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Thermal Stability of Three Amines in Pressurized
Water Reactor Secondary Systems. Laboratory
and Loop Experiments1
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Laboratory and loop tests have been carried out in order to investigate the
thermal stability of the three amines, morpholine, AMP (aminomethyl-
propanol) and sarcosine in PWR secondary conditions. Laboratory ex-
periments have been performed in a titanium autoclave at 300°C. The
results pointed out high thermal decomposition rates of AMP and sar-
cosine. A decomposition mechanism is proposed for the 3 amines. Loop
tests have been performed in order to compare steam cycle conditioning
with ammonia, morpholine and AMP. The amine concentrations and the
decomposition products such as acetate and formate have been followed
around the secondary circuit of the ORION loop which reproduces the
main physico-chemical characteristics of a PWR secondary circuit. These
concentrations are reported together with the evolution of cationic conduc-
tivities. The influence of oxygen concentration on amine thermal stability
has been observed. Results are expressed also in terms of decomposition
rates and of relative volatility.

KEY WORDS: Morpholine; aminomethypropanol; sarcosine; thermal
decomposition; PWR secondary water.

1. Introduction

Two-phase erosion-corrosion occurs in the steam-water circuits of
some PWR plants, mainly when all volatile treatment (AVT) is used.
This phenomenon is strongly dependent on pH. To get a sufficiently
high pH in the water liquid phase where erosion-corrosion takes place, a
high concentration of ammonia is needed, which is not compatible with
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copper alloy tubing of condensers. Therefore, the replacement of am-
monia in the feedwater treatment by a basic amine with a partition coef-
ficient near one offers advantages for controlling erosion-corrosion.
Laboratory and loop tests have been carried out in order to investigate
the thermal stability of two amines which may replace ammonia,
namely morpholine and aminomethylpropanol (AMP).

In recirculating steam generators, degradations of alloy 600
tubing from secondary side may occur in flow restricted areas where
contaminants, such as sodium hydroxide, can concentrate to weight per-
cent concentrations and lead to tubing degradations such as stress cor-
rosion cracking (SCC) or intergranular attack (IGA). Therefore, the ad-
dition of a buffering compound of low volatility in the stcam generator
water could neutralize caustic in these crevices. Sarcosine has been
selected as a possible buffer or IGA/SCC inhibitor. So, the thermal
stability of sarcosine in PWR secondary conditions has to be inves-
tigated.

2. Laboratory Tests

2.1. Experimental

Laboratory tests have been performed in order to compare the
decomposition rates, to determine the decomposition products, and to
obtain information about the mechanism of the thermal decomposition
of the different amines. Experimental devices used were, for the three
amines, a titanium autoclave (Fig. 1), and, in addition, the vapor phase
decomposition of AMP was studied in a once-through device (Fig. 2).

The solutions were prepared with pure chemicals and ultrapure
water from a Millipore purification device (milli-Q2). All the solutions
were handled under an inert gas blanket, before and during the test.

There were various analytical methods used. Conductivity, pH
and total acidity were measured on each sample taken from autoclave.
Organic ions, with the exception of morpholine, were analyzed by ionic
chromatography. Morpholine was analyzed as the copper complex by
colorimetry. Ammonium was analyzed by specific electrodes. Gas
chromatography and mass spectrometry were used for non-ionic species
analysis in liquid and vapor phases.

2.2. Morpholine O(CH,CH,),NH

Thermal decomposition was studied on dilute solutions [107, 10
and 10°m (mol-kg™)] by morpholine analysis after different times of
thermolysis, and followed by the pH evolution. Morpholine analysis did
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Fig. 2. Schematic diagram of the AMP thermolysis device.
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Fig. 3. Evolution of the anionic decomposition products of a 0.01M
morpholine solution at 300°C. The anionic concentration ranges from
below 5x107* to 1.5x10°2 eq-mol’!

not allow determination of an order of reaction, probably because of the
intervention of an heterogeneous decomposition on the walls of the
autoclave. Nevertheless, morpholine appears relatively stable, 50%
decomposition appearing after more than three weeks. The pH remains
stable during the decomposition.

On these solutions, mass spectrometry and gas chromatography
showed evidence for ethanal, ethanol, glycol and monomethanolamine
in the liquid phase, light hydrocarbons, H; and CQO, in the gas phase.

A more concentrated solution of morpholine (0.01m) was ther-
molysed in autoclave during 21 days at 300°C in order to allow ionic
chromatography analysis: monomethanolamine, acetate and formate
were indentified (Fig. 3).

The following mechanism™® for the hydrolysis of morpholine
forming glycol and mono-and diethanolamineis is compatible with these
results.

O(CH,CH,),NH + H,0 — (OHCH,CH,), NH diethanolamine
(OHCH,CH,), NH + H,0 — CH,OHCH,NH, + (CH,0H),
ethanolamine + glycol

CH,0OHCH,NH,; + H,0 — (CH,OH),+NHj; glycol + ammonia
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Fig. 4. Evolution of the decomposition products of sarcosine at 300°C.
C, concentration of the decomposition product; Cg, initial concentration of sarcosine.

Oxidization of glycol by traces of oxygen or by water (as may be in-
duced by the presence of hydrogen in the gas phase), leads to organic
acids (acetate and formate) and, finally, to CO,.

2.3. Sarcosine CH; NHCH,COOH

Sarcosine thermal decomposition was followed on two solutions,
0.1 and 0.001m and at two temperatures, 250 and 300°C, during 21
days. Cationic decomposition products observed were ammonia,
mono-, di-and trimethylamine. Anions found were acetate and formate.
Sarcosine itself was not analyzed.

The results show that, in all cases, after 48 hours the sum of the
concentrations of cationic decomposition products equals the initial con-
centration of sarcosine indicating that the decomposition was total.
During the next days, concentration of ammonia grew at the expense of



924 Féron and Lambert

amine concentration due to the thermal instability of mono and
dimethylamine. Because of the thermal degradation of sarcosine to am-
monia and more basic amines, an increase of the pH of the sarcosine
solutions was observed during the first 48 hours of the tests (from about
5.6 at the beginning to around 9.0 after 48 hours at 300°C for the 0.1m
solution). Anions found were acetate and formate at lower concentra-
tion.

Figure 4 shows the variation with time of the concentrations of
the cationic decomposition products. The probable first steps of the
thermal decomposition mechanism are the following:

CH;NHCH,COOH — CH3;NH CHj+ CO,
CH;NHCH,COOH + H,0 — CH;3;NH, + CH,OHCOOH

If the concentration is high enough to allow condensation
CH; NH CH; + CH; NH, — (CH3); N + NH;
The methylamines formed are hydrolysed through the reactions

(CH3); N + H,O — CH3;NH CH; + CH;0H
CH3)2NH + H2O - CH3N H2 + CH3OH
CH;NH, + H,0 — NH; + CH;0H

The small decreasing formate concentration is explained by the succes-
sive reactions

CH;0H + (3/2)0O, — HCOOH + 2H,0
HCOOH — H, + C02

Acetic acid may be produced, in small amount, by the oxidization reac-
tion

(CH3)3N + 02 4 CH3NH2 + CH3COOH
(CH»),NH + O, —» NH; + CH;COOH

2.4. Aminomethylpropanol (AMP) NH,C(CH,),CH,OH

It was not possible to follow the thermal decomposition of AMP
in autoclave at 300°C, the product being completely destroyed during
the time necessary to reach the temperature (less than 2 h).

Another study, in a flowing system that allowed short residence
times and was performed at 400°C (vapor phase), gave indications of
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Fig. 5. Evolution of the main decomposition products of AMP at 400°C.
C, concentration of the decomposition product; C,, initial concentration of AMP.

the nature of decomposition products and of the decomposition
mechanism. The experimental device is represented on Fig. 2. The tank
R, heated at 90°C, contains an AMP solution (0.62m) which, in these
conditions, produces a vapor with a concentration of 0.8m. The flow
rate is governed by the size of the capillary at the outlet of the decom-
position cell C. Condensable products are trapped in the liquid nitrogen
trap T and incondensable gases are extracted by the Toeppler pump TP
to be collected in the gas burette B.

The only cationic species found was ammonia, whose production
may therefore be taken as measure of the decomposition. The only
anionic species appearing in chromatographic analysis was acetate.
Non-ionic species in solution were not analyzed. In gas phase, CH,, H,
and CO, appeared in amount comparable to that of acetate. Figure 5
shows the variation of the amount of these different compounds.

A decomposition mechanism for the hydrolysis of AMP which is
compatible with the analytical results is the following,.

NH,C(CH3),CH,0H + H,0 — NH3+ (CH3),C (OH)CH,OH
(isobutylene glycol)
(CH3)2C(OH)CH20H + HzO - CH4 + CH3COOH + CH3OH
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Fig. 6. Schematic diagram of ORION secondary circuit with thermohydraulic
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CH;OH + H,0 — CO,+ 3H,
CH3COOH - C02+ CH4

3. LOOP Experiments

Loop experiments have been performed in order to confirm the
results of the laboratory tests with thermohydraulic conditions more rep-
resentative of a real secondary circuit. Two amines have been selected:
morpholine which had a relatively low rate of thermal decomposition
during the previous laboratory tests, and AMP which had a rapid ther-
mal decomposition at 300°C following the previous tests in autoclave.

3.1. Experimental

The ORION facility reproduces the main physico-chemical
characteristics of a pressurized water reactor (PWR) secondary circuit:
the water thermohydraulic cycle and the steam generator feed water sys-
tem with representative temperatures, materials and transit times. It is
composed mainly of a primary circuit and a secondary circuit with a
steam generator. All the various components and pipes are made of
stainless steel, except the steam generator (carbon steel and alloy 600).
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Table I. Temperatures and Transit Times in Orion Secondary Circuit

ORION LOOP Fessenheim I (880 MWe French PWR)
Transit Transit
Localization  Temp. Time  Localization = Temp. Time

Vacuum System and Simulation

Capacity 1 30°C 1900 s4 Condenser 30°C ~500s
Feed Water 30-200°C 390 5% Feed Water  30-216°C ~390s
Train Train
Boiler 200-292°C 500 s? Steamn 216-272°C ~100s
Generator
Condener and  282-30°C 300s Steam Circuit  272-30°C Steam
Cooler

@ Water level in vacuum system 60%. © Water level in boiler 55%.

The flow diagram of this secondary circuit is shown in Fig. 6 with the
mean temperatures and the flow rates obtained during this study.
Vacuum system reproduces the pressure and the temperature of an ac-
tual condenser system. Only turbines and drains recirculation are not
reproduced in the ORION facility. Temperatures and transit times ob-
tained in ORION secondary circuit are reported on Table I and com-
pared to those obtained in an actual PWR secondary system (Fessen-
heim I).

During each run, the thermohydraulic parameters were kept con-
stant as indicated in Fig. 6: vapor flow rate: 13245 kg-h''; vapor tem-
perature: 282+1°C; boiler blowdown: 3.8+0.5 kg-hl; boiler inlet:
200+2°C; vacuum system pressure: 28+5 mbar; and vacuum system
temperature: 30+1°C.

The ORION loop is fed with ultra pure water, sterilized by filtra-
tion at 0.22 pm. Its total conductivity is lower than 0.1 uS-cm™ and its
total organic content is lower than 100 pg-kg”. Before and after each
apparatus or each simulation device, the circuit is fitted with sampling
lines. The chemistry is followed by on line analysis or grab samples at
any point of interest. Oxygen concentrations were measured con-
tinuously. Morpholine, AMP, ammonia, acetate and formate are
analyzed by ion chromatography (HPIC).

In order to compare ammonia conditioning with morpholine and
AMP conditionings, three runs have been conducted: Run A was the ref-
erence run, with only ammonia (duration: 500 h); Run B was con-
ditioned with morpholine (duration: 1000 h); and Run C was con-
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Table IL. Influence of the Chemical Conditioning on Acetate and
Formmate Concentrations

Condenser®®  Blowdown? Steam?®
Run Amine? Ammonia? A F A F A F
Ammonia 044 <10 <10 <10 <10 <10 <10
Morpholine 6.5 005 175 30 145 80 60 30
AMP 1.0 037 130 180 90 20 90 130

4 Units: mg-kg'. b A, acetate; F, formate. Units: pg-kg! € Outlet of condenser simula-
tion.

Table ITI. Influence of the Chemical Conditioning on
Cationic Conductivities

Cationic Conductivities?
Run Oxygen®? Amine®  Boiler inlet Blowdown Steam
Ammonia <10 0.44 022 0.80 022
Morpholine 3.8 6.5 051 1.19 0.61
12 5.1 0.61 196 0.65
AMP 4.0 1.0 045 1.16 0.42
32 0.9 0.75 1.67 0.74

2 Units: pS-cml. ® Units: g-kg!. € Units:mg-kg™.

ditioned with AMP (duration 1000 h).

The two runs with amine were divided into three periods: a first
period with only ammonia in order to have the same starting point; a
second period with the amine addition and low oxygen content (<5
pg-kg?) in the secondary water; and a third period with the same amine
concentration but with higher oxygen content (> 10 pg-kg™) in order to
determine the effect of oxygen on the thermal stability of the amine.
During the three reported runs, the primary conditioning was the same
and based on lithium-boron chemistry: 500 mg-kg” of boron added as
H3BOs; 1.1 mg-kg" of lithium added as LiOH; and 30 cm® NTP-kg™ of
hydrogen added at the beginning of each run.

3.2. Results and Discussion

The data obtained during the three runs will be compared in order
to show the influence of the chemical conditioning on acetate and for-
mate concentrations and on cationic conductivities. Steam-water par-
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tition coefficients and decomposition rates observed during the runs will
also be presented.

Acetate-formate. Acetate and formate were the main decomposi-
tion products observed in the liquid phase during the laboratory tests.
The concentrations of these two organic anions were followed during
the three runs. The results obtained are summarized on Table II: with
ammonia treatment, the acetate and formate concentrations were low,
less than 10 pg-kg; with morpholine or AMP conditionings, acetates
and formates were found at all the sampling points including boiler
blowdown, steam or the cold part of the circuit (outlet of condenser
—30°C). In ORION experimental conditions, the presence of organic
anions is correlated with the use of morpholine or AMP. This is in
agreement with laboratory tests.

It could be noticed on Table II that some ammonia was found
with morpholine and AMP treatment: the presence of ammonia in-
dicates also that a thermal degradation of the two amines occurred, since
ammonia is a product of this degradation as shown during laboratoy
tests.

Cationic  Conductivities. Cationic conductivities have been
measured around the boiler. The stable values obtained at the end of the
different periods of the ORION runs are reported on Table III together
with the values of oxygen and amine concentrations.

With ammonia alone, the cationic conductivities are in the range
of 0.22 - 0.23 pS-cm™ at the inlet or at the outlet of the boiler; at the
boiler blowdown, the cationic conductivity is higher, about 0.80
uS-cm™. With morpholine or AMP treatment, there is an increase of all
the cationic conductivities. For instance, at the boiler blowdown, the
cationic conductivity reaches 1.15 to 1.20 pS-cm™. When oxygen con-
centration increases, the cationic conductivities are higher, not only at
the boiler blowdown but also at the boiler inlet or in the steam. This is
probably due to the fact that thermal stability of AMP and of mor-
pholine depends on oxygen concentration in the secondary water. It
could be noticed also that there is a mismatch between the cationic con-
ductivities and the concentrations of acetate and formate: the presence
of some other organic ions and/or the conservation of the samples be-
fore the analysis may be the reasons of the differences between
measured and calculated cationic conductivities (calculated from the
values of acetate and formate concentrations).

Relative Volatility. The relative volatility RV of amine is defined
by the following ratio
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amine concentration in steam

Relative Volatility = - ————
amine concentration in liquid

During the three runs, concentrations of ammonia and of amines have
been determined at the boiler blowdown and at the boiler outlet (steam).
RV mean values calculated from these concentrations are reported in
Table IV with their standard deviations. They are compared to some RV
values collected in the literature. The high standard deviation of the am-
monia relative volatility is due to the fact that the ammonia concenira-
tion at the blowdown was low, around 0.08 mg-kg” with an absolute
analysis incertitude of +0.02 mg-kg'. The RV values obtained with
morpholine (1.16) and AMP (0.96) are in good agreement with literature
data.

Table IV. Steam-Water Relative Volativity at 282°C

RV References
Run Conditioning ©) 1
A NH,+ 5.4(1.8) 4.98
B Morpholine 1.16(0.03) 1.33 1.23
C AMP 0.96(0.06) 0.90 0.80

Thermal Decomposition. The evolution of amine concentrations
in the secondary circuit can be interpreted in terms of thermal degrada-
tion. The decomposition rate could be defined by the following ratio

[amine}i; — [amine]ou
lamine}i,

Decomposition Percentage = x 100
with [amine];,, total quantity of amine which enters the system;
[amine],y, total quantity of amine which goes out from the system

The decomposition percentages have been calculated for am-
monia and for the two tested amines using the above equation and con-
sidering the boiler alone or the whole secondary circuit. The results of
these calculations are presented on Table V. They show that: the mor-
pholine decomposition is not detectable, less than 2%; and the thermal
degradation of AMP is high: around 22% of AMP which enters the
boiler disappears. This percentage reaches 33% to 42% in the whole
secondary circuit, depending on the oxygen concentration.

These high decomposition percentages of AMP have to be corre-
lated to the long transit times in the ORION loop: for instance, 500 s in
the boiler compared to around 100 s in an actual steam generator. It can
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Table V. Decomposition Percentages of AMP

In Boiler In Secondary
Run Conditioning (282°C) Circuit
A Ammonia < 2% < 2%
B Morpholine < 2% < 2%
C AMP without O, 22% 33%
AMP with O, 23% 42%

be noticed also that these Percentages of AMP decomposition cor-
respond to 0.610.1 mmol-h™ of AMP decrease which is in accordance
with the observed increase of ammonia in the ORION secondary sys-
tem: between 0.5 and 0.8 mmol-h! of ammonia increase. These data
confirm the thermal degradation of AMP into ammonia (mole to mole),
also observed during the laboratory tests.

4. Summary

The laboratory and loop experiments lead to the following main
points. Morpholine is thermally more stable than AMP or sarcosine in
PWR secondary conditions. Decomposition mechanisms are proposed
for the 3 amines. The observed increase of pH due to the thermal
degradation of sarcosine is a difficulty in using sarcosine as a buffer at
high temperatures. Acetate and formate are the main organic anions due
to the thermal decomposition of these 3 amines. With morpholine and
AMP conditionings, the cationic conductivities in the secondary system
are slightly higher than with ammonia conditioning. Morpholine and
AMP thermal stability depends on the oxygen concentrations. AMP
thermal decomposition was important during both laboratory tests and
ORION runs. AMP decomposition products include also ammonia
(mole to mole) which is favorable to maintain the basicity of the secon-
dary water, but the high decomposition (more than 20% in ORION
boiler) is a difficulty in using AMP in PWR secondary conditions.
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