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Abstract 

Water homolyses on vacuum-UV excitation ( A < 200 nm) to give HO" radicals, H" atoms and, with lower efficiency, hydrated electrons. 
These primary species induce a series of reactions partially depleting nitrate and quantitatively mineralizing organic compounds, e.g. phenol, 
in aqueous solutions. 

The rates of oxidative degradation of phenol and its oxidation products strongly depend on the dissolved oxygen concentration. The 
formation of dihydroxybenzenes, trihydroxybenzene and oxalic acid as oxidation intermediates was observed in irradiation experiments with 
oxygen- and air-saturated solutions, but no significant concentrations of these compounds were observed in experiments with argon-saturated 
solutions. 

The depletion rates of NOa ~ have been reported previously to be slow yielding mainly nitrite and N20 as reaction products. 
Vacuum-UV irradiation of aqueous solutions containing NO3- and phenol results in the simultaneous mineralization of phenol and depletion 

of NO3-, yielding mainly NH4 + and, in much lower yields, NO2-. The experimental observations indicate that the nitrogen-containing 
inorganic ions formed during NO3- depletion promote the oxidation of the dissolved organic matter independent of the presence of oxygen. 

A possible reaction mechanism is discussed, in which the intecaction of O2NOOH, ONOOH, NO 2" and NO" with organic matter is proposed 
as being mainly responsible for the overall observed behaviour. The interaction between organic substrates and NO" seems to favour further 
reduction to NH4 +, whereas a one-electron reduction yielding N20 is observed in the absence of organic substrates. The effect of CO~ 2 ° on 
these reactions is also discussed. 

Under continuous irradiation, NH4 + is subsequently re.oxidized. Complete oxidation 10 NO~ ° is observed only in experiments with oxygen. 
saturated solutions. Experiments with air- or argon-saturated solutions show only 30% and 10% NO~ ° formation respectively due to the 
simultaneous formation of N2. 

The reduction of NO.~- to NH4 + and the oxidation of NH4 + to NO3- seem to involve a series of common intermediates interrelated by 
many redox reactions and reaction equilibria where the pH, availability of electrons and the presence of protons or hydrogen donors and 
molecular oxygen determine their importance. 
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1. Introduction 

Intensive human development and activities have resulted 
in the progressive deterioration of the water quality to the 
extent that water supplies formerly of good quality are now 
potentially hazardous to human health. Man has already rec- 
ognized that the dilution of pollutants to concentrations below 
threshold levels and their transfer between environmental 
compartments are no longer viable solutions. Wastewater 
management procedures attempt to mineralize organic con- 
taminants, i.e. convert them to carbon dioxide, water and 
mineral acids [ 1,2]. 
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Recent developments in the field of chemical water treat- 
ment have led to an improvement in the oxidative degradation 
procedures for dissolved or dispersed organic compounds by 
applying catalytic and/or photochemical methods. They are 
generally referred to as advanced oxidation procedures [ 2,3 ]. 
Among the available methods, the vacuum-UV photolysis of 
water is of particular interest [ 3,4 ]. 

Water homolyses on vacuum-UV excitation to give hydro- 
gen atoms, hydroxyl radicals and, with much less efficiency, 
hydrated electrons [5]. Previous reports on the mineraliza- 
tion of nitrogen-containing organic compounds by the vac- 
uum-UV irradiation of water clearly indicate the important 
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participation of reductive reactions initiated by H" atoms and 
hydrated electrons in the overall mineralization process [ 6- 
8]. In a previous report [ 8], we studied the depletion of 
nitrate induced by the vacuum-UV irradiation of aqueous 
solutions under different experimental conditions. Hydrogen 
atoms and hydrated electrons produced by the hemolysis of 
water induce a series of reactions partially depleting NO3-. 
The occurrence of these reactions strongly depends on the 
dissolved oxygen concentration, since molecular oxygen 
competes strongly with organic and inorganic substrates for 
H" atoms and hydrated electrons. NO2 -, O h I O 0 -  and N20 
were identified as reaction products after irradiation, and NO:' 
and NO" were propo~d as key intermediates in the overall 
process, The postulated reaction scheme is rather c~~mplex 
since, in the continuous vacuum.UV irradiation of aqueous 
solutions of nitrate, 28 species are interrelated by rcdox reac- 
tions and reaction equilibria, their importance depending on 
the pH and the availability of electrons. 

NO~', NO' and O.:NO are strong oneoelectron oxidants in 
aqueous systems [9-I I ] ,  and we assume tha~ these inter. 
mediates interact with organic matter during ~he vacuum-UV 
irradiation of aqueous systems containing both NOs ~ and 
organic matter. Phenol was chosen as a model compound 
because its pathways of oxidative degradation are well 
reported in the literature [ 12]. 

Taking into account that the Xe excimer lamps used for 
irradiation of the aqueous solutions present an emission band 
at 172 nm (MHW, 12 nm) and the linear absorption cocffi. 
cient of water in this spectral range varies from 6000 to 200 
cm- t [ 3 ], the photolysis of water is the main photochemical 
reaction in aqueous systems containing concentrations of 
nitrate and phenol of the order of i x 10 ~ ~ M or lower. 

2, I~xpeHmental details 

2, I. Materiat~¢ 

KNOs and phenol (p,a. quality, Merck) were used without 
further purification, Pure water was provided by a UGH !i 
system (Millipore; greater than 18 mfi; less than 20 ppb of 
organic carbon). 

A cylindrical Xe excimer lamp (length, 25 cm; external 
dian~eler, 3 cm) (ABB, Baden, Switzerland) ¢miuing at 172 
am (MHW, 12 nm) was used as irradiation source [ 13 ]. The 
Imrq~ was opcratnd with an electrical power of 150 W and a 
ftcq~ncy of 200~220 kH~, con~llod by a high.frc<luency , 
h igh.vo l~  F, HI model HPG-2 power supply, 

The photochemical reactor was ofannular geometry (vol- 
ume, ~ ml; DEMA, Bornheim-Roisdoff) adapted for the 
Xe ~cin~j  lamp and fitted with a magnetic stirrer and exter- 
Pal ¢leclxo~ [ 14], 

Experiments were performed with the solutions main- 
rained at 25 or 60 °C. However, it was not possible to control 
and measure the temperature in the irradiated annular reactor 
volume (optical path length, approximately 100 t~m) where 
the photochemical hemolysis of water and most of the sub- 
sequent primary reactions occurred. 

2.3. Analytical methods 

The analysis of phenol and its oxidation products was 
performed by high performance liquid chromatography 
(HPLC; Hewlett-Packard liquid chromatograph model 1090 
with multiwavelength detection; column, ODS hypersil (par- 
ticle size, 5 #m; 4.6 mm internal diameter (i.d.) × 100 mm); 
eluent, methanol-water ( !: I ); temperature, 30 °C). 

Anion analysis was performed by ion chromatography 
(IC; Hewlettopackard liquid chromatograph model 1050 (Ti 
,~ries) with multiwavelength detection; column, Hewlett- 
Packard TSK Gel DEAE~SPW (4 mm i.d, x 50 ram); eluent, 
aqueous solution of 3 x 10- "~ M KCI and I X 10 -4 M KOH). 
Detection limits were normally I x 10 °° 6 M. This method also 
allowed the determination of NH4 + with a detection limit of 
the order of I × 10 -s M, since NH,s + was observed to elute 
exhibiting a negative peak at 215 rim. The evolution ofNH4 + 
was followed on a Dionex 5000 I ion analyser with sup- 
pressed conductivity detection (column, Dionex Ion Pac 
TS 12 4 ram; eluent, HCI) or with NH4 ion selective elec- 
trodes (Ecotest-110, ECOHIX Ltd., Moscow, Russia) with 
a detection limit of ! x 10- .s M. 

The identification of compounds by HPLC and IC was 
performed by comparison of the UV-visible absorption spec- 
tra and co-injection of the corresponding standards. 

Dissolved organic carbon (DOC) analysis was carried out 
with a Re,mount Analytical Instrument, Dohrmann DC- 
190, The lowest detection limit was 0.5 ppm. However, for 
samples containing between l0 and 50 ppm ofCO~ ~'- at pH 
10 or higher, a positive and constant error of the order of 
3-4 ppm was observed in the determination of DOC. This 
relatively high error limit has been reported to be a conse- 
quence of the inefficient removal of inorganic carbon by a 
simple sparging cycle under basic conditions [la] .  These 
observations are important for experiments with argon- 
saturated solutions containing high concentration ratios of 
NO~- to phenol, where final pH values of 10, inorganic 
carbon concentrations of 10-30 ppm and DOC values of the 
order of 3-4 ppm must be taken into account. The fact that 
no peaks arc observed by HPLC and IC at long irradiation 
times, except for those corresponding to CO~ 2- , NO2- and 
NO~-, is a further and more conclusive indication of the 
complete mineralization under these conditions. 

The analysis of gaseous products was performed by gas 
chromatography (GC; Hewlett-Packard gas chromatograph 
model 5890 series It with mass selective detector Hewlett- 
Packard series 5971; column, Hewlett-Packard Chrompack 
capillary column of PLOT fused silica with paraPiotQ as the 
stationary phase). The analysis was performed at 30 °C with 
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He as the carrier gas. The lower detection limit was of the 
order of 10 ppm, which, under our experimental conditions, 
implies that approximately 2% of the potentially generated 
N20 could be measured. 

UV-visible spectra were obtained with a Hewlett-Packard 
diode array speetrophotometer model 8452A. The pH of the 
samples was periodically controlled with a Methrom-Herisau 
pH meter model E512. 

2.4. Experimental procedure 

The following procedure was standard for all the experi- 
ments performed. Approximately 250 ml of the aqueous solu- 
tion was placed into the reactor and purged with oxygen, air 
or Ar lbr 20 rain betbre being irradiated. Gas flow and mag- 
netic stirring ensured good mixing of the solution during the 
entire period o1' irradiation. Samples (3 ml) were taken peri- 
odically and stored in capped vials Ibr analysis. 

Gaseous nitrogen oxides (N~O and NO') were analysed 
by collecting gases in a 500 ml Pyrex gas collector, fi'om 
where gas samples were taken during the course of the reac- 
tion. For this purpose, purging with the saturating gas was 

9 

stopped and the collecting system was opened 20 min before 
the collection of the gas sample. 

3. Results 

3.1. Vacuum-UV irradiation of aqueous solutions of phenol 

Oxygen- or argon-saturated aqueous solutions containing 
approximately 7×  10 -4 ~ of phenol were irradiated. The 
depletion of phenol is slightly dependent on the dissolved 
oxygen concentration as shown in Fig. 1. However, as already 
reported for 4-chlorophenol [4], the depletion rate of DOC 
is strongly dependent on the dissolved oxygen concentration, 
and the highest rates are observed for oxygen-saturated solu- 
tions (see Fig. 2). 

Experiments performed under air- or oxygen-saturated 
conditions show the formation of considerable amounts 
of 1,2-dihydroxybenzene, 1,3-dihydroxybenzene, 1,4-dihy- 
droxybenzene, 1,2,3-trihydroxybenzen¢ and oxalic acid. 
Their concentration profiles are shown in Fig. 3. Open-cycle 
oxidation products elute in liquid chromatography together 
with oxalic acid, but were not identified. 

8.0 

"b 
X 

6.0 

4.0 

2.0 ""*. 
IQ 

iml OO 

0.0 2.0 4.0 6.0 8.0 10.0 12.0 14.0 

time/rain 
Fig. !, Depletion of the phenol concentration [PhOH] vs. irradiation time 
for aqueous solutions containing 7.5 × 10 -4 M of phenol at approximately 
60 °C and different experimental conditions: A, O, @, pure aqueous phenol 
solutions saturated with oxygen, air and argon respectively; D, oxygen. 
saturated aqueous phenol solutions containing 2.6 × 10 -4 M of NO.~-; m, 
argon-saturated aqueous phenol solutions containing 2.3× 10 -'~ M of 
NO3-. 
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Fig. 2. Depletion oi DOC vs, irradiation time for aqueous solutions contain- 
ing 7.5 x 10 °"~ M of phenol at 60 °C and different experimental condition~: 
A, O, @, aqueous solutions of phenol saturated with oxygen, air and argon 
respectively; &, I ,  argon-saturated solutions of phenol containing approxo 
iron,ely 2.7 X 10 -'* M and 2.3 X I 0 ~ ~ M of NO~ ~ respectively, DOC value~ 
at irradiation times greater than 40 rain for the last samples were corrected 
for an error of + 3 ppm inherent in DOC determination for ~amples with 
pH ;~ 10 (see Section 2.3). 
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Fig. 3. Concentration profiles for different oxidation pn)ducts of phenol 
observed dating the vactmm-UV in'~i~tion of aqueous solutions containing 
7,5x I0 -4 M of phenol under em oxygen annospher¢ at approximately 
60 ~, II, O, O, (:3 and ~i' conespond to 1,2,3qrihydmxybonzene, 1,4. 
dlhydroxybe, zcae, 1.3-dlhydroxybenzene, I,.~-dthydroxybcn~ene and 
oxalic acid n~slmtively, Top: pH evolution vs. inadi~ton time. 

The pH evolution (also shown in Fig. 3) decreases con. 
sidcrably during mineralization, reaching a minimum value 
area approximately 20 rain of irradiation, then steadily 
i ~ s  at longer irradiation times to almost its original 
value, The minimum pH observed corresponds to irradiation 
times at which all hydroxybenzencs are depleted and mostly 
open-chain products remain in solution, The subsequent 
increase in pH may be explained by the complete removal of 
carboxyli¢ acids, 

Vacuum, UV irradiation experiments performed with 
atgon-satura~xl solutions show the formation of important 
~ l s  of oxalic acid and open-cycle oxidation products, 
but hydroxybenzenes at concentrations higher than I x !0- ~' 
M are not observed. 

Vacuum-U-V irradiation of oxygen-saturated aqueous solu- 
tions ¢on|aining 3 x 10 ~ ~ M of phenol are completely min- 
e r a l i ~  to CO: and H~O; however, higher concentrations 
lead to the formation of oligomers which remain adsorbed on 
the walls of the lamp, decreasing the efficiency of the min- 
erali~,~ation process. Consequently, 3 X 10- 3 M is the highest 
concentration of phenol that can be efficiently mineralized 
with our experimental al~aratus. 

3.2. Vecuum-UV irradiation of aqueous solutions 
containing nitrate and phenol 

Oxygen-, air- and argon-saturated aqueous solutions con- 
taining ? × 10 -4 M of phenol and varying amounts of NO3- 
were vacuum-UV irradiated at 60 °C and, in some cases, 
25 °C. 

The depletion rates of phenol and Dec depend on the 
nitrate concentration; however, different behaviour is 
observed depending on the dissolved oxygen concentration 
as shown in Figs. I and 2. Irradiation experiments performed 
in the absence of dissolved oxygen show an increase in phenol 
and D e c  depletion rates when nitrate is added. In contrast, 
no dependence on nitrate concentration is observed in exper- 
iments performed with air- or oxygen-saturated solutions. 

Nitrate has a strong effect on the reactions involved in the 
oxidation of phenol in argon-saturated solutions. HPLC chro- 
matograms taken at different irradiation times are complote, ly 
different from those obtained under identical initial condi- 
tions but in the absence of NO~ ~. Indeed, in the presence 
of NO~-, 1,2,3-1rihydroxybenzenc, 1,2-dihydroxybenzenc, 
1,3-dihydroxybenzenc, IA-dihydroxybenzenc and oxalic 
acid are observed on irradiation of At-saturated solutions and 
quantified as intermediate products. Oxalic acid is identified 
although not quantified due to the superposition with N O  3 - 

in some of the samples. The potential formation of nitroaro- 
mattes was also checked, but could not be observed at con- 
cenlrations above th~ detection limit of 5 × 10 -~ M. Fig. 4 
shows the concentration profiles of dihydroxybenzenes and 
trihydroxybenzene as a function of the irradiation time for 
solutions containing 2.3 × I0- 3 M of NOa-. We may deduce 
from this figure that the oxidation sequence phenol 
dihydroxybenzene ~ 1,2,3-trihydroxybenzene--* open-chain 
products is an important reaction pathway of phenol miner- 
alization. Although the same intermediates are found in oxy- 
gen- and air-saturated solutions on irradiation, a striking 
difference is their simultaneous formatton under the latter 
conditions (Fig. 3). 

Organic products formed at different irradiation times in 
corresponding experiments with air- or oxygen-saturated 
solutions do not show appreciable differences for solutions 
irradiated in the absence or presence of NO3-. 

However, phenol greatly modifies the depletion rates and 
fate of NO3- during the vacuum-UV irradiation of aqueous 
solutions containing both reactants. The observed behaviour 
depends on the dissolved oxygen concentration and on the 
[ PhOH ] / [ NO3- ] ratios. N O  2 - and NH4 + are the only nitro- 
gen-containing inorganic ions observed in the aqueous phase 
after NO3 - depletion. 

Figs, 5(a)-5(c) show the concentration profiles vs. irra- 
diation time for the depletion of NO3 - and the formation of 
NO...- and NH4 + for irradiated aqueous solutions with 
[ PhOH] / [NO3- ] ratios greater than 2.5 at 60 °C and satu- 
rated with oxygen, air or argon respectively. N20 was not 
observed to be present in the gas phase at concentrations 
higher than 10 ppm, even after complete mineralization of 
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Fig. 4. Concentration profiles for different oxidation products of phenol 
observed during the vacuum.UV irradiation of aqueous solutions containing 
7.5 × I 0- 4 M of phenol and approximately 2.7 x i 0 - 4 M of NO.~ - under an 
argon atmosphere at about 60 *C. m, O, @ and UI correspond to 1,2,3- 
trihydroxybenzene, 1,4-dihydroxybenzene, 1,3-dihydroxybenzene and 1,2- 
dihydroxybenzene respectively. 

the dissolved organic matter. Fig. 5 (d) shows the concentra- 
tion profiles for the same inorganic ions for irradiated argon- 
saturated solutions with [PhOH]/[NO3-] ratios less than 
0.3. The calculated total nitrogen concentrations 
([Nxlt--- [NO3- It+ [NO2- ]t+ [NH4 + ],) and pH profiles 
vs. irradiation time are also shown. 

The following general observations can be drawn from 
these figures. 
( 1 ) Irradiation experiments perlbrmed with argon- and air- 

saturated solutions yield the quantitative depletion of 
NO.~-, whereas experiments performed with oxygen- 
saturated solutions result only in the partial depletion of 
NO3-. In all eases, nitrate depletion rates are slower 
than those of phenol. 

(2) NH4 + is formed from NO3- depletion, but is partially 
re-oxidized to NO.a- at longer irradiation times. NH4 ~ 
is almost quantitatively formed from NO3- in irradiated 
aqueous solutions with [ PhOH ] / [ NO~- ] ratios greater 
than 2.5. Experiments with [ PhOH] / [ NO3- ] ratios 
less than 0.3 show only partial reduction of NO.a- to 
NH4 + . 

(3) NO2- is formed immediately after irradiation is started, 
and its concentration profile follows qualitatively that 

of [ NO3- ],, its concentration always accounting for less 
than 10% of the actual concentration of NO3-. NO2- 
is therefore an intermediate product in the reduction of 
(oxidation to) NO3-. 

(4) The total nitrogen concentration contained in the inor- 
ganic ions ([Nx]t) and the pH show an evolution with 
irradiation time depending on the [PhOH]/[NOa-I 
ratio and the dissolved oxygen concentration. 

Irradiation experiments with argon- and air-saturated solu- 
tions with [PhOH]/[NO3-] ratios greater than 2.5 show, 
within experimental error, a constant [NT]t value until 
[NH4 ÷ ] reaches a maximum, thus indicating that NH4 ÷ is 
readily formed from NO3- depletion. At longer irradiation 
t imes,  [NT] t steadily decreases until complete depletion of 
NH4 +. Considering that NH4 ~ is only partially re-oxidized 
to NO~ and NO2-, the concomitant decrease in [N3.], indn- 
cares a simultaneous elimination of nitrogen by the formation 
of gaseous products. The pH evolution during the irradiation 
of these solutions shows a steady increase from initial values 
of pH 6 to pH 8 at long irradiation times. 

In corresponding experiments with oxygen-saturated solu. 
tions, IN,tit decreases, reaching a minimum value after 
approximately 10 min of irradiation, and then increases at 
longer irradiation times to almost its initial value. A minimum 
in the [N.r]t profiles clearly indicates the involvement of 
nitrogen-containing species other than NH4 +, NO~- and 
NO2- remaining in solution. The experimental observation 
that [NT] t recovers to its original value at long irradiation 
times indicates a quantitative oxidation of NH4 + to NO.~" 
and NOt-. The corresponding pH profiles are similar to those 
observed for [NT] t: the pH decreases considerably, reaching 
a minimum value at approximately 10 rain of irradiation, and 
steadily increases at longer irradiation times to almost its 
original value. These observations seem to indicate that the 
formation of the unidentified nitrogen-containing species is 
intimately related to pH. 

Experiments with argon-saturated solutions with 
[ PhOH ] / [ NO.~- ] ratios less than 0.3 show a steady decrease 
in INT]~ with irradiation time until complete depletion of 
NH4 ~0, NO.~ ~ and NO2-, thus indicating the formation of 
gaseous products starting at the initial stages of irradiation. 
The pH evolution during the irradiation of these solutions 
shows a continuous increase from initial values of pH 6 to 
pH 10 at long irradiation times. 

The observed behaviour clearly indicates a strong relation 
between the different oxidation states of the dissolved nitro- 
gen-containing species and the pH. An increase in pH seems 
to accompany the elimination of inorganic nitrogen as N2 
and/or N20. 

The effect of temperature on the reaction kinetics was 
studied only under conditions of argon saturation. Similar 
experiments with oxygen-containing solutions will be 
reported when appropriate equipment is available to permit 
a precise determination of the simultaneous variation of the 
dissolved oxygen concentration with ~emperature. Fig. 6 
shows the effect of temperature on the concentration profiles 
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Fig, ~, Conccntr~lion profiles vs, irradiation time of NO~ ' ( A ), NO; - ( O ), NFi~" ( Q ) and N T ( ~ ) during the vacuum-UV irradiation of aqueous solutions 
containing ?,~ • I0 ~ M of phenol at 60 ~C and diffe~nl experimental condilions: (a). (b) and (c~ correspond to vacuum-UV irradiation experiments of 
~ l q ~  solulions of phenol containing 2,7 × I 0  ~ M of NO~- under oxygen, air and argon saturation respectively; (d) corresponds to the vacuum-UV 
iff'~lialion of ~gon-~tur~ted ~l~OUS solutions of phenol conlaining 2,3 × 10 ~ M of NO~ ~, The pH evolution vs, irradiation time is also shown in (a) and 
(d), 

of NO~ =, NO., =, NH~' and DO(: during the vacuum-UV 
irr~iation of argon-saturated aqueous solutions at 25 °C. The 
results show that the temperature has a strong effect on the 
rate ofNH~" formation and depletion, as well as on the D e c  
depletion rate, NO3- and phenol depletion rates are not 
appreciably affected by temperature in the range ~ - - ~  °C. 

|Ntlt  decreases, reaching a minimum value after approxi- 
mately l0 rain of irradiation, and then increases to almost its 
initial value at irradiation times corresponding to a maximum 
of [ NH4 + ]. A minimum in the [ NT ]t profiles clearly suggests 
the involvement of nitrogen-containing species other than 
NO3- and NO2- present in solution before the formation of 
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Fig. 6. (a) Depletion of DOC vs. irradiation time for argon-saturated aqueous 
solutions containing 7.5 x I 0 - 4 M of phenol and 2.7 x I 0-4 M of NO j-  at 
60 °C (V)  and 25 °C (V) .  (b) Concentration profiles vs. irradiation time 
of NO.~- (A) ,  NO,-  (O) ,  NH4 + (123) and NT ( ~ ) during the vacuum- 
UV irradiation of argon-saturated aqueous solutions containing 7.5 × 10-4 
M of phenol and 2.7 x I 0 ' '* M of NO~ " at 25 °C. 

NH4 +. Considering that no nitrogen-containing intermedi- 
ates are observed during the reduction of NO3 - to NH4 + in 
corresponding experiments at 60 °C, we may conclude that 
these intermediates are involved in thermally controlled reac- 
tions leading finally to NH4 ~. Indeed, NH4 + formation rates 
are temperature dependent. 

3.3. Vacuum. UV irradiation of aqueous solutions 
containing nitrate and carbonate 

Our studies clearly indicate that organic substrates have an 
important impact on the reduction of NO3- to NH4 +. Con- 
sidering that the vacuum-UV irradiation of water produces 
H" atoms, hydrated electrons and HO" radicals simultane- 
ously, one possible effect of organic compounds is the effi- 
cient trapping of HO" radicals. Low HO" concentrations will 
favour the reduction pathway of NO3- to NH4 + and decrease 
the probability of oxidation reactions leading to tile formation 
of inorganic nitrogen with high oxidation states 18 ]. In order 
to quantify the importance of riO" trapping, aqueous solutions 
containing CO32- and NO3- at pH 9 were irradiated. Car- 

bonate ion was chosen as a specific HO" scavenger reacting 
with hydroxyl radicals with a high rate constant and forming 
COy- radical anions which exhibit less oxidative reactivity 
than HO" [ 5 ]. Moreover, depending on the pH of the aqueous 
system, CO32- is the final reaction product formed after min- 
eralization of the organic substrate, and is consequently pres- 
ent in all solutions of alkaline pH. 

Air- and argon-saturated aqueous solutions containing 
8.3 × 10-" M of carbonate and 2.5 x 10 -4 M of NO3- were 
vacuum-UV irradiated at 25 °C. NO2- is the only nitrogen- 
containing inorganic ion formed in the aqueous phase, and 
NH4 + was not detected even at concentrations less than 10- .s 
M. The fact that [N.r]t remains constant with irradiation time 
further indicates that NO2 - is the only reaction product. Figs. 
7 (a) and 7(b) show the concentration proliles vs. irradiation 
lime for NO,~ -, NO2 ~ and INrl,  during the irradiation of air- 
and argon-saturated aqueous solutions respectively, The 
observed restllts may be compared with corresponding in'a° 
dialion experiments with pure nitrate sohltions rather than 
with those containing organic compounds. Vacuum:UV irra.. 
diation experiments with argon-saturated aqueous solutions 
containing 3.0x 10 -4 M of NO3- at 25 °C show a 33% 

. . . . . . .  - .  . . . . . . . . . .  , .......................................... . . . . . . . . . . . . . . . . . . . . . . . . .  . . . .  
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Fig. 7. C()li¢ozllz'lilioi) profiles vs. irradiation lime of NOj - ( A ), NO2 - (C)) 
and Nr ( $ ) during tile vaCIIUlll-UV irradialh)n of aqtlcour~ fioluliOil~i c'Oll,~ 
laining 4,5 x 10 "~ ; M of Na2COj and 2,7 x I()"'i M of NO:~" Ill 2~ °C; {a) 
experilliClll,,i perfornied with airo;llnuraied ,~ollilion:,; (h) cxperiiili;iil~i pcto 
formed with argon-saturated solutions, 
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depletion of NO.~ - after 100 min of irradiation yielding NO2 - 
and N:O as reaction products [ 8 ]. In contrast, corresponding 
experiments in the presence of carbonate show only an 8% 
depletion for the same irradiation time and no formation of 
N:O within experimental error. It can therefore be concluded 
that the main effect of carbonate in the absence of dissolved 
oxygen is to reduce the efficiency of NO~- depletion and 
decrease the probability of the reaction pathway to N:,O for- 
mation. 

However. carbonate shows no appreciable effect on nitrate 
depletion and reaction products in experiments with air-sat- 
urated solutions, as in both the presence and absence of car- 
bonnie, less than 20% depletion of NO:~ ~ after I(~ rain of 
irradiation is observed, yielding mainly NO: .... as reaction 
product. 

4. I ) lset lss ion 

The vacuumoUV photolysis of water produces H', He" and 
hydrated electrons, according to reactions ( !.! ) and (!.2),  
with relatively high efficiency [51. These photochemicaly 
generated reactive species initiate a series of diffusion-con- 
trolled secondary reactions yielding mild oxidative and 
reductive intermediates competing with organic and inor- 
ganic substrates for H', He" and hydrated electrons, Twelve 
different species (He' ,  14", e, a- .  He: ' ,  O, "~ , H:, O,, H:O,, 
He., ° ,  H +, H e  ~ and H : O )  and a ,ninimum set of 28 rent- 

Table I 
Mo~t imporlant reactions during the vacuum-UV in'~Jialion of pure waler 

Reaction Rel~ conslant Number 

O~ + H ' ~ ' H O ~  ' I × 1 0 ~  M ~ ~ s '  ~ ( i . 3 )  
O~+em ° =*O~ "° 2e 10~M ~ s ''~ (1.4) 

Tabt~ 2 
I ~  I~tiOnS depleting phenol during the vacuum,UV irradiation of 
phenol ~p~ous solutions 

R¢~ction Ral¢ constant Number 

C~H~OH + HO C~,H~(OFI)~ 

C~H~OH + HO"~, C~H~( OH)" * + OH - 
C~t!,,OH + H" '~ C~H~(OH )" 
C~H~OH +e~ = ~C~HdOH)  "~ 

(2,1b) 
(2,1c) 

(2,f~7)×10'~M ~s ~ (22) 
1,6X 10 ~ M" i s~ (23) 

T~t~ 3 

R~actions r~atcling lhe ~plclion ral~ of phe~ol in ~he ',~hscncc of dissolved 
o x ~  

R ~  Number 

~H~(OH)~ + H'~ H~O + ~H~OH 
~H~IY + H'-~ ~H~OH 

(3a)  
(3b) 

tions must be taken into account in a reaction scheme describ- 
ing the vacuum-UV photolysis of pure water [81. Table 1 
contains the most important reactions efficiently reducing the 
availability of H', He" and hydrated electrons for reactions 
with organic and inorganic substrates. 

Therefore the ratio of [HO'I to [H'] reacting with the 
organic substrate or its degradation intermediates depends 
strongly on the experimental conditions, the concent, ation of 
dissolved oxygen being one of the important parameters. Less 
oxidative conditions may be obtained in experiments in which 
solutions are continuously purged with argon and an impor- 
tant contribution of the reactions involving H" atoms may be 
expected. In contrast, molecular oxygen reacts efficiently 
with H" and hydrated electrons (reactions (1.3) and (1.4) ), 
decreasing the ~,,vailable concentrations of H" and hydrated 
electrons, Consequently, a more oxidative medium is estab- 
lished in a reaction system saturated with oxygen. 

The vacuum-UV irradiation of argon- or oxygen°saturated 
aqueous solutions of phenol at concentrations lower than 
5 x 10 ~ ~ M yields CO~ and water as Ihe final products. As 
previously discussed 13,4,8,14], the photolysis of water is 
the main photochemical reaction in these systems, and reac- 
tions (2,1), (2,2) and (2,3) in Table 2 may be postulated as 
the primary reactions leading to the depletion of phenol [ ! 5 l. 

Reactions following the formation of C~,Hs (OH) ,', C~,HsO" 
and C~H~(OH) "~ are not well understood; they have been 
proposed to react further with O,, 140" and/or H e  H e ,  "-~ or 
undergo disproportionation yielding dihydroxybenzenes and 
phenol 1161. Otherwise they may undergo fragmentation 
leading Io open-chain products I 17 I. 

Our experimental results in oxygen- and air-saturated solu- 
tions agree with those reported in the literature for the deg- 
radation of phenol using T ie ,  and H,O, as the source of He" 
radicals [ 12,161. 1,2-Dihydroxybenzene, i ,4-dihydroxyhen- 
zene and 1,2,3-trihydroxybenzenc arc the main products of 
oxidation. The observation that the concentration of 1,3-dih- 
ydroxy~nzene is less than 10% of the concentrations of all 
other dihydroxybenzenes is consistent with the fact that 
hydroxyl radical addition in the recta position does not lead 
to a resonance-stabilized intermediate implying the corre- 
sponding phenoxy radical. Further oxidation of the dihydrox- 
ybenzenes and trihydroxybenzene results, finally, in the 
opening of the aromatic ring to yield aliphatic acids and 
aldehydes. 

As indicated in Table 2, the reaction between phenol and 
H" atoms ( reaction ( 2.2 ) ) is rather efficient and should make 
an important contribution to the overall depletion rate of 
phenol in the absence of dissolved oxygen. In experiments 
with high concentrations of dissolved oxygen, reactions 
(2,1a)-(2.1c) mainly lead to the depletion of phenol and, 
consequently, higher depletion rates should be expected in 
irradiated argon-saturated solutions. The experimental obser- 
vation that the rate of disappearance of phenol increases with 
increasing concentration of dissolved oxygen does not sup- 
port this simple hypothesis. Reactions other than those shown 
in Table 2, retarding the depletion rate of phenol in the 
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absence of dissolved oxygen, should also be taken into 
account (see Table 3). 

Our experimental observations show that the complete 
mineralization of phenol, although requiring longer irradia- 
tion times, is also achieved in irradiated argon-saturated solu- 
tions. Under these conditions, open-chain products rather 
than hydroxybenzenes are observed as reaction intermedi- 
ates. We may conclude from these experiments that the 
presence of oxygen is decisive for the formation of dihydrox- 
ybenzenes. However, dihydroxybenzenes are reported to be 
formed from C~Hs (OH),.." and C6H.,iO" radicals generated by 
reactions (2.1a)-(2.1c) even in the absence of molecular 
oxygen [ 16]. Reactions (3a) and (3b) implicate the efficient 
depletion of C¢,Hs(OH)2" and C~,H.~O" in argon-saturated 
solutions, thus preventing the formation of dihydroxybenze- 
nes. Subsequent reactions leading to phenol mineralization 
may then involve intermediates generated by reactions (2.2) 
and (2.3) from which dihydroxybenzenes are nol produced 
by reactions with H" aloms or HO' radicals. 

However, molecular oxygen is most efficient in decreasing 
[H']. Under oxygen-saturated conditions, H" atonls cannot 
compete with O.., HO" and/or HO.,'/O2"- radicals ibr 
C~H.~ (OH).," and C6HsO" and high yields of dihydroxyben- 
zenes are obtained under these conditions. In addition, the 
possibility that C6Hs(OH)2" and C,HsO" radicals may react 
preferentially with open-chain products in the absence o," 
molecular oxygen or HO2"/O2"- radicals [ 18 ] should not be 
disregarded. 

The vacuum-UV irradiation of aqueous solutions of phenol 
in the presence of N O  3 - results in the simultaneous removal 
of NO3- and the complete degradation of the organic matter 
to CO2 and H20. In both the presence and absence of molec- 
ular oxygen, nitrate reduction intermediates clearly promote 
the oxidation of the organic substrate and its intermediates 
and/or act as a source of oxygen atoms I'or tile complete 
oxidation to CO2, being reduced themselves to NH4 ' .  

In order to understand the cooperative effect of nitrate and 
organic matter during the vacuum-UV irradiation of aqueous 
solutions, an understanding of the reactions involved during 
the irradiation of aqueous solutions of phenol and nitrate is 
necessary. Having already discussed the reaction mecha- 
nisms involved during the vacuum-UV irradiation of aqueous 
phenol solutions, a brief introduction to the reactions 
involved during the irradiation of aqueous nitrate solutions is 
given. 

In Table 4, some of the most important reactions leading 
from NO~- depletion to NO2- and N20 formation during 
the vacuum-UV irradiation of aqueous solutions of nitrate 
are shown [ 8]. 

N O 3 -  reacts with hydrated electrons at diffusion-con- 
trolled rates and with H" atoms with much lower efficiency. 
However, NO.~- is not an efficient HO" scavenger (reaction 
(4.3)) and reactions (4.1) and (4.2) are the main primary 
reactions leading to nitrate depletion. Aqueous solutions of 
NO3H'- and (NO3") 2-, formed by the one-electron reduc- 
tion of NO3- (reactions (4.1) and (4.2)), decompose to 

Table 4 

Most important reactions leading from NO~- depletion to NO.~- and N~O 

formation during continuous vacuum-UV irradiation of  aqueous solutions 
of  nitrate 

Reaction Reaction rate Number 

NO.a - + H" ~ NOaH' -  

NO~- +e , , i -  ~ (NOa' )"-  
NOa - + HO ° ~ NO a" + H O -  

NOAH'- / (NO~') ~" - + H.~O ~ NO~" + 2 H O -  
2NO.~" ~ N:O4 "* NO:~ - + NO.~- 

NO2- + H ' ~ N O 2 H ' - ~  (NO.~') -~- + H  ÷ 

NO.,- +e~q- ~ (NO2")-"- 
(NO; ' )  2- -~ NO" + 2HO-  

NO" + H" ~ NOH ~ NO-  + H '  

NO' + e., I- -=+ NO" 
2NOH -~ N~O + H.~O 
NO:' + HO' - ,  ONOOH ~ ONOO ° + I°1' 
O~ + ( N O ( )  ~- -i, 0.~"= + NO:t - 
NO' + 0~' ° ~+ ONOO- 
NO~' ot o HO~' ~:~ O~NOOIol 

2.4X 107M - t  s - t  

! X 10 I ° M - I  s - I  

< l X l 0 S M - ' s  -~ 

(4.1) 
(4.2) 
(4.3) 
(4.4) 
(4.5) 
(4.6) 
(4.7) 
(4.8) 
(4,9) 
(4,10) 
(4,11) 
(4,12) 
(4,13) 
(4,14) 
(4,15) 

NO2" radicals and hydroxide anion according to reaction 
(4.4). Consequently, an increase ill pH with irradiation time 
is observed. In the absence of other substrates, NO2" dimerizes 
tO N 2 0  4 which subsequently disproportionates to N O 3 -  and 
NO2- in the millisecond time range (reaction (4.5)). 

Since the experiments were performed under conditions of 
continuous irradiation, the NO2- formed during NO.~- deple- 
tion further reacts with HO" radicals, Ft" atoms and hydrated 
electrons. Reaction of NO2- with H" atoms and hydrated 
electrons yields NO2H'- and (NO2") ~'- respectively (reac- 
tions (4.6) and (4.7)), which decompose into hydroxide 
anion and NO" (reaction (4.8)). 

Although we were unable to confirm experimentally tile 
formation of NO', tile radical was postulated as a key inter- 
mediate in the sequence of reactions producing N20. NO" 
may efficiently react with H" and e,,q-, yielding NOH and 
NO- respectively (reactions (4.9) and (4.10)). NOH 
decomposes ~.o yield N20 by a complex bimoleeular reaction 
(reaction (4. I 1 ) ). 

The average lifetime of NO,," in aqueous solutions before 
disproportionation to NO3- and NO:- is of the order of 
milliseconds (reaction (4.5)). In the presence of high local 
concentrations of HO', reaction (4.12) produces peroxynio 
trous acid. 

Oxygen scavenges H" atoms and hydrated electrons effi- 
ciently to yield HO2" and 02"- respectively (reactions (1.3) 
and (1.4) ). 02"- and HO:" are mild oxidants that can oxidize 
NO" and NO2" to peroxynitrous and peroxynitric acid respec- 
tively (reactions (4.14) and (4.15)). 

We assume that reactions (4.1) and (4.2) also initiate the 
depletion of NO3- during the irradiation of aqueous solutions 
containing both nitrate and organic matter. Moreover, the 
reactions shown in Table 4 can be taken as a base set of 
reactions and specific reactions involving the participation of 
organic matter and leading to NH,~ + tbrmation should be 
added. Irradiation experiments with [ PhOH ] / I NO3 - 1 ratios 
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Table 5 
Primary reactions involving CO+:- during the vacuum-UV irradiation of 
aqueous solutions containing CO3 ~ - and NO3 - at pH = 9 

Table 6 

Possible reactions between NO: ' ,  e N O C H  and phenol ic  substrates 
( PheOH ) 

Reaction Rate constant Number Reaction Number 

CO~:- + HO'"+ CO+'- 4 x I 0" M - I s - i ( 5. ! ) 
NO2"+ C O l -  ~,"JO~- +CO2 1.0X 10 9 M - I  s-  I (5.2) 
O2 + CO~'- "*O+. + CO3 2- 6.5 X 10" M-  1 s -  ' (5.3) 

of less than 0.3, showing the partial reduction of NO3- to 
NH4 + and the formation of nitrogen-containing gaseous 
products, clearly indicate the importance of the reactions in 
Table 4 when organic matter is a limiting factor. 

NO~ = may be reduced electrochemically to NH, +, 
NH2OH and N:O, the relative yield of the reduction products 
depending on the availability of proton donors in the solution 
[ 19]. On the basis of these results, we may only achieve the 
reduction of NO~ = to N:O by irradiation ex~riments in the 
presence of organic substrates. The D e c  may effectively 
deplete the available concenwation of He" radicals, such that 
mostly H' atoms and hydrated electrons are available for the 
reduction of the intermediates formed after NO3 ~ depletion. 
Experiments with COs :° as the He" scavenger do not even 
yield traces of Nl-h +. This means that it is the interaction 
between organic matter and nitrogen-containing inorganic 
intermediates which is essential for the final evolution of 
Nl-h +, rather than efficient He'  scavenging. 

The effect of CO3: ~ in the vacuum.UV irradiation of aque- 
ous solutions containing NO~ is explained in Table 5. 
CO~ "+~ reacts with He" radicals (reaction (5.1)) to yield 
COl- ,  which efficiently reacts with NO~" (reaction (5.2)) 
yielding NO~ = [20]. The participation of reaction (5.2) is 
impo,ant for the inhibiting effect of CO~: + on the depletion 
rate of NO~ =, as observed in experiments with argon-satu. 
rat~ solutions. However, hilgh concentrations of dissolved 
mol~ular oxygen may effectively compete with NO:" for 
CO~ '° yielding CO~ ~= (reaction (5.3)) and, consequently, 
under conditions of oxygen saturation, CO~ ~ = shows no 
appreciable e ~ t  on nitrate depletion. 

According to Table 4, NO2', NO" and eNOCH or ONCe-  
are formed after NO3 = depletion, These nitrogen- containing 
species are strong one-electron oxidants in aqueous systems 
[9-11 ] and may be responsible for the higher rates of min- 
eralization of the organic matter in the presence of NO3 +. 
However, as previously discussed, the interaction between 
these intermediates and organic matter should yield NH~ + or 
an inorganic nitrogen species e~pable of being effectively 
reduced to Nl~ *, 

NO~" acts as a one+electron oxidant in aqueous systems, 
acrd the oxidation of phenolic compounds (reaction ( 6. I ), 
see Table 6) has been reported to compete favourably with 
disptopoRionation to NO~ - and NO~ - ( reaction (4.5) ) even 
at low concentrations of organic substrates [9a]. Hydrogen 
abswac~on has been proposed as the primary reaction, yield- 
ing phenoxyi radicals and nitrite. However, these reactions 
are slower than the diffusion-controlled limit and strongly 

NO:" + PheOH .-, HNO, + PheO" 
NO2" + PheO" -+ Phe(OH)NO: 
NO," + PheO" -+ Phe(OH)ONO 
Phe(OH)ONO + H:O--+ Phe(OH) ,  + HNO: 
trans-ONOOH + PheOH -*  Ph¢O" + NO:" 

(6.1) 
(6.2) 
(6.3) 
(6A) 
(6.5) 

pH dependent [19]. Reactions (6.2) and (6.3) between 
phenoxyl radicals and NO:" have also been postulated in the 
chemistry of nitration reactions. The experimental observa- 
tion that no hydroxynitrobenzenes are formed in detectable 
yields, as would be expected from reaction (6.2), indicates 
that nitration reactions are not important in the overall reac- 
tion mechanism. It appears that phenoxyl radicals react with 
NO:" radicals producing phenolic nitrites (reaction (6.3)), 
which may undergo rapid hydrolysis yielding the correspond- 
ing dihydroxybenzenes and nitrite (reaction (6.4)) 
[9,1 lb,21]. 

Peroxynitrite is a strong oxidant capable of reacting by a 
variety of oxidative mechanisms. Protonation ofperoxynitrite 
yields HO.+NO (P£a-6.8).  The trans configuration of per- 
oxynitrous acid is thought to react with organic matter via an 
energetic intermediate complex with hydroxyl-hke oxidant 
properties (reaction (6.5)) [ I la]. Peroxynitrite nitration of 
phenolic compounds seems to take place mainly during the 
mediation of metal catalysts [ 22 ]. 

The relatively long lifetimes of NOz" and eNOCH 
(approximately 3× l0 +-~ s and I s respectively under our 
experimental conditions) allow diffusion into the dark vol- 
ume of the reactor. Consequently, even when reactions (6.1) 
and (6.5) are not diffusion controlled, their contribution to 
the total rate of depletion of phenol may still be important, as 
shown by our experiments where higher depletion rates of 
phenol are observed during the irradiation of aqueous solu- 
tions containing nitrate. 

However, the one-electron oxidation of phenolic substrates 
by NO.," and eNOCH has been reported to yield the ~orre- 
spending dihydroxylated products. We find complete agree- 
ment as our experimental results show important yields of 
dihydroxybcnzenes and trihydroxybenzene in irradiated 
argon- saturated solutions containing nitrate, while none of 
these products is observed in the absence of nitrate [ 9a,9b]. 

Reactions of NO" with organic radicals have been exten- 
sively investigated in the gas phase and liquid media in,olv- 
ing organic solvents [10a]. Under these conditions, NO" 
efficiently reacts with organic radicals to yield unstable 
nitrous compounds which can then rearrange to oximes [ 23 ] 
(reaction (7.1), see Table 7). However, reactions with 
alkoxy radicals have been reported to yield organic nitrites 
or to induce oxidation of the organic substrates (reactions 
( 7.3 ) and (7.4) respectively ) [ 24 ]. We may expect that such 
reactions also take place in the aqueous phase, but the nature 



M.C. Gonzalez, A.M. Brtmn / Journal of Photochemistry and Photobiology A: Chemisoy 93 (1996) 7-19 17 

Table 7 
Possible reactions between NO" and organic radicals (R" indicates a hypo- 
thetical organic radical and Re" alkoxy radicals) 

Reaction Number 

N¢.;" + R'~ RNO (7.1) 
RNO~ R'CH=NOH (7.2) 
NO" + Re" ~ RONO (7.3) 
NO" + Re" ~ R'O + HNO ( 7.4 ) 

and distribution of the final products may be different because 
of the solvating properties, thermalization of radicals and the 
dielectric constant of water. 

The experimental observation that the rates of nitrate 
depletion are two or three orders of magnitude faster in the 
presence of organic substrates stresses the importance of the 
reactions of NO4 and NO* with organic radicals, which com- 
pete with reaction pathways retarding NOn + depletion, such 
as reaction (4.5) [81. l'he depletion of nitrate should be 
mainly controlled by its rate of reaction with H" atoms and 
hydrated electrons (reaclions (4.1) and (4.2)) which, in 
turn, depends on their yield of production and is, conse- 
quently, independent of temperature. The experimental 
observation that the depletion rates of NO 3 - are temperature 
independent in the range 25-70 °C and of the same order of 
magnitude as the phenol depletion rates further supports our 
mechanistic interpretations. 

However, the participation of thermally controlled reac- 
tions, such as reaction (7.2), in the reduction pathways to 
NH4 + implicate a temperature dependence of the rate of 
NH4 ÷ production, as shown by our experimental results. 

Molecular oxygen has a strong effect on the efficiency and 
depletion rates of NO3-. Several reasons may lead simulta- 
neously to lower NO3 - depletion in the presence of dissolved 
oxygen: (a) molecular oxygen competes efficiently for H" 
radicals and hydrated electrons (reactions (1.3) and (1.4) ) 
with reactions (4.1) and (4.2); (b) the one-electron reduc- 
tion product of nitrate (NO3"):- is efficiently scaven~,ed by 
02 yielding NOs- (reaction (4.13); (c) O~, "°° and He2", 
produced in high concentrations in oxygen-saturated solu- 
tions (reactions ( !.3 ) and (1.4) ), compete with organic sub- 
strafes for NO" and NO2", yielding peroxynitrite and 
peroxynitrate (reactions (4.14) and (4.15)) which decom- 
pose to NO3- and NO2 ~ respectively. 

Mineralization of D e c  requires at least stoichiometric 
amounts of molecular oxygen. Since primary reactions initi- 
ating oxidative degradation take place at very short distances 
(less than 100/xm) from the surface of the lamp, the con- 
centn~tion of molecular oxygen may be considerably depleted 
in the effective optical path length, if diffusion of oxygen is 
slower than its consumption even under continuous oxygen- 
ation of the solutions. Local depletion of dissolved molecular 
oxygen has been quantified [ 25 ], and may explain the polym- 
erization of the organic intermediates at the lamp surface as 
well as the similar depletion rates of NOn- in argon- and air- 
saturated solutions of phenol and nitrate. 

Although the reactions postulated in Table 6 explain the 
increased depletion rates of D e c  and phenol in nitrate-con- 
taining solutions, the last release of ammonium is still not 
explained. However, we conclude that reactions (7.1)-(7.4)  
between organic substrates and NO" may induce further 
reduction of NO" to NH4 +. 

The reduction of NO 3 - to NH4 + is an eight-electron proc- 
ess involving a step by step reduction: two electrons for the 
reduction to NO2-, one electron for the reduction of NO2- 
to NO', three electrons for the reduction NO" to NH2OH 
and two electrons for the reduction of NH2OH to NH4OH 
[19]. The reduction of NOs- during the vacuum-UV irra- 
diation of aqueous nitrate solutions at low concentrations 
(less than 10+ s M) takes place mainly by reaction with H" 
atoms and hydrated electrons; consequently, a stepwise 
reduction can only be achieved under experimental condi- 
tions of oxygen exclusion. The one-electron reduction of NO" 
yields NO + or NOH, and the further reduction of NO + or 
NOH by reaction with H* atoms or hydrated electrons does 
not seem to be favoured when compared with dimerizalion 
(reaction (4.1 ! ) ) yielding NaO. Unfortunately, no data on 
the kinetic parameters of the reactions between H" atoms or 
hydrated electrons and NO-  or NOH exist in the literature. 
We assume that chemical interaction between NO" and the 
organic substrate sustains a multiple electron reduction of 
NO" to hydroxylamine or ammonium without the evolution 
of N20. Our observations are in agreement with electrochem- 
ical studies [ 19 ] indicating the involvement of high concen- 
trations of proton donors in the three-electron reduction of 
NO" to NHzOH, which can then be reduced to NH4 +. In the 
absence of proton donors, a one-electron reduction of NO" to 
NO- ,  leading to N20 as the final product of reduction, is 
observed. 

The concentration profiles of NH4 -~ vs. irradiation time 
show the same characteristics for the vacuum°UV irradiation 
experiments with argon- and air-saturated solutions contain- 
ing NO.~ ~ and organic substrates. NH4 + formation reaches a 
maximum concentration, and under continued irradiation is 
re-oxidized to NO.a-. Complete oxidation of NH4 + to NO3 + 
and NO2- is observed only for irradiation experiments with 
oxygen-saturated solutions. Corresponding experiments with 
air- or argon-saturated solutions show 30% and 10%-!5% 
re-oxidation respectively, as competing reactions yielding 
gaseous nitrogen-containing products occur. N2 is most prob- 
ably formed, since no nitrogen oxides were detected in the 
gas phase. 

NH4 + does not react with He' ;  however, NH.+ related to 
NH4 + by equilibrium (8.1) may be efficiently oxidized by 
He" radicals to NH:" (reaction (8.2), see Table 8). In addi- 
tion, NH3 may be formed with much lower etliciency by the 
reaction of NH4 + with hydrated electrons (reaction (8,3)) 
[ 15 ]. The need for an alkaline medium to provide a minimum 
concentration of NH.+ for this oxidation is indicated by our 
experimental results which show that NH4 + is oxidized only 
at long irradiation times where pH > 8. NH2" radicals may be 
further oxidized to hydroxylamine by He" radicals (reaction 
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Table 8 
Reactions oxidizing Nl-b" during the vacuum-UV irradiation of aqueous 
solutions 

Reaction Reaction rate Number 

H20 + NH~(aq) ~ NH~" + HO- 
HO" + NHs "* H~O + NH~" 
NH~" +e.q- ~ H'+ NH~ 
HO" + NH~'-* NHzOH 
NH~" + C O ; -  --4, CO, + NH20-  
NH~O- + H + ~ NH~OH 
NH=OH + e~" * NH=" + HO- 
NH~OH + HO'--* NHOH" + H:O 
NHOH" + NHOH' -~ N~ + 21420 
NH: + O~ ~ NH~O~' 

pA't, ffi 4.75 ( 8. I ) 
I x I0 a M- l s- l (8.2) 

2XI0~M-I s -I (8.3) 
9.5 X I09 M- * s- * (8.4) 
1.5X 109M-t s -I (8.5) 
pg,, ffi 6.0 ( 8.6a ) 
9.2 X I0 a M " * s - ~ (8.6b) 
9.5 X I0 ~ M- ~ s - * (8.7) 

(8.8) 
3X I0 ~ M °* s °* (8.9) 

(8,4)) or by carbonate radicals (reaction (8.5) ) [ 20]. Reac- 
lion (8,5) may open an efficient r~ction pathway in our 
experimental system, since CO~ :°,  formed during the min- 
eralization of organic substrates, is present in high concen- 
trations at irradiation times at which NH4' is efficiently 
depleted from the reaction system. 

Hydroxylamine further reacts with hydrated electrons and 
HO' radicals yielding NHOH' radicals (reactions (8.6) and 
(8.7)). Pulse radiolysis experiments and photolysis of 
hydroxylamine in aqueous solutions have shown efficient 
recombination of NHOH" radicals yielding N 2 [ 26 ] (reaction 
(8.8)). Moreover. anÜdie oxidation studies on hydroxyla- 
mine suggest that the oxidation of NHOH" radicals produces 
NO2 ° [27]. In the presence of high concentrations of dis- 
solved oxygen, the reaction t~f NH2" radicals with molecular 
oxygen (reaction (8.9)) may be an efficient reaction path 
leading to nitrogen compounds of higher oxidation states. 

Although we were unable to detect hydroxylamine in the 
irradiated samples, our previous discussion strongly indicates 
that hydroxylamine is a possible intermediate in the oxidation 
of (or reduction to) NH4*. Since reactions (8.6) and (8.7) 
involving hydroxylamine are very efficient, its steady state 
concentration may be no higher than 10 °s M and, conse- 
q~ndy, not appropriate for detection by standard colorimeb 
tic methods, 

The reduction of NO3 ° to NH~ + and the oxidation of 
NH4 * to NO3 ° seem to involve a series of common inter- 
mediates interrelated by many redox reactions and reaction 
equilibria in which the pH, availability of electrons and the 
Wesence of proton or hydrogen donors and molecular oxygen 
determine their rate and probability, Further studies are cur- 
rendy underway to understand in more detail the role of NO" 
and hydroxylamine in the reaction schemes involved, 
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