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Carbon Sparkles
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NO¢ ziniel Caroon

Microwzlve Decorngositiorn
of Large Moleculas

Low Ternperatlre
O datior)

1) Activated Carbon —VOC desorption
2) NOx & SOx— Chemica Reaction with Carbon

3) Decompose (because of heat) heavy molecules, when contacted with carbon and
microwaves. — Waste rocket fuels

4) Carbon mixed with catalyst — causes low temp oxidation, chemical and
biological warfare agents (or medical waste).
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Small Batch Regenerator

“'--* bweep Gas OUT
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Regeneration of GAC

(Saturated with Gasoline)
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~O—300 Watt Applied Power
~{—350 Watt Applied Power
—7/x—400 Watt Applied Power

==500 Watt Applied Power

- 2 inch bed height
- Quartz Tube ID = 7/8 inch

- 10 SCFH nitrogen purge

oy

-} CHA Corporation

Time (minutes)
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GHsV=20,000 hr *

Inlet Conc. = 200 ppm

A sample 1

B Sample 2

How many times can you regenerate carbon, without losing adsorption capability.

After about 7 cycles with steam, adsorption capacity decreased enough to replace
carbon. Not the case with microwaves, still good after 20 cycles.
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Advantages of Microwave Unit

[DOES NEL require a leng startup period

~ Does not produce any air emission or wastewater
REGUIrESHInUCh Sl ElaspacetaRicoRVenioNal
tedfinlolde)es
Czip) g2 =zs1ly Instellec o 2 iraller oF skic
Hacovears PERC znc otnier solveris i fugls for recycle
Elirninzie graennouse gas grocicior

Cosi-effective rrigarns to replace clrrentily operating
catalytic oxidizers
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Potential Applications

s; RECOVEr gaselinerand Gther iuelvapors
generated durmeltieleacing eiritel ankers ai
BUIKSUEIEIInIgals

> Hacover apc racycla fusgl solveriis, el girlar
crigrnicels frorn soll velnors orocucec curirig
rernediation goerations of corlterninaiac sites
inclucling old gas stetions

- Recover ard recycle PERC ard gifier solvenis
used in dry clearning arnc part wasnirg as well a3
OzlrItirng operations
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s Operate the pPretotype miciowave Unit at
VICEIEllantliC 84y 85/ EI@OrSIEN o ONMORIENS
ONEUENEIRLENCEIdONRCNESIIER I ENECOVE

solvarnts, flgls el giplar enarlicals copeineel in
tre 50]l vagors

Defrlonsireiie iriet rricrowsaye techrology car e
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Cleaned Air to
SVE System's FTO

Contaminated
Air from SVE
System
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s Adsorpuien liest Results
— il respeRse e GithydecaIIens
— T3 anelyses of Ipfltierit ellel enfltept ezls senmdles

Dept. Atmopsheric Sciences

23



University of Arizona, Prof. Eric A. Betterton

Dept. Atmopsheric Sciences

—e—Batch A ——-Batch B

24



University of Arizona, Prof. Eric A. Betterton

s Viciewave REgEReration Iiests
= FydrecarseniliguidirecoVered e each rEgERER o
= REPECIEdNECENERLIGN
— Rageneraion WIthoLt sweeo s racyc|e
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Note: Cycle 11A and B were regenerated twice prior to re-
adsorption in cycle 12. The liquid recovery presented is the
sum recovered in both regeneration cycles

—&—Batch A -#—Barch B
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Liguid Recovered During Microwave
Regeneration
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s HchiereEanE = 312 MBIEYS
- rlydrocargons

o 05— C8 = 21.3 mole%
o 08— ClO-F = 75.5 mole%

Specific Gravity = 0,787
JP fuel Specific Gravity = 0.75 — 0,80

Dept. Atmopsheric Sciences

28



University of Arizona, Prof. Eric A. Betterton

Dept. Atmopsheric Sciences

29



University of Arizona, Prof. Eric A. Betterton

Tests After Field Testing

e \Vieasure Adsonption Capacity. off GAC after 1.3
AdSerpuen/REGENErAUGRICYCIE

> Detarnife thle Effgct of ShWese Ces Valgeliy of)
thie GAC Raganeraton Efficiency

- Determingd Size Distriguiion of GAC afier 13
Acdsorgtiorl/Regerneraiion Cycle
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o Beiier) A zifiar LS8 Reeaparziijon = 22.0
- Baicrn B afiar 130 Racgaparaijgn = 22.0
- Fresq Caroor) = 29.0
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2.36" Quartz Tube

3-kW Microwave Generator

Note: Chemicals used for adsorption tests were collected during Field Demonstration at
McClellan Air Force Base

2
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Sieve Analysis

Elieshi GAC Batch A
+20 mesh 0:1% 319%
+10/mesh 00674 95,9%
SolmeEsh 0. 49%) 0).11%]

Batch B
3.6%0
96:8%
0).10%]
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NIEHS SBIR Phase Il Program

s [Designand Construct a SO-ka/ir Viehile
ViicronwaverUnri

o Fleld Darmonstretion of Maoile Micraweye Uit
— Crllgripziigel Solvant Copterminziiael Siie
— Fuel Contaniriatec Site (Fuegl degat of ¢als stetiorn))
— Dry Clezirlineg Facility

- Craracierize arid PuUrify Recoveracd Solverits aric
Fuels
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Mobile 50-kg/hr Microwave Carbon Regenerator
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Experimental Work Required to Build a
50-kg/hr Mebile Unit

e CONEUCE 2) SEMES Ol EXPERMENLS, 16 develop
e designiiiermICHeWaVENEaCLo);
corlflejuirzttion ezigzlole gf facjanarainic) 50~
Kel/nr actveiec cargor)

~ Desigr zrc construct sUgoortirne sysierms ofl
the irailer
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New Slotted Waveguide
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Slotted Waveguide In Mailbox Cavity
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Inside View off New Applicator System
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Advantages of New Applicator System

e Slotted\Waveguide Distibutes Eneray  Alonal the
LenguhreirthENIUILE

- Cupvec Cayiey Welll Haflacis Enlare)y Beicic Toyvzlfe
WIENIUIE
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Laboratory Adsorber
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Scale Up Testing Results

(5m) R A R SR
5] s [ s | e [ e |
I R T S R N —
0 T T SN S —

“Note” %Recovery = (Fresh GAC wt./Reg. GAC wt.)x100
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& Carbon Mass Recovery
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AdditiepaltEIeidNiestnegPAEIVIcElelizng
Alf Fofee Bzige (1€ zipie] QUR) Sie,

Criloririeiiac] Solverits)
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Annual Cost Savings, dollars

5,67 W gellons 3,061
GAC chizngeolts _ 120,000
Leor zicl supplles _ 100,740

Total Azl Savmgs 403,978
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Prepare Field Testing at Former
McClellan AEB

s Build ar Shelter to; protect microwave: equipmeRt
frons) relp]

> Macliiy oraviots microuzlye it io zllowy

— Carpog transgorieiion from/io tne gorilole cdsorger
Fligner recycle gas flovw reie
Isolzite inie systen from the scdsorgtion Uit

Install the autornziic shuicowr systarn in ire ricroweaye
generator
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Microwave Unit af. McClellan AEB
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—— OU D Vessel A
—#-0U D Vessel B
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—=—DrumA Cycle 1
—+—DrumB Cycle1
=>=DrumA Cycle2
=¥ Drum B Cycle 2
=@—DrumA Cycle3
== Drum B Cycle 3
=—Drum A Cycle 4
===Drum B Cycle 4
=+=Drum A Cycle5

=== Drum B Cycle5
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Dry Cleaning Facility

® PUIPOSE

= e remeyve PERC By the activated careniiiremidn/ CIEaners
VErRLearall;

— o demfansireie e feesioility of recoverine) PERC fropm saiitlreiec)
czlf 00 OY rricroweves
- Test Locaijor
— Deluxe Clearners and Tailors
1614 Flouse Ave.,
Chizyenne, WY
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Carbon Regeneration

- --
GAC afiter
SeiiLlreiEion) e

GAC zifiar 59,4 37.0
regerneratior), K«

Liguicl recovered, . 2,96
<
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Recovered PERC After Water
Extraction (PERC is Bottom Layer)
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Questions?

56



University of Arizona, Prof. Eric A. Betterton

Innovative Technologies for
Destruction of Chlorinated

Solvents

Departmenits of Chemical & Envirenmental Engineerng
AtmEspPhErIc SCIENCES
e URiversity/ eitAizena, IUcsen, AZ

Dr. Robert Arnold
Dr. Eric Betterton |
Dr. Wendell Ela

Dr. Eduardo Saez

Brian Barbaris
Kate Candillo
Xiumin Ju
Cary Leung
Ozer Orbay
Lei Wang
Rohit Tripathi
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Systems Summary.

Zero-valent metals Complete, e.g., Env. Sci. Technol., 34,
804-811 (2000)

Electrolytic reduction (conventional cell) Complete, e.qg., Ind. Eng. Chem. Res., 43
(25), 7965 -7974 (2004); /nd. Eng. Chem.
Res. 43, 913-923 (2004 )

Electrolytic oxidation (conventional cell) Complete, e.q., J. Appl. Electrochem.,
961-970, 29 (1999)

Continuous-flow electrolytic reactor (1-dimensional) Complete, manuscript prepared

Continuous-flow electrolytic reactor (2-dimensional) In progress - manuscript in preparation

Modified fuel cell reactor In progress, e.g., Env. Sci. Technol., 35,
4320-4326 (2001)

Photo-initiated dehalogenation in 2-solvent system Complete, e.g., Env. Sci. Technol., 34,
1229-1233 (2000); Water Res. 38, 2791-
2 (2004); Environ. Sci. Technol., 39,
2262-2266 (2005)

Membrane air stripping reactor Complete, e.g., J. Env. Eng. 130, 1232-
1241 (2004)
- cataIySis

Dept. Atmopsheric Sciences
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Park-Euclid WORF Site: PCE, TCE
and Diesel

......

59
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Redox Catalytic Destruction:
Oxidative and Reductive Dehalegenation

PCE + 5H,
2PCE + 3C;Hg
CyHy + 3/20),
2H, + 0,
2HC] 410,

C,Hs + 4HCI

2C,H; + 2HCI| + 9C
2C0,+ 3H,0

20

1550 + Cl)
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Redox Catalytic Destruction:
Laboeratory Work

&l

Dept. Atmopsheric Sciences
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Catalytic Converter

e 2 alumina honeycomb monolith
support s (2 long| x 4.7 major
axis 3.15!" miner axis).

Pi/Rh or Rd/Riwith
CERUmM/ZrconumieXyCen Siorage
additves;

Slifieceranear="2400/mz

Nzl ciciionmioivea ilow reiie: 20)
oing o) 00 ¢in,

Minlseitinn tenngeraitse for 0%
zleiivity = 415 9C
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Ceramic Honeycomb Support

Dept. Atmopsheric Sciences
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PCE Removal: Laboratory T and
H,/0, Ratio

(500 mL/min, 1.2 s retention)

° 5 .0 .;.o
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T ey ©) +

Hy o
bs Ty +1D°L+++tr#+++ R, +
O
+ +
N

100 150 200 250 300 350

Honeycomb temperature (C)
m517 + 3.2 <275 227 x1.55 ®0.95 +0.36 0 0.36
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PCE Removal: Laboratory T vs.
Ethane

(8.64 mL/min H,, 25 mL/min O,, 500 T mL/min, 1.2 s retention)

0
0 50 100 150 200 250 300 350 400

Time (min)
—+Ethane = PCE & TotalC . FumaceT - T
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Redox Catalyst: PCE Destruction

(300 C; 500 mL/min total flow, 50 mL/min H,, 25 mL/min 02, 1.2 s retention time

Conc. (mole/L)

- Ethane out

- PCE out
Furnace T

- Honeycomb T

0.0E+00

0 100 200 300 400 500 600 700

Time (min)
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Redox Catalyst: PCE Reduction H-
Effects

@
S
S

PCE % removed
Honeycomb (C)

- PCE
-+ PCE @ 400 C
= Catalyst T
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PCE Removal: Park-Euclid

(H, and O,)

% Removed

% Oz in— % O, out

- TCE
= PCE
02in - 02 out
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Catalyst Poisoning: Oxidative
450 °C, 0, =21%, Pd/Rh Catalyst

PCE % Removal
= N

=
o

10
Time (h)
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Catalyst Poisoning: Reductive

(propane, O,= 0 %; residence time:1.08 s, run time:410 min

PCE % Removal

0

380 400 420 440 460 480 500
Honeycomb Temp. (C)
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Redox Catalyst: PCE with propane

(21% O,)

—e— 2% propane
—a— 4%propane

—a— 0% propane

%pce removal

480
Honeycomb temp(C)

7L
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Redox Catalyst: Methane vs.

Propane and T
(21% 0,)
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Redox Catalyst: PCE and TCE with
H,/0; ratio

(410 °C)

Dept. Atmopsheric Sciences
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Fuel Cell

cathode
0,+4H"+4e- — 2H,0

CCl, + H* + 2e= —> CHCl,+ CI-

™ Ppt-black on carbon cloth

PEM: Nafion proton-exchange membrane

Dept. Atmopsheric Sciences
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Fuel Cell Experimental Set up

potentiostat

Dept. Atmopsheric Sciences
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TCE Reduction — Fuel Cell Potential

(room temp., P, 18 mL/min, res. time = 2.3 s)

This slide showed an experiment conducted under room temperature, atmospheric
pressure, inlet flow rate 18 ml/min, TCE concentration of 2500ppmv. The left graph
showed TCE and reaction product concentration in the effluent. TCE concentration
was reduced monotonically with respect to cell potential. Ethane as the product of
TCE degradation increased to a maxima, and then decreased with respect to cell
potential. Thiswas caused by increase of flow rate due to hydrogen evolution in the
cathode. No Chlorinated intermediates were detected.

The right graph showed the molar flow rate of TCE and ethane and the sum of two
in the effluent. The solid red line represented the inlet TCE molar flow rate. We can
see that a good mass balance was obtained here, and thus proved that ethane was the
major product of TCE degradation. The variation of effluent data around inlet data
probably due to experimental error.

Dept. Atmopsheric Sciences
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TCE Reduction — Fuel Cell
Current Efficiency

(room temp., P,.,, 18 mL/min, res. time = 2.3 s)

® conversion

® current efficiency

’.‘QQ... o® o ® °

(N
L

°
M

0.1 0.3 -0.5
Cell Potential (V)

-

c

3]

=

3

o
%)

c c

T o

c 0.4

5§

gm

>

C0

o

(@)

o
o

Herein this graph the current efficiency was plotted with respect to cell potential,
and TCE conversion was also plotted. Current efficiency here is defined asthe ratio
of the current used for TCE reduction to total current. Asyou can see, the current
efficiency isrelatively low due to large amount of hydrogen generated.

Dept. Atmopsheric Sciences
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Electrolysis - Annular Anode

_ Cathode Reaction
Potentiostat

Reference
Porous €l ectrode

(copper foam)

: Anode Reaction
(influent)

Anode Nafion anolyte
(carbon cloth)  membrane

Dept. Atmopsheric Sciences
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Electrolysis — Cu foam

Copper Foam Center

Dept. Atmopsheric Sciences
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CT Electrolysis: Applied Potential and
Conductivity

(velocity = 0.0349 cm/s, cathode = 22.5 cm)

L L L L 00 L L L L
0 5 10 15 20 25 0 5 10 15 20 2
Distance (cm) Distance (cm)

50
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CT Electrolysis: Applied Potential
and Conductivity.

cathode = 22.5 cm; -0.4 V; 0.05 S/m; solid and dashed lines
correspond to mathematical model

.066 cm/s
018 cmis

C,in--Inlet concentration. C,—Bulk concentration

Dept. Atmopsheric Sciences
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Electrochemical CT Reduction: pH

(Ni foam)

A
]

L]
1

—
1

pH=7

Reaction Rate { pmol/hr)
ra

=

500 =00 =500 =300
Potential (mV/SHE)
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Photochemical Treatment at Park-
Euclid Site

o)2)
92
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Photochemical Treatment: PCE at
Park-Euclid Spectral Properties

Energy (W/m? nm)

300 350 400
Wavelength (nm)

-#- Acetone - % Reflectance - 2-Propanol - Glass
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Photochemical Mechanism

H
*
—0 | Me OH —> (9 Me——OH
Me Me

2-propanol
radical

H

acetone photon excited actone  2-propanol
radical

Acetone in its excited state, extracts a hydrogen atom from a suitable donor, such as 2-propanol, producing a
highly reduced 2-propanol radical that is capable of reducing a variety of halogenated targets.

OH CI ClI OH ClI ClI
OH—> M

Me Cl CI i

2-propanol 2-propanol 3,3,4,4-tetrachloro- 2-propanol

redical 2-methyl-butan-2-ol radical

1. Alkene-radical chemistry suggests that the 2-propanol radical may add to the chlorinated alkene to
produce a chloro-methyl alcohol (3,3,4,4-tetrachloro-2-methyl-butan-2-ol).

2. Data also support electron donation to PCE and/or the chloro-methyl alcohol by the 2-propanol radical
accompanied by chloride elimination, similar to carbon tetrachloride mechanism (Betterton et al., ES&T
2000).

Dept. Atmopsheric Sciences
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PCE Photochemical Treatment:
Park-Euclid

0 .
0 10 20 30 40 50 60 70 80 90 100 110 120
Exposure Time (min)
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Dept. Atmopsheric Sciences

Summary:

Catalyzed thermochemical reduction is feasible — H, costs may
be high but propane may be viable substitute.

Electrolytic reduction of chlorinated solvents appears feasible
using annular anode/cathode — even in low-conductivity water.

Gas-phase treatment of solvents is fast using fuel cell — system
requires scale up/additional design work.

Photocatalytic system effective but scale up for volatile liquids
may be unattractive.
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Thank You

After viewing the links to additional resources, please
complete our online feedback form.

Thank You
-
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