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The reactions Cu- Cl, — CuCl + CI (1), CuCl+ Cl, — CuCk + CI (2), and Cu+ N,O — CuO+ N; (3)

have been studied using a high-temperature fast-flow reactor (HTFFR). The metallic species were the limiting
reactants. Cu atoms were generated by vaporization, and CuCl, by reaction 1. Their concentrations were
monitored by LIF. The followind(T) expressions in chmolecule s~ were obtained:k;(305-1140 K)=

3.9 x 1071%exp(—355 KIT), kx(980—1150 K)= 3.1 x 107! exp(—4765 KIT), andks(530-950 K) = 3.8 x

10710 exp(—5441 K. The Arrhenius parameters & are similar to other exothermic metal atei@l,
reactions. The activation energy of reaction 2 is rather large, which is attributed to the closed-shell electron
structure of CuCl. Reaction 3 had been measured earlier in a pseudostatic photochemistry reactor (Narayan,
A. S.; Futerko, P. M.; Fontijn, AJ. Phys. Cheml992 96, 290) and in a different type of fast-flow reactor
(Vinckier, C.; Verhaeghe, T.; VanheesJl.Chem. Soc., Faraday Trans994 90, 2003). A comparison of

these two studies showed mild disagreement. However, a critical evaluation of the three data sets confirms
the validity of our previous recommendatioky(470-1340 K) = 3.04 x 10°2%(T/K)2%7 exp(—3087 KIT).

Introduction CuCIX’z) + CL(X*) — CuCL(X?I) + CI(*P)

Studies using model fly ash have suggested that CigGhe AH%55= —13KkJ mol * 2)
most efficient catalyst in the formation of highly toxic poly-
chlorinated dioxins and dibenzofurans in the cooler zones o
waste incineratorsSuch studies, done to determine the catalytic
mechanisms involved, suggest that the role of Gu€lcom-
plex1~6 It acts as a chlorinating agent of small hydrocarbons
and further catalyzes their condensation to higher, aromatic
products® CuCk is also known to chlorinate particulate car- Cu@s) + N,O(X'Z) — CuO(XIT) + N,(X'=)
bonaceous matter and its subsequent oxidative degradation . 1
catalytically? Recent studies indicate that during chlorination AH%95= —113+ 43 kI mol ™ (3)

L : -
Cu* s reduced to Cl. The catalytic activity directly depends had previously been studied by our pseudostatic MHTP (metals

on the ability to rggenerate, that is, rgoxlldlze back t&"Cf high-temperature photochemistry) technitjuend subsequently
Therefore, there is a need for quantitative knowledge of the by Vinckier et al*2in a plasma afterglow fast-flow reactor. The

¢ These thermochemical data and spectroscopic notations are taken
from the JANAF table$. However, A;H%gg for CuChb was
obtained from Gurvich et al.who gave no uncertainty estimate;
its state designation is from Churassy etCl
The reaction

processes leading to CuCl and Cp@irmation. latter led to somewhat lower rate coefficient values and a 15%
We previously reported a high-temperature fast-flow reactor increase in activation energy, which they noted is outside the
(HTFFR) study of the reaction Ctt HCI, for which k(680— experimental uncertainties. To investigate this discrepancy

1500 K)= 1.2 x 10 %exp(=7719 KIT) cnm® moleculet s7L. It further, we have here included HTFFR measurements on this

was shown that this reaction in addition to CUEH leads to reaction.

HCuCI,” which may further dissociate to CuCk H. The .

subsequent oxidation of Cu@t HCl — CuCh + H would be Technique

too endothermic, 176 kJ md), to be of practical interest. Here The basic features and procedures of the HTFFR technique

we extend the work to two additional reactions: have been described previousfy1® A vertical reaction tube
(2.2-cm i.d.) is surrounded and radiatively heated by SiC
resistively heated rods inside an insulated water-cooled vacuum

Cu(ZS) * C|2(X12) - CuCI(X12) . CI(ZP) housing {Figure 1). For the study of reactions 1 and 3, a quartz

AH 0= —125+ 3 kI mol* (1) reaction tube was used. Free Cu atoms were produced by the

vaporization of Cu powder inside a resistively heated crucible

and entrained by a Ar bath gas. Downstream from the Cu source,

» Corresponding author. E-mail: fontia@rpi.edu. oxidant Ox/Ar mixtures are introduced through an axially
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Clo + Ar kinetic measurements. The fluorescence is observed through a
Movable Inlet Tube 430-nm (23-nm fwhm) interference filter.
The materials used were Ar (99.998%) from the liquid
Thermocouple <= Cl2 (Praxair), 0.029% GI(99.5%) in Ar (99.995%), 0.334% &l

«—— Fixed Inlet Tube (99.5%) in Ar (99.995%), GI(99.99%), 0.53% BD (99.99%)

in Ar (99.998%), and BO (99.99%), all from Matheson, and
Pump <= 3.00% C} (99.9%) in Ar (99.995%) from Linde. Cu powder
i % o Vacuum (99.5%, —40 + 100 mesh), Cu shot (99.9%;-10 mm), and
Windows Housing CuCh (99%, anhydrous) were obtained from Alfa Aesar. The
vﬂj\’f” O 1 Cl, flowed through Drierite (CaS£) drying towers.
IHEE Results and Discussion
Elz%i:r?t ) o Reaction ici 1 i
™ < Tone Cu + Cl,. Rate coefficients for reaction 1 are summarized
) ielple] in Table 1 and span the temperature range from-38010 K.
Insulation i olF6 Cu Vaporizer The lower temperature limit was set by the heating effect of
S e the vaporizer, and the upper limit, by the onset of; Cl
l dissociation>20The other reaction conditions including pressure
Ar Bath Gas => | and corresponding total concentration [M], maximum, Cl

concentration [Glmax Observed reaction-zone lengthaverage
velocity v, and laser intensity were also varied; their values
are listed in Table 1 together with the individual rate coefficients

. ) ki that were measured. Residual analysis based on examination
fluorescence (LIF) as a fgnctlon of the reaction paremeters. The ¢ [K(T) — k]/k(T) plots versus the listed variables and absorption
laser system employed is a pulsed Lambda Physik EMG 101 jineg5 showed the rate coefficients to be independent of these.
excimer/FL 2002 dye laser in combination with a KDP doubling The measurements are shown in Arrhenius form in Figure 2.
crystal. Fluorescence is generated using theSyx(to 2P°,) Also given there are the data points from the Vinckier etal.
transition at 324.76 nm and observed through a 324.7-nm (2.5-gy,qy of reaction 1, which covered the 36809 K temperature

nm full width at half-maximum) interference filter. The intensity  ange. The two data sets show good agreement. They are

of the fluorescence is measured by an EMI 9813QA photomul- ¢ompined and fitted by a weighted linear regres&iaf the
tiplier tube, connected to a Data Precision Analogic 6000/620 t5rm

100-MHz transient digitizer.

Rate coefficient measurements were made under pseudo-first- k(T) = Aexp(—~E K/T) (4)
order conditions, [Cuk [OX] < [Ar], using the stationary inlet
modé® with reaction-zone length distances set at 10 or 20 cm.
Rate coefficients; for each temperature, pressure, and average k,(305— 1140 K)= 3.89 10710
velocity were obtained by using five different [Ox], providing * '
variation by about a factor of 5. The maximum [Ox] used is exp(-355 K/T) cm’molecule *s™ (5)
given in the results tables below.and oy, were calculated by
applying a weighted linear regressiémo plots of In[Culelative
versus [Ox]. These calculations yield straight lines with slopes

equal_ to—kt, wheret is the reaction time. 6 to 11% depending on temperature. Allowing fotd.0%
Mainly the same equipment and procedures are used foruncertainty in the flow profil® 15 and +£20% for other

reaction 2. However, the quartz reaction tube was replaced by gystematic errors yield&20y confidence intervals of 23 to 25%.

a mullite tube, which leads to reduced light scattering. A fixed = 5 general mechanism for metal aterBl, reactions has
Clyinlet, located 1 cm downstream from the Cu vaporizer, was previously been presentétBriefly, because of the antibonding
added to the apparatus. Through it @ concentrations of  character of the interacting® orbital of Cl,, Cl, reactions can
(0.4-4.6) x 10 cm3 flowed to convert Cu to CuCl. This  hroceed only via mechanisms that involve bond breaking (i.e.,
was adequate to complete this conversion upstream from theapsiraction or insertion). The metal-atom insertion into the Cl
movable CJ/Ar inlet. Separating the two reaction regimes pond would occur undet,, symmetry. Because the interacting
imposed some limitations on tif T, and flow-condition ranges  rpitals of Cu and Gl 4s ando*, transform as al and b2 under
over which reaction 2 could be studied. A second method for Cy, symmetry, insertion would be symmetry-forbidden. In light
CuCI. prodgction was also used. There, CuCl was generated bYof these arguments, the speculation by Sadeghi%tthht the
passing mixtures of Cuglapor with Ar through a microwave ¢y + Cl, reaction proceeds via an insertion intermediate appears

discharge upstream from the HTFFR. Although the CuCl ypjikely. Both the approximately gas kinetic magnitude of the
concentrations obtained from this source were much higher thanrate coefficients and their pressure independence indicate

when using Cut Cl,, the process was characterized by strong gpstraction as the reaction path (eq 1).
partiCIe formation. The use of @Iz instead of CUQIWaS also The |arge, near|y temperature_independemalues found in
investigated but was found to lead to even stronger particle the present work are in accord with the exothermic metal atom
formation. Therefore, it was not used for any measurements. cj, reactions (i.e., those of alkali metdfsCa2? Sr27 Al,2° Mg, 28

CuCl was positively identified by observing the following Pb2° Cr3° and T#Y). Most of those can be satisfactorily
bands: 433.3 (0, 0), 425.9 (1, 0), and 418.9 nm (2, 0) from the explained in terms of a harpooning or modified-harpooning
EZ—XZ system and 435.3 (0, 0) and 428.1 nm (1, 0) from mechanism. Vinckier et al. have shown that such models are
the DMI—X'Z systemt® Only the strongest transition, 433.3 inadequate for quantitatively describing the 2€and Mg®
nm, was used for pumping and the detection of the LIF in the reactions. They suggested that short-range charge-transfer

— To Power Supply
Figure 1. Schematics of the HTFFR reactor.

to yield

The variances and covarianéesre 052 = 5.73 x 1073 A2,
o2 = 1.31 x 13, andoae = 2.53 A. Using these to calculate
the +20y precision limits yields precision limits varying from
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TABLE 1: Summary of Rate Coefficient Measurements on Cu+ Cl,
[M], [Cl2)mas reaction-zone F, (arbitrary ki £ o
T, K P, mbar 107¢cm3 10%cm3 v,ms? length, cm units) cm® moleculet st
575 12.4 1.6 12.8 56 20 69 (3.280.96) x 10710
588 42.0 5.2 208 21 20 363 (1.85: 0.31)x 1071°
636 42.1 4.8 285 23 10 111 (3.13: 0.50)x 1071°
725 29.5 2.9 18.2 29 20 279 (3.350.54) x 10710
725 11.6 1.2 694 88 10 57 (3.94+ 1.07)x 10720
735 29.7 2.9 36.8 29 10 101 (2.360.40) x 10710
737 17.4 1.7 35.2 36 10 67 (3.360.71) x 1070
825 17.0 1.5 179 40 20 56 (2.8H-0.60)x 10710
851 17.5 1.5 34.8 42 10 68 (4.660.99)x 1070
874 17.5 1.4 39.9 42 10 76 (2.850.60) x 10710
1037 51.0 3.6 9.6 22 20 144 (2.210.33) x 1071°
1039 59.1 4.1 11.0 19 20 99 (3.830.47)x 10°1°
1109 59.5 3.9 10.4 20 10 157 (2.850.38) x 10710
1140 80.6 51 13.7 15 20 212 (2.350.39) x 10710

aUsed 0.334% Glin Ar; otherwise, used 0.029% £in Ar.

TABLE 2: Summary of Rate Coefficient Measurements on CuCl+ Cl,

[M], [Cl2]max v, reaction-zone F, (arbitrary ki £ oy

T, K P, mbar 107cm3 10%cm3 ms?t length, cm units) cm® moleculet st

984 16.8 1.24 2.75 48 20 35 (2.020.24) x 10713
99” 24.5 1.78 0.3% 32 10 147 (3.03£ 0.27)x 10713
1024 14.5 1.02 1.25 56 15 42 (4.000.47)x 10713
1038 20.5 1.43 1.20 58 20 29 (3.060.35)x 10713
1053 16.0 1.10 1.83 38 20 18 (3.600.44)x 10
10758 13.1 0.88 1.59 44 15 28 (2.580.32) x 10713
1098 23.6 1.56 1.46 47 10 47 (4.800.47)x 10
114G 21.3 1.36 1.61 63 10 46 (4.220.50)x 10713
1142 21.3 1.35 1.61 63 20 41 (3.640.46)x 1073
11453 23.2 1.47 0.28 39 10 165 (5.56: 0.68) x 10718
1152 12.2 0.77 0.24 68 20 37 (8.09 1.22)x 103
979 11.6 0.86 2.65 42 20 47 (1.200.18) x 10713
999 12.5 0.91 1.87 41 10 22 (2.5560.40)x 103
1019 14.4 1.02 1.83 41 10 34 (1.440.19)x 10713
1059 10.4 0.71 0.77 52 20 74 (2.380.35)x 1073
1082 13.7 0.92 1.37 43 20 34 (2.920.43)x 10713
1086 115 0.77 1.29 65 10 33 (6.420.96) x 10713
1102 19.7 1.30 0.88 45 10 27 (8.300.77)x 10713
113¢ 12.0 0.77 0.85 47 20 25 (9.071.30)x 10713
1132 15.2 0.97 1.03 39 20 48 (6.360.77) x 10713
1139 12.1 0.77 0.86 46 20 27 (7.591.04)x 10713
1139 13.0 0.83 1.76 43 10 23 (4.420.62) x 10713

a CuCl produced by the Cu Cl, reaction.? CuCl produced from CuGl ¢ Used 3.00% Glin Ar; otherwise, used pure (99.99%).Cl

Figure 2. Summary of the Cut Cl, rate coefficients. ®) Present
HTFFR data. {) Flow-tube data from ref 21~) Fit to the combined
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Figure 3. Arrhenius plot of the CuCH- Cl; rate coefficients.

data, eq 5. CuCl + Cl,. This reaction was investigated over the 980

1150 K temperature range and the-125 mbar pressure range.
interactions might be important. CampBéfiound the harpoon  The upper temperature limit was again due tg di$sociation.
model similarly inadequate for Ti. There thus appears to be no The other restrictions were due to an increase in scattered laser
all-encompassing approach for describing metal atQi radiation, attributed to particle formation. The results are
reactions, even though additional rate coefficient values can summarized in the top part of Table 2 and in Figure 3. Residual
readily be predicted from the similarity of the many values analysis plots showed the data to be independent of the indicated
already obtained. parameters, except. Such plots also indicate the rate coef-
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TABLE 3: Summary of Rate Coefficient Measurements on Cu+ N,O

) 209 max v, reaction-zone , (arbitrary ==No"
M] [N;0] i F, (arbi k + oy
T, K P, mbar 107cm3 10%cm3 mst length, cm units) cm?® molecule’t st
529 47.9 6.6 244.0 13 10 83 (1.830.15)x 1074
544 48.2 6.4 166.1 14 20 91 (1.270.28) x 1074
583 13.2 1.6 77.1 42 20 68 (3.310.80)x 1074
606 28.5 34 94.5 17 20 93 (4.990.87) x 1074
609 28.7 34 94.4 17 10 85 (4.860.69) x 10714
654 15.1 1.7 63.2 57 20 160 (1.3#20.25)x 10718
682 13.7 1.5 26.7 36 10 34 (1.920.46) x 10713
692 22.5 2.4 36.6 26 20 106 (1.240.23) x 10718
700 13.7 1.4 214 37 20 52 (2.010.48)x 10713
710 74.5 7.6 22 11 20 53 (2.45: 0.35)x 10713
719 14.7 1.5 43.8 52 20 74 (2.320.54) x 10713
775 12.3 1.2 23.8 68 20 86 (4.3#41.08)x 10713
812 12.4 1.1 457 72 10 66 (4.401.14)x 10713
828 10.0 0.9 21.1 93 20 114 (4.731.42)x 10713
876 27.6 2.3 038 18 20 146 (8.8 1.45)x 10718
896 10.1 0.8 31.7 103 10 312 (7.822.10)x 10713
949 13.7 1.0 15.1 86 20 174 (9.232.22) x 10718
aUsed 0.53% MO in Ar; otherwise, used pure (99.99%®l
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Figure 4. Comparison of CuCH- Cl, rate coefficients from two
different CuCl sources®) CuCl from Cu+ Cl.. (O) CuCl from CuC}.

Figure 5. Summary of the Cut N2O rate coefficients.@®) Present
study. () Fit to the present measurements, eq 8.

ficients to be independent of the scattered light intensities. The estimate available for the uncertainty in the heat of formation
data were again fitted to eq 4 to yield

k,(980— 1150 K)=3.10x 10 ** x
exp(=4765 KIT) cm®molecule*s™* (6)

The calculated variances and covarianceafe= 3.3 x 1071
A2 0g2 = 9.2 x 1P, andoag = 3.1 x 1% A, which lead to
+20, precision limits of 38% at 980 K and 35% at 1150 K and the measured activation energy, whose barrier is apparently
corresponding accuracy limits of 44 and 41%.

Experiments using CuCl from Cufled to essentially the

samek values (cf. the lower part of Table 2 and Figure 4).
However, residual plots as a function of the scattered-light

of CuCh,® a thermal barrier in reaction 2 cannot a priori be
excluded. However, the high, of the CuCIl+ Cl, reaction is
likely due to the closed-shell structure of CuCl. To accommodate
the second CuCl bond, the Cu atom has to undergo &%d!

— 3d°4< promotion and a subsequent-4p hybridization.
Several CuCl excited states that correlate with th¥&dstate

are known*2 Their excitation energies=(227 kJ mof 1) exceed

lowered because of the influence of the incoming Cl atom. AICI,
which has an open p-shell structure, does not require an
additional promotion for the 3s3p hybridization to occur.

Cu + NO. The measured values of the rate coefficients and

intensity showed the data to correlate somewhat with this the conditions under which they were obtained are given in

quantity. These data are therefore not included in the recom- Table 3. Residual plots show the data to be independent of
mended fitting expression. Their inclusion would have yielded parameters other than temperature. The fit of the data to eq 4 is
kx(980-1150 K)= 5.3 x 10719 exp(—7813 KIT) cm?® molecule’®

s,

Apparently, the only other metalmonohali€€l, reaction for
which k(T) values have been measure®is

AICI + Cl, — AICI, + Cl
AH° 5= —108+ 21 kI mol* (7)

for which k7(400-1025 K)= 9.6 x 10711 exp(—610 K/T) cm?®
molecule® s was obtained. The small activation energy of to 4+34%.

5.0 kJ mot? resembles that of the aforementioned exothermic

metal atom-Cl, reactions. CuCH- Cl, exhibits a significantly
larger activation energy, = 40 kJ mot 1. Because there is no

shown in Figure 5 and is given by

ky(530— 950 K)=3.80x 10 *° x
exp(—5441 KIT) cm®*molecule*s™* (8)

with OAZ =1.31x 101 Az, OEZ =6.15x 104, andoAE =8.83

x 102 A. These yield+20 precision limits varying from 13 to
26% depending on temperature. Using the same systematic
errors as above results in confidence intervals varying ft#é

In Figure 6, the present results are compared to those of our
previous pseudostatic photochemical study of this reaction,
which covered the 4791340 K rangé}! and to Vinckiers!?
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TK measurements discussed above). Our previous recommenda-
1070 1000 700 500 tion'! of
E T T T 3
F 3 ks(470— 1340 K)= 3.04 x 10 2Y(T/K)**" x
11 L . _ —
10 exp(—3087 K/T) cm®molecule*s ™ (11)
2 o2k ] thus does not need to be adjusted. Equations 10 and 11 agree
2 i E within 10% over the whole temperature range.
3 .
K -13 L E .
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