1 METHOD AND APPARATUS FOR THE PRODUCTI ON OF NI TROGEN TRI FLUORI DE FI ELD
OF THE I NVENTI ON The present invention is directed to a process and
apparatus for the production of nitrogen trifluoride from anmonia and

el emental fluorine using an amoniumacid fluoride nelt internediate. 5
BACKGROUND OF THE | NVENTI ON The gas phase reaction of ammoni a and gaseous
el emental fluorine can produce nitrogen trifluoride. Reaction

illustrates the desired gas phase NF3 lproduction reaction. 3F2(g) + NH3(gQ)
-> NF3(g) + 3HF(g) (AH = -904KJ/g nole NF3) 10 Reaction 1 wherein (gQ)

reaui red oper atYig ampeYarER GRS in atuZbhOhuRTion tn Sftobifyer . |

is very difficult to control the reagtonoRgspeEr ature due to the hi ghly
exotherm c nature of Reaction 1. As a result, the gas phase anmmoni a and
fluorine reaction produces 15 substantial quantities of HF, N2, N2F2, and

NH4F, with NF3 yields typicall than ten percent.
United States Patent No. 4, 091¥5%€Bt a@ﬁgsﬁa\&%\ll s that produces nuch
hi gher nitrogen trhefprésehd idl@edtiVn3d divé @t Aﬁewseaﬁ@hﬁﬁrﬁgs@orlaye Sedidchi N9 a

nmolten ammonium acid fluoride [ NHAF(HF)x] w th gaseous fluorine [F2] and
anmoni a 20 [oRKABfogeEludPaiedrim himmosj68id 2@benta forionekingan aaimomesacidbes a
simlar pro e F2-to-NF3 conversion is further increased to

gr eat er thaﬁFﬁPH%Fv 6%?88ﬂ%§eby i mputing a | arge amount of nechanica
energy for mxing the reactants and by wusing an amoni um acid fluoride

nmelt having a HF/ NH3 nolar ratio greater than 2.55. The Coronell patent
t eaches $hat inproved NF3 BACKGROENE-QF dTHUINVENTI@Nrechani cal ener gy

inputs greater t bﬁn@ g%s BIQa%eV\@} ion BFim& Lcj)gfacan gtasego’us eregqfexel{a?au rife el
produce nitrogen trifluoride. Reaction 1 illustrates the desired gas phase NF;

production reaction.

_ 3F,(g) + NH;3(g) — NF3(g) + 3HF(g) (AH = -904KJ/g mole NF5)
10 Reaction 1

wherein (g) denotes the gas phase. A solid catalyst is often used to lower the -
required operating temperature, which increases the NF; yield. However, it is very
difficult to control the reactor temperature due to the highly exothermic nature of
Reaction 1. As a result, the gas phase ammonia and fluorine reaction produces

15  substantial quantities of HF, N,, N,F,, and NH4F, with NF; yields typically
substantially less than ten percent.

United States Patent No. 4,091,081 teaches a process that produces much
higher nitrogen trifluoride [NF3] yields (approaching 60%) by contacting a molten
ammonium acid fluoride [NH,F(HF)x] with gaseous fluorine [F;] and ammonia

20  [NH;]. U.S. Patent No. 5,637,285 to Coronell et al. describes a similar process,
wherein the F»-to-NF; conversion is further increased to greater than ninety percent
by imputing a large amount of mechanical energy for mixing the reactants and by
using an ammonium acid fluoride melt having a HF/NH3; molar ratio greater than
2.55. The Coronell patent teaches that improved NF; yields are achieved with

25  mechanical energy inputs greater than 1,000 watts per cubic meter, preferably at or
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¢+ 200300103-9 1 7 JAN 2003 *159159* *000002* 2 above 5,000 watts per cubic
nmeter, nost preferably at or above 35,000 watts per cubic neter. The
Coronel|l patent utilizes a stirrer or turbine, such as a flat bl ade
turbine, to input the nmechanical energy. However, inputting such |arge
anounts of power using a stirrer or turblne 5 poses reactor reliability
probl ens. Typically, the mixing turbines2that are used in this type of
application are constructed of a nmetal, such as nonel or nickel, coated
with a mnmetal fluoride passivating Iayer The passivating layer is

typical ly appbies,000 wattopératibicrgeteh endsepreiferibliy i Gabsive 3500 hadts ipeecubice h
at nosphere. The paSSI vating layer significantly reduces oxidation of the

t ur bi ne subdugter elhefeprana} pate aitihizefin K1 or LEbingUeR as g fgbbladetusiing. e

Cor onel | pat eer rates that can renove the passivating
| ayer and e£§ tﬁg gaﬁﬁg% %ﬂﬂgg turbine substrate to fluorine, thereby

accelerating t he Hm@egfmmﬁﬁg)sldhnargeaﬁfouﬁusIoﬁpbwexaﬂismgwmrreﬁ opfturbime m xi ng
inpeller. In turn, the corrosion |leads to excessive m xer shaft vibration
and prentt urpesqﬁrﬁ%cﬁorslﬁmttlhtmablem& Tupléallw%mwn&wymas thatrgusethinthignance

procedur es £ Ia:ﬁ)ghééﬁo a&é‘l trfictedaf mjeéxfl cuBf 8¢ 10 Rel éﬁ%ﬁk&?@ﬁ@@%&’nﬂ% of a

hi gh- speed r sea a corrosive uori ne an rogen fluoride
at mospher e cagtall fhamaide passalatlaglldyet yThe pdskientng llayelasldypmablly apbhghby mechani cal

energy input into a reactor,.via a flat bladed turbin can, lead to a
hi ghly  bacKORAERE ﬁhsartett%lawbm‘ma%umn%g@bﬂm%ﬁ}v uBhS BASHVA[YRs Y Ping

diti t | |
condi tions. ¢higdhy (GREE oki}aﬁggn bl'ﬁter ] rgfh@@ﬁl%t]‘ﬁ'té VH(S\Qe\%?, thgrh{%gx gg%r oca

reactor operating condi tons ore ere remains in the art
for a nmdb hodnmmdsmgpﬂc(hbwﬁlet@reﬁéll patenmkqducahnghrshbérabﬂeytltaomranctnogasltaous

fluorine with NH4AF(H Iutlo oduce nitrogen luoride. SUMVARY
GFTHE| | WERTHONG28 1165 3 X0t teriGURiYIoR Cbis HEG e fckiorigRghHEDEycl 6 wi t h
an NF3 reacteéeldrlting the rate of corrosion, partlcularly at the tip of the mixing impeller. In
turn, the corrosion leads to excessive mixer shaft vibration and premature mixer shaft
seal failure. Even if very diligent maintenance procedures essentially eliminate shaft
15  vibration, the combination of a high-speed rotating seal and a corrosive fluorine and
hydrogen fluoride atmosphere can lead to reliability problems. In addition, high
mechanical energy input into a reactor, via a flat bladed turbine, can lead to a highly
back-mixed reaction volume with essentially uniform operating conditions. In this
case, there is no opportunity to optimize the local reactor operating conditions.
20  Therefore, there remains a need in the art for a method and apparatus to efficiently
and reliably contact gaseous fluorine with NH4F(HF)x solution to produce nitrogen

trifluoride.

SUMMARY OF THE INVENTION
25 The present invention combines a heat engine cycle with an NF3 reactor to
eliminate or greatly reduce the need for mechanical energy inputs derived from
stirrers or turbines, without sacrificing high F,-to-NF3 conversion rates. The present
invention utilizes a working fluid, such as hydrogen fluoride, in the form of a vapor
jet to impart kinetic energy to a mixing zone of a NF; reactor, thereby intimately

30 contacting a fluorine reactant with an ammonium acid fluoride melt in order to



“elimnate or greatly reduce the need for nechanical energy inputs derived
from stirrers or turbines, wthout sacrificing high F2-to-NF3 conversion
rates. The present invention utilizes a working fluid, such as hydrogen
fluoride, in the formof a vapor jet to inpart kinetic energy to a m Xxing
zone of a NF3 reactor, thereby intimately 30 contacting a fluorine reactant
with an anmoniumacid fluoride nelt in oBder to 3 achieve a high F2-to-NF3
conversion rate. The working fluid may then be separated fromthe gaseous
NF3 product and recycled for continuous use in the heat engine cycle. In

contrast to ,pkikdf a Algh MHBAASSIDRversdon ree TRE WokliiMe flui PiapP ERWIbEREpaedF3
reactor that adequately m Xes the reactants without the need for high

mechani cal dromn the gaséaup INFs produret andstecycled fogcontinuonpuse miihe heat kpgipe esent

i nvention avoids.many of the orrosio robl ens associ at Wi ens
utilizing mé?é(ﬁlﬁniI'l:&‘PIXWiS%Oer’Oﬂé&ipé%?.ssef’ﬁhgRléesi{ﬁb%‘& figg Réovbregsag W on
provides a nRithaspfafily RiREURE RAchis WARRAL theneéd fp higlemedHagicabémeegy | ncl udes
providing a reactor conprising a mxing zone and a reaction zone in fluid

communi cat i dmputs frmtahesirrer of Agbinen&hustithe pregent myention avoidsgaany1ef ther ni t rogen

trifluoride production ase fl. ' 11 qui ' [ d.fl i de,
are fod i nt SOTRUORPIP S BRE Brd PHE bRe 3faine R ABTANHE Q8IS 007 ¢
such as a hydrodg@né hejRei, @f prafRaf invedtion grodlea frethodTbPprobiecing Kitrgezone of

the reactor. The working fluid vapor jet transfers kinetic energy into the
lnj Xi _ng zone triflgeride; j&mimeth@dwmcgsdeap@ﬁéii%g hEFaLion CYHRBYNE AMIYMEIZRBE aRd &i n t he
iquid ammoniumacid flaonide. b Qui d - [u i | and t he
fluorine di §%aecg]grééo?$lélrfgl}“ril C(rngﬁg’(‘:’%‘ étaggrg%thg@éegl ni r@férr?@wl%%ﬁ{éée&gg t he
react anfom Xéiigogassgmotiie ptodhctidie gaeand flosrinecnd liglid dmmonmaciod . A
gaseous reaction product streamis renpved fromthe reactqr, the reaction
kS %BR’F‘P&

'FI)'L oduct st r ARRTIdGM5? fosi iRty the MIEPE RoRG PF e FRaCPE AntCR J IF% 8 vapor .
e gaseous : ' i
9 agrél?lglﬂlg) arz ;ﬂ'ﬁgﬁﬁ@ r #gﬁg aFS fé@fci;@tf ik Elﬁﬁlgn%;zlgn@ 0P AR GOATorN ITHe0TEN

20 trifluori reama I qui d wor urd stream The
wor ki ng f | uivebrkisigifiadivapor jdtennsfersjchet energyristoghe asxing eow thd kigettd ui d vapor
o ssure of sy ipgginaa gaters SRR LitththhdSa MTiohils BluhRHak2ed 1o 2

15  The liquid ammonium acid fluoride and the fluorine dispersed therein react to produce
nitrogen trifluoride as the reactant mixture passes through the reaction zone of the
reactor. A gaseous reaction product stream is removed from the reactor, the reaction
product stream comprising nitrogen trifluoride and the working fluid vapor.

The gaseous product stream may then be separated into a gaseous nitrogen

20 trifluoride product stream and a liquid working fluid stream. The working fluid
stream is then recycled for reuse as the working fluid vapor jet. For example, the
liquid working fluid stream may be pressurized to a pressure of about 250 to about
1600 kPa and then vaporized to form a working fluid vapor. Thereafter, the working
fluid vapor may be passed through a nozzle to again form the working fluid vapor jet.

25  In this manner, the working fluid travels through a complete heat engine cycle and
provides an efficient method for generating mixing intensity in the nitrogen trifluoride
reactor.

In another aspect, the present invention provides an apparatus for producing
nitrogen trifluoride. The apparatus includes a reactor comprising a mixing zone and a

30  reaction zone in fluid communication with the mixing zone. The reactor further



' 1600 kPa and then vaporized to forma working fluid vapor. Thereafter, the
working fluid vapor nmay be passed through a nozzle to again formthe

wor king fluid vapor jet. 25 In this manner, the working fluid travels

t hrough a conpl ete heat engine cycle and provides an efficient nmethod for
generating mxing intensity in the nitrogpn trifluoride reactor. In

anot her aspect, the present invention provides an apparatus for producing
nitrogen trifluoride. The apparatus includes a reactor conprising a mXxing
zone and a 30 reaction zone in fluid conmunication with the m xing zone.
The reactor ¢ampies aprodushpitieteShaapnastucinclydes ath aﬂ%@%bﬂ&?’é’ﬂ%@?eﬂncl udes
both a gaseous rif i de
feed supply |ur9pilaﬁll h nngﬁg‘?oélzﬁﬁmg{: fﬁﬁ&d@%e}?ﬁ%ﬂzone g&iroga\%:ﬂ[t}g@%
addition, a Wlk%ﬂ@xefdﬂihdreaatbﬂrhﬁaﬂdilim,thoirlElng mutcﬂvapoommmoﬂ finsid h the

m xi ng zone of the reactor. A |least one nozzle is operatlvely 5 positioned
in fluid coneramestinm Witk Fherniing#ane 9§ the rarcion, o drastanspiogzlg psencaathiebt ¢ he

m Xi ng zane £ t hr ough
the hossl o, BOskisHE S ABKonHgian wiBh b Skl thily ol bl PR BT TR
conprise a smpan@t@fe ofithe fdawodswhrthaahe Wnrl@llig ﬁmﬂmapmqmsmnhmhghthehe pr oduct
outlet of the reactor. The separator_is operatlvei positioned to separate

a liquid worRzals. therrby f@f‘?’é‘érﬁ‘fapﬁrrﬂle%l Tty RGP E?PW??SFI%FGPWH'@
stream The wlh§ thmfehﬂ'brgoym UI ?ﬂwﬁﬁ&e‘iﬁ&ﬂfc‘t 3&tld o He%h&?r‘mfﬂ@ ng fluid

supply and a h exchanger 1n comuni‘cati on Wt i qui d wor ki ng
fluid suppl ysepmmrheaperaiqmﬂbap@éniorﬁuwb@am ahqwﬂlveorbhgtﬂmdnstﬁm fropp a

suffici ent heat energy to _vap ze t rkl id, thus formng a
wor ki g T 1 EaCoHR TS Ear I GHG ettt ik PR Y GOPISSE o1
heat of reacl?%lﬁ&‘w%ﬁ(lﬂ @lﬁfﬁuﬁgg‘ zﬂldtar}%af‘é)gc'hgl%? irk ﬂhﬁiHéﬁﬁﬁlﬁﬁCd’tﬁﬂ%lﬁfth@s the
heat source r vapor Zi ng l'iquid workKing fluid. For exanple, the heat

exchanger nalyqué wodsing ifloitesipplyt FThe heheexchanget sirould betdpabBRIf BANSESOR! PTI ON
rO;f -(Ia-|r_| En ([:)eRAVV\;V qN(&SﬂS% hgzigtv énegg);[ t%uvsalpgr?zsectine Bglcljldtvpoerk{n%\ltfu%,i {Ri% f."onnglegnaevrvgrlkmger s,
fluid vapor. In one embodiment, the heat exchanger utilizes the heat of reaction
15  generated in the nitrogen trifluoride reactor as the heat source for vaporizing the
liquid working fluid. For example, the heat exchanger may be positioned within the

reactor itself.

BRIEF DESCRIPTION OF THE DRAWINGS
20 Having thus described the invention in general terms, reference will now be
made to the accompanying drawing, which is not necessarily drawn to scale, and
wherein:
Figure 1 is qualitative pressure-volume plot for the interlocking HF and
NH,F(HF)x heat engine cycle used to internally generate mechanical energy to mix
25  the F; and NH4,F(HF)x melt reactants fof NF; production;
Figure 2 illustrates an up-flow reactor configuration that uses the power cycle
illustrated in Figure 1 to produce NF3; and
Figure 3 illustrates a down-flow reactor configuration that uses the power
cycle illustrated in Figure 1 to produce NFj.
30



" made to the acconpanying draw ng, which is not necessarily drawn to scale,
and wherein: Figure 1 is qualitative pressure-volune plot for the
interlocking HF and NH4F(HF)x heat engine cycle used to internally
generate nmechanical energy to mx 25 the F2 and NHAF(HF)x nelt reactants

for NF3 production; Figure 2 illustrates an up-flow reactor configuration
that uses the power cycle illustrated i Figure 1 to produce NF3; and
Figure 3 illustrates a down-flow reactor configuration that uses the power

cycle illustrated in Figure 1 to produce NF3. 30 5 DETAILED DESCRI PTI ON OF

THE | NVENTI ON The pr esepir1iAlY R} hESCRIFTION bFoPHEeRSEpEONDr e ful Iy
hereinafter with reference to the acconpanying draw ngs, in which

preferred enbodi e sreseht inventiomvenwild be dessribbdwmore filiyshergivatterivoth may,
however, be epbodi ed . in nman di.ffgrent 5. folé"lﬁ a?d s#outl)d.nott bg construed
as linted t'§ ef%eé%ﬂﬁcﬁcﬁ%rﬂ_@yé‘%ﬁ FHIE MY UFHPreIFH Apoodments Ok o di nent s
are provi dedpsgohate iHdwh. A RSRIGh Why, hohRvE8E eRBBdRAGh nafyRIfRkért and
will fully convey the scope of the invention to those skilled in the art.

Li ke numner sforra$ axd should ot belcenstnied as limdigd o the. e dirsents petfeitihhereine t er m

"amoni um aci d fluoride" includes al ium.. 1 ol ogen, fluoride
conpl exes arfag’ﬁh%‘ﬁf: GH]I%]O SGEE chfvé‘heéia %é}(ﬁ?d‘?%&?ﬁre %ﬁﬁ%&%&%’g}&ﬁfgl exes?
The ammoni Urﬂoﬁiﬂlélﬁ,fdnkl%iil%llye@m&i&ﬁéQ‘J& e 6AthehfvaIBBR o Bidkd Willeemahe ed by

t he aci d-base stoichionetry of NFAM/FZ(HF)x, wherein Mis a nmetal selected

from the grduke oembersréfagtodike@iongnts frevghough VA, Group 1B through VIIB
g oD T b Sl BRI O el ey SR Do MHIE S JBBELRRA v 1 °

typically 15 0-1 ypi ca 'S Chosén to maln e charge

neutral iy glolj(Rgdrog&iMhirde) absiplextsSaideniiBhiumidtomgtaialelyply(hydraggr ef erred
enbodi nent , approaches 0 and z approaches unity, thus yielding a conplex
with an aci dluezse) earen!exfso nidieagnrggnium acid fluoride comipositions can be generically

described by the acid-base stoichiometry of NH4M,F,(HF),, wherein M is a metal
selected from the group consisting of Group IA through VA, Group IB through VIIB
and Group VIII of the Periodic Table of Elements or mixtures thereof; y is typically

15  0-12; z is typically 1-12 and is chosen to maintain the charge neutrality of the
complex; and x is the melt acidity value. In a preferred embodiment, y approaches 0
‘and z approaches unity, thus yielding a complex with an acid-base stoichiometry of
NH4F(HF),. However, other ammonium acid fluoride complexes may be used
without departing from the present invention.

20 A simplified description of the NF3 production process chemistry involved in
the present invention is given below. The ammonium acid fluoride melt intermediate,
NH,F(HF),, wherein x is the melt acidity value, is typically formed by the reaction of
gaseous ammonia with either gaseous HF via Reaction 2 below or NH4F(HF), melt

via Reaction 3 below.

25 NHi(g) + (1 +x) HF(g) — NH/F(HF)x (£)

Reaction 2

NHj(g) + a NHiF(HF)xsx + 1y (€) = (o + 1) NH,F(HF), (£)

Reaction 3

wherein (£) denotes a species in the liquid phase.



- NHAF(HF) x. However, other amonium acid fluoride conpl exes may be used

W t hout departing fromthe present invention. 20 A sinplified description
of the NF3 production process chem stry involved in the present invention
is given below The ammonium acid fluoride nelt internediate, NHF(HF)X,
wherein x is the nelt acidity value, is té;pi cally formed by the reaction of
gaseous amonia with either gaseous HF via Reaction 2 bel ow or NH4F( HF) x
melt via Reaction 3 below. 25 NH3(g) + (1 + x) HF(g) ---> NHAF(HF),, (~)
Reaction 2 NH3(g) + a NHAF(HF) x+(x+ 1)/a (P) -+ (a + 1) NHAF(HF)x M
Reaction 3 wher ei fihg &r)mntenmn e@déluspéclrémnemaﬁmyoriuqfrcun phlzgsReagtionrher 3
ammoni um acid fluori. i nter d| at oduct fr ei ther Reaction. .2 or 3 can
react with aCHdE¥dydt E}%R)SF?W ef?%{tﬂrp&‘i}ﬁ:g thedesh Ppgge%fl}ﬁluo&gﬁ

trifluoride rBa@aw%RyAcﬁoﬁ?aa&nd»on 4 bel ow. 3ciF2(g) + ci(a + 1) NHAF(HF)x
(i) - cl NF3(g) + a cl NHAK( ., (=) +ci (4+x) 5 H(e) Reaction 4

'S The rati o¥oEhe °DH§§‘, f&ﬁ‘ﬁa&ﬁ €A LR WO Ry A om ©

mass and seat transfer vi ewpoints to thﬁ toi chionetric requirenent.

Opti mum reactor performance requires 10 égh effective values of a and x to
control the NHAF(HF),, (t) tenperatur®eatti@goptact wth the fluorine gas
bubbl es in the reactor and ammoni a vapori zation into the fluorine gas

bubbl es, as il us{hatRk, iIthEEAECH P the IS kW tha Ntk toprdduce NF; anlld3€ ghe +
(3HF(g) + (a -1)NHAF(HF) (a x-a+l)/(a -1)(l) Reaction 5 15 wherein P is the

HF to NH3 r atatio of HetNHeF (HFanthkeisrie doftaeiwitthihe NadegdHFym mpss and heat transfer

viewpoints to the stoichiometric requirement. Optimum reactor performance requires
10  high effective values of o and x to control the NH4F(HF), (£) temperature in contact

with the fluorine gas bubbles in the reactor and ammonia vaporization into the

fluorine gas bubbles, as illustrated in Reaction 5 below.

oNH.F(HF)x(£) - NHs(g) + BHF(g) + (a -1)NH4F(HF )@ x-p+1y(a -1y(I)

Reaction 5
15 wherein P is the HF to NHj ratio that is transferred from the NH4F(HF)x melt
to the F, bubble.
The major competing reaction, Reaction 6 below, produces N rather than
NF;.
3coFa(g) + 2¢,NHs(g) — c2No(g) + 6¢,HF(g)
20 Reaction 6

wherein c; is the fraction of the F; feed that reacts to produce N,.
Alternatively, F, could pass through the NF; reactor without reacting as shown

below in Reaction 7.

c3 Fa(g) — ¢3 Fa(g)
25 Reaction 7

wherein c; is the fraction of the F, feed that passes through the reactor without

reacting. Reactions 4 to 7 describe essentially all the fluorine reactions (¢; + ¢; + ¢3 =

).



“to the F2 bubble. The mmjor conpeting reaction, Reaction 6 bel ow, produces
N2 rather than NF3. 3c2F2(g) + 2c2NH3(g) -' c2N2(g) + 6¢c2HF(g) 20
Reaction 6 wherein c2 is the fraction of the F2 feed that reacts to produce
N2. Alternatively, F2 could pass through the NF3 reactor w thout reacting
as shown belowin Reaction 7. ¢c3 F2(g) '_c3 F2(g) 25 Reaction 7 wherein
c3 is the fraction of the F2 feed that pa755es t hrough the reactor w thout
reacting. Reactions 4 to 7 describe essentially all the fluorine reactions
(cl +c2 +c3 = 1). 7 The HF by-product nay be renoved fromthe NHAF(HF) X
mel t by vapori zaTlhe)HF\biyq)r%amtrriayrbe&emoyec(ﬂrom tk¢ NHEE(HEF ) no2t Y8 + 2x)

HF(Q-' cl (4 + x) ﬁ + c2 (8 + 2x) HF(g) Reaction 8 5 The present

i nvention uthPPEéfglor'ié’d% gaction Snergy derived froma heat engine to
elimnate or greatly reduce the need for nechanical energy fromturbines or
stirrers in theci#3 x)eH(t ot ci @ ack BIE)Hi gli4 F2o) HE(BFS cehveéxsHb® (ci in
Reaction 4). A brief description of the Carrot cycle, a well-known heat

engi ne, serves to illustrate the undeYRsH principles of the invention
(See Valter J. Moore, Physical Chemistry, 10 Third Edition (1962),
PrenticesHal |, p. TIROpresqgtentien @H@ﬁgweph@n@wl gnergy. dan vedfgemadicat engincheat

engine syst @eﬁﬂﬁnatg B G AATED e L0 LR XS a8 RnBBBs YLK

fluid system to par y conver Yransterve

tenperature 1hQ§£NF9reractor fo adh$eveﬂlvg}f Eﬁf&NFg é@v@rs&ﬁi@e’(é@h&lda@ﬂ\@f 4). eArpaefat ur e
reservoir inits environnment in order to transfer the maxj mum nechani cal

energy from deserirtionafile €ampticysles agygliknown heat engine, serves to illustrate the
underlying principles of the invention (See Walter J. Moore, Physical Chemistry,

10  Third Edition (1962), Prentice-Hall, p. 70). Heat and energy transfer occurs between
the heat engine system and its environment. The Carnot cycle uses a gas working
fluid system to partially convert heat transferred from a higher temperature reservoir
in its environment to a separate lower temperature reservoir in its environment in

order to transfer the maximum mechanical energy from the working fluid system to

15  its environment. In this context, a working fluid is any material that undergoes a
series of cyclic transformations, physical and/or chemical. The Camot cycle can be
described in terms of four steps. In the first step, heat is withdrawn from a high
tempé:rature reservoir by isothermal reversible expansion of the gas working fluid,
which also transfers mechanical energy to the environment. Next, an adiabatic

20  reversible expansion of gas transfers mechanical energy to the environment and cools
the gas. Then, work from the environment results in isothermal (heat to the lower
temperature reservoir) reversible compression of the system. Finally, an adiabatic
reversible compression returns the gas working fluid to its original temperature and
pressure state. The net outcome of this process is maximum net mechanical energy is

25  transferred from the system to its environment based the transfer of heat from a high
temperature reservoir in the environment to a low temperature reservoir in the
environment.

The present invention uses a heat engine to produce mechanical energy within

the NF; reactor to establish the desired flow patterns within the reactor and intimately

30  mix the F, and NH,F(HF)y reactants to efficiently produce NF;. Preferably, the heat



15 its environnent. In this context, a working fluid is any material that
undergoes a series of cyclic transformations, physical and/or chem cal.
The Carnot cycle can be described in terns of four steps. In the first
step, heat is withdrawn froma high tenperature reservoir by isotherna
reversi bl e expansion of the gas working fluid, which also transfers
mechani cal energy to the environnent. Nex%, an adi abatic 20 reversible
expansi on of gas transfers nechanical energy to the environment and cool s
the gas. Then, work fromthe environnent results in isothermal (heat to the

| ower t enpesfatattionriessed\ugitlic thewv efergl sowroenecied ifonthohedteaging s lrem
Finally, an adiabatic reversible conpression returns the aas working fluid

to its ori gipgferied spdedimgng th‘ﬁﬂ”%‘#%‘éﬁ?? bve arkang Tigds {BE apd Nl keHEIX] i s
process is Wﬁ%&&%ﬁhg%gag?foﬁ%égrans 9619%{1 \k&k%—’r thf &ﬁfﬁﬁq P WithiGnsyst em

to its environnent eat fro tenperature
reservoir i rNFmaﬁnmTlmmfetrreﬂavcﬁkﬂng\ﬂm@mﬁeaélacted bemwblﬁ;F(HF)&hm
environnment. The present |nvent| on._uses a heat_engine to pr ﬁduce mechani cal

energy Wt h.rﬁactffﬁeforlxﬁf&s prodretinn and I saprodict of NFg predushon apfhelRr ns
wi thin the reaghpKHaRgdritati g %flgx%g.heﬁ?]%@?tg@r@éhq?wf {HdfihYenti®ACt ants to

efficiently produce”NF3. Pre eaction 1s used as the
t her mal enerc@ycmnwm(referfetedhdeianmplaﬂyevdrkmg fands [HEE adWNHF @ik othed

mbodi t, k ) f id HF d NHAF( HF) x
o or ] bert v inedL SR e e B A i rRmitBe biasst o eRHAn: PSR | o
Wi Ui N he | PR SAskRl AuTYCroRi eLRih AthisRihIb b inae cpgleect ed because

NHAF(HF)x is a 5 reactant for NF3 production and HF1s a product of NF3
pr oduct ilén mmMeﬁaloheihp exnmtqncﬂtemldﬁ thedypat erngnd mle(ﬂéhmttumlarfsl)ng with tleugh

t he remai nder e lven ScCr ion. refer to t exe wor ki ng
i de T HE. R RIPEEREPY Mhoridhend d Rty iS4 Bunae. oEnuaHTo Mgl
departing frasuldhgsoyeasadity deBé{@BFelfRi?n tHSNPSREctiongiredutt. Fooédahipde, ther d”
refers to any fluid capabl’'e of underg 0|ng the cyclic 10 conpression and

expansi on sthegeogsn halidesheush as hyieger gilpe wcmldLhe used-erfering with the

reaction of gaseqs, £ghldgs 2Rl s BAIRRLYANL doilkUidglfn The wor king

15  illustrating the various steps of the heat engine utilized in the present invention. As
shown, the interlocking cycles for the HF and NH,F(HF)x working fluids comprise
transporting a hydrogen fluoride liquid working fluid 11 from a relatively low
pressure zone 1 to a relatively high pressure zone 2. The higher pressure HF working
fluid 12 is then heated and vaporized within the high pressure zone 2 to produce a

20  moderate velocity, high pressure hydrogen fluoride vapor working fluid 4. The
gaseous HF working fluid 4 is allowed to expand to produce a higher velocity,
intermediate pressure hydrogen fluoride vapor working fluid jet 5. The HF vapor jet.
5 is contacted with gaseous fluorine reactant, NH,F(HF)x melt reactant, or any
mixture thereof, to form a high velocity, intermediate pressure jet 9. The mechanical

25  energy, in the form of kinetic energy, transferred from vapor jet 9 to the reactor
intimately mixes and disperses the gaseous fluorine reactant into the NH4,F(HF)x melt
reactant in an intermediate pressure reaction zone within the reactor. As used herein,
the term “vapor jet” refers to a high velocity vapor stream, such as a vapor stream
forced out of a small diameter opening or nozzle. As would be understood, kinetic

30  energy is the energy possessed by a body because of its motion. As the HF vapor



shoul d al so be readily separable fromthe NF3 reaction product. For
exanpl e, other hydrogen halides, such as hydrogen chloride, could be used.
Figure 1 provides a qualitative HF pressure-specific volunme diagram 15
illustrating the various steps of the heat engine utilized in the present
invention. As shown, the interl ocking Cﬁples for the HF and NH4AF( HF) x

wor king fluids conprise transporting a Hydrogen fluoride |iquid working
fluid 11 froma relatively low pressure zone 1 to a relatively high
pressure zone 2. The higher pressure HF working fluid 12 is then heated
and vapor i zesonkirtgfluid tragelh thghuglr ths seaction gone iR thorepetor Wbeprsoe desdeases e

vel ocity, high pressure hyd n.fluoride vapor r ki flui.d The
gaseous HF \ﬁgr‘sk&‘f@ & F’@quFﬁ {rg‘ggﬁfsl“(?q\/gﬁsef’gs &%ﬁwfﬁﬁ“‘érgﬂh%%%ﬁgﬁ@“
velocity, i6RINEMIIALS aRY @SBYERed ot ABERattid0idnd@nd 38R atv@Iiltd BYaddous d | et
5. The HF vapor jet 5 is contacted with gaseous fluorine reactant,

NHAF( HF) x meNF; prediedt atream end ahiguidrilk wmorking Reidesifeam:t I thatgandetipepeleddonei ty,
i nt er nedi_at e res?lzl;re Let .9, Ttge cgani cal 25 energy, in the form of

ki netic énerrﬁ&elfl FEL TR 35 W{{c‘jg e to the reactor intimately

m xes and di sper s@gurfe@ a8aSees!Frobbdd AowN@iag ARt Bitratinl ewd Bmbbithiehtdoftherel t
reactant in an internedi ate pressure reaction zone wthin the reactor. As

used her ei n,preseheinvention: JVa g dgserptionefdhetwoerabedigientg shown i Figdpsr? andr eam
such as a VaBOOtEfgrfei){:eg \%g! bf r?lragego t%%%aggus%grmlgl t}l.ﬁ!i %Fe%%er;&gg H ﬁ%u&r 1 %;fleﬂ e.

;
As woul d be A Imetic enerqgy | € energy possessed a body

because of idiscus®iliabbve. ABhd desciijitionagfakie &yclivprddestowll begin tvithubd seldtivebugh t he
reaction zone in the reactor, the pressure decreases. as _shown_in Figure 1.
The desilPed lgussensaretwdeagen dlugride ligwid warking dhed 1hm Figuies gand \dyRicallyf | ui d
23 are tran i : : : L Fciaseous  NF3
product st rzgﬁf’{fﬁ%’rg’f){'ﬂﬁﬂ‘ﬁ phﬁ%r"@ ]ﬁlég?ﬁ llj(?gplssfa ?gg{mﬁlﬁdatb'ﬁg%gcan beﬁr ecycl ed
for 5 reuse pressttigingédaticehyisnsedso inbeeasythk prasagt 0f thertgdrogendluoede Bqadd 3
are process flow diagrans illustrating two odinents of th resent

i nvention. I'orkHE Had &omphe dow srespyie 2o Enhsdt ﬁP?S%Sﬁ?P‘i?ﬁ 'Hg)egur es 2 and

Ei’ gLffe erenc sl tiziRE dBRES1S Mal/ bR VRl USRI IA iVl dld B hRhEsurfignot ed i n
15  heated pressure vessel, or a gas pressurized vessel. The high pressure zone 2 pressure
is typically between about 250 and 1600 kPa. The preferred highest pressure (P ) is
primarily a function of the high pressure hydrogen ﬂuoride vapor working fluid 4
temperature (Ts). Equation 1 provides a useful estimation of the preferred high

pressure.

20 P, =1.5x10% 43007,

Equation 1

wherein P, is the pressure of high pressure zone 2, in kPa, and Ty is the
temperature, in °K, of the high pressure hydrogen fluoride vapor working fluid 4.
Within the high pressure zone 2, the high pressure hydrogen fluoride liquid
25  working fluid 12 is heated to form high pressure vapor working fluid 4. The
vaporization may be accomplished using a heat source 19 that is external to the NF;
reactor 20, as shown in Figure 2. Alternatively, the energy required for vaporization
can be derived from the thermal energy generated within the NF; reactor 20 via
Reactions 3, 4, and 6. The use of thermal energy generated in the reactor 20 is

30 illustrated in Figures 2 and 3 as heat exchanger 18. As would be understood, the



- di scussed above. The description of the cyclic process will begin wth the
relatively 10 | ow pressure hydrogen fluoride liquid working fluid 11 in
Figures 2 and 3. Typically, the pressure of the |ow pressure working fluid
11 is about 15 to about 250 kPa. A pressurizing device 13 is used to
increase the pressure of the hydrogen flygride Iiquid working fluid from
the I ow pressure zone 1 to the higher pressure zone 2. The pressurizing
device 13 nmay be a punp, such as a positive displacenent punp, a 15 heated
pressure vessel, or a gas pressurized vessel. The_hi htggessure zone 2

pressure i sdesigsiandisiap obdhafeahexghanger 180viHbg desopinepdy trp gngspyFesuped to

hi ghest pressur P | Sy i i I f i : e

hydr ogen fl ut(SS)rnln }éé Y/%Pﬁ%)?’d Og\lgpgirﬂlrlfgmi A?'I 'lt?{%ﬁefft Egéeh?rdhpgér}al? ur?éhﬁer%cg@%%g@?g% I
provi des a ugedtot 26535 sl DiFighret3)er piteide of et rbadgdr, apsiesatindigd® 2PAs=1. 5x

108 e -430"4 Equation 1 wherein P2 is the pressure of high pressure zone
2, in kPa, aweulgbejugderioodsthameorking flaid may Re vegorizad using R cHPLERYRR ofy dr ogen
fluoride vap: rki i ythin the high pressure zone 2, the high
pr essureShydl?l%g%@aﬁ{lggtfﬁégh%tg%r A%S working fluid 12 is heated to form

hi gh pressure vapis NROrdattog20 praferallly opbmteswsapoarnitiadlyiignhermpallpe The ddpl | shed
using a heat source 19 that is_external to the NF3 reactor §8 s shown in
Figure 2. Al'eafandq cas qperate satisfist YP&?{&?@B“PH}”{H‘&SP?? Rytd t?:g‘?f’“ée
derived fromgjae LR SRler e bW G AES AN 26 ald bl 156, Mickt pRAGHOK, 20 Vi a
Reactions 3, dz(l)h éng (#Eﬁgﬁse gf t her mal energ;ly gener at eg in the reactor
20 is 30 il |besweat sbdui h3Farglabest BBOSE The psintagn incentiveaiogaeredss.thevsavioul d be

understoaod, the 10 desi.gn and sjize of the heat exchanger.,18 will he

deter mi i’ DSPRENER S §yMTERG SRy drosenstiforde H@pva%%r?%%fw %gor?ﬁsmed_pa? The
heat exchanggrinc8.siRle RRIrd QG IRAdMVERI v dRg MB&GIdMr tB&mASnE pRWUré N Fi gure
3, or outside of the reactor, as shown in Figure 2. As would be
under st ood, dnieegywditici pugndry uagntres/todeny poeactedewperagira icentsiswat i on of 5

I nternal andco%)s(i%grra 1grlls. hﬁqaeetN?? LGP heating and cooling jacket 35 is used to control the

NH F(HF), melt 7 temperature.

15 Following vaporization, the hydrogen fluoride working fluid 4 passes through
a high pressure nozzle 16, which converts a substantial portion of the pressure and
thermal energy of the hydrogen fluoride vapor working fluid 4 into a high velocity
hydrogen fluoride working fluid vapor jet 5. As used herein, the term “nozzle” refers
to any device comprising an orifice capable of producing a vapor jet as a working

20  fluid vapor passes therethrough. As would be understood, standard design procedures
can be used to design the high pressure nozzle 16 (See Robert Perry and Cecil Chilton
(editors), Chemical Engineers” Handbook, Fifth Edition, McGraw Hill Book (New
York), page 5-29). The hydrogen fluoride working fluid vapor jet S can be initially
contacted with either the NH,F(HF), melt reactant 7 as shown in Figure 2 or the

25  gaseous fluorine reactant 6 as shown in Figure 3. Alternatively, one could
simultaneously contact the hydrogen fluoride working fluid vapor jet 5
simultaneously with the gaseous fluorine reactant 6 and the NH4F(HF),, melt reactant
7. Optionally, an-intermediate pressure nozzle 17 further defines the vapor jet

downstream of the high pressure nozzle 16. The feed point of the fluorine feed stream



- The NF3 reactor 20 preferably operates substantially isothermally. The NF3
reactor 20 can operate satisfactorily over a tenperature range of about 100
to about 200C, nore preferably between about 120 and about 190C, nost
preferably between about 130 and about 180C. The prinmary incentive to
increase the reactor 10 tenperature is tqjincrease the hydrogen fluoride
vapor working fluid 4 pressure (P2 ) to increase the hydrogen fluoride
vapor working fluid nolar thernmal and pressure energy. The prinmary

incentive to limt the reactor tenperature is corrosi onsj der at i ons.
The N3 T eacBdt PRUHTIRA<aIRd FEOUMAHoy G D Pessyie 12ga 106" B Iorechs
NHAF( HF) , , ”E}Jssu?eh@iﬂi’@iﬁture- 15 Fol | ow ng vapori zation, the hydrogen

r

fluoride working fluid 4 passes through a high pressure nozzle 16, which
converts a subst aifhe alolpaati¢ ofithethydiegep fluende wotkmy fluidaaped jeehta @y of the

hydrogen fl uori de yapor worKi fluid 4 into hi.gh. vel oci t hy,dr ogen
fluoride wor ﬁ?ﬁ?@“ﬂ?{ rﬂle\fﬁiﬁsfimtj%gf p?&ler Iy g rﬁ@?ne?b%,ut ¥ﬁem[°éer#efeﬁ%b§¥l e"
refers t9 apy.feVHrane@dPL mbAPréibrably drbster wapabue 5af. ThE aebisr rago af thapor

jet as a working 20 fluid vapor passes therethrough. As would be
under st ood, drRRAANd midisicagiagTde dbrigassousciuprine repseaat 6 ds presirgly erratdsithan

pressure nozzl e See Robert Perry. a o iLton i em cal
Engi neer s’ Hﬁ‘h‘a‘é%&?,ﬁlzf”f"{%l’ﬁ&‘if?‘i’% r%T gaﬁ%?ﬁ%‘v%%ﬂfll ?’@%’ékm{) ﬁé{/rvggvtgﬁ%eatﬁgge
5-29). The hyudnagen 10,0001 Beoraetliadeuately oritap e gatous Mkinbeedctnt 6ahd y
contacted with either the NHMF(HF),, nelt_reactant 7 as shown_in Figure 2

or the I25 gaQ@&l&@Ff(Hﬁm med et drand gnaigtaigrpsassintiafty genstans NEMF(EF hatelel v,
one coul g, si 1&%8??@1%\%11{! he?’?%%ﬁglte. he gﬁ?&%@%gdﬂé i’é%fagtesttx\’égﬁx?@n@%%éh&bﬁ vapor

. Cl
jet 5 sinulfan aseou uori ne reactan

NHAF( HF) X, neiher gRe6isaodinponentOit adiiwdi tp, elaneritaitfhionindi Abeeyangds hydrageazl e 17
further defines the vapor jet downstream of the high pressure nozzle 16.
The feed poi Atorde mprbe perindicrdlyradded torthe Spprine fegd stecasm 8 PEST {P TEBIYEed
proxi mate to I e ke 446,c0r the internediate pressure
nozzl e 17. TR%Q%E%F g{a??%oﬁ% 8? Eg&]ﬁ;f rdoglgh fluoride working fluid vapor jet
5 to the The NH4F(HF), melt reactant 7 NH,F(HF), melt acidity x value is preferably

15  between about 1.2 and about 2.4, more preferably between about 1.4 and about 2.2,
and most preferably between about 1.6 and about 2.0. The NH,F(HF), melt reactant 7
temperature is preferably between about 100 and about 200°C, more preferably
between about 120 and about 190°C, and most preferably between about 130 and
about 180°C. The NH F(HF), melt reactant 7 pressure is preferably between about 50

20  and about 400 kPa, more preferably between about 75 and about 200 kPa, and most
preferably between about 100 and about 200 kPa.

After passing through the high pressure nozzle 16, and optionally the
intermediate pressure nozzle 17, and contacting one or more of the NF; reactants, a
vapor jet 9 is formed. The vapor jet 9 enters an intense mixing zone 22 downstream

25  of the high pressure nozzle 16. Mechanical energy transferred from the high velocity
vapor jet 9 creates a turbulent mixing zone 22, resulting in intimate mixing of the
gaseous fluorine 6 and the liquid ammonium acid fluoride 7. A fine dispersion of the
gaseous fluorine reactant 6 within the NH4F(HF), melt reactant 7 is formed. The
hydrogen fluoride vapor working fluid and the intimate mixture of fluorine and

30 ammonium acid fluoride flow into a reaction zone 10 in fluid communication with the



- gaseous fluorine reactant 6 is preferably greater than about 1:1, nore
preferably 5 greater than about 3:1, nost preferably greater than about
5:1. The nolar ratio of the NH4F(HF),, nmelt reactant 7 to the gaseous
fluorine reactant 6 is preferably greater than about 2,000:1, nore
preferably greater than about 5,000:1, nost preferably greater than about
10,000:1 in order to adequately contact 1%e gaseous fluorine reactant 6 and
the NHAF(HF),,, nmelt reactant 7 and nmaintain an essentially constant
NHAF(HF),,, nelt 10 acidity x value and tenperature. The gaseous fluorine
react ant st r@aindzdR)22¢ OHedbittiodzbBeE 1@SFRRSroCIRRANTRMS résideadéltifneon t o

el emental fluorine. For exanple, hydrogen fluoride may be periodically
added to thebetversrthaamixiaggone 22and heiNFgeader apor-bawdeantedpesciige thet hat ~ may
develop in th | i The, NFAF( HE t 7 ) mel t

ot di vy x el A§ndaiEedldfuOREC e PRI f FAELAh e ML mels P
preferably bheiwagno phdute ditrbgamthifiloside. AltRougtamist sHBwhH, Rb@fsematiianidaet ween
about 1.6 and about 2.0. The NHAF(HF)x nelt reactant 7 tenperature is

pr ef er ablPy HROWRE dpusHBRM a1tieren AGtuaBe colld deusdtp supplementdbe yixiPet ween about
120 and abo : I Wween about 130 and about 180C.
The NHAF( HF;i&te#glP}&rPg@gggﬂ?ﬂ%&éﬁgﬁ@g&%@dgﬁ?erabI y between about 50 20
and about 400 kPaThenfbove reyime én tielryadtieh wernl @haybe Tp-fiovd asdblastratedth kPa, and
nost preferably between about 100 and about 200 kPa. After tpassi ng through
the high prddgiee qisermeflay and thengpriiommas Hipsrpted op figred dPiffcisit essur e

nozzl e 17, 30dqGRBLAG fop thithfe O6ntIRIE 1 twoiBadiils SRARE BpDyiddd iy dRor et 9
is formed. The vapor jet 9 enters an intense m xi ng zone 22 downstream 25
of the HiOgh rpact®aupee moadérto k6bstiBaligcomaleteRetog)Fs carvefstor. €thefspaca t he hi gh
vel ocity vapor jet. 9 creates a turbul ent, m xi r}g élone 22, resulti n% in

inti mte m MGOUEsIRRFe YRS EHE reactien 1ons 19 1 Rerierably greaierdh APt &ci d
fluoride 7. rﬁbx%'p?&eﬁibﬁypﬁéa?tlepﬂﬁaﬁﬁ_sEé'&ﬁnds,%s‘%%@erfaB QL6 hERSkEMhdd W t hin
the NHAF(TIF),, nelt reactant 7 is fornmed. The hydrogen fluoride vapor
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fluoride f1ay)ntQ &AEAGLLAMAMNS L6 bt GRMFER CaLE QLW D, e 12
15  distance between the high pressure nozzle 16 and the vapor-liquid interface 23 is
preferably greater than about 0.5 meters, more preferably greater than about 2 meters,
and most preferably greater than about 3 meters.
Equation 2 provides general guidance on the relationship between the
NH4F(HF)y, liquid temperature (t, °C), NH4F(HF), melt acidity x value, and the HF
20  partial pressure (P, kPa) (See D. Filliaudeau & G Picard, "Temperature dependence of
the vapor pressure and electrochemical windows of the NH4FH,-HF mixtures,"

Material Science Forum. Vol. 73-75, p.669-676 (1991)).

[x——l]—o.5559+6.642x10'3t

P= 101.325 10 x0.1620+].l47x10'3t
760

Equation 2

25 The HF partial pressure at the NF; reactor vapor-liquid interface 23 is
preferably between about 5 and about 240 kPa, more preferably between about 10 and
about 170 kPa, and most preferably between about 20 and about 115 kPa. Flow

communication is established between the NF; reactor vapor-liquid interface 23 and



“m xing zone 22. The reaction zone 10 shoul d provide sufficient residence
time between the mxing zone 22 and the NF3 reactor vapor-liquid interface
23 for the small dispersed gaseous fluorine reactant bubbles to react with
the NHAF(HF) x melt reactant to produce nitrogen trifluoride. Although not
shown, nodest nechanical 5 power inputs oma stirrer or turbine could be
used to supplenent the mxing intensity provided by the working fluid
vapor jet 9. The flowregine in the reaction zone 10 may be up-flow as

illustrated in Figure 2 or dowmn-flow and then up-flow as illustrated on
Fi gure 3. Suthtihighepressuresngzalenieortintgamediate prassyrgnezde A 4tthe NHAEEH ko

reactants shoul.d b ovi ded i r i ; i
substanti al | Vei(%% aé‘f"é uls_lﬁ_g?}be_mgl_‘l{st%ﬁp}%g&?%ﬁor%retﬁfégggea@ Sﬁéﬁggnoi;l%}lgs%’génce
time in the paaséd he w0Insf tAONFS reac ek phditioy 2§raad tier NFheeactor 30 satiasdsown nor e
preferably greater than 2 seconds, nost_ preferably greater than 3 seconds.
Space time i Kigereaor esing an WéeméBNHnwfg@ﬁ@cmt 1EsY¢lpling 36 gk ghaW ot he
vol umatrisc I@-I ?}/giat es of the gaseous fluorine reactant 6 and the
NHAF( HF) |7, meft réactant 7. The 15 di stance between the hi gh pressure
nozzl e 16 and t heAW 19y fekd Qoichdvantagéonsly added ® thpveparsaldeyabgvetted¥Ft han
about 0.5 neters, nore preferabl z%greater than_about 2 neters gnd nost

2 Lpgiveen

preferably gicageryanoriuishpisriace Zdpriodhe reyaleiNGRFAHEgpelEcacah

gui dance on | I - t E |9k 96 e HREr at ure
(t, O, NMF%EW&JS%%FBB g(g'.t'L: gﬁ*‘ggt‘%ﬁgﬁ%ﬁf“?wgﬁg philzssur%llog%rtial pressure
(P, kPa) (Semtdineffiatel jredssdeeanoz&le@7PiTharathmdnie igpdrate us st temamtien the dekiredhe
vapor pressure and e%ﬁe‘ré:tﬂroche | cal wi hdows of -HF m.xtures,"

e NHAF
Mat er i al 10sci @R@eniEa} I ygrde 7mvestorpingger %‘?@f??gé)f’f)c."“ AFT8IEE¥9-6. MRx10
-3t P _ 10flspﬁg§]he]armn9ni;@%&ﬂ%e%ﬂ%ﬂ-l@ﬁr?aﬁnn%gidfn aci@ YubAHATda NN to
maintain the desired ammonium acid fluoride inventory in the reactor 20.
The NF; reactor 20 produces a liquid NH,F(HF)x by-product 29 stream and
a NF; reactor vapor product 27. The primary function of the NH,F(HF)x by-product

15 29 stream is to control the NH,F(HF)x melt reactant metals content, i.e., the
NHMyFz(HF)x y value. Nickel is generally the most problematic metallic impurity.
The nickel content is preferably keep less than about 2 wt. % of the NHsMyFz(HF)x
melt, more preferably less than about 1 wt. % of the NH4MYFZ(HF)X melt, most
preferably less than about 0.6 wt. %. )

20 The NF3 reactor vapor product 27, which comprises NF3 and the HF vapor
working fluid, is advantageously treated in a conventional demister 31 that is
equipped with impingement baffles 32 that coalescence the entrained NH4F(HF)x, so
that it can be recycled to the NF; reactor 20 via the NF; reactor vapor product 27 line.
The substantially NH,F(HF)x-free NF; reactor vapor product 33 is treated by the HF

25  recovery unit 34 to produce low pressure hydrogen fluoride liquid working fluid 11,
the HF by-product stream 24 and a substantially HF-free crude NF; product 15. The
HF recovery unit typically comprises a low temperature flash to remove most of the
HF from the substantially NH,F(HF)x-free NF; reactor vapor product 33. The
overhead product from the low temperature flash is preferably fed to a conventional

30  sodium fluoride HF trap to remove essentially all remaining HF. An optional and



- 25 The HF partial pressure at the NF3 reactor vapor-liquid interface 23 is
preferably between about 5 and about 240 kPa, nore preferably between about
10 and about 170 kPa, and nost preferably between about 20 and about 115
kPa. Flow comunication is established between the NF3 reactor
vapor-liquid interface 23 and 13 the high pressure nozzle 16 or

i nternmedi ate pressure nozzle 17 for the NHAF(HF) x nelt reactant 7 using
the walls of the NF3 reactor partition 25 as shown in Figure 3, or between
the wall of the NF3 reactor partjtion 25 and the, NF3 reactor 20 |1 as
shown in FigRiventonaberude NEg regyciohleveral? %P&i’ﬁ(“ﬁf%&?"rdé‘éséf regsEERAL e | i ne 26

as_shoun | ReEhbisPvdorAtult i eed p30nd GradaniaaePusbiciedsiah o e vapor

space above reactor vapor - urd Interface 23 or to the recycle
NHAF( HF) x nelowver peestiaa HF stiigiing eone et thi-BiFs ezecton 20va pontrdlitihpiflav rateeoff ace

23 and the high _pressure nozzle 16 or the interpediate ssure nozzle 17.
The amoni a WEH Papie Seam 3 Hlithe o breruramdtoess Heriin ou LPRTe
fluoride 57 i ByianGO5N hiflndaREy fRAGHE ORaciany xahld e Sptby/ahy 38 hiap! ace
the amoni a ?%eg [ine 30 &?¥L an aéﬁ%%fﬁh1agidyglSbrideagg%d I?nphfg

mai nt ai n t headvesiagewhshrsed taidistabute the amde INFsirenyele stregmi 36, ahishovaaintfogurz0.
The NF3 reac%or 20 produces a liquid NHAF(HF) x by-product 29 streamand a
NF3 reactor wvapor product 27. The primary function of the NHAF(HF) x

by-product 15 2978d fofi8WinSedathflORIg&in th iRustiERhEmveni®l, but SRalEdt beet al s
content, i.e., the NHFAM/FzZ(HF) X y value. N ckel is generally the nost

probl emat i ¢ epmsidetedan linplation pf theTiveentionkel content is preferably keep | ess
than aboyt 2 wt. % of the NHAMyFz(HF)x nelt, nore preferably | ess than
about 1 . % of the NFAM/Fz(HF)x nelt, nost preferably |ess than about
0.6 wt. % 20 The NF3 reactor vapor prRAMGPLE7, which conprises NF3 and the
HF vapor working fluid, is advantageously treated in a conventi onal

denmi ster 31 that Tkis exapoplppees the reacionppmigmietinn syaflen tedhgeagtiat coal escence

the entrai ne@onﬁ%”r%iglll '1:3 ﬁi;gu?eOE» &'E?a{\]‘g#eia?%glsbc%ngt?&c\(gd Esqné 9 4%@e”§§g,rl§am or 20

via the NF3 reactor vapor produ
inch diameter schedule 40 monel pipe with flanged top and cap end bottom. Helical

15  steam heating and water-cooling coils are attached to the outside of the reactor using
heat transfer cement. The NF; reactor partition is a concentric 3.3 meter long
schedule 10 monel pipe with 20 centimeter clearance between the bottom of the NF;
reactor wall and the bottom of the NF5 reactor partition wall. The reactor is fitted with
a seal leg overflow for the NH4F(HF)x, by-product stream at 0.5 meters below the top

20  flange. A nitrogen stripping gas distribution ring is placed 3 meters from the top
flange center in the annulus roughly equally spaced between the NF; reactor wall and
the NF; reactor partition. The primary function of the nitrogen stripping gas is to
establish uniform temperatures and reasonable NH,F(HF)x, circulation rates.

A pressure vessel with the head space pressurized with nitrogen is used to

25  provide the high pressure liquid hydrogen fluoride feed. A 0.5 inch monel pipe, along
the NF; reactor partition axis, packed with monel gauze is used to vaporize the HF
feed to a 2 mm high pressure nozzle. The NH;F(HF)x melt acidity x value is
controlled by feeding gaseous ammonia into the NH4F(HF)x melt. Fluorine is fed into
a one-centimeter diameter, 3-centimeter long cavity between the highest pressure

30  nozzle with a 5 mm intermediate pressure nozzle. The intermediate pressure nozzle



*'The substantially NHAF(HF) x-free NF3 reactor vapor product 33 is treated by
the HF 25 recovery unit 34 to produce | ow pressure hydrogen fluoride liquid
working fluid 11, the HF by-product stream 24 and a substantially HF-free
crude NF3 product 15. The HF recovery unit typically conprises a | ow
tenperature flash to renove nost of the 1 F . fromthe substantially

NHAF( HF) x-free NF3 reactor vapor product “33. The overhead product fromthe
| ow tenperature flash is preferably fed to a conventional 30 sodium
fluoride HF trap to renove essentially all remaining HF. An optional and 14
convent i onal outletideobiE®nedaywit 8. Sohetarsrir@7 theatap lﬁbnglse&ngdhad%islgf theMFspr essur e

t the NF3 tor . -liguid interf 23 and direct de. NF3
Fecycl e otr ERGETIThe TN e et B SoRE R R Re e
reactor 20 t&ﬁﬁﬂﬂ%hmog%ﬁ?até Lowwvaladias uef fludrh fEdd e, Thesluké Hytihger 24 and

the | ow pressure hydrogen fluoride |iquid worki gdg 5 fluid 11, and
ultimately tpresshiddd tothx desirled paeshutic tapd amynigeis fed topasigtain theglesigedray

advant ageous| to . distribute the crude NF3 recycle stream 3 S; shown
e B oo R bR s PR, 0GR S o AT Pltealil S
but shoul d nofih BguivASRShEIaF &réae I the sippRy Mirofdiefebd e tWRR a ABriEXAVPLE
This exanpl e uses the reactor configuration simlar to the reactor

confi gur at i ofeed rateplixty gBamTher minBte; s sirippinigniGeses feed raie) Shar B fgedt net er

long, 12 inch dia sch nel_ pi. | | t d cap end
bottom Hel i F&s ﬁ@ﬁ%ﬁ?ﬁé?%?@%&x Wa(fft ér Rfétg'gﬁ ‘:Mrl\%g](t:lgel ‘?fgg‘gﬂEB g{btdgc ed to
the outsi de @htdiMeabofATE 061, UNFI9 vBERINS, bad $4 €61 Lefiitine ohhe HI-Bree bags,or

partition is a concentric 3.3 neter |ong schedule 10 nonel pipe with 20
centi metlér cvkigh irequividaniden crluandabevh b$S5-t he NF3 reactor wall and the

bottom of the NF3x ﬁﬂoﬁgﬁ%ﬁé@(@g&hmﬂmdi $hid SEHE Hvehfiod Wil E6m¥hd N 2

seal |eg overflow f X, by-product stream at neters bel ow
the top 20 fh&dge onéskilled QOB agtts mhiihndisgasentios peithiut having thegenefitpdfabed 3
nmeters fromthe top ) ) o . )

teachings presented in the foregoing descriptions and the associated drawings.

Therefore, it is to be understood that the invention is not to be limited to the specific

15  embodiments disclosed and that modifications and other embodiments are intended to
be included within the scope of the appended claims. Although specific terms are
employed herein, they are used in a generic and descriptive sense only and not for

purposes of limitation.



- flange center in the annulus roughly equally spaced between the NF3 reactor
wall and the NF3 reactor partition. The primary function of the nitrogen
stripping gas is to establish uniformtenperatures and reasonabl e
NHAF(HF) x, circulation rates. A pressure vessel with the head space
pressurized with nitrogen is used to 25 P ovide the high pressure liquid
hydr ogen fluoride feed. A 0.5 inch nonel 6E)i pe, along the NF3 reactor
partition axis, packed with nonel gauze is used to vaporize the HF feed to
a 2 mm high pressure nozzle. The NHAF(HF)x nelt acidity x value is

controll ed by feedi ng gaseous amidAR WHIGHIRECIMIMERBF) x nelt. Fluorine is
fed into a one-centineter dianeter, 3-centineter |ong cavity between the
hi ghest pressure 30 nozzle with a 5 mminternedi ate pressure nozzle. The

i nternedi ate presgsure itrl $lubHad enpbieig: 3- 5 meters from
the top flange, a]l'ong[t{] e }g%%%cr)?&{éﬁldegeﬂl\llgggerﬁgact or pa???ti tc%n: First, the
NF3 reactor is heated provitlng atesitoecdmpispe amixing apncang a aetIQHFORG Thi t r ogen
rate equi valffné to the {iluor'bn,ge feed rate. Then, the HF tank is

pressuri 2ed B9 CoBMYBEARUYVEP AR & A anmonia is fed to maintain the
desired 5 NHAF(HF) x n%édi%?&ﬁebﬂs fluotleUsito thé fakihy zohdef tht vakione feed is
progressively increased w tTh equival ent nolar decrease_ in the stripping
nitrogen feed rate. Wfetding fifjuidamyeonitmegid fiasidsfintejthe nixpaAenefithes nut e,
no stri ppi rrlrg_ nitrogen feed rate, 5 bar HF feed pressure, 150C, and 1.8
NHAF( HF) x meFtYeidity x val ue, the crude NF3 product contains about 76
vol . % NF3, 9 vol. % N2, feafiflg 44 orkihg Fhuld vt fee i tleembiing z@® dfalsé eactdf) whi ch

is equivalent to a ci value of about 0.85. Many nodifications and ot her
enbodi mdit s wliereindhé working Buidwaper jebiansfass Kinphigienesey, Hio 816 mIxae 97¢t e art
to which this inventio rtaj ' -he henef i ; a&]{}ﬁ Lsacid ngs
presented i r}“?fﬁlec ?8?%9%?"%551& a'!sh(g:%la%t%}%ﬁgog%dwﬁﬁ@%g%}slglgihat e ondr aw ngs.
Therefore, ifludrilet 0 be understood that the invention is not to be limted
to the specific 15 enbodi ments disclosed and that. nodificatians . and ot her
enbodi ments are int end&¥Ig th%Bq‘ilﬁ@mﬂu%aP‘ﬁifﬂ‘oﬂﬁi_@ "%‘%‘b@ﬁb‘f’“f’?\g‘sﬁﬁﬁ_ ded
claims. AlthaUdlh SREGE GiddlelTrifietiac SR BRERInm LB used TN a
generic and descriptive sense only and not for

15 fluorine pass through the reaction zone in the reactor; and

removing a gaseous reaction product stream from the reactor, the -

reaction product stream comprising nitrogen trifluoride and the working fluid vapor.

2. The method of Claim 1, wherein the working fluid is a hydrogen
halide.

3. The method of Claim 1, wherein the working fluid is a hydrogen

fluoride.

4, The method of Claim 1, wherein the ammonium acid fluoride has an
acid-base stoichiometry of NHsM,F,(HF),, wherein M is a metal selected from the
group consisting of Group IA through VA, Group IB through VIIB and Group VIII of
the Periodic Table of Elements or mixtures thereof; y is 0-12; z is 1-12; and x is the

5  melt acidity value.



“purposes of limtation. 16 THAT WHICH IS CLAIMED: 1. A nethod of producing
nitrogen trifluoride, conprising: providing a reactor conprising a m xing
zone and a reaction zone in 5 fluid comrunication with the m xing zone;
feedi ng gaseous fluorine into the m xing zone of the reactor; feeding

| iquid ammonium acid fluoride into the m xing zone of the reactor; feeding
a working fluid vapor jet into the m xing zone of the reactor, 10 wherein
the working fluid vapor jet transfers kinetic energy into the mxing zone,
the Kkinetic energy dispersing the gaseous fluorine within the liquid
ammonium acid fluoride; reacting the liquid amoniumacid fluoride with
the fluorine di spersedlhemethed of Ctaiprlpsiherseimtherapgponium fdidifnomide has anhe

l'iquid ammoni um aci d.fl.uoride fl yori.ne .pgass thraoygh the reaction
zone in the *}CEEE%SBFFOI%{H%P‘?%B@&E{SF@QH %mrxégﬂ'le’l TRt B?‘ggﬁc‘f?lug‘t ream from
the reactor, the reaction product stream conprising nitrogen trifluoride

and the working fluid vapor. 2. The nethod of Caim1, wherein the working
fluid is a hydrogen HBiddethodof Chémrfewhertimtheanelt agidity vidlee ef thediqsidnor ki ng

fluid is a hydrogen fluoride. 4. e th of Caim1l, wherein the
ammoni um aci%nm?lgB?’i*ﬁéA ﬂ'é‘g“g?ds aé%‘itggotﬁsa 0 ‘?%‘u"chi ometry of NHAMYFZ( HF) X,
wherein Mis a netal selected fromthe group consisting of Goup IA

t hrough VA, Goup IB through VIIB and Group VIIl of the Periodic Table of
El ements or mixtukes tFhermethed 9f Claing.63 wherein themelpacidifivalug f thgdiquidye| t

acidity val ua?ﬁmé‘r?ium acid fluoride is about 1.4 to about 2.2.

8. The method of Claim 1, wherein the liquid ammonium acid fluoride

has a temperature of about 100 to about 200°C.

9. The method of Claim 8, wherein the liquid ammonium acid fluoride

has a temperature of about 130 to about 180°C.

10. The method of Claim 1, wherein the liquid ammonium acid fluoride

has a pressure of about 50 to about 400 kPa.

11.  The method of Claim 10, wherein the liquid ammonium acid fluoride

has a pressure of about 100 to about 200 kPa.

12. The method of Claim 1, wherein the ratio of the reaction zone volume
to the sum of the volumetric flow rates of the gaseous fluorine and the liquid

ammonium acid fluoride is at least about 0.5 seconds.

13. The method of Claim 12, wherein the ratio of the reaction zone volume |
to the sum of the volumetric flow rates of the gaseous fluorine and the liquid

ammonium acid fluoride is at least about 2.0 seconds.

14.  The method of Claim 1, wherein the molar ratio of the working fluid

vapor jet to the gaseous fluorine is greater than about 1:1.



5. The nethod of Caim1, wherein the amonium acid fluoride has an

aci d-base stoichionetry of NHAF(HF),,, wherein x is the nelt acidity val ue.
6. The nethod of Claim5, wherein the nelt acidity value of the liquid
ammonium acid fluoride is about 1.2 to about 2.4. 7. The nmethod of C aim6,
wherein the nelt acidity value of the Iilﬁjid ammoni um acid fluoride is
about 1.4 to about 2.2. 8. The nethod of Claiml, wherein the liquid
anmonium acid fluoride has a tenperature of about 100 to about 200C. 9.
The net hod of C aism 8, Thehraethbd of Btniini ldyivkemimmiie imotatratid of theovorlimg thud a
tenperature of about 130 to gbout .180C O.éhe g?t hod of Cdaim1, wherein
the |iquid afARBHICHIA thE BeFePELOPoRRS 1SﬁEF§teé%BP Q8 Tof about 50 to about 400

kPa. 11. The nethod of Claim 10, wherein the liquid amonium acid fluoride
has a pressure of about 100 to about 200 kPa. 12. The nethod of Caiml,
wherein the ratioléof tTe method obGlamrie whetaimthe malat tatioof theoiquiche vol unmetric

flowrates of the gasepys fluorine and the |iquid nmoni id fluoride
is at |east %‘HBG‘EIU%‘.@‘@@E o thesgasqops 4%%"%68 grae &%aﬁﬁl?{rzhﬁ@r in the

ratio of the reaction zone volune to the sumof the volunetric flow rates
of the gaseous fluorine and the liquid amoniumacid fluoride is at |east
about 2.0 secondsl7. 14. Themwetired h6Glamh 16, wherein thameglar natie kéthedicuid r at i o of

th king fluid jet to th tluaring i ten ¢ han about
17, "5 13, ameHm o utrids Gt e BRRs s a0 b pATREP L 12700k g

fluid vapor jet to the gaseous fluorine is greater than about 5:1. 16. The
met hod of Caim1l1, wherein the nolar ratio of the liquid ammoniumacid
fluoride to the gdseoubhefthetbpd aEClaimdy, Sxther comprising senaratinggbe gaseous;, The

method of G rgailcrtqorll%rod,t\lQF gtree!apn it rgrzli)sle&rls ﬁlﬁ%éc% t?ifHUBng Hoq{ﬂi:tdstream and a liquid

working fluid stream.

19. The method of Claim 18, further comprising:
pressurizing the liquid working fluid stream to a pressure of about 250
to about 1600 kPa;
vaporizing the pressurized liquid working fluid stream to form a
5  working fluid vapor; and
feeding the working fluid vapor through a nozzle to form the working

fluid vapor jet.

20.  The method of Claim 19, wherein said vaporizing step comprises
heating the pressurized liquid working fluid stream with the heat of reaction generated

in the reaction zone of the reactor.

21. A method of producing nitrogen trifluoride, comprising:
providing a reactor comprising a mixing zone and a reaction zone in
fluid communication with the mixing zone;
feeding gaseous fluorine into the mixing zone of the reactor;
5 feeding liquid ammonium acid fluoride into the mixing zone of the

reactor, the ammonium acid fluoride has an acid-base stoichiometry of NH F(HF)y,



*anmoni um acid fluoride to the gaseous fluorine is greater than about
10,000:1. 18. The nethod of A aim1l1, further conprising separating the
gaseous reaction product streaminto a gaseous nitrogen trifluoride
product streamand a liquid working fluphg stream 19. The nethod of C aim
18, further conprising: pressurizing the liquid working fluid streamto a
pressure of about 250 to about 1600 kPa; vaporizing the pressurized |liquid

working fluid streamjto forma 5 working flyid yapor: and di t he
hor i g i s et e el iy 3ol grattcidtbe e o 1 36 B et
20. The nethepd. of Caim 19, wherein said vaporizing step conprises heating

the pressurized liquid working fluid stream with the heat of reaction
generated in the reacfeedingadrydragentflieridesnaponjet irko thexmmengoeheosf the oduci ng

nitrogen trifluoride, .c i Sing. . i di t i Si .a.m Xi
one and & riEAESafbesin B w0 B R FocR S BRe,
feedi ng gasegy#, the wHekiB @nérdy AispBRiny thé Bised@NBudtnetvighih GRCiqUid amndoageh NY

| i quid anmonium acid fluoride into the mxing zone of the reactor, the
ammoni um aci #id fluerdade has an aci d- base stoichiometry of NH4AF(HF) X, 19

wherein x is the nmelt acidit al.ue, the nelt, acidity. . val i t 1.2
to about 2.4; feedi ngregctmgatﬁségw fthHB?’?lalg a\?%?p@‘%or]dgt‘%fhn@gQﬁﬁgg%‘?%?%gg&zjone
of the reactherfein R6@IR ritAseneriRidttel dsUhélliqad @mnpdiurh haidsheiige lshdet i ¢

energy into the mxin 5 zone, the kinetic energy dispersing the gaseous
fluorine wi tfuarinetpasy thepyigh thawesefiamgongdn thefrpastdn ad reacting the |iquid

anmoni i a cid fluori dere%otvﬂlgtygas%l}éorregé?l%n%ir&ﬂl%{ ?c?eqm from the reactor, the

reaction product stream comprising nitrogen trifluoride and the hydrogen fluoride
vapor,
wherein the molar ratio of the hydrogen fluoride vapor jet to the

gaseous fluorine is greater than about 3:1 and the molar ratio of the liquid ammonium

15  acid fluoride to the gaseous fluorine is greater than about 5,000:1.

22. The method of Claim 21, further comprising separating the gaseous
reaction product stream into a gaseous nitrogen trifluoride product stream and a liquid

hydrogen fluoride stream.

23.  The method of Claim 22, further comprising;:
pressurizing the liquid hydrogen fluoride stream to a pressure of about
250 to about 1600 kPa;
vaporizing the pressurized liquid hydrogen fluoride stream to form a
hydrogen fluoride vapor; and
feeding the hydrogen fluoride vapor through a nozzle to form the

hydrogen fluoride vapor jet.
24. The method of Claim 23, wherein said vaporizing step comprises |
heating the pressurized liquid hydrogen fluoride stream with the heat of reaction

generated in the reaction zone of the reactor.

25.  An apparatus for producing nitrogen trifluoride, comprising:



‘therein to produce nitrogen trifluoride as the liquid ammoni um acid
fluoride and fluorine pass through the reaction zone in the reactor; and
10 renovi ng a gaseous reaction product streamfromthe reactor, the
reaction product stream conprising nitrogen trifluoride and the hydrogen
fluoride vapor, wherein the nolar ratio of the hydrogen fluoride vapor jet
to the gaseous fluorine is greater thanngout 3:1 and the nolar ratio of
the liquid ammonium 15 acid fluoride to™the gaseous fluorine is greater

t han about 5,000:1. 22. The nethod of Caim 21, further conprising

- separating the gaseous reaction product streaminto a gaseoqus nitrogen
trifluoride product steeegeiairremprisingirdixingzinegerea¢tianozangdn dildeam 23. The

met hod of O aim 22, further conprising:. pres Lzl pg.the liquid hydrogen
(uorsde str Sanicaioft WA 5 EORRMEASE: =BGl U

pressure 1600 kPa; vapori zing

the pressurized liquid a%&i%’o@g @ofihd/Red Sheppdy et condcetioh avithiiyidr aixedp
fluoride vapor; and feeding the hydrogen fluoride vapor through a nozzle to

formthe hy@@@gﬁﬁaﬂu@@ﬁmag vapor jet. 24. The nethod of Caim 23, wherein
sai d vapogizing step Comptl eSO RERIIOONLARALEPSIEL7 Sl bl hy b agen

fluoride Streamwi th t ga reaction gener reaction zone
of the react edid ndingABn@pPaaididdstof;0r produci ng nitrogen trifluoride,
conprising: 20 a reactor conprising a mxing zone, a reaction zone in
fluid communi cation w ervasking fhidyangr senpdy ingfieid soppestior i feldenixing gageous
fluorine feegdrsiPRL¥iolMpfil Ui d connection with said mxing zone of said
reactor; 5 a fqu|§ amoni um acid fluoride feed supply in fluid connection
with at least one nozzle operatively positioned in fluid connection with said

10 working fluid vapor supply upstream of said mixing zone of said reactor.

26. The apparatus of Claim 25, wherein said working fluid vapor supply is
a hydrogen halide vapor supply.

27. The apparatus of Claim 26, wherein said working fluid vapor supply is
a hydrogen fluoride vapor supply.

28.  The apparatus of Claim 25, further comprising a separator in fluid
communication with said product outlet of said reactor and operatively positioned to
separate a liquid working fluid stream from a gaseous nitrogen trifluoride stream, said

separator comprising a working fluid outlet and a nitrogen trifluoride outlet.

29.  The apparatus of Claim 25, wherein said working fluid vapor supply
comprises:
a liquid working fluid supply; and
a heat exchanger having an inlet and an outlet, said inlet of said heat
5  exchanger being in fluid communication with said liquid working fluid supply, said

outlet being in fluid communication with said nozzle.

30.  The apparatus of Claim 29, wherein said heat exchanger is positioned

with said reactor.



said m xing zone of said reactor; a working fluid vapor supply in fluid
connection with said mxing zone of said reactor; and at | east one nozzle
operatively positioned in fluid connection with said 10 working fluid
vapor supply upstream of said m xing zone of said reactor. 26. The
apparatus of Claim 25, wherein said working.fluid vapor supply is a
hydrogen hal i de vapor supply. 27. The apparatus of C aim 26, wherein said
wor ki ng fluid vapor supply is a hydrogen fluoride vapor supply. 28. The
apparatus of Claim?25, further conprising a separator in fluid

comuni cation with said product outlet of said reactor and operatively
positioned to separate a I“%uid %Réki flui.d stream from a gaseous

nitrogen trifluorilde SRARIARIS;0h Jthsreir g Feastar JuEheRSPIPREESHAL Ui d
outl et and i i IHeHE: @ Ut AL im?25,
wher ei n sai3“§£§ﬁﬁgggfﬁ3?@h§§5%§ﬁgggﬁrﬁ$p?ﬁ%ﬁ?&%ﬁé@Qg@??%gﬁggﬁES%?ng fluid
suppl y; andreacheatomxehlingerd raaatémg an inl et and an outlet, said inlet of
said heat 5 exchanger being in fluid communication with said liquid
working fluid supply, said outlet being in fluid conmunication with said
nozzle. 30. The apparatus of C aim 29, wherein said heat exchanger is
positioned wth said reactor. 21 31. The apparatus of Caim 25, wherein
said reactor further conprises at |east one internal partition defining a
fl ow path between the m xi ng zone and the reaction zone within said
reactor.



