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ABSTRACT

A volatile amine is added to the secondary heat-transport system of a nuclear power plant to reduce the rate of
corrosion and corrosion product transport in the feedwater and to protect steam generator (SG) crevices and
materials exposed to steam condensate. Volatility and base strength of the amine at the SG operating
temperature are two important considerations when choosing the optimum amine (or mixture of amines) for
corrosion control in the steam cycle. Atomic Energy of Canada Ltd (AECL) and Electric Power Research
Institute (EPRI) have been collaborating in an extensive investigation of the effectiveness of amines at
controlling he rate of tube-bundle fouling under SG operating conditions. Tests have been performed using a
radiotracing technique in a high-temperature fouling loop facility at Chalk River Laboratories operated by AECL.
This investigation has provided new insights into the role played by the amine in determining the rate of tube-
bundle fouling in the SG. These insights are being used by AECL and EPRI to develop criteria for the selection
of an amine that has optimum properties for both corrosion control and deposit control in the secondary heat
transport system.

The investigation has found that the rate of tube-bundle fouling is strongly dependent upon the surface
chemistry of the corrosion products. For example, the fouling rates of fully oxidized iron oxides, such as
hematite and lepidocrocite, are at least an order of magnitude greater than the fouling rate of magnetite under
identical operating conditions. The difference is related to the sign of the surface charge on the corrosion
products at temperature. The choice of amine for pH-control also influences the fouling rate. This was ongina y
thought to be a surface-charge effect as well, but recent tests have suggested that it is related to the role that
the amine plays in governing the rate of deposit consolidation on the heat-transfer surface. Amines that
promote a high rate of deposit consolidation result in a low rate of deposit removal and a high fouling rate.
Conversely, amines that tend to inhibit deposit consolidation produce a higher rate of deposit removal and a
lower fouling rate. Dimethylamine and dodecylamine have been identified as two amines that inhibit the rate of
deposit consolidation and, consequently, result in fouling rates that are up to 5 times lower than rates measured
for amines that promote consolidation.

A significant difference between morpholine (high fouling rate) and dimethylamine (low fouling rate) is that the
latter desorbs more slowly from the surface of magnetite. How to account for a correlation between slow
desorption kinetics and lower rate constants for deposition and consolidation is still under investigation.

INTRODUCTION

A volatile amine is added to the secondary heat-transport system of nuclear power plants to reduce the rate of
corrosion and corrosion product transport in the feedwater and to protect steam generator (SG) crevices and
materials exposed to steam condensate. Volatility and base strength of the amine at the SG operating
temperature are two important considerations when choosing the optimum amine (or mixture of amines) for
corrosion control in the steam cycle. Atomic Energy of Canada Ltd. (AECL) and Electric Power Research
Institute (EPRI) have been collaborating in an extensive investigation of the effectiveness of amines at
controlling the rate of tube-bundle fouling by particulate corrosion product under SG operating conditions.
Fouling tests have been performed using a radiotracing technique in a high-temperature fouling loop facility at
Chalk River Laboratories (CRL) operated by AECL. These measurements have been supplemented by an
investigation of the adsorption/desorption behaviour of amines at the corrosion product/fluid interface using
Laser Raman Spectroscopy (LRS) and Atomic Force Microscopy (AFM). New insights into the role of surface
chemistry in determining the rate of tube-bundle fouling in the SG have been provided by these investigations.
The results are incorporated into a new model of particle deposition that takes account of deposition, removal



and deposit ageing in the overall fouling process. These insights are being used by AECL and EPRI to develop
criteria for the selection of an amine that has optimal properties for both corrosion and deposit control in the
secondary heat transport system.

EXPERIMENTAL METHODS

Fouling Tests

Fouling by particulate corrosion product is measured using a radiotracing technique that has been described in
detail previously (Turner and Klimas, 2000). During the deposition phase of each fouling test a suspension of
corrosion products, equilibrated at the target loop chemistry conditions and radiotraced with 9Fe
(half-life = 44 d), is injected into the loop at a location 2 m upstream of the test section using a chemical addition
pump. The radioactive particles are subsequently removed by a filter located downstream of the test section.
An on-line gamma ray detector at the test section measures the intensity of the gamma ray at 1099 MeV from
the radioactive decay of 59-Fe. After correcting for the background radiation, the intensity of the gamma ray at
this energy is used to determine the mass of corrosion product on the surface of the test section at the location
of interest. At the end of the deposition phase of each test, the chemical injection pump is switched off while the
loop continues to operate under the test conditions. Measurements of the deposit mass as a function of time
during this phase of the test provide information about the kinetics of deposit removal.

The loop chemistry is controlled by adding the appropriate water-treatment chemicals to the loop mixing tank.
Samples of water are withdrawn at regular intervals throughout each test to determine both loop chemistry and
the concentration of suspended corrosion product. Nominal test conditions are listed in Table 1. Hydrazine
(N21-14) was added to remove dissolved oxygen from the loop water for tests performed with either magnetite or
station crud, and dissolved oxygen was added to the loop water to maintain oxidizing conditions for tests
performed with fully oxidized corrosion product, i.e., hematite or lepidocrocite. The pH was adjusted using a
volatile amine in sufficient concentration to give a pHT of 6.2 at 2701C, where pHT is defined as the pH at
temperature T. The pHT was calculated from the concentration of amine in the loop and the dissociation
constants for water (K,) and for the amine (K,) at 2700C.

Fouling behaviour of several different iron-based corrosion products, including a sample of corrosion product
retrieved from a SG at a CANDU plant, was examined in this investigation. The hematite used was commercial-
grade with a particle size of 0.1 0 gm. The magnetite, synthesized at CRL, consisted of spherical particles with
an average size of 0.25 gm. Lepidocrocite, also synthesized at CRL, consisted of rod-shaped particles of length
0.2 to 0.5 gm with an aspect ratio of 10. The particle size of the station crud ranged from 0.1 to 10.0 gm with a
volume-averaged particle size of 1.6 gm. Unless otherwise stated, the fouling rates reported are averaged over
steam quality, X, = 0 to 0.25 and normalized to unit particle mass fraction.

Table 1. Nominal thermohydraulic and chemistry conditions for the fouling tests.

The hydraulic Conditions Chemistry Co ditions
M q P T..t X Corrosion PHT 02 N2H,

Kg jM2 s kW/M2 MPa 0C Product ILg/kg jiglkg
300 250 5.7 (a) 272 -0.2 to + 0.5 magnetite or 6.2 0 25 - 75

station crud
hematite or 6.2 150 0
lepidocrocite

Laser Raman Spectroscopy (LRS)

The adsorption of amines onto the surface of magnetite was measured by a solution depletion method (Turner
et al., 1999). The concentration of amine in the solution contacting a known quantity of magnetite particles was
measured using LRS. Spectra were measured as a function of time following the addition of magnetite to
determine the adsorption kinetics at 251C. Once equilibrium between the particles and solution had been
achieved at 250C, the samples were heated in a high-temperature Raman cell and held at selected
temperatures to measure the rate of desorption of the amine from the surface of the particles. Spectra were
collected at temperature intervals of approximately 200C.

Raman intensities were converted to amine concentrations using the calibration curve developed previously
(Turner et al., 1999). Potassium Perchlorate was added to the solutions as an internal standard to normalize the



spectra collected at different temperatures and to account for differences in signal intensity associated with
sample positioning, laser power, and data acquisition time.

Atomic Force Microscopy (AFM)

The kinetics of the adsorption and desorption of amine at the surface of magnetite was also investigated by
measuring the surface interaction force between magnetite and a polished surface of Alloy 600. The
experimental procedure has been described previously (Turner et al., 1999). Coupons of Alloy 600 were
polished to a 006 gm finish using alumina, and then autoclaved at pH 9 adjusted with morpholine at a
temperature of 2500C to grow a corrosion film. The average surface roughness of the Alloy 600 substrate after
exposure in the autoclave was 25 nm. The same coupon was used throughout the entire series of
experiments. Between each experiment, the surface was lightly polished with 006 gm alumina and cleaned
with methanol in an ultrasonic bath over a period of 30 min. A fresh particle of magnetite was used for each
experiment.

Initial measurements of the interaction force versus distance between the surfaces as a function of pH in amine-
free water were used to determine the isoelectric point (IEP) of each particle/surface combination. The pH was
adjusted with mixtures of potassium hydroxide and perchloric acid. Any combination that exhibited anomalous
behaviour was excluded from further measurements. Anomalous behaviour is typically a result of one of the
following factors: contamination of the suspension by a dust particle that interferes with the magnetite/Alloy 600
interaction potential or a piece of the magnetite particle failing off and sticking to the Alloy 600 surface.

The kinetics of both the adsorption and desorption of amine were investigated by measuring the surface
interaction force data as a function of time. To measure the adsorption kinetics, data sets of force versus
distance were acquired as rapidly as possible (roughly 30 s between data sets) during the initial 30 min
following the addition of a 50 mg/kg solution of amine to the measurement cell. After a period of 30 min, the
frequency at which measurements were made was reduced to one data set every 5 to 1 0 min. Once a steady-
state had been attained, the desorption kinetics were measured by flushing the cell with amine-free water at the
same pH and ionic strength as used for the adsorption measurements and measuring the surface interaction
force as a function of time in the manner described above.

The force-distance data are converted to surface interaction potential (van der Waals plus diffuse layer
repulsion) versus separation between the surfaces, as described in Turner et al. 1999).

RESULTS AND DISCUSSION

Effect of Surface Charge on Fouling Rate

Figure 1 shows a plot of the normalized fouling rate of several different iron-based corrosion products measured
under flow-boiling conditions with pH adjusted using morpholine (Turner et al., 1999; Turner and Klimas, 2001).
It is postulated that the different fouling rates shown in Figure 1 reflect the influence of surface charge on the rate of
particle deposition under flow-boiling conditions. A similar effect has been demonstrated for magnetite (Turner et al.,
1990) and hematite (Williamson et al., 1988) particles depositing at 251C under conditions of single-phase forced
convection. Turner and Klimas, (2000) have argued that the deposition rate of magnetite particles in high-
temperature alkaline water is reduced from the rate expected for the turbulent transport of colloidal particles by the
force of repulsion between the negatively charged surfaces of magnetite and Alloy 600.

If surface charge accounts for the difference between the deposition rates of magnetite and hematite in Figure 1
and if magnetite particles are negatively charged under the test conditions, then, by inference, the surface
charge of the hematite particles must be positive. Using a balanced-charge extrapolation technique, Shoonen
(1 994) has predicted that magnetite and hematite particles are, indeed, negatively and positively charged,
respectively, under the loop test conditions. Wesolowski et al. (1 999) confirmed, using high-temperature
potentiometric titration, that the surface charge of magnetite is negative at the temperature and pHT of interest.
No such measurements have been reported for hematite to date.

Figure 1 also shows fouling rates measured under flow-boiling conditions for three other samples of corrosion
product: magnetite in the presence of silica (a common feedwater impurity at nuclear power plants), corrosion
product retrieved from a SG at a CANDU nuclear power plant, and lepidocrocite, an iron oxide that is formed when
carbon steel corrodes at low temperature in oxygenated water (Schwertmann and Cornell, 1991). Lepidocrocite is
found predominantly in the condenser at nuclear power stations and transforms to hematite as the feedwater is
heated to the SG operating temperature (Sawicki, Brett and Tapping, 1998). The presence of silica had little effect



on the deposition rate of the colloidal magnetite particles. A suspension of silica in alkaline water contains
negatively charged particles in equilibrium with silicate anions (ller, 1979). Silica is not expected to be adsorbed
onto negatively charged particles of magnetite under these circumstances and, therefore, is not expected to affect
the magnetite deposition behaviour. Examination of the station crud by X-ray diffraction showed it to be composed
primarily of magnetite, with hematite present as a minor phase. Thus, one would expect deposition behaviour
close to that of pure magnetite, which is consistent with the results in Figure 1. The fouling rate of lepidocrocite is
significantly greater than the rates measured for any of the magnetite-based samples, and is much closer to the
rate measured for hematite. Both hematite and lepidocrocite have an isoelectric point (IEP; pH at which the
surface potential changes sign) of pH - at room temperature. If, to a first approximation, the shift in IEP with
temperature is equal to % ApKw (Tewari and Maclean, 1972) then one could expect similar surface charge
behaviour at elevated temperature for both hematite and lepidocrocite and conclude that both surfaces are
positively charged under the loop test conditions.
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Figure 1: Normalized fouling rate of various iron- Figure 2: The effect of amine on the fouling rate of
based corrosion products under flow-boiling magnetite particles under flow-boiling conditions.
conditions

Thus, the relative deposition rates of the iron oxide crud samples represented in Figure are consistent with the
proposed differences in the sign of their respective surface charges under the loop test conditions. The results
also demonstrate that the deposition rate of iron-based corrosion products onto Alloy 600 under flow-boiling
conditions increases as the surface charge of the corrosion product becomes more positive (or less negative).

Effect of Amine on the Fouling Rate of Magnetite

Figure 2 shows he influence of the choice of amine used for pH control on the average fouling rate of magnetite
particles measured under flow-boiling conditions. The results clearly show an effect of amine on the rate of
particle fouling, with the lowest rates being observed with water containing DMA (Turner et al., 1999) and a
mixture of ethanolamine and dodecylamine (Turner and Klimas, 2001). Note that dimethylamine is less
effective when mixed with ethanolamine than when used on its own.

It was originally suggested that the differences in fouling rate might be caused by the effect of adsorption of a
specific amine on the surface charge of the magnetite particles (Turner et al., 1997a). The hypothesis was
predicated on the idea that adsorption of amine would make the surface of the magnetite particles less negative
as a result of the following reaction:

Aad. + H20 ='HA+ads + OH- (1)

This effect would be expected, from the results shown in Figure 1, to increase the deposition rate of the magnetite
particles. It was rationalized, therefore, that the deposition rate should increase with increased adsorption of
amine onto the surface of the magnetite particles. Although consistent with the data presented by Turner et al.
(11 997a), subsequent measurements of the effect of morpholine on the surface charge behaviour of magnetite at
2500C (Wesolowski et al., 1999) and of the kinetics of the desorption of amine as a function of temperature (Turner
et al., 2001) have called this hypothesis into question. Further insights into how the amine might affect the fouling
rate of magnetite particles are provided by the on-line radiotracing data shown in Figures 3 to 6 for tests with pH
controlled using morpholine, dimethylamine, and mixtures of ethanolamine with dimethylamine and dodecylamine,
respectively.



Figure 3 shows the Fe activity measured by an on-line gamma detector as a function of time during a test with
pH controlled using morpholine. For times prior to t = 0 h the water is circulating in the loop at the test operating
conditions, but because the magnetite injection has not yet started the on-line gamma detector is only measuring
residual background activity from deposit on the loop tubing from previous tests. Injection of magnetite begins at
t = 0 h and thereafter the activity on the test section increases at a constant rate, signifying a constant rate of
particle deposition onto the test section. After the injection pump is switched off at t = 48 h, however, the deposit
activity on the test section remains relatively constant, signifying that the rate of particle removal is very low in this
test. At the end of the removal phase (t = 75 h), the loop is switched off and the test section removed for off-line
measurements of deposit distribution along the test section. Measurement of the residual loop activity for t = 8 to
85 h shows that the loop background is at a level close to that measured prior to the test. Similar deposit removal
behaviour was observed in tests for which ethanolamine was used to control the pH.
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Figure 3 On-line radiotracing data for magnetite Figure 4: On-line radiotracing data for magnetite
fouling with morpholine pH control. fouling with DIVIA pH control.

Corresponding on-line radiotracing data for magnetite deposition under flow-boiling conditions and pH controlled
with DIVIA are shown in Figure 4. There are some significant differences between these data and the data
shown in Figure 3. For example, Figure 4 shows the loop background activity decreasing steadily before
starting the injection of the suspension of radiotraced corrosion products at t = 0 h, suggesting that DMA was
gradually mobilizing loop deposit from previous tests and transporting it out of the loop. Following
commencement of magnetite injection at t = 0 h the deposit activity increases at a constant rate, as with the
morpholine test, signifying a constant rate of deposit build-up on the test section. Once the injection of magnetite into
the loop is stopped, however, (at t -48 h) the deposit activty decreases with time at a rate that is much higher than
that shown in Figure 3 for the test using morpholine for pH control. Measurements of residual activity show that the
loop background is much lower after the test section was removed from the loop (t = 100 - 106 h) than at the start of
the test. In fact, a linear extrapolation of the loop activity measured from t = -20 h to t = 0 h intersects the loop activity
measured at t = 1 00 h, suggesting that removal of deposit from regions of the loop outside of the test section
continued throughout the test period. High particle removal rates were also observed in tests using a mixture of
ethanolamine and dodecylamine for pH control, as shown in Figure 5. It should also be noted that tests with a
mixture of ethanolamine and dimethylamine had the effect of increasing the fouling rate (see Figure 2) as well as
reducing the rate of deposit removal (compare Figures 4 and 6) compared to the tests for which dimethylamine alone
was used to control pH.

The results shown in Figures 2 to 6 show that a higher rate of particle fouling (tests with pH control using
morpholine and ethanoline) correlates with a lower rate of particle removal, and a lower rate of particle fouling
(tests with dimethylamine and a mixture of ethanolamine + dodecylamine) correlates with a higher rate of
removal. This correlation cannot be accounted for using the standard model of particle fouling that only takes
account of competing processes of deposition and removal (Epstein, 1988). The standard fouling model
predicts that a higher rate of removal reduces the time to reach steady state and reduces the deposit mass at
steady-state, but does not affect the initial fouling rate. Careful examination of deposit morphology together with
a detailed analysis of particle removal data suggested that an additional mechanism, known as consolidation or
ageing, was having a major influence on the fouling behaviour observed that depended upon which amine was
used for pH control.
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Figure 5: On-line radiotracing data for magnetite Figure 6 On-line radiotracing data for magnetite
fouling with pH controlled using a mixture of fouling with pH controlled using a mixture of
ethanolamine and dodecylamine. ethanolamine and dimethylamine.

Deposit Consolidation

Epstein identified steps in the fouling process: initiation, deposition, attachment, re-entrainment, and ageing
(Epstein, 1983). The initiation step is not observed with particle fouling, and although much attention has been
paid to the steps of transport, attachment and re-entrainment (Epstein, 1988), very little work has been done to
investigate consolidation or its effect on the overall fouling behaviour. Consolidation (or ageing) is the process
whereby particles become chemically bonded to either the heat-transfer surface or to pre-existing deposit.
Deposit that has aged, or become consolidated, is strongly bound to the surface and is therefore not removed
bythefluid. thasbeendemonstratedthattheprocessofsludgeconsolidation(orhardening)involvesthe
precipitation or re-crystallization of solid material within the pores of the sludge deposit (Turner et al., 1997b).
Likewise, the driving force for consolidation (or ageing) of deposit is postulated to be precipitation of dissolved
species within the pores of the deposit. The mechanisms proposed for consolidation include Ostwald ripening,
dissolution and re-precipitation of corrosion product in a temperature gradient and boiling-induced precipitation
of dissolved species present in the water.

Ostwald ripening is the process whereby smaller particles or crystals dissolve and re-precipitate onto the
surfaces of larger ones (Adamson, 1982). The process is thermodynamically favored because it is
accompanied by a reduction in surface area and, therefore, of surface energy. Deposit that resides in a
temperature gradient is subject to consolidation by dissolution and re-precipitation. The temperature gradient
gives rise to a solubility gradient that results in material being transported from a region of higher solubility to
one of lower solubility, with a corresponding reduction of porosity and increase in deposit strength. Klimas et al.
(11 998) show evidence for consolidation of magnetite deposit found on the inner surface of a section of SG tube
that had been removed from service. Magnetite, whose solubility increases with increasing temperature under
CANDU primary heat transport system conditions, had precipitated from the hot primary coolant onto the cooler
inside surface of the SG tube. The outer layer of the deposit had an estimated porosity of 50%. In contrast the
inner layer, adjacent to the heat-transfer surface where the temperature and, hence, the solubility of magnetite
is lower, had an estimated porosity of only 5%. A similar difference in morphology between the inner and outer
layers of deposit has been reported for the case of calcium carbonate precipitation onto a heated surface under
forced convective heat-transfer conditions (Turner and Smith, 1998). The third mechanism proposed for
consolidation, boiling-induced precipitation, is the one most likely responsible for the formation of hard
tubesheet deposits. 0stwald ripening is the only consolidation mechanism that is active on un-heated surfaces.
Both Ostwald ripening and dissolution/re-precipitation take place under forced-convective heat transfer, and all
three mechanisms are potentially active under nucleate boiling.

Figure 7 provides evidence of deposit recrystallization and crystal growth from loop fouling tests conducted
under flow-boiling conditions. The figure shows scanning electron micrographs of magnetite deposit at two
different positions along the heated test section corresponding to thermodynamic steam qualities of 0. 1 5
(position K) and 0.60 (position U), respectively. The thermodynamic steam quality at each position was
calculated from the loop test conditions by a method described by Turner and Klimas, 2000. Figures 7 (a) and
(b) are from a test for which the removal phase (during which time the magnetite injection pump is switched off)
lasted only 2 h. Figures 7 (c) and (d) are for a test under identical conditions except that the time spent on
deposit removal was extended to 11 5 h. The deposition phase of each test lasted 50 h. Essentially no deposit
was removed during the 'removal' phase of these tests because the pH was adjusted using morpholine (see
Figure 3). Both tests show equivalent amounts of deposit at corresponding locations on the test section. The
particles in the deposit are significantly larger in the latter test, however, as a result of the additional crystal



growth that occurred during the extended removal phase. Thus, deposit ageing is a real phenomenon that
affects deposit morphology and has been observed in the morphology of both deposit that formed during plant
operation and deposit that formed on the heat transfer surface during experimental fouling tests.
In the following section, a model is presented that incorporates the effect of deposit consolidation. The model is
then used to analyze fouling data to better understand the role that amines play in determining the fouling
behaviour of magnetite under flow-boiling conditions.

(a) Less consolidated deposit (K) (b) Less; consolidated deposit (U)

(c) More consolidated deposit (K) (d) More consolidated deposit (U)

Figure 7 Scanning electron micrographs of magnetite showing evidence for deposit consolidation.

Fouling Model

A new model that takes account of deposit consolidation in addition to the usual steps of deposition and re-
entrainment has been described previously (Turner and Klimas, 2001). The deposition term takes account of
both the transport of particles by the fluid eddies to the surface and the effect of surface charge on the rate of
attachment of particles to the surface. A particle that has deposited is subjected to two competing processes-, it
can either be re-entrained by the fluid or become consolidated. Only hat fraction of the deposit that remains
unconsolidated is subject to re-entrainment. The model predicts the build-up of a bi-layered deposit that
consists of a dense inner layer overlain by a porous, unconsolidated outer layer.

The build-up of deposit on a heat-transfer surface for particulate fouling, taking into account the processes of
deposition, re-entrainment, and consolidation, is given by (Turner and Klimas, 20011):

m(l) Kcp (tA, + A' (I (2)

for Xc + Xr.

The fouling kinetics predicted by Equation 2) can be linear, asymptotic, or falling-rate, depending on the relative
magnitudes of the rate constants for deposition, re-entrainment and consolidation.



It can further be shown that the ratio between the rates of fouling (when magnetite is being injected into the
loop) and removal (after the magnetite injection pump is switched off) is equal to:

removal rate A (1 - exp(_A1d)) exp(-Al) (3)
fouling rate A

Analysis of the ratio between the rates of fouling and removal can, thus, provide information about the relative
magnitudes of the rate constants governing the fouling behaviour. The rate constants of interest are the rate constant
for deposition, Kp, and the ratio � / V. Although the magnetite injection pump is switched off during the removal
phase of the test and so, in principle, the suspended particle concentration and corresponding deposition rate onto
the test section has been reduced to zero, in practice deposit can become re-entrained from a location upstream and
re-deposit onto the test section during the removal measurements. Re-deposition, together with the changes in the
loop background that sometimes take place during removal, both contribute to the un- certainty of this analysis.
Average values for Xc / k, � / X and for the deposition rate constant, Kp, are listed in Table 2. The number in
brackets following the identification of the amine indicates the number of tests that the average is based on. For test
results listed above the heavily-marked line in Table 2, the concentration of amine used was that required to give
pH270=6.2. Fortestslistedbelowtheheavily-markedline,pHwascontrolled'byabuffersolutionoftheamineplus
strong acid using amine concentrations of either mM or 50 mM. The calculated high-temperature pH was 6.2,
as with the other tests.

Table2. Evaluationofk,/X,�,/XandKpformagnetiteparticiefoulingunderflow-boilingconditions.

Arnine X<O 0 < X < 0.25 0 < X < 0.25
Sub-cooled nucleate boiling Saturated nucleate boiling

�' I X, �' / Xr �' / X Kp
Morpholine 11 0) 32 0.97 3.6xl 0"

Ethanolamine 3) 32 0.97 -5.7xl 0-4

Dimethylamine 7) 9 0.90 1AX1 0-4

Dimethylamine + 2.1 0.68 32 0.97 2.2xl 0-4

Ethanolamine 2)
Dodecylamine + 1.2 0.55 1 1 0.93 0.81xl 0-4

Ethanolamine 2)

Morpholine 4) 7 77 =1 9 0.95 4.1x1 0-4

Dimethylamine 3) 0.66 0.40 0.32 0.24 2.3xl 0-4

The ratio X, /?, has upper and lower limits of 1.0 and 0 corresponding to X, >> and 0, respectively.
With the exception of the tests performed at elevated concentrations of dimethylamine (results listed below the
heavily-marked line in Table 2), the rate constant for consolidation exceeds that for particle re-entrainment.
Consequently, with the one exception noted above, consolidation proceeds at a higher rate than particle re-
entrainment under the test conditions, and consolidation, therefore, exerts a strong influence on the overall fouling
behaviour observed. The ratio X, / �, is lower for sub-cooled nucleate boiling than for saturated nucleate boiling
conditions, showing that the rate of consolidation is higher under the latter conditions.

Mechanisms proposed for particle re-entrainment suggest that the re-entrainment rate is a function of particle
size and fluid velocity. As these parameters are identical for the tests listed in Table 2, it follows that differences
between the ratio Xc I k (or Xc / X) from one amine to another largely reflect differences in the magnitude of the
rate constant for consolidation when pH is controlled by that particular amine. Thus, the rate of consolidation is
considerably higher for pH controlled using either morpholine or ethanolamine than for pH controlled using
either dimethylamine or a mixture of dodecylamine and ethanolamine. Note that the amines that are associated
with the highest rates of consolidation also produce the highest fouling rates (see Figure 2). Mixing
dimethylamine with ethanolamine appears to increase both the consolidation and the fouling rate compared to
the results obtained when dimethylamine is used on its own. Further evidence that consolidation is influenced
by the amine used for pH control is provided by the results from tests performed at very high amine
concentration (5 and 50 mM) where a buffer of amine and strong acid was used to achieve the desired high-
temperature pH. For both dimethylamine and morpholine, increasing the concentration of amine was effective
at reducing the rate of consolidation.

1 There are 3 unknowns but only 2 equations: Equations 2 and 3. Hence one cannot solve for all 3 unknowns.
The analysis yields the deposition rate constant, Kp, and a ratio of the two remaining unknowns, e.g., �, / k.



After correcting the initial fouling rate for the effect of consolidation (see Equation 2)), one is still left with the
result that the deposition rate constant, Kp, depends on the amine used for pH control. In other words, the
differences in fouling rate amongst the various amines tested cannot be accounted for entirely by the effect of
the arnine on the rate of consolidation; there is also an effect on the deposition rate constant itself, as shown by
the results listed in the last column of Table 2 The deposition rate constant decreases in the following order:
ethanolamine > morpholine > dimethylamine > dodecylamine.

Surface Chemistry

The fouling tests have shown clearly that the amine used for pH control affects the fouling rate through its
influenceontherateconstantsforbothconsolidationanddeposition. Investigationofthemechanismbywhich
the amines affect the fouling rate has focused on measurements of the adsorption/desorption behaviour of the
amine at the magnetite/fluid interface and the effect of adsorption on the surface interaction potential between
magnetite and the surface of Alloy 600. Examples of the kinetics of adsorption onto magnetite at 2511C are
shown in Figure for morpholine (left) and dimethylamine (right). Adsorption of morpholine is complete within
about 30 min whereas dimethylamine adsorbs more slowly and is complete until after 40 min.

3.5

0 4 3E E
E M 5
0 31 2.3 :S.E 0 4, 2
0 F
E- P
0 2

0
-E ob
0

0
0 0 10 M W 40 W 60

0 10 2D 30 40 50 60 Tme (min)

'rime (run)
Figure 8: Adsorption of morpholine (left) and dimethylamine (right) onto the surface of colloidal

magnetite from 200 mM solutions of amine at 250C.

The effect that adsorption has on the surface interaction potential between magnetite and Alloy 600 at 250C is
consistent with the effect anticipated by Equation (1), as shown by the plots in Figure 9 In the absence of
amine, the surface interaction potential goes through a maximum at a separation of nm, indicative of a strong
force of repulsion between the negatively charged surfaces of magnetite and Alloy 600. The magnitude of the
repulsive potential decreases and the maximum value of the surface interaction potential occurs at larger
separation between the surfaces as the pH is decreased towards the isoelectric point (lEP) of magnetite which,
at 250C, occurs at pH 67 Jewari and Maclean, 1972). The surface of Alloy 600, with an lEP of 42
(Balakrishnan and Turner, unpublished data), remains negatively charged throughout the pH range. At pH 6,
which is below the IEP of magnetite but above the IEP of Alloy 600, the surfaces of magnetite and Alloy 600 are
positively charged and negatively charged, respectively. The net force between the surfaces is, therefore,
attractive at all separations at this pH2. Addition of amine at concentrations of and 50 mM has the same effect
as does a shift in pH towards the IEP; the magnitude of the repulsive potential is reduced in proportion to the
concentration of amine and the maximum value of the surface interaction potential shifts towards larger
separation between the surfaces. These changes are consistent with a reduction in the magnitude of the
negative surface charge of magnetite (and, presumably, of Alloy 600 as well) as a result of the adsorption of the
conjugate acid, HA+, of the amine. These results are discussed more thoroughly in Turner et aL (I 997a).

In contrast to similarities in the adsorption behaviour of morpholine and dimethylamine and their effect on the
surface interaction potential between magnetite and Alloy 600, the desorption behaviour of the two amines is
distinctly different. Morpholine was observed to desorb very quickly from the surface of magnetite, whether
desorption was initiated by heating the sample or by flushing the measurement cell with amine-free water at the
same pH and temperature, such that equilibrium with the new environment was generally established within
several minutes (Turner et al., 2001). In contrast, desorption of dimethylamine from the surface of magnetite

2The potential plot for zero concentration of amine on the left in Figure 9 shows a small repulsive component at
pH6, whereas the potential plot on the right is purely aractive at all separations at this pH. A small repulsive
component could result from adsorption of some impurity on the surface of the magnetite that has shifted its IEP
to a slightly lower pH.



was very slow such that, following a change in either temperature or the concentration of amine in the
surrounding solution, equilibrium with the new environment was not established even after waiting one hour.

Figure 10 shows the surface concentrations of morpholine (left) and dimethylamine (right) adsorbed on
magnetite as a function of temperature. The magnetite was first equilibrated with a OOmM solution of the
amine at 250C and then heated to the temperature of interest. The reduction in the surface concentration of
amine is an indication of how much amine was desorbed during the time taken to heat the sample. In the case
of morpholine heating the sample to 1870C reduced the surface concentration of amine by 81%, with most of
the desorption taking place at temperature above 900C. Over the same temperature range, the surface
concentration of dimethylamine was reduced by only 18%. Thus, the kinetics of the desorption of
dimethylamine from the surface of magnetite are significantly lower than for morpholine. A similar difference
between the desorption kinetics of morpholine and dimethylamine was observed at 250C by measuring the
surface interaction potential during the desorption process Turner et al., 2001). Within 2 min of replacing a
solution of morpholine with an amine-free solution at the same pH, the surface interaction potential of the
magnetite/Alloy 600 system had reached equilibrium. For the same experiment with dimethylamine the surface
interaction potential continued to change after a period of one hour, demonstrating that dimethylamine
continued to desorb from the surface over this time period.
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Figure 9: Plots of the best fit of the surface interaction potential to the force-distance data for the
system magnetite/Alloy 600 as a function of morpholine (left) and dimethylamine (right) concentration,
atpH266tolO. Unitsoftheordinateare MjIM2. Upper, middle, and lower lines are for 0, 5, and 50 mM

amine.

In summary, both morpholine and dimethylamine adsorb onto the surface of magnetite at 250C and reduce the
surface potential in a manner consistent with adsorption of the positively-charged conjugate acid, HA'.
Although both amines desorb from the surface upon heating or reducing the concentration of amine in solution,
the desorption rate of morpholine is significantly higher than it is for dimethylamine.
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Summary and Implications for Deposit Control in SGs

This investigation has shown that the fouling behaviour of corrosion products under steam generator operating
conditions is strongly dependent upon surface chemistry and on the amine used for pH control. Oxidizing
conditions in the feedtrain that favour formation of more highly oxidized corrosion products, such as
lepidocrocite and hematite, can result in higher fouling rates than less oxidizing conditions that favour the
formation of magnetite. The amine used for pH-control affects the fouling behaviour by influencing both the rate
of particle deposition and the rate of deposit consolidation. The fouling rate is lowest when the rate constant for
deposition and the rate constant for deposit consolidation are both low.

The rate constant for deposition decreases in the following series: ethanolarnine > morpholine > ethanolamine +
dimethylamine > dimethylamine > ethanolamine + dodecylamine, whereas the rate constant for deposit
consolidation decreases in the following order: ethanolamine = morpholine = ethanolamine + dimethylamine >
dimethylamine = ethanolamine + dodecylamine.

Overall, pH control using mopholine and ethanolamine results in the highest fouling rate while the mixture of
ethanolamine + dodecylarnine results in the lowest fouling rate by about a factor of 5. An amine that results in a
low fouling rate provides a degree of 'deposit control' in addition to pH and corrosion control in the steam cycle.
A significant difference between morpholine (high fouling rate) and dimethylamine (low fouling rate) is that the
latter desorbs more slowly from the surface of magnetite with the result that it may still be present at a
significant concentration on the surface of the particle when it enters the steam generator. How to account for a
correlation between slow desorption kinetics and lower rate constants for deposition and consolidation is still
under investigation.

Adsorbed amine may reduce the repulsive potential between magnetite and the deposition surface but this
should lead to a higher deposition rate constant, which is opposite to the effect observed. Adsorbed amine
could make an additional contribution to the repulsive potential at very short surface-to-particle, separations,
hence reduce the deposition rate constant, if it acted as a steric barrier for deposition. Ano'ther line of
investigation that is being pursued is the effect that the amine has on surface tension at the steam-water
interface, and the effect of the adsorbed amine on the wetting angle of the particles by hot water. These may be
factors in governing the deposition rate under flow-boiling conditions because they both can alter the particle-
bubble interaction. The amine also appears to have an influence on the rate of deposit consolidation.
Consolidation is thought to proceed by recrystallization and/or precipitation reactions. Amines could possibly
reduce the rates of these reactions by becoming adsorbed onto the surface of crystals and inhibiting the
process of recrystallization or by complexing with dissolved iron and reducing the rate of re-precipitation. A
strongly-adsorbed arnine can also reduce the particle surface free energy and, hence, reduce the driving force
for consolidation. The slower desorption kinetics of dimethylamine compared to morpholine suggest that the
latter is not as tightly bound to the surface, which is consistent with the higher deposit consolidation rate
observed with morpholine pH control.



NOMENCLATURE

Upper Case Greek
C mass fraction (kg/kg) X removal rate constant (1/s)
K deposition rate constant m/s) g)2 P density (k g/M3)

K,,,, dissociation constant for water mole/k )2

K, dissociation constant for amine (mole/kg Subscript
M mass flux (kg/M2S) c consolidation
P pressure (Mpa) d deposition
T temperature (OC) r re-entrainment
X thermodynamic steam quality

Lower Case
m deposit mass (k ?/M2)
q heat flux (kW/m
t time (s)
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