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ABSTRACT

This study is a consolidatd overview on explosi;m and fire safey issue pertainirg to ionic liquids.
Indeed safey performane of ionic liquids relatig to physico-chemicl hazard is very rarely
investigatel as it is often perceivel as a non-existing isste due to the lack of traditiond flashpoirt for
thee liquids. It focuses on the experimenth evaluatim of the fire hazad of imidazolium
phosphonim ard pyrrolidinium-base ionic liquids by use of the Fire Propagatio Apparatus It
provides experimenth data tha can quantify the flammability of ionic liquids in all its aspecs (ea® of
ignition, mas burning rate hed relea® rate fire-inducel toxicity data...) A ca® study featurirg a
major failure in a proces unit leadirg to a given fire scenam is als illustrated This ca® study is
examinel in terms of fire inducel toxicity by use of CFD modelirg of fire produd releass dispersim
and using the concep of fractiond effective concentration

KEYWORDS : Explosian hazard flammability, ionic liquids, toxicity issues

INTRODUCTIO N

lonic liquids (ILs) are in the focus of recer researb and more and more considere for use in
emergirg industrid applications Becaug of their unique physicd properties (e.g, high therma
stability, large liquid range negligible vapa pressure) thee chemicas are used in mary
domains suc as energy conversim ard storag [1], biomas pre-treatmen|[2], metd processig
[3], engineerig fluids [4], and polyme additives [5]. They are made by associatia of large
organc catiors (e.g. imidazolium phosphonium pyrrolidinium, pyridinium, ammonium
guanidinium..) with avariety of counter-anioa (halogens BF,, PF; and mary otherg that are
liquids unde 100°C Many of them are alread liquid belov room temperatue (ard in sud a
cas designatd as Room Temperatue ILs (RTILS)).

The growing intereg in ILs in the early 2000 was partly due to the genert assumptiathat thee
materiab were implicitly highly stable non-flammable or sak to use in ary proces [6-8].
Owing to infinite combinatiors of catiors and anions potentialy billions of such materiak are in
existence Surprisingly some of them are considerd as promisirg energett materiaé for
applicatian as propellans [9], showirg tha combustibiliyy in sud cas is perceivel as atechnicad
advantage Even if ther is practicaly no stud/ abou toxicity of ILs to humans mary are
moderatey or very toxic to aquatc organisns and non-biodegradableThe generh assumptia
that prevaila for a long time tha ILs were green chemicas per se has to be revised which is no
longer questionable due to their toxic potency In addition recen findings hawe shown that
safey assessmeastof ILs mug not only encompas toxicity and ecotoxiciy issues but also the
full range of physico-chemiclahazard including combustibility Therefore sustainal® use of
such materiak mug be studied on a ca% by ca® basis considerilg adequag analyss of physicae
chemicd and healt safety disposé and potentid environmenthimpacs of them



As a continuation of our previows researb on the actud fire hazard of ILs, the pape gives a
shot literature review on flammability and explosivity hazard of ILs. It mostly focuse on the
experimenth evaluation of the fire hazad of imidazolium phosphonim and pyrrolidinium-
basel ionic liquids, including a ca® study featurirg a majar failure in a proces unit leadirg to a
given fire scenam (pod burning) This ca®e study is examinel in terms of fire inducel toxicity
by use of CFD modelirg of fire produd releass dispersim and using the concep of fractiond
effective concentratia (FEC), as defined in ISO 13571 [10].

REVIEW ON FLAMMABILIT Y AND EXPLOSIVIT Y HAZARD S OF IONIC LIQUID S

ILs hawe long been labeled and describe as "not flammablé due to their low vapa pressue and
measurd flash point Although so far no industrid acciden involving an IL has been listed, two
recenty informally reportel laboratoy incidens during and just after synthes$ of ILs containirg
nitrate anion (e.g. ethyl-ammonim nitrate hawe taken place inthe EU. Both thes incidens haw
resultel in explosio evens tha are confirming tha the explosiomm hazad of ILs mug not be
neglecte in sone cases

More frequently self-sustaingé or piloted combustim of some ILs haw been shown as a
potentid incidentd scenarmd in some experiments In mod cases rapid exothermc
decompositio occus when ILs with high nitrogen contert are taken to high temperatue and the
subsequenhdecompositio product are sensitive to ignition and combustion The combustim
may tend to be explosivwe even unde vacuun as shown by Smigl&k et al. [11] for imidazolium
basel ILs or hydrazinium-base ILs testal in their work.

In addition burning tess performe on 4-amino-1-methyl-1,2,4-triazolia nitrate by Schalle
[12] hawe led to a flame temperatue of 2200 K. In sonme cas& ILs are even combustibé by
desigh where intendeal for use as propellans as alternatives to hydrazire [13]. Ultimately, once
the various molecula bond read theirr thermda decompositio temperatug in these carbon
basel ILs, smalle and more flammabk molecules could be releasd leadirg to combustim
similarly to polymea combustion

Flammability issues may also arise from specifc behavio of hypergolc ILs. When in contad
with the dinitrogen tetroxide (N,O4) or white fuming nitric acid (WFNA) thos hypergolc
materiak can spontaneouyl ignite due to the highly exotherme¢ reactio tha takes place It was
shown tha ILs with the dicyanamia@ or nitrocyanami@ anion in particula are hypergolc [14-
16]. Also, 2,2-dimethyltriazanim nitrate and 2,2-dimethyltriazanim chloride are hypergolc
prone materiak [17], suggestig tha also the natue of the cation of the IL can modify hypergolt
properties

Thes exampls shav agan that the traditiond flashpoirt type tess are certainy not adequag in
mog case to properly characterie the fire hazard as reportel by Liaw et al. [18]. This is related
to our findings tha ILs do not beha\e as traditiond flammabk liquids whetre the fire resuls from
the combustimm of the vapa pha® of the concernd chemical Our analyss [19] confirms
therefoe tha the flammability hazad of ILs mug be revisited as thos liquids shov a burning
behavia closely comparabe to tha of polymess rathe than tha of flammabk solvents

BRIEF DESCRIPTION OF THE MAI N EXPERIMENTA L RESULTS
The Fire Propagation Apparatus (FPA)

The fire behavio of ILs was determine using the FPA (standad 1SO 12136) also called
Tewarsm calorimeter This bench-sca fire calorimete implemente at INERIS sone 15 yeas
ag has been describé in detal in mary studies [20-22] It belong to the family of fire



calorimetes tha are bench-scad multipurpo® testig apparatuse focusing on the
characterizatin of burning behavio of materiab and products in fire conditions Figure 1
represerg a schemati drawing of the FPA installed in the INERIS fire lab. Testirng capabiliy of
the equipmem encompasse ignitability, fire propagatio potentia] therma and chemica
characteristis in fire conditions Repeatabiliy and reproducibiliy of data court amorg the major
advantage of the equipmen togethe with its capaciy for revealirg atypicd fire phenomena
like-liquid pha® decompositio proces of organophosphorau pesticides In particulag
parametre tess on produd sample of abou 25-50 g unde controlled air intake allow for
characterizig the fire behaviao of the studiedl materid or produa (liquid, solid, gag on the full
spectrum of fire conditiors (fud rich or fuel lean) Scientific-soun diagnoss of the fire behavia
of materiat is achievel thanks to the acces to key measurs sud as mas loss Hea Releas
Rate (HRR) by application of fire calorimety laws basel on the assessménof oxygen
consumptim (OC) and carba dioxide generatim (CDG), measuremest of fire effluen
concentratios and relatal emissiom yields allowing for an evaluation of pollutans and fire
toxicity issues
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Figure 1. Schemat view of the FPA

Fir e Propagation Apparatus (FPA) Tests

A sampe of tributyl(methyl)phosphonim methylsulfaé ([P444.i[MeOSQ;]) was kindly supplied
by the Cytec Company According to the MSDS supplied by Cytec the purity levd was 96.7%
basel on phosphors 3P NMR. Sampls of Lithium bis(trifluoromethanesulfonyl)imie
(LiTFSI), 1-butyl-1-methylpyrrolidinium bis(trifluoromethanesulfonyl)imide ([PYRy][TFSI])
and 1-butyl-3-methylimidazolim bis(trifluoromethanesulfonyl)imie ([BMIM][TFSI]) with
purity levels of 99.9% 99% and 99%, respectively were purchasd from Solvionic. The LiTFSI
was addal to [BMIM][TFSI] to obtan a solution of 1M of LiTFSI in [BMIM][TFSI], this
mixture is thouglt to be a goad candida¢ as electrolye componen in lithium-ion rechargeald
batteries

ILs samples and the mixture were testeal in the FPA without ary further purification step unde
an externa hea flux of 50 kW/m? until ignition was observed in orde to achiew ignition in
reasonabl shot time considerig observel goad to fairly good resistane to ignition in mog
cases Sustaind combustimm following ignition requires conditiors that may highly differ
accordirg to studied ILs. In this study the externd hed flux maintainel after ignition was
25 kW/m? in all cases Smole analyss was performel by use of an online Fourig Transfom
Infrared (FTIR) spectromete calibratel over 20 gase for derivatilm of CO,, CO, SO,, NOX,
HCN, HCI, and HF concentration and mas releag rate versis time. An overvien of the resuls
obtainel from the combustim of ILs in the FPA is summarizd in Table 1. In addition the
theoretich enery of combustim of thoe materias measurd in an oxygen bomb calorimete



following ASTM D240 protocd were given The data and the observatios mace during the tess
confirm generaly goad resistane to ignition of the ILs, basel on the ignition time required unde
the applied externa hea flux in the initial pha® of the tess (50 kW/m?). However once ignition
was obtained sustaind and flaming combustim phass were observel and characterized
confirming the red combustibiliy of all the ILs tested Producs emissim factors reved tha high
conversio rates of hetero-atorm in paren toxic effluents are obtaina in sever& cases The
combustia of ILs having fluorine elemens leads to the formation of HF. Wherea the presene
of fluorine in organo-halogenate materiab generaly contributes to good flame retardang of
sudch materials its conversia into HF in fire environmeng triggers unique hazard to expose
peopk and fire fighters and even equipment This fact may justify carefd evaluatiors before the
practicd use of ILs in laboratoy and industrid settings

Table 1. Burning behavio of ILs in the FPA
[BMIM][TFSI]

lonic Liquid [P4,4,4,1]}'¢°%03] IMLITES! [PYRy[TFSI]
Initial mas [g] 325 619 513
Cha residwe [%4] 65 149 57
Time to ignition [ 200 24 280
[Ag\;er,;]rgg mas log rae 33 466 on
Hea of combustio [MJ/kg]
Theoretich hea of combustio 283 108 148
OC metha 246 75 120
CDG methd 264 79 132
Averace hed releag 255 77 126
Combustio efficieng [ 0 71 85
Emissim facta [mg/d

Co, 165 552 765
Cco 36 216 296
Sod 488 u 439
SO, 1 3526 310
NO 0 49 51
N,O 0 19 22
HF 0 2686 2216
HCN 0 69 6.7

FROM SMALL-SCAL E EXPERIMENT S TO REAL CONFIGURATIO N MODELLIN G

The FPA fire tess carried out on the differert ILs led to the production of significarn yields of
toxic compounds Of course this implies a potentid concern dependig on quantities involved
over the toxic effecs in cag of afire in arealistc configuration Becaug of the importart cog of
ILs, it is unrealistt to perform large-scaé pod fires, so the only way to evaluae red scak
toxicity is dependenon the ability to carty out numericd simulations



The startirg point of a fire numericd modd is in the ability of describirg the fire behavig both
interms of powe and toxic gase production Being able to descrile the hed releag rate of an IL
fire depend on the knowledg of the produd properties and mainly the mas loss rate and the
hea of combustion As describel in our previows pape [23], and mentionel earlia in the presen
one those two physicd characteristis were measurd during the FPA fire tests Thes data can
be usdl to build arealistc HRR.

Concernimg the toxic gas production rate the soure term was built base on the smole gas
measuremestdore during the FPA test couplal with the FTIR spectroscop system Induced
reduction in visibility was not taken into consideratio here due to atypicd natue (mostly
inorganig of particulag emissions

The Numerical Modeling

The FDS (Fire Dynamic Simulato) CFD (Computationh Fluid Dynamic9 code was usel for
toxicity prediction in a realistt geometry This code was especiay develope for fire
consequenceprediction [24]. As all CFD codes if the validatiors availabk in the literature are
crucial, specifc validation case by uses are alo highly important This code was evaluate by
INERIS on its specifc application including toxic gase dispersim associatd with [25] or
without afire scenar [26].

This coce is basel on aLES (Large Eddy Simulation turbulen@ modelirg concep tha enabls
to predid with a quite gred precisim the toxic gas dispersion

In the presem case the CFD approat was mainly usel to give an illustration of the possibe
toxic impad in ca% of fire of an IL. While homogeneos approachs can give first evaluatio of
such toxicity, it is importart to evaluaé whethe or not the enery releasd by the fire is
sufficient for maintainirg toxic gase stratification

Toxicity

The large variety of gase producel in the IL fire suggest tha taking into accoun their potentid
cumulative effecs as describe in ISO 13571 [10] is actualy here arequirement This standad
defines the FEC (Fraction& Effective Concentratioh relating to concentration-dependeroxic
poteng of irritant specia tha are found in fire gases The concep integrats additive effed of
ead irritant gas present A value of FEC highea than 1 is critical towards sef evacuatio of
concernd people tha in sud a cae are considerd incapacitatd and therefoe neda to be
rescued Using this criterion in the numericd modeling generate a clea view of the toxicity
areg but it also requires tha the numericd modd be modified to suppot the approach

The FEC concep integration in our modelirg work has been basel on the assumptio tha the
relative concentratioa betwea the different toxic gase are kept constant This mears more
physicaly that we validat tha the proportiors betwee the toxic producs generatd are not
significanty modified by specie transport

In orde to illustrate the fire induced toxicity potentid concen presentd by ILs in cas of afire,
a ca® stud/ comparig same pod fire scenam (same pod size of two ILs was considerd
integratirg appropria¢ input dat from our experiments The comparisa is basa& on the FEC
distribution in the computel domain This doman was chose to haw realistc size but smal
enoud to limit the computatim time. The domah was then desiq as aroom of 10 x 10 m* area
and 5 m heigh with homogeneos cel size of 0.1 m in ead direction The fire size that was
considerd was on-purpog chose as quite smal given tha currert applicatiors in chemica
processig rely on use of very limited quantities of ILs as solvert and/a catalysts Accordingly,
the pod tha would resut from a le& in tha reactos may be assumd actualy quite limited in
surface In our calculations the pod areawas fixed to 0.04 m®. This configuratio has as its main



advantag to be close enoud to the FPA tess to make the measurd values be representativeA
standad ventilation systen was model@ in this building with a flow rate of 3 times the building
volumes ead hour.

The methodology useal for integratirg the FEC calculation routines was identicd for all
considerd liquids. It is here detaile for the PYR;4 TFS product First the emissio factors of
the different producs for the PYRy;, TFS FPA ted are taken from Table 2. This table also gives
the individud threshodl for building the critical FEC value and couples it with the individud
concentration

Table 2. Toxic resuls for the FPA teg with PYRy, TFS ionic liquid.

Toxic Produd Co, Cco SO, NO N,O HF HCN
Emission factar 765 296 3154 51 2.2 2216 67
mg/g) .

Re'ative proportin 496 3 141 05 01 316 1
e : : . : |

FEC threshotl [ppm| 150 250 500

[10] - - -

Keeping in mind that the FEC is representig the cumulative effecs of the differert irritant gas it
consiss in the following sum

% _VHCI ! VIiBr ! VHF |I_Psq __ PNG; |_Gacrdein | Vformaldehyde; -y CjrriizRt
FEC F F F F F F + 2 +
1 Hcl P HBr F HF F so F NO, P acrolein F formaldehyde Fc

In this formula, C represerd the loca concentratio of the given gaseos substane while F give

the threshotl as indicated in abow table In the presen case considerig that NO can be
assimilatel to NO,, formula can be reducel to:

x = <PHF , <PSQ, . (P\Q;
FECF F F

1 HF Fsa FNO,

It is obviows tha the contribution of NO, in the presen ca% is very limited. As describe
previously this value mugd stay unde 1 to ensue safey conditiors for peopk during the
evacuatio phase

Numerical Results

Before going ary further in the toxicity evaluation it is importart to evaluae the therma
consequence of the fire. Among the considerd product the lowes HRR is 266 kW/m?,
generatd by the PYRy, TFSI, the highes ore is 1416 kW/m?, the variety of totd power
generatd by the smal fire size stay limited as presentd in Fig. 2.
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Figure 2. Hea Releas Ratk developé for the differert products

Thos values mug clearly be kept in mind in the toxicity resuls analyss becaus of the dired
linked with the potentid stratification This analyss is presentd on Fig. 3 to Fig. 5 for the
different considerd ILs throudh the FEC distribution in the centra plare of the room Thos
pictures correspod to a steay stat reache after abou two minutes The legerd is identicd
between the differert pictures

2 - 1 6 8 10
Figure 3. Iso-surfae of FEC = 1 for BMIM TFS Figure 4. Iso-surfae of FEC = 1 for

[P4,4,4,1][MeOSq
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Figure 5. Iso-surfae of FEC = 1 for PYRy4 TFSI.

Thee values show that for such avery smal fire, the toxicity remairs low enoudh in the lower
part of the building during peopk evacuation It mug be kep in mind, however tha this
situation correspondto avery smal fire. The associatd temperatue for tha ca®e stay limited as
shown on Fig. 6.



Figure 6. Temperatue distribution in the centrd plare of the room after having reache the steay state

Despie the low leve of temperatue reache in the domain a certan thermd stratification is
observel in the building. This, of course favors the toxic stratification observel in previows
pictures

The first simulatiors correspod to avery smal fire; the ca® of a large fire, 1 m?, with the
[P4,4,4,1][MeOSG] produd generate a differert conclusimm as shown in Fig. 7. The blue
rectangé on this picture correspond to one of the obstacle

By & & = B 10
Iso-surfa@ of FEC = 1 after 30 s Iso-surfae of FEC = 1 after 60 s

Figure 7. Time evolution of the FEC = 1 iso-surfae in ca® of [P444 !][MeOSQ;] produd 1 m? pod fire.

Figure 8. Temperatue distribution in the centrd plare of the room 60 s after the fire ignition.

As shown in thes pictures the FEC becoms large than 1 in the lower part of the room after
only 1 minute meaning tha evacuatio will becone highly dangeros for peopk locatel inside
the enclosure While this duration can appea highly short the infinitely quick fire growth
considerd in this simplified ca® lets indicates tha sone additiond second shoul be offered to
peopk for the evacuation



On top of this toxicity effect the temperatue increag inside the building is more importart
becaus of the highe hea releag rat due to the large size of the fire. The temperatue
distribution is shown in Fig. 8.

For that size of fire, temperaturs quickly increag and can alo genera¢ some thermad effecs on
peopk before or during evacuation

CONCLUSION

ILs are more and more usal in differernt industrid applicatiors becaus of sonme highly specific
properties tha make them highly tunabk accordig to desirae functionalities The specifc
atomic compositim of mary ILs raises concers abou the consequence in cag of fire,
particularly with regard to toxicity. Estimatirg toxic consequencin ca® of fire, requires being
able to predid the smole composition Becaug of the high complexiy of the ILs molecules
predicting this composition imposes an experimenthapproach As detailel in this paper this was
previousy dore using the FPA coupled with an FTIR spectrometer

The approab presentd in this pape consiss in coupling thee small-sca¢ FPA measuremest
with a CFD approab to predid toxic consequencein ca® of an IL fire in a realistc industrid
configuration Becaug of the large variety of toxic compounds their relative impad on the totd
toxic effecs mug be considerd using fractiond effective concentratio (FEC) and/o dos
(FED) approache (as developel in 1ISO13571 for incapacitatioh or othe adverg effect of fire
toxic components Such an approab was develope thanks to the FDS fire code tha enables
modeling of therma consequenceof afire but also the toxic gas dispersim inside an enclosed

While the fire size considerd in this pape is small 0.04 m?, simulatiors for IL fires shows tha
the toxicity inside the building quickly increase In cag of a large fire, the toxic gas
concentratio nea the grourd quickly becoms high enough by having a FEC large than 1,
which mears tha toxic effecs on peopk mug be considered

Of course the resuls shown in this pape were obtainel base on a first quite simplified
approab to be improved This, howeve clearly shows tha the toxic consequencein cas of IL
fires canna be neglecte and keep highly scenar dependent
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