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Abstract

The thermal decomposition of urea can yield a wide variety of products; apart from ammonia and isocyanic acid,
addition compounds of higher molecular mass may appear. In order to detect their presence in exhaust gases from
a selective catalytic reduction (SCR) process using urea as a reducing agent, a chromatographic method was
developed. The chromatographic separation is performed on an anion-exchange column using a phosphate buffer
(pH 7) as eluent and UV detection at 190 nm. The method allows the simultaneous determination of neutral
compounds (urea, biuret, melamine, ammeline) and of anions (cyanurate, isocyanate, acetate, formate, nitrite,
nitrate, etc.). The value of the method for optimizing urea-SCR process design is illustrated.

1. Introduction

In recent years, urea has found increasing
application as a selective reducing agent for
nitrogen oxides (NO,) from combustion pro-
cesses. At the Paul Scherrer Institute we have
been investigating the selective catalytic reduc-
tion of NO, from diesel exhaust gases since 1988
[1,2].

Urea is usually atomized as a 40% aqueous
solution into the hot exhaust gas (250-450°C) in
front of the selective catalytic reduction (SCR)
catalyst and decomposes primarily into ammonia
and isocyanic acid according to

NH,CONH, — NH, + HNCO (1)
In addition of this decomposition, larger mole-
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cules may also be formed as a result of secondary
reactions deriving from the highly reactive iso-
cyanic acid. Trimerizations leads to cyanuric
acid, a very stable ring compound. Addition of
isocyanic acid to urea forms biuret. Other pos-
sible compounds include ammeline, ammelide,
melamine, melam and melem. It has therefore
been argued that the urea-SCR process could
potentially emit new by-products of questionable
toxicity. It is also possible that the formation of
these compounds could increase the problem of
particulate emissions.

High-performance liquid chromatography was
deemed the method of choice for determining
this variety of possible compounds, but the
search for the appropriate combination of col-
umn and eluent was complicated.

Preliminary experiments were made using var-
ious reversed-phase columns, water or 5 mM
phosphate buffer (pH 7) as eluent and UV
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detection at 196 nm. They were based on work
concerning the determination of cyanuric acid as
described by Tucker and Blade [3] and by
Briggle et al. [4]. The columns tried included
Waters Novapak C,;; and Puresil C,4, LiChros-
pher RP-18, cyano (Brownlee) and phenyl
(Brownlee).

It was observed that urea and cyanuric acid
could be separated on these columns, but that
urea eluted too early. When real samples
(exhaust gas absorbed in water) were injected it
was apparent that urea was hardly retained,
appearing together with the solvent peak. This
was realized because ammonium ions in the
sample, also absorbing at 196 nm, simulated
huge amounts of urea. Considering the very
polar nature of urea and its low molecular mass,
this result may be expected. This problem was
also pointed out by Palfi-Ledniczky et al. [5],
who resorted to a polar silica column and 2-
propanol-butanol-water mixtures as the eluent.

A further literature search with the emphasis
on the determination of urea revealed that
columns with ion-exchange properties might be a
better approach to solving this type of problem.
Wills et al. [6] used an anion-exchange column
and sodium hydroxide as the eluent to separate
various amines and urea in marine food samples.
Wolff et al. [7] describe the determination of
urea, glycerophosphorylcholine, betaine and var-
ious sugars on a cation-exchange column in the
calcium form with water as the eluent. Miiller [8]
determined urea, creatinine and uric acid in
human serum and urine by ion-pair reversed-
phase HPLC using a pBondapak C,; column
and 1.25 mmol/] tetrabutylammonium phosphate
as the eluent.

Subsequent tests with an anion-exchange col-
umn of low exchange capacity and phosphate
buffer showed that urea is sufficiently retarded to
separate it from the solvent/ammonium peak
and that cyanuric acid may also be determined at
this pH. This is due to the fact that the first pK,
of cyanuric acid is at about 6.5 and it is therefore
partially ionized at pH 7.0. In our case an added
advantage is that isocyanic acid may be deter-
mined in the same chromatogram.

2. Experimental
2.1. Chromatographic apparatus

An ion chromatograph (Waters ILC-1) was
used, with minor modification, employing a UV-
Vis detector (Waters Model 486) instead of the
normal conductivity detector. For maximum
sensitivity of the urea peak, the wavelength was
set to 190 nm. The pump was a Waters Model
590 and the eluent was delivered at flow-rates
between 0.5 and 1.0 ml/min (see below). The
anion-exchange column was a Waters IC-Pak A
HC, No. 26770, a polymethacrylate-based resin
with quaternary ammonium groups and an ex-
change capacity of about 30 upequiv./ml. Its
dimensions are 150 mm X 4.6 mm I.D. The
injector (Waters ILC I) was fitted with a 20-ul
sample loop and the data acquisition software
was Baseline 810 (Waters).

2.2. Reagents and eluents

Screening for the optimum eluent composition
led to a solution of 5 mM NaH,PO, in ultra-pure
water (obtained with a Waters Milli-Q system),
with the pH adjusted to 7.00 with LiOH. The
influence of other additions is discussed below.

Standard solutions of the compounds expected
were prepared in ultra-pure water with chemicals
of at least technical purity (>98%). They in-
cluded urea, biuret, cyanuric acid, sodium
cyanate, ammeline, melamine, formic acid, sodi-
um acetate, sodium chloride, bromide, sodium
nitrite, sodium nitrate, sodium carbonate,
amidosulfonic acid and ammonium carbamate.
In the case of free acids these were roughly
neutralized using LiOH.

2.3. Sampling method

Sampling of flue gas was made with the gas-
sampling apparatus shown in Fig. 1. An im-
portant feature is the two glass frits that provide
intimate mixing of the gas phase and the absorb-
ing liquid; only by this measure can the higher
molecular mass compounds such as urea and
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Fig. 1. Gas sampling apparatus. 1= Heated gas probe; 2=
absorption unit with fritted glass filters: (a) glass frit, 30 mm
diameter, P100, (b) glass frit, 60 mm diameter, P40, and (c)
collecting vessel, 100 ml; 3 = safety wash bottle, 200 ml;
4 = dosing pump; 5 = bottle with absorption liquid (deionized
water); 6=vacuum pump; 7=gas meter; 8= three-way
valve.

biuret be trapped efficiently, as they tend to
form aerosols.

The vacuum pump 6 draws a constant sample
gas stream from the heated gas probe through
the absorption unit and the safety gas bottle. The
total gas volume is measured by the gas meter 7.
The absorption liquid stored in the bottle 5 is
added to the gas sample at the T-shaped heated
gas probe by means of the dosing pump 4, with
the three-way valve 8 switched to the appro-
priate position. In order to obtain the best limit
of detection, the volume of absorption liquid is
limited to 15 ml, and this may be obtained by
turning valve 8 to the position “recycle the
absorption liquid”’. Water was used for absorp-
tion and the washed gas volume was 20-40 1.
Before injection into the chromatograph, the
sample solution was brought to the same phos-
phate concentration and pH as for the eluent in a
final volume of 20 mil.

2.4. Chromatographic method

The flow-rate was set to 0.5 ml/min during the
first 10 min, then it was increased to 1.0 ml/min.

Calibration graphs for the main components of
interest (urea, biuret, melamine, cyanuric acid
and isocyanic acid) using peak arecas were linear
over a wide range (0.5-100 mg/l). Therefore,
for the analysis of exhaust gas sample solutions,
a single-point calibration without internal stan-
dard was made daily using a standard mixture
containing 5 mg/l each of urea, biuret, mel-
amine, cyanuric acid and sodium isocyanate.

3. Results and discussion
3.1. Method optimization

Various compositions of phosphate buffer and
potassium sulfate varying also in pH were ex-
plored. The addition of potassium sulfate had
almost no effect on the retention times of the
early-eluting neutral species (urea, biuret, mel-
amine), but speeds up the elution of the later-
eluting ionized species (isocyanic acid, chloride,
nitrate, etc.). Two eluent compositions proved
particularly successful:

(a) 1 mM NaH,PO, +5 mM K,SO, in high-
purity water, pH adjusted to 7.00 with LiOH.
Potassium sulfate was added in order to speed up
the elution of the late-eluting ions (cyanate,
nitrate). The disadvantage of this eluent is that
the peak of an unknown substance in some real
exhaust gas samples coincides exactly with that
of cyanate. As we believe that late-eluting
species are generally of ionic nature, this should
also be the case for the unknown substance.

(b) 5 mM NaH,PO, in high-purity water, pH
adjusted to 7.00 with LiOH. The retention times
of the early-eluting, non-ionic species urea and
biuret are identical with those using eluent (a),
but the later-eluting species are further delayed.
Cyanate does not suffer interference from the
unknown species in real exhaust gas samples.
This eluent was therefore adopted in the final
analytical procedure.

The pH value of 7 is a working compromise in
so far as some expected compounds are pH-
sensitive. Ammonia is essentially present in
protonated form, i.e., as ammonium ion; it will
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therefore be excluded from the ion exchanger,
which itself possesses positive fixed charges of
quaternary ammonium ions. This effect of Don-
nan exclusion from the pores leads to rapid
elution of ammonium ion together with the
solvent peak. For cyanuric acid (pK,=6.5),
about half will be present as the anion and
therefore will be retained by an ionic mecha-
nism. Isocyanic acid (pK, = 3.7) is determined as
the anion working at a pH at which hydrolysis is
also negligible.

In order to obtain a good separation of the
urea peak from the injection peak, a low flow-
rate of 0.5 ml/min was chosen. However, this
flow-rate led to very long retention times with
eluent (b) for the late-eluting anions such as
nitrate (which is usually present in the samples).
In order to shorten the analysis time, the flow-
rate was increased after the first 10 min to 1.0
ml/min with eluent (b). In this way nitrate
eluted after about 31 min. Sulfate eluted very
late (ca. 50 min), but with a very broad peak, so
that a subsequent injection made at 35 min gave
no perturbation in the next analysis.

3.2. Typical results
Fig. 2 shows a typical chromatogram of the

five main compounds of interest (standard mix-
ture with 5 ppm each of urea, biuret, melamine,
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Fig. 2. Test chromatogram for 5 ppm each of (2) urea, (3)
biuret, (4) melamine, (6) cyanuric acid and (7) sodium
isocyanate. 1= Injection peak; 5= flow-rate switching
“spike”.
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Table 1

Typical retention times and limits of detection for major

compounds

Compound Retention time Detection limit
(min) (mg/1)

Urea 3.9 0.2

Biuret 5.0 0.025

Ammeline 5.2 0.015

Melamine 7.2 0.012

Acetate 8.5 0.4

Formate ~10 n.a’l

Carbonate ~10 n.a.

Cyanuric acid 12.5 0.1

Chloride 13.6 1

Nitrite 19.0 0.15

Isocyanate 21 1

Nitrate 31 0.15

*n.a. = Not available.

cyanuric acid and sodium cyanate). Table 1
shows typical retention times and limits of detec-
tion in solution. The latter is defined as the
concentration corresponding to a peak height of
400 wV or 0.0004 absorbance units.

Fig. 3 shows a chromatogram of a typical
exhaust gas sample at a relatively low engine
load (25 kW) corresponding to a low catalyst
temperature of 230°C. Fig. 4 shows an analogous
chromatogram corresponding to a high load (75
kW) and a high catalyst temperature of 400°C. In
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Fig. 3. Representative chromatogram of exhaust gas sample
solution at low engine load. 1= Injection peak; 2=urea;
3 = acetate; 4 = carbonate; 5 = cyanuric acid; 6 = isocyanate;
7 = nitrate. The other peaks were not identified.
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Fig. 4. Representative chromatogram of exhaust gas sample
solution at high engine load. 1= Injection peak; 2= urea;

3 = carbonate; 4 = cyanuric acid; 5 = chloride; 6 = nitrite; 7 =
isocyanate; 8 = nitrate.

both instances the amount of urea injected in
front of the catalyst was relatively high, so that
an ammonia emission of about 100 ppm in the
exhaust gas after catalyst was obtained.

The method allows the simultaneous determi-
nation of ionic and neutral compounds. The
small, non-ionic compounds, e.g., urea and
biuret, appear early in the chromatogram; the
ionic species, being more strongly retained,
appear much later. A comparison of the elution
volumes with the estimated column void volume
suggests that the mechanism leading to the short
retention times of neutral compounds can hardly
involve ion exclusion [9]. For these compounds
an additional interaction with the resin must be
postulated, probably having the character of
adsorption or partitioning, or both. The very
polar character of the column may play a role
here. The anions are presumed to be retained by
the well known mechanism of ion exchange.

3.3. Application of the method to the urea-SCR
process

The proposed method was used to study the
formation of by-products of the urea-SCR pro-
cess. The main compounds that could be de-
tected were urea, isocyanic acid and cyanuric
acid. Their level increases together with the

emission of ammonia when the addition of urea
is increased. The level of urea addition is usually
defined as the stoichiometric parameter « =2
urea/NO (mol/mol). As can be seen from the
main reaction of urea-SCR, a = 1.0 corresponds
to stoichiometric addition of urea:

2NH,CONH, + 4NO + O, —4N_+4H,0
+2CO, (2)

Other compounds attributable to the use of urea,
i.e., biuret, ammeline and melamine, could not
be found in significant amounts. We may men-
tion here also the presence of acetic acid at low
engine loads (or low catalyst temperatures) and
two unknown substances eluting after 16.5 and
28.5 min. The substance eluting at 16.5 min was
only detectable when urea was injected.

Urea could only be detected at the lowest
catalyst temperature (230°C; next higher tem-
perature 330°C). The gas concentration was 0.8
mg/my, at a =1.0 and reached 2.3 mg/my, at
a = 1.1 (corresponding to an ammonia emission
of ca. 100 ppm). However, an ammonia emission
of ca. 100 ppm would already be prohibitive by
itself.

Isocyanic acid could only be found in signifi-
cant amounts at @ = 1.0 and higher. Here also
the highest emission was found at the lowest
catalyst temperature of 230°C (11 mg/mi, at

=1.1). This may be due to the fact that at
lower temperature greater amounts of gaseous
urea enter the catalyst, and are only decomposed
there into isocyanic acid and ammeonia. Isocyanic
acid itself has a finite rate of hydrolysis, leading
to ammonia and carbon dioxide.

The emissions of cyanuric acid are very low,
i.e. below 0.5 mg/my,, under all conditions. The
highest levels again occur at the highest a-val-
ues, but the temperature dependence is reversed
relative to that of urea and isocyanic acid.

Summarizing these results, we can see that the
emission of the higher molecular mass com-
pounds urea and cyanuric acid is low under all
the conditions examined. An appreciable in-
crease in the emission of particulates is therefore
not to be expected, even at moderate super-
stoichiometric levels of urea addition. In any
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event, such high values of a are not relevant in
practice, as they produce an unacceptably high
ammonia emission.

We believe that these low emission values also
reflect the good design of the present SCR
equipment [2]: perfect mixing of gas stream and
urea solution (air atomizing nozzle), compara-
tively low space velocity in the catalyst (ca.
12000 h™', 100 cells/ in.z), etc. Under less ideal
conditions the emission of urea, cyanuric acid
and isocyanic acid is likely to be higher. The
method developed and reported here is therefore
a useful tool for optimizing SCR-process design.
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