2 6 JUL 2006 *166166* 1 NMETHOD AND APPARATUS FOR THE PRODUCTI ON OF
- NI TROGEN TRI FLUORI DE FI ELD OF THE | NVENTI ON The present inventi2ob Jus 2006

directed to a p\mmmm\mmﬂmmppar atus for the production of nitrogen
trifluoride fro d el enental fluorine using an amoni um acid
fluoride nmelt interqgedkate. 5 BACKGROUND OF THE | NVENTI ON The gas phase
reaction of ammonia and gaseous elenentgal fluorine can produce nitrogen
trifluoride. Reaction 1 illustrates the desired gas phase NF3 production
reaction. 3F2(g) + NH3(g) --* NF3(g) + 3HF(g) (LH = -904KJ/g nole NF3) 10
Reaction 1 wher eyfaTHOD A9 WP ARETORF O 8% PROBUCHIONOH NBIROSERS T €n
used to lower the required operating tenperature, which increases the NF3
yield. However, it is very difficul TRILWYORIPE|I the reactor tenperature
due to the highly exothermc nature of Reaction 1. As a result, the gas
phase ammonia and fluorine reaction produces 15 substantial quantities of
HF, N2, N2F2, and NH4F, with NFslmplojsTHEgmmmonubstanti ally less than
ten percent. United States Patent No. 091, 081 teaches a process that
produces much hi Jihepresentipyamionds dnr@fctﬁd @en Jrwesp and appesaty épﬂmhdu@oam

by contactin I u [ HE) x]. wi th SeQus
fluorine [FZ]%fgﬂrPg&%e}’‘tnjjmuoqﬂggﬂ)[";lil%’?'l %géld el?’&{lgn%?l ‘N‘é’m‘é é%i‘? agggm[l raglriliel I
et al. descrifheadéantitihlefhediitecess, wherein the F2-to-NF3 conversion is
further increased to greater than ninety percent by inputing a |arge
anount of nechanical energy for m xing the reactants and by using an
ammoni um acid fluoride nelt greater than 2.55.
The Corongl | patent teaches E?hak I nproveguﬁﬁ-g?yl eP%ﬂtIta)ge achieved with 25
mechani cal ener gy Theds shaseeedceon bhanmbnAGhdwatdohs BRmeptHd flaofitd &,

preferably at or
produce nitrogen trifluoride. Reaction 1 illustrates the desired gas phase NF-

production reaction.

3F2(g) + NHi(g) — NFi(g) + 3HF(g) (AH =-904KJ/g mole NF3)
10 Reaction 1

wherein (g) denotes the gas phase. A solid catalyst is often used to lower the
required operating temperature, which increases the NF3 yield. However, it is very
difficult to control the reactor temperature due to the highly exothermic nature of
Reaction 1. As aresult, the gas phase ammonia and fluorine reaction produces

15  substantial quantities of HF, N,, NyF,, and NH,4F, 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 [NH4F(HF)x] with gaseous fluorine [F,] and ammonia

20 [NH;). U.S. Patent No. 5,637,285 to Coronell ef al. describes a similar process,
wherein the F,-to-NF3; 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/NH;3 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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111 *000002* 2 6 JUL 2W 2 above 5,000 watts per cubic neter, ﬁDSHULZhM
preferably at or above 35,000 watts per cubic neter. The Coronell patent
utilizes a stirrer or turbine, such as a §lat blade turbine, to input the
mechani cal energy. However, inputting such |arge amounts of power using a
stirrer or turbine 5 poses reactor reliability problens Typically, the

m Xxi ng turbings t are used,in this f a i, cat re const ucted
oLt ' a6y £80. 8 PS T nicanbft, Mok ¥afereby BPG abpdt 55000 pGs BB b
passivating haygr ThER&rPRISh&t hﬂﬁzésaAYé%irrre'r or f¥PhE aubl a@PRbY lﬂﬁ’dé)t)ﬁrbme to
contacting the metal turbine with a fluorine rich atnosphere. The

passi vati ng hmthemc@ﬁnfcamtgyy reduces oxi dation of the turbl ne

substrate. However, the hi in uts est ed

patent produce h|éﬁ“@%@&ﬂmﬁﬁ?@%mphérgﬁﬁﬁ' iag@ﬂgmnﬁaé rngfﬁgﬁnﬁyer and
expose the upgekiidhe rEHiB?h@EbrﬂleﬁE rq cﬁl‘Py ftl'léﬁ%)dlﬁ‘%turﬁlﬂ@i BRYare a6&Fhqhidt | N9
the rate of corrosion, particularly a € tip of the mxing inpeller. In

turn, the coﬁymsnf@ppll@@ds arecamgecied oka met@é,rsuslh af mon¢lior atdkeh casted putbrmat ur e
m xer shaft ure,

d
Comentionty aididtoniopde BhSiig tyieh U dasthvpti B Bl B WA GRR R B *0 U o0

rotating s ealcoﬁﬁéhrﬁ% 106 e itii®irfel wigH & ﬂﬁoﬂﬁ@nclh&tﬁfo@ﬁl@d?e f Th@pasdﬁaﬁﬁgmwher e
can lead to reliab problenms. In addition, high nechanical energy

.b ant into asrg@sﬁ,qaaﬂy r&ﬁuaeSaomdatlorbo@h@alrbmetﬁubférat% adowevgs, thehighimogrer y
h |
ack-m xg Qagg&‘ﬁ@#"@g&é&‘ﬁgth‘@cgorﬂ?%fﬁédﬁ%&&éﬁgﬂ hos'hn% er%F glca{;‘z% LRIk kheons.

In this reactor

oper ating copdisivabing lay2p aldexpie i, untlegyiag habhienabdrakeedluofint thegby for a
met hod and apparatus to efficiently and reliably contact gaseous fluorine

with NHAF( HF)akceé@ngtbﬁr@ts of cererden, Prxticylpely at the tin efdhe auxingunraliRy: BF THE
| NVENTI ON 25, T e 8&8{1&1 hUENY é@Fssﬁg;[gngga% Jlﬁx%ha{?%gdr ﬁﬁL ‘ﬁn){%r sﬁlaﬁ‘”

NF3r eact or t SR EPRSTRR OF grea nee ani cal’ “energ
i nputs deri V@éhlfﬂilﬁﬁ‘b. Even if very diligent maintenance procedures essentlally 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 NH;F(HF)x solution to produce nitrogen

trifluoride.

SUMMARY OF THE INVENTION
25 The present invention combines a heat engine cycle with an NF; 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



stirrers or turbines, wthout sacrificing high F2-to-NF3conversi grh rates.

- -The present invention utilizes a working fluid, such as hydroge MUlo e,
in the formof a vapor jet to inpart kinetic energy to a m xing zone of a
'NF3 reactor, thereby intimately 30 contacging a fluorine reactant with an
amoni um acid fluoride nmelt in order to 2 6 JUL 2006 3 achieve a high
F2-to-NF3 conversion rate. The working fluid nmay then be separated from

t he gaseous N173 product and recycl.ed forTﬁonti nuoys, use inﬁi)he heat . engi ne

cycle. I'n cothieusta igh kptosNE; consrgjen sates The warkingSwidimay,then of sepastefi des

an NF3 react g, ﬁqggﬁse%qgﬂﬁt? ﬁJlecl?ﬂtfﬁ Y& fof BGhARbSs weHH%qghggng}ﬁg for

hi gh mechani cal ené&r gy Inputs froma stirrer or turbine. ,
present i nveoydlenimaomirdst tonpripr et ptdvesses,che pesam inyeontdrepm vaies e Nkt @ehctort h

tenms utili,zing mechanical, m xi.ng deyi ces. | ne. ect,. the t
Thvent on pr i BRRIUAChOmESE Attt e prolBn s echabict e e et hod

I ncl udes pr w&%xﬁ o' BREE OF tuPARP! THRis) thefpriiekd idertPRGvEINE nfany dfdld | On zone
in fluid co nication wth the m xing zone. The two reactanfys used 10 for

ni trogen tri tomasiomproptenthassoamicd with systems htbzing mealmhidal guking devises. um aci d

fluoride, are fed.into the g}i@xi nsg zone of the.react fluid

r. A workin

vapor jet, such In one #paFto e RTS ﬁUPVﬂglc\%’ﬁB‘Fd?S&metﬁgfl gqr%oélg:dngq ?l‘fr(?g‘f’he .

m Xing zone giffdifer %@Wthodﬁaaudw&bﬂﬁhgéwaeioi/@d?ﬂ;sridi@gahﬁﬁﬂgfzsﬁéaﬂﬂ fetic
energy into the mxing zone, the kinetic ~energy dispersing the gaseous
fluorine wi t hdantiomeore igfluid esmmuhigatiere ivith ha miximezong5 Thi ¢wb irepstagtsausadni um
acid flupride and the .fluorine dispersed therein react, to pr.oduce, nitrogen
Cr1 11 vor Tlie T Teeandpante rogboFl’ paetu AR don SRS +EaBoRBifne of “Uhe
reactor. A J@B6AYS aFERAINOThOIPEHE bosd 6ﬁﬁértda§tof.?m(ﬁﬁin1§rmfm vhsorjeaicar, the
reaction product stream conprising nitrogen trifluoride and the worKking

flui d vapor . aThbydrasen{lsordehper jestip alamieriita the mivag gepaphthe deactaro Tae

it trifluorid duct . .a | qui ing fluid
drream The iarkradtid i bR R RSl IR e plt bl o ki ng
fluid vapor kfdrgy GRpe@KaNRE asebieludrittivithin@tiddiqigd hiHodiih aeiaTludae.be

pressurized to a pressure of about 250 to about 1600 kPa and then
vapor i zeth t o Thediquisl avemknitm 4didifldondgnd the Huerne dignersed teergimrragi do produgey

yapor My e SRR tihlSRHAR d AR YRl (RS relBl] Atheldrtie! Vapor
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



25 In this manner, the working fluid travels through a conplete&?gﬁ@%e | ne
.cycle and provides an efficient nethod for generating mxing i Ltaﬂ n
the nitrogen trifluoride reactor. In another aspect, the present invention
provides an apparatus for producing nitrogen trifluoride. The apparatus

i ncludes a reactor conprising a mxing zone and a 30 reaction zone in
fluid conmuni cation with the m xing zone. The reactor further 2 6 JUL 2006
4 conprises a product ouflet. The apparatus includes both a gaseous

fluorine feed®OmRiyss ¢ PEgfichoutietyiThe appapaiis e lidpybath g gapesus fluerne fasdl y i n
f ot ) Ty e T _ . u s
wor ki ng 11t o SFaubidh alfid afftlefih, B0 Bk beat R Bh sl el oniion Bhe

the reactor. Aitirgsénesfahaifzagioe Irsadditesmabivoekiyg Pudeagor {s'inffluid d
connection with the working fluid vapor supply upstream of the mxing zone
of the react oforsgeten Wil theqaixiRg 1ans @1 the reactora p leastansawzelginopgratively

| , t . £ 1. . . ¥ reat 0 ise a
separator > 1 no PTG Buf cHARQtiohSYith HeS AR IR P Yol WOReaf IR S O
t he reactor. ihrdng sepesfahoreactor eypdrthitithelvprkins fltidonedr paasaahrugh ¢hea | i qui d

working fluid streamfroma 10 gaseous_nitrogen trifluoride stream The
wor ki ng fl ui d® EFO?}‘CEW;F;%’“W&)F ‘%BHWF'SEh%apPP 5 B ICheOPRSCR SSOMBIY and

a heat exchangefiyilj Rofdedtith GPéHHﬁﬂhﬁiéﬁﬁd?ﬂmié}ﬂéé ﬁé?@q[ct B{lﬁé{io‘i‘tl’(@[e&t&g 'l;ﬂeUi d

supply. The heat exchanger shoul d be capa ransferring sufficient
heat energy tseparpmrns aperatinely popiticheddo kepagaté h liquid wdrkingf fiuidstagana fronr ki ng
fluid vapgr. In one .enbodi.nent., the heat exchanger utilizes the heat of
reaction 45 gBATEPLRTUHOSSR kKo %tff‘@eheﬂﬁ Workig 1iud vaperisypplygnafontaise 2

source for vapalil%diking Mid $upPly sha¥Pidat Bebhbhdbr S afRr jont at
exchanger may %g posi tnlgon:ad v?nﬂtwhi n the reactor itigeclo B@E%OBE‘%%Q{IE%TI ON OF

THE DRAW NGS Dquitiaworkigg flnidgsswpphc rTheduat ¢uchangee siduidbe papgbleasfatans ferrirg,
reference wil| now he nmade to the acconpanyi aw nhg, .which is not
necessarily d?‘gaﬂe?tg“egﬁ:%ﬂeég,y t&’pvd’powgﬁlgﬁlnﬁ%ﬁ?yﬂg&@dﬁm ’s‘gﬁﬁéﬂr?’f%&% yarking
pressur e- vol ufigidRilapér. fIRlont BRbodinRint, IEKh& eBhaARG 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
NH4F(HF)x heat engine cycle used to internally generate mechanical energy to mix
25  the F, and NH4F(HF)x melt reactants for 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 NF;.
30




NH4F( HF) x heat engine cycle used to internally generate nechani caé ener gy
.to mix 25 the F2 and NHAF(HF)x melt reactants for NF3 producti @nb JUL 26 2
illustrates an up-flow reactor configuration that uses the power cycl e
illustrated in Figure | to produce NF3; amgd Figure 3 illustrates a

down-fl ow reactor configuration that uses the power cycle illustrated in
Figure | to produce NF3. 30 2 6 JUL 2006 5 DETAILED DESCRI PTI ON OF THE

ner ei naf ter i Lh - rof er cHEd ATGEPHEESCRIBTERY £R5 Tk IRVHIENEN, i e
preferred enmbodi MefHeSyrédent MO entidhRIW WM beHEscEiBeNMhore WIS HerbifdHel thMaY

however, be enbodied in nmany different 5 forns and shoul d not be construed
as linited taeferance ibibdianeampanying drawirtgsHisrveiioh preferrddeambadiraenss efibedi ment s

are provided.so hat t di closure wi |l .be thoro and

i T POl S R eation s dholme TS RN for oy b S bRERRoRRN in SERY lfent ar
Li ke nunbsrs fbﬁﬁ@z{ndtshohldk;ﬁ)tebeammdwhmhwthe efbodifeht et Ebrth hdrbig; t er m
"ammoni um acid fluoride" includes all_ amonium 10 poly(hydrogen fluoride)

conpl exes anda@mmgﬁmbpdﬂmqmﬁeqraprmied;f@ltpqtﬁp@ﬂafg&surerwulﬂdmth@puglwyi exes.
The ammoni um I cal | r by

t he aci d- basé:% geit%:’ﬁlﬂgrmﬂ %ﬁg%Wﬁﬁﬁfhﬁvﬁeﬁgﬁ# of‘ésISkéﬂere;‘;ﬁé*é)Sg

sel ected fromikdBurgb&s pefeotddikidldiferd$ tibghpuld. A t hrough VA, Goup | B through
VIIB and Goup VIII of the Periodic Table of Elenents or mxtures
thereof-, y is typhtusedypensn,dbe tepm “ammoniymaeid| flypride’] mekydgs pld ammesin t o
malntaln he dity
val ue. 110a fELRLARoBRLAGAS tobleBEand SRk Bt Aitotelfnfe M1 RYdroBEl 1,

t hus vyi eI d| ndlwrideyqungpexdst Thanmmesrduhasil Sioridefvoapetitipnotan Hehehéridally, .
However, other ammni um ach%ﬁfl uorj de conpl exes ﬁ/@be used wi t hout

departing fr sleserined by dheag %ﬂ??@ﬁm% OAI‘HTL#%IE e Veleseip M S e ¢ he
NF3 productiqge Q{eﬁ?ﬁ%t}ﬁ%‘?gﬁapz{i@é 19% S‘xg&};r}e]{}t ro) hpvﬁsép&ug IBMERuER VIS

gi ven bel ow. e anmoni u r medi at
and Group VIII of the Periodic Table of Elements or mixtures thereof; y is typically

15  0-12; zis 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)x. However, other ammonium acid fluoride complexes may be used
without departing from the present invention.

20 A simplified description of the NF; production process chemistry involved in
the present invention is given below. The ammonium acid fluoride melt intermediate,
NH4F(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 NH;(g) + (1 +x) HF(g) — NH4F(HF)y (£)

Reaction 2

NH;(g) + o NHFHF)r(x + 1ya (€) — (o + 1) NH{F(HF), (£)

Reaction 3

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



NHAF(HF),,, wherein x is the nelt acidity value, is typically f rsnglge%the
. -reaction of gaseous amonia wth either gaseous HF via Reactio

NHAF(HF),, nelt via Reaction 3 below. 25 NH3(g) + (I + x) HF(g) --+
NHAF(HF),, Reaction 2 NH3(g) + a NHAF(HF), +(x + 1)/a (i) -* (a + 1)
NHAF(HF),, (i) Reaction 3 wherein (i) denotes a species in the liquid
phase. 2 6 JUL 2W 6 The ammoni um acid fluoride internedi ate product from

ith React i 2 h f
SER LR e
Cl(a + 1) NHE Fiaks withla gge%ﬁlg)ﬂuﬁnﬁ'e Feled %‘gﬁfd’ﬁ@ the d@sﬂed"hlﬁb%&ﬂmﬁu&lde

1417(~) Reaction 4 wherein cl ction of eed that reacts
to produce le)ﬁodmtlvuRacmeclam 0 of the NHAF(HF),, that is in contact
with the F2 feed fromnmass and heat transfer viewpoints to the
stoichionetri g¢ I+ Rt NBRIF(HBEIN (P AL e frQy SBNHEF (HFYLI/) e, i+k) gh
effective val ueg%g%’ a@lgﬁd y tom((:onztpr(o)l9 tthl\-FIE%g( HF) , ﬁ; terrp?arat] S‘{r)e ?n
contact ®ith the fluorine gas bubbl es iHF¢he reactor and amoni a
vaporization into the fluorine gas bubbles, as illustrated in Reaction 5
bel ow. aNH4F(HF) X(f) ->'" NH3(g) + PHF(B\?aCIlO(lé | ) NHAF(HF) (a x-p+ )/ (a

,)(l) Reaction 5 15 wherein Pis the HF to NH3 ratio that is transferred
f rom t he NHAF( HF) xwhea¢in c) is¢he fraction o tisbF efeed Hat reaptsito podped NEgandea it thon,

Reaction 6 bel ow, . pr r.at her 3.3C2F + 2
C2N2(g) + 6C§?—‘f’—(t %1% %—ﬂ%@ggflztaﬁt 1g1n conttac{%1 1th'¥171e F, %d %(o(ry mass an C%I\I!xeat( lggmsfer
viewpoints to the stoichiometric requirement. Optimum reactor performance requires
10 high effective values of a and x to control the NH,F(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.

oaNH,F(HF)x(£) -~ NHs(g) + BHF(g) + (o - )NH{F(HF)(a x-p+1y1a -1)(T)

Reaction 5§
15 wherein [ is the HF to NHj ratio that is transferred from the NH,F(HF)x melt
to the F; bubble.
The major competing reaction, Reaction 6 below, produces N; rather than
NFs.
3caFa(g) + 2coNH;(g) — c:Na(g) + 6¢,HF(g)
20 Reaction 6

wherein c; is the fraction of the F; feed that reacts to produce No.
Alternatively, F; could pass through the NF; reactor without reacting as shown

below in Reaction 7.

c3 Fa(g) — c3 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 (cy + ¢, +¢3 =

1).



wherein C2 is the fraction of the F2 feed that reacts to produce N2.
.Alternatively, F2 could pass through the NF3 reactor without rea@t gyL 2806
shown below in Reaction 7. C3 F2(g) --> C3 F2(g) 25 Reaction 7 wherein C3
s the fraction of the F2 feed that passesy through the reactor w thout
reacting. Reactions 4 to 7 describe essentially all the fluorine reactions
(c, + C + C3 JUL 2006 7 The HF by-product may be renoved fromthe

NHAF(HF), melt by ..v i zation via Reacti 8. Cg# ) 17(~) + C2 (8
+ 2X) HF(~)--~ cl ?Waﬁ?i’}"ﬂiﬁ"& may rE@OXe‘gﬁ?mﬁE? 4ﬁﬂi@§f‘?% % 5 The

present i nventdneAzdtionlviZReadi@aRANI cal energy derived froma heat engine to
elimnate or greatly reduce the need for nechanical energy fromturbines or

Reactton 4) A brd " SERP pb G b RO 6 F AT SRR Rt "

engi ne, serves to illustrate the undemeyiitg Principles of the invention
‘(See Walter J. Moore, Physical Chem stry, 10 Third Edition (1962),

Prentice-al |, . Tl preddifny B EAALAY rld AR bn0RE oAV RERYR S heal Aot

engi ne systemand its environnent. rnot cycPe uses a gas working
flui d syst emtbelipandte at grgattyoredecd theemed foramschenicadntrgynfran iirbines or stirrers

tenperature reservoir in its, enyironnment to a separate |ower te ragure
reservoir in iPfRe Téﬁmastﬁmcirwe‘bﬁluﬂrt%ﬂ f%mgﬁéqn_st(ﬁlelnr#a%efw}rg@ﬁa i cal
energy from tﬁc%f%‘%é CMhbt S)6R, %rﬁzélp}cﬁcﬁvﬂ ﬁt,saltJ g ehé,%@ﬂ?cgfto ilhStrdiB iR

context, a worki fluid is any material that rgoes a series of cyclic
t r ansf or mat i anslerlping prineipleaod tleringéeivngSke Whiter Cavioat, Blyysical Chemisary,

a i gh d0mePErl e oot inoy kit o8 e FaRsger et PEMAERe. gas
wor ki ng flui dne hiflieAfin@kyerh aad &k QhvirdMREGR M A arRBE M s8s b B8s RDMifLN TNt .
Next, an adi abatic 20 reversi bl e expansion of gas transfers nechanical
ener gy to thelwdgystemhepartiathy cersitsheat iansfrased fidie @ higher kenipepatuteteservoir
envi ronment rigsltléle%\slir(i)nr}nein% % Q gépna?allte io%&tterglger%&?e }e(sjc\al\lp{rgir in its environment in
order to transfer the maximum mechanical energy from the working fluid system to
15  itsenvironment. In this context, a working fluid is any material that undergoes a
series of cyclic transformations, physical and/or chemical. The Carnot cycle can be
described in terms of four steps. In the first step, heat is withdrawn from a high
température 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 NH4F(HF)x reactants to efficiently produce NFs. Preferably, the heat




tenperature reservoir) reversible conpression of the system Fi rzahl‘?/ ?n
. -adi abatic reversible conpression returns the gas working fluid Ut'-s 006
original tenperature and pressure state. The net outconme of this process
I's maxi mum net nechanical energy is 25 trgnsferred fromthe systemto its
envi ronment based the transfer of heat froma high tenperature reservoir
in the environnent to a | ow tenperature reservoir in the environnent. The

resent invention.uses a.heat .engine to produce hapi cal _energy within
the NF3 reactbreacgoR e A e fiaipl Snordy Spuresriopaed ittt fr% aisifenl 4 cact or
and inti mat elpfefedd BnodifiRnf; ZhSidetddhhisEiiwo WEAG2NhIYs [IF @hd NH,EHF)K] in

produce NF3- Preferably, the heat 2 6 JUL 2006 8 of reaction is used as

the thermal dénerlggkingecdes tadserbige muchartieal treask forrixing and-{luid flopewithindle
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NHAF(HF)x is a 5 reactant for N173 production and 1117 is _a product of N173
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Figure | provjde ual i t.ative HF pressure-specific, volunme diagram 15
illustrating Wéla\?gsf’ﬂ’(?dga‘ég’eﬁsgaré Ct He 3erﬁg‘itﬁ’é‘ Ripdydt-, quﬁnlp%eog;eésent
i nventi on. B WAl ' HF and NHAF( HF) x
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shown, the interlocking cycles for the HF and NH4F(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, NH4F(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 NH4F(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



20 noder at e vel ocity, high pressure hydrogen fluoride vapor morkinq%%hﬁjd 6
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velocity, intermediate pressure hydrogen fluoride vapor working fluid jet
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ki netic ener transferred, fro apor..jet 9.to the reactor intimately

i ves. and i SuledE FLSE st G FERRR LT hant b nd bl T et ieaBeti )
reactant in aBshéWRIHEGuAL B PREGEHEE® gdsRa6d fedticiOi8dWit NF]) ahthe BRGESEr AS
used herein, the term™vapor jet" refers to a high Ve|OCI;¥ vapor stream

such as a vaporkingribagR3 pes teagpertad fodm sghesteastiongioamand sepapated o 8iZasrouy| e,

bacause of 1 0 R rodth AfLb fnd SBORORtat Buid SR T MGRRRR AR "0
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as shown in Figure 1. The desired gaseous reaction product, NF3, and the HF
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primarily a function of the high pressure hydrogen fluoride vapor working fluid 4
temperature (T4). Equation 1 provides a useful estimation of the preferred high

pressure.

20 P, =1.5x10% 4397,
Equation 1

wherein P, is the pressure of high pressure zone 2, in kPa, and T, 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 NF3 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




tenperature (T4). Equation | provides a useful estimation of the prf%eﬁie%ms
-'high pressure. 20 P2 =1.5xI 0O e -4100/T 4 Equation | wherein P2 is fﬁé
pressure of high pressure zone 2, in kPa, and T4 is the tenperature, in

" K, of the high pressure hydrogen fluoridgvapor working fluid 4. Wthin
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
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form t he gapahtewial khdextbindl kkaftsoufé®. heat exchanger 18 may be | ocated within
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NH4F(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 5 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 NH,F(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



a high pressure nozzle 16, which converts a substantial portion of $ﬁ
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into a high velocity hydrogen fluoride working fluid vaporjet 5. As used
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t her et hr ough. As mnuld be understood, standard design procedures can be
used to deS| sure nozzle.1l See Robert. Perry. and
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preferably gr eat abo t 2,000: I, nore era y greate han about
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adequately contact the gasequs fl I ne reacta 6 and _{he NHAF(HF

mel t react antluprdRmaheeRoRcany & ﬁ?ﬂéﬂﬁ Rgﬁda%ﬁwammmmﬁﬁrtorrﬁ%ﬁ 10

acidity x valw&ﬁggthﬁrm?@%q 1nTﬂ@feQ&31‘ﬁ@us fluorine reactant stream 6 may
contain other gaSeous c one In addition to elenental fluorine. For

exanpl e, hydrogen THel NiHJ:E(Hé?)mylt b@cpmt 7 (NH@(?HF)( nasdickeidityox vhlee id preferabdy f eed
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about 1.4 and about
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 NH,F(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



and nost preferably between about 1.6 and about 2.0. The NH4F(HF) | t
reactant 7 tenperature is preferably between about 100 and about %Bgﬁ'ém
nore preferably between about 120 and about 190' C, and nost preferably
between about 130 and about 180'C. The N#F(HF), nelt reactant 7 pressure
is preferably between about 50 20 and about 400 kPa, nore preferably
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formed. The  hydrogen fluoride vapor working fluid and the intinate m xture
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fluid conmuni cati A Lh 1 Xl ng,zone, 22. Jhe reaction zone
10 shoul d provi dqull?f Qﬁ%feg%e?rlgglfgga%?}gn%%nfgi&%g \Rﬁé‘ﬂﬁ} ea#lgftﬁaée Tne 22 and

the NF3 reactRigure apodoivieflovd ahdithen updowas fiREtritb@on Fipké 3. d56ARIEEd gaseous
fluorine reactant bubbles to react with the NFMF(HF), nelt reactant to
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reaction zondiniomesiddieetimd inake feaction xsler1atieproferabllyiggetta tRar00.5 desvnds,| ow
and then up-flow as iJlustrated on Figure 3. Sufficient residence tine for
inti mate contUE PEHCeERly arepiernthan ¢ seroads menst preferably @veaterdham3 sesend® react i on

zone in ordergphQ SHOR BB At IR Eqpt SicOn. e_space
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vol ume t&°th glséaﬂlﬁf pweg ghgressyre 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), NH,F(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)).

["—'1]—0.5559+6.642x10"z

p=|:101'325 10 x0.1620+1.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



flow rates of the gaseous fluorine reactant 6 and the NH4F(HF),, nzé
Teactant 7. The 15 di stance between the high pressure nozzle 16 an fid 2006
vapor-liquid interface 23 is preferably greater than about 0.5 neters,
.nore preferably greater than about 2 netef$, and nost preferably greater

t han about 3 neters. Equation 2 provides general guidance on the
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bet ween about™5 &HE 2 HHNSH e ?‘Bal I‘r‘ﬂ‘;ﬁ P%fariapt V%%? h@%ﬁgﬁ%m‘“’l‘@ and
about 170skPepig@ied, nost preferably between about 20 and about 115 kPa. Fl ow
comuni cati on | s established between the NF3 reactor vapor-liquid interface
23 and 2 6 JUL 2WsAn Nhtfh@immadpamsgawelywddzdwthﬁvaponsmcerabem tedNFyr essur e

nozzle 17 for _the NHF nt 7 | s of NF3
reactor part i"EI4H %oﬁé ll)‘?dm%% %5{*&3 ﬁ‘%recggle W@&’F %Lr%tlapt %ng”ﬁ%“ NF3
reactor partithé NIF; 2éactndapirelidiidint@fle @3 2@ thethioh PfeshilioWbzz1¢ 16 Efﬂiére 2, or
usi ng an external NHAF(HF)x reactant recycle line 26 as shown in Fi gure

2. An NH3 f edBteguediateqacsspiicagaeladf7y Tha @aumaenda faed rata froset @paa,letaalb&méieﬁlml NF3

react or por HA react ant
7 bet Wee\r/%6 thaéﬁr {r?ledaccq:q gp&@%ﬁ%@ﬁ q#%t}x@fegg%%@ 9‘:’ ﬁﬂgﬁrﬁgﬁﬁﬂeﬂypressure
nozzl e 16 or replace thetagimad &de lide 88 Suttear SARof vk acid ﬂeoﬂdemedhné&ed rate is
set to maintain the desired 10 amoniumacid fluoride 7 inventory in the

reactor 20. @nanesuthg dgsires-ammpyigmpacid fluoride inventory in the reactor 20.
The NF3 reactor 20 produces a liquid NH4F(HF)x by-product 29 stream and

a NF;3 reactor vapor product 27. The primary function of the NH4F(HF)x by-product

15 29 stream is to control the NH,F(HF)x melt reactant metals content, i.e., the
NHsMvyFz(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 NH;MyFz(HF)x
melt, more preferably less than about 1 wt. % of the NH;MyFz(HF)x melt, most
preferably less than about 0.6 wt. %. ’

20 The NF; 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 NH,F(HF)y, 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 NF5 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 NH4F(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
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conventional crude NF3 recycle blower 37 can be used to adjust the pressure
at the NF3 reactor vapor-liquid interEX¥a®M3F and direct a crude NF3
recycle stream 36 .0 the |ower pressure HF stripping zone 14 of the NF3
reactor 20 to contitBi SFamPls rish theseadtopsonfigheation spyilaste thegeaster eam 24 and

the | ow pressgafiolt Ol iguid. ' fluid 11 _and
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in Figur 3., The foll OV\An exanple is given to illustrate the invention,
but shou??ﬂ n Eeag@aeatmgan water-cooling coils are attached to the outside of the reactor using

heat transfer cement. The NFj; 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 NF; reactor partition wall. The reactor is fitted with
a seal leg overflow for the NH,F(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 NHF(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



considered in linmtation of the invention. 10 EXAMPLE This exanpl & Suguts 2006
-the reactor configuration simlar to the reactor configuration in Figure
3. The NF3 reactor is constructed using a 4 nmeter long, 12 inch dianeter
schedul e 40 nonel pipe with flanged top apg cap end bottom Helical 15
steam heating and water-cooling coils are attached to the outside of the
reactor using heat transfer cenent. The NF3 reactor partitionis a
concentric 3.3 ter |on schedul e 10 nonel pipe with 20 centineter

cl ear ance bet%gﬁlstﬂ?é“migq BI?H‘%S%[’H%tCNngomﬁ]%f‘at@P nggalongthe axis obthetNim of t he
NF3 reactor pahétbt hR0tdR! First HRE NFE 364 i i L& ver fl ow
for the NHAF(HF) x.,i)by-lprodlai:i s'g\];fgamcatrl%.ﬁ%gt%%ogges&%&e{ég\}v ﬁée‘ratltu(rjgp‘%%gflange.
A nitrogen ststilpphggitypgsn dits equibaicntan the figprire fpédumed] Thenphe HF thiiloin t he t op

flange center_in the, anpul.us roughly equally. spaced between the NF3 reactor
wal | ga_nd t hepr_ﬁhs—sgr‘??éjat(‘?gg? d'f:)%t’iﬁfiipf‘?sé‘llf).é a‘i*ﬁ@"’ﬁ‘?‘?%@j‘e‘ﬁ?n@ﬂn&ﬁﬁngw qesEehi t r ogen
Strippi Ng SJaSNHSFHF)x &RAaRIdiS % Wlhd. OFihil$ W@ﬂ@&ﬂﬁﬁﬁ@{%ﬂ)éf) ﬁgw ifereased

NHAF(HF) X, circulation rates.” A pressure vessel ad space
pressuri zed wvith equivalogfanolasdessende iroth2 Stripping nitrogdrefehd gite. fVeth aufherine qui d
hydrogen fluogide feed.. A 0.5 inch nel . pipe, .al on he NF3 tor
partition axi ée?&jbaé%ﬂésdx%@'?‘fn%?femm&%?g sp‘&apﬁgé'agin%er\g,@%mt%g t{qqi-ﬁﬁ%egf eed to
a 2 min high peaasns0aal ¢.8 N ot 261018 vagd, $hd drud '
controlled by}ﬁ$eedi ng gaseous am?rFD(EFgfi nto {d;@ N\|’—|4F('HF)X rr%lm?g BIE\Iéjldtl}gtri ne is
fed into a offataesaboneleyoldioaa: 8vol. % Neand iévek %l fiungine ami anHb tenbasis,t he
hi ghest pyress 30 nozzle with 5 i rmedi at e pressure nozzle. The

i nter ned?le(l)fe ‘B@%Eésu aéuvr% (%25 Vé?lhel?#@@%tdggsﬁ outlet is positioned about
3.5 meters from t helahpmodifeatiens &duiBerldntbolithént®6f the gnPhifon WERESMAE to

partition. First, the NF3 reactor is heated to the desired tenperature with
a strippi ng Rindteganskiled inchaiantdp avhich histineention peitaias hedusg thet enefithafithe t he

HF tank is i . i essur e d ammnia,is.fed to
mai ntain t hep%gcgﬁ%ﬁ %gﬂﬁegﬂl&ﬂ%ﬁg%%ﬁgﬂ%tddeggﬁpzﬁoﬁ/a 5@&%’."‘%‘?@%@?”938% he
fluorine feedTheefpregrieashe glderstowey thasie invehfidh R et KrbElrhitb®Plothe dp&ifase in

the stripping nitrogen feed rate. Wth a fluorine )
IS “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.



feed rate of sixty grans per minute, no stripping nitrogen feed riﬁ 5 bar
.HF feed pressure, 150'C, and 1.8 NH4F(HF)x nelt acidity x val ue, eJUL r Tk
NF3 product contains about 76 vol.% NF3, 9 vol-% N2, and 14 vol.%fl uori ne
on an HF-free basis, 10 which is equivale to a cl value of about O0.85.
Many nodi fications and ot her enbodi nents the invention wll cone to

mnd to one skilled in the art to which this invention pertains having the
benefit of the teachings presented in the foregoing descriptions and the
associ ated drawi ngs. Therefore, itTHAE WHIGH IS BbBd that the invention
is not to be limted to the specific 15 enbodi ments di scl osed and t hat

nodi fications and ot her enbodi nents are intended to be included wthin the
scope of the appended cA aidifod o pro@ieelt siiegéd friflubfi&omipeisingnp! oyed herei n,
they are used in a generic and descriptive sense only and not_ for purposes
of linmitation. 2 6 julL RfPVidBgRIATCIRALNEMISIIE TMAKIMERONElandAR [RaGtBIZOBE 1N
produci ng.nityoegen trifluoride,. conprising: providing a reactor conprising
a m xing gonedué%aorgmrugg tll %Wcijtglé}ﬁeemil ﬁné 1% ui d communi cation with the nixi ng
zone; feeding gaseous ffeedifg pasebild fudriie iflioth@eniziapeond ofl the rdaee] or ;

feeding |iquid ammonium acid fluoride into the mxing zone of the reactor;
f eeding a worki ng fl ui de¢dipgHapidrammeniumipsidAlygrile intgr{be pixinggonefdther, 10
wherein the {]cl&ng fluid vapor jet transfers kinetic energy into the

m Xi ng zone, e ’kinetic energy dispersing the gaseous fluorine within the
l'i quid ammoni um aci d ffeeding devorkiag Cuidrgapol fet lintq whembditgronsrof ales ckaétbrjor i de
with the fluorine dispersed_ therein to produce nitrogen trifluoride_as the
liqui d artfonivhereiaitee verkong Huidamporist ransésrs knele saergy ke the miang zone: then

he renct or, ac e te R ool AEOHA: SAR e o S R o1 e
and the wor Kifh@ridepyi d vapor.
reacting the liquid ammonium acid fluoride with the fluorine dispersed
therein to produce nitrogen trifluoride as the liquid ammonium acid fluoride and
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 NH4sM,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.



2. The nethod of Caim1l, wherein the working fluid is a hydrogen zhgall bdeZOOb‘
3. The nethod of Caim1, wherein the working fluid is a hydrogen JUL
fluoride. 4. The nethod of Claim1l. wherein the amonium acid fluoride has

an acid-base stoichionmetry of NHAMyF, (HF),,, wherein Mis a netal selected
fromthe group consisting of Goup IA through VA, Goup IB through VIIB
and G oup VIIl of the Periodic Table of Elenents or m xtures thereof; y is

0- 12; z is 1- 12; and x is the 5 nelt akidity value. 2 6 JUL 2006 17 5.
The nmethod of Caim11, wherein the amoni um acid fluoride has an aci d-base

t oi chi onet f NHAF , ] is th Lt acidit Lue. The
bethod of Gl aim 55 wherbmebal G ) ihelituP puimtie i il 10
aci d fl uori dgejidshadd@sichibntettyo fANIYH(HE),4 whéreid Res Rtohéltadiditvauen 6, wherein

the nelt acidity value of the liquid amoniumacid fluoride is about 1.4
to about 2.2. 8. The nethod of Caim1, wherein the |iquid amonium acid

fluoride has a tenperature of t 10 . 005: et hod of
Claim8, wherein the | ﬁfﬁ‘&“&“@?ﬁ@ﬁ@ﬁw étg'aér%}rha@rg%c%gacg%g’ ‘éa??%%& gﬁﬁﬁrae of
about 130 t 0 aBMium 86idGluckide isdbutreLRedbeit 24.ai m 1, wherein the liquid
ammonium acid fluoride has a pressure of about 50 to about 400 kPa. 11.

The nmethod of Claim 10, wherein the liquid anmmoniumacid fluoride has a

Phe ratio of the Zeact 156 ke Gareimec: vheinBE bR & @b At 00 "

rates of the gampaus atidunioride ivdddut he tb abeutd.2.anmoni um acid fluoride is at
| east about 0.5 seconds. 13. The nethod of Cdaim1l2, wherein the ratio of

the reaction zone vol une to ghe sum of the volunetric flow rates of the,
gaseous fluorine gnd t He Wt bt 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.



amonium acid fluoride is at | east about 2.0 seconds. 14. The nethod of
-Caim1, wherein the nolar ratio of the working fluid vapor jet 2@ gmﬁ 6
gaseous fluorine is greater than about 1. 1. 2 6 JUL 2006 15. The net 3%
of Gaim14, wherein the nolar ratio of ti{g working fluid vapor jet to the
gaseous fluorine is greater than about 5: 1. 16. The nmethod of Cdaiml1,
wherein the nolar ratio of the liquid ammni umacid fluoride to the
gaseous fluorine gr ter th out 2, 7. The t ho aim
e aher ei n_the oar +ebethpd BFE T WhssiR e a0 of T rsing g
gaseous Il | 0N 'efsto%é’ gisB0ud NASHIRNO Weakd tB%bots 5:118. The method of Caim
1, further ri‘'sing s paratl ng the gaseous reaction product streaminto
a gaseous nltrogen trifl uorl de product streamand a liquid working fluid

stream 19. The net hod er .conprisin sur.izing the

7l qui d wor ki ng 11 diod seearred bt Glamd, et Bikneiado FURIE “1500 kpa:
vapori zi ng t g msfahticl@sbridedy sk gﬁé&srmlofﬁntéhéjg&ﬁt%?ﬁmﬁaﬁoﬁt@rmoal 5 wor ki ng
fluid vapor; and feeding the working fluid vapof through a nozzle to form

the working fluid vaporjet 20. The rrethod of Claim19, wherein said

vaporizing step c ssurized . li r.king fluid
streamwi th the h Sﬁ?e‘ﬂ%‘ﬁ?‘i)ﬂpg elgf ggaerep)n I%OI?Iegﬁ? Pgﬁ% Wé‘pof t he
reactor. 21. aﬁuﬁ&hmchcni fRSrRIBUS it dRbdusTURMnE id Srebtef thAR ab&@NIOI008E Ng: _
providing a reactor conprising a mxing zone and a reaction zone in fluid

conmmuni cation with the m xi ng zone; feeding gaseous fluorine into the

m xi ng zone of th r eact,or e id ammonium aci.d f into
the m xi ng zone of 8t he I}cég%t?‘g(ﬁ F&ké’ga}n#blﬂ}cﬁﬁ’i’ RILENE SRS th%ggseg‘?s

aci d-base st gb4diof pRddukt Qfeaﬁ«HﬁE( dEaseous HitrBgeldiflR¥Ede product stream 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),,




19 wherein x is the nelt acidity value, the nelt acidity val ue bebw ﬁaoﬂﬂtﬁ
1.2 to about 2.4; feeding a hydrogen fluoride vapor jet into the ¥ 92
zone of the reactor, wherein the working fluid vapor jet transfers kinetic
energy into the mxing 5 zone, the kinetIi% energy dispersing the gaseous
fluorine within the liquid amonium acid fluoride; reacting the |liquid
anmoni um acid fluoride with the fluorine dispersed therein to produce

ni trogen trifhepdin 4s e rﬁé]?adldl?yubﬂu@%@ﬂbh' Rty @aiéﬂelb‘éfd of'fl2 té hisifi ne
pass through the reaction zone’in the reactor; enovi ng a gaseous

reacti on pro@#gt streamfromthe reactor, the reaction product stream

conprising nitrogen triJfluoride, an ydr en fI oride vapo wher ei n
the nolar ratio of the f?ﬁﬁﬂ?%@g}ﬁdrf’gﬂbﬁ?%ﬁ] REINE @gg@é(t}? fl uorine

is greater t ?@d&t(ﬁ‘b\ﬁh@reﬁ the %ﬁqhﬁ‘ﬁum&& _fe@hhﬂsf&fs K nlégg%zqm%mg%ﬂ% 15

acid fluoride to the gaseous flUorine is greater t

The net hodl ofzom, @hemmc CﬁIQrg)'t'sbspewnpmegan@usé}mnae Mntjunthelglasbmnmomruaactl on
product st ream i to a gaseous nitrogen trifluoride product streamand a
liquid hydr8f Ad%ride stream 23. The nethod of O ai m 22, further

conpri sing: pr essurl Zi pghctih® thd Iﬁﬂﬁcﬂaxhﬂﬁhﬁﬂx?ﬂclﬁ'ﬂﬁ%ﬁﬂ&’%&tth@ﬁﬁbﬁx% Qs e
of about 250 to about 1600 kPa; vapori zing the pressurized |liquid hydrogen

fluoride str &wngindo producenitrogerr trghlonﬂb a&thedlquuhmmonamdadlééhonge aride

hydrogenflu ride vapar t nozzle to formt hydr ogen fl uori de
vapor | et . ﬁ UGHRe %?ﬁlfa“%}‘%aqs% °§§°ﬂ%ﬂ BIRCOL @ apori zing step

conpri seso heat i ng t herdih®satbigd@dub tdabiich Produ@d8Rarh! Rk kitlaeadib o W th the
heat of reaction generated in the reaction zone of the reactor.
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 gréater 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.



