviation 
pH mV JIM' (mL) (my) (nM) 

9.5 0.67 1.25 0.02 60 
(fig 45) 

12.5 1.9 1.25 
(fig 48) 

12.5 4.4 0.80 0.008 4 
(fig 52) 

* Signal at 20 min 
b Concentration yielding signal equal to 2 x std dev 

is expected with a lower volume for the OPA/receiving solution. The lower volume of the 

OPA solution used accounts for a factor of 1.6. As noted previously with bubbling 

transfer, the slope is less at the lower pH. Comparison of slopes is difficult because the 

OPA/receiving solution flow rate was not carefully controlled. 

The results of the passive analyte collection experiments are shown in table 11. A 

very consistent calibration slope was obtained for the two experiments. Apparently, the 

plastic bags, taken from the same roll, were of similar quality. 

The method of passive analyte collection may be better suited for qualititative 

ammonia detection at relatively high levels (> 1 mM, or 18 gig mL-1) in aqueous liquids in 

which the particulate concentration is low. The principle of passive transfer has 

commercial potential if the proper membrane could be found because of its simplicity and 
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Table 11 Summary of passive analyte collection experiments. 

Receiving Calibration Receiving Blank Detection 
Solution' Slope Solution Standard Limit' 

pH Volume Deviation 
(mV inM-1) (mL) (11V) (PM) 

12.5 3.8 5 0.012 6
 
(fig 50)
 

12.5 3.7 5 0.020 10
 
(fig 53)
 

' transfer time, 1 hr
 
Concentration yielding a signal equal to 2 x std dev.
 

minimal sample preparation is required. The receiving solution could be contained within 

a packet made of porous material and the OPA could be introduced to the buffer by 

breaking a thin walled ampule in the buffer solution. After contact with the sample, the 

receiving solution could be then transferred to a cuvette for fluorescence measurement or 

the packet could be configured to use as a cell. 

The bubbling transfer method is suggested for the analysis of heavy sludges (and 

other messy samples) with low oil content or headspace gas from a reaction vessel which 

can be cycled back to the reaction vessel. The detection limit with a 10 - 20 min transfer 

is adequate for quantitative measurements for samples yielding 0.01 pg mL'' (= 0.5 pM) 

ammonia or greater in the sample vessel. Advantages include minimal sample preparation 

(make a high pH slurry), relatively rapid measurement (5 - 20 min), and selectivity (other 
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gases do not fluoresce or react with OPA and most other potential interferant substances 

are not a gases). 

The porous tube transfer method has the potential for unprecedented low 

detection limits. Previously, detection limits of 1 nM (3, 4) have been achieved with the 

OPA reaction, a fluorimetric flow cell, and a transfer module based on a porous 

membrane. These analyzers could conceivably be improved by using the methodology in 

this thesis such as cycling the sample back through the gas transfer module to boost the 

fluorescence signal and using a pH of 12.5 (rather than 9 - 10) for the OPA/receiving 

solution (any fluorescing adduct formed would not decay). In theory, the tradeoff foran 

enhanced detection limit with this method would be the time required for the signal to 

build up. 

The efficiencies of ammonia transport via bubbling or porous tube transferare 

about equal (absolute transport rate of 0.3 - 0.5 nmol min' AM' at pH 9.5 and 0.03 nmol 

min AM' at pH 12.5) and a factor of about 1.5 x 103 over the transfer efficiency of the 

passive analyte collection method (2.3 x 10' nmol min tiM-1). The most efficient 

transport occurs with bubbling at the lower pH values of the OPA/receiving solution. 

However, because the fluorescent signal at pH 12.5 is much greater than at any other pH, 

the highest signal occurs at pH 12.5 despite the lower transport rate at the higher pH. 
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CONCLUSIONS 

Theoretical calculations of the distribution of ammonia between two solutions 

separated by a headspace show that the equilibrium concentrations of aqueous ammonia 

have a dramatic dependence on the pH of the solutions. When no chemical reaction is 

involved, the concentration of ammonia is greater in the solution with the lower pH. 

When the pH of one solution is about three units lower than that of the other and the 

lower pH solution is approximately 10% of the total solution volume, it will contain 99% 

of the ammonia that is present in the system at equilibrium. When the values of pH of 

both solutions are above about 9, high transfer efficiency is only achieved when the 

headspace volume is significantly lower than the solution volumes. 

The OPA reaction with ammonia was studied in detail in the batch mode with 

= 365 nm and A.e. = 460 nm. For a reaction pH of 9.5 the maximum fluorescence signal is 

reached within about 1 min and then decays to about 30% of this maximum level within 

about 15 min of start of the reaction; at pH 12.5, the fluorescence signal climbs to a 

plateau in about 20 min and does not decay and is about 20 times more intense than the 

maximum signal produced at pH 9.5. At pH 12.5, 1 nM ammonia can be clearly 

distinguished from 2 nM ammonia. 

For batch experiments at pH 12.5, the fluorescence calibration curve starts to 

exhibit negative deviation at about 10 pM (OPA conc., 10 mM) with a signal plateau 

occurring between 100 and 200 pM. This non-linearity is mainly attributed to significant 

absorption of excitation radiation by OPA and analyte (product). For batch experiments 

conducted at pH 9.5, linearity is maintained up to about 270 pM ammonia, however, with 
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a much lower signal due to the transient nature of the fluorescing species. Fluorimetric 

and absorption studies show the optimal OPA concentration to be 5 - 10 mM. 

The unusual reaction profiles observed during these batch experiments prompted a 

study into the reaction kinetics. A mathematical model for the kinetic profile was fit to 

the experimental data which involves four species and three consecutive first-order 

reactions (A - B - C - D). Provisions were also made for a first order decay of species C 

to product E. In the model two of the species fluoresce (species B and D), and the other 

three (species A, C, and E) do not fluoresce. Species B is assumed to be the intermediate 

fluorescent species that is responsible for the maximum fluorescent signal at pH 9.5. It is 

probably the species monitored in most FIA and batch studies in the literature. Species D 

is assumed to be the final fluorescent product. At pH 12.5, the fluorescent signal is 

primarily from species D and the conversion of C to D is more rapid than at lower pH 

values such that B is not observed and the reaction sequence is simplified to A - C - D. 

Also the conversion of C and D to D and E is not significant. The fluorescent signal 

observed with excitation at 350 or 365 nm and monitoring at 465 nm is the sum of the 

signals of the two species. 

Fluorescence spectra support the hypothesis that at least two fluorescing species 

are produced at different rates depending on the reaction solution pH. One transient 

species (proposed species B) has excitation maxima at about 335 nm and 435 nm and an 

emission maximum near 470 nm. Proposed species D (final product) hasan excitation 

maximum near 360 nm and an emission maximum at about 425 nm. Absorption 

measurements support the existence of the species B and D and some non-fluorescing 

species. The signal at pH 9.5 can be increased three times by optimizing the wavelengths 
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(in nanometers) used: Xe = 335, Xe, = 475 (excitation radiant power assumed 

independent of wavelength); other researchers have used X = 340, X. = 455 (2), X = 

335, = 470 (4), and X., = 370, X. = 486 (9). 

The kinetics and mechanism should be studied in more detail. In particular the 

excitation and emission wavelengths could be selected to focus on specific species (B or 

D). Also the model should be examined for the possibility that species E is formed from 

species B rather than C as proposed. 

Three methods of ammonia transport and detection were developed and some 

characteristics are summarized in table 12. The bubbling and porous tube methods are 

comparable in terms of transfer efficiency and detection limit. When ammonia gas is 

bubbled directly into an aqueous buffer (receiving solution), the transport efficiency is 

about 0.9% when the receiving solution is at pH 7.5 and decreases as the receiving 

Table 12 Comparison of detection methods for ammonia'. 

Method Normalized Calibration Detection 
Transport Rate Slope' Limit" 

(nmol AM') 

Bubbling 0.034 2 mV ILM-1 4 nM 

Tube 0.033 3 mV p.M-1 4 nM 
Transfer 

Passive 2.3 x 104 4 mV m/A-1 10 AM 
Analyte 
Collection 

' OPA solution at pH 12.5 
Based on signal after 20 min (60 min for passive analyte 
collection method) 
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solution pH increases (0.3% at pH 11.5). The situation is improved considerably when 

OPA is present in the receiving solution. Nearly 100 % of the ammonia is transported to 

an OPA solution at pH 9.5 but only about 10% is transported at pH 12.5. Although the 

transport efficiency was significantly less with the OPA/receiving solution at pH 12.5, the 

enhanced fluorescence signal proved to more than compensate for the less efficient 

transport. 

Many aspects of this research hold potential for improved analytical methodology 

and further studies are warranted of the reaction kinetics and the three transport methods 

developed for ammonia detection. Each transport method which is introduced has a 

definite niche for a commercial application if the hardware were available. 

The first method developed, the bubble transport method, is one in which 

headspace gas from the sample solution is bubbled directly into a cuvette containing an 

OPA/receiving solution in the fluorimeter. The optimal pH values for this arrangement 

were determined to be 12.5 for the OPA/receiving solution, to ensure a high fluorescence 

signal, and about 12 for the sample solution, to ensure that all of the ammonia in the 

sample is not in the form of ammonium ion. The gas flow rate is limited to about 8 mL 

min' because of the spattering loss of OPA/receiving solution. 

The bubble method is a practical method for the analysis of heavy sludges and 

other messy samples with low oil content because there are no solutions to pump or 

membranes to clog. However, for this technique to be practical for routine analysis, a 

special "sparging cuvette" would need to be developed to maximize air flow and bubble 

surface area to enhance ammonia transfer, while minimizing the volume and loss of the 

receiving solution without obstructing the light paths of the fluorimeter. The effective 
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concentration and signal should decrease with decreasing volume although the transfer 

efficiency (fraction retained) may decrease. A recirculating system might also be used. 

Once designed, this cuvette could be specially crafted by a commercial company that 

specializes in flow cells. Also a means to maintain the flow rate at a constant value is 

needed and a mass flow controller is recommended. 

The bubble transport method prompted the development of a theoretical model to 

describe signal with continuous flow based on the mathematical model previously derived 

for batch studies. After a sufficiently long time period (. 30 min), the rate of the increase 

in the signal becomes constant and controlled by the rate at which ammonia enters the 

solution. The model should be refined by accounting for effects such as the diversion of 

species D to species E, non-linearity due to significant absorption of excitation radiation, 

and perhaps the effects of liquid/gas transfer kinetics of ammonia. A more thorough 

understanding of the reaction kinetics and the number of different species involved will 

lead to a more complete mathematical model of the continuous flow system. 

The second method developed is based on the use of a porous polypropylene gas 

transfer module and a flow cell. Again, the pH of the sample solution was adjusted to 

about 12 to convert all the sample ammonia into the NH3 form. In contrast to previous 

work based on a membrane gas transfer module, the OPA/receiving solution was 

continuously cycled back through the gas transfer module after a pass through the flow 

cell for a boosted signal. In theory, this arrangement, as with the bubbling method, 

provides the potential for very low detection limits because the product and signal can be 

allowed to build over time to detectable levels (assuming a large sample). However, 

unlike the bubble method, with the tube transfer arrangement, the analysis can be allowed 
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to continue for a very long period of time without loss of receiving solution due to 

spattering. At pH 12.5 for the receiving solution, the rate of signal increase is greater than 

at pH 9.5 even though the absolute transport rate is less. 

The tube transfer method described in this research might be practical for routine 

analysis of extremely low ammonia concentrations if the design of the gas transfer unit for 

recirculating the OPA/receiving solution were improved. A practical method to 

reproducibly load a very minimal volume of the OPA/receiving solution (the less, the 

better) into the unit and then to efficiently flush the system for the next sample is needed. 

To increase the transfer efficiency, the surface contact between the sample and receiving 

solution could be increased with many parallel pp tubes (instead of one) in the transfer 

module. Also the effect of sample and OPA flow rates should be studied. It would be 

useful to compare the signals observed with a single-pass configuration to thecurrent 

recirculation configuration with the same fluorimeter and flow cell and gas transfer 

module. Detection limits near 1 nM have been achieved with single-pass systems. The 

detection limit with the current system was also near 1 nM but should be better than in a 

single-pass configuration. Differences in the fluorimeter or transfer module could account 

for the above results. 

The third method which was developed involves the passive transport ofaqueous 

ammonia gas to the OPA/receiving solution in a plastic bag made of porous material. An 

OPA/receiving solution at pH 12.5 is placed in a plastic bag which is suspended directly 

into the sample solution at pH 12. Fluorescence measurements are then made on the 

contents of the plastic bag after a suitable time (30 - 60 min). The detection limit is much 
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poorer relative to the other two transfer methods because the absolute transport rate is 

considerably lower. 

The passive transfer of an analyte through a porous membrane is a proven 

analytical method used for analyte collection and absorption measurements (77) but has 

yet not been developed for fluorescence measurements. The receiving solution could be 

prepackaged with the porous bag or a special cuvette could be developed made ofporous 

material in which the OPA/receiving solution could be placed. 

The method of fluorimetric detection of ammonia with OPA is very sensitive with 

proven detection limits of 1 nM. For all transfer methods, the major advantages over 

batch methods is that the ammonia is separated from most potential interferents suchas 

amino acids, and the analyte becomes more concentrated, and therefore detectable at 

lower concentrations, with time. 

Results for soil analysis were encouraging but many more repetitions and samples 

must be evaluated to determine accuracy, precision, and interferences. In particular, the 

effect of particulates and hydrophobic species on membranes should be investigated. 
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APPENDIX 1 

Machined Adapter for Bubbling Gas into the Solution in a Cuvette 

Thread: 7/8"-9 x .350" long Thread: 1/4 - 18 N.P.T. 
7/16" drill 

1.125" 

390%-10.313"
 
1.350"
I 0.625" 2..100"
 

0.875"
 

01.000"
 

Figure 54 Rulon adapter used for bubbling gas into the solution in a cuvette. A modified 
screw-cap which fit the 7/8-9 thread which accommodated the Teflon gas lines was not 
used and was subsequently replaced with a 2-hole #2 stopper which provided a much 
better seal when a vacuum was applied. 
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APPENDIX 2 

Machined Adapter for Gas Transfer Module 

0.120" 

.11 

.312" co-
Ns .688" 

1.000* 
1.425" 

.375"1 

Figure 55 Teflon adapter for gas transfer module. 
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APPENDIX 3 

Absorbance Measurements for OPA 

Table 13 Absorbance measurements for OPA at pH 9.5. 

Concentration Absorbance Std Dev 
(mM) 
Blank 0.0001 1.9 x 104 
1.25 0.0180 3.0 x 104 
2.50 0.0324 2.3 x 104 
5.00 0.0600 3.0 x 104 
10.0 0.1143 2.9 x 104 

' Average of 10 measurements. 
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Figure 56 Absorbance measurements for OPA at 
pH 9.5. Abs = 0.0113 [OPA] (mM) + 0.000532; 
std error in slope = 0.00026, std error in intercept = 
0.00134. 
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Table 14 Absorbance measurements for OPA at pH 12.5. 

Concentration Absorbance' Std Dev 
(mM) 
Blank 0.0001 8.2 x 10-5 
1.25 0.0167 1.4 x 104 
2.50 0.0338 2.3 x 104 
5.00 0.0585 2.2 x 104 
10.0 0.1255 2.1 x 104 

' Average of 10 measurements. 
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Figure 57 Absorbance measurements for OPA at 
pH 12.5. Abs. = 0.0124 [OPA] (mM) + 0.00053; 
std error in slope = 0.00178, std error in intercept = 
0.000349. 




