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Abstract

In this report we will describe the multiple single
bunch extraction system as utilized to deliver beams to

the Brookhaven’s Alternating Gradient Synchrotrons (AGS)
switchyard area. We will describe modifications of the
AGS switchyard, necessary to allow it to accept bunched
beam, and results of the first commissioning of this sys-
tem. The AGS Switchyard has for many years been used
to simultaneously deliver (unbunched) resonant extracted
beam to a set of fixed target experiments. In order to
accommodate new fixed target experiments which require
bunched beams, a method of sending the bunched beams
to the AGS Switchyard was required. In addition, by us-
ing the AGS switchyard instead of the upstream section of
the Brookhaven’s Relativistic Heavy Ion Collider (RHIC)
injection line the accelerators can be reconfigured quickly
and efficiently for filling RHIC. We will present results of
the commissioning of this system, which was done in Jan-
uary 2001.

1 INTRODUCTION

The AGS has been delivering fast beam pulses to vari-

ous experiments for decades. In 1996 a new fast extrac-
tion system was put in place and commissioned [1]. This
new system was primarily designed to do bucket to bucket
bunch transfers from the AGS to RHIC. This multiple sin-
gle bunch extraction system has since been utilized to de-
liver high intensity protons to the production target for G-2
(G-2) [2], gold ions and polarized protons to RHIC [3, 4],
as well as to deliver various intensity and various energy
single bunch beams to smaller experiments setup on a
beam-line. which branches off the AGS to RHIC transfer
beam-line (ATR).

To allow performing the various smaller fast beam ex-
periments simultaneously with RHIC operations we needed
an alternative location to deliver the fast beam pulses. The

AGS switchyard is an ideal location, since all the infras-
tructure is in place for setting up fixed target experiments.
By running the AGS in a different configuration (including
operating at a different working point) we have found we
can efficiently deliver fast beam pulses using the existing
fast kicker magnet used for sending beam to G-2 and ATR.
The modifications we needed to make to the AGS switch-
yard were modest. We needed to instrument the switch-
yard for fast beam operation and we needed to be optically

*Work performed under the auspices of the U.S. Dept. of Energy.

matched to the AGS, which was done with the existing
matching section quadruples.

An important piece to this system is the ability to per-
form a “context switch” from one operation (e.g., sending
beam to G-2) to one which delivered beam to the switch-
yard, and back again. The AGS has had the ability to per-
form such context switches for many years. Using this sys-
tem we were able to “steal” beam pulses away from the
G-2 cycle on a pulse to pulse basis. In addition there was a
need to switch from sending high intensity proton bunches
to G,2 to sending low intensity slowly extracted protons
to the switchyard, while retaining the fast beam to switch-
yard setup. To do this we have made use of the new RHIC

sequencer system [5], which allows automated changing
of the state of a particular subsystem (e.g., changing the
rigidity of the beam line). This ability to switch modes
allowed us to switch on a shift by shift basis, from run-
ning high intensity proton bunches to one beam line in the
switchyard to running low intensity slowly extracted beam
to another beam line in the switchyard. The combination
of performing context switches and of performing mode
switches gives the Brookhaven hadron accelerator complex
an unprecedented high degree of flexibility, making simul-

taneous operation of many different experiments possible.

2 DESCRIPTION OF EXTRACTION
PROCESS

To perform (conventional) multiple single bunch extrac-
tion to RHIC we employ a combination of an open “C”
type fast kicker magnet with a thick septum magnet. The
fast kicker provides a 1.6 mrad kick, which will displace
a beam as large as 35 mm across the 1 cm septum of the
thick septum magnet. A more detailed description of this
system is given in reference [6]. To extract beam into the
AGS switchyard the kicked beam must survive traversing
11 out the 12 AGS superperiods (or essentially one full
turn). To get the largest displacement at the thin and thick

septa normally used for resonant extracted beam, the hor-
izontal tune must be dropped to very near the 1/2 integer.
Figure 1 shows the amount of displacement at the thin and
thick septa as a function of horizontal tune.

Kicking beam across the thin septum is easily done since
the septum is very thin (0.76 mm) relative to the beam size.
The more difficult task is clearing the beam past the thick

septum (16 mm). By using the combination of the fast
kicker, the deflection due to the thin septum, and operat-
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Figure 1: Central trajectory displacement as a function of
horizontal tune at the location of the thin and thick septa,
for a 1.8 mrad kick at 24 GeV

ing at a very low horizontal tune, we can get a 25 to 30
mm beam across the 16 mm thick septum. Without the thin
septum this would not be possible, since the largest deflec-
tion at F1O is on the order of 20 to 25 mm. The size of the
beam that can be extracted is smaller than for the normal
fast beam channel, and this limits the beam emittance to
approximately 100 pi-mm-mrad 99 % normalized (ignor-
ing momentum dispersion).

3 FYO1 COMMISSIONING RESULTS

At the end of January, 2001 the system was com-
missioned and both the neutron spallation target experi-
ments [7] and the muon collider target test experiments [8]
were able to complete an aggressive program, while simul-
taneously running for the G-2 experiment.

The extraction system performed very well and we were
able to cleanly extract as much as 4.5z1012 protons in a
single bunch. We also ran with multiple bunch extraction.
In this case we ran as high as 3.5x1013 in 12 bunches.

Figure 2 shows the orbit deformation required to put the
beam into the fast kicker and near enough to the two sep-
tum magnets such that when kicked, the beam is displaced
across the septa. Included on this figure are beam position
measurements from the AGS orbit acquisition system. Fig-
ure 3 shows the trajectories at the locations of the thin and
thick septa. Of note is the vertical sextupole at the F7 lo-
cation. In order to clear the thick septum cleanly we found

we had to run the vertical sextuples at -175 amp, which
caused the vertical chromaticity to be negative.

4 BEAM INTENSITY LIMITATIONS

During commissioning we quickly found that we were
limited in the single bunch beam intensity to about

5.5z1012 protons. The beam losses increased on all de-
vices with intensity, but increased most non-linearly at the
kicker location. This is suggestive of vertical blow-up. As
noted in the previous section the vertical chromaticity was
forced to be negative to cleanly get past the thick septum

Figure 2: Measured orbit points and the predicted orbit
around the kicker and septa locations.
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Figure 3: Central trajectories of kicked and unkicked beam.
The location of the thin and thick septa are marked on
the figure. The location of the vertical sextupole at F7 is
marked in color. The solid black line is the unkicked cen-

tral beam orbit. The red dotted line is the displaced orbit
due to the G1O kicker. The dashed blue line is the final
trajectory including the thin and thick septa bends.

(even at low intensities). It has been suggested that a possi-
ble reason is a local effect due to the F7 vertical sextupole.
Nevertheless, a side effect of this is the vertical chromatic-
ity is negative, which could cause higher sensitivity to some
instabilities (e.g., transverse head-tail instability) [9]. Fig-
ure 4 shows the losses on the kicker (G1O), the thin septum
(F5), and the thick septum (F1O), as a function of inten-

sity. The straight lines are drawn to guide the eye. There
is a clear change in the losses just above 4.5%1012 pro-
tons/bunch, which is what we expect if there is an emittance
blow-up due to instabilities. Figure 5 shows the extracted
beam intensity as a function of the internal intensity. Above
6X1012 protons (internal) we begin to see diminishing re-
turns. Through further adjustments of machine parameters
we were able to get up to 5.5x1O 12 protons extracted, but

the general character of this curve didn’t change.

In an effort to achieve higher single bunch intensities we
explored various modes of operation. Initially the AGS was
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Figure 4: Beam losses versus intensity (loss monitors have
roughly equal response to a given amount of lost beam)
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Figure 5: extracted beam intensity versus internal intensity

configured to accept beam from the Booster into h=6 buck-
ets. The 6 bunches were then split adiabatically into h= 12
buckets and then accelerated. This allowed us to operate
the Booster on h= 1, using 6 transfers to the AGS. In this
mode of running the AGS has achieved very high beam in-
tensities [10]. For the normal fast beam to switchyard set-
up we mistuned the bunch split to put all of the beam into
a single h=12 bucket.

To avoid losses that normally occur on very long injec-
tion porch we attempted to inject directly into an h=12

bucket (single bunch) and then accelerate it. This caused
the longitudinal emittance to become much smaller than
normal, causing difficulties going through transition. In
the end we didn’t achieve much better than in the previ-
ous mode of running. We also attempted to run on h=6
through the entire cycle (no bunch split). In principle this
should have given us a factor of 2, but collective effects
caused problems at extraction time. We did achieve in-
ternally very high intensity bunches, but at best extracted

5.5x1012 protons in one bunch, with relatively high losses
at extraction.

5 INSTRUMENTATION

The most significant change we made to the AGS switch-
yard was to install pulsed beam instrumentation. We added
three current transformers, one at the most upstream part

of the switchyard, inside the matching section quadruples
and two more, just upstream of the experimenter target sta-
tions.

6 FUTURE MODES OF RUNNING

To satisfy the needs of the fast beam experiments we
need to get to higher single bunch intensities. Our goal is
1.6x1013 in a single bunch. We are looking into a number
of ways of getting to these kind of intensities. All the tech-
niques that we would employ require doing bunch merging
on the extraction flattop. Future studies will include bunch
merging gymnastics, higher bunch dilutions (to avoid col-
lective effects), and chromaticity studies.

7 CONCLUSIONS

Through the use of an existing fast extraction system we
have been able to dynamically reconfigure the AGS to kick
bunches from the G-2 line to the AGS switchyard. This has
allowed the AGS to run multiple simultaneous experiments
and gives unprecedented flexibility to the accelerators at
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10 CONTRACTUAL ORIGIN OF THE INVENTION

The United States Government has rights in this invention pursuant to Contract

No. W-7405-ENG-82 between the U.S. Department of Energy, Ames Laboratory and its

contractor, Iowa State University.

BACKGROUND OF THE INVENTION

Public awareness of the discharge of industrial wastes has resulted in

governmental and private development of efficient, economical and safe procedures for

the destruction of toxic organic waste. Alternatives to the traditional use of thermal

incineration include supercritical water oxidation, photochemical degradation,

sonochemical oxidation and electrochemical incineration.

20 Supercritical water oxidation is performed above the critical point of water (374 “C, 218

atm) in the presence of 02 or H202. Organic species only slightly soluble in water are

miscible with supercritical water. The literature contains descriptions of reaction

mechanisms, kinetics and engineering aspects of supercritical water oxidation applied

to numerous organic pollutants including: phenol, 1,3-dichlorobenzene and benzene,

pyridine, acetic acid, 1,4-dichlorobenzene, chlorophenols, pulp and paper mill sludge,

and explosives. Major reaction products are water, carbon dioxide and inorganic salts.

Supercritical water oxidation is well suited for destruction of large volumes of toxic
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organic waste; however, for disposal of small quantities of toxic organic waste,

supercritical water oxidation is not considered feasible

evaluation of less costly methods is appropriate.

Recently, interest in photochemical degradation

economically. Therefore,

of toxic organic waste in

aqueous media has expanded rapidly. The primary oxidant is the photogenerated

hydroxyl radical formed on semiconductor metal oxide surfaces. Typically, TiOz

powder is the semiconductor used because it is inexpensive, insoluble under

conditions used in photochemical degradation, stable and non-toxic. The literature of

photochemical degradation describes applications to chlorophenols, dichloroacetate

and oxalate, 4-chlorophenol, humic acids, dichlorophenols, benzene, phenol,

dimethoxybenzene and toluene. Applications of photochemical degradation appear

most suitable for solutions having low turbidity.

Sonochemical oxidation has been used for degradation of phenol and humic

acids; and of 4-chlorophenol, 3,4-dichloroaniline and 2,4,6-trinitrotoluene. The primary

reaction in sonochemical oxidation is the pyrolysis of solute present in bubbles

generated by acoustical cavitation. Secondary reactions also occur as a result of

interactions of solute with hydroxyl radicals and hydrogen atoms produced by the

sonication of water.

Electrochemical incineration is an alternative to the degradation methods above

described. This is a waste remediation process whereby oxygen atoms are transferred

from HZO in the solvent phase to the oxidation product(s) by direct or indirect reactions

on the anode surface. This procedure is attractive for low-volume applications such as

confined living spaces, e.g., spacecraft, and research laboratories. ‘“ “ ‘ ‘

described successful electrochemical incineration of waste biomass

i ne prior art nas

using Pt and PbOz
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electrodes. The major advantages of

3

electrochemical incineration over thermal

incineration include: absence of CO and NOX generation, and low operating

temperatures. Because of the high cost of Pt and the toxicity of lead salts, two Swiss

groups compared Pb02 and Pt electrodes to Sn02-film electrodes doped with Sb(V)

(“Sb-SnOJ’). Both Swiss groups demonstrated that phenol is removed from aqueous

solution more efficiently with Sb-SnOz anodes than with Pt and PbOz anodes. Their

work also indicated that for Pt anodes, oxidation stops with the formation of small

carboxylic acids, e.g., maleic, fumaric and oxalic. More recently, Pt, lr02/Ti, and Sb-

SnOJll anodes were compared and a mechanism for the electrolysis of organic

compounds was proposed. These and other descriptions of electrochemical

incineration have been reviewed in the literature; advantages of electrochemical

incineration include: versatility, energy efficiency, amenability to automation,

environmental compatibility and low cost.

The major challenge for future development of electrochemical incineration is the

discovery of nontoxic anode materials and electrolysis conditions that can achieve

conversion of toxic organic waste to innocuous products with high current efficiencies.

Other desirable electrode properties include low cost, lack of toxicity, high stability and

high activity. The matter of current efficiency is especially pertinent because the

desired O-transfer reactions require the anodic discharge of HZO to produce adsorbed

hydroxyl radicals (OH,J. However, a high surface excess of the OH,~~ species leads

to evolution of 02, an undesired product. Previous work has demonstrated that

electrodes comprised of Fe(lll)-doped @-pbOz films on Ti substrates (“Fe-pbQ~”) are

quite stable in acetate buffered media (PH 5) and offer significantly improved catalytic

activity over pure ~-PbOp film electrodes for conversion of CN- to CNO under
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10 potentiostatic conditions as well as the anodic degradation of E-benzoquinone

galvanostatic conditions,

SUMMARY OF THE INVENTION

under

The present invention in its preferred embodiment relates to electrochemical

incineration using a quaternary metal oxide consisting of a Sn02 film doped with

varying amounts of the oxides of antimony, titanium and ruthenium. The cathode is

porous stainless steel cylinder, and a Nafion membrane is used as a solid-state

electrolyte sandwiched between the anode and cathode. Use of Nafion, a

perfluorinated acid membrane, precludes the need for addition of soluble inorganic

salts to function as supporting electrolytes. A dramatic increase in lifetime of the

a

20 anodes has been observed to result from omission of added electrolytes. Furthermore,

the low ionic strength of the electrolysis solution facilitates the use of ES-MS for

determination of ionic products and there is little or no electrolyte to remove from the

remediated solution.

The invention consists of cettain novel features and a combination of parts

hereinafter fully described, illustrated in the accompanying drawings, and particularly

pointed out in the appended claims, it being understood that various changes in the

details may be made without departing from the spirit, or sacrificing any of the

advantages of the present invention.

BRIEF DESCRIPTION OF THE DRAWINGS

30 FIGURE 1 is a two dimensional view of electrode assembly: (a) quaternary metal

oxide film on coiled Pt anode (0.62 mm thick); (b) solid state electrolyte (0.2 mm

thick); and (c) stainless steel tubular cathode (1 mm wail);
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10 FIG. 2 illustrates graphical plots of COD and pH vs. time during electrochemical

incineration of 100 mg/L benzoquinone using a Pt anode covered with the quaternary

metal oxide film;

FIG. 3. are graphs showing the total ion signal in LC-ES-MS obtained for (A) a I-

h electrolysis solution of 100 ppm benzoquinone and (B) a standard solution;

FIG. 4 is a graphical illustration of the chromatogram of 100 mg/L benzoquinone

solution atter a 2-h electrolysis period using an anion exchange column with

conductivity detection;

FIG. 5 contains graphical charts showing the change in concentration of

selected reaction products vs. electrolysis time using a Pt anode covered with the

20 quatemary metal oxide film, Nafion membrane, and porous stainless steel cathode;

FIG. 6 are formulations showing the suggested reaction pathway for the

electrochemical incineration of benzoquinone at a Pt anode covered with the

quaternary metal oxide film.

DESCRIPTION OF THE PREFERRED EMBODIMENT

and

All chemicals were reagent grade (Fisher Scientific) and water was purified in a

Nanopure-11 system (Barnstead, Newton, MA). Quaternary metal oxide films were

prepared from a solution comprised of 0.4 M SnC12@2H20, 0.03 M SbCl~, 0.08 M RuCl~

and 0.02 M TiCld in a 1:1 mixture of 12 M HCI and ~-propanol. This composition was

chosen on the basis of patents claiming high stability for Ti02-RuOz-Sn02 and Ru02-

30 Sb20a-SnOz films on Ti substrates in saline solutions. ~-Benzoquinone (Fisher

Scientific) was purified by sublimation and used for preparation of 100 mg/L stock

solutions in water. Carboxylic acids (Aldrich) were dissolved in water to prepare 1000

mg/L standard stock solutions, which were then frozen until needed to prevent
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10 microbial degradation.

Quaternary metal oxide films were prepared by a thermal procedure in which Ti

or Pt substrates were alternately painted with the solution of the four metal salts

followed by heating above the flame of a Bunsen burner for ca. 15 s. After ten wetting-

heating cycles, the electrode was annealed in a muffle furnace for 1 h at 600 ‘C. The

resulting quaternary metal oxide films on Ti and Pt substrates are designated here as

“Ru-11-Sb-SnOJTt’ and “Ru-Ti-Sb-SnOJPt”, respectively. Preliminary work made use of

a Ti substrate (1O cm2 working area), in the form of a rectangular plate, and a Pt

cathode. Subsequently, a Pt wire (0.62-mm o.d., 24-cm length, 4.7-cm2 working area)

was used as the substrate for quaternary metal oxide films. In the latter case, a

20 rectangular piece of Nafion 117 membrane (2 cm x 4 cm) was placed around the

tubular cathode and wrapped tightly with the quaternary metal oxide-coated wire

anode, as shown in Fig. 1 wherein there is shown a schematic illustration of an

electrolytic cell 10 in which there is provided an anode indicated by the (=a) in the

form of a wire which may be any one of a variety of composite materials or of a metal,

as will be hereinafter described, which surrounds a polymer electrolyte. Preferably, the

polymer electrolyte is NAFION@ which is a fluorinated organic polymer having multiple

pendant sulfonic acid groups. NAFION@ is a trademark of the DuPont Company for a

commercially available polysulfonated membrane which has the following structure as

set forth in U.S. patent no. 4,973,391 issued November 27, 1990 to Madou et al. the

30 disclosure of which is herein incorporated by reference.

----(CF,CF,)n --- CF,~F---

(OCF2CF-)OCF2CF2S03H

I
CF3
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10 In addition, to the polymeric electrolyte denoted by letter b in Fig. 1, there is

also disclosed a cathode denoted by (-c) which may be any conventional material such
.~k, (“L.

as stainless steel. Preferably, but not necessarily, the cell 10 is tubular in shape and

more preferably cylindrical in shape, is inserted into an electrolytic solution which

contains toxic organic compounds to be remediated. The anode a and the cathode c

&) ‘it ‘{ -
are connected to a source of energy and is applied between the cathode and the

anode, the toxic organic compounds in the electrolytic solution will be remediated, as

hereinafter described.

The cathode was prepared from a rod of type-360 stainless steel (6.4-mm o.d.

and 3.5-cm length) drilled with 20 holes (3-mm dia.) positioned normal to the axis of

20 the rod. Other anodes include those described by Feng et al. , J. Electrochemical

SOC., 138 (1991) 3328 and Electrochemical Sot. 142 (1995) 626, the disclosures of

which are herein incorporated by reference.

Referring to Fig. 1, the electrolysis cell was assembled from a 50-mL three-

necked pyrex flask. Teflon stoppers were machined to fit the outer two ports of the

cell. One stopper allowed entry of the electrode assembly. The other stopper allowed

passage of a hypodermic needle to add water or introduce a solid phase

microextraction fiber for headspace analysis. A tapwater-cooled condenser was

inserted in the center neck of the cell to decrease evaporative water loss during long

electrolysis periods. All glassware was washed in 1 M KOH in a 1:1 mixture of ethanol

30 and water, then in 2 M HzSO., then rinsed with water and then dried overnight at

1Oo”c.

The power supply was a potentiostat/galvanostat (model 363, EG&G Princeton

Applied Research, Princeton, NJ) operated in the galvanostatic mode.
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10 Electrolysis were performed under galvanostatic control at 1.0A (ea. 0.2 A/cm2)

on 50-mL aliquots of benzoquinone stock solution. At the conclusion of each

electrolysis, deionized water was added to bring the volume in the cell back to 50 mL,

i.e., the starting volume,

The elemental content of the initial benzoquinone solution and one that had

been electrolyzed for 64 h was determined by inductively coupled plasma-mass

spectrometry (ICP-MS). The apparatus and typical operating conditions have been

described in the prior art. A semiquantitative analysis mode was used for calibration.

Spectral scans were measured in separate m/z windows typically 50 daltons wide.

Analyte signals were adjusted for blank signal, isotopic abundance and approximate

20 degree of ionization and then compared to those for known concentrations of Co, La or

Tl, whichever was in the particular m/z window of interest. Scans of the full m/z range

showed that matrix effects were negligible.

In addition to the starting solution, samples representing eight electrolysis

periods in the range 0.5-64 h were analyzed for TOC, COD, pH, and inorganic and

organic anions. TOC was determined at the University of Iowa’s Hygienic Laboratory,

which is EPA approved. Samples were analyzed by a DC190 TOC Analyzer

(Dohrmann, Santa Clara, CA) using a combustion infrared method. COD was

determined by titration with KMnOd as known in the art or by a Hach DR2000 analyzer

(Loveland, CO).

30 Quinone and phenolic compounds were separated with a reverse phase Zorbax

SBC18 column (25-cm length, 4.6-mm dia.) developed by Rockland Technologies

(Chadds Ford, PA) and detected by absorption at 240-nm using a Kratos Analytical

Spectroflow photometer (Ramsey, NJ) or with a Perkin-Elmer SCIEX AP1/1 ES-MS
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10 (Thornhill ON, Canada) based on a single quadruple mass spectrometer. The ES-MS

was equipped with a Perkin-Elmer SCIEX TurboIon Spray heating probe (Thornhill ON,

Canada). The TurboIonSpray employs a heated gas flow near the electrospray needle

which increases evaporation of solvent and allows liquid flow rates up to 1 mL/min.

TurboIonSpray eliminates the need to split the eluent stream from the HPLC, eliminates

some background peaks, improves detection limits where background peaks are

eliminated, and allows use of low organic solvent levels. Methanol and water at a 1:1

ratio was the eluent used at a flow rate of 0,3 mL/min. In addition, inorganic and

organic anions in the electrolysis solutions were monitored by direct infusion into the

ES-MS. Carboxylic acids were identified using an ICE-AS6 ion-exclusion column f?om

20 Dionex (Sunnyvale, CA) coupled to ES-MS as known in the art.

The inorganic and organic anions were quantified using an AS11 anion-

exchange column with an ED40 conductivity detector from Dionex. A sodium

hydroxide and methanol gradient elution program as described in the literature

accompanying the column provided the needed separation of the analytes of interest.

Polyacrylate and carbowax-divinylbenzene coated SPME fibers from Supelco

(Bellefonte, PA) were used to extract constituents in the benzoquinone solution and in

the headspace. Solid phase microextraction fibers underwent thermal resorption in a

Varian 3400 gas chromatography (Palo Alto, CA) equipped with a DB-1 or DB-5 column

from J&W Scientific (Folsom, CA), and coupled to a Finnigan TSQ-700 triple

30 quadruple mass spectrometer (San Jose, CA).

Aldehydes and ketones were collected with Sep-Pak (DNPH-Silica) cartridges

manufactured by Waters Chromatography (Marlborough, MA). The HPLC analysis of

the eluent in the Sep-Pak cartridges was performed as described in the manufacturer’s
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10 instructions accompanying the cartridges.

Table 1 presents a comparison of the performance of seven electrode materials

applied for anodic degradation of benzoquinone in acetate buffer. Included are values

of COD following electrolysis for specified time periods and brief comments pertaining

to the electrolysis solution or the electrode surfaces. The COD in these solutions was

determined by titration with standard KMnOq, a procedure that ignores contribution

from the acetate/acetic acid components. The Au anode was least effective, requiring

48 h to decrease the COD to 582 mg/mL, @ a 46% decrease from the original value.

The Ru/Ti anode was slightly more effective than Au with a COD of 28 mg/L alter 48 h.

The PbOz/Ti anode decreased the COD to 12 mg/L after 24 h; however, the Fe-PbOfl

20 anode decreased the COD to 8 mg/L after only 10 h. The Ru-Ti-Sb-SnO#l anode was

somewhat less efficient than the Fe-PbOa~ anode, producing a COD of 6 mg/L after

24 h. The glassy carbon anode exhibited significant degradation within 10 h and

corrosion of the Ti surface in the Sb-Sn02/Ti anode was ‘observed after only 0.5 h.

Comments are frequently offered by environmentalists that use of toxic lead-

based anodes is not acceptable for electrochemical incineration applied to potable

waters. Therefore, even though Ru-Ti-Sb-SnOz/Ti anodes were slower to oxidize

benzoquinone than Fe-PbOz anodes, the former are preferred.
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Table 1. Comparison of values for chemical oxygen demand (COD) and

current efficiency achieved with seven electrode materials for the

electrochemical incineration of 50 mL of 10 mM benzoquinone in acetate

buffer.

tlectrode Current I [me COD” Ob servatlons

(10 cm’) (mA/cm’) (h) (mg/L)

None n.a. o 1071 Brown-black

solution.
Au 10 48 582 Deep yellow

solution.
Hu/ I I 10 48 28 Yellow solution.

Glassy carbon 10 10 Carbon particles

suspended in solution.
Pb 02nl 10 24 12 Colorless solution.

Fe-Pb02/l I 10 10 8 Colorless solution.
Sb-Sn02/Tl 10 0.5 - Apparent corrosion

of TI substrate.
Ru-Tl-Sb-Sn02/Tl 10 24 6 Colorless solutlon.

a COD determined by titration with KMnO..

Quaterna~ metal oxide films corroded slowly when operated at large current

densities (100 mA/cm2) and ambient temperatures (25 -35 ‘C). The U-tube shape of

the Ru-Ti-Sb-Sn02/Ti anode permitted circulation of thermostated water. With this

30 electrode, the quaternary metal oxide films exhibited less corrosion when operated at

higher temperature. Typically, corrosive losses were not visible nor detectable by

gravimetry following 70-h electrolysis periods when the Ru-Ti-Sb-Sn02/11 tubular anode

were operated at 200 mA/cm2 and 60 ‘C. The obsewed benefit from a higher

operating temperature is not understood; however, it is known in the art that increased
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potential to be decreased.

A freshly prepared quaternary metal oxide film on Ti that had not been used for

electrolysis was examined by scanning electron microscopy. The micrograph indicated

a moderately uniform film corresponding to an aggregation of small crystallite with

individual diameters -=2 pm. The results of energy dispersive spectroscopy for this

surface confirmed the presence of Sb, Ru, Ti and Sn. An elemental analysis of two

different regions of the electrode surface yielded the following percent compositions:

Sb = 7 and 8Y0, Ru = 9 and 9%, Ti = 10 and 21%, and Sn = 34 and 39%. In

comparison, the relative concentrations of metallic components of the solution used for

20 thermal preparation of quaternary metal oxide films were: Sb = 6%, Ru = 14%, Ti =

3% and Sn = 77Y0.

The Nafion membrane eliminated the need for added soluble salts to serve as

supporting electrolytes, which facilitated direct analysis of product solutions using ES-

MS. These analyses can only be performed on solutions of low ionic strength to

prevent build-up of salt deposits that plug the orifice cone in the ES-MS. The Nafion

117 membrane also prevented film formation on the anode surfaces during

electrochemical incineration of 10 mM benzoquinone solutions over periods of several

weeks. The prior art has reported formation of organic films on Pt electrodes applied

for anodic degradation of phenol and stated that film formation was exacerbated by

30 high pH, low current density, high temperature and high phenol concentrations.

Similar problems of film formation with loss of electrode activity have been encountered

in this laboratory during amperometric detection of phenol at Pt electrodes and

electrolysis of benzoquinone at Pt, but the latter has yet to be published.
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10 Construction of electrolysis cells using a solid-state electrolyte requires that the

membrane be sandwiched tightly between porous anode and cathode materials.

Undoubtedly, for applications to solutions having zero ionic strength, i.e., very low

conductivity, electrolysis occurred only on those small portions of the electrode

surfaces that were in simultaneous contact with solution and membrane. The result

was a severely attenuated working area of the electrodes with a corresponding

increase in the effective current density. We observed cell voltages >10 V as

compared to C5 V for the presence of acetate buffer (pH 5).

Whereas this loss of effective electrode area, with a resulting increase in cell

voltage, is seen as a disadvantage of this cell design, it is probably the explanation for

20 the absence of organic film build-up on our anode surfaces. The higher effective

current density resulted in an elevated rate of HZO discharge at the working portions of

the anode with a corresponding large flux density for OH radicals that are believed to

be the source of O-atoms transferred to the product(s) of the electrochemical

incineration reaction(s). Therefore, the lifetime of organic radicals was greatly

diminished with the beneficial decrease (or elimination) of radical polymerization to

form surface films. The smell of O~(g) also was detected above the electrode

assemblies constructed with the Nafion membranes. This has been reported and can

be expected when high current densities are applied at noble electrodes. It is not

known to what extent the evolution of some OS assists in promoting the desired

30 electrochemical incineration.

A disadvantage of using the solid-state electrolyte in place of added soluble

electrolyte was a significant increase in the electrolysis time needed to decrease COD

values to specified levels. For example, addition of 0.1 M acetate buffer (pH 5) to our
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COD.

Figure 2 contains plots showing the change in COD and pH as a function of

electrolysis time during the electrochemical incineration of a solution containing 100

mg/L benzoquinone. Values for COD, obtained with the Hach DR2000, steadily

decreased from an initial value of 190 mg/L to 2 mg/L during a 64-h electrolysis period.

Values of TOC (not shown) decreased to 1.2 mg/L during this same period. The pH of

the electrolysis solution decreased sharply to a minimum of ~ 3 at 2 h followed by a

gradual increase to a final value of ~ 4. Whereas “therate of COZ evolution is

maximum immediately following the onset of electrolysis, ionization of the resulting

20 H&03 (PKiw... = 6.3) is not sufficiently strong to explain the sharp drop in pH. The most

probable explanation is the formation of carboxylic acids by the first steps in

benzoquinone degradation. The prior art reports the presence of maleic, fumaric and

oxalic acids following electrolysis of phenol solutions.

Benzoquinone is very reactive in water and undergoes condensation reactions.

The identity of these condensation products is highly dependent upon starting

concentration and pH. Products include dibenzofuran, biphenols, a trimer of molecular

weight (MW) 290, plus a higher MW polymer. Condensation occurs rapidly in alkaline

media but only slowly in neutral and acidic media. Following addition of benzoquinone

to pure water, the color of the solution changes from light yellow to a tea color within

30 72 hrs and to coffee brown within one week. Because a similar color transition is

observed during the initial phase of the electrochemical incineration of benzoquinone,

an attempt was made to look for the compounds named above. None of these

compounds was detected using a solid phase microextraction fiber in combination with
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In the electrolysis solutions (100 mg/L benzoquinone), only hydroquinone and

resorcinol were detected on the solid phase microextraction fibers even though the

sensitivity for phenols was increased by derivatization with acetic anhydride.

Derivatization was not performed on the 10 mM benzoquinone solution. Results

obtained using the polyactylate fiber during electrolysis were consistent with the

presence of hydroquinone and resorcinol following 0.5, 1 and 2 h. At 4 h,

hydroquinone was not detected and at 8 h, resorcinol was not detected.

ES-MS was also used to look for dibenzofuran, biphenols and other phenolic

compounds. Although ES-MS could detect these compounds in standard solutions,

20 dibenzofuran and biphenols were not observed before or during the electrolysis of

solutions containing 100 mg/L or 10 mM benzoquinone. However, phenol was

detected in a stock solution of week-old 10 mM benzoquinone that had not undergone

electrolysis.

ES-MS identified B-benzoquinone and hydroquinone in electrolysis solutions at

#4 h. Chromatograms are compared in Figure 3 for a benzoquinone solution after 1 h

of electrolysis (A) and a standard solution (B). In addition to the standards shown in

the chromatogram, selected ion monitoring was used to look for 2-

hydroxybenzoquinone. The prior art has shown that benzoquinone in dilute aqueous

solution was converted to hydroquinone and 2-hydroxybenzoquinone y@ a benzene-

30 1,2,4-triol intermediate product. A peak was not seen in the chromatogram for 2-

hydroxybenzoquinone but a signal was obtained at m/z = 123 whenever benzoquinone

or hydroquinone were eluted from the column. 2-Hydroxybenzoquinone was not

commercially available and was too unstable to be synthesized and stored. However,
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Because resorcinol was detected in the electrolysis sample by the solid phase

microextraction method but not when using ES-MS, resorcinol might have formed in

the sample preparation step of the microextraction method. A high pH was required

for the derivatization with acetic anhydride and benzoquinone is very reactive under

these conditions. Another possible explanation is that the solid phase microextraction

method was more

The Zorbax

sensitive to resorcinol than LC-ES-MS.

SBC18 HPLC column works well for the separation of phenols in

conjunction with ES-MS. One method of separating phenols is ion suppression

chromatography which uses a phosphate buffer (pH 4) to suppress ionization.

20 Phosphate buffers are known to suppress the ES-MS signal. Methanol and water are

commonly used as a solvent for ES-MS analyses; fortunately the SBCI 8 column

retained the phenols with only this eluent. Because detection limits improve as column

diameter decreases, the use of a SBC18 column (3-mm id.) was tested to improve the

sensitivity of the analytical technique. However, resolution between hydroquinone and

its isomers was lost unless trifluoroacetic acid was added to the eluent at such a high

concentration that signal suppression occurred in the ES-MS. Detection limits for

HPLC-ES-MS of phenols were as follows: hydroquinone and benzoquinone = 100

pg/L, phenol and 2,5-dihydroxybenzoquinone = 300 pg/L, and resorcinol and

pyrocatechol = 50 pg/L. When the same chromatographic conditions were coupled to

30 an absorbance detector, the limits of detection for all six compounds were ca. 20 ~g/L.

Table 2 shows the acidic intermediate products detected during the

electrochemical incineration of 100 mg/L benzoquinone. The major identified

intermediate products were formic, acetic, maleic, succinic and malonic acids. Maleic
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10 acid concentrations peaked at 2 h and, by 8 h, had decreased to <500 ~g/L. The

presence of succinic, malonic, acetic and formic acids persisted after 32 h of

electrolysis. Fumaric acid was detected in the first 4 h of electrolysis; however,

concentrations were always less than 500 ~g/L. The inorganic anions chloride and

sulfate were present as impurities in the starting solution (#1 mg/L). As a result of the

anodic oxidation of chloride, chlorate was found in most electrolysis solutions at low

levels @ 500 pg/L). Because the detection limit for perchlorate was ca. 5 mg/L with

the anion-exchange column, it could not be detected with the conductivity detector.

However, perchlorate was detectable by ES-MS in all samples after ca. 4 h at

concentrations estimated to be <5 mg/L.

20

Table 2. Acidic intermediates identified in the product solution during

30

electrochemical incineration of benzoquinone.

Compound Peak Concentratlon Electrolysis Time

~Hydroquinone

(mg/L) (h)
1 1

Formic acid 5 0.5
f-umanc acid I <1 I 0.5

I I

Maleic acid 9 I 2
I I

Malonlc acid 1 I 8, 16
, ,

Succmc acid I 10 I 8
Acetic acid I 8 I 64

It was not possible to identify all of the ions detected by direct infusion of the

sample into the ES-MS. Because of the numerous reactions occurring in the

electrolysis solution and fragmentation and clustering occurring in the electrospray

ionization process, the interpretation of these data was difficult and necessitated the
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ADionex ASll anion-exchange column with aconductivi~ detector was used to

quantify the anions listed in Table 2. Fifteen peaks were detected and a typical

chromatogram is shown in Figure 4. Because more peaks could be detected with the

anion exchange column than with the ion exclusion column using ES-MS detection, the

identities of all peaks shown in Figure 4 have not been established. The anion-

exchange column could not be coupled with ES-MS because the sodium hydroxide

eluent was not compatible with ES-MS. Using LC-ES-MS, acetic acid, formic acid,

chloride, succinic acid, malonic acid, maleic acid, fumaric acid and sulfate were

identified. Fumaric acid was quantified using LC with absorbance detection.

20 Figure 5 compares remediation rates for four compounds generated during

electrochemical incineration of benzoquinone. Whereas benzoquinone and maleic acid

quickly undergo a redox reaction in the electrolysis solution, succinic and acetic acids

were only slowly oxidized by electrochemical incineration. At 64 h, acetic acid was the

only significant organic compound remaining in solution. MaIonic acid levels were

never higher than 1 mg/L and, therefore, it is apparent that malonate is oxidized more

rapidly than either succinate or acetate. Formic acid levels gradually dropped

throughout the course of the electrolysis from 5 mg/L in the

0.5 h.

The first attempt to analyze the gas phase above the

solution electrolyzed for

benzoquinone solution

30 during anodic oxidation was to measure the yield of C02 using Pt mesh electrodes and

compare the C02 yields with that from the thermostatically controlled Ru-Ti-Sb-Sn02~

tubular anode. The tubular electrodes were previously known. Concentrations of C02

were determined gravimetrically and yields with Pt mesh electrodes were 63% without
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10 use of an antifoam and 72% with an antifoam. Carbon dioxide yields using the

quaternary metal oxide tubular electrodes were 74% for electrolysis periods in the

range 48-72 h. As stated earlier, there was evidence that some of the organic

intermediate products were swept out of the solution by co-evolution of COZ and Oz

with the result of COZ yields c 100Y0.

Results from analysis of the headspace above the coiled electrode assembly

using the solid

benzoquinone.

phase microextraction fiber indicated the presence of acetaldehyde and

Therefore, Sep-Pak cartridges were used to quantify aldehydes and

ketones emitted from the electrolysis solution. The Sep-Pak cartridges concentrated

aldehydes and ketones from the gas stream. After a 48-h electrolysis period, <1 ‘%0 of

20 the carbon in benzoquinone appeared to have been oxidized to acetaidehyde and

acetone. No formaldehyde was detected in the gas stream.

Because some of the small carboxylic acids generated by electrolysis are

volatile, the condenser above the electrolysis cell was rinsed to see if any acids might

adhere to it. Indeed, small peaks for acetic and formic acids were obtained using

absorbance detection; however, no attempt was made to quantify these acids.

Conceivably, metals from the quaternary metal oxide film, the Pt substrate, or

the stainless steel cathode could be dissolved into the product solution. This is an

issue of concern in consideration of metal oxide films for remediating organic waste

solutions. Therefore, the elemental content of a benzoquinone solution after a 64-h

30 incineration period at a well-used electrode was determined

concentrations @g/L) are: TI = 0.5, Cr = 0.5, Mn = 1, Ni =

by ICP-MS. The estimated

3, Zn = 32, Ru = 2.4, Sn

=1, Sb=land Pt= 0.6. The concentrations determined following electrolysis using

a newly-prepared electrode ranged from ten to one hundred times larger than those
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Chromium, Sn and Pt are elements of major environmental concern and these

were present at very low levels (0.5 -1 pg/L). The count rates for the Fe peaks at m/z

= 54 and 56 were approximately the same as for the unremediated blank and,

therefore, virtually no Fe dissolved from the stainless steel counter electrode during

electrolysis.

acid.

Figure 6 is a possible mechanism for the oxidation of benzoquinone to maleic

If benzoquinone is absorbed onto the electrode surface and gives up an

electron, a neighboring adsorbed OH radical then attacks the benzoquinone. If this

process repeats itself at the para position, the ring could open to form maleic acid and

20 ethene. No ethene was detected in the headspace analysis; however, it has beeni

reported that ethene is oxidized to COZ at Pt but oxidized to acetaldehyde, acetone and

propionaldehyde on Au or Pd electrodes.

The mechanism in Figure 6 suggests that maleic acid is reduced to succinic

acid at the cathode followed by oxidation to malonic and acetic acid at the anode. The

occurrence has been reported on the electroreduction of maleic and fumaric acids to

succinic acid at a lead cathode. We found an electrolysis of succinic acid resulted in

the appearance of malonic acid followed by acetic acid. The prior art reports that

alcohols can be oxidized to the corresponding carboxylic acids if the reactants are not

reduced at the cathode. It is possible that use of divided cells to prevent access of

30 maleic acid to the cathode might decrease the time for total

incineration.

electrochemical
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10 Quaterna~ metal oxide films applied to Ti or Pt substrates exhibited high and

persistent activity as anode materials for the electrochemical incineration of

benzoquinone. Use of a Nafion membrane, sandwiched between the anode and

cathode, eliminated the need for addition of soluble salts and, thereby, permitted

product solutions to be analyzed by ES-MS. However, the low ionic strength of the

solutions resulted in a substantial decrease in the working area of the electrodes with a

corresponding increase in the electrolysis period needed to bring the COD effectively

to a zero value.

Numerous ionic intermediate products formed during the electrochemical

incineration of benzoquinone were identified and quantified. The major intermediate

20 products identified were Q-hydroquinone, formic acid, fumaric acid, maleic acid,

malonic acid, succinic acid and acetic acid.

A distinct advantage of using the solid-state electrolyte in large-scale

applications of electrochemical incineration is the production of a final product which is

essentially pure water that can be disposed into sanitary sewage systems without the

need for desalting or pH adjustment.

In general, the anode may be formed of a relatively inett metal such as Pt, Ir, Au,

Pd or Ti or the alloys thereof. Alternately, the anode may be a composite in which

there is a metal substrate having thereon an oxide of a variety of materials to enhance

the efficiency and operation of the anode substrate. For instance, the anode may be a

30 composite which includes a substrate selected from Sn, W, Zr, Ta, Ir, Pd, Pt, Ti, Au, Cu

alloys, Ru, C and Ag thereof. Most preferably, the anode substrate if it is to be

combined with an oxide enhancing material is selected from Sn, Pt, Ti, Cu, Cu-Ag

alloys, Ru and Ag. Various oxides are used to enhance electrical properties, chemical



22

10 reactivity of properties, chemical reactivity of the anode material with respect to the

toxic organic compounds in the electrolysis solution and to provide adhesiveness of

the outside layer to the substrate. More particularly, antimony oxide is a good material

to enhance the electrical conductivity in a composite anode and Ru

materials to enchance the chemical activity of a composite anode.

oxides of Ru, the oxides of the transition metals may be substituted

oxides are good

In addition to the

for Ru to enhance

the chemical activity of the oxide matrix on the metal substrate

Preferably, the oxide of the substrate metal is used to increase

in a composite anode.

the adhesiveness of the

oxide material to the substrate metal. For instance, if the substrate metal is Ti, then the

preferred oxide to “increase the adhesiveness of the oxide material in the composite

20 anode is Ti oxide

In the preferred embodiment, the Sn oxide was used as a matrix for the Ti, Ru

and Sb oxides. Moreover, a potential is normally applied across the anode and the

cathode, but a well recognized alternative is to pass a controlled current through the

electrolysis cell, and it is intended that both methods are to be included by reference

to applying a potential across the anode and cathode.

While there has been disclosed what is considered to be the preferred

embodiment of the present invention, it is understood that various changes in the

details may be made without departing

advantages of the present invention.

from the spirit, or sacrificing any of the
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ABSTRACT OF THE INVENTION

Electrochemical incineration of gpbenzoquinone was evaluated as a model for

the mineralization of carbon in toxic aromatic compounds. A Ti or Pt anode was

coated with a film of the oxides of Ti, Ru, Sn and Sb. This quaterna~ metal oxide film

was stable; elemental analysis of the electrolyzed solution indicated the concentration

of these metal ions to be 3 ~g/L or less. The anode showed good reactivity for the

electrochemical incineration of benzoquinone. The use of a dissolved salt matrix as

the so-called “supporting electrolyte” was eliminated in favor of a solid-state electrolyte

sandwiched between the anode and cathode.


