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Summary

The measurement of absorbent concentration is of great interest to researchers developing advanced
absorption cycle systems. Absorbent concentration measurement is a key parameter in determining the
performance of these absorption cycle machines. In binary refrigerant systems such as the
ammonia/water cycle, in situ or remote sensing capabilities are needed to measure real-time
concentrations of ammonia in water (NH,OH).

~ This report describes an evaluation of various sensing techniques for determining the ammonia
concentration in the working fluid of ammonia/water absorption cycle systems. Pacific Northwest
Laboratory (PNL) researchers conducted the evaluation in collaboration with Battelle Columbus
Operations as part of a project supported by the U.S. Department of Energy. The purpose of this work
was to determine if any existing sensor technology or instrumeéntation could provide an accurate,
reliable, and cost-effective continuous measure of ammonia concentration in water. The resulting
information will be used for design optimization and cycle control in an ammonia-absorption heat

pump.

PNL researchers evaluated each sensing technology against a set of general requirements
characterizing the potential operating conditions within the absorption cycle. The criteria included the
physical constraints for in situ operation, sensor characteristics, and sensor application. PNL
performed an extensive literature search, which uncovered several promising sensing technologies that
might be applicable to this problem. Sixty-two references were investigated, and 33 commercial
vendors were identified as having ammonia sensors. The technologies for ammonia sensing are
acoustic wave, refractive index, electrode, thermal, ion-selective field-effect transistor (ISFET),
electrical conductivity, pH/colormetric, and optical absorption.

Based on information acquired in the literature search, PNL recommends that follow-on activities
focus on ISFET devices and a fiber optic evanescent sensor with a colormetric indicator. The ISFET
and fiber optic evanescent sensor are inherently microminiature and capable of in situ measurements.
Further, both techniques have been demonstrated selective to the ammonium ion (NH,*). The primary
issue remaining is how to make the sensors sufficiently corrosion-resistant to be useful in practice.

iii







Acknowledgments

The authors extend their appreciation to Drs. Rodney L. Osborne and William T. Hanna, Thermal
Systems Department at Battelle Columbus Operations, for their technical reviews and constructive
comments on the text of this report. '







Contents

SUMMALY ... ittt et ittt ettt e e e iii
Acknowledgments .............. ... i i e v
1.0 Introduction . ..........c0iuieeevnnennnn e et et 1.1
2.0 Statement Of Problem ... ... ... ...ttt e et e 2.1
2.1 Absorber Description . ........ ...t i i e i 2.2
2.2 Material Compatibility ............. ... ... . .. i . 24
23 System ChemiStry . . ... oottt ittt ittt it i e e e 25
3.0 Requirements Development ......... et et a et e e e e 3.1
4.0 Literature Searchand Review . ......... ... ... ... ... . ... .. L 4.1
" 4.1 ApProach .. ... ... i i e e ettt e e e 4.1
4.2 Summary of Sensor Technology . ........... .. ... i, 4.1
5.0 Conclusions and RecOmmENAAtion . . . . . . oo v vvnee e e e e e e e e e 5.1
5.1 Conclusions . . .. .ovvv ittt enineiinneee e [ 5.1
5.2 Recommendation . ............. it iiiiitntene it 5.1
6.0 References .................. e e et s e it L.. 6.1
6.1 Electrode ............... P 6.1
6.2 Thermal . ... .. ... . ... i it i et it 6.1
6.3 AbSOTption ... ...... .. ... i i i e et et e e 6.2
6.4 ACOUSHIC WaAVE . . ... ...ttt iie ittt et tenen oot 6.2
6.5 Refractive Index . .. ... ... ittt iieii i ieeineanrnenns 6.3
6.6 ISFET .........¢0ii i iiemnnennnennnnnnann e e e 6.3
6.7 ChemiresSiStor ... .cvviininn i iin ittt ieeconecnonoecnononeenns 6.3
6.8 pH/Colormetric ............ ...t eerrncecnann e iee e 6.4
7.0 Bibliography . .. .. ... .. e it e e I 7.1
Tl BOOKS .. i e i e e e i e e e 7.1
D = o« S e e 7.1
% T O v (473 T ) + L 7.1
7.4 Chemical/Thermal Properties of NH,-H,O ... ... ... ... 0iiirennnn.. 7.2
Appendix A - Compatibility of Plastics and Polymers . . . .. .. ........ccovrurennrnen... Al
Appendix B - Sensor Matrix . . ... ... .t i e e et e e e B.1
Appendix C - Commercial Ammonia/Ammonium Measurement Technologies .. ........... C.1

vii




1.0 Introduction

Absorption cycle chillers and heat pumps are commonly used only in applications where economies
of scale work to the advantage of that design. These are applications requiring typically tens to
hundreds of refrigeration tons (RT),® and the cycle most commonly used is based on lithium
bromide/water absorption. In residential and small business applications, where the refrigeration
requirements are typically on the order of 3 to 5 RT, devices using a vapor-compression cycle or air-
to-air heat pumps are usually preferred. However, there are specialized applications in this capacity
range where an ammonia-absorption heat pump offers unique advantages that can offset the
disadvantages of larger size and generally higher cost.

In addition, the economics of the heating, ventilating, and air-conditioning (HVAC) industry are
changing, partly in response to the changing regulatory climate regarding commercial use of fluids
based on chlorofluorocarbons (CFCs) and hydrochloroftuorocarbons (HCFCs). Consequently,
ammonia-absorption cycles are beginning to look more attractive for small-scale heating and cooling
applications, if the identified system performance problems can be overcome with new and improved
designs.

To explore this potential, Battelie Columbus Operations (BCO) is developing an ammonia-
absorption heat pump for residential and light commercial applications. The effort is supported jointly
by the U.S. Department of Energy (DOE) and the Gas Research Institute (GRI). :

The heat pump design is bounded by severe constraints in terms of the physical size of the unit,
operational range, efficiency, material compatibility, and cost. Basically, it must be very small,
capable of year-round operation without backup, reliable, environmentally benign, and no more
expensive than currently available vapor compression refrigeration units.

To determine the performance of such a heat pump, it is imperative to obtain accurate measurement
of absorbent concentration. In binary refrigerant systems such as the ammonia/water cycle, in situ or
remote sensing capabilities are needed to measure real-time concentrations of ammonia in water

(NH,OH).

In support of the BCO effort, researchers at the Pacific Northwest Laboratory (PNL)® conducted
a multifaceted study. The tasks involved reviewing current literature on ammonia concentration

(a) The common unit of refrigeration capacity is the ton, based on the rate of heat transfer needed to
freeze one ton of water at 32°F in 24 hours. In American engineering units, one ton of
refrigeration is equivalent to 200 Btu/min, which is equivalent to 209.3 kJ/min in Systeme
Internationale (SI) units. In metric units, one ton of refrigeration is equivalent to 50 kcal/min,
which is equivalent to 210.96 kJ/min. Thus, for most engineering calculations, refrigeration in
tons can be considered to be the same in SI and American engineering units.

(b) PNL is a multiprogram laboratory operated for the U.S. Department of Energy under Contract
DE-AC06-76RLO 1830 by Battelle Memorial Institute.
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sensors, developing the functional criteria for the sensor in the ammonia-water cycle heat pump
application, and selecting an ammonia concentration sensor best suited to the heat pump application.

The primary objective of PNL’s work was to identify a means of measuring ammonia concentration
in the testing and design phase of heat pump development. A secondary objective was to identify a
potential sensor or monitoring technology that could provide feedback control information in an
operating commercial ammonia-absorption heat pump.

This report documents the project tasks performed by PNL. Section 2 presents a detailed
description of the overall challenge being addressed by BCO and PNL. The literature review is
documented in Section 3. PNL’s approach to the search is summarized, and the relevant findings from
the literature related to ammonia concentration sensor technology are briefly discussed. The functional
criteria against which each sensor technology was evaluated are discussed in Section 4. The
conclusions and recommendation based on the sensor review are presented in Section 5. Sections 6 and
7, respectively, contain lists of references cited and bibliographic materials consulted during this study.
Supplementary materials are provided in Appendixes A through C.
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2.0 Statement of Problem

A typical simple ammonia-absorption refrigeration cycle is illustrated in Figure 1. Battelle
Columbus Operations has designed a prototype heat pump using this cycle, and test loops have been
built for key components of the system. One test loop is designed to investigate the vapor generation
components; another is to test the three main components of the regenerative/generative absorber part
of the cycle. -

The first loop includes the condenser as a test element, as well as the liquid pump for the
concentrated NH,-H,O. The absorber portion of the test loop consists of a full-scale model of the
generator/absorber exchanger (GAX), absorber heat exchanger (AHE), and hydronically cooled

- absorber (HCA) segments of the absorber. The system is appropriately instrumented to obtain
temperatures, pressures, and flow rates of interest.

However, measurements of ammonia concentration are made only by manually sampling the fluid
at the inlet and outlet and at one intermediate point. (Concentration is determined by chemical
titration. The measurement represents a discrete sample from a specific location in the system at a
specific sampling period.)

High-pressure ammonia vapor

QH (to surroundings)

; Y
Q’H (from v /
high-temperature —»  Generator : Condenser
source)
Weak .
| ammonia Liquid ¢
solution ammonia
— Heat Expansion ®
exchanger - valve
Y Low-pressure ammonia vapor
v -y
Strong Absorber . . Evaporator
ammonia \ )
solution \ ' l
‘ Pump Q’L (to surroundings) Q
\W . {from cold box)

Figure 1. Ammonia Absorption Cycle
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There is a critical need for an ammonia concentration sensor that would allow monitoring the rate
at which ammonia is absorbed by the solution as it falls in a thin film over the coils of the absorber.
The length of the coil is the most significant variable affecting the overall size of the system. The
absorber must be long enough to obtain the desired ammonia concentration in the working fluid, but
making it any longer than necessary represents excessive size and concomitant costs. The relationship
between the flow rate of the ammonia vapor (which flows counter-current to the falling film), the flow
rate of the absorbing solution, and the rate of absorption must also be measured to optimize the
absorber design.

Ideally, a continuous reading of changing ammonia concentration is needed along the full length of .
the coils. It would also be useful to have information on the distribution of the ammonia concentration
tangentially around the coil. If this distribution is not uniform for some reason, it could significantly
affect the heat pump’s performance, (The uniformity of the film itself also could be a factor in this.)

The ammonia concentration sensor needed is a device that could be mounted at a number of points
on the absorber coil without interfering with the flow of the fluid film. For design purposes, the
relative concentration of ammonia would be sufficient information. An absolute measurement of
concentration is not essential, but repeatability is critical.

Without a sensor to give information on the dynamics of ammonia absorption and the spatial
variation of ammonia concentration within the device, the BCO test loop can give only endpoint data
on the test absorber. A reliable, repeatable, real-time measurement of the ammonia concentration as it
changes during the absorption process is needed to provide data on the internal absorption process in
the absorber. In addition to providing critical design information, such data would improve the
usefulness of every absorber test conducted and could reduce the testing requirements.

2.1 Absorber Description

In the ammonia-absorption cycle, the absorber performs two important functions. In the first, the
working fluid absorbs a higher concentration of ammonia. After leaving the absorber, this ammonia-
water solution is pumped up to the high pressure in the system, where it is heated to separate it into its
binary components, ammonia vapor (NH;) and a low-concentration solution. (The main advantage of
‘an absorption cycle over a vapor compression cycle is the savings in pumping power. Because the
ammonia is dissolved in an aqueous solution, the fluid being pumped is in a liquid state, which
generally requires less work than vapor compression.) In the second function, heat is generated in an
exothermic reaction by the process of ammonia vapor being absorbed by the solution. This is
technically waste heat (in the air-conditioning mode) but can easily be utilized in a regenerative cycle to
provide some of the heat input required by the generator.

Two absorber arrangements are of interest. Each involves different combinations of thé liquid and
vapor flow for the absorption process, as well as different means of removing the heat generated by the
exothermic reaction.

In the first arrangement, the absorption process occurs on the outside of a tube. Thermal energy is
transferred through the tube wall to fluid flowing inside the tube coil. This absorber arrangement is
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shown in Figure 2. The second absorber arrangement has the absorption process occurring in the tube
with the heat sink fluid on the shell-side. This arrangement is shown in Figure 3.

In the arrangement shown in Figure 2, the
helical coil of tubing is enclosed in a container,
and the liquid absorbent (water with a low
concentration of ammonia) is discharged above
the top of the tube coil by being allowed to drip
out through a ring of small nozzles arranged
above the coil (the feed tray with pop-rivet
holes). The liquid flows down the outside of the
tube in a thin film approximately 0.4 in. (1 mm)
thick. In this design, the tube outside diameter is
0.625 in. (15.88 mm) in the upper part of the
absorber and 0.5 in. (12.7 mm) in the lower
section. As the liquid flows down the outside of
the tube coil, ammonia vapor flowing upward
from the bottom of the enclosing container is
absorbed by the film, producing heat. The thin
film results in efficient heat transfer; the thermal
energy is transferred to the tube, where it is
conducted through the tube wall and heats the
fluid flowing inside the tube.

The geometry of interest for design of the

sensor is the one shown in Figure 2. The tubing

is tightly coiled so that consecutive loops of the
absorber are in contact with each other, as shown
in Figure 4. The liquid film is expected to
remain continuous as it flows over one coil and

. onto the next. If the ammonia concentration

sensor is to be located on the side of the absorber
tube coil, it must be small enough to have no
adverse impact on film flow rate and film
uniformity. At a minimum, this requires that it
have a profile less than 1 mm in height. The
sensor for the arrangement in Figure 3 does not
have such critical size constraints because there is
no liquid film to disrupt. However, the sensors
must not unduly disturb the flow within the tube
or interfere with heat transfer through the tube
wall. ,

Solution to Absorber
Heat Exchanger
from

Generator/ Absorber

Exchanger Feed Tray with
\Qj/ Pop-Rivet Tubes

: \Absorber Tubing

T Coolant Outlet

/

Coolant Inlet

Figure 2. System Schematic

Sensor Laocations

Regenerator (Heat Sink) Fluid

Figure 3. Tube-Side Absorber




The desirable sensor locations are shown for
each arrangement in Figures 3 and 4. One sensor
per tube coil will give sufficient resolution in the
vertical direction for the absorber shown in
Figure 4. It is also desirable to locate the sensors
at different azimuthal positions around the
circumference of the coil.

Feed Tray with
Pop-Rivet Tubes

Absorber Tubing

-

Thin film of water
( < 1 mm thick)

Tube: Closeup

Sensor
Location
( 1. per tube)

Thin film of water ~—
{ < 1 mm thick)

Figure 4. Tube and Film Arrangement

2.2 Material Compatibility

Material compatibility is a significant
consideration in the design because of the

corrosive nature of ammonia and ammonium
hydroxide, which are strongly alkaline solutions.

As part of this study, PNL reviewed data for
various materials from which a sensor might be
constructed, looking for something that might
survive the corrosive conditions in the absorber.
In many cases, available data on corrosion
resistance of materials did not match the range of
temperatures and pressures the sensor is expected
to see. Any materials actually selected for use in
a sensor for this application would have to be
evaluated for compatibility with ammonia and
ammonium hydroxide at the operating conditions
in the absorber, but the results obtained so far
indicate that the choices will be extremely
limited.

Rubbers and plastics seem to be relatively
immune to corrosion by alkali solutions.
Appendix A summarizes how a number of these
responded to a solution of 28% ammonium
hydroxide. Natural rubber, butyl rubber,
chlorosulfonated polystyrene, chlorinated rubber,
styrene rubber, neoprene,
polytetrafluoroethylene, polyvinylchloride (PVC,
both type I and type II), polystyrene,
polyethylene, polyisobutylene, and coal tar all
have a high resistance to alkali solutions. In
general, they are reasonably resistant to attack at -
temperatures below about 100°C.

Glass laminates are unsuitable for this
application, since glass is etched by ammonia and
ammonium hydroxide. Ruby and sapphire
crystal glass is resistant, however, and would be

suitable if other material properties were

acceptable. Many common sealants such as
Viton and Teflon are also incompatible with
ammonium hydroxide, even though, like glass,
they are generally considered relatively inert.
Any seals in the sensor device must be tested for
compatibility with this fluid.

Metals are generally quite susceptible to
attack by alkaline solutions, and it is not easy to
find a suitable metal or alloy for this application.

24




Nickel is one metal that is unusually resistant to attack by some alkali solutions. Unfortunately,
ammonium hydroxide is not one of them. It will readily form compounds with ammonium hydroxide;
concentrations greater than 1% cause rapid attack of the metal. Copper has a similar susceptibility.

Stress corrosion cracking is generally greatly accelerated by the presence of an alkali solution.
Copper and all copper-based alloys and brasses have a very high susceptibility to stress corrosion
cracking and, therefore, would be completely unsuitable for this application. The presence of oxygen
in the ammonia solution appears to be an important contributor to increased rates of stress corrosion
cracking in some metals. Aluminum alloys are also rapldly corroded by ammonia and ammonium
hydroxide.

The metals that appear likely to be suitable are certain alloy steels. A number of steels can be used
with corrosive alkaline solutions in some applications. Mild steel does not corrode in aqueous
ammonia at conditions up to 600 psi (4.134 MPa) and 930°F (499°C) and will withstand caustics in
concentrations up to 50% at 150 psi (1.034 MPa). Carbon steel can be used with alkaline solutions if a
sodium hydroxide corrosion inhibitor is used to coat all exposed surfaces. Ferritic stainless steels such
as alloy Type 430 or the more highly alloyed Type 446 should provide the best corrosion resistance of
any steel selected for this applications. Super ferritics such as 29-4C might be worth considering if
metals with less alloying prove unsuitable due to excessive corrosion. However, formablhty of these
metals is an issue that would also have to be addressed.

2.3 System Chemistry.

Unlike a single-refrigerant system, such as a CFC-based system, the working fluid of an absorption
machine is a hygroscopic brine—a mixture of lithium bromide and water or ammonia and water. In the
BCO absorber, the working fluid is ammonia and water. Ammonia vapor is absorbed into the

‘ammonia/water solution in an exothermic reaction that transfers the heat into the fluid flowing inside
the absorber coils. In the aqueous ammonia solution, ammonia exists in equilibrium with the
ammonium ion and the hydroxide ion [Equation (2.1)].

NH, + H,O e NH,* + OH" 2.1
The vertical length of the coil in the absorber is lhe pﬁmary variable affecting the overall size of
the system. The falling solution film must have a path length long enough to increase the aqueous

ammonia concentration from 3% to approximately 50%. As the NH, concentration increases from 3%
to 50%, the pH of the solution is expected to increase from about 11.8 to 12.4.

The operating conditions at which the sensor must function are as follows:

¢ working fluid inlet conditions-- ° workmg fluid outlet conditions--
200°F (93.3°C) 120°F (48.9°C)
15 to 80 psia (1.03 to 5.51 MPa) _ 15 to 80 psia (1.03 to 5.51 MPa) .
3% to 10% ammonia by weight' ~ 35% to 50% ammonia by weight

absorber pH = 12.
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3.0 Requirements Development

The sensing techniques (or devices) reviewed were acoustic wave, refractive index,
pH/colormetric, optical absorption, electrode, thermal, chemiresistor, and ion-selective field-effect
transistor (ISFET) devices.

Each technique or device was evaluated against requirements, which consisted of the following
parameters:

° physicai constraints for in situ operation - size, portability, dependence on temperature,
pressure, viscosity, and conductivity, material compatibility

e sensor characteristics - sensitivity, dynamlc range, response time, selectivity, accuracy,
reversibility, calibration

e sensor application - deployment, cost, commercially available, suitability for installation in a
closed loop.

Additional constraints were applied to the requirements for the NH; concentration sensor, to
identify both 1) an ammonia concentration measurement device for use in the BCO heat pump design
and testing efforts and 2) a potential monitoring technology for use in operating commercial heat pump
applications. The sensor would have to operate in the same environment in each case, but the
constraints on performance would differ substantially. A laboratory instrument must be accurate,
reliable, and relatively easy. to install, but would not necessarily have to be very rugged, long-lived, or
immune to drift. On the other hand, an instrument installed as an integral part of the control circuitry
of an operating heat pump would have to be essentially indestructible, with unvarying accuracy and
sensitivity over its long life span.

- At this time, the laboratory sensor is the most critical because it is required to aid the design of an
ammonia-absorption heat pump. The control sensor would be a valuable asset for the commercial unit,
but is not absolutely necessary to the operation of the system. This priority order is fortuitous:
although the laboratory application is a considerable challenge, it seems rather simple in comparison to
the magnitude of the commercial sensor apphcatnon as seen from the detailed dlscusswn of the
problem presented in Section 2.
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4.0 Literature Search and Review

5,
o

4.1 Approach

For this study, literature searches were first performed on the Dialog information retrieval service.
The key words for the first searches were ammonia, ammonium hydroxide, solubility, corrosion, and
concentration sensors. After the relevant articles were reviewed, other searches were done with the
. following key words: ammonia concentration sensors, chemiresistive, chemoptic, microelectronic,

fiber optic, optical absorption, spectroscopy, optrode, integrated micro sensor, miniature,
subminiature, solid state, microprobe, and ion selective. Selected references clted in the initial articles
were also reviewed.

The following bibliographic databases were searched:

file 14, Ismec, mechanical references

file 8, Compendix Plus, Engineering Index back to 1970

file 6, NTIS, government articles and papers from national laboratories back to 1969
file 2, Inspec, first reference for Physics and Electronics back to 1969

file 305, Analytical Chemical Abstracts

file 317, Chemical Engineering/Biotech/ Environmental Abstracts ,

file 317, Chemlcal Safety Newsbase.

Books were referenced in Dialog file 470, Books in Print.
4.2 Summary of Sensor Technology

Sensing techniques reported in the open literature for determining concentrations of ammonia,
ammonium, and ammonium hydroxide included mechanical, optical, electrical, thermal, and chemical
detection methods. Sensing techniques for detecting mechanical properties include acoustic wave
propagation. Those for sensing optical properties include measurements of refractive index and
absorption. Techniques for detecting chemical properties include measurement of the pH using
colormetric indicators. Electrical property sensors. include chemiresistor and ISFET devices.

Many sensors employ a gas-permeable membrane to separate dissolved ammonia in the sample
solution from an internal filling solution. Ammonia diffuses through the membrane and dissolves in
the internal filling solution. The potential of the electrode sensing element varies in a Nernstain
manner with changes in the hydroxide level. Potentiometric detection can be used to measure pH
change or to directly measure the ammonium ion (which is done in the commercially available
ammonia gas-sensing electrodes). One commercial gas-sensing electrode consists of a hydrophobic
gas-permeable membrane separating separates the alkaline test solution from an internal solution of
0.1M ammonium chloride. When the electrode is immersed in an alkaline test solution, ammonia can
diffuse across the membrane, alter the NH, concentration in the filling solution, and cause a pH change
that is monitored by the glass electrode (Gilbert and Clay 1973; Garside et al. 1978; Merks 1975;
Kaiser and Wheaton 1986; Smith and Helmuth 1975; Thomas and Booth 1973; O’Herron 1977). The
membrane also prevents ionic species from entering the internal solution, thus eliminating any false
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response resulting from dissolved ions. However, high levels of ions can affect the solubility of
ammonia to some degree. Various amperometric detection systems have also been employed.
Recently, several amperometric sensors have shown selectivity to ammonium ions (Thomsen and
Baldwin 1992; Osakai et al. 1987). The first sensor used electrodes coated with metal
hexacyanoferrate, and the other used a poly(vinyl chloride)-nitrobenzene gel electrode containing
dibenza-18-crown-6 for selectivity to ammonium jons.

Infrared spectroscopy is one of the most prevailing means of detecting or analyzing gaseous
molecules. Planar waveguide and fiber optic evanescent sensors have been used to identify ammonia
vapors by measuring their spectral signature (Giuliani et al. 1984; Sanghera et al. 1994). The portion
of light penetrating a small distance into the waveguide cladding during every reflection at the
core/cladding boundary, called evanescent wave, can be spectrally absorbed by molecules of the
~ surrounding medium. Researchers have also used other spectroscopic methods with lasers and remote
absorption cells to observe the fundamental infrared or overtone near-infrared absorption lines of
ammonia vapor with detection limits near 1 ppm (Simhony and Katzir 1985; Meinburg et al. 1990;
Feher et al. 1993). A common technique for improving the sensitivity of detection is through
preconcentration of the species on a matrix that does not interfere during analysis (Ataman and Mark
1977). _

To ascertain vapor-phase ammonia, optical waveguides have been coated or doped with a variety of
pH/colormetric indicators (Guiliani et al. 1983; Shahriari et al. 1988; Blyler et al. 1989; Muto et al.
1989; Tabacco et al. 1992; West et al. 1992; Sadaoka et al. 1992; Golubkov et al. 1992; Klein and
“Voges 1993). Similar sensors have been developed for detecting aqueous ammonia (Arnold and Ostler
"1986; Dickert et al. 1989; Kawabata et al. 1990; Reichert et al. 1990; Sellien et al. 1992). Reaction
between the indicator and the ammonia results in an absorption of the light passing through the
waveguide, and the degree of light absorption is related to the ammonia concentration. The indicator is
immobilized into a polymer matrix such as silicone rubber, polymethylmethacrylate, or polyvinyl
alcohol or onto glass and is phase-separated using a gas-permeable membrane. In aqueous solutions,
the ammonium ion is in equilibrium with ammonia. Diffusion of ammonia into the membrane
deprotonates the pH-indicator. This deprotonation by the ammonia varies according to the
concentration of ammonium ions in the solution and can be detected spectroscopically by observing the
indicator color change. Typical colormetric indicators include Bromophenyl Blue (BPB), p-Xylenol
Blue (PXB), Bromocresol Green (BCG) and Bromocresol Purple (BCP), p-nitrophenol, dodecyl-
acridine orange (dodecyl-AO*), Reichardt’s dye, indophenol, triphenylmethane dye, tymolblue (TB)
dye, and oxazine 750 perchlorate dye. One of the problems encountered with conventional evanescent
absorption sensors is their characteristic low sensitivity, resulting from the limited depth of penetration
of the evanescent field into the indicator. The use of porous optical fibers, doped with colormetric
indicators, has shown improved sensitivity over evanescent sensor for in-line optical absorption
measurements (Shahriari et al. 1988; Tabacco et al. 1992).

Thermal (LiTaO;) sensors combined with an acid membrane have been used to detect low
concentrations of ammonia vapor (D’Amico et al. 1993). The pyroelectric sensor detects the heat
resulting from an ammonia-acid membrane interaction. The sensor suffers interferences from spurious
heat, pressure, and turbulence sources. ‘

A refractive index sensor with glass opticai fibers has been used to determine real-time
concentrations of lithium bromide along the heat exchange tubes of an absorber vessel (Bostick et al.
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1986; Klatt et al. 1987). This technique is limited to binary mixtures with a refractive index just
slightly lower than the fiber core. Temperature compensation must be carefully performed to obtain
reliable concentration readings. Furthermore, corrosion of bare glass fibers becomes a major issue in
alkaline solutions. : ‘

Acoustic wave devices for detecting chemical compounds have been used primarily as gas phase
gravimetric sensors (Ali et al. 1992). The use of acoustic wave sensors in liquid medium is
questionable because their oscillations are seriously affected by viscous damping and conductivity.
Many researchers have compensated for these undesirable effects by applying theoretical or empirical
corrections to the sensor output signal (Wei et al. 1991, 1992; Hayward 1992; Duncan-Hewitt and
Thompson 1992; Barnes et al. 1992; Yang and Thompson 1993; Shen et al. 1993; Cavic-Vlasak and

Rajakovic 1992). The results of these methods have shown some promise but are limited to narrow

bounds of operation. Metal films have been used to shield the sensor from loss resulting from
electrical dissipation into the fluid, but the sensitivity remains limited by viscous damping (Baer and
Flory 1991). Using a differential measurement technique and high resonant frequencies, Dunham et al.
(1995) have demonstrated reliable and sensitive acoustic wave measurements in liquids.

The electrical properties of many organic films are significantly affected by chemisorption of
ammonia vapors. The sensitivity to adsorbed impurities is an important factor in the use of these films
as gas-phase chemical sensors. A chemiresistor sensor is fabricated from a very thin organic
'semiconductor film deposited onto a planar microelectrode array. Ammonia vapors interacting with
the semiconductor produce current changes under constant voltage bias conditions (Wohltien et al.
1985; Brina et al. 1990). A ratiometric measurement scheme provides temperature compensation and
scaled voltage output proportional to the conductance change in the sensor. Phthalocyanine thin films
are particularly useful because of their chemical and thermal stability. - These sensors respond to
ammonia vapor at ambient temperatures; the effect of relative humidity is substantial. '

Microelectronic ion sensors based on monolithic silicon integrated circuit technologies have been
the subject of considerable research and development for more than 20 years (Kelly and Owen 1985).

- ISFET ammonia and ammonium sensors based on the changes in electrical properties of metal oxide

semiconductor devices have been described by Oesch et al. (1981), Peschke et al. (1990), and Popova
et al. (1994). Oesch et al. (1981) demonstrated the direct measurement of the ammonium ion (NH,*)
in aqueous solutions. The ISFET sensor forms a microminiature, differential ion-measuring probe,
suitable for in situ measurements. Peschke et al. (1990) achieved response times on the order of
seconds near ambient temperatures. ISFETS can suffer from problems associated with thermal
instability, output drift, and encapsulation. Deployment in aqueous-phase solutions has been found to
shorten sensor lifetime because of water seepage between the polymer membrane and the epoxy wall
(Oesch et al. 1981).
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5.0 Conclusions and Recommendation

Based on the results of this study, several conclusions can be drawn regarding the suitability of
existing sensors for ammonia and ammonium hydroxide detection. Those conclusions and our overall
recommendation are given in this section.

5.1 Conclusions

Numerous chemical sensors for detecting ammonia in vapor phase and aqueous solutions have been
reported in the literature. Most of the sensors described were useful only for vapor-phase detection
and lacked selectmty to the ammonium ion. In the ammonia/water absorption cycle, ammonium
concentrations range from approximately 3% to 50%. Most of the technologies we reviewed had
detection limits at the parts-per-million or parts-per-billion level, with limited dynamic range. In
addition, most of the sensor evaluations were performed at ambient temperature and pressure and at
constant relative humidity. Their performance in the ammonia absorption cycle environment is
questionable.

General problems with these sensors include insufficient selectivity (e.g., response to nontarget
compounds; humidity); the lack of adaptability to microminiaturization; limited dynamic range; long
response time; irreversibility; and inability to withstand the temperatures, pressures, and chemically
corrosive environments encountered within absorption cycle machines.

The required selectivity of the monitoring system for ammonium hydroxide is complicated by the
presence of high concentrations of both water vapor and ammonia vapor in the absorber chamber and
in the falling solution film. Furthermore, the sensing element used to monitor ammonium hydroxide
concentrations must be constructed of a material that can survive contact with the solution, which is
characterized by pH values up to 12.4. The sensors must also be sufficiently small to prevent
significant perturbations to the flow of the aqueous film across the absorber coil. Disturbing the film
could have adverse effects on the rate of absorption of NH, or cause perturbations that distort the local
concentration enough to give biased or unreliable readings.

5.2 Recommendation

Information obtained in the literature search leads us to recommend that follow-up activities focus
on ISFET devices and a fiber optic evanescent sensor with a colormetric indicator. The ISFET and
fiber optic evanescent sensor are inherently microminiature and capable of in situ measurements.
Further, both techniques have demonstrated selectivity for the ammonium ion (NH,*).. The primary
issue that remains is whether each can be made corrosion-resistant w1thout creating a negative impact
on system performance.
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Appendix 'A-

Compatibility of Plastics and Polymers

The following tests were done with 28% ammonium hydroxide.
Chlorinated rubber is not attacked in the range of 75°F (23.9°C) to 125°F (§1.7°C).
Styrene Butadiene Copolymer is not attacked from 75°F (23.9°C) to 150°F (65.6°C).
| Neoprene is not attacked in the range of 75°F (23.9°C) to 160°F (71.1°C).
Epoxy (type u;lknown) is not attacked in the range of 75°F (23.9°C) to 200°F (93.3°C). -
Plasticized PVC is not appreciably attacked in the from 75°F (23.9°C) to 150°F (65.6°C).
Furan Resin Cement (a liner) is not attacked from 75°F (23.9°C) to 250°F (121.1°C).
Impervious Graphite is not attacked from 75°F (23.9°C) to 300°F (148.8°C).
Polyethylene is not attacked from 75°F (23.9°C) to 125°F (51.7 °C).
PVC type I is not attacked from 75°F (23.9°C) to 160°F (71.1°C).
PVC type II is not attacked from 75°F (23.9°C) to 150°F (65.6°C).'
Polutetrafluoroethylene is not attacked from ;75 °F (23.9°C) to 250°F (121.1°C).

Chlorinated pdlyether (Penton) is attacked to 28% at 221°F (105°C).
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Appendix B

Sensor Matrix

In this appendix, two aspects of the sensor study are documented in tabular form. Table B.1is a
matrix of sensor references. In Table B.2, a matrix- displays the specifications for each sensor
evaluated in this study. '
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Appendix C

Commercial Ammonia/Ammonium Measurement Technologies

Introduction

The information summarized in the main body of this report was compiled from advertising
specifications and from telephone contacts in October 1994 with fifty commercial sources. In these
conversations, as much specific information as possible was gleaned from applications engineers
regarding technologies that would be most appropriate for continuous on-line localized determinations
of ammonium hydroxide in the concentration range between 1% and 60%. Other application
constraints included pH between 10 and 12, an operating pressure between 15 and 80 psig, operating
temperature between 40°F and 200°F, and the presence in the flow of a small amount of sodium
hydroxide.

Detection/Analysis Technologies
Nine methods for detecting ammonia/ammonium concentration were identified in this investigation:

Spectrometry/Photometry
Wet Chemistry Colorimetric Detection
Wet Chemistry Ion Selective Detection
Ion Selective Probes
Fiber Optic Probes

" Jonized Mobility Spectrometry
Electrodeless Conductivity
Straight Acid/Base Titration
Glass Sample Tube or Ampule.

el S R Aol ol ol

Each of these methods is described in the following paragraphs.
1. Spectrometry/Photometry

Near-infrared (IR) photometry can be used for assessing high concentrations of ammonium
hydroxide. This technology may be better for concentration detection at higher concentration levels
than it is for detection at lower concentration levels (under 1%). This approach is noninvasive and
does not contaminate the flow. However, a small portion of the flow must normally be directed
through an optical test cell in the instrument. . Dual-beam, comparative-filter photometry measures the
absorbance at specific wavelengths by employing narrow bandpass optical filters. One line is selected
for its unique spectral identification with the test substance, and the reference line is selected in an area
of the spectrum where there is very little absorbance. Potentially good test lines for ammonium
hydroxide exist at 2.2 microns and 1.21 microns. Another possibility is to monitor the water
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absorption line (2.6 microns). The best lines for ammonia vapor are in the 10.2- to 10.4-micron
region. The vendor could provide a custom-designed slipstream sampling system to interface with our
system. Alternatively, it may be possible to custom-integrate a comparable optical test cell into our
loop that could interface with the instrument through fiber optics. Such an interface might provide the
most localized measurements and fastest response time. (Custom Sensors already has developed such a
fiber-optic-coupled probe that interfaces with the HP942.) A photometer can handle up to 150°C and
up to 500 psig. It provides a continuous on-line process output signal. The delay between input and
output is roughly equal to the time that it takes to fill the cell volume four or five times. Therefore, the
faster the test flow can be pumped through the cell volume, without exceeding 500 psig, the more
responsive the measurement will be. Accuracy of the dual-beam comparative method is approximately
1%. Another spectrometry/photometry approach uses an acoustically tuned crystal to assemble a
unique signature by scanning a set of wavelengths. This approach has an accuracy closer to 0.01%.
These IR approaches may be aggravated by the background natural heat energy present at higher
temperatures. However, IR techniques are the least susceptible to being affected by the presence of

- sodium hydroxide in the test solution. The dual-beam comparative line photometer costs range from
$15K to $20K; the spectrum-scanning type of photometers cost about $45K. Similar instruments
operating in the ultraviolet (UV) range have potential application for assessing concentrations of lithium
bromide. This type of instrument is available from Custom Sensors & Technology, Foxboro, or ABB.

2. Wet Chemistry Colorimetric Detection

In the wet chemistry colorimetric approach, the sample is mixed with a predetermined amount of a
reference reagent, and the color change is detected with a photometer or interference filter. This -
technology is also sometimes called a segmented flow instrument or flow injection instrument. These
measurements can be automated for continuous on-line applications, but it is technically a batch process
with a delay of from 30 s to 5 min from input to output. Typical numbers are 80 samples per hour,
with a 4-min delay on each determination. The process is slightly faster than the wet chemistry ion-
selective approach because once the color change has started, it is possible to predict the outcome from-
the initial curve. The colorimetric analysis approach is also more exact than the ion-selective electrode
alternative, and it is affected less by temperature changes. However, the wet chemistry ion-selective
technology can be used to monitor much higher concentrations of ammonium hydroxide. In the
colorimetric approach, operating pressure problems are alleviated because a peristaltic pump in the
process works at the same pressure at which the system is looking. This approach is used primarily for
gas or vapor testing, but it has been adapted for the assessment of ammonium hydroxide concentrations
by Scientific Instruments (0 to 200 ppm) and by Perstorp (0 to 10,000 ppm, strictly batch mode).

These instruments cost from $15k to $50K. This type of instrument is available from Applikon,
Lachat, Orbeco, Perstorp, Bran & Luebbe, and Scientific Instruments.

3. Wet Chemistry Ion-Selective Detection

. The wet chemistry ion-selective approach has the potential to assess concentrations of ammonium
hydroxide as high as 20% to 50%. In this approach, the sample is mixed with a predetermined amount
- of a reference reagent, and the change in conductivity is detected with an jon-selective electrode. This
measurement can be automated for continuous on-line applications, but it is technically a batch process
with a delay of from 1 to 5 min from input to output. This approach is used for both vapor and liquid
testing. Standard concentration ranges include 0 to 10 ppm to 0.1 to 10,000 ppm.- Polymetron offers
dilution options of 20:1 and 50:1 that could expand this range up to 20% or 50%. They cost from
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$15k to $30K. This type of instrument is also available from Calibrated Instruments (Bochum),
Applikon, Astro/Polymetron, Bran & Luebbe, and Capital Controls.

4. Ion-Selective Probes

This approach uses an inexpensive ($300) ion-selective electrode probe and a standard pH meter
(about $1500). A fixed reagent amount is added to an off-line sample; after a stabilization period of
about 5 min, the meter reading is recorded. The ion strength adjuster is specific to the substance being
quantified. For ammonia, it is sodium hydroxide. For ammonium, it is sodium chloride. For
bromide, it is sodium nitrate. This type of determination is not affected by a small amount of sodium
hydroxide already in solution. The only interfering chemicals are volatile amines. At a pH of 11 or
12, the ammonia ions in a test solution dissociate. This can make ammonium concentration
measurements harder to perform. This problem is further aggravated if there is even a trace presence
of an acid in the solution. Maximum concentration ranges are for ammonia = 17,000 ppm, for
ammonium = 18,000 ppm, and for bromide = 79,000 ppm. The operating temperature range for
ammonia and ammonium is 0°C to 60°C and for bromide is 0°C to 80°C. Ion-selective electrode
monitors are available from Brinkman (Metron) and HNU. HNU claims that they do not add any
chemicals and that their probe can be placed directly in the flow to take continuous on-line
measurements,

S. Fiber Optic Probes

This approach employs an in situ fiber optic probe. It has been used to assess concentrations of
ammonium hydroxide in the 10% range (Research International). The technique is free from chemical
contamination problems and provides a highly localized measurement but placement may physically
disrupt the flow. The diameters of probes from several different vendors range from .014 in. to .39
in.. This technology is very new and highly competitive. Several products are new on the market or
in the final stages of being released. They employ various methods such as impregnating ionic reactive
chemicals or litmus substances in the glass of the fiber or by coupling the optical fiber to some kind of
semiconductor element. There is some concern that the glass fibers may not hold up well under the
corrosive environment associated with a pH of 12. They all provide a continuous on-line process
signal. Most are best suited to concentration determinations of vapor and liquids in the ppm levels.
Measurements made with such probes are not likely to be affected by the presence of sodium
hydroxide. These probes may not perform well at higher temperatures. Costs range from $2.5K to
$6K. Products are either announced or available from Custom Sensors & Technologies, Lightsense,
Research International or Geo-Centers.

6. Ionized Mobility Spectrometry

The jonized mobility spectrometry approach is used for the continuous monitoring of inorganic acid
compounds. It can be used for very low concentration determinations of both ammonia and bromide in
the vapor state, Typical concentration ranges are 0 to 5 ppm and 0 to 20 ppm. It uses Ni 63 as the -
radiation source. It is an atmospheric pressure based time-of-flight analytical technique similar to mass
spectrometry. It has an operating temperature range of from 40°F to 122°F, This product is
available from Environmental Technologies Group and PCP.
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7. Electrodeless Conductivity

This approach assesses ammonium concentration by making a simple conductivity determination.
It can handle concentration levels up to 60%. It provides a continuous on-line process signal. Such an
instrument requires no chemical additive. It is available in either the flow-through test cell (off-line) or
dual probe (in-the-flow on-line) configuration (Polymetron). It has a 0.1% accuracy and can handle
concentrations approaching 100% (Polymetron). However, because the calibration of the instrument is
based on the two slopes associated with the two sides of a parabolic curve the measurement range
between 25% and 30% is not usable. This instrument has an operating temperature range up to 300°F
and it is less susceptible to pH changes than the ion-selective approach. However, if it is true that ionic
dissociation aggravates conductivity determinations at pH levels around 12 then this method may be
less promising. For our application two such probes would have to be put directly in the flow to make
localized measurements. The probes are about 3 in. long and about 5/8 in. in diameter. The product
offered by Foxboro has an operating temperature up to 200°F and an accuracy of from 2%4%.
Electrodeless conductivity instruments are available from Foxboro or Polymicron for between $1800
and $3K. .

8. Straight Acid/Base Titration

The titration approach can be used to assess ammonium hydroxide concentrations as high as 60%.
Units are available to perform this operation either manually or automatically. The on-line automated
instrument takes a sample and titrates it with a standard solution of hydrochloric acid. When the pH
detector indicates that the solution is neutral the ammonia concentration is calculated based on how
much of the standard HCI solution was consumed. The delay from input to output is typically about 5
min. An automated titration analyzer costs from $15k to $30k. These instruments are available from
Brinkman (manual), Orbeco, Perstorp (automated) and Applikon (automated).

9. Glass Sample Tube or Ampule

This approach involves the use of manually activated sampling tubes or ampules. These are used
for gas and vapor concentration assessment for ammonia. The tube type of system requires the use of a
$400 sampling pump to acquire the sample. The self-contained tube contains phosphorus oxide that is
neutralized by the ammonia vapor producing a visible stain that is directly read against a calibrated
concentration scale. The ampule type of system takes the sample automatically but requires a $500
reader to produce the resulting determination. Concentration ranges include from 0 to 1.5 ppm to 10
to 1000 ppm. Sampling units cost from $1 to $8 each. Sampling tube products are available from
Sensidyne and Chemetrics.

Conclusions

Only four of these approaches offer much potential for the on-line assessment of ammonium
hydroxide concentrations between 20% and above. These are photometry, titration, electrodeless
conductivity and wet chemistry ion-selective. Most of these approaches are available as automated on-
line processing instruments for between $15k and $30k. The least expensive technique is electrodeless
conductivity at between $2K to $3K.
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Dual beam comparative photometry may be the best choice. It can handle concentrations up to
60%-and costs between $15k and $25k. This approach provides 1% accuracy, it is physically and
chemically noninvasive and it is insensitive to the presence of sodium hydroxide in the flow. It is
insensitive to operating pressure, however, there may be some background noise due to the IR at
higher temperatures. It is possible that a customized fiber optic test cell could be designed to meet our
needs. The development of such a configuration would make possible localized measurements and
increased processing speed. That would not be possible using the slxpstream sampling method
normally associated w1th this technology.

The second possible approach is to use an automated titration analyzer. The concentration range of
this technology can extend up to 60% and it costs between $15k and $30k. This approach requires that
a sample be taken and that its chemlstry be altered while assessmg its concentration. The delay from
input to output is typically 5§ min.

The third potentially useful technology is the electrodeless conductivity approach. This method can
assess concentrations well above 60% with an accuracy of 0.1% and costs between $2k to $3K. It is
not chemically invasive but for localized on-line measurements two probes would have to be placed in
the flow, which could be physically invasive.

The fourth possible approach is the wet chemistry ion-selective approach. The concentration range
of this technology normally is up to 1%, but it can be extended through dilution up to 20% and even
50% (Polymetron). This is not the ideal approach because it is primarily a batch process. It requires
that a sample be drawn and the chemistry of the sample be changed before the test is performed. The
delay from input to output is typically 2 min (up to 5 min). (Note the wet chemistry colorimetric
approach is slightly faster, is more accurate and is less susceptlble to temperature changes but it has an
upper concentration limit of only 10%. )

Vendors of Ammonia Sensors

Aldrich Chemical Company
1001 W. St. Paul Ave.
Milwaukee, WI 53233
800-558-9160

Aldrich carries sensidyne tubes that connect to a handheld piston type of sampling pump. These direct
reading tubes provide a stain with a length proportional to ammonia concentration (in ppm). Sensidyne
tubes are also available that do not require a pump. The first type requires a $400 pump. The
disposable tubes are available in ranges of 1 to 60 ppm, 1 to 200 ppm, and 10 to 1000 ppm; their cost
is $40 for a pack of 10. Sensidyne tubes that do not require a pump are available in the range of 25 to
500 ppm and cost $50 for 10.
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Alltech Associates
2051 Waukegan Road
Deerfield, IL 60015
708-948-8600

Alitech sells an inorganic ammonia analyzer for determining very low ammonia concentrations in
soils, drinking water and waste water. This type of product can also detect nitrates and nitrites. It uses
a pump and sample system with processing based on conductivity. The range of measurement is 100
ppb to 1000 ppm. Alltech does not offer any high-concentration or on-line monitoring instrument.

Brinkman Instruments, Inc.

* One Cantiauge Road

Westbury, NY 11590-0207

516-334-7500

800-645-3050 FAX _
206-881-0634, Jerry Boggan or voice mail 800-274-6562 ext. 442

Their ion-specific electrodes operate in many ranges from a couple parts per million up to 120
ppm. To stay in calibration over this range, three separate standards are needed. To stay in calibration
- over the extended range of 100 to 1000 ppm, additional standards are needed. The lab version of the
ion-selective sensor based instrument that they sell is limited to processing a sample that has been
removed from the test stream. However, it can handle concentrations up-to 60%. Measurements
should not be affected by the presence of sodium hydroxide. Concentration conversions: 1 mg per [ is
1 ppm, to calculate concentration for ammonium hydroxide the molecular weight of ammonia and
water has to be taken in consideration The other term that is commonly used for higher concentrations
is gram percent. Their instrument will measure 60% solutions directly with no predilution but for
very high concentrations they have to go to manual titration methods. Their lab unit is made by
Metrohn sold by Brinkman. An ion-selective unit that can be used in on-line applications is make by .
Metrohn and sold by Applikon of Holland. This sensor can be put directly in the test stream.

Applikon
Brion Dalton
516-431-7985

The Applikon unit uses an ion-selective sensor based technology and is designed for on-line in situ
applications. This instrument is limited to determining ammonia concentrations in only the ppm levels
and even then only for ammonia vapor, not ammonium hydroxide. This ion-selective analyzer is only
useful for ammonia waste water (ppm levels). It uses on line ion-selective electrodes. An ion strength
adjustment buffer is added to the sample to release gas because they are using a gas membrane ion-
selective electrode. This process also takes 5 min from input to output. Brion Dalton says that their
titration/photometric analyzer is capable of measuring concentrations as high as 60%. It is designed
for automated on-line operation in a batch mode and their is typically a S min delay from the time that
the sample is acquired to the time when a quantitative result is available. The typical configuration is a
rack mount batch operated robotic workstation. The measurements are not continuous. A sample is
taken between 0.5 cc and 0.1 cc in size and hydrochloric acid standard solution is added until a color
change is registered. The concentration calculation is made based on how much HCl was used. The
cost of a low-end single stream analyzer using this technology is about $15K. Either the ion-selective
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or the titration/photometric unit requires a source operating at less than 29 psig and less than 90°C.
These pressure and temperature limits seem dictated by the solenoid valve that they use rather than the
chemistry of the process.

Calibrated Instruments, Inc.
200 Saw Mill River Road"
Hawthorne, NY 10532
914-741-5700 '
914-741-5711 FAX

They sell a series of ammonia analyzers that cost $30K and up. The sample is mixed with a regent
with known conductivity and the resulting change in conductivity is monitored. The process is known
as a wet gas test. This unit is a continuous analyzing and monitoring instrument that samples the flow
at a given point. Ranges extend from 0-10 ppm up to 0-400 ppm. The package is generally rack mount
but it can be put in a portable package of about 30-35 1bs. It can be used either portable or be
permanently installed on-line. This product is the micro gas analyzer line. They also offer a more
elaborate ultra gas analyzer line. The latter are mainly for lab use. Bochum in Germany is the actual
manufacturer.

Calibrated Instruments specializes in process control and does much work with chemical processing
firms such as those in the petroleum industry. To apply their micro gas analyzer to our task they
would first need to get the test material into their instrument at a pressure lower than our maximum of
80 psig. Calibrated Instruments also has an instrument designed to measure ammonia content in boiler
water. This is German made and evidently most technical support for the products is still in Germany.
It looks like it may be direct reading and not well suited to on-line continuous monitoring.

Capital Controls Company, Inc.
PO Box 211

Colmar, PA 18915
215-997-4000 or 215-822-2901
800-523-2552 FAX

Walter Gruce

They offer the series A100 Aztec microprocessor ion-selective monitor for ammonia. It provides
continuous on-line monitoring, data logging, and alphanumeric display of ammonia concentration in
mg/l. It is designed for measurements of liquid ammonia that are first treated with sodium hydroxide
to release the ammonia vapor that is then detected with an ion-selective gas electrode. The system
provides outputs to a recorder or microprocessor I/0. It is selectable to measure either ammonia or
ammonium (NH,N in mg// in ranges up to 20 mg/l). Higher ranges are available on request.
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CHEMetrics, Inc.
Route 28

Calverton, VA 22016
703-788-9026
800-356-3072 FAX

They sell a glass ampule based sample and process technology. They offer different kinds of
ampule readers depending on the concentration range of interest. The two types of readers are the
photometric and the digital Chemet reader. These can read concentration ranges as low as 0 to 1.5
ppm and both readers are in the $500 range. She will send a catalog, they have a kit that will titrate for .
bromide. It is only accurate if no iodide or chloride is present. '

Clean Air Engineering
500 West Wood

St. Palatine, IL 60067
708-991-3300
800-627-0033 FAX

Clean Air Engineering does not offer any products for direct monitoring of liquid ammonia. Their
instruments are available for lease and are designed for monitoring air pollution.

Custom Sensors and Technology
7534 Watson Road

St. Louis, MO 63119
314-962-4555

They are very close to offering an optrode for in situ monitoring of gas phase ammonia and very
low liquid concentrations of ammonia. This optrode will be based around a reversible litmus-like
material immobilized in a piece of glass. It would be mounted on the end of a fiber optic probe that
could be located in the process stream. They are still working on the stability and reproducibility of
this product.

If the ammonia being monitored is in high enough concentration and in liquid form (very likely in
our application), it is feasible to monitor concentration by watching the absorption peak for water in the
IR region between 1100-2200 nm. They currently offer a product that can provide this type of
measurement. This method of concentration determination works for both bromine and chlorine, but
look for the absorptive peak for bromine in the UV not the IR region. Technology described in fix is
associated with their fiber optic coupling to the HP 452A fixed filter based photometric analyzer or
spectrophotometer with range of from 240nm to 1,000nm. They also offer a portable line of
photometric analyzers that cover the range from UV to near IR. They are used to monitor chemical
constituents in a flowing stream. They employ optical ﬁbers to isolate specific wavelengths of energy
from the absorbing medmm

Enmet Corporation
34680 Fairfield Court
Ann Arbor, MI 48106
313-761-1270
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313-761-3220 FAX

They specialize in health and safety devices. Their ammonia gas vapor monitor is designed to
monitor a stream of gaseous material such as ammonia and alarm on leak detection. The unit sounds
alarm at 25 ppm. They offer portable and stationary gas analyzers in the $1000-$1200 range.

Environmental Technologies Group, Inc.
1400 Taylor Ave '

Baltimore, MD 21284-9840
301-339-3146

800-635-4598 FAX

Allen Bickel

Their instruments detect both ammonia and bromide but only in gaseous state and in very low
concentrations (ppm levels). Their company is the leader in the ionized mobility spectrometry
approach for the detection of inorganic acid compounds. It uses Ni 63 as the radiation source. Itis a
time-of-flight technique similar to mass spectrometry.

Eppendorf North America, Inc.
545 Science Drive

Madison, WI 53711
608-231-1188

800-421-9988 FAX

Eppendorf does not offer this type of instrument.

Amko Systems
905 771 1444

Amko Systems does not offer this type of instrument.

FCI Fiberchem (or FCI Environmental) Inc

1181 Grier Drive, Suite B

Las Vegas, NV 89119 : 5
702-361-7921 :

David LaBlanc

They only have sensors that monitor petroleum and aromatic hydrocarbons in water. This
measurement is normally performed with gas chromatography, but instead they use a fiber optic
chemical probe that goes directly into the test solution. The hydrocarbons attach themselves to the
special chemical coating on the surface of the fiber optic cable, thereby changing the index of
refraction and effecting light transmission through the fiber. The instrument is portable, has data
logging capability, a 4-s response (but takes 5 min to get an analytical steady-state result), current
ranges up to 20,000 ppm, potentxal extended range up to 100000 ppm (10%) and a price of $6200 (but
will not detect ammonia).

Figaro USA Inc.
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1000 Skokie Blvd
Wilmette, IL 60091
708-256-3546
708-256-3884 FAX

Their device is not a precise analytiéal sensor. It is used principally for alarms etc. It is a metal
oxide semiconductor device, designed for gas phase only. Sensors cost about $52 each.

Foxboro

Bristol Park B521B

Foxboro, MA 02035

508-543-8750

800-521-0451 FAX

Darrel Hasslett 713-932-7777 ext. 2775

1) They offer the Miran 203 single beam IR gas analyzer It is used only for ambient air
measurements. The cost is usually between $7k and $8k. It responds between 0-50 ppm. They also
offer specialized units that can go as high as a 0-150 ppm range and 0-1000 ppm range. All these
instruments operate at different wavelengths around10.4 or 10.36 microns. There are three basic
products in the 970 series of IR analyzers. The first is the LUFT type. It is a non-dispersive IR broad
band unit that operates on the principle of gross absorbance of energy. All spectral information is
averaged out. The second type is the model 973 (which is the unit that he believes would best meet our

‘needs). This unit uses a line spectral comparative technique that looks at the strength of both a
reference wavelength and a measured wavelength. This is usually accomplished with filters. The third
type is the LIMOR unit that puts together a signature by scanning a set of wavelengths using an
acoustically tuned crystal to select the wavelengths. He would use the model 973 to look at the
ammonia line at 10.2 microns rather than the water line at 2.6 microns. The cost of the model 973 line
spectral comparative unit is $15k. The model 973 IR line comparison technique has an accuracy of
about +/-1%. '

They also have a conductivity and pH based technology that might be applied to the on-line
monitoring of ammonia concentration. These would also require a flow through slipstream sampling
technique. This unit is the model 873 electrode-less conductivity system. It uses no additives nor
makes any changes in the chemistry of the sampled material. It would be the least exact of the 3
methods with an accuracy of between 2% and 4%. This technology is also affected by temperature but
it can be compensated. They also carry direct reading electronic pH based measurement instruments
that might be applied to this task.

Geo-Centers, Inc., Sensor Systems Group
7 Wells Avenue ‘
Newton Centre, MA 02159
617-964-7070

Mary Beth Tabacco

They are in the final stages of development of a fiber optic ammonia sensor for NASA that can
determine concentrations either in ammonia vapor or as ammonia dissolved in aqueous solution.
Although their present application involves concentrations in the sub ppm levels, she believes that their
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technology might be extrapolated to higher concentrations. The advance prototype system will be
evaluated by NASA for use in closed loop plant growth and for monitoring the ammonia dissolved in
recirculating potable water systems and should be on the market by January 95. This sensor is
designed to detect the ammonia not the ammonium. Ammonia dissolved in aqueous solution up to a
pH of 12 will tend to be present in the NH3 (unionized) form. C8hcentration is derived by detection -
with a solid state element at the tip of a fiber optic probe and calculating the amount of non-ionized
ammonia at any given pH from the solution of the associated acid-base equations. The sensing process
that takes place at the end of the probe is closely related to the function of their pH sensor and has
something to do with a combination of pH determinations. The max size of the probe tip is 1 cm
diameter by 1 cm long. A PC interface board is currently available for their pH probe and a
comparable interface will be offered for the ammonia sensor. The price range of the ammonia sensor
is expected to be close to the $2500-$3000 cost of their pH sensor. Their process is somewhat
temperature dependent and they have only tested it up to 45°C, but it might be possible to correct for
use at higher temperatures. The presence of a small amount of sodium hydroxide in the solution
should not affect the ammonia concentration determination unless its high enough to affect the diffusion
that takes place at the sensor tip or come out of solution and build up a film on the element.

HNU Systems, Inc.

160 Charlemont Street

Newton Highlands, MA 02161
617-964-6690

800-962-6032 FAX

They offer an ion-selective electrode technology that will measure liquid ammonia concentrations.

The salesperson believed that they were the type that required a filling solution but that required no
additive to the sample. However, their air monitor/analyzer and gas chromatography products are the
products that he is most familiar. They offer a sophisticated line of photo ionization-based instruments
for process analysis. The ammonia (vapor) and ammonium/combination( liquid) probes cover a range’

-up to 17,000 ppm and the bromide probe (now discontinued) covered a range up to 79,900 ppm. The
prices for these probes range from $305 to $365 but they need to be used with a $1500 digital pH
meter. The probe is suitable for continuous on-line measurements. No sampling is involved, it goes
directly in the flow. The diameter of the probe is about 0.5 in..

Lachat Instruments

6645 W. Mill Road
Milwaukee, WI 53218
414-358-4200

800-247-7613 FA

Fred Brinkerhoff 303-659-3215

Their approach is wet chemistry automated dual beam colorimetry but the system. They can -
employ various detectors including fluorimetry, flame photometry and ion-selective electrodes. It is
adaptable to on-line application, but is primarily a laboratory system. Although it is automated, this
automation is limited to the batch processing of a large set of samples. The system’s response for
colorimetric determinations is about 30 sec and for ion-selective determinations are between 60-70 sec.
The delay is shorter for the colorimetric process because it is possible to predict the solution from the
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initial curve instead of waiting for full color development (which takes several minutes. The ion-
specific process has to go to full potential. Cost: from $20k to $50k.

Lawrence Livermore National Laboratory
PO Box 808 _

Livermore, CA 94550

510-422-3521 '

Contact: Jesse Yow

Jesse referred me to Fred Milanovich (510-422-6838) and to Bob Glass (510423-7140)
Electrochemical Sensors.

Lightsense Corporation
1513 18th Street

Santa Monica, CA 90404
714-770-3450
213-828-1045

Larry Ring

They have sensors for pH and several gases. They have performed measurements on a wide range
of pH in ammonia vapor. They are not sure about application to high concentration ammonium
hydroxide but the range could probably be extended. They use a fiber optic probe that incorporates
fluorescent dyes that remain sealed in the probe but monitor the flow through a process of ion
exchange. The real concern for them is that the dyes that they have developed are optimized for the
pH range of the health appliance industry: between 6.5 to 8. A special development effort would have
to be put into finding comparable dyes that would work at our higher pH levels. The device is not yet
on the market. They are waiting for FDA approval. It should sell in the $6K range. Very localized
continuous on-line measurements' can be made with this system. The tip of the 125 micron fiber optic
element is the active sensing area.

MDA Scientific, Inc.
405 Barclay Blvd.
Lincolnshire, IL 60069
708-634-2800
800-244-4632 FAX
Phil Baxter

Their ammonia gas sensing instruments cover the ranges 2.5 to 75 ppm for $5K and 2.5 to 200
ppm for $7.5K. They are designed for ambient air measurements.

Astro/Polymetron
' 713-332-2484 Wayne Odagard ext 29

They offer an instrument based on ion-selective electrode detection that called an on-line titrator. It
is not an acid/base titration but is comparable to the other wet chemistry systems described. Although
the system is designed to be automated and it can have samples pumped into it from a flowing stream,
the analysis has to be a batch process. A typical processing rate is 2 min per sample. The accuracy is
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0.1% and even with its built in temperature compensation the max operating temperature is 140°F.
The ion-selective probe in this instrument is designed to operate within a specific pH range. Operation
at a pH of 12 could cause problems. The additive chemical is added all at once and the ion-selective
probe determines the amount of resulting ammonia. The normal concentration ranges are: 0.1 ppm to
10,000 ppm. They offer an automatic dilution process that may extend this range by a ratio of 20:1 or
50:1. The cost is about $12K and calibration and dilution options could bring the total up to about
$16K.

They suggest using straight conductivity. Such an instrument requires no chemical additive. It is
available in either the flow-through test cell (off-line) or dual probe (in-the-flow on-line) configuration.
It has the same 0.1% accuracy as the method described above and can handle concentrations
approaching 100%. However, because the calibration of the instrument is based on the two slopes

. associated with the two sides of a parabolic curve the measurement range between 25% and 30% is not
usable. This instrument has an operating temperature range up to 300°F and it is less susceptible to pH
changes than the ion-selective approach. However,if it is true that ionic dissociation aggravat&s
conductivity determinations at pH levels around 12 then this method may be less promising. For our
application two such probes would have to be put du'ectly in the flow to make localized measurements.
The probes are about 3 in. long and about 5/8 in. in diameter.

Nova Analytical/Biomedical
200 Prospect St.

Waltham, MA 02164
617-894-0800
617-899-0417 FAX
Barbara Peterson

They do not offer any product for monitoring ammonia, ammonia hydroxide or lithium bromide.
They specialize in blood chemistry and do offer a means of analyzing the amount of lithium in blood
samples,

Orbeco Analytical Systems Inc.
185 Marine Street
Farmingdale, NY 11735
516-2934110

800-922-5242 FAX

They make the Caplan portable instrument for determining ammonia concentrations in potable
water systems. The max range is 7 ppm. To operate this system, the operator adds a reagent to the
sample then uses a filter to look for a color change. They also have ammonia analysis systems based
on the titration process.

PCP Inc. ,

2155 Indian Road |

W. Palm Beach, FL 33409-3287
407-683-0507

800-637-5307 FAX
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Their instrument uses ion mobility spectrometry. It is designed for use in ammonia vapor
concentration measurements at the ppm levels.

Research International

18706 142nd Ave NE
Woodinville, WA 98072
206-486-7831

- Contact: Eric W. Sasaki, President

They do not have a specific instrument developed for ammonia concentration determination.
However, they offer a very small highly sophisticated fiber-optic-based pH measurement probe that is
sometimes applied to the monitoring of ammonia concentration. It is only 0.014 in. in diameter and
interfaces with a PC card through a fiber optic cable. The complete package, hardware and software,
costs about $6K. It has been used to monitor 10% concentrations of ammonium hydroxide. It is well-
suited for on-line measurements. Their principal concern is that at a pH of 12, the glass in the
electrode will deteriorate. They have worked closely with other customers to provide custom probe
configurations for specialized tasks. The PC card was custom-designed, and most of the software was
developed using Quick Basic and Lab View for Windows.

Rupprect and Pataschnick Company, Inc.
8 Corporate Circle

518 452 0065

Albany, NY 12203

518-452-0067 FAX

They offer no ammonia sensing product. They specialize in particulate air monitoring systems.

Scientific Instruments
200 Saw Mill River Road
Hawthorne, NY 10532
914-769-5700

- 800-431-1956 FAX

Burt Sherry

Their instrument is designed for the continuous on-line monitoring of ammonia hydroxide
concentrations at parts-per-million levels. It uses an automated wet chemistry process that involves
adding chemicals to the sample and watching for a color change using a type of interference filter. It
does not process samples off-line and is designed for concentration levels up to 200 ppm. The cost is
between $11K and $16K.

Sensidyne Inc.

16333 Bay Vista Drive
Clearwater, FL. 34620
813-530-3602
800-451-9444 FAX
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They only have a product for ambient air measurements. It is a self-contained sampling tube that
contains a chemical(phosphorus oxide) that is neutralized by the ammoma and produces a visible stain
that is then directly read against a concentration scale.

Sensor Solid State Services

Penn Center Plaza

Quakertown, PA 18951

215-536-1990

Contact: John Chandler, Marketing Engineer

They are strictly research and development. They do not make any standard off-the-shelf sensor.

Skalar USA Inc.

500 Oakbrook Parkway

Suite 130

Norcross, GA 30093

4044166717

800-782-4994 FAX

John Stephen of Precision Analytical, 206-523-9490 local representative

They carry sensors based on the wet chemistry process and ion-selective electrodes.

Technicon Industrial Systems

511 Benedict Avenue

Tarrytown, NY 10591

914-631-8000

Now Miles Diagnostics, Technicon Division
800 241 2500

They formally carried an instrument for determining ammonia levels in blood. It was originally
produced by Cooper and now is completely discontinued.

National Draeger, Inc.
412-787-8383
800-922-5518

They offer the handheld Pack 2 instrument with data logging capability range for ammonia
concentration is 0-300 ppm. It costs about $1100. It is designed strictly for ammonia vapor
determinations. They also have the DLE kit, which uses a water sample that is drawn into a tube. It
comes with two ammonia tubes for concentrations of 1.5 to 10 mg// and 10 to 100 mg/l The cost of
the kit is $567.

Perstorp Analytical Environment
503-682-6348

800-262-3668

Ron Zabudsky 503-630-6542

C.15




Perstorp’s principal instrument for ammonium hydroxide concentration measurements uses the wet
chemistry colorimetric approach with an auto-analyzer. This technology is also sometimes called a
segmented flow instrument or flow injection instrument. It takes a sample, adds a reagent, and uses
spectroscopy to detect the resulting color change. It is capable of determining up to 1% ammonium
hydroxide without dilution of the test sample. It can process up to 80 samples per hour with a delay
from input to output of 4 min. This method is more exact than ion-selective electrode techniques.
However, their system is designed for automated batch-mode processing and it is not well suited to on-
line applications. The cost of a unit is between $15K and $20K. They market this product to the water
quality industry; this technology is EPA-approved.

A second approach uses a Tecator steam distillation process on the sample followed by a straight
acid/base titration, which results in a manually (direct-) read ammonia content value. This instrument
costs about $5K; an automated version costs about $30K. This technology has the potential to monitor
levels as high as 10%.

Perstorp owns another company that produces ion-selective probes: Ask for Ms. Davis in charge of
ITM ion-selective products (800-262-3668).

Sierra Monitor Corp.
408-262-6611
Charlene Morrison

They have two principal prdducts for sensing ammonia. The model -25 electrochemical sensor and
a go/no go product that is a solid state semiconductor sensor. '

Waltron Ltd.
908-534-5100
800-242-7353

. They have an ion-selective probe technology (model 8232). It is designed for use in ammonium

hydroxide and is microprocessor based with RS-232, RS-422 and several analog outputs at various
levels. It features 2 point auto calibration, 2 alarms, and handles any 2 consecutive decades of
concentration between 0.05 to 1000 ppm at any time. The cost of the unit is $10K.

YSI Inc.
513-767-7241
800-765-4974

They specialize in multi-parameter monitoring for ground water contamination. They use off-the-
shelf ion-selective electrode technology to detect for ammonia and ammonium, the same type of
product described elsewhere for interfacing with a standard pH meter. As mentioned elsewhere, at a
pH of 11 or 12 the ammonia ions dlssomate This makes of ammonium content based on pH or
conductivity harder to perform.

Bran & Luebbe, Inc.
708-520-0700
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They have both lab type batch mode and on-line ammonia analyzers. The batch mode devices
typically operate at 120 samples per hour and operate on the principle of adding a reagent and
performing a colorimetric analysis. The on-line units use either the colorimetric additive reagent
process or an ion-selective probe, depending on the desired concentrations. The range capability of the
colorimetric process is 0 to 15 ppm and the range capability of the ion-selective process is 0 to 2000
ppm. They can add dilution options to these on-line monitors of either 1:5 (internal) or 1:10 (external)
to extend the range up to a max of 2%. Even the on-line ion-selective unit has to pull off a sample to
perform the test. The single stream unit costs about $15K. Neither dilution method affects the test
flow. It is either on the stream (external) or inside the monitor (internal). The sample is buffered in
the monitor to maintain a constant pH and it sits in a temperature controlled heat bath because ISE
probes are sensitive to thermal changes. The unit can be set by the user to auto-calibrate periodically.
Outputs include 4 to 20 mA or RS-232 or RS-422. Operational: 3% standard deviation, 3% drift, the
internal thermostat is set to 40°C. The only possible chemical interference is volatile amines. It
requires a sample flow rate of 2 to 10 //h and a pressure of between 1.2 BAR and 10 BAR.

Cole Parmer Co.
708-647-7600
800-323-4340

Their device is based on the ion-selective technology. It consists of a $300 probe designed to be
interfaced with one of their pH meters ($600 to $2000) to take manual measurements. After the
reagent is added to the sample it takes 5 min to make a measurement. Instead of sensing the hydrogen
ion like the pH probe, this probe senses ammonia, ammonium or bromide. The reagent added is called
an ion strength adjuster (ISA). The ISA for ammonia is sodium hydroxide and the ISA for ammonium
is sodium chloride. However, the presence in our flow of a small amount of sodium hydroxide would
not be a problem, the only interfering materials for this technology are volatile amines. Concentrations
of up to 17,000 ppm may be monitored with the ammonia electrode. Concentrations of up to 18,000
ppm may be monitored with the ammonium electrode and concentrations of up to 79,000 ppm may be
monitored with the bromate probe. The operating temperature range of the ammonia/ammonium
electrode is 0 to 50°C and the operating temperature range of the bromide electrode is 0 to 80°C.

Engineered Systems & Design
302-456-0446
800-648-9355

They manufacture three products, all of which are based on the ion-selective technology. They
offer both handheld and benchtop models, but none is automated or designed for on-line monitoring.
She suggested I try Orion or Corning, both of which also offer ammonia sensing products based on the
ion-selective technology.

HF Scientific, Inc.
813-337-2116
800-798-2116

Bill Lizenby




They currently only offer a handheld test kit. They specialize in on-line process monitoring
devices and they are currently seriously looking at the possibility of developing a liquid ammonia on
line instrument. '

Quantum Analytic =
800-992-4199
George Smagernoff

They lease gas chromatography and liquid chromatography equipment and suggests that we look
into LC as a possible solution to our requirement.

ABB Process Analytic
Lewisberg, West Virginia
304-647-4358 ext 206
346-7205

Kyle Jones

Their major products are a gas chromatograph and a photometer. Their application’s engineer
advises him that high concentrations of ammonium hydroxide can best be determined with Near IR
photometry. It seems that measurements under 1% are harder to make using this technology. This
approach is non invasive and does not contaminate the flow. However, a small portion of the flow
must be directed through an optical test cell in the instrument. It measures the absorbance at specific
wavelengths determined by narrow bandpass optical filters. One line is selected for its unique spectral
identification with the test substance and the reference line is selected in an area of the spectrum where
there is very little-absorbance. They recommend test lines at 2.2 microns or 1.21 microns for
ammonium hydroxide. They noted that instrument vendors who claim that 10.2 to 10.4 microns was a
good test region were optimizing for the detection of ammonia vapor. Their dual-beam filter
photometer most suitable for this application costs about $20k without the sampling option and for an
additional $5K they could provide a custom-designed slipstream sampling system to meet our
requirements. This photometer can handle up to 150°C and up to 500 psig. The delay between input
and output is roughly equal to the time that it takes to fill the cell volume 4 or 5 times. Therefore, the
faster the test flow can be pumped through the cell volume, without exceeding 500 psig, the more
responsive the measurement will be. The delay is typically not more than 30 5. He believes that our
lithium bromide application could best be handled by their $24K UV range instrument. However, they
have never tried such a measurement.

Innovative Sensors
714-799-8781
Stephen Ruff

Innovative Sensors manufactures ion-selective electrodes that serve as the primary elements for
instruments offered by many other firms. '
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