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Abstract 

Measurements of the high-temperature UV-visible absorption spectra of formaldehyde, chlorobenzene and l-chloronaphthalene and 
estimates of their high-temperature photodissociation rates are presented. The photodissociation rate estimates were based on the measured 
absorption spectra and an assumed direct terrestrial spectral radiant flux for a 1.5 air mass atmosphere. The results indicate a strong dependence 
of the solar photodissociation rate on the temperature. © 1997 Elsevier Science S.A. 
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1. Introduction 

In a study [ 1 ] carried out for the National Renewable 
Energy Laboratory (NREL), calculations indicated that con- 
centrated solar radiation may enhance certain thermal haz- 
ardous waste destruction processes. Enhancement is achieved 
when chemical species in the destruction process absorb solar 
photons and photodissociate into radical species. These rad- 
ical species may initiate chain branching reactions, resulting 
in a net enhancement of the hazardous waste destruction 
processes. 

The photodissociation rates of the various species are the 
key to the evaluation of the degree of enhancement achieved 
using concentrated sunlight. The accuracy of the NT, EL 
model was limited because the photodissociation rates were 
based on room-temperature absorption and quantum yield 
data. The solar-induced photodissociation rates at the typical 
operating temperatures (400-800 °C) for hazardous destruc- 
tion processes may differ significantly from the room-tem- 
perature rates due to an expected red shift in the absorption 
spectra and an associated increase in the integrated solar 
absorptivity. 

To improve the accuracy of the NREL model, the high- 
temperature absorption spectra of formaldehyde (CH20), 
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chlorobenzene (1-C6H5C1) and 1-chloronaphthalene (I- 
CtoH~CI) were measured. Based on the spectral absorption 
measurements, the high-temperature photodissociation rates 
were estimated. In this paper, the system developed to meas- 
ure the absorption at high temperatures and the procedure 
used to estimate the primary photodissociation rates are pre- 
sented. The results of the measurements are then given and 
discussed. 

2. Experimental details 

2.1. High-temperature molar absorptivity measurements 

Molar absorptivity measurements were made at 0.8 arm in 
a temperature-controlled, flow-tube absorption cell, with 
evacuated double pane quartz windows. The system is illus- 
trated in Fig. 1. Nitrogen was used as the diluent carder gas 
for each absorbing species. The absorption cell was illumi- 
nated with a single light beam generated by an Oriel 75 W 
xenon arc lamp. The lamp intensity was significantly atten- 
uated before reaching the cell, thus reducing the possibility 
of photochemical reactions. The light beam was dispersed 
with a Jarrell-Ash model 82-499 spectrograph. The spectral 
intensity of the attenuated lamp beam was monitored in the 
250-450 nm wavelength region with a Princeton Instruments 
model IVY-700 microchannel plate intensified photodiode 
array detector. The slit/grating combination was such that 
the spectral resolution was 0.3 nm. 
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Fig. !. Schematic diagram of system for high-temperature spectral measurements. 

The liquid samples (99.9% reagent grade) were injected 
at a constant rate into a vaporizer and diluted with nitrogen 
gas as shown in Fig. 1. A steady vaporization rate was 
obtained by injecting the liquid directly onto the hot surface 
of the vaporizer which was held 20-30 °C above the boiling 
point. The vapor and nitrogen gas were mixed and preheated 
to the desired temperature prior to flowing into the absorption 
cell. The temperature inside the absorption cell was main- 
rained by a temperature-controlled tube furnace. 

The molar absorptivity was determined by applying the 
Beer-launbert law (logto definition) to the measured trans- 
missivity specmnn at a single absorbing species 
concentration. The ideal gas mixture assumption was used to 
determine the concentration together with the measured val- 
ues of the mass flow rates, pressure and temperature. 

The linear relationship between the absorbing species con- 
centration and the absorbance stated by the Beer-Lambert 
law was verified by measuring the absorptivity at several 
different concentrations. Changes in concentration were 
made by changing the liquid injection rate and/or the nitrogen 
gas flow rate. The results show excellent agreement between 
the molar absorptivity measurements made at different 
concentrations. 

calculate the result. Applying this equation to the Beer-Lam- 
bert law yields the following equation 

co,(A) = { [  1 OJT(A)12 r "12 t" "12"x 1 / 2 + / ~ / + / ~ /  

e(A) ln [~A)]  T--~'J LbJ LcJ J 

where e(A), T(,,~, b and c represent the molar absorptivity, 
transmissivity, optical path length and species concentration 
respectively and co,(A), o~r(A), COb and wc represent the 
uncertainties in these variables. Typical values and uncer- 
tainties are given in Table 1. 

To minimize the random errors in the absorptivity meas- 
urements, all absorptivity data presented are the average of 
20-40 individual absorptivity spectr~ 3t a given temperature. 
The error bars presented in Tables 2--4 represent + 2 standard 
deviations in the calculated absorptivity due to this averaging 
process. The agreement between individual spectral meas- 
urements is within 1% of the calculated average. 

2.3. Estimation of the photodissociation reaction rates 

Based on the measured molar absorptivity at each temper- 
attire, the primary photodissociation rates can be determined 
from the following equation 

2.2. Uncertainty analysis 

An uncertainty analysis was carried out to explore the 
propagation of the random uncertainty into the calculated 
molar absorptivity. The propagation relation takes the form 
[2] 

/'FAR 12 FaR 12 FaR 12"~ i/2 

where oJs represents the uncertainty in the calculated result R 
and ~oi represents the uncertainty in each value vi used to 

Table 1 
Typical values and uncertainties of experimental variables 

Name Symbol V a l u e  Uncertainty (95% 
confidence) 

Molar absorptivity e(A) Varies Function of 
temperature 

Transmissivity T(A)  10-100% Function of 
temperature 

Optical path length b 10.05 cm 0.6% 
Species concentration c Varies < 2% 
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Table 2 
Formaldehyde 10 nmbandwidth average absorption spectraat differenttemperatures 

Wavelength (rim) Log~o molar absorptivity (cm- ~ ! moi- ~ ) 

150 °C 250 °C 300 °C 400 °C 500 °C 600 °C 

270-279 3.424-0.~ 3.9±0.1 3.5±0.1 4.5±0.2 5.7±0.1 5.7±0.1 
2 8 ~ 2 ~  4.714-0.~ 5.2±0.1 4.94-0.1 5.24-0.2 7A±0.1 7.1±0.1 
290-2~ 6.~4-0~8 6A4-0.1 6.34-0.1 6.74-0.2 8.84-0.1 8.64-0.1 
300--3~ 6384-0.08 7.14-0.1 7.04-0.1 7A4-0.2 9.54-0.1 9A±0.1 
310-319 6.~4-0~8 6.84-0.1 6.84-0.1 7.34-0.2 9.2±0.1 9.3±0.1 
3 2 ~ 3 ~  5.394-0.08 5.74-0.1 5.84-0.1 6.34-0.2 7.8±0.1 8.14-0.1 
330-339 3.234-0.~ 3.54-0.1 3.74-0.1 3.94-0.2 5.1±0.1 5.74-0.1 
M~M9 1 . ~ ± 0 . ~  2.14-0.1 2.34-0.1 2.14-0.2 3.5±0.1 4.1±0.1 
~ 3 5 9  !.514-0.~ !.94-0.1 1.94-0.1 2.04-0.2 3.14-0.1 3.5±0.1 
300--3~ 0.354-0.~ 0A±0.1 0A±0.1 0A±0.2 0.94±0.08 1.274-0.07 
370-379 0 .~4-0 .~  0.34-0.1 * * 0.784-0.08 0.984-0.07 
380-389 * * ~ * 0.31±0.08 0.384-0.07 
390-3~ " • ~ a • 0.17±0.07 

"Estimated uncertainty was greater than the measured absorptivity. 

Table 3 
Chlorobenzene 10 nm bandwidth average absorption spectra 

Wavelength (nm) L~gto molar absorptivity (cm- ' ! mol- t ) 

200 °C 300 °C 400 °C 500 °C 600 °C 700 °C 

200 1284-1 1374-1 1~4-1 1 ~ ± 2  1814-5 1884-3 
2 ~  004-0.5 ~4-0.5 1004-0.7 1184-1 1484-4 168±3 
280 54-0.2 9.84-0.2 26.54-0.3 36.14-0.5 ~4-2  89±2 
290 * ~ 7.44-0.2 8.04-0A 18.64-0.8 ~.7±0.7 
300 * ~ " 1.34-0.7 5.6±0.7 7.64-0.5 

310 * * ~ " 2.0±0.7 2.34-0.4 

~.stimated uncertainty was greater than the measured absorptivity. 

Table 4 
l-Chlomnaphthalene 10 nm bandwidth average absorption spectra 

Wavelength (nm) Loglo molar absorptivity (cm- i I mol- I ) 

300 °C 400 °C 500 °C 600 °C 700 °C 

260 4140 + 40 4020 + 70 4330 4-40 4300 + 100 4070 + 70 
270 4710 + 40 4780 + 70 4920 + 40 4900 + 100 4940 + 70 
280 3610 4- 30 3900 + 60 4090 + 30 4310 ± q0 4510 + 60 
290 1330 + 10 ! 710 + 30 2070 + 20 2520 + 50 2820 + 40 
300 404-1-6 550+ 10 763 +7 1100+ 30 1300+20 
310 210+5 2734-9 370+6 610+30 640+20 
320 76+5 117+8 1824-5 1804-20 3504-10 
330 11 +5 234-7 61 4-5 61 4-20 1704-10 
340 a , 134-8 150+20 70+ 10 

~_.stimated uncertainty was greater than the measured absorptivity. 

k= f e ( A ) e - Q Y ( A ) - ~ o ( A ) - d A  

A=O 

where k is the photodissociat ion rate ( s - ~ ) ,  A is the l ight 
wavelength  ( n m ) ,  e(A)e is the measured molar  absorptivity 

(loge) (1 t o o l -  I c m -  m), QY(A)  is the pr imary quantum yield 

(photon  - t )  and ~o(A)  is the incident  radiant flux (photon  
c m - 2  s -1  n m -  ~). 

For this work,  results for the molar  absorptivity were cal- 

culated us ing the log~o definit ion o f  the Beer -Lamber t  law. 

Conversion o f  the results presented in the logmo form to log~ 

can be performed using the fol lowing relation 

e(A)e = 2.3026e(A) 1o 

A 1.5 air mass direct  terrestrial spectral radiant flux given 

by Hulstrom et ai. [ 3 ] was assumed for the incident radiation. 

The solar cut -off  for  the data of  Hulstrom et al. is approxi- 

mately 305 nm. This  differs from the accepted cut-off  for 

actinic solar flux o f  approximately 290 nm. This  discrepancy 

is due to the fact  that  actinic solar flux is composed o f  direct 
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Fig. 2.  F o ~ l d e h y d ©  absorption spectra. 
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and diffuse radiation [4],  and this research was performed in 
order to model a solar process in which the sun's radiant flux 
would probably be focused thus eliminating the use of diffuse 
radiation. Therefore only the sun's direct radiant flux as given 
by Hulstrom et al. was used for the rate calculations. A for- 
maldehyde room-temperature primary quantum yield spec- 
tram given by Finlayson-Pitts and Pitts [4] was used to 
evaluate the formaldehyde photodissociation rates at temper- 
atures of 150--600 °C. Because no primary quantum yield 
data at any temperature were available for chlorobenzene and 
l-chloronaphthalene, a primary quantum yield of unity (one 
molecule dissociated per photon absorbed) was assumed for 
all temperatures and wavelengths. 

3. Results 

Molar absorptivity spectral measurements of formalde- 
hyde, chlorobenzene and 1-chloronaphthalene are given in 
Figs. 2-4 respectively. To illustrate the temperature 
dependence of the measured molar absorptivity, a 10 nm 
bandwidth average molar absorptivity spectrum for each spe- 
cies is given in Figs. 5-7 and is summarized in Tables 1-3. 
This 10 nm bandwidth average format clearly shows the 
changes in molar absorptivity with increasing temperature. 
Increases in the absorption spectra at wavelengths greater 
than 305 nm (the solar spectrum cut-off for direct terrestrial 
solar flux) result in an increase in the estimated photodisso- 
ciation rate for terrestrial solar absorption. Any changes in 
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Fig. 3. Chlorobenzene absorption spectra. 

the absorption spectrum below 305 nm do not affect the 
estimated photodissociation rate because 305 nm is the low- 
wavelength cet-offofthe direct terrestrial solar spectrum [ 3 ]. 

Based on the absorptivity measurements, the photodisso- 
ciation rates were estimated at each temperature. The results 
were then plotted in Arrhenius form, where the natural log- 
arithm of the calculated rate at a certain temperature is plotted 
against the inverse of the product of Rg (ideal gas constant) 
and temperature. The data plotted in this manner usually 
result in a straight line. Therefore a regression analysis was 
performed to fit the temperature dependence of the photodis- 
sociation rate to the following equation 

In k - A -  Ea( IIRgT) 

where A (the Arrhenius factor) represents the intercept of 
the regression line fit at the In k axis and Ea (the activation 
energy) represents the slope of the regression line fit. The 
regression results are given in Table 5 and plotted in Figs. 8-  
II. 

Provided that the quantum yield assumptions used for the 
photolysis rate calculations are valid, the results indicate a 
very strong dependence of the photodissociation rate on the 
temperature. There is the possibility that the quantum yields 
for the compounds discussed are much different than the 
assumed values. Therefore, in the absence of high-tempera- 
ture quantum yield data for these compounds, the rates pre- 
sented in this paper are merely estimations. 



M. W. Mackey et al. / Journal of  Photochemistry and Photobiology A: Chemistry 105 (1997) 1--6 5 

5 0 0 0  

4 5 0 0  

4000 

35OO 

3000 

~ 2 5 0 0  

2000 

o 
1500  

1 0 0 0  

500  

- 5 0 0  

340 

$ 5 0 0  

i [ 
1_.___._ 

qOOOe 

i i 
i 

I 'i  

2?0  280  290 300 310  320  " 330  

w a v e l e n g t h  In.n) 

Fig. 4. l-Chloronaphthalene absorption spectra. 

350 

260 270 280 290 300 310 

1 0 n m W a v e l a n g t h B a n d , a i d t h  

Fig. 6. Chlorobenzene 10 nm bandwidth average absorption spectra. 

7 

i '  
! 3 

0 

270 280 290 300 310 320 330 340 350 360 370 380 

10 m b ~ m ~ r i d ¢ ~  

Fig. 5. Formaldehyde 10 nm bandwidth average absorption spectra. 

4.  C o n c l u s i o n s  

A system has been established to measure the molar 
absorptivity at temperatures up to 700  °C with excel lent  
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Table 5 
Estimated photodissociation reaction rates (A exp( - EJRg7") ) for terres- 
trial solar spectrum absorption 

Photodissociation reaction Temperature A (s-  t ) Ea 
range (°C) (J mol- ~¢ 

CH20+hu~HCO+H 150--600 3.5X I0 -s 742 
CH20+ hu--*CO+ Hz 150-600 4.6X I0 -s 997 
C~IsCI +hu ~CsHs + CI 500-700 0.062 16300 
Ctol'l~Cl + hu ~CmH~ + CI 300-600 0.024 3970 
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Fig. 8. Estimated rate of formaldehyde photodissociation into formyl and 
hydrogen as a function of temperature, using room-temperature quantum 
yield data. 
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Fig. 9, Estimated rate of formaldehyde photodissociation into diatomic 
hydrogen and carbon monoxide as a function of temperature, using room- 
temperature quantum yield data. 

repeatability, and measurements were made for formalde- 
hyde, chlorobenzene and l-chloronaphthalene. Based on the 
molar absorptivity measurements, the primary photodissocia- 
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Fig. 10. Estimated rate of  chlorobcnzene photodissociation into phenyl and 
chlorine as a function o f  temperature assuming a quantum yield equal to 

unity. 
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Fig. 11. Estimated rate of l-chloronaphthalene photodissociation into 
naphthalenyi and chlorine as a function of temperature assuming a quantum 
yield equal to unity. 

tion rates were estimated for incident radiation equivalent t~ 
a 1.5 air mass direct terrestrial solar spectrum. The results 
illustrate the strong temperature dependence of the solar 
absorptivity and photodissociation rate (for assumed quan- 
tum yield data). 
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