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The spectral changes as well as the reaction kinetics of the transient speciésbifytjdyl (4,4-bpy) have
been experimentally investigated by pulse radiolysis techniques up t6@0UThe results show that the
transient species such as OH adduct-BpyOH, monoprotonated electron adduct'4ypyH, and doubly
protonated electron adduct 4fpyH,* * have 15-20 nm blue shifts from room temperature to 4@. For

a deaerated neutral solution of 4bpy in the presence aért-butyl alcohol, ethanol, or NaCOOH, the doubly
protonated electron adduct is the main transient species at room temperature. But at temper2bdres,

a monoprotonated form, the N-hydro radical 'dpyH, becomes predominant. Interestingly, at room
temperature, C@ * could not efficiently react with 4;4bpy, but the reaction was accelerated with increasing
temperature; at 35¢C, this reaction completed within2s. Using an alkaline solution (pH 11.5) of 4,4-
bpy in the presence dért-butyl alcohol, we studied the N-hydro radical 4bpyH from room temperature
to 400°C at 25 MPa. An estimation of the temperature-depenGéeyt;”) at 25 MPa agrees with our previous
result with methyl viologen as a scavenger.

1. Introduction bpy and methyl viologen are analogues and their reactivities
. . . . L are very simila®® The absorption coefficients of the transient
_Supercritical water is a peculiar medium, which is Very gnqcies are fairly high. This is important for the studies in low-
different from water in the conventional phasegas, liquid, ~  yengjty supercritical water, where the apparent absorbance
and solid phase. As an environmentally friendly “green” solvent, ishout correction for density) is much lower than that at room
it has many applications such as the destruction of hazardoustemperature_ Third, in neutral medium, 4bpy is electrically

waste, the synthesis of new materials, ‘ettRecently it has o tra1. This is also a favorable factor because the solubility of
been proposed also to use supercritical water as a coolant for,

nuclear power plants, so-called supercritical water cooled reactorsalts decreases dramatically in supercritical wéfer.
el e e As electron acceptors and electron carriers'-dpy as well
(SCWR)? Study of the water radiolysis and radiation-induced P by

reactions is thus inevitable. For the modeling of water radiolvsi as its derivatives have been intensively studied by pulse
reactions Is thus inevitable. For the modeling ot water radiolysis g ysis techniquéd1:12 and by time-resolved resonance
in nuclear reactors, the basic data on the rate constants of a s

. e S&Raman spectroscopy. The reactivity of 4,4bpy toward
of reactions as well as the radiolytic yields of water decomposi- hydrated electron, H atom, and OH radical, as well as the pH-
tion products are necessary. In our recent WQI’k, methyl wol_oger_1 dependent spectr:al proper,ties, have been r’epéPtbkmwever,
hgs been used as a scavenger for the esﬁma"on of raid'()lyt'cto our knowledge, there is no report of the temperature effects
yields of water decomposition products(e,q ) and{G(eaq")

+ G(OH) + G(H)}, from room temperature to 400C.° on the py!se radiolysi; of 4’;4)p>/ agueous solution.

However, it has been shown that methyl viologen has a problem Vi;{éagg't'&%’oé&i'bgg 'S;};: T:tl? %OCIKS'; p(r)cl)q(éuc(:)tfom etr?gst
with thermal stability at elevated temperatures, although it is dan %rous and controvgrsiacl]herbicides in the wiidowadavs
still usable for pulse radiolysis studies of supercritical water 9 Y

under conditions of relatively high flow rate. Its decomposition th;agll?sta L;\anigi St?sﬁefuéaﬂgéh%gg?fﬁ:ﬂ?gat?gmugf of
product in supercritical water has been identified to bé-4,4 paraq 9y )

bpy paraguat-contaminated waters, photodegradation methods and
, . adsorption by activated carbon have been repdftétBut for
Therefare, in the present work, we 'choosé*hpy to study. complete destruction of paraquat, supercritical water oxidation
As a scavenger of water dec_omposmon products,-_IQpey has could be one of the most effective and more “green” approaches
the following advantages. First, the thermal stability of'4,4

. L . since it has been proved to be very powerful for the destruction
bpy is expected to be better because it is the pyrolysis productof organic compounds. This study could provide useful
of methyl viologen. In fact, we have been searching a suitable

: i information for the supercritical water oxidation (SCWO) of
scavenging system for temperatu_PedOO C(Z)bscause the c’ore paraquat, for example, the oxidation reaction with OH radical,
average temperature of SCWR will be500°C." Second, 4,4 etc. In this work, we mainly focused on the spectral changes
and reaction kinetics of the transient species in various scaveng-
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2. Experimental Section 0.8 T T T

4,4 -Bipyridyl [C10HsN2], sodium formate, ethanol, arert-
butyl alcohol were purchased from Wako Pure Chemical
Industries, Ltd., and used as received. Fresh solutions were
prepared with Millipore-filtered water (resistivity 18.2 MQ-
cm). pH was adjusted by addition of HGJ@r NaOH. The
solutions were immediately purged with argon ax\after the
measurement of pH. In the case of alcohol as a scavenger, to
compensate for the loss of alcohol after extensive gas purging, 74
an appropriate amount of alcohol was added to the bulk solution 025, 1.5% 1
every 2-3 h. 1.75

The pulse radiolysis experiments were carried out at the ) .
Nuclear Engineering Research Laboratory, University of Tokyo. %oo 400 800 600 700
The energy and pulse duration of the electron beam were 28
MeV and 2, 10, or 50 ns, respectively. The high-temperature/ A (nm)
pressure flow cell was made of Hastelloy HC22 with sapphire Figure 1. Pulse radiolysis of 0.5 mM 44py solutions in the presence
windows. Details of the apparatus were described elsewhéte. of 0.2 M tert-butyl alcohol at different pH values with a dose of 75
Here we point out only some important parameters. The highestGy. For pH 7.4 and 11.5 the absorbencies were recorded at 500 ns,
temperature and pressure for the flow cell guaranteed by theWwhile for pH 1.75 they were recorded a4 after the electron pulse.
factory (Taiatsu Techno) are 40C and 40 MPa, respectively.
The optical path length is 15 mm. The flow system is compose
of a pump, a preheater, a heater, a back-pressure regulator, ang
a power supply with a temperature control unit. Four thermo- ~*7 . .
col?JpIes arepgsyed to monit(?r temperatures at the preheater an cidic SO'“_“O“ (pPH 1.75), there are at least three a_bsorptlon
the heater; one of these thermocouples is placed inside the ar'1ds, wh+|c.h are at 375, 450 and 580 nm. The radical forms
solution for monitoring the temperature of irradiated samples. 44-PPyFe"* and 4,4-bpyHs™* (including H adduct on ng

For the measurement of the rate constants of the reactionCarbons and on N-atom), as well as the dimer of-BpyH,™ ",

between 4,4bpy and hydrated electron, an experimental setup have_ been attnb_uted to th_ese absorption bérisr neutr_al
with two HPLC pumps was employed so that the initial solution, two main absorption bands are presented, which are

concentration of 4!4bpy could be adjusted by changing the at 375 and 580 nm. They characterize the Nditydro radical

1 +9,13 i
flow rate of the pumps. This allows us to measure the rate C2tion 4.4-bpyH according to
constant at a given temperature under the same beam conditions.

0.6 | -

04 | E

Absorbance

d of transient species as well as the reactivity are strongly
ependent on pH. Figure 1 shows the transient spectra of 4,4
py agqueous solutions at various pH at room temperature. For

The dosimetry was done with the 10 mM KSCN dosimeter Hzoﬁ’ €4 » H, OH, H,, H,0,, HO, (1)
saturated with BO. A value of Ge[(SCN)* ] = 5.2 x 1074
m?/J at 475 nm was useéd.The dose was normally adjusted 4,4-bpy+ e, + H,0— 4,4-bpyH + OH"

between 10 and 90 Gy/pulse. The density of water is temper-
ature-dependent and it was assumed that the absorbed energy

is proportional to the density. We could not measure the dose k=22x10°M s (pH 8.3) 2)
pulse by pulse because of the use of full-metal high-temperature
cell, but the dose fluctuation is less than 5% during a daylong 4,4-bpyH + H" = 4,4-bpyH," " (3a)
experiment.

or

3. Results and Discussion

3.1. Thermal Stability and Pulse Radiolysis of 4,4Bpy 4,4-bpyH+--HOH=14,4-bpyH,"* + OH™  (3b)
at Room Temperature. Before pulse radiolysis experiments,
we tested the thermal stability of an aqueous solution of 25 because in aqueous solution the unquaternizeebpytN atom
uM 4.4-bpy. The solution flowed through the high-temperature/ is H-bonded.
pressure cell with a flow rate of 3 mL/min (corresponds to 12 It is noted that, for reaction 2, the reaction gfewith 4,4-
s residence time at room temperature) at different temperaturesbpy should result first in the formation of the radical anion'4,4
Samples were collected at the exit of the pressure regulator andopy™ *, which has an absorption spectrum similar to that of4,4
then measured at ambient temperature on a-\Mi¥ spectrom- bpyH,™* (Amax = 385, 570 nm}:3:23-25 However, the spectrum
eter within the wavelength range 26800 nm. At room at pH 7.4 in Figure 1 is apparently not of the radical aniori-4,4
temperature, an absorption peak is located at 239 nm; with bpy * because it is strongly pH-dependent, as we can see below.
increasing temperatures up to 430, the peak position and  The radical anion undergoes rapid protonation on nitrogen to
the spectral shape, as well as the absorbance at 239 nm, havéerm N-hydro radical 4,4bpyH and then 4,4bpyH, " *.13:26
not shown notable change. These facts suggest that there is no In alkaline solution, there are also two absorption bands: 360
pyrolysis of 4,4-bpy within the temperature range tested. and 530 nm. The transient species was assigned to N-hydro
Therefore we may do pulse radiolysis experiments without the radical 4,4-bpyH-.13

problem of decomposition of 44py, at least up to 456C. In the present work, we focused mainly on the neutral
However, in the present work, the temperature is limited at 400 solutions in the presence of various scavengers and an alkaline
°C. solution in the presence tért-butyl alcohols. We did not deal

It is important to point out that there are various forms of with acidic solutions at elevated temperatures because the
4,4-bpy according to the aciebase properties: bpy# (pKa problem of the interaction of acid with the Hastelloy cell will
= —0.2) and bpyH (pK, = 4.25)2122The absorption spectra  arise.
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values measured at room temperature of 0.5 mV .2 Mtert- -1
butyl alcohol aqueous solution. Pressure was 25 MPa. Inséfapa 1000/T (K )

function of temperature. Figure 4. Arrhenius plot of the reaction between 4bpy and OH

0.4 radical obtained by pulse radiolysis of 4ppy in N;O-saturated
aqueous solutions.

converted tocOH radicals:
0.3

€ +N,O—N,+"OH+ OH

0.2 ks=9.1x 10°M 's* (ref 27) (5)
This leads to the formation of additiort@H radicals and creates
nearly a one-radical system consisting"OH in the aqueous
solution. The*OH radicals react with 4;4py to form OH
adducts [4,4bpyOHF.
0 . . . . Unlike H-adducts and electron adducts of'4py (Figure
1), at room temperature, the absorption spectrum of OH adducts
300 320 340 360 380 400 shows only one absorption band with,ax = 365 nm, in
}\‘ (nm) agreement with the literature ddtaludging from the rather
intense absorption and from the similarity with the OH adducts
to nitrobenzen@? this absorption band is assignedsto—~ 7*
transition absorption bantOH radicals are expected to add to
the two possible positions (ortho and meso) of the pyridyl fing,
It was found that there existed an equilibrium between doubly but the absorption bands of the two OH adducts are undistin-

0.1

Absorbance

Figure 3. Temperature-dependent transient absorption spectra of OH
adducts to 4,4bpy obtained by pulse radiolysis of 0.5 mM 4kpy in
N.O-saturated solutions.

protonated and monoprotonated electron adducts: guishable.
As shown in Figure 3/max shifts to shorter wavelength (a
4,4-bpyH,"™ = 4,4-bpyH + H" (4) blue shift) with increasing temperature: at 400 Anax= 350

nm. This blue solvatochromic shift of the— 7* absorbance

The K, of this reaction was estimated to be 10.5 by Sianicl of [4,4'-bpyOHT indicates that the excited state is more polar
Ebert8 To elucidate the temperature effect on this equilibrium, than the ground state. Decrease of solution density and reduced
we prepared a series of aqueous solutions of 0.5 mibhv hydrogen bonding as well as reduced solvent (water) polarity
in the presence of 0.2 Nert-butyl alcohol at different pH and ~ with increasing temperature result in less stabilization of the
measured the absorbance at 580 nm by pulse radiolysis at 25¢xcited state and a shift dfnax to higher energie$’ Similar
50, 100, 150, and 20TC. From Figure 2, which plots the change behavior has been reported for benzopheffoaed nitroben-
of absorbance at 580 nm at various temperatures versus thezené® in subcritical and supercritical water.
room-temperature pH, we may obtain th€,@n units of room- Then we studied the reactivity of 4;dpy towardOH radical.
temperature pH of 4,4pyH,™ * varying with temperatures, as  Since the absorption band &DH radical is in the deep UV
shown in the inset of Figure 2. From this figure, it is clear that region and its absorption coefficient is lowz{snm ~ 590 L
the increase of temperature is favorable for-bgyH. This is mol~t cm™1),31 and also 4,4bpy has a strong absorption band
reasonable if compared with the temperature effect of water in the same region, a direct observation of the decayOof
dissociation. As is known, the ion product of water increases radical is rather difficult. Therefore, we monitored the formation
within the temperature range—300 °C (however, in super-  of [4,4-bpyOH} at 360 nm rather than the decay©H radical.
critical water, the ion product is very smalp The K, is 14 By fitting the kinetic signals, we may obtain the rate constants
at room temperature while it is about 11.4 at 3@ at different temperatures. The rate constant a&t@Q@as 6.6x

3.2. OH Adducts of 4,4-Bpy. Figure 3 was obtained by pulse  10° M~1s™! (pH 7.4), which is comparable to the reported data,
radiolysis of an NO-saturated solution of 0.5 mM 4;8py. 5.3 x 1°® M~1 s71 (pH 9.3)8 Figure 4 shows the Arrhenius
The hydrated electrons produced by water radiolysis are plot of the reaction betweerOH and 4,4bpy from room
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Figure 5. Time profiles at 370 nm of the decay of OH adducts to
4,4-bpy obtained by pulse radiolysis of 0.5 mM 4pby in N,O-
saturated solution at different temperatures. The pressure was 25 MP
for temperature range 2800 °C and 30 MPa for 400C.

temperature to 350C at a constant pressure of 25 MPa. The
rate constant is insensitive from room temperature to 250
but there is an increase above 2%0.

Ashton et af2 have reported the nonlinear Arrhenius behavior
of rate constants when they studied the reactionm®©séf with
aromatic compounds from room temperature to 200 They
proposed a mechanism that [He{zX]* radical is formed
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é1:igure 6. Arrhenius plot of the reaction between 4hpy and hydrated

electron obtained by pulse radiolysis of '4hpy in Ar-saturated aqueous
solutions. Inset: Lod as a function of density at 38C.

important, so the decay is much more complicated. According
to Ashton et al3?in the case of aromatic compounds, the rates

and activation energies for the reactions similar to 7 were about
4.0 x 10° M~1 s 1 and 20 kJ/mol, respectively. So at 400,

the rate constant of reaction 7 could be 2 orders of magnitude
higher, that is, 4.0< 102 M~1 s71 (not taking into account the

through an intermediate that can dissociate back to the reactantgjensity effect).

in competition with the forward step. The intermediate is a
m-complex in which the electrophili€OH interacts with the

Moreover, according to our previous wdtlg general trend
is that{ G(eaq) + G(OH) + G(H)} increases with temperature

s-electrons of the aromatic ring as a precursor of the more stableg; o5 Mpa. This implies that the absorbancelat, would

o-bonded [HOGHsX]*. We suggest that this model is also
applicable to 4,4bpy, and we propose the following mecha-
nism:

"OH + 4,4-bpy — [4,4-bpyOHT, (6)
[4,4-bpyOHT,, — "OH + 4,4-bpy (7
[4,4-bpyOHT,, — [4,4-bpyOHT, (®)

Recently, Marin et at® and Feng et a8 extended the study
of the rates of reaction of nitrobenzene wi®H to supercritical

increase with temperature under the above-mentioned conditions.
However, the experimental data show that the absorbance
decreases quickly with increasing temperature (Figure 3). This
can be well explained by the existence of reactions 7, 9, and
10.

3.3. Reaction of Hydrated Electron with 4,4-Bpy. 3.3.1.
Neutral Solution.Figure 6 shows the Arrhenius plot of the
reaction between hydrated electron and-bgly. We measured
the rate constants using deaerated solutions containing various
concentrations of 4,4py in the presence of 10 mhiért-butyl
alcohol. For the measurements, two HPLC pumps system were
used. We prepared two bulk solutions, one containing only 10

water. An increase of rate constants at elevated temperature,n tert-butyl alcohol and another containing 1001 4,4'-

(above 300°C) was reported. Both groups adopted the mech-
anism of Ashton et aP? with more or less modification,

bpy and 10 mMtert-butyl alcohol. The concentration of the
solutions passing through the high-temperature cell was adjusted

succeeded in modeling the experimental data over the entireby changing the flow rate of the two HPLC pumps. The pulse

temperature range.

Figure 5 shows the decays of [4{dpyOH} from room
temperature to 400C. The decays mostly follow second-order
law from 20 to 200°C, but at 300 and 40%C they do not obey
either first- or second-order law. Therefore, in addition to
reactions 6-8, the following reaction also should be included:

[4,4-bpyOHT + [4,4-bpyOHT — products  (9)
And probably a hydrolysis reaction also takes place:
—H,0
[4,4-bpyOHT — products (10

From room temperature to 20, reaction 9 is predominant

duration of the electron beam was 2 ns and the dose per pulse
was about 8 Gy. The concentration ranges of-Bply were
different depending on temperature. For example, at room
temperature, it was 4080 uM, while at 350°C, it was 25-40

uM. At each temperature,-34 concentrations were measured.
At room temperature, the rate constant was determined to be
2.2x 101°M-1stat pH 7.2. This is in very good agreement
with the reported values 2.5 10*° M~1 s71 (at pH 8.3y and

3.3 x 10 M~1s71 (at pH 9.3)8 The Arrhenius plot shows a
linear relationship between ldgand 17T for temperaturess
350°C. An activation energy of 19.6 kJ/mol was obtained within
this temperature range. This value is very close to that of methyl
viologen® The inset of Figure 6 shows density dependence of
rate constants at 38T. Similar behavior has been observed

and the decays show mostly second-order behavior. At higherpreviously by Cline et a4 for the reactions of solvated electrons
temperatures, reactions 7 and 10 become more and morewith SF and Q, etc.
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Figure 7. Pulse radiolysis of 0.5 mM 4;bpy solutions in the presence  €lectron adducts to 4:bpy obtained by pulse radiolysis of 5 mM 4,4
of 0.2 M tert-butyl alcohol at pH 7.4, observed at 300 ns. The pressure PPY/0.2 Mtert-butyl alcohol in Ar-saturated agueous solutions recorded
was 25 MPa for temperature range-2%50 °C and 30 MPa for 400 &t () 100 ns and (b) 500 ns.
°C. (a) UV region, dose= 43 Gy; (b) visible region, dose 49 Gy.
scavenging rate constant of 4py to hydrated electron is

Figure 7 shows the absorption spectra of the electron adduct1.1 x 10 s~%. This means the reaction completes within 10 ns.
to 4,4-bpy, which were obtained by pulse radiolysis of an The spectra in Figure 8a were recorded at 100 ns after the
aqueous solution containing 0.5 mM 4Rpy and 0.2 Mtert- electron pulse, while those in Figure 8b were recorded at 500
butyl alcohol at pH 7.4. Figure 7a shows the temperature- ns. A comparison of the these figures reveals that, at temper-
dependent spectra in the UV region. At room temperature, a atures< 300°C, a component at about 530 nm appears first at
very sharp absorption band is locatediatx = 375 nm. With shorter time and evolves to form a component at about 580
increasing temperature, the componentigtx = 375 nm nm, but this evolution became less important with increasing
becomes smaller and smaller, the absorbance at 360 nmtemperature. Above 35T, almost no evolution of the spectra
increases, and at 40@/30 MPa,Amax = 360 nm. Figure 7b was observed. Therefore, we suppose the formation of electron
shows the temperature-dependent spectra in the visible regionadduct of 4,4bpy follows the mechanism
At room temperature, a broad absorption band is locatéglat
= 580 nm with a shoulder at about 530 nm. With increasing  _ ) H* orH,0
temperature, the componentiaghx = 580 nm becomes smaller, €q T 4,4-bpy
the absorbance at 530 nm increases, and at@(®D MPa, the
transient species at 530 nm becomes predominant. From theAt lower temperatures, the reaction ofqe with 4,4-bpy
similarity of kinetics at 375 and 580 nm as well as the ratio of produced 4,4bpyH, which may quickly associate a proton to
Aa7zsnn{Assonm and Asgonn{Aszonm the entity at 375 and 580 nm  form 4,4-bpyH,™ * and they reach equilibrium. With increasing
is considered to be the same entity, which has been attributedtemperature, the equilibrium reaction 4 is favorable for the right
to 4,4-bpyH,™ *.° The entity at 360 and 530 nm is also the same side; thus 4,4bpyH becomes predominant. In supercritical
component but it is not 4,4pyH,"*. From the similarity of water, the ion product of water is so small (e.g., at 4GR5
spectra and Figure 2, we attributed it to 'dppyH. The MPa, Ky = 19.43) that 4,4bpyH could not associate with

4,4-bpyH < 4,4-bpyH, " (11)

following facts also strongly support our attribution. H*. Consequently, only 4'4pyH is observed.
Figure 8 was obtained by pulse radiolysis of an aqueous Therefore, from the above results, we know that at temper-
solution containing 5 mM 4,4opy and 0.2 Mert-butyl alcohol atures< 350°C, there exist in fact two transient species,' 4,4

at pH 7.4. Under these conditions, at room temperature the bpyH and 4,4-bpyH;™*. Unlike methyl viologen, it is rather
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Figure 9. Pulse radiolysis of 0.5 mM 44py solutions in the presence
of 10 mM NaCOOH at pH 7.4. The pressure was 25 MPa for
temperature range 2850 °C and 30 MPa for 400C. Dose: 60 Gy.

difficult to use 4,4-bpy as a scavenger to estim&@e.q ) in
this temperature range. However, in supercritical water condi-
tions, there is only a single component, '"dppyH, so the
estimation ofG(esq~) would be possible.

The absorption spectra in Figure 9 were obtained by pulse
radiolysis of an aqueous solution containing 0.5 mM-bgy
and 10 mM NaCOOH at pH 7.4. It shows almost the same
spectrum as in the presence trt-butyl alcohol at room
temperature (Figure 7). However, here we show only the spectra
in the visible region. Again, with increasing temperature, the
absorbance at 580 nm becomes smaller and that at 530 nnFigure 10. Temperature-dependent time profiles at 530 nm for electron
becomes predominant at 480/30 MPa (in fact, from 350C/ addu_cts of 4,4bpy obta’med t_)y pulse radiolysis of deaerated aqueous
25 MPa). But different from the case in the presenceeof Zﬂgﬂgrzrﬂ (()6? E)Mm‘,tf,t\’l?égctﬁ_'e aﬁreae;"f of (a) 0.2 Krt-butyl
butyl alcohol, at 400°C/30 MPa, it shows a much higher pH 7.4

absorbance. 0.35 T r T r
In addition, a similar study with ethanol as a scavenger from
room temperature to 35 shows the same spectral property 0.3 WWHWWWWwW"
astert-butyl alcohol but not as NaCOOH. i ittt aCOOH
To elucidate the above spectral data, we need to look at the 0.25 M‘\"‘W‘ i
kinetic behavior of the formation of the transient from '4,4 € o2l \‘#‘ﬁ‘\ i
bpy. Figure 10a shows the time profiles at 530 nm at different S ‘ﬂ"
temperatures obtained by pulse radiolysis of a deaerated solution B 015} H{JV i
of 0.5 mM 4,4-bpy in the presence of 0.2 krt-butyl alcohol, < i
while Figure 10b is in the presence of 10 mM NaCOOH. From 01} ﬂ; ol tert-BuOH
both figures, we can clearly see the decay of hydrated electron M{ TR
and the formation of 4,40pyH and also the evolution to 4;4 0.05 |- { EtOH
bpyH," * at room temperature. With increasing temperature, the W
reaction between hydrated electron and-bgy becomes faster. 0 ) . , . ]
In the case ofert-butyl alcohol, the absorbance decreases with 0 0.4 0.8 1.2 16
increasing temperature: at 400/30 MPa we observed a fairly Ti
stable product. In the presence of NaCOOH, at temperatures Ime (!»ls)
200°C, the temperature-dependent time profiles are almost the Figure 11. Time profiles at 530 nm obtained by pulse radiolysis of
same as fotert-butyl alcohol. However, at 300C/25 MPa, deaerated aqueous solutions of 0.5 mM-gy in the presence of 10

we observed a slow formation process. At 3825 MPa, the mM NaCOOH, 0.2 Mtert-butyl alcohol, or 0.2 M ethanol at pH 7.4,
formation of a transient can be completely observed within a 2 atT = 350°C.
us time window. At 400°C/30 MPa, the formation finishes ) .
within 400 ns and reaches a plateau. The absorbance &G400 the same magnltudg (absorbance) as the alcohols; another is a
is much higher than that in the presencetet-butyl alcohol. formation process witly, ~ 100 ns. All the facts above allow
Figure 11 shows the time profiles at 350/25 MPa in the ~ US to propose the mechanism below: tlent-butyl alcohol and
presence ofert-butyl alcohol, ethanol, and NaCOOH. Surpris- €thanol, their role is to scavenge OH radical and H atom, so
ingly, unlike the scavenging system of methyl viologen in our we observed 4,4pyH and 4,4-bpyH,"* at temperatures:
previous study,ethanol acts likeert-butyl alcohol but not like 300 °C and observed only 44pyH at temperatures: 350
NaCOOH. The kinetic signal of NaCOOH obviously consists °C. For NaCOOH, at temperatures 300 °C, it behaves like
of two parts. One is a very fast formation process, which has the alcohols, but at temperatures300 °C, OH radical and H
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atom also have contributions to the formation of'4gyH:. 2 T T T T T
—e—A400C
OH+ HCO, -CO, "+ H,0 4 —=—A300C
-1 -1 O 15} ; e A200C|
ki, =3.2x 10° Mt s (ref 35) (12) o —+—A100C
c ——A25C
©
H+HCO, ~CO, *+H, 2
ky=2.1x 1P M 1s (ref 36) (13) 2
Q2
4,4-bpy+ CO, *~4,4-bpy *+ CO, (14) <
Then the radical anion 4;:4py-* undergoes rapid protonation
(with free H" or H,0) on nitrogen to form 4,4bpyH.
No literature data of a rate constant is available for reaction
14. However, in a study of 2;Dipyridyl, Mulazzani et ak! A (nm)
pointed out that the rate constant of the reaction of Cith Figure 12. Pulse radiolysis at various temperatures of 0.5 mM-4,4

2,2-bipyridyl is <1 x 10° M~! s7! at room temperature.  bpy/0.2 Mtert-butyl alcohol in deaerated aqueous solution at pH 11.5.
Evidently, from our experimental results, reaction 14 also The pressure was 25 MPa for all temperatures and the dose per pulse
proceeds with a rather low rate constant. The reaction is was 78.5 Gy.
accelerated by increasing temperature, so that at temperatures

> 300°C we observed a formation process. A rough estimation 8 ' ' ' ]
of the formation at 350C gives us a rate constant o6 10°
M~1s71 If the rate constant at room temperature is taken as 1 5t T
x 108 M~1s71, then we can roughly derive an activation energy
>44 kJ/mol from the rate constants of these two temperatures. —_ 4t h
In addition, in Figure 11, the ratio of the maximum absorbance ' o =] ? =
A dAaiconol IS around 3; this agrees very well with our © 3 CRe B g
form_at b Q g g0
previous result, where the rat{@(e.q) + G(OH) + G(H)}/ ~ e g
G(esq) at 350°C/25 MPa was 10.05/3.4 35 o L, |
Although eq™ reduces 4,4bpy at a diffusion-controlled rate,
CO,™ * and CH-CHOH show no reactivity in pulse radiolysis 1L |
at room temperature. GHCHOH is unable to reduce 4;8py
even up to 350C, while CGQ~* can react with it but with a
rather high activation energy. This implies that the redox 0 : ' : '
0 100 200 300 400

potential of 4,4bpy would lie between those of GO* and
CH3-CHOH, that is, between-1.97 and —1.1 V versus T (°C)
NHE.2® This estimation is reasonable as compared with the _ .
. _ Figure 13. Comparison of temperature-depend€ii.q ) at 25 MPa
!lterature datasc;n that of 2:bpy (Ev2 = —1.33 V versus SCE obtained by use of different scavenger®) @,4-bpy, tqhis work; ()
in 0.1 N KC1): ) ) methyl viologen, ref 6.

Therefore, 4,4bpy/NaCOOH scavenging system is not
applicable for the estimation dfG(eaq”) + G(OH) + G(H)} from 535 to 525 nm within the temperature range-350°C.
when the temperature is lower than 330. But it would be gyt at 400°C, the blue shift is much more notable, about 15
suitable for supercritical water. It is also worth noting that even i shift. as compared to 30C. The spectra in Figure 12 have
at 400°C./30. MP'a thg apparent absorbance (Without'cor'rection been corrected for density. The absorbencigsnat gradually
for density) is still fairly high, for example, about 0.2 in Figure . -rease with temperature from 25 to 30C while the
9. This is an advantage for obtaining accurate data for low- jpcoponca sharply increases at 400

density supercritical water, especially temperatures ovef@00 . . . .
ty sup b y P On the basis of Figure 12, with an assumption that the

However, even if we do not know the temperature-dependent . - o .
absorption coefficients at different temperatures, we can combineabSorptlon coefficient at peak position is temperature-indepen-
dent and takings(esq) = 2.7 for room temperature, we can

the two scavenging systems, that is,'gytert-butyl alcohol : ~ R

and 4,4-bpy/NaCOOH, to obtain the information about the ratio obtamG(e_aq_) versus temperature plot, as shown in Figure 13
of {G(eaq) + G(OH) + G(H)}/G(eag), where we need only (@). G'(eaq )mcregses with temperature'up'to about 3001nd

to measure the absorbenciesiaty for both systems (and the there is a shar_p increase at 4tID._ In th_|s figure, we include _
dose if they are measured under different beam conditions). As@/S0 the experimental data obtained in our recent study with
an example, although it is not very precise, from Figures 7b methyl viologen as a scavenge®bviously, the results of the

and 9 we can obtain a value §6(ex;) + G(OH) + G(H)}/ two scavenging systems are in fairly good agreement within
G(exg) ~ 3.8. This is comparable to the value obtained in our the experimental error.
previous study, which was 3%. However, although the alkaline solution of 4jzpy allows

3.3.2. Alkaline SolutionFigure 12 was obtained by pulse us to estimateG(e,q ) at elevated temperatures, it is rather
radiolysis of a deaerated solution of 0.5 mM '4ppy in the difficult to apply to temperatures higher than 400. In fact,
presence of 0.2 Mert-butyl alcohol. The pH of the solution  even at 400C, the sapphire windows corroded severely by the
was adjusted to 11.5 by addition of NaOH. The pressure was alkaline solution and they were easily broken during the
25 MPa for all temperatures. There is a very slight blue shift experiments.
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4. Conclusion

Lin et al.

J. Phys. Chem199], 95, 9347. (c) Poizat, O.; Buntinx, G.; Valat, P.;
Wintgens, V.; Bridoux, M.J. Phys. Chem1993 97, 5905. (d) Buntinx,

4,4-Bpy is one of the few organic scavengers that is G.; Naskrecki, R.; Poizat, Q. Phys. Cheml996 100, 19380. (e) Boilet,

applicable for supercritical water without the problem of
pyrolysis. For neutral pH solutions in the presencéofbutyl

alcohol, ethanol, or formate at room temperature, the doubly

L.; Burdzinski, G.; Buntinx, G.; Lefumeux, C.; Poizat, @.Phys. Chem.
A 2001, 105 10271.
(14) (a) Paraquat Fact Sheeesticides Newsesticides Action Network
K: 1996; No. 32. http://www.gn.apc.org/pesticidestrust. (b) The Extension

protonated electron adduct is the predominant transient speciesyoxicology Network (EXTOXNET), Oregon State University; http://
while in supercritical water, only monoprotonated electron ace.ace.orst.edu/info/extoxnet.

adduct could be observed. For 4bpy/formate scavenging
system, the activation energy of the reaction betweehbpy
and CQ™ is so high that it is difficult to observe at room
temperature by pulse radiolysis, buflat 300°C, this reaction

is observable. Consequently, if 4fgpytert-butyl alcohol is used
to measurés(eyq ), 4,4-bpy/formate can be applied to estimate
{G(€aq") + G(OH) + G(H)} in supercritical water. Even if we

(15) Web page of Pesticides Action Network North America: http://
www.panna.org/resources/panups/panup_20031203.dv.html

(16) Florencio, M. H.; Pires, E.; Castro, A. L.; Nunes, M. R.; Borges,
C.; Costa, F. MChemospher@004 55, 345.

(17) Hamadi, N. K.; Swaminathan, S.; Chen, X.D.Hazard. Mater
2004 B112 133.

(18) Wu, G.; Katsumura, Y.; Muroya, Y.; Li, X.; Terada, €hem. Phys.
Lett 200Q 325, 531.

(19) Mostafavi, M.; Lin, M.; Wu, G.; Katsumura, Y.; Muroya, Y.

do not know the temperature-dependent absorption coefficientphys. ‘chem. 2002 106 3123.

of 4,4-bpyH, we may obtain the ratio ofG(eyq) + G(OH)

(20) Buxton, G. V.; Stuart, C. Rl. Chem. Soc., Faraday Trank995

+ G(H)}/G(esq) at a given temperature/pressure condition. Both 91, 279.
of the above scavenging systems are expected to be applicable (21) Linnell, R. H.; Kacymarczyk, AJ. Phys. Cheml96], 65, 1196.

to temperatures 400°C, and the studies have been ongoing.
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