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FLECTRCCHEMISTRY IN NEARCRITICAL AND SUPERCRITICAL FLUIDCS.
3. €&

-

UDIES OF Br~, I-, AND HYDROQUINONE IN AQUEOUJS SOLUTIONS.

william M. Flarsheim*. Yu-Min Tsou®*, Isaac Trachtenberg*,
Keith P. Johnston®, Allen J. Bard*,

Derartments of Chemic.l Engineering® and Chemistry’

The University of Texas

’

. . - s
Austin, Tx TxTU L

(Abstracs)
A neéw type of apparatus has been construated for carrylin
lectrochemistry in nearcritical and supercritical &3
soiutions. The following systems have been stud:
slatinum elsctrode: PEO/OE; f:/IE, Eﬁj/aﬁé, and

nysrcguinonesbenzcgquinone., The compact, alumina flow-oczl

“e heat=2¢ or coocled quickly, and can be recharged witn fr

*

electrolyte solution while at high temperature and pressurs.
large reducticn in the potential required for the a2lsctrilvzis

of water wzs observed. Diffusivities have heen measured for

iodide ions and hydroquinone. Ceneral agreement with the Stckes

Einstein mcdel was observed in tnhe temperature range ZSPC te
17500, -
: /_)‘( A setion For
A (End of abstract) _hfé CRAS
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Nearcritical and supercritical water heclds great promise as
& solvent becauce it can dissolve non-pclar organic compounds

and pelar incrganic salts simultaneously. This makes ic

possible t5 develcp electreo-organic syntheses in water, insteszd
2 in an expensive 2nd possibly toxic corganic solvent. We nzvs

izsignec an eiectrochemical cell that can be operatec ztove ne
critical point of water (T, = 3740C, Po = 221 bar). Areas of
investigztion reported here include the effect of temperature ¢n
r2dox pctentials, electrode kinetizs (i.e. overpcoctantiels', mass
transpecrt rates, and other electrochemicel parameters.

Research in the area of supercritical fluids nhas teen
expanaing in recent years, primarily because c¢f an awareness c¢f
the unique solvent properties of materials in the critical

region. Gases such as carbon dioxide and ethylene have besn

used as solvents fcor extraction, and in a variety of c¢ther
marnufacturing processes.'~3 Hcowever, water the most reacdily

L

available and used solvent has received very little attenticn sas
a supercritical solvent, perhaps because of its relatively high
a2l temperature and critical pressure,

At high temperature, particularly as the criticai

temperature is approached, the hydrogen bonding that exists in

water at lower temperature is diminished.® The cdi=le

)

tric
ccnstant decreases so that the resulting solvent properties make
near~critical and supercritical water a promising medium for a

variety c¢f chemical and electrochemical processes. Super-

. . B - . . - . - - . C .
.._‘..-'. S e e N L, e e . ..».‘-.'-.‘-.‘-.;‘.. .'...-...._.-‘._._N.‘q_"‘-_.
PR R I R T . DRI N ST BRI IS TCRP RN G N S AW o P PR VLT PEIS VAP P6T




L Y N N T R T T R N N UV W I (W L IV U LT OV N OV T R U O W VN WY S T VUV VTS TRUVOW WY

3
critiéal water has been used as a medium for the liquefaction
and extraction of coal,d tar sands,6 and biomass.” Complete
cxidation c¢f most organic pollutants has alsc been achieved in a
ixture of supercritical water and air.% There is significant
ongoing research in the electrochemistry cf metals in high

temperature agueous solutions, because of its importance to ¢

Y
D

[

2lectric power and metal manufacturing incustries.-?

s This work is part of a continuing study of electrcchemiziry
b

o~ ; . . . o 0* : :

g in near- and supercritiecal fluids.'9.'1 2 creviocus study of

aguecus solutions!O employed a quartz electrochemiczal cell

[y

contained in a steel bomb. The electrochemistry of som

n

apporting electrolyte solutions was studied. In addition, the

LR
. i

0.

u

n

ivity cf Cul* was measured up to 2450C.

Theough it did yield useful results, this initial work was
hampered by experimental difficulties that arose from using a
large pressure vessel %to contain the cell. The main
disadvantage was the inability to recharge the cell with fresnh
electroly-e solution while at high temperature. If the
electrolyte solution became degraded for any reasocon (2.g. 3
current overlcad caused by overcompensation of resistance), =z
cemplete shutdown of the system was necessary. A lengthy
experimental delay resulted from the long setup, heating, and
cooling time necessary for the 12 kg bomb. Other problems aros=2
from the high temperature seals around the electrcde, the large
amcunt of energy stored in the heated bomb, contact between the

electrolyte and the steel walls at temperatures above the

critical point, and possible contamination of the solution by

L
e




i
procducts formed at the counter electrode.

The new elzctrochemical cell presented here addresses each
of these drawbacks in the previous design. A High Pressure

Liguid Chromatography (HPLC) pump is used to introduce fresh

[

clution at operazting conditions. The small veolume of heated

n

(]

lution permits rapid heating and ccoling of the cell, sc that
measuremants can be made at more temperatures in a singls
experimentel run. Because of the small volume, experimsnts czn
be conguctecd behind a2 Plexiglass shield instead of a ~2inder
block well. The electrodes feedthroughs are at a low
temperature, so that Teflon seals can be used. The alumina
pressure vessel has greatly reduced problems arising from
cerrosicn.

TT
-

. Experimental Section.

Apparatus. A diagram of the high pressure znd temperature

b2

electrochemical cell is shown in rFigure 1. The key element is

tne cell bedy, a 0.€35 cm (1/4m) C.D. by C.238

2 /2en
m (2/32

O
4
©

14

'S cm {(€") long alumina tube (99.8% Alp03), that contains the
pressurized solution at high temperature. Alp03 was chesen to
aveid corrosion and spuriocus eleciricezl fields within the ce
Cnly the central pertion of the tube is heated. All pressure

seals are located at the relatively cool end fittings. 7Thi

3

permits the use of Teflon (poly-tetrafluorocethylene, TFE) as %he

sealing material. The connections for the alumina tube ar

[}

steel Swagelok fittings with TFE ferrules. The electrode leads

pass through compression fittings consisting of a TFE disk
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between two alumina washers. The lengths of the working and
reference electrodes were tailored such that the tip-to-tip
distance was less than 1.3 cm. All metal parts are either 216

stainless steel or Hastelloy Alloy C.

Tne comrplete experimental system g shown schemztizzlily &
Figure 2. The system was pressurized with a Miltorn RBov “RBivia
82ach, FL) Minipump {(Mocel 396 S.ow Sypesd'. Luring m=2asure-
ments, the cutlet valve was clcsed sC thivw the szluticn wis
gstztionary at the electrode. A tube packed witn * um 2lumina

cowder mzintained the pressure while the cell was being
recharged with fresh solution. OCnly ceionized water was passe

through the pump 92 protect it from corrosion. The electrciy:s

n

clutions were introcduced using a Valco Instruments (Hous<tcn

’

TX, HPLC sample valve. A thermocouple cemented to the tube wa

provided input to an Autoclave Engineers (Erie, PA) propeorticnal-

integral temperture controller (Mcdel S520). The contrcller

cperates a

o]

(@]

hrome wire heater wrapped arcund the 75 mm centr

4
-

cortion of the alumina %tube to regulate the cell temperatu

3
]

The temperature was controlled to within 5°C and the pressure

within 2 bar of the desired values., The electrochemical cell
has teen operated at temperatures up t¢ UL00CC and pressures up

o 270 bar. 21 of the data presented here are at 240 >

L)

[¢}]

Procedure. The working electrodes were made by welding a spot
of platinum to a tantalum wire. By oxidizing the electrode in
sulfuric acic, a thick oxide layer was formed on the %antalunm
which passivated it completely. Thus only the platinum zip,

which was within the hot zone of the cell, was active. The
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6
electroce used for studing the cyclic voltammetry of I~/Iz,
Br=/Brz, and the NaHSCy suppcerting electrolyte solution had an

egrea cf 1.3 x 1n-c cmz, and the electrode used to measure

hydrcquincne/benzogquincone had an arez 2% 1.§ «x 10-2 em2. Tne
gecomeTric 2reas were Jetermined by mezsuring diffusion currencs

'y

rom ehroncamperometric pcotential step experiments at 25°7 in

scluticns ¢f hydrcguincne or KI in C.2 M Nally. *Hcluncff zni
Crlemann have previcusly measured the diffusivicy of

“ . -~ - - o - o Xal 2
hydrcquincne in water as 7.4 + 0.2 x 10 6 cml/sec a2t 2ecc . 'z
with this value as a standard, the diffusivity cf icdide ions in

water 2t Z280C was measured with a large platinum-in-g

ass

[

r)

trcde {area, £.2C cm<) and a three compartment cell, A

Hr -
-

value of 1.4 = 0.1 x 10~5 emS/sec was obtained in C.2 M N

%)
(93]

supporting electrolyte solution. These values were also used zas
the basis for calculating the diffusivity at high temperature,

BEefore each set of experiments, the electrode was held =zt +:C0V

3
[AV]

M H

[ 97}
(&)

y for 20 seconds. This treatment refreshed the

n

tantalum oxide layer and exposed a clean, active surface on

ctr
joy
(]

rlatinum, and resulted in reproducible behavicr.
A silver Wire was used as a gquasireference electrcde. The
ilver was connected to a tantalum lead with a small bridge of

platinum. As with the working electrode, the tantaium w

s
coated with oxide. A stable pcotential was obtained in all
sciutions. The auxiliary electrcde was a platinum wire (exposed

-~

area, .47 2m2) located in the dcwnstream endblock of the cell.

For cyciic voltammetry and chronoamperometry, a Princeton

w-ow

Y v v
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Lpplied Research Model 173/179 potentiostat/digital cculometer
with z Mddel 175 universal programmer was empioyed. Positive
feedback was used to compensate for solution resistance.

Because the tantalum reference electrecde leacd has a large

capazizznle, it was not z21lways possible tc compensate fully for
“hs seolution resistance. The current znd potentizl dztz werse
reccrdec with a Norland Mcdel 2000 cigital oscillosceps ror
2z2h mszsursment 1024 data pcints were reccorded The szmcoling
rate was 1.0 msec for recording cyveclic veltammco,rams and 2.°
msz2 for chronoamperometric experiments.

Chemicals were reagent grade and were used as recszivec.

Sciutions were prepared from distilled water that was further
treated by passage through & Millipore, Milli-Q FReagsent wzater

L

System. All experiments were conducted in solutions that h

[\

been deaerated with nitrogen.

Il Results and Discussicon

Supporting Electrolyte. Figure 3 shcows 2 series ¢f cyclic
0.

voltammograms of a 2 M NaHSCy scliution, the supporting

i)
)

ectrclyte for this study. In Figure

L)

, pbeak A is the current

[
'3
O
2]
(82
33
[$}]

om the

s Kol

—-

reduction of protons to hydrogen. Pezk B

'3

cxidation of water to oxygen. The voltage sczles have U

@
D
]

~
~

ac’usted sc that the potential of zero current ¢n the h

s

<

ogen

wave was defined as zero volts versus the reference. This

(1Y)

pctential is approximately 250 mV negative of the pctential cf
normal hydrogen electrocde (NHE), because the pH of the buik

sclution is about '.4 {(versus 0 in a NHE). The tH at the

SR B ST S S AL P

i
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elecwrcocde is slightly increased by the reduction of H* to Esz.
AS long as the same peak hydrogen current is reached in each

veltammogram, the zero cressing point is a stable referernce,

that is especially convenient for higher temperzture

mEe3asSuremsnis. Since the zerc current potential at ths oxygen
_imit is nect ezsily located, some other measure of the cxygan
cctentizl must bDe chosen we have picked the totentizl where
the currsnt 3drcps below 130 A (1€ mAScmi) after “he portentizl

sweet is reversed. Though this choice 1s somewhat aroi

O

“he varizion of this potential with temperature prcviges
informazion related to the redox potential and tne overpontial
charzcteristics of the HpC/0p system.

As seen in previous studies, the potential window betwesn

nydrcgen and oxygsen evolution narrows with an increzse in

temperature. The change in potential window was monitored from
259C <o 390°C and the results are plotted in Figure 4, The tctal

decrease in the potential required for the electrclysis ¢f water

is U0 mV as the temperature is incre

L
n
1]
(o8
ty
3
O
3
")
n
O
)
cr
O
(FY
n
(8]
9]
]

(&
)
 f

nNis 470 mV decrease, approximately 00 mV can be attritutsd

(a4
O

the decrease in the free energy reqguired to split water.:
The major ccmponent of the shift is presumably a3 decrease In the
cXygen overpotential on platinum. This reduction in ve
the result of the high overpotential for the oxygen evoluticn

-

r2action on platinum at room temperature.'“ The effect oF

ature cn HoC electrolysis has been studied previously. °

-t
(>

®
"

op
Sut, to the authors' knowledge, has not been previously regortag

cver such a hroad temperature range.
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n addition to the change in potential window, the other
significant feature cf the cyclic voltammograms was observed in

the waves from oxidation and recduction of the platinum surface

ipeake T and D) in Figure 2. These have been the subliect ¢f &
number ¢f previous s:udies.‘6 At 250C the oxidation of the Pt
sarface =2 an oxlde cor adsorbed oxygen species cccours in =
croza, drawn cut a2nodic wave (C) that precedes cxvgen -volaticn
SZeduzticn cf the electirode surfzce cgoours a% & better-defined
seak (D.

4bove 100°C, & more prcnournced pezk develops. The
oxidation peak sharpens with increasing “emperature, a
2cngseguence of the increasing reaction rate. Also, 2s the
<inetiz rate increases, the overpotential necessary -“c drive tne
rezcticn declines. Thus, the potential gap between <the

cxidation and reduction waves decresases with increasing
“emperature. By averaging the peak potentials of waves C znd D
, Wwe can estimate a potential of 0.87 V for the ?7¢
surface cxide redox process.

4n unusual feature of Figure

(UW)
3
ct
o
i

is the ancdi~” pezak in

negative scan at 3759C and 390°C. In preliminary experi

,,
13)
(D
jo
ot
w

witn sccium acetate, phenol, and benzene, this behavior has beern

cbserved at temperatures as low as 280C€C. For this reascn, we

impurity in the cell. The impurity did nct interfere with %he
Tm2asurement of the anodiz and cathedic limits of the sclutiscn,
which was the main thrust of this series of experiments.

Theorcughly cleaning the cell eliminated this behavior from later
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experiments

Redcx Reactions: KI and KBr. As an initizl study of high

temperature electrochemistry the halogen couples I7/I2 and

T W

8r~/Brp were examined with cyclic voltammetry. Representative :

cyclic voltammograms (CV's) are shown in Figures £ and 6. These

p—

redox couples wers chosen because they &are known to exhitis -

rzpid kineti i

S

ct

n L2

3

u

3
¥

i -~ [o¥al - : 3 -
lectrode 2% 285°C, z2nd neither

(@)
O
[e})
)
. 4

1

xpectead

ct

c un

D

io
=

3
O

1 - - : - -y
any further rezcticn In the

ct

g

Nt e N AN A kg
J nY
O D
ct [
m -
3 (o
ct D
’

W £
[ Y
0]
[}
>~

range examined, even a%t high temperzture.

From a gqualitative standpoint, the CV's of the XI sciuc

show no cdramatic changes up to 390°0C. The iodine recuction
wave, peak B, is distorted at 25°C because icdine is insoluble
at this concentration of I~ and precipitates on the electircce e

urface. This does not persist to higher temperature. There

r
[N
n

an ¢crease in peak current because of higher diffusion rates

ot

(T3]

higher temperature. This trend is partially offset because the
concentration of icdide at the electrode s reduced by soluti
expansion. The solution expands 100% bSetween 25°C and 275CC.
At 250CC and above, the CV's are slightly distorted. They
¢o not shcw the nernstian behavior seen at lower temperatures.

This Is not a characteristic of the I7/I- couple, but the resultl

-~

cf uncompensated solution resistance. As menticned abcve, the

amount of positive feedback compensaticn that can be used is

A,

limited by the cell design. The conductance of a 0.2 W Nazso

solution dropped sharply above 200°C, 3s has been ¢bse

'5
(D
Q.
(04
e

others in similar experiments'7,

The cyclic voltammograms of the KBr soluticn are siighty




e
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11
more complicated than those of KI because of interference from
the surface oxidation c¢f platinum and the oxidation of water.
The first complication can be overcome by studing the Br~/Brp

couple on a fully oxidized electrode. Figure 6 contains %wo

sets ¢cf cyeolic volitammograms. One shows z compilete scan from
the hydrcgen to the oxygen limits of the soluticn (dashed line)
A1s0 plotted are voltammograms that centear on the Er~/EBro cougle
{eclid line) This seccnd set wag made by scanning pesitive
from the initial potential to tne anodic soluticn limit,

negative, over the bromine reduction wave, anc then reversing
zand scanning positive without reducing the platinum surface.

The oxidation c¢f bromide is peak A, the reduction c¢f brcmine is
ceak B, the oxidation and reduction cf the platinum electrode
occurs in peak C and D respectively, and peak E is the oxidation
of water to hydrogen.

At low temperature, the Br~/Bro wave (see sciid line in
Figure 6) has the characteristic nernstian shape. As the
temperature is increased, the shifting oxygen limit cf the
solution distcrts the shape. Above 250€C, it is nc longer

rossible to discern an oxidation peak fcr bromicde, only a

by}
‘e

wn

(o]
o
t

l2er at the anodic sclution limit. At 375C€C, neither %he
oxidaticn or the reduction wave for bromine can be seen in the
CV. It is completely hidden by water oxidation and reacticns
affecting the platinum surfzace.

The variations in redox potentials of the I7/Is and

tn
2}
u
"3
r

couples with temperature are shown in Figure 4., The redox

potentials were determined by averaging the peak pctential of




the cxidation and reduction waves in each cyclic voltammogram.
4s mentioned above, the potentiostat could not fully compensats
fer soluticon resistance at high temperature. This affects the
pearnx potentials. However the digitized voltammograns, obtzined

with the XNorland oscilloscope, cculd be adjusted (numerical

rcsitive fesdbsck resistance compensaticn’ to eliminate the
effect ¢f resistance on the measured potentials The armount ¢f
ccrrensation added was determined 2s follows n the zbgence ¢f

gclution resistence, a nernstian couple such 2s I7/I> Wwill show
& peawn sSeparation of about 2.3RT/nF, where R is the gas
ceonstant, n is the number of electrons, and F is ths Faracay
constant. The peak separation was measured on each CV, and
2ompared tc the nernstian value et the temperature. Theses data

zre snoewn In Figure 7. The sum of the anosdic and cathodic p

[1)]
W
3

current was also measured. The vcltage difference between th

m

actual peak separation and the nernstian peak separation,
civided by the peak to peak current gives an estimate of the
uncompensated resistance. The CV's were then digitally
corrected for this resistance, and the redox potentials mezsured
cn a resistance free basis. The only redox potentials affected

oy this procedure were the values for I7/Ip at 350¢C, 237

un

SC, a

o3

¢
33COC, where the uncompensated resistance was '50, 180, and 2%¢
ohms, respectively.

Up to 25C°C, there is little change in the recox pctential
of either I7/Ip or Br~/Brp. The dielectric constant cf water

UM

drcps from 78 at 259C to 28 at 250°9C. Apparently, the change in

the solvation energy of these halide ions is small compared ¢

S g v F 0, °

.
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“he overall free energy of reaction.
Above 2500C it is not possible to determine a redox

potential for bromine from the cyclic voltammograms, as

discussed above. The recdox potential of iodine begins to change

ncticeably above 25C2CC, and drops sharply above 25CO9C. The 150¢
m. orharnge between 292°9C and 29097 corresponds to oz drcp of 2.8
«rzi in the fres energy change of the rezotion

STlag) * H(zq) == 1/2Iz ¢ 1/CH;

we Suggzcst that tne potential shift s prchably the resuls 27 2

crcp in solvation energy for the ionic species. The dielectric
censteant cf water drops from 15 at 35C0C°C to 3 at 395CC. Using

the radius of I~ calculated from its ciffusivity (see below,,
the Eorn model predicts that aqueous I~ will be destabilized by

2.5 kcal when the temperature is raised frem 3509C to 39002

b

hich is consistent with the data.

Hydroguincne. Soluticns of organic species :in supercritical

P
i

m
\O
[41]
3
(@1

water have been studied by a number of investigators,
alrKanes, aromatics, and other simple molecules are regorted ¢35
be stable if oxygen is excluded. A mixture of air angd
supercritical water will completely oxidize a variety
orgarics at 3759C.8 These studies indiczate tha“ at nign
temperatures, organic compounds will be stable at some

potentials, but will decompose on an electrode as the pctent

i

approacnes that of oxygen evolution.
Since organic compounds are expected to exhibit novel
electrochemistry at high temperatures, we included an organic

recox couple in this initial study. The

e N N L e e e e
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14
hydrogquinonesbenzoquincne couple wzs chosen because the high

~

utility of hydrequincne in water at Z59C made it possible to

"
s

o)
stucdy the couple over the entire temperature range of the

apparatus. The cycle voltammograms obtained z2re shown in Figure

(oA

Tre significant resul< of this stucy is tha%t the hydro-

ot

Juinones-denzcecguinone couple is stable in water up to i-s

criticzl point, and can be studied witn c¢conventicnal
zlectrechemical technigues. This gives us confidence thas i-

w.ll be possidle to study a wide variety of organic ccmpounzs

under these ccnditions. Above 250CC, btenzcquinone was cbservel

(a2
O
[0
®
(9]
O

mpose near the anodic limit of the solution, tu. as loncg

m
n

this region is avoided, it should be possitle o exploit the
increased sclubility of organics In high temperaturs wa%ter to
cevelcp new electrochemical syntheses.

Diffusivities of Iodide and Hydrogquinone. Chronoamperometry was

empicved to measure the diffusivities of iodide and
nydrocuinone. The measurements were mad2 as follows. in a
sclution of KI or hydroquincne, the working electode is set at =
potential where the reduced species is stable. The potential cf
the electrode 1s steppea, so that at the new potential, the
redox species s fully oxidized on the electrcde. The current
that fTlcws is determined by the rate at which I~ cr hydroquincne

he electrcde.

(@9
3
Yy
]
<.
n
1]
n
(ad
O
ct

The oxidation of I~ may proceed directly

217 = I- + Ze”

s
£,

£

or through the intermediate 13‘.
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tiorn cf I37, which has a lower diffusion coefficient
than 7-,20 will reduce the measured current, and thus the
measurad diffusivity. Toren and Driscoll nave shown that in
gglutionsg that initially contain only I7, this effect iz
,-° and will be negiigible with resp2ct t¢c the temperzture
néucel change In the diffusion coefficient regorted nere.

For a planar electrode, the diffusion eguation can te
solved analytically. The current measured is given by the
Cottrell equation??

i = nFaD'/2c/(ne)1/2
where n 1s the number of electrons per species oxidation, 7 is
the Faraday constant, A is the electrocde area, T is the
diffusion coefficient, C is the concentration of the reduced
species, and t is time. The cdiffusion coefficient was obtazined
from a plot of i versus t~1'/2., Since the current measurasd can
be affected by extraneous processes, both faradai: and non-
faracdaic, better results were otbtained by taking the difference
between slopes measured at two different concentrations. When
measuring the diffusion coefficient of hvdrogquincne, 0.5 mM XZ1
was added to the solution. This helped stabilize the refarence
electrode, so tha%t the measurements macde at two different
concentrations of hydroquinone could be more easily compared. A
more detailed description of this technique can te founcd in th
literature.22

At high temperature, expansion of the solution results in a
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drep in the concentration of the diffusing species. Tec account
for this in calculating diffusivities, the volume cof liguid
wzrer a2+t high temperature and pressure was obtained from the
ASMT Steam Tadbles.<3 The measured diffusivities for iodide and
nydroquincne are shown in Figures ¢ and '0, along with the

lues predict=24 by the Stokes-zinstein model. The 2

2tz 2re
2.s8c presented in Tables " and <.
The agrecement between thne data for lodide and tnz«

oredicted from the Stokes-Einstein equation is within an zav

hin erage
cf C%. From this we conciude tnat the size of the scivernt

i sphere around the iodide ion does not change apprecizbly tetwesn

: 25CC and 2750C. The diameter calculated from tha Stokes-

. Tinstein equation is 1.8 R. If desolvaticn of the ion had

ﬁ cccurred as a result of increased thermal energy and decreasing

i cdensity, the apparent size of the ion in solution wculd

'; Zecrease. This wculd manifest {tseif as & positive deviaticn

* from the Stokes-Einstein model. The Stokes-Einstein mocel
2ssumes that 2 liquid is continucus, not mclecgular, 2t the

leng=h scale ¢f the diffusing species. It is appiicatlie to mos:t

)

ligquids when the density is relatively high, near the triple
FCcint cdensity. In vapor systems, 3z theory based on mean free
peth moiecular coilisions is best for treating diffusicn. These
cata show that a liquid theory of diffusion is apprcpriate for

water at densities down to 0.¢ g/cm3, a reduced density of .

h
.

Jcnas has measured self-diffusion in D20, and found Stckes-
: . . s s - . ~L
Einstein btehavior fcr densities abeove the critical density.=

Hydroquincne shows a positive deviation from the Stokes-

D T e T L S s PR
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Einstein theory abcve 200°0C, In terms ¢of this hydrodynamic :{
model, this implies that the apparent size of the molecule
decreases, from an effective spherical diameter of 3.3 1 z+ 2¢0C ;
[}
to 2.+ & a2< 302C0C. A breakdown of the hydrocen bonds betwesn "
hvarcoquinone and wzter {s a possible mechanism for the decreass 2
)
inosize, ﬁ
In 3 previgus stJo,,’O it was feound that the giffisivicy »f E
:;:’\3:\ snowes 2 large pcsitive ceviaticn from Stokes-Cinstaln -5
thecry. This was at:iributed to a2 change in solvztion f
envircnment arcund Cul*. It could reflect a high charge Zdensity a
53¢ Cu<*, whion induces a prcnounced change in solvation :
znvircament, as the entropy increass resulting from release >F g
water molecules fr¢o solvation sphere dominates the free ensrgy ;'
change ¢of the sclvation process at high temperature. Ccmpared f
with Cu<*, I~ has a much lower charge density sc that the ;
s2lvation is not significant encugh to show a detectable change ;
in apparent {cn diameter, -3
Mocre studies are necessary to reveal all the facters -
influencing the sclvaticn envircrment of a species ir high ;
temperature agueous solution. For the zbove systems, the .
2iffusivicies of sclutes in aqueous solution increase witn t?
temperature according to Stokes-Einstein theory, or exhitit a }
positive deviation due to desclvation. S
V. Ccnclusions. i
The electrochemical {flow-cell has been shown tc cperate -
reliably above the critical temperature of water. From the l’

~ ’_.. _f'_. "'v.-'-,. - '..."_; ,“-J‘ S ‘.." - '1. B e M
S e TP R P N VLI T
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. .\- '... ... .-' ,‘_ .‘. ..'. ‘.‘- .".'-.;.—.;'..M -.:'-- '-- .. .. ‘_.~ ..--;\...'..“.‘-.“ 4- .' '.r.'.h
AP SN AP I S S A IS SN Tl S I R GBI S/ S T oS LU iy



e s ) s

T8

e¢Xxperiments described in this paper, the fcllowing ccnclusions

2zn be drawn:

n

An increacse in temperature greatly accelerates the kinetic
of oxyzen evoluticn on platinum. This reduces the potential

Juired for the electrclysis of water ¢n platinum freom .24 %

an

- - o : . N S
Cne redex petentizls of iconic couples, specifiiczllv I7/I-,
Deceome very temperature sensitive in the critical regior This

i3 zttributed to a destablizetion of the ions because 2! “n=

criviczzl point.
Crgzanic compcunds such as hydrcguincne can be studi=ag in

.3

2ar-critical and supercritical water. Hydroguinone retains :%s
-2w temperature electrochemical behavior and shows nc sgizn of
ceccmposition at temperatures up to 275°C as lcng 2s the

rctential of the electrode is nct driven to the anodiz limi-

Ciffusion rates are greatly ennanced by higher
temperatures. The enhancement is primarily the resul:t cf
reduced soluticn viscosity. The ciffusivities of iccide
nydroguinonre can be modelled by Stckes-Einstein diffusion
“hecry.

Since the feasibility of electrochemistry in water nezr %tne

critical point has been <Zemonstrated, a study cf organ:i

(@]

reactions is being undertaken. Preliminary tests with ace%i:

acid, phenol, methanol, and bercene show that these compounds

~

can all be oxidized electrochemically above 2500C. Tc

N Y Y

a

-l.l.'.A.
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Jacilitate the collection and analysis of reaction products, a
larger electrochemical cell is being constructed. The results

will be presented in forthcoming publications.
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List of Figurss.
1. Diagram of high temperature, high pressure electrochemical

221, (AY 174" ¢, L. Alumina tube; (EB) Hzs+tellcy

ot
i
} o4
[

zlzctrcde; (E) counter electrode; (F) reference s£lzctirode;
.2 electrode pressure fitting; (H' z-latinum c¢oil ccunter
lea2trode; (I 316 S. S. compression fitting:; <0 zluminz
wagsher; (¥) flucrocarben disk; (L %tantelum lgzd zancd
piztinum working electrcde; (M) tantalum lezi and siiver

reference electrcdée; (N} heating ccil; (CZ. thermoccuple;

(Pl insulation.

2. Scrematic of equipment for electrochemistry in
Supercritical water.
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C.2 M NzgHSCy. Platinum werking electrode, area = 1.3 % "0-¢ .
cmZ. 3can rate = § V/S. Pressure = 240 tar, Zlectrode Feak .
icentification: (A} reduction of K™ te Hp; (B} oxidatien cf

4. Temperature dependence of potential versus hydrogen

electrcce.

€. Cyclic veclitammograms of 10 mM KI in 0.2 M NaHSOy. Platinum

working electrode, area = 1.3 * 10-2 comc, Scan rate =
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£ V/S. Pressure = 240 bar. Peak identificaticn:
(A oxidation of I- to Ip; (E) reduction cf Ip to IT.

ZTyveliz voltammograms of 10 mM KBr in 0.2 M NaHZ0y. Platinum

. - - ~
werking electrode, ares = 1.2 *¥ 107« cme, Scan rate =

c = Pressgsure = Z40 bar. Peay idencification
VA0oSxigation of BrT Lo Bra; (E) reducticn ¢of Erp te EZrT;
- - - N -

£ oxidaticn of the electrode surface; (D) reduction c¢f

emperature dependence of peak potential separation in

cy2olic veltamograms cof KI and K2r.,

Cyclic veltammograms of '0 mM hydroguinone in C.2 M NaHSCy

and 0.5 mM KCl. Platinum working electroce, arez = 1.0 *

1¢-32 2

cm

(@)

Scan rate = 5 V/S. Pressure = 24C bar. Peak

ide

3

tification: (A) oxidation of hydrogquinone t¢
benzoquinone; (B) recuction cf benzoquinone tc¢

hydroguinore.

Temperature derendence of the diffusivity o

]

iocdide ions in
water., Line i{s value calculated from Stokes-~Einstein

equation and the diffusity at 25°C.

Temperature dependence of the diffusivity of hydroquinonre
in water. Line is value calculated from Stokes-Einstein

equation and the diffusity at 250°C.
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