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Summary

This document deals with the solutions employed for the purification system of Lifus 6, a plant devoted to
corrosion tests in flowing liquid Lithium, whose operations are going to start the next year. Reducing
significantly the concentration of non metals (C, O, H and N) solved in Lithium, which highly enhance its
corrosive behavior, is the purpose of the purification.

The purification is performed through a Cold Trap, where the precipitation of the various binary non
metals-Lithium compounds is promoted thanks to the reduction of the Temperature (200°C), and an Hot
Trap, filled with a Titanium sponge getter, where Nitrogen concentration in Lithium is further reduced,
thanks to the formation of a stable Titanium Nitride at 600°C.

The residual concentration of Nitrogen in Lithium is online monitored by the Resistivity Meter, thanks to
the existence of a linear relation linking it to Lithium resistivity, and by an offline Lithium analysis
procedure, based on the transformation of small amounts of Lithium taken from the plant at defined time
spans into Ammonia: this procedure, even if more time and work consuming, has the advantage of an
higher sensitivity and may be useful also for the calibration of the Resistivity Meter.

Both the Cold Trap and the Resistivity Meter are inserted into a secondary (purification) loop, which is
characterized by a Lithium flow rate reduced to about 1% of Lifus 6 main loop, so to guarantee a sufficiently
large residence time of Lithium through them and their best operative conditions.

The purification system so defined will permit to reduce C, O and N content below 10 wppm, while H
content will be reduced to about 60 wppm; on the other hand, no existing device could permit to precisely
guantify a so small H concentration, so the efficiency of a more pronounced purification could in no case be
verified.



Introduction

Lifus 6, the revised version of Lifus 3, is a plant dedicated to the tests of flowing liquid Lithium, as a part of
the study and development of the IFMIF facility (Broader Approach activities). ENEA is in charge of its
realization and validation, in its research centre of Brasimone.

The plant is basically constituted by two parts: the main loop, directed to corrosion tests and compatibility
studies between structural materials (particularly RAFM steels) and high temperature flowing liquid
Lithium; the secondary loop, aimed at the purification of the circulating Lithium from solved non metals
impurities (like C, O, H and N). There is a tight connection between the purposes of the two loops: the
presence of non metals, in the form of anions solved by liquid Lithium, sure enough enhances the chemical
corrosion mechanisms affecting the steels; particularly, N is considered to be the most upsetting one,
mostly because of the formation of Li ternary Nitrides (LizFeN,,..) [1,2]. For this reason, IFMIF requirements
dictate that the weight content of each of the aforementioned elements doesn’t exceed 10 ppm.

This document deals with the solutions that will be adopted in order to purify as much as possible the
Lithium circulating inside Lifus 6 plant, together with the procedures and the experimental setup to
monitor the residual impurities content and their evolution with time. The solutions employed constitute
the result of the research work done in ENEA during last years, also in collaboration with Nottingham
University School of Chemistry, particularly with prof. Hubberstey. The design of the purification elements
has been completely defined and some of them have been already constructed; their installation and
commissioning is going to start; their validation is scheduled by the beginning of the next year.
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1. Overview of Lifus 6 purification elements

The purification of Lifus 6 plant will be performed according to the solution schematically drawn in figure 1.
A dedicated purification loop (on the right side of the figure), will work in parallel with the main loop,
holding both the Cold Trap (CT, par. 2) and the Resistivity Meter (RM, par. 4); the Hot Trap (HT, par. 3) will
be put instead directly along the main Lifus 6 loop and will be coincident with the Lithium storage tank,
from which the main loop is charged and discharged.

Main Lifus 6 loop

Purification
B loop

Sampling point for
Li offline analysis

|

Li storage
(HT)

Figure 1: Schematic blocks diagram of Lifus 6 purification elements

The main loop consists of an AlSI 316L pipeline, having an inner diameter of 1 inch and a total volume of
about 5 liters. A dedicated pump moves the liquid Lithium (T=350°C) at about 30 L/min throughout it. At
point A, a stacking valve splits the Lithium in two branches, allowing a little fraction of the metal mass
(about 1%) to enter the secondary loop; in point B, the partly purified metal, after passing through the
Resistivity Meter and the Cold Trap, rejoins the larger Lithium mass into the primary loop. The purification
loop features are defined in table 1.

Table 1: Purification loop main features

Material of construction AlISI 316L

Pipeline external diameter 12.7 mm

Pipeline thickness 1.24 mm

Lithium flow Rate ~0.3 L/min

Total volume 3-35L

Stacking valves Samson type 3510 (1/2")

The flow rate of Lithium through the purification loop is not set by a dedicated pump, but it just results
from the regulation of the entering valve and from the pressure drop originated by the elements of the



circuit, particularly by the Cold Trap; it is measured by a mini turbine flow-meter, entirely made in stainless
steels. It is worth mentioning that the total volume of the circuit is dictated mainly by the Cold Trap
volume, which is surely its largest element (~ 3L).

2.  The Cold Trap (CT)

The purpose of the Cold Trap is to reduce non metallic impurities content, exploiting the precipitation
phenomenon of their related binary compounds with Lithium. Since the solubility of these compounds
increases with temperature, it’s clear that the lower the trap operating temperature, the more pronounced
will be all the precipitation equilibria. Solid Lithium Carbides, Hydrides, Nitrides and Oxides will then
accumulate inside the Cold Trap, until the remaining content in Lithium solution will match the solubility
value at the trap temperature. Ideally the Cold Trap should be maintained just above the melting point of
the metal so that the maximum amount of impurity could be removed. The working temperature needs
anyway to be high enough to prevent solidification of the metal and plug formation. A temperature 20°C
above the melting point of the metal is thought to be ideal in order to balance these two considerations.
Therefore the minimum operating temperature of the trap should be 200°C. At this temperature, residual
impurities maximum content will be 2 wppm for Carbon, 7 wppm for Oxygen, 63 wppm for Hydrogen and
1461 wppm for Nitrogen, as shown in figure 2 [3]. It appears that the Cold Trap will result particularly
efficient for the removal of Carbon and Oxygen.
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Figure 2: Solubility diagram of Lithium compounds

In order to achieve an efficient separation of the solid precipitates from Lithium solution, it’s important that
coarse grains are obtained, instead of highly dispersed particles, which more hardly settle inside the trap.
For this reason, the cooling of Lithium from 350°C to 200°C shall not be too fast, so to avoid a high local
supersaturation, condition in which the nucleation (that is the birth of new precipitate grain) is faster than
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the growth of the already formed grains [4]. Moreover, the solid precipitation and retention can be
improved employing a knitted or woven stainless steel wire mesh inside the Cold Trap as a packing
material. This evidence has been derived mainly from the experiences with liquid Sodium and from the
related design of many different industrial reactor traps [5-8]. The mesh, characterized by a large surface
area, provides anchorage sites for the nucleation of the solid particles and for their subsequent growth.

Taking into account all these aspects, the design of the Cold Trap has been defined (see figure 3); the

material of construction is AISI 316L.
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Figure 3: design of the Cold Trap (all the dimension are expressed in mm)

The gettering volume is realized by disposing a high number (66) of Stainless Steel mesh sheets (MESH:60;
wire diameter: 0.18 mm; hole length: 0.25 mm), parallel packed inside the body of the trap. The distance
between the sheets is 3 mm: in this way the SS packing density results about 300 kg m™.

Considering the internal volume is about 3L and the Lithium flow rate inside the trap is about 0.3 L/min, the
residence time is fixed to about 10 min, which, borrowing Sodium experience, is believed to be a suitable

time for an high purification efficiency (> 70% for each passage) [4-10].

The so defined purification procedure targets only about 1% of the total circulating Lithium in the unit time
(only the Lithium flowing inside the purification loop). However, proceeding through iterative steps, it is
possible to verify that statistically all the Lithium will pass through the trap (and will hence purified) in some

hour.




3. The Hot Trap (HT)

As stated in the previous section, the solubility of Nitrogen in Lithium is too high to succeed in reducing
Nitrogen content at acceptable levels using the Cold Trap alone. To overcome this limit, an additional,
different approach is employed. This is based on the exploitation of chemical reactions involving the Nitride
anion and a metal different from Lithium, leading to the formation of a solid product. So, it is necessary
that this additional metal (herein referred as “getter”) can come in contact with Lithium, hence with the
Nitride solved in it: this condition is realized in the Nitrogen Trap.

In a Nitrogen Trap an insoluble getter is immersed in the liquid metal to collect the impurity. It works by the
general equation:

LX] + M => L + MX,
Liquid Solid Liquid Solid

The thermodynamic efficiency with which the getter M can remove the impurity X from the liquid metal L is
dictated by the magnitude of the free energy change (AG) associated with the above reaction: the more
negative is the value of AG, the more efficient the getter results. From the Ellingham diagram (figure 4), it
can be seen that a variety of metals have the potential to act as a getter for Nitrogen.
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Figure 4: Ellingham diagram (free energy diagram for Nitrides)

Comparing the advantages/disadvantages of many of the metals shown in figure 4 as well as of some of
their binary alloys (like V-10%Ti) [11-16], ENEA has selected pure Titanium metal as getter material for the
Nitrogen Trap, particularly the Titanium sponge (solid grains commercial product; d=2-12 mm; apparent
density ~ 0.55 g cm™). This form can in fact simplify the incorporation inside the Trap and has the additional
advantage of an increased surface area and therefore of a greater gettering potential, since more Titanium
can be in contact with Lithium at any time. Clearly, the higher the temperature of the Trap, the less effective

o



ACCORDO DI PROGRAMMA MSE-ENEA

the getter from a thermodynamic point of view. However, the rate at which gettering takes place, which
involves the diffusion of a non-metal into the getter, is higher at higher temperatures and surface films have
a less of an inhibiting effect. The chosen temperature compromise is 600°C, at which it is possible to reduce
Nitrogen concentration in Lithium to 2 wppm [17] in some days [18].

Due to his relatively high temperature value, for comparison with the Cold Trap (200°C) and the other parts
of Lifus 6 plant (350°C), Nitrogen Trap is referred to also as ‘Hot Trap’ (HT).

As stated in section 1, the Hot Trap will not be part of the dedicated purification loop, but it will be
coincident with the Lithium storage tank, from which the main loop is charged and discharged. The design
of this tank has been performed and it is shown in figure 5. It consists of:

e an inlet pipe for its first filling with all the Lithium inventory from an external storage tank or
container (6 in figure 5)

e one pipe for the entering/exiting of the Lithium from the Trap to the main loop (5)

e 3 level sensors (8)

e 2 gas inlet/outlet (10), one for depressurizing the tank or filling it with Argon, the other used as
a safety valve and for the measure of the pressure

e 1 emergency draining exit (7)

While the purification of Lithium is performed continuously for what concerns the CT, it is instead
performed at discrete time steps, in static conditions, for what concerns the HT. The Li storage tank will be
employed as the Hot Trap not only before charging all the Lithium (at the beginning of the operations), but
each time the Nitrogen content has reached a too high value, as revealed by the impurities control
procedures: in these cases, it is possible to stop the circulation of the metal, discharge it back in the storage
tank, and give it time to react again with the Titanium getter.

The Hot Trap features are summarized in table 2.

Table 2:main features of the Hot Trap

Material of construction AlSI 316L

Operating Temperature 600°C
(during the purification)

Total Internal Volume ~21L

Volume filled by Lithium ~15L
(during the purification)

Getter type Ti sponge in grains

Loaded getter amount* ~11Kg

* considering a filling density for the getter =0.55 g cm’
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Figure 5: design of Lifus 6 Hot Trap (Lithium storage/charging tank). All the physical dimensions are expressed in mm
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4.  The Resistivity Meter (RM)

A detailed description of the design of this device and its principle of functioning have been already
reported in the document: “Sistemi di monitoraggio di fenomeni di cavitazione e di impurezze non
metalliche nel circuito litio liquido” — PAR 2010 - RDS 381.

Briefly, the RM, shown in figure 6 both as a sketch and as a real shot, is a device able to online monitor the
electric resistivity (p) of the flowing Lithium. It was developed at the University of Nottingham in
collaboration with ENEA Brasimone and relies on the variation of the metal resistivity produced by the
dissolved anions [19,20]: the higher the impurities concentration in Lithium, the higher the resistivity.
Considering that Nitride ion is much more soluble in Lithium than other anions, it’s possible to almost
entirely ascribe the variation of p to N, which, as already stated, is the most corrosion affecting non metal.
As shown in figure 1, the RM is linked to the purification loop of Lifus 6 upstream of the Cold Trap: in this
way, the Lithium flowing through the RM is expected to be the less purified one and the result of the
measurement is surely not underestimating the impurity content of Lifus 6.
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Figure 6: Sketch of the resistivity meter '
Left: sketch of the RM; Right: real shot of the RM

A nano-ohm-meter is employed for the acquisition of the resistance values, through a standard four
terminals method. It is connected by means of a serial port (RS232) to a data logger interfaced to a PC. The
main characteristics of the instrument are summarized in table 3. Taking into account them and the
features of the other electrical parts, and considering also that the measured resistance values fall in the
range of 5-15 mQ (see figure 7), it is possible to calculate the true sensitivity of the measure as +1 uQ and
the true accuracy as +5 pQ.

Since it is possible to quantify only the total electric resistance exerted by the capillary section (Ri), if we
want to know the real value of resistance of the Lithium flowing inside it (Ry), it is necessary to already
know the resistance of the capillary alone, that is the resistance of the capillary when empty (R.). Through
the expression for parallel resistances:

RLi = (Rcell X Rtot) / (Rcell - Rtot)

is therefore possible, once measured the resistance of the empty capillary, to obtain the resistance of the
Lithium alone. Figure 7 shows the experimental values of Ry and R, and the calculated value of R as a
function of temperature, as obtained by the University of Nottingham [21].



Table 3: Main characteristics of the nano-ohm-meter
2 8”
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Figure 7: Resistance of the empty meter (R..;), of the meter full of Lithium (Ri;) and of the Lithium alone (R;) as a
function of Temperature

Resistivity-composition isotherms for solutions of Nitrogen in liquid Lithium have been determined at 14
temperatures in the range 200°-450°C. One of them (at 400°C) is shown, as an example, in figure 8. All the
isotherms show that for very diluted solutions (up to a concentration designated as ‘minimum x’) the
resistivity increases with a slowly increasing gradient, while, for more concentrated solutions, it increases
linearly, up to the saturation of the solution (concentration designated as ‘maximum x’), beyond which it
remains constant. In the linear region, which is the dominant feature of the isotherm and where the
following relation holds:

p|_i=A+BX

13
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is hence possible to obtain the value of x (atomic % of Nitrogen content) once the value of p; has been
measured and A and B parameters have been evaluated from the fitting of experimental data.

10 E8 & .an)

X
<o

x/ molSN
Figure 8: Resistivity-composition isotherm for solutions of Nitrogen in liquid Lithium at 400°C. The resistivity variation
(Ap) is related to the resistivity of pure Lithium (with no Nitrogen)

Values of A and B and the relevant concentration ranges (‘minimum x’, ‘maximum x’), as determined by
Nottingham University calibration, are given in Table 4 at selected temperatures: it is possible to see that all
the parameters vary with T, even if not to a great extent, the sensitivity of the resistivity meter (B)
increasing a little with T.

Table 4: fitting parameters from the p vs x experimental curves. These values refer to the calibration performed by
Nottingham University

Temperature/ °C 200 250 300 350 400 450
108A/Qm 24.06 25.67 27.17 28.47 29.61 30.39
10°B /Qm (mol % N) 5.7 6.2 6.5 6.8 7.0 7.2
Mimimum x / mol % N 0.03 0.03 0.05 0.15 0.3 0.6
Maximum x / mol % N 0.07 0.19 0.41 0.80 1.45 2.77

From the existence of a minimum value of resistivity variation that can be measured, as derived from the
minimum actual variation of resistance that can be registered with the employed instrumentation, follows
the existence of a minimum value for the detectable variation of the Nitrogen concentration in Lithium at
each temperature. Taking into account that the true sensitivity of the nano-ohm-meter is +1 uQ, that the
10.5°C uncertainty in the temperature control translates, according to the equation reported in the top
curve of figure 7, into and additional 8 uQ fluctuation, and considering the geometrical factor of the RM
capillary, it is possible to calculate the minimum significant variation in the Lithium resistivity as about 0.18
nQ m. Dividing this value by the B values in table 4, it is possible to estimate the minimum detectable
variation of Nitrogen concentration in Lithium at each temperature, i.e. the sensitivity of the measurement
apparatus respect to Nitrogen content (see table 5). At 350°C, which is Lifus 6 and RM operative
temperature, this value is 53 wppm.



Table 5: minimum detectable variation of Nitrogen concentrations in Lithium (absolute values) at various
temperatures (in case of a minimum detectable resistivity variation of 0.18 n2 m)

Temperature / °C 200 250 300 350 400 450

Minimum detectable N variation / wppm 63 58 55 53 51 50

In no practical experimental condition is therefore possible for the Resistivity Meter to guarantee that the
flowing Lithium satisfies IFMIF high purity requirements (Nitrogen <10 wppm). The device can anyway be
useful to indicate the reaching of an high impurities threshold, as an alarm indicator.

Experiments with insoluble getters confirmed the effectiveness of the meter in monitoring Nitrogen
concentration in liquid Lithium. In all cases (both employing Cr and V as getter), the resistivity value
measured by the instrument quickly decreased as soon as the introduced getter, adsorbing Nitrogen, was
able to lower its concentration below the saturation value; conversely, when new Nitrogen was added
more to the liquid metal solution, so to exceed the adsorption capacity of the already present getter,
measured resistivity quickly came back to an higher value.

5. Off-line analysis of Lithium samples

In order to overcome the limits of the Resistivity Meter, which is not chemically specific and shows a limited
sensitivity to non metals concentration, an offline Lithium analysis is also employed. This procedure entails
to take a Lithium sample from the plant using a small metallic container (V = 10 mL) linked to the
purification loop by a trivial volume duct. It is mandatory, in this phase, as well as during the following
analysis procedure, to avoid any contact between the Lithium and the air.

The Lithium taken from the plant is analyzed for its Nitride content. For this reason, operating under an
Argon atmosphere in a glove box, it is transferred into a three necks glass vessel and let to react with water
[22,23], added slowly and paying attention to the possible violence of the reactions. The reactions involved
are:

2Li+2H,0 == 2LIOH +H,

LisN + 3H,0 ¥ 3 LiOH + NH;

A part from the formation of large H, volumes, the important aspect is that all the Nitride is converted into
Ammonia. Under an Argon flow, the Ammonia is distilled away and then quantitatively collected into a
water solution of Boric Acid in excess (transforming into the stable NH," ion). The apparatus employed for
this transformation, which is going to be arranged in a ENEA lab close to Lifus 6 room, will be similar to the
one depicted in figure 9. The NH," concentration in the final solution will be then evaluated by HPLC (lonic
Chromatography), a rather fast and simple determination, able to measure down to few wppm of starting
Nitrogen in Lithium and with a relative precision of some %. The HPLC analysis will be performed by the
Analytical Chemistry Department of the University of Firenze (l).

Standard materials containing exactly known amount of Nitrogen will be used, submitting them to all the
steps of the procedure, in order to preventively assess the validity of the method and allow the calibration
of the instrumental answer.

15
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Figure 9: Scheme of the apparatus for the production and distillation of NH; (MFC: Mass Flow Controller)



Conclusion

The purification system of Lifus 6 plant has been completely defined and the design of its element
performed.

Lifus 6 will comprise a secondary loop, explicitly dedicated to the purification operations, where the
metal flow rate will be reduced to about 1% of the main loop (~ 0.3 L/min) and containing both the
Cold Trap and the Resistivity Meter. The reduction of Lithium flow rate (and hence the existence of the
secondary loop) is necessary in order to fix the residence time of Lithium inside the Cold Trap to 10
minutes, which is required for an high Trap efficiency; otherwise, putting the Cold Trap directly inside
the main loop would not permit to obtain the desired Lithium linear rate in the target section (15 m/s).

In order to enhance the precipitation equilibria which take place in its interior, avoiding any risk of
Lithium solidification, the Cold Trap temperature is set at 200°C. At this temperature, it will be possible
to practically remove both the Carbon and Oxygen impurities, while Hydrogen and Nitrogen contents
will be respectively reduced to 63 wppm and 1461 wppm.

An Hot Trap, operating at 600°C and containing a Titanium sponge getter, will also be employed,
aiming at reducing the still high value of Nitrogen concentration down to 2 wppm. The HT will be put
directly along the main Lifus 6 loop and will be coincident with the Lithium storage tank: the
purification will be here performed at discrete time steps, in static conditions (for some days). The Li
storage tank will be employed as the Hot Trap before charging all the Lithium (at the beginning of the
operations) and every time the Nitrogen content will reach a too high value: in these cases, the
circulation will be stopped and the metal will be discharged back in the storage tank, giving it time to
react again with the Titanium getter.

The efficiency of the Li purification from N will be estimated by the Resistivity Meter, a device installed
in the purification loop, able to online provide the measure of the resistivity of the Lithium, which can
be linked, through a linear relation, to N concentration. Since the RM suffers from a limited sensitivity,
an offline Lithium analysis will be adopted too, entailing to sample Lithium from Lifus 6, before and at
defined time spans during the corrosion tests and submit it to a specific chemical reaction. This
procedure will be more time and work consuming, but will permit to determine down to few wppm of
Nitrogen in the sampled Lithium, with a relative precision of some %; moreover, it will permit to
calibrate the RM, disposing of a Lithium with a known content of Nitrogen.

Other possible online analysis techniques are still under investigation, which could provide both a fast
and accurate evaluation of very small impurities concentration in circulating Lithium.

17
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Acronyms

CcT Cold Trap

d diameter

HPLC High-Performance Liquid Chromatography
HT Hot Trap

R Electric Resistance

RAFM Reduced Activation Ferritic Martensitic
RM Resisitivity Meter

Vv Volume

wppm weight part per million (= mg/kg)

p Electric Resistivity
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