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The pyrolysis reactions of atomic hydrogen with chloroform were studied in a 4 cm i.d.
tubular flow reactor with low flow velocity (518 cm/sec) and a 2.6 cm i.d. tubular flow
reactor with high flow velocity (1227 cm/sec). The hydrogen atom concentration was
measured by chemiluminescence titration with nitrogen dioxide, and the chloroform con-
centrations were determined using a gas chromatography. The chloroform conversion ef-
ficiency depended on both the chloroform flow rate and linear flow velocity, but did not
depend on the flow rate of hydrogen atom.

A computer model was employed to estimate a rate constant for the initial reaction of
atomic hydrogen with chloroform. The model consisted of a scheme for chloroform-hy-
drogen atom reaction, Runge-Kutta 4th-order method for integration of first-order dif-
ferential equations describing the time dependence of the concentrations of various chem-
ical species, and Rosenbrock method for optimization to match model and experimental
results. The scheme for chloroform-hydrogen atom reaction included 22 elementary reac-
tions. The rate constant estimated using the data obtained from the 2.6 cm 1i.d. reactor
was to be 8.1 x 10" cm®/molecule-sec and 3.8 x 10" cm®/molecule-sec, and the de-
viations of computer model from experimental results were 9% and 12%, for the each
reaction time of 0.028 sec and 0.072 sec, respectively.

Key words : Chloroform, atomic hydrogen, tubular flow reactor, chemiluminescence,
mechanism, kinetics
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Tsang, 1990). 53], ¥=Asks}s4e 3
< 8l H71E e o) E dAdte #3ea
H71E 2], dRAgD3EL: A7 BF
3 A9 oA A(flame inhibitor)® #+&3)ld
Hr1Ee d2E8S a2 B @
< FAHEo] HE A7 BAEge A7
37 4 E = H(Rubey et al, 1985;
Tsang, 1990; Gann, 1975; Jones et al.,
1973; Le Bras et al.,, 1967; Garner et al.,
1957). o]&, d71 & Az =AU S
A7F AR} HA] ubgste] od4 d4ulk
29 27148l FAUA-A L, S99kt
& 7147185, 9 AR YA-E f2) W0 E
T dAankEe W] HEd Aoz o
22} 9lt}HRubey et al, 1985; Gann, 1975).
e ¥, ATt A9 EA8A gAY A&
o Abact A 2 oA A3}
47 A48 o, F2 AE s 2L dg
3} 43844 o)tHChang and Bozzelll,
1986a; Chang and Bozzelll 1986b; Dean
et al., 1991; Ritter et al.,, 1990; Ritter
and Bozzelli, 1992; Won and Bozzelli,
1992). wjz}A], 23 AL AEAE FLA7
£ A YR, AT AfnSa 2L
ANgLo] 7hEd AL AHE  sle ¥
o] ¥RAZESFA S F8 A7
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Ut

HZ ZREEXES IYsld 4% 3 @
AL 0 dEsukge g3 =AY
Z3 g4 2244 Q77 FES vholsit.
Gaydon and Wolfhard(1952)7} «2] &=
izt red oAbt whgo] #J} A
A7dez o=z i) A Fa) AUl
A 2z gR&ggd di WAYSE
I wre-Lw 229l oF~(Ritter et al, 1990)
7 3=, old AF-E §7] 9
2ube ST ASE FASlE HAFEH Z=E
A A 33 dF(Dean et al., 1991; Ritter
and Bozzelli, 1991)7} 2 L E =} o] &
ulgto 2, Ar/H,/0,9 E¥E3} CH,Cle ¥
2 2 AREPESo] d¥ ubSEEEe] AF
wEEdy, B SAzts AL
22 dEaxed B AF(Ho et al.,
1992; Wu et al., 1992)% @ ¥ =gl 28
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ALE-E 31, oo & W7 E A EA A4
s, oo Mg 93 dEs AUSH
W& s oo E§=loo} sl FE2XE
I pAfUAteke] whgo R wlAHY S ukS-
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(1975)0] 222X 8¢ ¥ 33 = Asiderz
T e} b EARAM AFA 2 A
A dhstg Ao, a9y FEE
ZA3A Ystx, WA EST] gL
ol g AFe sk At wgelA, 2
2ZEF 2L 3 YAgesre] g2
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EE 23AY ¢ Jde AYE 3o 2rEX
-4 e AYS S Eed o
3 A7 sl A7 2HL 1) ¢4
vlA 8 FE2EXE s M FREE
3 Fadzl g ARE BAslm, 2) 4HE
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271418 #4583l dE F22IZ-$4Y
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1.0m¢<] plug flow reactorg o]-g3lod 5=47]
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9] AM¥-&(conversion) W3E XA}3l7] Y3
Aot o] A¥E M 714 F4L& 518
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F271A fEE 8/he] e 2223189 ¥
EE At o] dFolA, $AYUAE
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zb 47149 G dsle 879 O T
o 222 XEL WSAAA, E223 89 A
5L zAElg) o] AYAY) FREX
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2ol g A8 % B Gl /LR com-
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NAFZZEE+0L2 )Y wE fSe4 Y
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secych 29 oA ¥& #4544 1227 cm/
secZ ZAHAUT}. =3, o] AYPL F s
ub-g- A 7kol| A 3 stk whS- A g uhg-7)
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Fdstdeh. FAlel, o2& J|AE o]8-3o
22238 7A€ +29A fdFd= o
BEE B35t g el FRIAA E22X
E-AaAHe] ubge] dojubH| Fd. =3,
U A ES 2] fEA uk-gr o] A
BFYAAE A]lsla, o] FUAAE F3)
uh2-7]1 & why e w4 AEL Cryo-
genic trapell4] &%= 3 6-port valveE £ 3
EEol&3t A&7t 38 siAageten
2}3] (Gas Chromatography, GC)ol| 3]s}
o FA=gc) v F22XE FEC
microwave system-$ 13, $£aUart A
HA] e 2NN 4 FAR e &
A=} o)A S ezl AYAH}=
& 56 42353, Runge-Kutta Forth
Integration Method®} Rosenbrock Op-
timization Method (Rosenbrock, 1960)&
S84 AFE 2dS o] 83 FRELE-
FaAAe] NANESe £xA4F A e
d] o] &=}

k371 A8 FdAA = Fa01A e &
2E2XEE 7)A QF, 283 okZ A Q1T

d718 2§ AL & g

2 FARY. F2r e, $EE AA] 9
A, W71 FUAAE FHE7] A
molecular sieve® E33}4 sttt F22%
£2 99.8% 29 £5E49E dAAA 7
I, o}2E7|AEA purgedls] 7] A Abe] ol A
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A(carrier gas)2A] o] 48 ¥t ol F2
E2EXZ AAE purgedld JIAE s
X o) r}. elaF lAe o2 E 714
of EA3te AHAEE A A3 HEIIA
FdAANE E7817] A A= Che-
malog R3-11 &vj2 E33A 3],

F2A2E AR A7) A, g A9
A E E74F A47IAE 0.1 244 WA
9} quartz#< %349 microwave-induced
plasma charge®Z E3#3}A4] slgch. 4244
2 AAA717] $184, microwave discharge
£ 2450 MHz ¥ Zd A A F=HAG.
Discharge& $]3¥ Power+ 50 wattsH 2
A EGT. A" AR 3 sty
(Chemiluminescence Method)& o]-43} &
A st

22X EH 42429 WS AT
A, 247t 4.0 cm W7H-1.0 m Ze] ¥ 2.6
cm W7-1.1 m Zo]9 Plug flow reactor ¥
N7b AHEE e F 7R ubgr)s) AREE o)
fe &l & F22X B2 HA-LHIE
ZAF817] Aol 7 wkgr) dF Foz
He] A4F 20 cm He AH H¥e £33
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- Ee AN g BAL AHM AEAH
& (sampling outlet)7} ¥H-g-712] ]3] 4
= ). k87l PyrexZ A zbs]glod, o
ol 2] wkg-& WA 3lr] YA ub$-7] Wy
£ phosphoric acid24] coating =H¢jit}. o)
718 Wkt F 22X EN £44Ux
W& whallsle BAS HAdslo wga
+< FHdzstw, ALEs ATH=Y S
a8t 4-2olA 2 o4 8 mmHg o] WHE
A= et o] ¥b271 9] ¢bHL ball valve,
TP, =749 Veeco TG-70 vacuum
gauges, 12| 3 HFXLo| &3 F2 3 E(pulse
flow)§ LFA) 7]+ 35 2lg] £%2] SS bal-
last& o] &3l =AY
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tﬂ,
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Yo uhg AMES FHA7, w5E O
SAAMES GCE FYAIIE ARZEA, AR
A} 34}, 6-port valve(Hamilton) % Cryo-
genic sampling loop(0.25 Q1] £} <] ~H)
AP AAHE(SS) FRZ FAHAY A5AH
YT 0.25%0 % ALY FelgozA] qhg7]
3 20 cm o $A 32 G E2 1/8 U4
9|72l SS frHe] AA=N, o] SS FHF
48 cm Zo]¢] sampling loop7}, 943}47}
@72 9l& Cryogenic trap & £33 ¥ 6-
port valveel] A=)t}

Cryogenic trapel ¥4 A&7} GCol 4
dE o EFol3 7 Z7](Flame Ilon-
ization Detector, FID)7} 335 GCE o4&
gte] ubg AMFo) F22I¥ZY F=E A
slgdet. GCol FHEHE a7 {3
30 cm®’/min, A 47| A% 30 cm®/min, 18]
3 2749 300 cm’/mine 2 A E 31,
Z+ A Ale AE v deid AAsI] HHA
GCeoll FF57] Aol A& trapE F73}A
sl et GCol #1844 columng SE-52: 5%
on gas-chrom 60/80 mesh AAAZ ¢
%l 6-ft. long 1/8" 27 2| SS % HBolgt}. ¥}
£z L£x& 130T, HEVY E+
200CE #-A =)

2222 &3 FaUAe] W AYSe]
2271¢) ejutgo g FAS YR, o] ¥k
AUZEL & =59 A 9 a3l 44
3] Jehdch o] wlguAUZE HEHEe F
22 IEN AU AR Y S
A8E AAe7] YAtk HbggEA o]
o] -4-5 2 rt.

-R,=dC,/dt=-kxC,xC,

714, R, = S22 X5 U &=
C. = Z22X89 5%

Ch = a8 5%

= A7}k

222388 $ode) AAE Fo o
ARz WAHE 2 Dol HAME,
do} 2 ML EA S At APz

S

mdglo] 7b4 A JX w2 FE2XEF
297 NAEREe SE44F A4slr] 8
A, zZ+ ¥-24 5 A2 Runge-Kutta 4th ord-
er method & ¢]-&-3lod HHE3slw, A& 9
#) 4= Rosenbrock Hill Climb Algorithm
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€ EREXE-F49x U

oA A FAa7 A F334 Q" ) F2EX
F F%E o83y ER2EFY AHE
{conversion)-g ZA}3t= U} Aol FAA
o} o] AYE AHA o] 4d 4cm WA -
71Nl A9 42 518cm/sec ©]¢lt}. Fig.
19 Yhebd ule} 7Ho] 0.09x107%¢} 8.9x10°
’cm’/sec Alole] oy N FEEEE H 9
slo ¥ F22XEo HIE FALS 0148
1.10cm®/sec Ato]9] oAl A Fas] Al fagel
hate] fralelAl el oiebs, B Ay
A o)l 4" FarA f3 dsle F223 89
AP gl & 93 vAA gL Aoz HAd
et o] Aol FAE A AN 4271A
a9 Zo}zkal 0.62 cm®’/secy} & W&
FR2EXEI 249 S AFE 9% o
A A o)A o] &=t ¥, Fig. 1o &4
2 o oA A F2714 FF ZFA F2R
FEO frigo] Sl dhel SEEZXF A
#go] Frlsltirl B4R FEEEXE 7% (0.
25x107%cm®/sec o] Foll = JFA3t ). o]
A3 A dAT FEE FASHE F284
7} SRR XEH 2492 982 AR xR
Agsle £L F2EIXE FFoMEs FEZ
EE3 hg3te #2927 SR2EE 1)
3 Aoz A7) gl o os=

3.2 1

=2
i =]

S 71Ae] {2 WHEd ME FEEX
3 FAU02) ykg

whg 7148 fdel @B FERAIFS] A
& ZolE U] HalA WAHe] 2.6 cm o]
2 Zo]7} 1.1 m ¢l plug flow reactor& A}l-§
3l 8% o]l Ay ke 71 &
&8 da Ay o]4=" {5 (518 cm/
sec)®c} 2 uj| o]|A} wlE 1227 cm/secE A
st o) AfolAe FH wgAZE (0.
028 9} 0.072 %)l A] 0.09x107%2} 8.9x10°
‘em®/sec Ato]9] oY s FREIXE HF3$H
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Fig. 1. Chloroform conversion vs. chloroform flow rate for five different H, flow rate

(cc/ sec).

Table 1. Reaction mechanism and rate constant for the reaction of hydrogen atom with

chloroform
Reaction Rate Constant (cm®/molecule-sec)
H + CHCl; - ) HCl + CHCl. ky = ?
H + HCl - ) Hy+ Cl ke = 5.0 x 10"
——————— ki = 1.6 x 10"
Cl + CHCls ) HCl + CCls ks = 1.24 x 10"
CClz + H --—-) CHCl; -———) CCl, + HCl ks = 1.0 x 10"
CCl, +H p CCl + HCI ks = 1.0 x 101}
CCl+H e y C + HCI ke = 1.0 x 10"
CHCl; + H - p CHCl + HCI k: = 1.0 x 10!
CHCl+ H - y CH + HCl ks = 1.0 x 10"
H+C+M - ) CH + M ko = 2.41 x 10*®
H+CH+M - ) CH: + M kio = 2.41 x 1013
H+CHy + M v > CH; + M ki = 2.41 x 101
H+CHs + M - ) CHs + M kiz = 2.41 x 1013
Cl + CHy - p CH; + HCI ki3 = 1.25 x 1013
[ — kiy = 118 x 107
Cl + CHy - ) CH;Cl ki = 1.72 x 1012
Cl + CH3sCl - > CH:Cl + HCI kis = 2.8 x 107
(= ks = 2.51 x 10'3
CH; + CHy - > C:Hs kis = 4.18 x 10
CH; + CHCl -~ ) CH3CH,C) ky7 = 8.35 x 10°M
CH,Cl + CH:Cl -~ > CICH2CH:Cl kis = 1.6 x 101
H+H+M - ) H + M kis = 1.54 x 10 ®

* represents reverse reactions.

BEEXEY AHREL ¥E S22 E F80) 5
x10%cm®/sec 717bo] oA o M o] sje]
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o}

10
Chicroform Flow Rate (cc/sec) x 100
Fig. 2. Chloroform conversion vs. chloro-

form flow rate for two different
reaction times.

Fig.13} v 2% w Fig. 24 223 ¥ &9
Hgo] of 8% A (A A& 7F) ¥
A vebgel. o]l o3 AYE Aol wE
f&oz Qld EUET}F FUtEm o) AR F
222 EF 24Uz FE7]37F FUHE7I
qEoz Atexcl.

3.3 F22EEF SaUAe B$ dAY
=

2929 22X E WSS o] o
A o] uk-go digt wAYFo] SR
Zals|ojof e}, o] whg-oll digt wAUS T
33 4%A47) Table 1o 8okt 4
UAte} S22 FF g 2] WS 2
2EXZo2RE ¥EA(RAAY FA2UAE
FZ3e W (1T (2)8] AL2ZE dA o
(Gould and Oldershaw, 1982; Kerr and
Moss, 1981; Won and Bozzelli, 1992).
Gould and Oldershaw(1982)+ A A}2}
222X EyHgolA Hb &5 W (1)0]

dojd Hgo] CU} 325w HE2RT 7.
2MAE F Ao ¥wauch

H + CHCly -------- > HCl+CHCl, (1)
H + CHCly -------- > H, + CCl (2

9wk (DelA HAR HCIS} s2Uxke 7
%ol A9 Ar1Ed 7= gk ol
©} 9] ul-S-(elementary reaction)g& o] 3 3}7]
% Be ol UALAT APrich o] B9
whgol W WEEEASTE A b
(Westenberg and Hass, 1968; Lee et al,
1977; Watson, 1977); Ambidge et al.,

de

<

1976; Miller and Gorden, 1981). o]=2g «
TE Zo Miller and Gorden(1982)2] &7}
7HY 3o o]Fo FH3 AW Huig =
FE5 stz ¥ Qe ik (3)0] o)
45doy 1 4hg-& o3

H + HCl -------- > H, +Cl (3)
%1¥ Parmar and Benson(1988), Watson
(1977)7} Clyne and Walker(1973)o] o}z 2]
Hhg- (4)7) dejdos Byt

Cl + CHCl; -------- > HCl + CCl, (4)
o] I3 F3s HCIY Fxv Frisin
CHCL9 ¥E+v z4sHA ot wh4)dA
g CCLoll disjA ofefje} & A 7] ut
<ol AL = ol

CCly + Hy -------- s CHCl, + H (5)
CCl; + H ----> CHC, ----> CCl, + HCl ~ (6)
CCL +CClk + M -emmeeee > CCk+M (7)

whg- (7)ellA] vEpd ME el=2 714 9 ukg7)
2] | (wall}s vpelr}. Bk B1 o] W& 9
#4] 14 Keal/moleo] 875+ Fgurgoels &
22y 4492} 44 chloroethaneo]
QAR 7] wlFol(Won and Bozzelli, 1992)
Hhg (7)0] douiA] dbethy gdEnz ¢ A
ukg- ZFollA] whg{(6)te] ¥ 79 whguAYE
o] Zg= g} o9} FARRE wido] CCLe dsf
g HE AL B o7 X3 CCLY
houke 2 oS <A ke uia 2t

CCL +H --m-eme- > CCl + HC1 8

CCl+H —--eem- > C + HCl 9

wke (1)elA AAE CHCL7F 4=44A19) ui-g-3}
£ AYZe] g (10)0] 283 2 o 2
uhgo] ukg- (11)o] vejdn] o] HM-EXE ¥ o

7ol 23}
CHCL + H ---eee- > CHCI + HCI (10)
CHCl + H ------ > CH + HCl (11

F2U0A 22X FY uhg-ollA wige] A
o s 7heA sl dl' A AU
Darwent(1870)l} 23 ofzfie} o] vl TAZ A
A= At

H+C+M--> CH+M AH = -80 Kcal/mole (12)
H+CH+M --> CH,+M A H=-101 Kcal/mole (13)
H+CH,+M --> CH,+M A H=-113 Kcal/mole(14}
H+CHz+M--> CH;+M A H=-103 Kcal/mole(15})
CH, CH,, ¥ CHy} dolgt AAde]9]e] Ause
etk slAUEE thet ek
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H+CH ---> H,+C AH = -23 Kcal/mole  (16)
H+CH, ---> CH+H, AH = -3 Kcal/mole (17)
H+CH; ---> CHy+H, AH = 49 Kcal/mole (18)
H| & Hkg- (16)0] whgdubg-o) x4t ubk-g (13)} 4]
x¥ o i Al "R A3 wbg (13)9)
HlS&EAMS= 241 x 10™cm®/molecule-sec
22 4ke (16)9] 267 x 10"7am®/molecule-
secrt} 10° wWjRE W& 7oz vepytr}
(Westley, 1970). &3 Hhg (14)9] i3 w32
AP 4EA A x| ddduAE W
S 73} w2 of vkg (149 A7) b
+ (17xc ¥ & Aoz wukdd. vk (18)
< Fguhgol7] ol Ao doux] ¥E A
22 gaEgdch webd vkg (161-(18)7F vl
e ¥Eg (12)-(15)7F A ¥ kg
(trimolecular reactions)®] F¥ wAUZFo g 7t
F= 3 ¥k (12), (13), (14) 2 (157} FAbsle
2 olF oibgol Wi SEAE A
2 (13)9] £x449 2.41 x 10"cm®/molec-
ule-sec7} ©]-4-5 3t}

At digte] AAdEYE o8 dAZ wgs
Cle] ul-g-3l7(Clyne and Walker, 1973) o]q]|
A3 gubg]l wirte] AAJubge] dedrlm
Weissman and Benson(1984) % Weissman
and Benson(1984b)ell 9aflx ¥ u=gy whe
A1 2 ofefl 2] Hhg- (19)9} ). o] F AT d9
3 ARE o] 43t o] ubgol| ¥ A
7} AlAE et
Cl+ CH, ---omm- > CH, + HCl (19)
AR} 22X ES oE 7R E9Hkg
2.2 ¥h§ (202417} & 79 HkE- HlAUSE
of T o] F yhgol did SxAlee uhg
(19)ell 2} FUAZF whH e g A4S o] & &

AEE2 o3t Rt

Cl + CH; - > CHyCl (20)
Cl + CHCl -------- > CHLCI + HC V3
CH; + CH; =----e-- > CH, 22)
CH; + CHCl -------- > CH,CH,CI (23)

CHCl + CHCl -------- > CICH,CH,CI (24)
FAaYAe} FERXE A FRE A=
WY 72 Do F2UA7YY AAY
(recombination) ¥}l (25)e]c}(Ritter and
Bozzelli, 1990; Westley, 1970).

H+H+M -eeeeee > H+ M (25)
o] g9 &EAMRE 154 x 10™°cm®/molec-

ule-sec2 4] (Westley, 1970) A Aurg-2o] o}& ok
ukgst vl wg o FAIA Q] a2 ol A
W AU 27N (11 PEATE $49
18] Fx Wy} g (el 232 vix7] g&
o ukg (2571 ¥ A7 WAHUZ xIHA
o}.

34 F22XEY £2Y9A g 24y

kg7 A e] f-4ro] L o1 AYPANA T2
Z2EXE A¥go] Jepgong 422 ¥
23 £ A gl A SxAAFE
FAHZ] YA o)X AY Abe} W oA

Z4¢ o439 mddo] AalH. Fig. 33}
4% 77} Wrg-A)7ke] 0.028 sec ¥ w9} 0.
072 sec] w2 S22 X E H-5o W3 Z=2
2XE AP A¥I 2de el
T Y ub-g A zZbell ate] AR mdghe]
z}e}7} 0.028 secd w] 9%°]3 0.072 secd
o 12%2A & A7} $lv Ao eyt
uhg-& A& 941 Zke] 0.028 secd o=
8.1 x 10"cm®/molecule-sec 18]35 H}L-A]
7re] 0.072 secd w& 3.8 x 10 %cm’/
molecule-sec2 FAE glt}. o2 § & Al
£ 0.048 sec®] HH-§-A|7tg o] &% Chari
(1981)¢] A3} (2.1 x 10"°cm®/molecule-sec)
B} o F& grojrh Chari(1981)9] < F-ol
Ae 27 F22EXFY fde] £ 9479 10
W] Ax2 vt ¥ 27 FREXEY #
FE AMR-3le A9 oIS o 22y

L T T T

—O—— Experiments! Value J
—{—  Modeling Value
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Fig. 3. Chloroform conversion vs. chloro-

form flow rate for the comparison
of experimental values obtained
from 2.6cm i.d. reactor with
modeling values at 0.028 sec reac-
tion time.
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