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on Flow-Injection Indophenol Spectrophotometry with
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The sensitivity improvement of a flow-injection spectrophotometric method for the determination of ammonia was
examined based on an indophenol blue coloration reaction with salicylate and hypochlorite in the presence of
manganese(ll) as a reaction promotion catalyst. The optimal conditions for achieving higher sensitivity of ammonia
determination were examined using a three-line flow system. The limit of detection corresponding to a signal-to-noise
ratio (SN) of 3 was 0.005 mg |-* (= 5 ppb) of NH4*. A calibration graph was linear in the range from 5 ppb to 1000 ppb
of ammonium ion. The relative standard deviations (n = 9) for 50 ppb and 100 ppb of ammonium ion were 6.4% and
2.2%, respectively. The proposed method was applied to the determination of ammonia in the exhaust gas of a thermal
power plant. Prior to the FIA determination, ammonia in the exhaust gas was absorbed into a boric acid solution; the
absorption solution was then analyzed by the proposed FIA.
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I ntroduction

Nitrogen oxides (NO,) can be formed by a thermal power plant
boiler when it works under the combustion of fuel; ammoniais
added to the exhaust gas to remove NOy, which reacts with
ammonia to give nitrogen and water in a denitrification system.
Though the efficiency of the denitrification system can be
improved by increasing the amount of ammonia added to the
exhaust gas, residual ammonia, which is not used for the
denitrification reaction, can leak out of the denitrification
system and become the causes of various troubles, including
atmospheric pollution.

The determination of ammoniain exhaust gas has been carried
out by a method consisting of such procedures as sampling the
exhaust gas, the dissolution of ammonia in the exhaust gas into
an absorption solution (boric acid), and the determination of
ammonium ion in the absorption solution by a batchwise
absorptiometry. Usually, these procedures have been carried
out manually; therefore, the method used to determine ammonia
is very tedious and time-consuming.t Furthermore, to construct
an automatic feed-back system for adding adequate amounts of
ammonia to exhaust gas, a rapid and simple determination
system for ammonia is now urgently required. In order to
automate the on-site determination of ammonia in the
absorption solution, a flow injection anaysis (FIA) was
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investigated in this work.

Several methods for the determination of ammonia by FIA
have been proposed so far; some of the typical representatives
are based on a spectrophotometric measurement with Nessler's
reagent and phenol-hypochlorite reagents.2¢ The reactions with
phenol-hypochlorite reagents show a relatively high sensitivity
and selectivity for ammonia determination. Of the phenol-
hypochlorite reagents, a salicylic acid-hypochlorite reagent is
most promising with respect to the chemica stability of the
reagent used and the sensitivity for ammonium ion. As an
automated system for the rapid and simple determination of
ammonium ion, a spectrophotometric method coupled with FIA
seems to be the best choice of the flow-based analysis methods
used these days. A spectrophotometric FIA using sodium
sdlicylate was applied to the determination of ammonia in the
exhaust gas of a thermal power plant.® In a method with
salicylic acid and hypochlorite,*® nitroprusside has been used as
a catalyst. The nitroprusside is a very useful reagent for a
sensitivity enhancement of ammonia determination. However,
it is atoxic substance, and should be replaced by a non-toxic or
less-toxic substance.

In this work, some metal ions were examined as a catalyst,
and the concentrations of the reagents used for the ammonia
coloration reaction, reaction conditions and flow conditions
were examined in detail for improving the sensitivity of
ammonia determination without using nitroprusside.  The
established FIA method was found to be applicable to the
exhaust gas of athermal power plant.
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Fig. 1 FIA system for ammonia determination based on an
indophenol blue method. C, carrier (boric acid agueous solution); R1,
reagent solution | (sodium salicylate, Mn(Il), potassium sodium
tartrate and sodium hydroxide); R2, reagent solution Il (sodium
hypochlorite and sodium hydroxide); P1, pump (0.5 ml min?); P2,
pump (0.2 ml min?); S, sample (0.5 mm i.d. x 1.5 m, 300 pl); RC,
reaction coil (1.0 mmi.d. x 20 m); WB, temperature-controlled bath;
CC, coaling coil (0.5 mm i.d. x 1 m); D, detector (665 nm); REC,
recorder; BPC, back-pressure coil (0.25 mmi.d. x 1 m); W, waste.
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Fig. 2 Comparison of the coloration reaction time of Mn? with
nitroprusside used as an acceleration catayst. (A), (B) and (C),
Mn?*; (@), (b) and (c), nitroprusside. NH,* (mg 17%): (A) and (a) O, (B)
and (b) 0.5, (C) and (c) 1.0.

Experimental

Apparatus
A flow diagram for the determination of ammonium ion is

shown in Fig. 1. The FIA system was mainly composed of a
Hitachi FIA system (Model K-1000), a Hitachi plunger pump
(Model L-6320), a Hitachi spectrophotometric detector (Model
L-4200; optical path length, 10 mm of the flow cell; capacity,
17.7 yl; measurement wavelength, 665 nm), and a GL Sciences
data-processing software (V station).

Reagents

All of the solutions used were prepared using highly pure
water of 18.3 MQ cm, which was prepared with a Milli Q
system (Millipore Milli-Q SP TOC); the chemicals used were of
analytical reagent grade.
Reagent solutions | and 1. Reagent solution | was prepared
by dissolving sodium salicylate, potassium sodium tartrate, and
manganese sulfate in water. Reagent solution |l was prepared
by dissolving sodium hypochlorite in a sodium hydroxide
solution (0.5 M) to give a 0.2% (active chlorine) solution.
Sandard ammonium ion solution. A stock solution
containing 100 mg I-* NH4* was prepared by dissolving 0.297 g
of ammonium chloride in 1 | of highly pure water. Working
solutions were prepared daily by diluting a stock solution of
ammonium chloride accurately.
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Table 1 Effect of metal ions as a catalyst for the determination
of ammonia

Metal ion Concentration/M Absorbance
Mn2 25x10° —a
1.0x10* —a
5.0x10° 0.0017
25x10° 0.0017
20x10° 0.0017
0 0.0001
Co* 25x10° 0.0010
Cu? 25x10° 0.0006
Fe? 25x10° 0.0003
Fe* 25x10° 0.0013
Fe(CN)s* 25x10° 0.0011
Fe(CN)s*™ 25x10° 0.0015

a. Precipitation of manganese hydroxide occurred.

Concentration of NH,* : 0.5 mg I~. Reaction temperature was 80°C,
and the reaction tubing was 0.5 mm i.d. x 6 m. Absorbances show
the ones corresponding to peak height.

Results and Discussion

Investigation of catalysts for a sensitivity improvement of
ammonia detection

Sodium nitroprusside acts as a catalyst for the formation of
indophenol derivatives. However, sodium nitroprusside is
known to be toxic, and a specia treatment for experimental
waste is necessary. In this work, other metal ions were
examined to replace the nitroprusside. Manganese and other
metals or metal complex ions { Co?*, Cu?*, Fe**, Fe**, Fe(CN)g®*
and Fe(CN)s**} were examined; each metal or metal complex
ion was added to reagent solution | in place of sodium nitro-
prusside. Asshown in Table 1, of the metals or metal complex
ions, Mn?* was found to show the largest accelerating effect.

In order to compare the efficiency of catalysts with each other,
the behavior of the color development was examined using
nitroprusside and Mn?* as a catalyst by a batchwise method.
The obtained results are shown in Fig. 2. The absorbances with
nitroprusside became almost identical within 30 min, while in
the case of Mn?* about 8 h was required to obtain identical
absorbances, which was about one tenth of the nitroprusside
method. These results indicate that Mn?* was less effective as a
catalyst than nitroprusside in batchwise absorptiometry. To
improve the sengitivity in the Mn> method, some other
conditions for reaction acceleration must be examined in the
FIA measurement. In the FIA measurement, various kinds of
experimental parameters, such as reagent concentrations,
reaction temperature and flow conditions, were re-examined to
improve the sensitivity in the ammonium determination with
Mn?* used as a catalyst.

The effect of the concentrations of manganese sulfate in reagent
solution | on the peak height was examined in detail by varying
the concentration of Mn?* from 0 to 2.5 x 10° M. The peak
height was increased with an increase of the Mn?* concentrations,
the accelerating effect was almost identical at concentrations
from2 x 10° M to 5 x 10° M, and at Mn?" concentrations of
more than or equal to 1 x 10 M, the PTFE tube was sometimes
blocked by the deposition of manganese hydroxide. Therefore,
2.5x10° M of Mn?* was adopted in further experiments.

Effect of the reagent concentrations on a senstivity
improvement of ammonia detection
The effect of the concentrations of sodium salicylate in
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Fig. 3 Effect of the concentrations of sodium salicylate on the
absorbance corresponding to the peak height. NH4* (mg I-%): (A) 5,
(B) 10.
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Fig. 4 Effect of the concentrations of sodium hypochlorite on the
absorbance corresponding to the peak height. NH4* (mg I-%): (A) 5,
(B) 10.

reagent solution | on the peak height was examined by varying
them from 0.5 M to 3 M; the obtained results are shown in Fig.
3. The peak height increased with increasing the concentration
of sodium salicylate. In the concentration ranges above 3 M, it
was very difficult to dissolve sodium salicylate into water. In
further experiments, 1.75 M was adopted because the difference
in the absorbance between 3.0 M and 1.75 M was not very
large, and sodium salicylate easily dissolved in solution I. In
previous work with nitroprusside,® 1.4 M salicylate, which is a
little lower than that in the present work, was used. The peak
height decreased with an increase in the concentration of
sdicylate in the regions of salicylate concentrations more than
1.4 M (=200 g IY). Thisis because the nitroprusside is a very
effective catalyst, and the coloration reaction is finalized in a
short time compared with Mn?*,

The effect of the concentrations of sodium hypochlorite in
reagent solution Il on the peak height was examined by varying
them from 0.02% to 0.3% (active chlorine); the obtained results
are shown in Fig. 4. The peak height was increased with
increasing the concentrations, and approached an amost
identical height when more than 0.2% of active chlorine was
present; in further experiments, 0.2% was adopted. In previous
work,? the concentration of active chlorine was 0.06%, which
was lower than that in the present work. This is probably
because the reaction with Mn?* as a catalyst is slower than that
with nitroprusside, and therefore higher concentrations of
hypochlorite are better for accelerating the reaction.
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Fig. 5 Effect of the reaction tubing length on the absorbance
corresponding to the peak height. NH4* (mg I%): (A) 5, (B) 10. o
and a: 0.5mmi.d. tubing; e and a: 1.0 mmi.d. tubing.

Effect of the reaction tubing length on the sensitivity
improvement of ammonia detection

In previous work with nitroprusside,® reaction tubing of 0.5
mm i.d. x 6 m was used; this short tubing was enough to
complete the coloration reaction. However, in the present study
with Mn?* as a catalyst, the reaction rate seems to have been
slower than that with nitroprusside, as shown in Fig. 2. The
length of the reaction tubing was examined by varying its length
(0.5 mmi.d.) from4 mto 10 m. The peak height was gradually
increased with increasing the tubing length. However, the
increase in the peak height was not large, as shown in Fig. 5.
For a more effective enhancement of the sensitivity, a larger
bore tubing (1.0 mm i.d.) was used. Tubing from 11 mto 20 m
of the 1.0 mm i.d. was examined to make the reaction time
longer. When the tubing length was increased, the peak height
increased substantially (Fig. 5). When 20 m of 1.0 mm i.d.
reaction tubing was used, the peak height was about 8-times
higher than that of the 0.5 mm i.d. x 6 m used in previous
work.6 Because a high pressure was necessity to propel the
solutions and a difficulty existed to use a heating apparatus for a
long reaction tubing, a reaction tubing longer than 20 m was not
examined. In further experiments, the reaction tubing was fixed
a 20 m x 1 mm i.d. The capacity of the 20-m tubing
corresponds to that of the 80 m of 0.5 mm i.d. in volume.

Effect of the reaction temperature on the sensitivity

The effect of the reaction temperature at the reaction tubing
was examined by varying the temperature from 40°C to 110°C
with an aluminum block heater. The obtained results are shown
in Fig. 6. The peak height increased with an increase in the
temperature, and at a temperature of 80°C or more the peak
height became almost identical. In previous work,® the effect of
temperature on the sensitivity was very critical; the highest
sensitivity was obtained at 80°C, and at a temperature below or
above 80°C the sensitivity became worse. In the present study,
the sensitivity slightly increased up to 100°C and dlightly
decrease at 110°C. In further experiments, the temperature was
fixed at 80°C.

Effect of the sample volume and flow rate on the sensitivity

The effect of the sample volume on the peak height was
examined by varying it from 100 pl to 700 Wl. The peak height
was increased with increasing the volume, and amost
approached an identical height when more than 300 pl was
injected; in further experiments, 300 pl of the sample was
adopted. The effect of the flow rate of the reagent solution |1
containing sodium hypochlorite was examined by varying it
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Fig. 6 Effect of the reaction temperature on the absorbance
corresponding to the pesk height. NH,* (mg [7): (A) 0.5, (B) 1.0.
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Fig. 7 Flow signals for standard ammonium ion solutions. NH,*
(ng mi=Y): (A) 10; (B) 20; (C) 50; (D) 100; (E) 500; (F) 1000.

from 0.1 to 0.5 ml min-t under the condition that the flow rate of
the pump 1 was 0.5 ml min~t. The peak height increased with
increasing the flow rate, and became almost identical in the
ranges between 0.2 to 0.4 ml min-, and became lowered above
0.4 ml minY; a flow rate of 0.2 ml min? was adopted in the
present study.

Calibration graph

Under the optimal conditions fixed in this work, a calibration
graph for ammonia determination was prepared using the flow
system shown in Fig. 1. Flow signals obtained using standard
solutions of ammonium ion are shown in Fig. 7. The calibration
graph showed good linearity in the range of 5- 1000 ppb (ppb =
ng ml-t) of NH,*, and the linear-regression equation was Y =
0.064X + 0.001 (where Y and X represent the absorbance
corresponding to peak height and the concentration ppb,
respectively). The relative standard deviations for seven
measurements of 50 and 100 ppb NH4* were 6.4% and 2.2%,
respectively. The limit of detection (LOD), corresponding to a
signal-to-noise ratio of 3, was 5 ppb of NH;*. The LOD in the
present study was about two-times as large as that (2 ppb) in the
previous work with nitroprusside as a catalyst,® and almost the
same as that in the long gas-diffusion/FIA method.” The time
required to measure one sample by the proposed FIA method
was about 3 min, which was much shorter compared with the
conventional method now used in the JI'S method.*

Effect of coexisting ions

The interferences due to various ions usually found in a
absorption liquid, which absorbs ammonia in the boiler exhaust
gas, were examined. The obtained results are given in Table 2.
The concentrations of the various ions in the solutions that
absorbed actual exhaust gas were fairly lower than those in
Table 2. As aresult, the interferences from coexisting ions are
not necessary to take into account in the proposed method.
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Table 2 Effects of coexisting substances that can exist in the
absorption liquid for the usua boiler exhaust gas

Substance Tolerable concentrations of ion/M
Nat, ClI- 1.0x10*
Ca*, K*, Mg, COs>, SO 05x10°
NOs, NO;, Si%, Al*, Fe? 1.0x 103

Table3 Determination of ammonium ion in absorption liquids
which dissolved ammoniain real boiler exhaust gas

This method lon chromatog® (n=3)
Sample  NHs# RSD®, NH, NHs/ RSD, NHg,
mg I % ppm mg |7 % ppm
A 0.54 22 18.2 0.54 11 18.2
B 1.03 18 34.8 1.00 0.8 33.8

a. Mean values of six measurements. b. Relative standard deviations
of six measurements. c. Exhaust gas sampled was 10 |, which was
absorbed in 250 ml of the absorption liquid (boric acid solution) by
using the gas sampling system. d. Ammonia contents in exhaust gas:
ppm (V/v).

Application to the determination of ammonium ion in practical
samples

The determination of ammonium ion in the absorption liquids
was performed by the proposed method. The concentrations of
ammonium ion in the absorption liquids determined by the
proposed method are summarized in Table 3. The analytical
results obtained by the proposed method are in good agreement
with those obtained by ion chromatography. From these results,
the proposed method was found to be sufficiently sensitive for
the determination of ammonia for contents of 0.6 ppm (ppm = 1
ml m3) or more in the exhaust gas, when ammonia in 10 | of
exhaust gas was absorbed in 250 ml of the absorption liquid
using the ammonia sampling system, which has aready been
developed and used in our thermal power plant.

The proposed method does not require a highly toxic
substance, like nitroprusside. Furthermore, there are some
advantages in the proposed FIA method: a shortening of the
measurement time, a simple and automatical measurement
procedure, and a relatively sensitive method for the
determination of ammonia. Also, the proposed method can be
widely applicable to various kinds of practical samples, for
exampleriver, lake and sea water samples.
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