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EXECUTIVE SUMMARY

The focus of this study was the desilication kinetics of a Savannah River Site (SRS) tank
farm 2H simulant over the temperature range of 40 to 100°C. Resuits showed that the formation
of nitrate-nitrite-based sodalite over aluminum-to-silicon (Al:Si) molar ratios ranging from 1:1
to 20:1 exhibited overall-second order kinetics. The Arrhenius apparent activation energy
associated with the crystal growth process of the sodalite was determined to be 35 kJ/mol over
the temperature range investigated. Second-order rate constants were axtrapaiatcé to the 2H
evaporator working temperature of ~130°C and were found to be 0.012 L mol’ s, At this
operating temperature, the half-life of a limiting reactant with a 0.1/ feed would be 14 min.

The rate of sodalite formation was found to be at a maximum at A1:Si molar ratios of 1:1
(0.4 M Aland 0.1 M Si) and to increase with increasing temperature. Use of A1:8i molar ratios
of 20:1 resulted in no reaction for up to 130 h, probably due in part to having reactant
concentrations close to the solubility limit of the nitrate-nitrite-based sodalite, thereby
minimizing the thermodynamic driving force. A test performed at 100°C with a reactant molar
ratio of 1:1 was nearly complete (90%) in only 4 h. Equilibrium appeared to have been achieved
during the last 3 h of the 7-h test. From analytical data collected during the last 3 h, a solubility
product constant (k) of 2.6 0.1 x 10" M¥/L? was ca!auiatsd for the nitrate-nitrite-based
sodalite.

Sodalite scale formation has consistently besn found to form on vessel surfaces at most
Al:Si ratios and temperatures that were evaluated, especially when the aluminum concentration
equals that of the silicon in solution where it is most pronounced. However, it has also been
found from tests in which the silicon concentrations exceed that of aluminum at 80°C, and at an
Al:Si ratio of 0.05 (0.005 M Al and 0.1 M 8i), that the precipitation proceeds without visible
scale formation. All solids appeared to form in the bulk oi‘ the solution instead of on vessel
surfaces.

A reaction induction period was observed in most of the experiments except for those
performed at 100°C. At a temperature of 80°C and Al:Si molar ratios of both 1:1 (0.1 M Al and
0.1 M Si) and 2:1 (0.1 M Al and 0.05 M Si), the induction periods were 1 and 5 h, respectively.
Tests performed at 60°C followed the same trend in that induction periods became longer, while
results obtained from tests performed at 40°C were erratic. Generally as the reaction temperature
increased, the induction period decreased.

. Utilizing x-ray diffraction (XRD), nearly all solid phases that formed either in the bulk
solution or attached to reaction vessel surfaces, were shown to be a nitrate-nitrite-based sodalite.
It has also been shown that the mineral-phase zeolite A initially forms and then transforms into
the sodalite phase, even at temperatures as low as 40%C. At higher temperatures, the transition is
fast enough that it can be missed, whereas at 80°C, solids in the bulk of the solution were shawn
to transition during the first 3 h of the reaction.

Solids were shown to build on and tenaciously adhere to reaction vessel surfaces (304-L
stainless sieel)

The mixing propeller used in th;s work pushed liquid in the reaction vessel downward,
while stirring at 250 rpm. As a result, the walls always appeared to remain clean in the same
plane as the propeller and just above, as well as immediately below the propeller on the bottom

ix



surface. The reason for this is not entirely clear, but may relate to the turbulence profile created
inside the reaction vessel. Previous observations of scale growth and deposition on vessel
surfaces have indicated that particles formed in the solution appear to preferentially form where
they impact the surface of the vessel wall ata steep angle. Upon adhering to the surface, the
solids seem to grow laterally into a sheet that covers the surface.

One test using carbon black as a seed material was performed in an attempt to investigate
preferential growth and formation of aluminosilicate solids in the bulk of the solution rather than
on vessel surfaces. This test was performed at 80°C and at an Al:Si molar ratio of 1 (0.1 M Al
and 0.1 M 8i). At the start of the reaction, an eqmvaiem 24 kg carbon black per 1000 L of
simulant was added and became wetted after about 5 min of mixing. After 6 h, the surfaces of
the vessel were free of solids under conditions which normally produce the maximum amount of
solids on vessel surfaces. The amount of carbon used was conservative and likely exceeded that
which might be necessary. This seed material was of special interest since it might be expected
to oxidize to CO, in the melter cold cap region.




1. INTRODUCTION

~ Since 1997 the Savannah River Site (SRS) has been plagued with pipeline plugging

problems associated with the formation of aluminosilicate mineralization, which has recently
' lead to the shut down of the 242-16H (2H) evaporator system. This evaporator’s primary
function was to reduce the volume of the SRS high-level waste solution stored in storage tank
43H. The concentrate from this evaporator flows through a gravity drain line to tank 38H. The
gvaporation reduces the volume of the high-level waste by 25 to 30% and the volume of the low-

salt waste by approximately 90%." The high-salt waste typically contains high concentrations of
aiuminum and very low concentrations of silicon, The low-salt waste which originatesas a
recycle stream from the Defense Waste Processing Facility (DWPF) has, by contrast, high
concentrations of silicon and low concentrations of aluminum. The subsequent combination of
these two streams has led to serious problems for the 242-16H evaporator. During Iﬂl}f 1997, a
drain line to tank 38H became piugged with a nitrate-based sodalite. More resemky, the
evaporator has been inoperable since January 2000 due to similar excessive scaling.”

The drain line was unplugged using a water jet, and evaporator solid dissolution studies
were undertaken by Wilmarth.** The nitrate-based sodalite was found to not be amenable to
dissolution in caustic or axafate solution but rather in dilute sulfuric and nitric acid, the iatter sf
which is c&mgat&hie with the 304-L stainless steel and Hastelloy G-30 metals of construction.’
”i}zzrmg this time, it was discovered that tank 2H contained solids that were comprised of 6%
uranium which had been enriched to 2.4%. Concern regarding the possibility of exceeding
criticality limits in the tanks and th:e. evaporator prompted the Department of Energy (DOE) to
suspend gvaporator operations. _

 The 242-16H (2H) evaporator is part of the H-Area tank farm. The evaporator is 8 ft in
diameter and 16.5 ft tall, with an operating capacity of ~1950 gal,® a design pressure of 15 psig,
and an upper operating temperature of 160°C. The evaporator has a conical bottom for more
efficient removal of concentrated waste.

‘Waste which is continuously fed from Tank 43H can be %;eaied by two sources inside the
evaporator, the warming coils and the steam tube bundle, although the tube bundle is used
primarily for this purpose. The 150-psig steam passing through the bundle normally heats the
solution to 130°C. '}'?m warming coils are used during shutdown and during desalting or
descaling operations.® :

The tank farm evaparamrs ran with few Qparanoﬁai prob!ems for a pcmd of ‘
approximately 40 years, I)urmg this time, any buildup of salt was readily washed out i;tsmg well
water. However, more serious scaling problems arose in 1997 and 1998 when scale samples
were shown to contain aluminosilicates, wmspﬁndmg to the reiatxvely insoluble nitrate-based
sodalite mineral. This material was found to be’ %enamwsiy attached to surfaces inside the
evaporator and could not be removed as easily as in the past with well water.

More troubling than the scaling itself was the realization that sodium diuranate had
pmczp;mmi with the scale and it had become emrzcixed ¢ Uranium in the range of 3to 7.4 wt%
was discovered with average enrichment of a;;;z;gxzmately 3%. Because of the criticality
concern, the 2H evaporator was shutdown and locked out in January 2000.° Recent calculations
indicate that approximately 3500 kg of scale deposit and 9 kg of fissile 2*U are present in the




evaporator. The fissile uranium is apprﬁxzmately four times the minimum critical mass of 2100 g
78U for 3% enrichment. For this reason, acid-cleaning procedures will include the add:tzon of
depleted uranium to dilute the enriched uranium into a safe range.

The presence of glass frit in the feed tank sludge as 'well as in the recycle stream from
DWPF has contributed to the formation of problematic aluminosilicate, a material which has also
presented major scaling problems for the nearly 100-year-old Bayer process.” In that process, the
scaling problem originates from the presence of kaolinite, Al,Si,0,(OH),, and quartz SiO,, in the
bauxite process feed.® Many aspects of the Bayer process chemistry and important physico-
chemical parameters are analogous to those of the evaporator problem at the SRS.

The problem of scaling in industry is most often related to heat transfer surfaces
becoming coated in boilers, desalination/distillation plants, and many types of evaporators. In
most cases, industry has not been able to solve the problem entirely and must periodically resort
to acid cleaning or solutions containing complexing agents or chelants to descale.*'?

The complexity of the scale-formation problem even extends to the atomic scale where
grain boundaries on metal surfaces interact or aid in scale formation.”” Generally the existence of
an oppositely charged surface oxide on ‘metal that aids in attracting negatively charged reactant
or product particles is considered plausible. One may speculate that product particles (or
crystals) may be surrounded by a still-evolving gel phase that moves with the particle and upon
contact with the 304-L stainless steel surface, if positively charged, facilitates the formation of a
weak electrostatic attachment, which later forms a strong covalent bend through surface species
such as Fe(OH)"."?

Industry relies on several diﬁerent methods 1o control scaling, some of which are briefly
snmmarmed as foiiows

1. Meahamcai means including thermai shock have sometimes be{m used on submerged—-
tube evaporators.

2. The addition of seed materials to facilitate and speed growth in the bulk of the solution

~ rather than on heat exchange surfaces is another approach.

3. lon-exchange methods have been used to remove certain chemical species that aid in
scale growth.

4, Polyphosphate-based chemicals are added at doses in the range of 2-5 ppm. The exact
mechanism of scale abatement using this additive is not entirely understood.

5. Simple pH adjustment is used to effect a change in the solution chemistry, such as to
remove carbonate from water as carbon dioxide.

6. A family of high-temperature polymers are sometimes added in the range of 3-8 ppm so
as to produce a lattice distortion in the solid and subsequently result in the production of a

- non-adhering scale due to ihlﬁ distortion.’?

With the exception of the Bayer process, problems at the SRS result from conditions that
are not very common to industry. In addition, solutions to these problems are limited by what
can be added to the waste feed solutions. Amorphous frit for the melter which is present in the
feed tanks is the ultimate source of the scaling problem. According to the experimental results of
Wilmarth, the frit dissolves to a limited extent in the feed tank, especially when the sludge is



turned over.” Upon being fed to the evaporator, its dissolution and subsequent conversion to
sodalite is nearly quantitative and occurs in less than 4 h, which is thought to be the residence
time inside the 2H evaporator. According to Wilmarth, a kilogram of Frit 200 (70% Si0,)
produces 2.1 kg of the sodium aluminosilicate. Together with silica from the DWPF recycle
stream, silicate is being continuously replenished, thus requiring a better understanding of the
reaction kinetics as well as the mechanism(s) involved in wall deposition and scaling. A general
equation for the formation of the problematic nitrate-based sodalite, simplistically omitting
metastable intermediate gels or a solid precursor phase, is depicted in Eq. (1)

3AI0; g + 6H,SIO, o + 2NaNOyg, = Nag[ AISIOJ; (NOy), + 4H,0 + 8H,0 (1)

As might be expected based upon the waste stream composition, and confirmed through XRD
analysis, the sodalite formed actually contains equal molar quantities of nitrate and nitrite despma
reference to a nitrate-based sodalite.

At present the plan to make the ZH evaporator operatzonal in the future involves the use
of a dilute nitric acid and depleted uranium cleaning solution as formulated by Wilmarth.
A periodic shutdown of the evaporator for cleaning purposes will be necessary, and each cleaning
is expected to require: several batches to effect complete dissolution of the aluminosilicate-based
scale. In addition, since it has been shown through XRD analysis of sodalite mineralization that
the mineral is actually both nitrite and nitrate based, it is expected that a lot of gaseous mixed
oxides of nitrogen will be produced upon contact with acid. That is, the nitrite component will
readily decompose to form the mixed oxides of nitrogen and the heat associated with the acid-
base reaction may promote additional decomposition of nitrate, dependmg upon the
concentration of the acid. The final acidic solutions will also require caustic neuirahzmmn,
thereby producing more heat prior to movement to Tank 42 and possibly more NO_.!

2. EXPERIMEN’YAL
3.1 EQ'{}I?&ENTAND PR()CED{}RE

All kinetics tests were performed in a con ‘stant»tem;)emture water bath which was
maintained within 0.25°C of the programmed temiperature . The bath temperature was checked
periodically against a National Institute of Standards and Technology traceable thermocouple-
based meter that has been certified as being eaiﬁnrated through January 3, 2002. A Lightnin
mixer with an electronic rpm display was used to stir the solutions at 250 rpm. Distilled water
was used in the bath during most of the testing, but was replaced with silicon oil for tests
conducted at temperatures of 100°C, The bath ami mzxer armzxgement and other assmmmé
equipment are shown in Fig. 1(a~<).
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Fig. 1. Experimental setup and associated equipment.

The bath opening was modified by adding a steel plate with three openings to allow for
the use of three reactors simultaneously. Initially two positions were set aside for heating the two
reactant solutions (salt and silicate ‘based), after which they were combined into the third 600-mL
stirred stainless steel (SS) vessel. The reaction vessels were manufactured by Polar, Inc., and
were made of polished 304-L $S. The vessels were straight walled with a lip that caught the top
of the plate and allowed the vessel to hang low enough in the water or silicon oil that the solution
inside (450 mL) was always at or below the Tiquid level in the bath.

- The solution was stirred using a high-density polyethylene (HDPE)-coated stirrer and
propeller with three 45 °lobes which turned clockwise at 250 rpm during use. This direction of
rotation forced the vessel solution downward. The shaft of the propeller passed through a close-
fitting Teflon tube, centered in the top of a number 14 neoprene stopper, which fit snugly in the
top of the reaction vessel. On top of the stopper was placed a 5-1b slotted hanging-scale weight
of the same diameter as the stopper, which ensured that the seal with the vessel was always tight.
The 47-mm-diam mixer propeller was always placed 2 ¢m above the bottom of the reaction
vessel by aligning a mark on the mixer shaft with the opening of the chuck, and the mixer motor
was aligned with a mark on its support rod. The reaction vessel and mixer arrangement are
shown in Fig. 1(b); the slotted weight is not shown. '

Liquid samples of the reactant solution were periodically removed, with sample times
being dictated primarily on the basis of the operating temperature selected and discussions with
Savannah River Technology Center (SRTC) staff who had run similar tests over the past few
years. Based on some early practice tests, it was found that when a lot of solids were suspended



in solution, it became more difficult to force the reactor solution through the syringe filter used.
Under such conditions, the solution inside the 20-ml plastic syringe might have cooled as a result
of the long filtering delay, and thereby altering the solution composition due to possible
unwanted precipitation. To overcome this limitation, a glass water jacket was constructed that
tightly fit the syringe. Water from the bath was constantly pumped through the jacket to maintain
the temperature inside the syringe at the same temperature as in the bath, < It was later determined
that in most cases, the filtration of 10~12 mL of solution was rapid and in the range of 155, 3
time in which cooling became less important. As a result, the heated jacket was rarely used but
always remained available nearby with bath water flowing through it.

The apparatus used for solution filtration is schematically shown in Fig. I(c) Upon
removing the weight and neoprene stopper from the reaction vessel, the plastic syringe with a
Luer lock end was placed just below the surface of the constantly stirred solution and between
10 to 12 mL of solution was removed. The syringe was then attached to the top of a Delrin
plastic filter (VWR 28144-109, 2000 catalog), which contained a 0.2-um nylon filter witha
Viton O ring. The filter also contained a Luer lock connection. The end of the filter was
attached to the top of a drilled number 8 neoprene stopper with a Teflon tube extending about
3. cm below the stopper and into a preweighed 30-mL polyethylene bottle placed inside a
40~ = 80- mm quartz vessel made for these tests. This vessel was attached to a vacuum source
through the vacuum barb on its side, thus allowing a vacuum to be pulled at the same time the
syringe plunger was bemg pushed to fame the solution through the filter. In this way, both the
pressure inside the syringe and the vacuum on the other side of the filter facilitated rapid
filtration. The vacuum was not used in tests at or above tempemtums of 160°C because the
solutions would flash inside the quartz vessel.

 Upon filtering the sample, the apparatus was opened and the sample bottle sealed and
weighed to correct for the amount of solution removed from the reaction vessel with time. If
there was enough solid in solution to enable a solid sample to be recovered from the filter, a
clean syringe was filled with 20 mL of distilled water to wash the electrolyte out of the solids on
the filter. The filter was reattached to the top of the Delrin plastic filter, and water was then
forced through the filter into the empty quartz vessel below, generally without the aid of a
vacuum.

Following the washing szepj the apparatus was dismantled and the two halves of the
Delrin filter were screwed apart to expose the filtered solids. The nylon filter with solids
attached as a filter cake was carefully removed using laboratory tweezers, placed in marked petri
dishes, and then put in a 52°C drying oven for a minimum of 12 to 24 h. When searching for the
presence of gibbsite, some samples were dried a second time at 100°C for 72 h to force
dehydration and crystallization of any amorphous gibbsite. Dried solids were found to be very
friable and were ground in an agate mortar prior to storage in vials.

2.2 SOLUTION PREPARATION AND USE
Chemical characterization at various levels inside feed tank 43H was conducted to

formulate the simulant used in these kinetic tests.”® The concentration range of sodium,
aluminum, and silicon was used to generate four simulant options. Of these options, the simulant



with a total sodium concentration of 6 M was chosen for this study. The working solution was
prepared in two parts, a salt solution containing the aluminum and other salts and a sodium
silicate~based solution made using Frit 200. The two solutions would be separately heated to the

desired reaction temperature and then combmed at the start of the test, producing a ﬁnai solution

with the desired Al:Si ratio. .

All solutions prepared in this stucfy were stored in screw-top poiypropyiena volumetric
flasks due to their high alkalinity and never exceeded 1 L in volume. This minimized the
potential for changes in both the salt and silicate-based solutions, and upon using 450 mL of
solution i in each test a fresh satutwn was often prepared.

2.3 SMULANT QOMPGSXTION

?’%&e resu%tmt solu‘ium composition produced after combining the salt solution with the
silicate solution was kept as constant as possible. Only the sodium concentration varied slightly.
The simulant composition showing the initial aluminum concentration of 0.133 M is presented in
Table 1; this concentration was changed to achieve the desired AL:Si ratios.

Table 1. Compaosition af the sxm;aie salt solgth;

‘ feed representing Tank 43H o
= Sgeme& C&meﬁtmtm {M)
Sodium - 6.000 o
NaOH = ' 4.000 .
- NaNO, 1.000
.. NaNO©, : 1.000
.. ANG,), - 9H,0 0.133

The salt solution was prepared in such a way that the sodium hydroxide from the silicate
solution would be accounted for in producing a final caustic concentration of 4 M (as shown in
Table 1) after the two were combined. However, since the aluminum nitrate nonahydrate has
nitrate with it, its concentration must be corrected for in the total. In addition, since the
aluminum cation is acidic, upon contacting the solution it will consume 4 mol of hydroxide,

AI(OH),’, which must be accounted for in the total sodium hydroxide concentration (i.e.; that
from salt solution and that from the added silicate solution). The preparation of the salt solution
required that the sodium nitrite be added last, after the alkalinity had neutralized the acidic

aluminum cation; otherwise, the nitrite would decompose into brown NO, fumes. In earlier tests,

the aluminum concentration was held at 0.1 M and the silicon was reduced from 0.1 M down to
0.005 M so as to obtain Al:Si ratios of 1:1, 2:1,.and 20:1. A solution comprised of 4 M NaOH
was used for dilution when necessary. The aluminum concentration of the 0.1 M salt solution

shown in the table was initially prepared at 0.2 M so that when mixed with an equal volume of




0.2 M silicate solution, a solution containing both 0.1 M aluminum and silicon resulted (ALSi= 1)
2.4 PREPARATION OF SODIUM SILICATE SOLUTION

The silicate-based solution was prepared using the same glass frit as that used in the
vitrifier at the SRS, The preparation required that 20 g of Frit 200 be mixed with 160 g of NaOH
and water and heated in a stirred stainless steel vessel, using a Teflon-coated magnetic stir bar,
for 24 h at 100°C. The composition of Frit 200 is provided in Table 2. The steel vessel was
covered, and the lid was equipped with a reflux condenser with 16°C water passing through it.
After 24 h, the vessel was cooled to near room temperature in a water bath. The solution was
then filtered through Whatman 40 filter paper and rinsed into a 1-L polypmpyiene volumetric
flask. Distilled water was added until the total volume reached the 1-L mark. An aiaqaet was
then submitted for inductively coupled plasma (ICP) analysis for silicon concentration. Very
consistent results of 0.2 M 8i0,, 3.66 M OH', and 4.06 M Na* with a density of 1.16 g/mL at
24°C were obtained. When lower concentrations of $iQ, were required, the solution was diluted
with 4 M NaOH. Both the free hydroxide and sodium composition were calculated by the use of
a spreadsheet. Attempts were made to titrate the free hydroxide with standard hydrochloric acid
to the methyl orange end point with an autotitrator, but results, although close to those calculated,
were generally high, probably due to the carbonate present in the food-grade sodium hydroxide
used. Using this method, the titration is ended just before silicate begins to protonate.™ The
silicon was obtained by ICP, and the sodium usually agreed very closely with ﬁw calculated
sodium concentration.

An Excel spreadsheet was used to balance the desired amounts of cations and anions and
account for added or consumed components to yield the desired Al:Si to silicon ratios in the final
solution upon being combined with the salt solution. After all solution densities had been
determined, solutions were combined by weight to minimize etror.

Table 2. Composition of glass Frit 200

Component ’ wt%
SiO, .70
Li,O 5
Na,0 1
MgO 21




25 PREPARATION OF CHEMICAL REAGENTS
The purest chemical reagents practically available were used in preparing both silicate

and salt solutions. Large containers of reagents were purchased to avoid changes in lot number.
Table 3 shows the reagents used, their purity, and their associated lot numixers

'fffiébi% 3, Iﬁ#&gm purity and lot information

Reagent ‘anfzctnmr ~ Gradeand Purity  Lot#
NaNO, EM Sciencé ACS (mp 306°C) 08711CU
NaNQ, EM Sctmce GR (97% min) 39099917
AI(NO,),  EM Science GR (98-102%) - 37325925

NaOH ,Mgzmczmdt ©NF (99.2%) | '75&@?2&@69 )

2.6 PREFARATIQ&O?SAL}"Si:#m’rm&”"‘" e

The salt saiutmn was pmpared sepamte:!y am‘e mixed with the sxhcam seizxtmn in equai
volumes (based upon weight). A spraadsheet was used to resolve the amount of salts needed to
produce a simulant at the desired AL:Si ratio, as shown in Table 1. In all tests, 225 mL of salt
solution was mixed with 225 mL of the silicate-based solution in the reaction vessel following
preheating, producing a final vniume of 450 mL in each test.

3. ANALYTICAL METHODS
3.1 X-RAY DIFFRACTION (XRD)

Solid samples removed during the course of this study were filtered onto 0.2-um nylon
filters and washed well with distilled water by forcing a 20-mL syringe of water through the
solids on the internal filter to remove traces of eiﬁctmlytz that might affect the XRD spectrumn.
Washed solids were placed on petri dishes and put in a drying oven at 52°C where ﬁ'zezy remained
for a minimum of 12 h. When testing for the presence of gibbsite, which might exist in the solids
as an amorphous phase, the solids were dried at 100°C for 72 h prior to XRD analysis. All solids
for XRD were ground in an agate mortar and then sealed in glass vials prior to analysis.

XRD analysis was conducted ;zsmg an XDS 2000 diffractometer from Scintag, Inc.
(USA). The Jade 6 XRD patiern processing software manufactured by Materials Data, Inc., was
used for data interpretation and to identify peaks over a 2-theta range of 4 to 40 degrees at a
continuous scan rate of [ degree per minute.



3.2 INDUCTIVELY COUPLED PLASMA (ICP) EMISSION SPECTROSCOPY

Liquid samples removed from the reaction vessel for silicon and aluminum analysis were
kept in 20-mL polyethylene bottles and generally contained between 10 to 12 mL of sample each.
Most samples were analyzed within 2 days and were stored at room temperature. For tests
performed at higher temgemmes and higher AL:Si ratios, samples were qmc:idy stored in a
refrigerator at 2°C to minimize any further reactivity. .

Liquid samples were analyzed from both nitric acid-based matrices as well as those that
were nitric, hydrochloric and hydrofluoric acid based, with the latter producing less erratic results
for sometime problematic silicon. Analyses from the nitric-hydrofluoric matrix consistently gave
somewhat higher results compared with nitric acid alone, and fluoride appeared to minimize
silicate loss due to precipitation upon dilution and acidification. Alummum results were nearly
always consistent and rarely erratic.

- The ICP used was a Model 61E Trace Analyzer from Thermo Jarrell Ash thatisa
simultaneous plasma emission spectrometer. It consists of three modular components: (Da
comiputer-controlled 0.75-um polychromator with a fully automated ICP emission source; (2) a
floor-mounted power unit that provides power to all other components and accessories, with the
exception of the polychromator vacuum ;mmp and (3) a data acquisition center that includes the
host computer and a printer.

The emission source for the ICP é.IE is an argon plasma. The ICP source is powered by a
2-kW crystal controlled radio frequency (RF) generator operating at 27.12 MHz. The output from
the RF generator is coupled to a water-cooled copper induction coil that is wrapped around the
outside 6f a quartz torch assembly. Argon gas flows through the torch assembly at all times,

4. RESULTS
}«’i 1 EX?EIIIM’ENTAL BATA

Aaaiytma data were mit;af ly graphed versus time, and results were used 10 éeiermme if
an induction period existed prior to fitting data to standard integrated forms for first- or second-
order reactions by trial and error to obtain the best fit. For those reactions in which an induction
period was present, the zero time was shifted to the point at which the reaction was initiated. It
‘wias found that tests in which the AL:Si molar ratios were 1:1 (0.1 M Al and 0.1 M Si) could be
described using a second-order fit of the data, while those at other ratios best fit pseudo first~
‘order kinetic relationships. For tests in which the molar ratios were 1:1, either aluminum or
silicon could be used, with aluminum as the preferred choice since random analytical problems
with silicon sometimes were encountered. Although: many different means for describing kinetic
data exist for such systems, such as the half-life method, initial rate, differential forms, and
mieg;ratf:ﬁ forms, the latter method was relied upon. Where both reactants start at the same
concentration, tests with Al:Si molar ratios of 1:1 (0.1 M Al and $i 0.1 M) were used,



4.2 ALUMINOSILICATE FORMATION KINETICS

The acquisition of kinetic data that lends itself to justifiable comparison may depend on
many conditions which could affect the end results, such as sample storage prior to chemical
analysis, filtration efficiency, or simply differences in procedure. In all the kinetic tests
performed, this work has focused on maintaining consistency in how the tests were conducted to
ensure comparability. The only known major difference is that in work at 100°C, intermediate
samples were quickly iced and then stored at 2°C awaiting chemical analysis.

4.2.1 Reactions at 40°C

Tests performed at 40°C resulted in an absence of any significant reaction between

" reactants over the duration of the tests up to 137 h in some cases. Only upon using an AL:Si
molar ratio of 1:1 (0.1 M Al and 0.1 M Si) did a very small amount of solids form, and analytical
results of solution reactant concentrations produced nearly straight lines. Upon using a ratio of
2:1 (0.1 M Al and 0.05 M Si) at this temperature, again just nonquantifiable traces of solids were
observed. At a molar ratio of 20:1 (0.1 M Al and 0.005 M Si), no solids were observed anywhere
forupto 120 h. Anychange in solution reactant concentrations of aluminum or silicon was
within the expected analytical sensitivity. Had these tests run longer, they may have resulted ina
more complete reaction. For the few tests performed at higher Al:Si ratios at this temperature,
that is, Al:Si of 0.5 (0.05 M Al and 0.1 M Si) and 0.05 (0.005 M Al and 0.1 M Si), only a very
small amount of solids formed on the vessel bottom at a ratio of 0.5 after 120 h. After95hata
ratio of 0.05, no solids were observed suspended in solution or on vessel surfaces. Generally
tests performed at the lower temperature of 40°C and especially at higher AL:Si molar ratios
resulted in erratic aluminum and silicon analyses for reasons not understood.

4.2.2 Reactions at 60°C

Reactions performed at 60°C produced the maximum amount of solids on both the walls
and bottom of the reaction vessel atan Al:Si molar ratio of 1:1 (0.1 M Al and 0.1 M Si) after
30 h, as shown in Fig. 2. Increasing this ratio to 2:1 (0.1 M Al and 0.05 M Si) produced solids on
the bottom as hard spirals only and the kinetics was diminished compared with that of the 1:1
ratio. In addition, operating at a ratio of 20:1 (0.1 A Al and 0.005 M Si) resulted in the
production of a small amount of suspended solids after 47 h and no solids on vessel surfaces;
desilication kinetics was also substantially slowed as expected.

At this temperature, two reactions were also performed with silicon concentrations higher
than that of aluminum. Ratios of 0.5 ( 0.05 M Al and 0.1 M Si) and 0.05 (0.005 M Al and
0.1 M Si) were investigated. At the ratio of 0.5, solids formed on the bottom as well as on the
walls, with shark-teeth-like growths after 30 h. In contrast, at a ratio of 0.03, solids formed only
on the bottom after 46 h and did not adhere well, The analytical results from these tests were
erratic, but it appears that at 40 and 60°C, solid deposition mirrored reactions performed at
similar ratios but with aluminum in excess.

10
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4.2.3 Reactions at 80°C

Reactions performed at 80°C as shown in Fig. 3 demonstrate the influence of first-order
dependency of the reaction kinetics on each of the reactants individually, as is often the case in
overall second-order reactions. As expected, the reaction with an AL:Si ratio of 1:1 produced the
highest reaction rate and largest amounts of hard solids on vessel surfaces. In the reaction with
the Al:Si molar ratio of 2:1 (0.1 M Al and 0.05 M Si), the limiting reactant (8i) has been reduced
by half and the results on the observed kinetics are apparent. When using an Al:Si molar ratio of
- 20:1 (0.1 M Al and 0.005 M Si) at this temperature, only a small amount of suspended solids was
observed in solution, none on vessel surfaces, and kinetics was linear up to 30 h. ‘

- A few tests were performed at this temperature in which molar quantities of silicon were
higher than those of aluminum at ratios of 0.5 (0.05 M Al and 0.1 M Si) and 0.05 (0.005 M Al
and 0.1 M Si). At a ratio of 0.5, hard solids formed on the bottom and in the bulk of the solution
and shark-teeth-like growths formed on the walls after 29 h. Performing the reaction ata 0.05
ratio resulted in the formation of solids only in the bulk of the solution and none on the vessel
surfaces after 29 h. This reaction, based upon aluminum consumption, was 56% complete. In
these reactions in which silicon concentrations exceeded aluminum concentrations, analytical
results were erratic.
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424 Reaction at 100°C

- The combination of a higher temperature, coupled with an AlL:Si molar ratio of 1:1 (0.1 M
Al and 0.1 M Si), a ratio at which desilication kinetics and solid deposition are usually at a
maximum at nearly all temperatures, is provided in Fig. 4. The reaction, based upon aluminum,
is approximately 90% complete after only 4 h, with the last 3 h of the reaction appearing to be at
or near an equilibrium condition. Since in a pure sodalite mineral the molar ratio of Al:Siis 1,
intuitively one might expect that these two curves might be closer together. Although it is
possible that a solid other than sodalite may be forming to account for the separation, aluminate
sorption onto silicate gel may take place at an Al:Si molar ratio greater than a 1:1."®* However,
if the concentrations of both reactants during the last 3 h are used to calculate a solubility
product for nitrate-based sodalite, it is very close to the literature value in this case. As shown in
Figs. 2 and 3, the curves are relatively close together.

Most curves presented in this report indicate that aluminum is always consumed at a

slightly greater rate than that of silicon. This is believed to occur because aluminate is adsorbing
on silicate surfaces in molar ratios higher than 1:1.
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4.3 TEST FOR SECOND ORDER REACTION KINETICS

Fitting experimental kinetic data to a standard integrated form for a second-order reaction
- in which the starting reactants are both equal can be accomplished by using the integrated form
_ foratype Il [A + B = Product] second-order reaction, as is frequently done in the literature on
kinetics. If the concentrations of A and B are equal, we need not consider two terms, such as
(A - X) and (B - X), but only one, (A -~ X)*. In such situations, the rate may be expressed as

h
—=k(a- %), , @

where x (mol liter") is the amount of A that has reacted in a unit volume at time t (s), and a is the
initial amount. Separation of variables and integration leads to Eq. (3).

x

ala- x) =k ®

Therefore when the term x/a (a - x) (L mol™) is plotted on the ordinate and time t (s) on
the abscissa, a straight line passing through zero and having a slope equal to the second-order
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rate constant (k) with units of L mol™ s will result. The half-life (t,,) of the reaction would be
1/ ka,, where a, is the initial starting concentration. Although this integrated form of the rate
equation for a type Il reaction is useful when the reactant concentrations are the same, most of the
SRS waste feeds have substantially higher aluminate concentrations compared with silicate;
hence, kinetic data may be handled in other ways.

Although the desilication reaction is overall second order, as shown in Fig. 5, when the
concentration ratios of aluminate to silicate vary by a minimum of 10 or more, handling the
kinetic data as a pseudo first-order reaction can prove useful, as shown by the work of
Wilmarth.” In this case, the logarithm of concentration versus time may simply yield a straight
line. Since the concentration of aiummam in SRS waste is approximately 50 times greater than
that of silicon, the aluminum concentration will remain constant by comparison with silicon with
time when forming sodalite. Hence, the kinetics could also be represented just as well as a
pseudo-first order reaction. The rate constant (k) in this case would have units of reciprocal time,
and t,, would be equal to 0.693/k. The values of the corresponding rate constants determined by
a second-order or pseudo first-order method would therefore have different units and be different
numerically; however, both would have the same limiting reactant half-life. '
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Fig. 8. Secoad»&rder reaction test plot for aluminosilicate
formation at 100°C and an AL:Si molar ratio of 1:1.
(0.1 M AL:0.1 M Si).

Since data presented in the Fig. 5 test plot fits the form for a second-order reaction at
equal starting concentrations of reactants (0.1 M Al and 0.1 M Si), we may conclude that the
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desilication reaction is overall second order. From the slcpee of the second-order test plot in

Fzg 3, the second-order rate constant is 0.0053 L mol * 57, and for a second-order reaction of this
, the half-life t,, = 1/kA,, where A_ is the initial reactsnt concentration. This is the amount of
time - that would be expected for half of this reactant concentration to decrease by 50%. It should
‘be noted that the time for all the reactant to be completely consumed is meanmgless since
 theoretically the time is infinite. Therefore, the half-life of the reactant is expected to be 1887 s
or 0.5 h under these conditions at 100°C. This half-life is in the range of that calculated by
Fondeur, Wilmarth, and Fink in the same tempemture range.'" One may calculate a new specific

_ reaction-rate constant at higher temperatures as is encountered in the 2H evaporator (~130°Cy’,
and a new associated reactant half-life as well ¢ usmg the modified Arrhenius equation as

o ":giesmbezi below in Eq. (4). .

i 4. AC’I‘WA’TI{}%I ENELRGY ,F{)R AL%!I?’?OSIL%CATE CRYSTALLIZAT?QN

. From three specific reaction rate constants at three different temperamres we are able to
apply the Arrhenius activation energy relationship, which relates these parameters specifically to
__the desilication reaction, Reactions at 60, 80, and wwc yielded specific second-order reaction
_ rate tonstants of 0.0014, 0.0022, and 0.0053 L mol 5 ! (see Fig. 5), respectively, which when
plotted against the reciprocal of the absolute temperature yields a straight line, as shown in
. Fxg é mématmg conformance to the Arrhenius r&ia‘tm&sth The slope of the curve is - 1816 K,
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which equates to 8.31 kcal mol” or 34.8 kJ mol”'. This apparent activation energy may now be
used to extrapolate specific reaction-rate constants to other temperatures provided there is no
- change in the reaction mechanism over the temperature range considered.

This relatively low activation energy (35 kJ mol™) means that the reaction rate will
change only moderately with temperature. Those reactions that have a large activation energy
will be mote sensitive to a temperature change than those with a low activation energy. For
example, a reaction with an activation energy of 378 kJ mol" may increase its rate 6-fold for
every 10°C near ambient temperature, while at 76 kJ mol”, the rate doubles.

It is also important to note that the solubility of the sodalite formed in these reactions is
also affected by temperature and decreases modestly over the température range of interest in this
work. For this reason, deposition on evaporator heat transfer surfaces is problematic.”

4.5 RATE CONSTANTS AT HIGHER EVAPORATOR OPERATING TEMPERATURES

* Itisof interest to know what the specific reaction-rate constant is at the evaporator
operating temperature (~130°C) even though this work is limited by the boiling point of the 2H
simulant at atmospheric pressure (~109°C). An autoclave is required to exceed the boiling point.
This rate constant can be calculated using Eq. (4), where E, is the activation energy as measured
in cal mol”, R is 1.987 (cal mol” K'), and temperature is absolute (K). Using k, as the
second-order rate constant at 100°C or 0.0053 L mol” s, one may then calculate k, at the new

temperature.

ki - (?‘;“T;.)Ea
k, (TT,)R 2.3

log )

Upon substitution in Eq. (4), the specific reaction rate constant at an evaporator operating
temperature of 130°C would be 0.012 L mol” s'. Over the temperature range of 100 to 130°C, .
the reaction rate would have increased by a factor of 1.25 for every 10°C rise in temperature. At
a feed reactant concentration in the 2H evaporator of 0.1, for example, a reactant half-life of
13.9 min would be expected at the specific reaction rate constant at 130°C. This is
approximately half the time calculated at 100°C. '

The pre-exponential factor may also be calculated from 2 selected temperature and its
corresponding rate constant k. This pre-exponential factor (A), has been calculated to be 398 L
mol” s'. One may also calculate directly the desilication reaction rate constant at another
~ temperature, as can also be done with Eq. (4), using the pre-exponential factor A. This factor
relates the rate constant with the absolute temperature using Eq. (5),

k = Ae™RT, )

where R = 8.314 J K" mol, T is the absolute temperature of interest, and E, is measured in
Jmol™. Upon substituting the value for the pre-exponential factor, one may calculate new rate
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constants at other temperatures. Just as when using Eq. (4) for the same purpose, the activation
ggmz‘g‘%? must remain unchanged over ihe temyemmm range of interest,

| 4 6 REAC’I’ 1ON IND{ECT}O?X PERIO!)S

: in aikaime seiuﬂons cantammg negaﬁvafy chargad aiummate and s:ixca&: reamants,

o vmpecmﬁy in association with water and hydroxide, initially an association between repelling

" anifons exists that is eventually overcome by attractive induced positive charge centers formed by
~ oxygen polarization. The partially positive aluminum and silicon centers allow electron-rich
oxygen to covalently bond, eventually forming aluminosilicates. As oxygen approaches a
 charged center, it is slowed by stearic interference, which eventually forces water out of the
association. Condensation takes place as more room is made available for further interactions.
presence of other electrolytes, both positive and negative, slow this process down during the
; &ﬁ&u&:ﬁxm period by impeding diffusion of aluminate and silicate anions, which themselves tend

- to repel each other due to having the same charge. Heat substantially shortens the induction

. period by allowing water to be ejected more rapidly from a growing association or amorphous gel
- phase; as it is referred to.. Energy imparted by heating the solution increases the Brownian

~ motion of hydrated ions and speeds the loss of water from the gel phasg thereby i mereasmg the

- rate ﬁua%: covalent bonds can form during condensation and nucleation.’

- Changing the amount of aluminate present, such as when the Al:8i molar ratio is

in easf:é from 1 to 2, shows that the increase in the concentration of the similarly sized
aluminate anions increases the length of the induction period at the same temperature. During
 this time, gel phases are losing associated water and rearranging prior to reaction. This effect on
the induction period is evident from the data provided in Table 4. Reactions were also run at

~ molar ratios of 20:1, but even after 5 days at 40 to 80°C, the reactant concentrations remained

. sﬁbszanmﬂy unchanged. Induction periods were détarmmed from the anazytxcalwcomen&atmﬁ»
 versus-time curves. fm* each test. : . '

~ Table 4. Desilication reaction induction periods

Temperature Induction period

AlLSiratio {°C) . h)
L1 100 0
i:1 80 i
I:1 60 . .34
1:1 : 40 I i
21 s pat
2:1 60 68

2:1 40 : 24—«48* :

* These data do not follow the trend.
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The induction period ends when crystallization of asolid phase, such as Zeolite A or
sodalite forms, thus providing a surface for continued growth at a lower energy of nucleation due
"to the presence of the newly generated seed. Following the appearance of a sufficiently seeded
solution, the reaction rate increases. This delay is also partly dueto the fact that the free energy
associated with the formation of the mineral phase is counteracted by the high surface energy of
the smallest aluminosilicate unit cell. At such asmall size, the solubility of thefirst crystals
formed can be expected to be many times more soluble than the reported minera solubility;
hence, this enhanced solubility tends to counteract the forward reaction of solids formation
during this period.

4. 7REACTOR SCALING AND DEPOSITION OBSERVATION S

Observations pertaining to scaling and deposition have been an extremely important
aspect of this kinetic study since this is the primary condition we are trying to avoid in the 2H
evaporator. Establishing the kinetics of the reactions was of secondary importance but has led to
- valuable observations being made during sample retrieval and at the end of each test. Generally
it can be said that upon using X-ray analysis on the numerous solids formed, either filtered from
the bulk of the gtirred solution or ‘scraped from vessdl surfaces, that the nitrate-nitrite-based
soddite ultimately formed in every case. With the exception of a precursor zeolite phase which
was observed and is discussed in the next section, the soddite phase appeared to form on sdlect
surfaces, controlled to some limited degree by solution movement within the reaction vessd.

The reaction vessel (304 SS) was made from nearly the same steel asin the 2H

... evaporator, except for alower carbon content in the evaporator. Additionally, the laboratory

vessels used had a scoured surface with surface roughness that was probably not present in the
- evaporator, a condition which could have aided in the attachment of solid particles. Unlike the
evaporator, the solution in the reaction vessel was constantly stirred at 250 rpm; however, as
reported in the literature, mixing is said to have no effect upon the deslication reaction rate and
subsequent scale deposition on sted surfaces. 2 However, this work has shown that mixing
appears to control a least the areas where there is an apparent absence of growth, with
hydrodynamics playing some role in determining where scaing will consistently be absent.
Based upon visua ingpection, coupled with using a spatula on the surface to fed for a
smooth or rough surface, which is quite apparent when only a smal amount of scaling is present,
an assessment was made. The mixer propeller pushed the solution downward, causing a
spirding pattern to form on the vessal’s bottom near the outer edges of the propeller tips, with a
. scale-free area always immediately below the propeller. The spirals formed atype of convolute
- surface which rose in curved; vertical strips with a scde-free area in between and paralel, always
pointing in the direction of the solution movement. Side walls in the same plane as the propeller
and just above it also remained scale free, with strange growths which looked likeshark’ s teeth
scattered randomly and sometimes extending upward to just below the solution level at times.
These drange growths were never very numerous and were found to be exclusively
sodalite. The growths had sharp points, which pointed oddly in the direction of the on-coming
solution. Such an observation might not at first seem to be very significant; however, it may
‘provide some insight into the mechanism of growth in that fine particles impacting a growing
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surface are controlled by solution movement. Direct impacts to the tip of the growing point
result in the maximum transfer of kinetic energy in the moving particle, maximizing chances for
attachment there, while on the dopes of this surface, the particles do not attach as well due to the
glancing angle at which the particles hit. All observations made during these kinetic tests seem
to support this somewhat profound observation that particles (single crystals or their
agglomerations) tend to best form a scale or deposition on vessel surfaces when there is a steep
angle between the surface and particle trgjectory. Also particles impacting other particles,
stationary or moving, tend to agglomerate or attach to each other very well. Therefore, solution
hydrodynamics appears to play an important role in the location and amount of solids deposited
on reaction vessal surfaces.

Of the three different Al:Si ratios and four different temperatures investigated, the
maximum amount of solids formed on vessel surfaces per unit of time occurred a a molar ratio
of Al:Si =1 (0.1 M Aland 0.1 M Si) at all temperatures investigated. From visual inspection, the
amount deposited per unit time at this ratio appears to be at a maximum at the highest
temperatures (80 and 100°C) and apparent but slower at 40°C. Since the mineral sodalite
contains this molar ratio in its lattice, one can see why this might be a worst case.

4.7.1 Using Aluminum Concentrations in Excess of Silicon

‘The analytical concentration of aluminum and silicon in tank 43H a different levels
indicates that the molar ratios of Al:Si are amazingly constant at a ratio of 50: 1.% In this study,
we have usualy maintained an excess of aluminum with a maximum Al:Si molar ratio of 29: 1.

As previoudy stated, the maximum rate of solids deposition on vessdl surfaces occurred
a an Al:S molar ratio of 1 with the deposition rate, based upon visual inspection, highest at
80°C and 100°C and lowest at 40°C. At amolar ratio of 2:1 (0.1 M Al and 0.05 M Si), the bulk
of the solids favored deposition on the bottom of the vessel at the higher temperatures (60 and
80°C), while at 40°C, deposition was more pronounced on the wall than the bottom; the reason
for this is unclear. In addition, for tests performed at ratios of 20: 1, no scale formation was
observed a all at any temperature over 2 to 5 days of testing. As discussed previoudy, the reason
for this is believed to be due in part to the concentrations at this molar ratio (0.1 M Al and
0.005 M Si) (neglecting activity coefficients) being close to the solubility product for the soddite,
depending upon the literature value chosen; therefore, the mass action driving force is low.

47.2 Using Silicon Concentrations in Excess of Aluminum

Six tests were performed in which the amount of slicon exceeded’ that of aluminum.
These few tests yielded some andytical results for silicon that were especialy poor, and results
did not lend themselves well to kinetic interpretation. Results did, however, show that a an
Al:S molar ratio of 0.05 (0.005 MA1 and 0.1 M Si), no measurable reaction between auminate
and dlicate occurred over 4 days a 40°C. Using the same ratio at ‘60°C resulted in some solids
forming only on the bottom of the vessd; these solids did not adhere well to the vessel after
4 days. Upon repeating this test with amolar ratio of 0.05 and again at 80°C, solids only formed
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in the bulk of the solution and not on vessel surfaces at al after 29 h. Analytical results for
slicon were eratic, but aluminum. results were good and indicated that approximately 56% of
the duminum had been removed from the solution.

Tests performed at Al:S ratios of 0.5 (0.05 M Al and 0.1 A4 S) a 40°C yielded solids
which only formed on the bottom of the vessel after 5 days and were very firmly attached.
Duplicating this test at 60°C again showed the formation of solid on the bottom and numerous
shark’ s teeth on the walls after 30 h. Again duplicating this test at 80°C and at the same molar
ratio, it was found, based on the aluminum analytical results, that 98.6% of the auminum had
been removed from the solution. In this case the bulk of the solution contained solids, but most
solids formed a hard, well-adhering scale with a soft, nonsticking layer above on the bottom of

the vesd.
‘4.8 ZEOLITE A PRECURSOR PHASE

There has been speculation regarding which mineral phase may form as a precursor to the
formation of sodalite both in the bulk solution as well as on vessel walls.’? Knowing the identity
of the precursor phase could theoretically allow for some control over the conditions which favor
or impede the formation of the precursor phase and thereby aid in controlling soddite
formation #' Throughout this work, nearly al solids formed, whether in the bulk of the solution
or attached to vessel surfaces, have been shown to be the nitrate-nitrite-based sodalite [46-0730].
The intercalation of both nitrate and nitrite has been reported by Buhl.?

Only on two occasions was the presence of Zeolite A indicated. The XRD spectrain
Fig. 7 shows that the solids filtered from the bulk of the solution in atest a 80 °C and Al:S = 1
were initidly Zeolite A during the first 2 h and then were converted'to the nitrate-nitrite-based
sodalite starting at 3 h. According to Breuer, this conversion is expected to occur at 70°C and
above, and is enhanced by high alkalinity.® Additionally, Zheng et d., also reports, based upon
sodalite formation results obtained a temperatures between 70 to 100°C, that initialy
crystallized zeolite transforms to sodalite.?*

Inatest at 40°C and at the same Al:Si molar ratio, Zeolite A was also found in solid
scraped from reactor vessel walls. It is possible that the conversion from Zeolite A to the
soddlite extends to the lower temperature where it is much dower. Because the conversion rate
may have been so much slower at 40°C, we were unable to see it using XRD.
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Fig. 7. XRD gpectra showing the conversion of Zeolite A into
nitrate-based sodalite.

4.9 USING CARBON BLACK AS A SEED

During this phase of the investigation, an effort was made to take advantage-of the well-
known ability of seed material to lower the free energy associated with heterogeneous nucleation
and therefore speed the rate of formation of the soddite in the bulk solution. In the case of
heterogeneous nucleation, the presence of a foreign surface can lower the overal free energy
change associated with the formation of a critical nucleus; that is,

AG

crit het

= q) A Gcrit ,hom (6)

The quantity @ is less than 1, and it takes into account the reduction in AG due to participation of
foreign surfaces in the nuclestion process, where

® = [(2+ cosa)(1- cosa)2]/4 - ™

and a, the contact angle between the deposit and the foreign solid surface, becomes a measure of
the affinity between the nuclel and the foreign solid surface.”* Normally one would expect to
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choose a solid surface which is not only crystalline but perhaps composed of the expected
mineral phase formed during deslication-in this case sodalite or a similar homolog. The
enhancement in reaction rate in bulk solution due to the use of seed material has already been
investigated and proven throughout the literature.? 2% According to Barnes €t al., “the
desilication rate was observed to increase dramaticaly due to seed crystal growth with the
suppression of scale formation.”® This approach to scale control based upon seeding is used
effectively in both the United States and in Russia. According to the Kirk-Othmer encyclopedia,
“the second approach, the so-caled seeding technique, provides preferentia sites for the
nucleation of scale which permits the heat-transfer surfaces to remain clean of scale.” Field use
in Russia was reported in the mid-1960s and by dl of the Resources Conservation Company’s
(Bellevue, Washington) Vvapor-compression units in the United States.* *!

Carbon black, sometimes called lamp black or Paris black, isamajor component of tires
and al'so newspaper printing ink and has a surface area of up to as much as 1100 m*g. It isnot a
crystalline materia, but it is sometimes called polycrystalline (nongraphitic) due to hexagonal-
shaped pairing of particles in random directions and with nonuniform lattice spacing in small
crystallites in an amorphous carbon bulk. However, its potential to be oxidized to CO, in the
cold cap of the glass melter made it an attractive material to try asaseed. In a single test at 80°C
and Al:Si = 1, the carbon was used at 2.4 kg/1000 L of simulant feed. This was very likely much
more carbon than was needed as a suitable seed. The carbon was used without adding any
wetting agents to it, and after 5 min the floating carbon was wetted by the hot solution and
remained dispersed.

After 6 h, the test was ended and it was found that most of the low-density carbon
collected at the bottom of the vessel when mixing was halted. Although pure carbon has a
density of 2.26 gm/cc, carbon black has 40% void space which lowers its density to about
1.3 gm/ce, which is close to that of the simulant.*® The walls of the vessdl at this temperature and
Al:Si ratio normally appear to be coated with the maximum amount of solid, especially on the
bottom of the vessel and cannot be scraped off. Following the use of carbon black, the walls as
well as the bottom of the vessd were clean to the naked eye.

The scanning electron micrographs (SEMs) of the solids that form at the bottom are
shown in Figs. 8 and 9. Carbon taken from the bottom of the reaction vessel showsthe  °
characteristic yarn-like balls of sodalite attached to the shapeless surfaces of the carbon, which
have more rounded edges (Fig. 8). For comparative purposes, Fig. 9 shows the rather shapeless
carbon black not used in the reaction.

Because of experimental conservatism, thisfirst test of using carbon black asa
crystdlization seed employed far more carbon black than was probably needed. For this reason,
the photomicrograph in Fig. 9 is overwhemed by much of the shapeless carbon mass at this
magnification The solids shown in the figure were washed with very large volumes of water and
were combined with soaking overnight to ensure that smulant salt crystals would not be present.
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Fig. SEM hoira showing sodalite growth on
carbon black surfaces.

Fig. 9. SEM hOoogréh of unused carbon black.
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4.10 A KINETIC TEST AT 100°C

Although this phase of the work focused on the temperature range of 40 to 80°C, asingle
test was performed at 100°C and at an Al:Si ratio of 1; that is, both aluminum and silicon were
initially at 0.1 M. For this test, the water in the bath was replaced with silicon oil, which allows
work closer to the boailing point of this smulant (~109°C) at atmospheric pressure to be
performed. In addition, the 20-mL sample bottles receiving the intermediate samples were
placed in an ice bath. These samples were stored in ice until the end of the 7-h test, at that time
they were moved to arefrigerator until being analyzed by ICP. This was done to ensure that the
samples removed would be less lilcely to continue to react while awaiting chemica analyss.

As one might predict, the kinetics of desilication was much faster at this higher
temperature, and unlike other tests, no induction period was present during the early stage of the
reaction. The curves of concentration versus time are shown in Fig. 10, with an apparent
approach to equilibrium reveadled between the solid phase and the solution aluminate and slicate
concentration during the last 3 h. At this temperature and under these conditions the reaction
appears to have been completed in 4 h.
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Fig. 10. Concentration versustime for areaction at 100°C (Al:Si =1)
showing an approach to equilibrium after 4 h.
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If we assume that an equilibrium is achieved during the last 3 h of the 100°C reaction,
then from the andytica concentrations of aluminate and slicate we can calculate a solubility
product at this temperature and ionic strength. From the solution concentrations during the last
3 h, neglecting activity coefficients, we calculate a solubility product (k,,) of 2.6+ 0.1x10™
M?Z/L? for the nitrate-nitrite-sodalite, which appears to be within the acceptable range of
published values at this temperature.® *

5. CONCLUSIONS

Desilication kinetics of the Savannah River 2H evaporator smulant exhibited second-
order kinetics with a maximum rate of nitrate-nitrite-based sodalite formation at the highest
temperatures and at -Al:Si molar ratios of 1: 1 (0.1 M Al and 0.1 M Si), corresponding to the same
molar ratio present in the sodalite mineral. A second-order reaction rate constant Was
extrapolated to the 2H evaporator operating temperature (-130°C) and was found to be 0.012 L
mol™s, which would correspond to areactant half-life in the evaporator of 13.9 min, assuming a
0.1 M feed. The apparent Arrhenius activation energy for the formation of the crystaline soddite
was found to be 35 kJ/mol.

Deslication reactions performed at Al:Si molar ratios as high as 20: 1, regardless of the
temperature, were dow’ by comparison with other conditions investigated. Even after 130 h, no
change in reactant concentrations could be observed within the inherent anaytica sengtivity.
This may have been due in part to the fact that we chose to operate close to the solubility limit for
the sodalite mineral, depending upon the literature value considered. From a single test
conducted a 100°C and an Al:Si molar ratio of 1:1, a solubility product for the nitrate-nitrite-
based sodalite formed was found to be 2.6 + 0.1 x 10 M%L? at this temperature and ionic
strength.

Tests were aso performed in which the concentration of silicon was higher than that of
aluminum at Al:Si ratios of 0.5 and 0.05 and at temperatures of 40, 60, and 80°C. It Was found
that under most of these conditions, solids formed on vessdl surfaces except a the maximum
temperature and when silicate concentrations were highest compared with auminate. In one test
a an Al:S molar ratio of 0.05 (0.005 M Al and 0.1 M S), or equivalent to a Si:Al ratio of 20: 1,
at 80°C produced solids only in the bulk of the solution and no visua trace of solid formation on
vessel surfaces. This reaction consumed 56% of the available aluminum over 29 h. Although
only a single test produced these results, high Al:S ratios a high temperatures Will be considered
during the next phase of testing.

Throughout this work, the predominant auminosilicate solid identified by XRD, ether in
the bulk solution or adhering to reaction vessel surfaces, was a nitrate-nitrite-based sodalite.
Once formed, this solid adhered to the polished sted surfaces of the 304-L SS reaction vessdls
such that removal was always very difficult, requiring the use of sulfuric acid to removeit. In all
tests, based upon visua inspection and the use of a scraper to check for solids, the wall surface in
the same plane as the propdler and just above it aways remained free of scale or depostion. In
addition, the area directly below the propeller, which aways operated at 250 rpm, aso remained
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free of any scale or deposition. The reason for this is likely related to solution hydrodynamics
and therefore particle movement profiles within the stirred reaction vessd.

Observations made during the course of thiswork have consistently shown that in areas
where particles impact the metal surface more directly (at a steeper angle) and with presumably
higher kinetic energy imparted by the mixer blade and solution, adherence to the surface becomes
more pronounced. In addition, surface-adhering particles appear to grow laterally across the
surface, forming a thin sheet of solid which can then build new layers. It -also appears that
particles (crystals) that impact each other agglomerate and form a sheet which may stand
vertically on the surface in pardlel layers with space in between. The vertical layers follow the
direction of the expected solution movement, forming uniform spiras, especialy on the vesses
bottom, & the outside edge of the mixer propeller. This observation can lead one to speculate
that a sodalite crystal, once formed, may be coated by a diffuse gel-like layer that feeds crystal
growth but also acts like a “glue”to facilitate agglomeration upon particle-particle impact and
with smilarly coated vessel surfaces.

Although most XRD analyses of the aluminosilicates that formed proved to be the nitrate-
nitrite-based sodalite, a search for an expected precursor solid such as gibbsite or a zeolite during
two different tests revealed that Linde Zeolite A formed first and was then converted to the
sodalite. Although this conversion is known to occur at temperatures of 70°C and above from
the literature, some Zeolite A was found on reactor vessel walls at 40°C with an Al:Si ratio of
1:1. Inaddition, samples of solids formed in solution over thefirst 3 h of atest at 80°C, and at
the same Al:Si ratio, reveaed that Zeolite A was forming initially in solution and then converting
to the sodalite mineral after 3 h, as proven by XRD analyses. If thisis the only solid precursor to
the formation of problematic sodalite, and if the reaction pathway must include its metastable
formation, then perhaps efforts directed a destabilizing its formation might prove useful.

A single test was performed near the end of this phase of the experimental work using
carbon black, amaterial present in tires and newsprint ink, as a seed material to promote the
formation of sodalite more rapidly in the bulk of the solution rather than on vessd surfaces. This
test was performed at a temperature of 80 °C and an Al:S molar ratio of 1: 1, which are the
conditions where fast kinetics and the maximum surface deposition occur. Although much more
carbon was used than was likely necessary (equivalent to 2.4 kg/l 000 L of solution), no solids
formed on the vessel walls and the carbon black with attached mineraization collected on the
bottom of the reaction vessel. This material would likely be oxidized in the cold cap region of
the glass melter to CO, and hence was of interest as one of a number of potential seed materials.

6. RECOMMENDATIONS
Keeping in mind that the results of these studies are based on only a few experiments, two
possible approaches were identified that could lead to the elimination of evaporator scaling

problems — the use of higher Si:Al ratios in the feed solution and the use of seeds to promote
bulk solution precipitation, perhaps using carbon-blacked seeded reactions.
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