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ABSTRACT

Addition of ammonia or urea to the combustion zone of a boiler has been shown
to reduce the formation (and thus emissions) of oxides of nitrogen. However, under
certain conditions, some of the ammonia will “slip” by and may be emitted to the
atmosphere. Several states are interested in monitoring such ammonia “slip” emissions
and other sources of ammonia. Industries are interested in using ammonia emissions data
to guide them in optimizing the ammonia injection technology. However, no EPAapproved measurement method has been available.
This report gives information on results from a field test of a wet chemistry
method for collection and analysis of ammonia at a coal-fired power plant. In the
method, stack gases are sampled isokinetically, pulled through an in-stack filter, and
bubbled through 0.1 N sulfuric acid impinger solution to trap the ammonia as ammonium
ion. The ammonium ion is quantified by ion chromatography. From this analytical result
and the measured total volume of the sample, the stack gas ammonia concentration can be
calculated. The method was found to be acceptable per EPA Method 301 specifications
if a correction factor is applied.
This report is submitted in fulfillment of U.S. Environmental Protection Agency
Contract No. 68-D2-0 163, Task No. 2- 11, by Research Triangle Institute and Entropy,
Incorporated.
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SECTION

1

INTRODUCTION
Addition of ammonia or urea to the combustion zone of a boiler has been shown
to reduce the formation (and thus emissions) of oxides of nitrogen. However, under
certain conditions, some of the ammonia will “slip” by and may be emitted to the
atmosphere. Several states are interested in monitoring this ammonia “slip” and other
ammonia emissions. Industries could use the ammonia emissions data to guide them in
optimizing the ammonia injection technology. However, no EPA-approved measurement
method has been available.

This report gives information on results from a field test of a wet chemistry
method for collection and analysis of ammonia at a coal-fired power plant. In the
method, stack gases are sampled isokinetically, pulled through an in-stack filter, and
bubbled through 0.1 N sulfuric acid impinger solution to trap the ammonia as ammonium
ion. The ammonium ion is quantified by ion chromatography.

From these analytical

results and the measured total volume of sample, the stack gas ammonia concentration
can be calculated. The method was found to be acceptable per EPA Method 301
specifications if a correction factor is applied to the data.

LABORATORY

STUDIES

A wet chemistry method, employing isokinetic sampling and using the Method 5
impinger train was chosen for study as the sampling and collection method. Ion
chromatography was chosen as the analytical method.

.
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Initial work in the laboratory prior to the field tests was conducted to verify the
collection efficiency of several types of acidic impinger solutions and evaluate the
viability of ion chromatography as an analysis method for these solutions. Oxalic,
hydrochloric,

and sulfuric acid solutions all worked well. Sulfuric acid, 0.1 N solution,

was chosen due to its excellent retention of ammonia and because it has been used in
other stack sampling methods and is thus familiar to users. Studies were made at
concentrations ranging from 1 to 5 ppmV ammonia. The sampling flow rate decided
upon was 0.5 A3/min. The sampling time was generally 30 minutes to 1 hour. The
impinger solutions were diluted to a sulfate concentration of -0.04 N before analysis.

SamDle Stabilitv

Studies

Refrigerated (- 4 “C) and room temperature (- 20 “C) 4 and 400 ppm by weight
solutions of ammonium ion in 0.1 N acid were studied over a 20-day period. At either
temperature, solutions were found to be stable and gave recoveries between 98 and 107
percent as compared to the initial value.

Effects of Moisture

and Temperature

A laboratory ammonia generation system consisting of a source of clean air, a unit
to supply water vapor, and a unit to inject dilute ammonia gas from a cylinder was
assembled, tested, and verified to give reliable and reproducible concentrations of
ammonia at concentrations from 1 to 5 ppmV. The Method 5 train (a Method 17 train
without the in-stack filter) sampled from the ammonia generation system at a rate of -0.5
ft3/min at various probe and filter box temperatures and at various water vapor levels up
to 10 percent. Near-quantitative

recoveries of 1 ppmV ammonia were achieved at

temperatures from 110 “C (230°F) to 175 “C (350 OF).
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Because ammonia is a reactive gas, the quantitative delivery of the gas from the
spiking cylinder to the point of attachment to the Method 17 train spike port was verified
in the laboratory. The Scott Specialty Gas cylinder (143 ppmV certified value) was
connected to the same mass flow controller system that would be used at the field site.
The system was first flushed with gas at a high flow rate. The flow rate was then set to
-0.07 L/min and the output of the mass flow controller was bubbled for 40 minutes
through 0.1 N sulfuric acid contained in a series of three midget impingers. Analysis of
the impinger solutions with an ammonia sensing electrode showed 94.4 percent recovery
of the predicted concentration.

These results were within the limits of the cylinder

manufacturer’s stated accuracy.

FIELD

STUDIES

Samding

Location

A coal-fired power plant which uses the urea-injection technology for NO, control
was agreed upon as a suitable test site. Plant personnel, who were very helpful and
cooperative, mentioned that particulate matter would be present at various points in the
process. This particulate matter would likely contain ammonium salts and furthermore
could absorb or desorb ammonia gas. This knowledge should be taken into consideration
during sampling. After conferring with EPA, it was decided to modify the proposed
sampling method by placing an in-stack filter at the entrance to the probe rather than
placing the filter downstream of the probe in the Method 5 filter box. This change made
the stack sampling procedure like that of EPA Method 17. The purpose of the in-stack
filter was to remove particles at the earliest point in the sampling stream and keep them at
stack temperature rather than allow them to enter the filter box and be subjected to higher
temperatures than present in the stack or vent.
3

resurvey Study

A presurvey study was conducted at the power plant. Three locations were
suggested. One was immediately downstream of the boiler firebox in an area that was
very hot. The second was further downstream of the boiler at a point where some of the
particles had been removed mechanically but prior to the sulfur dioxide scrubber and the
baghouse. The third location was a point on the stack itself. Plant personnel believed
that emissions collected at the third point would have little or no ammonia present since
the sulfur dioxide scrubber and the baghouse that precede this point are effective
ammonia scrubbers. The second point was chosen for sampling because it was
convenient and ammonia was expected to be present.

Presurvey tests showed that ammonia was indeed present at the second location at
concentrations of approximately

12 to 14 ppmV. Particulate matter was also present and

some difficulties were encountered with the use of the in-stack filters. An ammoniaspecific electrode was used to make on-site checks of the ammonia concentrations.

Ion

chromatography analysis of the solutions occurred a few days later and the results agreed
within f 10 percent with the values obtained with the ammonia-specific

electrode.

During the time interval between the presurvey and the full method testing, the
collection method was further studied, a quadtrain sampling system was built, and new
in-stack filters were acquired for use.

Method Tests

A Site-Specific Test Plan was prepared for use during the method testing phase.
All tests of the method were made at the location noted above. Samples were collected in
quadruplicate using a quadtrain assembly. Instructions given in EPA Method 301
4

concerning sample spiking were followed. A total of nine runs were made over a fourday period. Of these, six were considered valid. The contents of the impingers were
analyzed on-site using an ammonia-specific electrode so that the spiking level for the
next run could be decided based on the results of the prior run. However, this strategy
was only partially successful since the plant operation varied depending on the electrical
demand of the customers. Thus, the particulate loading and ammonia concentration were
not as uniform as had been hoped. These variations, in turn, required changes in sample
collection duration and affected the ability to accurately predict spike gas concentrations.

5
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AND RECOMMENDATIONS

Laboratory and field experiments were carried out to validate a collection and
analysis method for ammonia emitted from stationary sources. The method, based on
isokinetic sampling according to EPA Method 17 and ion chromatography

analysis of

ammonium, is presented in Appendix A of this report.

Laboratory experiments demonstrated that 0.1 N sulfuric acid impinger solution
was very effkient

in collecting ammonia in air at concentrations of 1 ppm and higher, at

flow rates of approximately 0.5 A3/min. Samples were shown to be stable for greater than
20 days when stored at room temperature or when refrigerated at 4 “C. Laboratory
experiments also determined the optimum temperature that would prevent ammonia in a
moist sample from being retained in the glass sampling probe or on the fiberglass
particulate filter was between 110 “C and 175 “C.

Analysis of impinger solutions by ion chromatography was demonstrated to be
accurate within 10 percent of expectations and precise if sulfate concentrations in the
sample matrix and in the calibration solutions were both matched at - 0.04 N.

A field validation study of the method was conducted at a coal-fired power plant
that uses the urea injection process to control NO, emissions. Six sets of valid samples
were taken over a four-day period. EPA Method 301 procedures were used to evaluate
the precision and accuracy (bias) of the method.
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CONCLUSIONS

The following

conclusions regarding the performance of the method can be

drawn.

Interference

to analysis, No other peaks appeared in the vicinity of the

ammonium peak in the ion chromatograph.

The presence of small amounts of particulate

matter in the samples and the occurrence of ammonium concentrations below 0.3 pg/mL
of impinger solution are believed to adversely tiect

the precision and accuracy of the

analysis procedure.

Precision evaluation,

Tests of the method yielded a relative standard deviation

(RSD) for the pooled spiked and unspiked samples of 19.2 percent. Thus, the method
meets the Method 301 precision criteria that the RSD for both spiked and unspiked
samples be less than 50 percent.

Accuracy (bias) evaluation.

The sampling bias for the method was found to be

0.68 pg/L (0.96 ppmV) which is 15 percent of the mean theoretical spiked sample value
of 4.57 &L.

The t-statistic for bias was calculated and gave a result of 3.13. This t-

statistic was compared to the critical value at the 95 percent confidence interval and n-2
degrees of freedom (i.e., 10) , which is 2.23. The bias of the method is thus statistically
significant and the calculated correction factor (0.87) should be applied.
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RECOMMENDATIONS
It is recommended that the method be employed for collection and analysis of
ammonia from stationary sources. Special care must be taken when particulate matter is
present so that it does not break through the filter and enter the sampling probe and/or
impingers.

This happened in several instances in the field validation of the method. The

precision of sampling and recovery of spiked samples were affected by the presence of
these particles.

a
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PROCEDURES

SAMPLE

COLLECTION

AND ANALYSIS

Procedures for collection and analysis of ammonia using the EPA Method 17 train
and ion chromatography

are given in Appendix A to this report. The reader should also

consult the Code of Federal Regulations, Section 40, Part 60, Appendix A, Method 17.

DATA ASSESSMENT

EPA Method 301 provides procedures by which one can determine if a proposed
test method meets Agency requirements when no validated method exists for comparison.
Method 301 includes procedures for determining and documenting the systematic error
(bias) and precision of measured concentrations from a given source. Three sampling
approaches are described in Method 30 1; isotopic spiking, comparison against a validated
test method, and analyte spiking. Isotopic spiking is only suited for methods that are
capable of identifying

different isotopic masses of analytes (e.g. mass spectrometry and

neutron activation analysis). Comparison against a validated test method requires that a
validated test method exist for the compounds of interest; however, no such method
exists for ammonia. Thus, analyte spiking is the only approach available in Method 301
for validating the ammonia collection/analysis method.

9

The analyte spiking approach requires that at least four trains collect samples
simultaneously from a single pollutant source. Half (i.e., two) of the sampling trains are
spiked with a known additional amount of the pollutant.

A minimum of six sampling

runs are required, each using quadruplicate trains.

Systematic Error (Bias)

Bias, The bias (B) is calculated from the measured sampling train response and
the calculated spike level as:
B = Sm - Mm

- CS

(1)

where S

= mean measured spiked value,
MiIi = mean measured unspiked value, and
cs = calculated spike value.

Since our calculated spike values were slightly different for each spiked sample train and
run, the bias (Bij ) was calculated separately for each train (I) and run (j) as:
Bij

(2)

= Sij - M. J - CSij

where Sij = measured spiked value for train i on run j,
Mj = average of measured unspiked values for run j, and
cs ij = calculated spike value for train i on run j.
The overall bias (B) was then calculated as the average of the bias over all runs (j) and
spiked trains (I), i.e.:

B =

is1

Bii
j=l

(3)

-’

12
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The statistical significance of the bias is evaluated using

the Student’s t statistic, which is calculated as:

IB I

t=

(4)

Sf + ss2
1

12

where

B = Bias (Equation
3) and
=
standard
deviation
of the unspiked
and spiked
%l ’ 5
samples, respectively
(Equations
6 and 7).

The bias is significantly non-zero if the t value calculated by equation 4 is greater than the
critical value of Student’s t for 95 percent confidence and n - 2 degrees of freedom (i.e.,
t = 2.228 at 10 degrees of freedom).

Correction

Factor

A method with statistically significant bias may be acceptable under the
provisions of EPA Method 301 if the bias level is sufficiently low, in this case within
30 percent. If this is so, the results would be multiplied by a factor to correct for the bias.
A method correction factor is to be used if and only if the bias is significantly

11

non-zero.

If the bias is not significant, then no correction factor is to be calculated.
Otherwise, the correction factor (CF) is calculated as:
CF=

1
1 +B

(5)
cs

where

B = Bias (Equation
3) and
cs = calculated
spike level (averaged

over all spiked

samples).

The correction factor must be between 0.7 and 1.3 for a method to be acceptable.

Precision

Unspiked Samples, The standard deviation of the unspiked values (SD,) is

calculated as:
5 d.’

(6)

j=l'

2n

where

dj = difference
between unspiked
n = number of sampling
runs.

trains

for the j th run and

Spiked Samples. The standard deviation of the spiked values (SD,) is calculated
&S:

SDS =

5 dj2
j=1
2n

(7)

where sj = difference
between spiked trains
n = number of sampling
runs.

12

and

. .
Devlatlon,

d St-d

If the standard deviations of the spiked and

unspiked samples are not significantly different, they may be pooled to obtain an overall
method standard deviation.

The significance of the difference in the spiked and unspiked

standard deviations is evaluated by calculating the F ratio statistic as:

F=s,

2

(8)

where s, and s, are the standard deviations of the unspiked and spiked samples,
respectively (Equations 6 and 7). If the calculated F ratio is within the limits for a
95 percent confidence level at 5 degrees of freedom (i.e., 0.139 to 7.146), then the pooled
standard deviation (SDP,,J may be calculated as:

ss2
+s:

(9)

2

where

s,, = standard
% = standard

deviation
deviation

Relative Standard

of the unspiked
samples (Equation
6) and
of the spiked samples (Equation
7).

Deviation,

The relative standard deviation (RSD) is

calculated as:

RSD=-!%n
where

(10)

s = standard deviation
(pooled
=
mean
of
unspiked
samples
%n
is for spiked samples).

if possible),
(mean of spiked

samples

if s

The method and data are acceptable if the RSD is less than or equal to 50 percent.
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AND DISCUSSION

Results from the field validation test samples, collected from the power plant vent
on the dates July 18 through 2 1, 1995, are given in Table 1. For each sample, the table
lists the sample’s number, the sampling date and clock time of sampling, the volume of
sample collected, the measured ammonia concentration in pg/L of dry gas, the calculated
and theoretical amounts of ammonia spiked from the compressed gas cylinder, the ppmV
concentration of ammonia in the vent gas, and the percent recovery of the spike gas.
Footnotes to the table explain the methods of calculation.

By way of explanation, number 1-A describes the sample from
number 1 with an individual

quadruplicate run

sample train designation of A. In each run there were four

sample train designations: A, B, C, and D.

The operational data from the sampling trains were monitored during sample
collection.

On several occasions the particulate collected from the vent built up to such

an extent on the in-stack filters that the sampling train’s ability to maintain isokinetic flow
was nearly exceeded. In such cases the planned sampling time was shortened and the
spiking gas was turned off early. Data from samples 3,7, and 9 were not used in the
Method 301 computations. Samples 3 and 9 were invalidated due to filter overloading
which demanded the sampling pumps be shut off after a very short sampling period;
sample 7 was invalidated due to an apparent error in metering gas from the spiking
cylinder to the quadtrain.
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TABLE
Sample No. (sampling
date and time)

Volume Sampled”
(spike volume), L

Measured
NH,, pg/Lb

1-A

466.3

3.235

1-B

429.5 (39.1)

12.918

1-c

441.1

2.42 1

7-18-95 (1451-1531)

II

1. AMMONIA

1-D

METHOD

FIELD TEST RESULTS

Calculated NH, spiked, pg/L
(calculated/ theoretical)

Percent
recovery of spike”

NH,, ppmv,
vent gasd

1

I

425.1 (38.8)

I

14.374

I

4.6

I

10.09/9.22

109.4
3.4

I

11.54619.24

I

I

125.0

7- 19-95 (08 12-0852)
2-A

409.7 (14.7)

4.534

3.69713.630

101.8

2-B

435.2

0.933

2-c

426.2 (15.0)

5.184

2-D

435.1

0.742

4-A

165.2 (7.1)

4.856

4-B

173.5

0.328

4-c

165.7 (6.8)

4.848

4-D

170.0

0.341

0.5

5-A

517.6

0.903

1.3

5-B

363.5 (16.6)

6.393

5-c

455.4

0.469

5-D

366.6 (16.8)

6.441

1.3
4.34713.556

122.2
1.0

-

7-19-95(1645-1700)
4.522J4.352

103.9
0.5

4.514J4.131

109.3

7- 19-95 ( 1959-2039)

5.707J4.620

123.5
0.7

5.755J4.629

124.3

I

TABLE
Sample No. (sampling
date and time)

1. AMMONIA

METHOD

FIELD

TEST

RESULTS

(Continued)

Volume Sampled”
(spike volume), L

Measured
NH,, @Lb

Calculated NH1 spiked, ug/L’
(calculated/ theoretical)

NH,, ppmv,
vent gasd

6-A

23 1.5 (6.8)

12.649

5.099.2.952

1.3

6-B

234

7.136

6-C

232.3 (6.4)

11.764

6-D

232.5

7.964

8-A

210.7

5.018

8-B

214.1 (6.1)

5.910

8-C

225.9

3.705

Percent
recovery of spike’

7-20-95 (11521222)
.

123.5
4.2 1412.777

0.7
124.3

7-2 l-95 0846-09 16)
7.1
1.54912.875

53.9
5.3

I

8-D
213.0 (6.0)
6.327
I .966/2.870
68.5
All volumes corrected to 20 deg. C, 1 atmosphere pressure. Spiked sample volumes corrected by subtracting volume of spiking gas from total
volume.

b

Analytical values determined in the laboratory approx. 10 days after sample collection. Expressed as pg NH,/L of dry stack gas.

C

Calculated ammonia spiked, pg/L = [(measured concen., pg/L, spiked sample) - (avg. meas. concen. pg/L, unspiked samples)]
Example for spiked sample 1-B: [(12.918) - (3.235 + 2.421)/2] = 10.09 ug/L . .
(cylinder concentra IO . no-me.
WC10 -6&&(..l?.O3 &wle)
Theoretical ammonia spiked, pg/L =
(24.04 L/nmole)(volume sampled, L)
Example for spiked sample 1-B:

(143 pnmj(39.1 LX10m6r&.&(17. 3 g/mole)
(24.04 L/mole)(4!9.5 L)

d

ppmV NH3 in stack gas = (pg NHJL of dry gas measured) x (1.4 1250734)
Example for unspiked sample 1-A: (3.235 &L) x (1.4 1250734 pL/pg) = 4.569 ppmV

e

Percent recovery of spike = (calculated spike)/(theoretical spike) x 100

= 9.22 jig/L

The vent gas ammonia concentrations ranged from 0.5 to 11.2 ppmV and
averaged 3.9 ppmV. The power plant’s operating conditions varied in response to load
requirements during the time frame of the sampling tests.

PRECISION

EVALUATION

Results of the Method 301 statistical analysis of precision are shown in Table 2.
Tests of the method yielded a pooled relative standard deviation (RSD) of 19.2 percent.
Thus, the method meets the Method 301 precision criteria that the RSD be less than 50
percent.

ACCURACY

EVALUATION

The ammonia collection/analysis method gave an average recovery of 112.2
percent. Table 2 also presents accuracy assessment information

for the method. The

sampling bias for the method was found to be 0.68 ug/L (0.96 ppmV) which is 15 percent
of the mean theoretical spiked sample value of 4.57 pg/L (6.43 ppmV). The t-statistic for
bias was calculated and gave a result of 3.13. This t-statistic was compared to the critical
value at the 95 percent confidence interval and n-2 degrees of freedom (lo), which is
2.23. The bias of the method was statistically significant and thus the calculated
correction factor (0.87) should be applied.
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TABLE

2. PRECISION

AND ACCURACY

OF AMMONIA

METHOD’

I RESULT

STATISTIC
Standard deviation of spiked samples, SD,

0.540 pg/L

Standard deviation of unspiked samples, SD,

0.524 pg/L

Pooled Standard Deviation

0.532 pg/L

Relative Pooled Standard Deviation

0.1924

Sampling bias

0.679

t value for bias

3.13”

Correction factor

I

0.87b

a Critical value for ten degrees of freedom at 95 % confidence interval = 2.23.
b Correction factor is applicable based on these results.
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