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Solutions 
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Photochemical reactions of polychlorobenzene congeners 
in aqueous solutions containing surfactant micelles have 
been investigated. All photolysis experiments were per- 
formed with a Rayonet RPR-100 merry-go-round photo- 
reactor utilizing 253.7-nm monochromatic ultraviolet (UV) 
lamps. Photoreduction through photodechlorination was 
shown to be the main decay pathway in which lesser 
chlorinated congeners and benzene were formed as 
intermediates. Final products included H+ and C1- in 
approximately stoichiometric amounts. In addition, some 
minor pathways were observed including photochlorina- 
tion (the reverse reaction), photoisomerization, and finally 
photohydrolysis, through which phenol was formed. The 
quantum yield for the decay of hexachlorobenzene was 
found to be about an order of magnitude greater in micellar 
solutions than in water alone. Several hydrogen sources 
were investigated with sodium borohydride shown to be 
a promising rate enhancer a t  elevated concentrations. 

Introduction 
Surfactant solutions have been shown to be effective in 

desorbing hydrophobic organic pollutants from soil (1-4) 
and independently have been shown to act as catalysts in 
photochemical decay reactions of chlorinated organic 
compounds (5,  6). As a consequence, utilization of 
surfactants as solubilizing agents to remove contaminants 
from soils followed by photolytic destruction may prove 
to be a promising soil remediation strategy through which 
the surfactants may be recovered and/or recycled. Several 
recent papers (e.g., refs 7-10) have examined in some detail 
the distribution of nonpolar compounds between surfac- 
tant micelles and soil particles. Information regarding 
photochemical reactions of environmentally relevant 
chemicals in surfactant solutions, on the other hand, is 
very limited. Hence, in this study we have examined the 
photodechlorination of polychlorobenzene (PCB) conge- 
ners (generally starting with hexachlorobenzene) in aque- 
ous solutions containing selected surfactants and report 
on reaction pathways, decay rates, and quantum yields. 

Numerous investigators have shown that photodechlo- 
rination of aryl chlorides occurs. However, low efficiency 
and side reactions often impede the rates of these 
dechlorination processes whether they occur naturally or 
through artificial means. Zepp et ai. (11) have demon- 
strated that among all potential degradation routes in 
natural water, direct photolysis by sunlight is either not 
possible or represents only a minor pathway for most 
compounds. Direct photodechlorination of PCBs under 
sunlight in aqueous solutions, for example, has quantum 
yields as low as 0.0003 (12). Zepp and Cline (13) have 
suggested the long half-lives and/or low quantum yields 
of dechlorination reactions might be caused by naturally 
occurring humic substances, which inhibit free radical 
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chain reactions. Oxygen molecules also quench the triplet 
state, retarding free radical reactions. Sorption to natural 
particles further decreases photolysis rates to almost 
insignificant levels (14). Additionally, Epline and Florio 
(15) have observed side reactions in the photolysis of 
chlorobenzenes that result in the formation of chlorophe- 
nols and chlorobiphenyls, while photolysis of PCBs was 
shown to give rise to more toxic dibenzofuran compounds. 

To become viable as a remediation tool, the photolysis 
process must be modified to enhance photodegradation 
rates and minimize side reactions. This possibly may be 
accomplished throughvariation in (i) solvent (eg., micellar, 
organic, or pure water phases) (5, II), (ii) sensitizing agent 
(16), and/or (iii) hydrogen source (electron donor) (12, 
27) .  Three major benefits possibly may be achieved 
through the addition of surfactants. These include the 
following: (i) the ability to separate the contaminants from 
the optically impervious media, (ii) the ability to increase 
the quantum yield, and (iii) the attenuation of side 
reactions (Le., production of dimers) or quenching reac- 
tions. 

Materials and Experimental Methods 
Chemicals. All chemicals were reagent grade except 

for the surfactants and solvents. All solvents (isooctane, 
acetonitrile, and acetone) were HPLC grade, used without 
further purification, and purchased from Fisher, Maill- 
inckrodt, or Aldrich. All solutions were made with distilled 
water, prepared by distilling deionized water that con- 
tained 0.01 M KMn04 and 0.01 M KOH added to the still 
to oxidize any organic impurities. 

Due to the negative charge present on most soils, 
application of surfactants in proposed soil washing schemes 
is largely restricted to neutral and anionic types. Some 
physical and chemical characteristics of those surfactants 
chosen for this study are shown in Table 1 (18). 

The chlorobenzenes listed in Table 2 were purchased 
from Aldrich and used without further purification. The 
molar absorptivities, eP,x, at  253.7 nm for compounds of 
interest are reported also in Table 2 (19-23). 

Methods. All photochemical experiments were con- 
ducted in a darkroom outfitted with red lights. All 
experiments were carried out in 5-mL cylindrical quartz 
cuvettes placed in a RPR-100 Rayonet photochemical 
reactor equipped with a merry-go-round apparatus (South- 
ern New England Ultraviolet). Light sources were two 
253.7-nm phosphor-coated low-pressure mercury lamps 
(Rayonet). The light intensity to which each tube was 
exposed was determined from separate tubes containing 
the chemical actinometer, potassium ferrioxalate (24). The 
zero-order decay product, Fe(Cz04)Z2-, was determined 
spectrophotometrically upon Fe(I1) complexation with 1,- 
10-phenanthroline. The intensity of incident UV light 
was generally around 3.0 X lo4 Einstein L-I s-l. 

In each experiment, 5-mL aqueous solutions each 
containing identical concentrations of a single chloro- 
substituted benzene (often HCB), a surfactant, and 
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Table 1. Physical and Chemical Characteristics of Selected Surfactants 

product name t,ypea chemical formula and/or name FWc cmc (M)b aggr. no.6 

Tween 20 N polyoxyethylene (20) sorbitan monolaurate 1227 

Brij 35 N C~ZHZ~(OCHZCH~)Z~OH polyoxyethylene(23) laurl ether 1200 43 x 10-6 (35 "C) 40 (25 "C) 
Brij 58 N C ~ ~ H ~ ~ ( O C H ~ C H Z ) ~ ~ O H  poiyoxyethylene(20) cetyl ether 1124 
dodecyl sulfate A C H ~ ( C H Z ) I ~ O S O ~ N ~  288 8.4 x 10-3 71 (23 "C) 

Tween 80 N polyoxyethylene (20) sorbitan monooleate 1310 9.9 x 10-6 

N, nonionic surfactant; A, anionic surfactant. * Source: Fendler and Fendler (18). FW, formula weight. 

Table 2, Molar Absorptivities of Compounds Examined 

compound abbrv molar absorptivity at  253.7 nm (M-1 cm-l) ref (of molar absorptivity) 

monochlorobenzene MCB 
1,3-dichlorobenzene P,3-DCB 
1,4-dichlorobenzene 1,4-DCB 
1,2-dichlorobenzene 1,2-DCB 
1,3,5-trichlorobenzene 1,3,5-TCB 
1,2,4-trichlorobenzene 1,2,4-TCB 
1,2,3-trichlorobenzene 1,2,3-TCB 
1,2,3,54etrachlorobenzene 1,2,3,5-TeCB 
1,2,4,5-tetrachlorobenzene 1,2,4,5-TeCB 
1,2,3,4-tetrachlorobenzene 1,2,3,4-TeCB 
pentachlorobenzene PeCB 
hexachlorobenzene HCB 

benzene 
acetone 
aniline 
triethylamine TEA 
sodium borohydride SBH 

Chlorinated Benzenes 
138 

1066 
144 
140 
123 
144 
84 

140 
124 
280 
850 

2782 

212 
11 

1375 
30 

=O 

Others 

b,c 
b 
b 
b,c 
b 
b 
b 
f 
b 
f 
a,e 
a 

6-d 
b 

a 
a 

C 

This study. b Simons (19). e Lang (20). Friedel and Orchin (21). e Parke (22). f Conrad-Billroth (23). 

GC-ECD retention time" 

NA 
10.58 f 0.05 
10.92 f 0.05 
12.02 f 0.05 
17.67 f 0.05 
20.47 f 0.05 
22.10 f 0.05 
30.22 f 0.05 
30.36 f 0.05 
33.47 f 0.05 
40.85 f 0.05 
46.93 f 0.05 

NA 
NA 
NA 
NA 
NA 

possibly an additive (e.g., quencher, sensitizer, or hydrogen 
source) were irradiated in the photoreactor. Tubes were 
removed as a function of time with the concentration at  
zero time determined from an unexposed sample. The 
initial concentration of each chloro-substituted benzene 
was chosen so that the calculated solubility in each 
surfactant solution was not exceeded (9). 1,2,4-TCB was 
chosen as a starting material for final product analysis 
because it was found to be a predominant reaction 
intermediate (from HCB), and a much higher initial 
concentration could be used with it than with the more 
highly substituted chlorobenzenes. 

Generally, polychlorobenzenes were quantified with a 
Hewlett Packard 5890 Series I1 GC equipped with a 
splitless injector, an electron capture detector (ECD), an 
integrator, and a 28 m X 0.323 mm DB-5 column (film 
thickness of 0.25 pm) subsequent to extraction into 
isooctane. Sample retention times and areas were com- 
pared to those of analytical standards. To chromato- 
graphically separate all the substitution benzenes, the 
temperature was ramped from 50 "C (for 2 min) to 110 "C 
(for 1 min) a t  a rate of 2 "C/min, to 150 "C (for 1 min) at  
a rate of 4 "C/min, and to 250 "C (for 15 min) at  a rate 
of 15 "C/min, resulting in the retention times reported in 
Table 2. To avoid the formation of emulsions in the 
extraction step, 4 mL of each illuminated sample was 
pipetted into a 25-mL test tube, diluted with approximately 
10 mL of distilled water, and carefully overlaid with 2 mL 
of isooctane. Tubes were outfitted with Teflon-lined caps 
and were gently agitated just slightly off vertical with a 
twist-action shaker in the dark at  20 "C for 24 h. With 
this method, the extraction efficiency of each compound 
was determined to be greater than 95%. 

Analysis of monochlorobenzene, benzene, and phenol 
was accomplished by HPLC with a Micromeritics 750 LC 
pump, a Rheodyne injector (with a 200 pL loop), an 
Adsorbosphere HS C18 column (Alltech), a Knauer UV/ 
Vis detector at  210 nm, and an integrator. The mobile 
phase was 70% or 40% (viv) acetonitrile in water 
depending on the hydrophobicity of the specific compound 
being monitored. A Dionex 2OOOi/SP ion chromatograph 
equipped with an Ion Pac AS4A column (4 mm) and 
conductivity detector was used to determine chloride ion 
concentrations of the aqueous samples (containing sur- 
factants). The eluant was 2.8 mM NaHCOs and 2.3 mM 
NaZC03 buffer. 

Most products were confirmed by GC-MS analysis with 
a Finnigan MAT 800 mass spectrometer and H P  5890A 
GC equipped with the same length and diameter DB-5 
column as that used for product quantification. Mass 
spectra were compared to those of standards. 

Initial decay rates of polychlorobenzenes were deter- 
mined from the integrated first-order decay expression: 

where PO and Pt are the concentration of the parent 
chlorine-substituted benzene a t  time zero and t (M), 
respectively, and k ,  is the first-order decay rate constant 
(s-1). The quantum yields for photolysis under the 
monochromatic light source were calculated by (25) 

where @p is the quantum yield, IX,O is intensity of the 
incident light at  253.7 nm (Einstein L-1 SI), e,,, is the 
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Flgure 1. Photodechlorination of HCB and its decayed homologues 
within 4.5 X M Brij 58 surfactant micelles at 253.7 nm. (Lines 
only indicate trends in the data.) 

molar absorptivity at 253.7 nm (L mol-l cm-l), and 1 is the 
cell path length (cm). 

Results and Discussion 
Photodechlorination. HCB was irradiated in solutions 

containing one of the five different surfactants shown in 
Table 1. A representative decay chronicle of HCB and its 
products, solubilized with 4.5 X lo4 M Brij 58, is shown 
in Figure 1. Figure 2 indicates that the initial decay is 
first order in HCB concentration. At  this Brij 58 
concentration, virtually all HCB is contained within 
micelles. The appearance of significant concentrations of 
PeCB and all tetra-, tri-, and dichlorobenzenes demon- 
strates the main overall reaction occurring is photore- 
duction, resulting specifically in photodechlorination. 

All major chlorinated products were confirmed by GC- 
MS. An HCB-saturated 5.0 X lo4 M Brij 58 solution was 
illuminated for 10 min and back-extracted into isooctane 
concentrating 40-fold. Of those products shown in Figure 
1, only 1,2-DCB and 1,2,3,4-TeCB7 which are minor 
products (detected in this sample by the ECD at  less than 
40 ppb), were not evident by GC-MS. No biphenyl, 
dibenzofuran, or other chlorine-containing compounds 
were detected by GC-MS, and no additional peaks 
appeared on ECD chromatographs. 

Photolysis of 2.8 X 10-8 M HCB in distilled water is 
characterized by an initial lag stage (a = 0.0043), followed 
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Flgure 2. First-order decay of 1.5 X lo-' M HCB within 4.5 X 
M Brij 58 surfactant micelles at 253.7 nm. The slope of 8.0 X 
s-l resulted from a Ilght intensity of 3.7 X 
intensity results from two lamps within the photoreactor. 
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Figure 3. Photodechiorination of HCB in solutions containing various 
surfactants. I n  ail cases, the light intensity is approximately 3.0 X 

Einstein s-l L-I. A lag phase was observed for distilled water 
samples. 

by a more rapid apparent first-order decay (a = 0.058) 
(see Figure 3). The lag phase may result from the initial 
near-zero concentrations of free radicals and/or hydrogen 
sources. Additionally, a t  such low HCB concentrations 
(limited by solubility), the chance of photochemically 
produced reactant-new radical encounter is low. The 0-H 
bond in water (119 kcal/mol) is usually too strong to donate 
a hydrogen to an aryl radical; however, in this case, water 
seems to be the only hydrogen source available. 

Figure 3 also shows that no lag phase was observed for 
all surfactant solutions (see Table 3 for experimental 
conditions). As no classical hydrogen sources were added, 
either impurities in the commercial surfactant or the 
surfactants themselves must be acting as hydrogen sources. 
In surfactant solutions, initial HCB photoreduction always 
appeared to be first order. This was further shown in Brij 
58 solutions from an initial rate study in which the initial 
HCB concentration was varied by over 1 order of mag- 
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Table 3. Quantum Yields of Hexachlorobenzene Photoreduction in Surfactant Solutions 

light intensity 
solution surfactant concn (M) HCB concn (M) TEA concn (M) (Einstein L-ls-I) quantum yieldb decay rate* (s-l) 

distilled water 2.82 X lo4 3.3 x 10-6 0.058 0.0012 
dodecylsulfate 8.67 x 10-3 1.89 X 2.4 X lo4 0.29 0.0045 
Brij 35 4.17 X IO4 1.64 x 10-7 3.3 x 10-6 0.32 0.0066 
Brij 58 4.49 x 10-4 1.01 x 10-7 3.7 x 10-6 0.37 0.0087 
Tween 20 8.87 x 10-5 1.34 X lo-' 2.4 X lo4 0.50 0.0076 
Tween 80 7.64 x 10-5 1.45 x 10-7 3.7 x 10-6 0.51 0.0121 
Tween 80 with TEA 7.64 X 1.24 x 10-7 2.00 x 10-6 4.4 x 10-6 0.54 0.0150 

253.7 nm in the Rayonet merry-go-round reactor. 
a The intensity of light was determined with the ferrioxalate chemical actinometer. * Quantum yields and decay rates were determined at 
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Time, sec 

Figure 4. Decay of 1,2,4-TCB within 7.6 X M Tween 80 solutions 
at 253.7 nm giving rise to some traces of HCB and PeCB as 
photochlorination products. 

nitude (8.8 X M to 3.3 X 10-7 M). After about 80- 
95 93 removal, however, the decay rate generally declines. 
Several possible explanations may account for this, 
including the following: (i) a substrate such as the 
hydrogen source may be near depletion, (ii) the photo- 
products may significantly absorb light, acting as an 
internal light filter, (iii) photoproducts may act as 
quenchers, and (iv) the reaction may be reversible. 
Regarding iv, reaction reversibility was subtantiated in 
some of our individual experiments, which showed that 
thephotolysis of 1,3-DCB and 1,2,4-TCB gave rise to trace 
amounts of HCB and PeCB. Additionally, inhibition due 
to H+ accumulation will occur. These experiments will be 
discussed in detaillater. Quantum yields were determined 
for HCB loss from the initial decay data shown in Figure 
3. The results indicate that the quantum yield a t  253.7 
nm increases from 0.058 without surfactant to 0.29,0.32, 
0.37, 0.50, and 0.51 in the presence of SDS, Brij 35, Brij 
58, Tween 20, and Tween 80, respectively (see Table 3 for 
experimental conditions). 

The lower rate in DS solutions may be an effect of 
micellar charge. Photodechlorination of aryl halides in 
the presence of a hydrogen source and/or an electron donor 
may occur through two separate pathways or mechanisms, 
both resulting in the formation of an Ar-H bond from the 
Ar-C1 bond, The mechanisms are as follows: (i) C-Cl 
bond photolytic cleavage followed by radical scavenging 

R-H 
Ar-C1* - Ar' + C1' 4 ArH + HC1 (3) 

and (ii) an electron transfer process to a donor followed 
by decay of the radical anion 

R-H 
D + ArCl* - D" + ArC1'- - C1- + Ar' - ArH (4) 

where in the latter case, the excited-state electron transfer 
between the donor (D) and the acceptor (A) involves five 
steps, as outlined by Whiten et al. (6): 

irradiation 

hv 
D 4 D *  (5) 

approach 

K. 
D* + A ~i [D*-A] (6) 

electron transfer 

k*t 
[D* ...A] ---* [D+ ...A-] (7) 

separation 

K,  
[D+-.A-] F! D+ + A- (8) 

decay 

kb 
[D+.-A-l 4 [D--Al (9) 

Presumably, the electron transfer process may be retarded 
by the negative charge on the micellar surface, which may 
expel the ArC1'- radical, an important intermediate in the 
latter mechanism. 

Reaction Reversibility. As previously mentioned, 
evidence of reaction reversibility, resulting in photochlo- 
rination, was confirmed in some individual experiments. 
The photodecay of 3.6 X M 1,2,4-TCB in the presence 
of 2.0 X 10-6 M triethylamine (TEA) resulted in maximum 
concentrations of 4.7 X M PeCB and 7.5 X M 
HCB (see Figure 4). Detector sensitivity likely precluded 
determination of tetrachloro compounds. In another 
experiment, upon illumination of 1.0 X M HCB in 4.5 
X M Brij 58 solutions, trace amounts (=10-9-10-10 M) 
of HCB reappear at 48 and 60 min after no detectable 
amounts at 24 and 36 min (see Figure 1). 

Because the rate of photodecay increases with increasing 
chlorine substitution on the ring, the reverse reaction was 
only evident at low HCB (and PeCB) concentrations; a t  
high concentrations, the forward reaction dominates. 
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Table 4. Photoisomerization Products Detected within 
Brij 58 Solutions at 253.7 nm 
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initial isomer 

1,3-DCB 
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isomers formed upon illumination 

1,2-DCB; 1,4-DCB 
1.3-DCB 
l$-DCB; 1,CDCB 
1,2,4-TCB 
1,2,3-TCB; 1,3,5-TCB 
1,3,5-TCB; 1,2,4-TCB 
none 
none 
none 

Table 5. Decay Quantum Yields of Polychlorinated 
Benzenes in Solutions of Brij 58 at 253.7 nma 

compound first-order photodecay rate (E-*) quantum yield 

1,3-DCB 1.40 x 10-3 0.053 
1,4-DCB 1.34 x 10-3 0.35 
1,2-DCB 1.35 x 10-3 0.37 
1,3,5-TCB 1.07 X 0.33 
1,2,4-TCB 1.21 x 10-3 0.32 
1,2,3-TCB 1.10 x 10-3 0.50 
1,2,3,5-TeCB 2.67 x 10-3 0.72 
1,2,4,5-TeCB 1.88 x 10-3 0.58 
1,2,3,4-TeCB 5.24 x 10-3 0.71 
PeCB 1.47 X 0.66 
HCB 1.44 X 0.40 

a Light intensity = 8.8 X lo4 Einstein L-l s-l at 253.7 nm within 
the Rayonet merry-go-round photoreactor. Initial solutions were 
saturated with the respective di-, tri-, or tetrachlorobenzene in 5.00 
X 10-4 M Brij 58. 

Photodechlorination in Tween 80 solutions, under those 
conditions in which the most rapid rate was achieved, 
resulted in almost an oscillating profile of HCB at low 
concentration (around 3-4 X 10-9 M). Clearly, extensive 
scavenging of chlorine radicals by the aromatic rings occurs 
prior to ultimate ring cleavage. 

Photoisomerization. Another minor pathway ob- 
served was photoisomerization. During the illumination 
of those compounds listed in Table 4, their structural 
isomers and other decay products were monitored. Isomers 
listed are those for which the concentration increased after 
irradiation times of 1-3 min. Direct photolysis in 5.0 X 
10-4 M solutions of Brij 58 resulted in photoisomer products 
for all the dichloro- and trichlorobenzenes and no measur- 
able isomers for any of the tetrachlorobenzenes. The latter 
observation may result from the more rapid decay rates 
of the TeCBs compared to the DCBs and TCBs. Quantum 
yields were calculated from the initial decay rates of the 
parent compounds in these experiments. This information 
along with quantum yields for PeCB and HCB are provided 
in Table 5. 

I t  should be noted that all tri-, di-, and monochloro- 
substituted benzenes have lower micelle-water partition 
coefficients such that a major fraction of each of these 
species will reside in the water phase as opposed to the 
micellar pseudophase at the surfactant concentrations 
employed in these experiments. Hence, these reported 
quantum yields likely result from the summation of the 
reactions in each phase, with the reaction of the water- 
soluble fraction gaining significance as the partition 
coefficient decreases. 

Final Products. Upon illumination of 4.5 X 10-5 M 
1,2,4-TCB containing 9.8 X M Brij 58, the chloride 
ion concentration increased from 9.4 X 10-7 to 1.1 x 10-4 
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Flgure 5. Photodecay of (a) 1,2,4-TCB within 9.8 X M Bri] 58 
solutions at 253.7 nm and its decayed homologues and (b) the formation 
of the final products H+ and Cl-. The mass balance on chlorine 
(accounted for by all TCBs, DCBs, and CI-) indicates a nearly perfect 
recovery. 

M within 48 min. During the same time period, the pH 
of the reaction mixture decreased from 6.9 to 4.0. As- 
suming close to unity activity coefficients to calculate 
proton ion concentrations and assuming no buffer capacity, 
we find that chloride and proton ion concentrations are 
almost perfectly matched as a function of time (see Figure 
5). Additionally, a total mass balance on chlorine (Cl- 
and polychlorobenzene species) is balanced to within 4% 
of the initial 1,2,4-TCB chlorine content a t  each measure- 
ment time. This concurs with the absence of additional 
chlorinated products as observed by GC-MS and GC- 
ECD other than chlorobenzenes. The absence of biphenyl 
or chlorinated biphenyls as products is likely due to the 
compartmentalization effect of micelles, isolating radical 
aryl groups from other aryl groups, and reducing PCB 
formation from that known to occur in nonmicellar 
systems. With the main final product shown to be C1- 
(and H+, presumably from the hydrogen donor), complete 
dehalogenation at longer time periods is most likely 
assured. 

Illumination of 1.9 X lo4 M monochlorobenzene (MCB) 
in 8.5 X M Brij 58 solutions (a = 0.83) gave rise to 
phenol as a product with little to no measurable benzene 
produced over time. Phenol was also confirmed as a 
product of HCB decay in Brij 58 solutions by GC-MS. 
Hence, photohydrolysis occurs if no proper hydrogen 
source is present in the system. On the other hand, in the 
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presence of 5.0 X M TEA, the decay of MCB (a = 
0.49) gave both phenol and benzene as final products in 
a ratio of approximately l:lO, indicating that, when an 
appropriate hydrogen source is present, a competition 
between photohydrolysis and photoreduction occurs. 

Benzene itself was found to further decay. In the 
absence of a hydrogen source, the observed quantum yield 
was 0.28 at  a concentration of 4.3 X M benzene in 8.5 
X M Brij 58. Although products of benzene decay 
were not measured, other researchers have indicated the 
direct photoreaction of benzene in water results in 
aldehydes, organic acids, and COZ (26). 

Hydrogen Sources. Selected chemicals were tested 
for their ability to act as hydrogen sources. These included 
triethylamine (TEA), 1,3-phenylenediamine (1,3-PDA), 
aniline, acetone, and sodium borohydride. Irradiation of 
3.5 X M HCB in 1.5 X lo4 M Tween 80 solutions in 
the presence of 1.0 X M of each of the five hydrogen 
sources resulted in no significant increase in the decay 
rate. Similar results were obtained when 5.0 X lo4 M 
Brij 58 was used in place of Tween 80. Here, observed 
initial quantum yields were 0.27,0.29,0.32,0.34,0.36, and 
0.38 for 1,3-PDA, sodium borohydride, TEA, the blank, 
aniline, and acetone, respectively. This observation is not 
surprising if chemical distribution again is considered. The 
affinity each of these H-donors has for the micellar core 
is considerably less than that for water. Hence, isolation 
of HCB within the micellar core away from these species 
in the water phase would lead to no enhancement if the 
reaction of free radical intermediates with other sources 
is more rapid than diffusion from the micelle to the water 
phase. 

Although no appreciable effect on HCB decay was 
observed in these experiments, this (lo4 M) and lower 
concentrations of H-donors altered product distribution 
in a couple of ways. First, addition of the aromatic 
hydrogen sources (1,3-PDA and aniline) under these 
conditions resulted in an increasing mass of chloro- 
substituted benzene rings, by as much as 20%, shortly 
after initiating irradiation even without accounting for 
monochlorobenzene, phenol, and benzene, which are not 
detectable with the ECD at the applied initial dose of 
HCB (3.5 X M). Hence, this increase in mass of 
chlorinated benzene rings indicates that these aromatic 
H-donors or their decay products participate in photo- 
chlorination. Second, the addition of 2 X 10-6 M TEA to 
a 7.6 x 10-5 M Tween 80 solution resulted in either a change 
in the overall decay pathway or the TEA significantly 
increased the rate of tri- and dichlorobenzene decay, as no 
TCBs or DCBs were detected. Note that these compounds 
will reside predominately in the water phase with TEA. 
Hence, the decay of these more water-soluble compounds 
is likely enhanced such that their rate of decay is greater 
than their rate of formation. 

If we increase TEA to 5 X 10-3 M, the observed quantum 
yield for HCB decreases to 0.015. However, at  this 
concentration, TEA may act as a chemical filter, absorbing 
most of the incident light. The absorbance ratio (WEACTEAJ 
~HCBCHCB), where CHCB (at 253.7 nm) is 2782 M-l cm-l and 
ETEAis 29.8 M-l cm-l, is calculated to be 306. Additionally, 
TEA itself may act as a free radical quencher (23 ,  
explaining the quite variable dechlorination rates observed 
by Epline et al. for difference PCB congeners in 0.05 M 
TEA (12). 
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Alternatively, higher concentrations of SBH resulted 
in a distinctive increase in the quantum yield of HCB 
decay, as shown in Figure 6. Compared with 88 % decay 
without SBH ((a = 0.49) after 2 min of irradiation, about 
94% was decayed with 2.0 X M SBH present ((a = 
0.63). A slightly higher efficiency was further achieved 
when the stock SBH solution was prepared in 2 % NaOH: 
This improved the fraction removed in 2 min of irradiation 
to 97% (a = 0.77). 

Although, the initial HCB decay was found to be 
relatively independent of hydrogen ion concentration, one 
of the final reaction products is H'. Hence, a t  the higher 
pH values, this product is consumed by OH-, possibly 
decreasing the rate of the back-reaction resulting in an 
apparent increase in the forward rate. This hypothesis is 
consistent with the data in Figure 7 that indicate that, 
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while the initial decay rate of 1.7 X M HCB in 4.6 X 
lo-* M Brij 58 solutions is largely invariant with pH, 
progression of the reaction is hindered at  the lower pH 
values. The instability of SBH in water under acidic 
conditions may result in the slightly increased initial rate 
of decay at the higher pH values (see Figure 6). 

Contrary to the small catalytic effect of acetone at  low 
concentrations, inhibition was observed at  higher con- 
centrations as shown in Figure 6. As with TEA, high 
concentrations of acetone may act as a chemical filter. 
The molar absorptivity of acetone at  253.7 nm is 11 M-1 
cm-I; about 250 times lower than that of HCB (2782 M-1 
cm-l). However, a t  
M of HCB), the light absorbed by acetone is not negligible. 

M acetone (compare to 3.0 X 

Conclusions 

We have reported on results of HCB photodegradation 
utilizing four nonionic and one anionic surfactant. The 

initial quantum yield for HCB decay increased from 0.058 
in distilled water (after an initial lag phase) to 0.29,0.32, 
0.37, 0.50, and 0.51 in the presence of SDS, Brij 35, Brij 
58, Tween 20, and Tween 80, respectively. The photo- 
products-pentachlorobenzene, all tetra-, tri-, and dichlo- 
robenzenes, monochlorobenzene, benzene, phenol, H+, and 
C1--were observed. Clearly, the overall photochemical 
kinetic process or mechanism leading to these products is 
complex. In addition to the main reductive pathway of 
photodechlorination, a t  least three minor pathways exist 
within the reacting system. They include photochlori- 
nation, photohydrolysis, and photoisomerization. With 
initial rate studies, we have shown that all the dechlori- 
nation steps indicated with arrows in Figure 8 occur in 
Brij 58 micellar solutions. Note that all possible reactions 
were not observed during these initial rate studies; however, 
inclusion of the obversed photoisomerization reactions 
suggests that all possible products may occur for each 
compound, albeit a t  minor concentrations. 

The addition of H sources, specifically SBH, further 
enhanced the photodechlorination rates. I t  is apparent 
that the decay quantum yield depends on the concentration 
and the molar absorptivity of each H source and the affinity 
of the H source and reacting species for the micellar phase. 

Clearly, some potential exists for future application of 
this process in soil restoration. In ongoing studies to be 
reported on soon, we additionally have shown that the 
photoreduction of HCB and Aroclor mixtures, either 
extracted from sediment with surfactant or spiked into 
solutions containing sur factant-extracted humic material, 
was found to occur a t  rates, under some conditions, 
comparable to those reported herein. 
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