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1. ExecutiveSummary ~ 

I 

1 .  - 
, Work performed at the Electrosynthesis Company Inc. (ESC) has successllly demonstrated 

the operation of the IC1 FM21-SP commercial scale electrochemical flow cell for the removal of 

nitrite, nitrate and organic species from SRS and Hanford waste simulants. The FM21-SP cell was 

operated in a batchmode in both divided and undivided cell configurations for at least 40 hours per 

experiment or until 50% of the nitrite, nitrate and organic species were destroyed. The solution 

concentration of nitrate and nitrite as well as off gas molar flow rates were measured. m e  cell. 

performed very well during the four experimental runs. Leak-kee assembly and operation was easily 

accomplished each time. Membrane installation and cell assembly was quick and simple, thus 
avoiding drying out of the membrane. Hakford waste simkants contaking large amounts of 
suspended solids were pumped through the cell without loss of flow. 

The r e d t s  obtained with the FM21-SP for nitrite and nitrate destruction in the divided cell 

configuration are similar to those previously obtained by ESC when a laboratory scale cell was used, 
as well as to results obtained at WSRC when actual low level radioactive waste was tested in the. 

FMO1 laboratory cell. Induction periods at the nickel cathodes were observed in divided - cell rims 

with both the SRS and H d o r d  simulants. These induction periods may be due to the formation and 

dissolution of chrome (I10 hydroxide films on the cathode surface which could inhibit nikte  

reduction bpt allow hydrogen evolution. ' 

In the undivided cell configuration, nitrite and nitrate destruction rates were significantly 

lower for both simulants tested. The poorer performance of the cell in the undivided mode for 

nitrite/nitrate destruction could be due again to the formation of chrome (III) hydroxide films, re- 

oxidation of nitrite at the anode, or lower solution alkalinity. High destruction rates of organics were 

achieved for H d o r d  simulant in the undivided cell configuration; however, when depleted Hanford 

simulant with higher Na+/Winity content was used as anolyte in the divided cell run, a lower 

destruction rate was observed. Some destruction of organics was also observed for SRS simulant 

in undivided cell tests. t 

, 

' 
I 
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2. 
I 

Introduction 

,This report details the pilot plant studies of the electrochemical destiuction . -  of nitrate, nitrite, 

and organics fiom simulated alkaline low-level nuclear waste solutions. The work was conducted 

at The Electiosynthesis Company, hc. (ESC) on behalf of Westinghouse Savannah River Company 

(WSRC) and involved the treatment of Savannah River Site (SRS) and Hanford waste simulants in 

a full size commercial scale flow cell; the IC1 FM21. The low level wastes are formed & a result 

of treatment processes for high level wastes which remove most of the radioactivity but leave behind 

large volumes of alkaline low level waste solutions. These solutions contain high levels of nitrate 

and nitrite which present enfrironmental release hazards as well*as orp& compounds which pose . 

risks such as the formation of flammable gases during intermediate storage due to radiolytic 

, decomposition of the organics. Organic complexpts such as ethylenediamminetetraacetate (EDTA) 

can also bind radionuclides prevenkng efficient removal. Electrochemical reduction of nitrite and 

0 

‘nitrate results in the formation of nitrogen, ammonia, and nitrous oxide gases which are less handid . 

$0 the environment. Electrochemical oxidation of organics reduces the chemical oxygen demand 

(COD) of @e waste and forms carbon dioxide upon complete oxidation of the organics. The 

destruction of nitrate, nitrite, and organics in the low-level waste could also permit evaporation and 

recovery of the caustic value of &e waste, reducing the volume of the low-level-waste sheam for 

disposal and providing a source of caustic for neutralization of acid waste clean-up solutions. 

The electrochemical destruction process was scaled up fiom previous laboratoG scale flow 
and at WSRC and PNL,43*6. Nearly complete electrochemical reduction 

, 

I 

, 
\ 

cell work done at ESC 

J.D. Genders, “Final Report - Electrochemical Piocessing of Nitrate Wasti Solutions”, Eiectrosynthesis 
Co., Inc., Report No. WSRC-TR-90491, May 31,1990. 

I 

J.D. Genders, “Phase I1 F,inal Report - Electrochemical Processing of Nitrate Waste Solutions”, 
I Electrosynthesis Co., Inc., Report No. WSRC-TR-93-090, October 7,1992. 

, 

3J.D. Genders, D. Hartsough, &d D. T. Hobbs, Blectrochemical Reduction of Nitrate and Nitrites in 
Alkaline Nuclear Waste Solutions”, J. Applied Electroc&emisby, publication pending. 



in laboratory plate and fiame flow cells. The perfoyance of various electrode materials was 

investigated, and the effects of key operating parameters such as temperature, current density, 

undivided vs. divided cell configuration, and anolyte composition were identified. Nitrite, N,, N,O, 

and NH3 were the only products identified, formed by the following reactions: 

NOj + H,O + 2e- + NO; + 20H- (1) . 

I NO; + 2H2O + 3 2  - % N2 + 40H- (2) 

2NO; + 3H20 + 4e- - N,O + 60H- (3) 

NO; + 5H2O + 6e- - N H 3  +‘70H- (4) 

The electrochemical oxidation of EDTA in the Hanford mix has also been investigated in 

laboratory flow cells. The overall destruction reaction is: 
Na4EDTA + 12H2O - N2 + 4Na’ + 36H’ + CO, + 40e- (5) 

Other possible anode reactions include the oxidation of hydroxide: . 

40H- - 0, + 2H20 + 4e- . (6) 
and the oxidation of nitrite: 

1 
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of nitrite and nitrate from SRS simulant to nitrogen, ammonia, or hitious oxide was demonstrated 

NO; + 20H- - N 0 i  + H,O + 2e- (7) 
The goal of the present phase was to demonstrate the destruction of nitrate, nitrite, and 

organics at the pilot scale using the same electrochemical flow cells which could also be used in the 

final plant. Two tests were performed on the SRS simulant in divided and undivided cells. A 

sodium hydroxide anolyte was employed in the divided SRS test. These tests investigated the effect 

of using a cation exchange membrane as a cell divider. Two tests were also conducted with the 

,, 
, D.T. kobbs, “Summary Technical Report on the Electrochemical Treatment of Alkalime Nuclear Wastes 

- 
(U)”. Westinghouse Savannah River Company7 Report No. WSRC-TR-940287, July 30,1994. 

5D.T. Hobbs, “Electrolytic Denitration of Radioactive Savannah River Site Waste 0’’. We&ghouse 
Savannah River Cornpafly, Report No. WSRC-TR-95-0176, April 26,1995. 

Westinghouse Savannah River Company, Savannah River Technology Center, Report No. WSRC-TR-95-0248, 
May 30,1995. 

6D.T. Hobbs, “Electrochemical Destruction of Nitrates and Organics FY 1995 Progress Report 0’’. 
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W o r d  mix, one undivided and one divided. The di+ided cell run used a simulated Hanford qix 
without sodi& nitrite or sodium nitrate present as the anolyte. In the plant, the nitrite and nitrate 

would fist be removed fiom the H d o r d  mix catholyte; the spent,catholyte would then be recycled 

to the kolyte so that organics - 4  destruction could occur at the anode. Each experiment was run for 

40 hours or until 50% reduction in organics and NOJNOi was achieved and the solution analyzed 

/ 

' * 

for nitrat6, nitrite, and TOC. The off-gas product composition and flow rate was measured so that 

the current efficiency for nitrite, nitrate, and organics removal and product distribution as a function 

of the type of simulant (SRS vs. Hanford) and divided vs. undivided configuration could be 

, 

t ,  determiped. 

3. Experimental 

' 3.1 Process Description 

All four experimental runs were carried out in an IC1 Model FM21 SP plate and f i m e  flow 

cell (Figure 1) with a single pair of plansir electrodes. Each electrode has a surface area of 0.21m2. 

The membrane to, electrode gap is 0.5cm. For themms using SRS synthetic. mix, two nickel 

electrodes were used. For the runs using the synthetic H d o r d  mix, a platinized titanium anode and 

a nickel cathode were used. In the divided cellrun using a SRS solution, a NafionR 350 membrane 

pretreated by soaking in 20% NaOH at 80°C was used. In the dividedxell I run using Hanford 
solution, the used membrane fiom the SRS solution run was initially used, but was replaced with a 

new piece of Nafion 350 membrane pretreated by soaking in 1M NaOH at 90°C for - 2-1/2 hours. 

The catholyte and anolyte reservoirs consisted of 50 gallon and 100 gallon custom fabricated 

fiberglass tanks. The tanks were calibrated before use with water. I The solution was circulated using 

two'March Model TE5.5C h4D magnetically coupled centrifugal pumps. The impellers in both , 

pumps were machined down and bored out to allow for expansion at elevated temperatures. The 

flow rates were measured using Go EXAKT Model MA200 polysulfone rotameters equipped with ~ 

* 
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Model #MAF3M magnetic floats and Model #231~ unlatched limit switches to ensure that a 

minimum flow was always maintained. 
\ 

The anolyte and catholyte solutions were heated using two 240V x 4000 Watt stainless steel 

drum heaters. The catholyte heater was connected via relay to an Omega Model #CN3 10 digital 

temperature controller, and the temperature was controlled using a type J thermocouple inserted via 

a Teflon thermowell directly into the catholyte solution. The anolyte solution temperature was 

controlled via the built in controller on the heater. Before each run was started, the solutions were 

\ 

preheated t9 near the required temperature, using timers connected to the heater relays. The entire 

pilot plant was contained within two PVC drip trays capable of containing all solutions’should a 

catastrophic failure occur. Placed within each drip tray was an PR Model SP-AB spill sensor to 

detect any leakage that might occur. Power was supplied to the cell by a Rapid Model SCRA 4000- 
18 power supply connected via a 1 OOOA/l  OOmV shunt to the current manifold. Current readings 

were taken directly off the shunt using a multimeter: The power supply was connected via relay to 

the main pilot plant control system. 

\ 

Electrode potentials were monitored using two Cole Parmer Model H05990-50 gl&s body 

calomel reference electrodes mounted directly in the solution s t r e  immediately after they exited 

the cell. A schematic of the pilot plant is shown in Figure 2. . 
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The SRS simulant (see Table 1 for composition) was run in the divided configuration under 

the following conditions: 
I _, 

Anolyte 
Catholyte * 

Current Density 
Membrane 
Circulation,Rate 
Temperature ’ 

Anode 
Ca@ode 

80 gals approx. 20% NaOH 

3.5 W m 2  (735A) 
Nafion 350 

70°C 
Nickel 
Nickel 

20 gals SRS simulant 

4-4.5 gallmill. . 
5 

I 

The SRS simulant was n.m in the undivided configuration under the following conditions: 

Electrolyte ’ 15 gal SRS simulant 
Anode - Nickel 
Cathode - Nickel 
Current Density - 3.5 kA/m2 (735A) 
Temperature 70°C 
Flow rate - 4-4.5 gallmill. 

The Hanford s k u l a n t  (see Table 2 for composition) was m in the undivided consgUraton 

under the followihg conditions: 
\ 

Electrol3e . - 15.5 gal Hanford simulant 
Anode - Platinized Titanium 
Cathode 
Current Density 4.2 kA/m2 (882A) 

.- I Nickel 

. Temperature - 65°C 
, Circulation Rate 4-4.5 gallmill. 

I 

Nalco 2 is a commercial coagulant which was the source of sodium aluminate for the Hanford mix. ‘ 

. It was obtained from Ndco Che&cal Compky (Oak Brook, E). 
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CHEMICAL 

NaN03 

NaNO, 

NC~~SO,' ! 

Na3P0,.12H20 

The Hanford simulant was run in the divided configuration under the following conditions: 

CONCENTRATION g/L 

86.7 

41.4 . 

19.88 

3.23 

Anode - Platinized Titanium 
Cathode - Nickel 
Anolyte - 40 gal depleted simulant (see Table 3 for 

Catholyte - 30 gal Hanford simulant 
Membrane - Nafion 350 
Circulation Rate - 4-4.5 gal/min. . 
Temperature - 65°C 
Current Density - 4.2 Wm2- (882A) 

composition) 

~~ ~ 

Na$i03 

NaTPB (Tetraphenyl Borate) 

Na&r044H20 ' 

N&03 
NaOH 

HgCI2 

M@o3)3 '9H20 
RUCL, *3H,O 

1 

TABLE 1 

SRS SIMULANT COMPOSITION 

I 0.81 

0.77 

0.89 

16.96 

102.8 

0.0006 * 

1 16.29 

0.0116 

NaCl 
. .  

,1.29 
\ 

NaF I 0.63 - 
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TABLE 2 

CHEMICAL CONCENTRATION g/L 

N203 (fiomNalco 2) 10.9 

NqO @om Nalco 2) 10.0 

Na&1204 (fiom Nalco 2) 17.57 

NaOH (fiom Nalco 2) 3.84 

NaOH 23.5 

Cr(N03), .9H20 ' 12.62 

Fe(N03X .9H20 0.808 

ca(N03)24H20 - 0.54 

3.37 
- 

KNO, 
Ni(N03), 6H20 5 0.30 

ZnCl, 0.017 1 

Cs NO3 0.0084 

sr(N03)2 0.000625 

NaN03 52.1 87 

63.0, 

.- 

~ 

- 
NaN02 1 

N G 0 3  22.2 

Na,PO4*12H,O 10.24 

NaZSO4 2.365 

NaCL 5.19 

NdF 0.265 

Na4EDTA \ 21.2 

HANE'0R.D SIMULANT COMPOSITION 

! 

, 



CHEMICAL 

A120, (from, Nalco 2) 

N%O (from Nalco 2) 

NaA1,04 (fkom Nalco 2) 

NaOH (fkom Nalco 2) 

NaOH 
\ CT(NO~)~ .9H20 

Fe(N03)3 -9H20 

' Ca(NO3),.9H20 

Ni(NO3),6H20 ' 

ZnC1, 

CSNO~ 

Nqc03 
Na3P04-12H20 

N G 0 4  
NaCl 

NaF 

Na4EDTA 

srW03)2 

\ 

. CONCENTRATION ign> 
10.9 - 
10.0 

17.57 

3.84 

- 13 Mol% 

12.62 

0.808 

0.54 

0.30 

.017 

.00,84 

. 22.2 

10.24 

2.36 - 

$ 

, 5.19 

0.265 - 
21.2 

.000625 
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3.2 Gas Handling System . 

In the divided cell configuration, the oxidation gas products (mainly O2 and COJ were first 

passed though a condenser/demister consisting of 304 stainless steel woven fabric wound around 
z 

stainless steel cooling coils and all contained in a 5 gal polyethylene drum, then vented to the 
atmosphere. 

In - the diqded as well as undivided cell configuration the reduction gas products as well as 
I 

the mixed gas products (oxidation and-reduction) were first diluted to safe levels by the introduction 

of dilution air into the g& stream-shortly after it exited the cell. %s was accomplished using a 

Nalge Model 71320-0075 explosion proof lab blower.’ The flow of dilution air was continuously 

monitored using an Omega Model FST320 thermal dispersion flow switch mounted directly in the 

dilution air inlet pipe. The flow switch was connected to an Omega Model LVCN140 controller and 

powered by a Lambda Model #LLS5120 power supply. The u e d  gas products were then drawn - 

. 

through a condenser/demister similar to that described above and then through the blower to b e  , - 
I 

’ outside atmosphere. The flow of gases through-the blower was also continually monitored by 

measuring the charige in pressure across the blower using a water manometer and an 12R 

Thermowatch capacitance con@oller model L7-11005A coupled with a sensing head akched 
. I  directly to the manometer. 

,The actual flow of dilution air was-alsd measured periodically using a Kurtz Model 444 air 
velocity meter: 

I 
\ 

\ I . \  

3.3 Safety Interlock System 
I 

, _, 

The pilot plant was controlled by an ESC’BOSS 700 series e1ectrochemical.process control 

system. T k s  . r  monitored the process, and was designed to initiate the safety interlock system in the 
i 

’ event of an unsafe condition. The ulisafe conditions are listed below: 
% - .  
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, AnolyteFiow - - Low 
- Low. ’ 

- Activated . I .  , 

Catholyte Flow 

T~ILIC Spill sensor - . Activated 
Dilution Airflow’ - ’ Low . -  

AP Across Lab Blower - Low 
- ‘High CefiVoltage, ! .  

. Cell Spill Sensor 
, .  

. .  

In the event that any of these conditions occurred, then the power supply was automatically shut off 

’and. a nitrogen purge automatically introduced via an activated solenoid valve into the cell. In 

addition, the automatic shutdown sequence could be activated manually. 

/ 

3.4 Sampling And Analysis 

Solution samples were taken directly fiom’the rekirculating & using a 5 o m ~  syringe with 
, an extended tip and stored in polyethylene sample bottles. The samples were analyzed for alkalinity 

using the standard acid-base titration with 1 .O M HCl and phenolphthalein indicator. The samples 

were analyzed for nitrate, nitrite and sulfate species using a Dionex DX500 Ion Chromatograph 

equipped with an automated sampler and controlled using the Peaknetm software system. The 

nitrite, nitrate and sulfate species were separatedand quantified on an IonPac AS4A-SC 4mm 

column with IonPac AG 4A-SC 4mm guard column. The eluent consisted of 0.0018M Na2C03 

+ 0.0017M NaHC03 at a flow rate of 2mVmin. The eluent was pumped with a Model GP40 gradient 

pump and the species detected on a Model CD20 conductivity detector. Three separate standards 

were used to calibrate the ion chromatograph each time a set of samples was analyzed. The samples 
and standards were diluted 1:5000 before being placed in the autosampler. Solution samples for 

organic analysis were sent to Galbraith Laboratories (Knoxville, TN) for total organic carbon and 

total inorganic carbon analysis. 

’ 
/ 

Gas samples were taken fiom a Teflon “standpipett located on an incline at the cell catholyte 
exit port using a 0.5mL gas tight syringe and analyzed on a Gow Mac gas chromatograph equipped 

with a series 550P thermal conductivity detector and Hewlett Packard #3396A integrater. Ammonia 

‘ 
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and nitrous oxide were separated and quantified on a Chromasorb 103 column modified with 10% 

Versabide 900/8%XOH, using helium as the-carrier g& at a column pressure of - 40 psi. Oxygen, 

nitrogen and methane were separated and quantified on a Molecular Sieve 5A 60/80 loft column 

also using helium at - 40 psi column pressure. Hydrogen was also separated and quantified on' the< 

molecular sieve column but using argon ,as the carrier gas also at a pressure of - 40 psi. The ratio 

. 

and quantity of gases present was determined by wing a external standgrd gas'mixture (Scott 

Specialty Gases;Ce&fied Master gas, f 2%) with the following 'composition: . I  \ 

. .  - ,*. 12.2% 

- , 12.2% 
I '  - ' 9.52% /, 

*3. 

CH4 
' ,N2 

H2 ' , -  . 66.08% 
A separate gks mixture containing 10.;1% N20 in helium was used to calibrate the GC for N20 as 

N20 could not be safely blended with the first calibration gas mix. Methane was used as a "traceP 
gas to quanti@ the total flow of product gases exiting the cell. . ~ 

t 

3.5 Gas Flow Measurement 

Total off-gas flow rate was determined by using methane as a tracer gas. Metharie was 

injected into the solution inlet 'using a mass flowmeter (Sierra Top Trakm 820 Series Model No. 
822-2-0Vl-PS-Vl-T5,0 - 1 LPM flow range, f 2% accuracy) to measure the volumetric flow rate. 

The percentage of methane gtheoff-gas was then determined by GC. ,Since the methane flow rate . 

and percentage . .  of off-gas were known, the total gas flow rate could be determined, and the flow rate 

of component gases in moles per unit time could be determined in order to calculate current 

efficiencies for gaseous reaction products. The accuracy of the methane tracer gas technique was 

c 4 

tested by injecting methane at known flow rates into dilute, pure NaOH(0.3M) in the undivided 

i FM21 cell (Ni anode and cathode). The caustic was electrolyzed at 1, 2, and 3.5 kA m-2 with 

methane injection and the off-gas composition analyzed by GC. The only possible reaction is: 
' 2H20 -t 2H2 + O2 

, 
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Therefore, at a given current, both the volumetric flow rate of off-gas and the composition are 

known. Methane injected into the cell at a known flow rate should then comprise a known 
percentage of the off-gas at each current. Figure 3 gives the percentage of methane found in the off- I 

gas at each current vs. the theoretical percentage of metbqe in the off-gas. The theoretical 

percentage of methane is corrected for room temperature. The figure shows excellent agreement 

between the theory amount of methane produced and that actually found. This indicates that the 

tracer gas technique will accurately measure total off-gas flow rates. 

Figure 3 

EM21 Cell Methane Tracer Gas Test 

a 

Theoretical H2 +02 Flow Rate, WM 

Measured &+ 02 FlowRate Based on 
CH4,WM . 

0 1 2 3 .  4 
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’ 4. Results and Discussion 

4.1 Summary of Results 

Table 4 summarizes-the voltages, solution volumes, ahd solution composition at the start and 
end of each of the four experiments. 

, , Table4 
. ’  Summary of Results 

Theoretical Amount , 

Note’that potentials measured for the electrodes are not compensated for iR. Cleady this cathode potential 
includes almost.al1 of the cell iR. , 

1 

c 

7 



--- 
... , . 

Page 18 

4.2 SRS Run 1 - Divided Cell 
I - 

For this run, the catholyte was 20 gallons of the SRS mix &d the anolyte w q  80 gallons of 

8 M NaOH. The cell was separated by Nafion@' 350 cation exchange membrane which was 

pretreated by soaking in 20% NaOH at a temperature of 80 OC for three hours. Both-electrodes were 

nickel, and the cell was operated at a current density of 3.5 kA m-2 (735 A) and.a temperature of 70 

OC for a t o k  run length of 49.1 hours. Anolyte and catholyte flows were 4.5 gpm. Deionized water 

was periodically added to the catholyte to make the volume back up to approximately 20 gallons. 

After 49.1 hours of electrolysis, 56% of the combined NO; + NO, w& removed from 

solution, and the overall current efficiency was 60% assuming ammonia as the only product. This 

assumption was made because ammonia was the only gaseous nitrate reduction product seen in the 
GC analyses. Figure 4 shows the solution analyses fkom the catholyte. The figure shows an * 

induction period for roughly the first 20 hours of electrolysis where little nitratehitrite destruction 

occurred. No ammonia was seen in the off-gas during this period Figure 5 ), and the production rate 

- 

* 

. 
and c&ent > .  efficiency for hydrogen are high@igures 6-7): Some ammoia.may have formed in 

solution during this period but not degassed at the sample point because its concentration was too 

low to exceed its solubky in thy solution. During this period, the SRS solution was yellow and 

clear, and the cell voltage was 4.0 - 4.5 Volts. '. - .  
Figure 4 

SRS SOW, DMDED RUN 
MOLES M N I N G  VS ELAPSED TlME 

I 

L. 
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Piare6  , . 
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After about 20 hours, the performance of the cell changed dramatically. Nitrate began to be 

reduced at an appreciable rate, and the hydrogen - production rate and ciment efficiency dropped 

markedly. ,The solution color changed fiom yellow to grayish-green, and solids appeared in solution. 

These solids are mainly sodium sulfate, since the IC analyses indicated that sulfate disapphed fiom 

solution at about this time and IC analysis of the solids dissolved in water showed d a t e  as the main 

peak. Sodium sulfate is probably the least soluble of the salts present in the mix and would , therefore 

be the first to precipitate when the sodium concentration increased due to transport of sodium from 

the anolyte to catholyte. The hydrogen production rate and hydrogen current efficiency remained 

low for the remahder of the run. 

\ 

Overall 271 moles of hydrogen were produced and 13.5 moles of nitrite plus 90.1 moles of 

nitrate were consumed. If we assume that nitrate/nitrite were reduced to form ammonia only, then 

the hydrogen and ammonia formation would require 1344 moles of el&trons; 1353 moles of 

electrons' were actually passed. Thus visually all of the current may be accounted for by hydrogen 

production and ammoniaproduction. However, only 5.6 moles of ammonia gas were actually 

accounted for by GC analyses and 2.3 moles ammonia were found in solution. If ammonia is +e 

only product, it must have degassed fiom solution at the catholyte tank rather than at the sample 

point at the cell outlet. In order to. lower r the concentration of hydrogen below the explosive limit, 
B , 

I 



a high dilution air flow was used at the tank which made the analysis of reduction products coming 

off the tank impossible. 
I 

The rate for nitrate plus nitrite destruction was 1.26 x 1 O6 moles/coulomb fiom twenty hours 

to the end of the experiment. The rate of destruction in the divided Hanford mix run was 1.48 x loa 
moles/coulomb (see Section 4.5) after the induction period and the rate of destruction in the ETF 

concentrate was between 1.1 and 1.5 x 10' moledcoulomb (R.v ED-1 1 - ED-15) when a divided 

cell with a nickel cathode was used? The rate of destruction in laboratdjr scale work at ESC with 

, the SRS mix (Run #223-51, divided cell, nickel cathode) was 1.0 x 10' moledcoulomb after the 

induction period.8 Thus the rate of destruction at nickel after the induction period is similar in the 

I 

FM21 cellwith both the Hanford and SRS &to that seen at ESC when a laboratory scale cell was 

used with the SRS mix and also is similar to work at WSRC where actual low level radioactive waste 

was tested in the FMOl cell. This demonstrates a successll scaleup of the process to the 

commercial scale. 

Induction periods with nickel cathodes have been observed in previous divided laboratory 

scale flow cell experiments with the SRS mix. This period was only about I hour in Run 223-51? 

When the solution volume was increased (Run 223-68), the induction period lasted,for the entire run 
4 

(50 hours).l0, These experhents were run at a higher current density (5 kAm-*) and wiwa sulfuric 

?id anolyte. Color changes were noted in the first experiment; after the induction period, the SRS 

mix changed from yellow to pale green, suggesting the reduction of C P  to Cf+. No such color 

change was observed in the second experiment. No induction period at nickel was seen in work at 

WSRC with the ETF concentrate (Rum ED-1 1, ED-12, ED-13).'* I These tests were conducted at 5 
I 

7D.T. Hobbs, Reportho. WSRC-TR-95-0176, April 26,1995. op. cit. 

'J.D. Genders, "Phase 11 Final Report'?, 37-38.. op. cit. 

'J.D. Genders, 'Phase I1 Final Report", 37-38. op. cit. 

"J.D. Genders, "Phase I1 Final Report", 33-34,51-52. op. cit. 

"D.T. Hobbs, Report No. WSRC-TR-95-0176, April 26,1995. op. cit. 
. 

, 
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kA i-2, 40 "Cy and used a sodium hydroxide anolyte. The ETF concentrate did not contain chromate. 

The literature indicates that chromate in base cah form Cr(O@, films on platinum, gold, and iron 
cathodes which hinder electron transfer across the film and prevent large molecules such as C10; 

Fe(CN)d-, and chromate fiom reaching the active electrode surface. The films are, however, 

permeable to hydroxide and hydrogen, thus allowing water electrolysis and hydrogen evolution to 

0ccur.12913*14 The color change seen in the present pilot plant run and in Runi23-51 suggests that 

breakdown of the film occurs allowingfurther reduction of chromate as well as reduction of 

nitrate/nitrite. The breakdownof the film would then end the induction period. Reduction of nitrate 

at a nickel cathode is said to be inhibited by chromate which forms chromium hydroxide films, 

whereas chromate is said to be reduced to soluble chromite (CrO;) at lead cathodes thus avoiding 

film formation and inhibition of nitrate red~ction.'~ These findings are supported by our Phase I1 
work where lead cathodes did not show any induction periods and gave good, reproducible current 

efficiencies for nitrate/nitrite reduction in 5,50, and 1000 hour divided flow cell tests. It has also 

been shown that fhe addition of chromate to base lowers the normally high hydrogen overpotential 

of a lead cathode; however, the inhibition of the reduction of larger molecules was not investigated.16 

The additiop of alkali to  C3+ salts precipitates Cr(OH),- xH,O 'in a gel form. The fieshly 

prepared precipitate is amphoteric, dissolving in acid to form C?' salts and in base to form 

chromites. However, the.precipitate becomes less readhy dissolved by alkali 0-n standing for 

prolonged periods - of time.17 Thus the behaGor of the chromium hydroxide films is complex E d  

12G. Lindbergh and D. Simonsson, J. Electruchem. Suc., 137,3094 (1990). 

I3G. Lindbergh &d D. Simonsson, Electrochim. Acta., 36,1985 (1991). 

14A. Comell, G. Lindbergh andD. Simonsson, Electrochim; Acta., 37,1873 (1992). 

"D.T. Hobbs, Report No. WSRC-TR-95-0248, May 30,1995. up. cif. 

16G. Lindbergh dd.D. Simonsson, Extended Abstract No. 1176 presented at the 172nd Electrochemical 

e \  

' 

Society Meeting,,Honolulu, Hawaii (1987). ' 

. ,  , 

17H. Remy, "Treatise on Inorganic Chemistry", Vol. 11, 135-136 (1956). 
. .  

, .  

. 
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requires more fundamental study. One option could be to simply remove chromate fiom the solution 

in a pretreatment step. An electrochemical procedure using high surface area electrodes for chromate 

removal fiom alkaline solutions has been described." However, nearly complete removal of ' 

chromate would have to be achieved as even low concentrations of chromate are thought to form the 

film. 
Cell inspection after the run revealed no signs of precipitates in the membrane. The anode 

'was discolored brown and the cathode was discolored grey. No precipitates could be scraped off the 
I 

electrodes for analysis.' The end catholyte was green in color with white solids precipitated and foam 

at the top. The catholyte had a strong ammonia odor. Photographs of the cell are included in 

Appendix B. 
I 

The hydroxide concentration increased from 1.9 M to 14,9 M during the run. The 

nilrite/nitrate destruction would have formed 906.moles of hydroxide, assuming ammonia as the only 

product, and would have required 802 moles of electrons. The remaining current (543 moles of 
electrons) must have gone into hydrogen formation and therefore formed 543 moles of hydroxide. 

The total increase in catholyte hydroxide found by titration was 979 moles, therefore the current 

efficiency for hydroxide formation in thetatholyte is 68%. The 'inefficiency is likely due to the 

back-migration of OH- across the membrane. 
- 

I 

4.3 SRS Run 2 - Undivided Cell , 

The cell was put together using the reverse (unused) side of both nickel electrodes from the 

first run. They were first both degreased with acetone and rinsed *th water before being inserted 

into the cell. The cell was run for a total of 40 hours over a 5 day period. The temperature was 

maintained at or close to 70°C for the entire run. Deionized water w6.s added periodically to 

maintain a constant electrolyte volume since water vapor was continually being lost through the gas 

.I8M. Lipsztajn, "Electrochemical Removal of Chromium fiom Chlorate Solutions", US Patent No. 
4 .  4,834,848 (1989). 
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venting system. Periodic tests of the water .vapor (via a condensate trap attached to the blower 
housing) for pH indicated that only a minute amount of caustic mi; was slipping past the demister. 

The solution color remained yellow throughout the entire run, indicating the continued presence of 

chrome(VI) species. Figures 8-10 show the NO,:/NO; destruction, off gas composition and gas 

current efficiencies obtained during the run. 

Figure 8 Figure9 . 
SRS S O U ,  UNDMDED RUN 

OFFGASCOMPOSITIONVS ELAPSEDTIME 
SRS sow, UNDMDED RUN ' ' MOLES REMAINING VS ELAPSE0 TIME 
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Figure 10 
SRS SOLUTION, UNDMDED RUN . cuRRPliEmaPicwsEwsmnME 
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. -  
A small agount of NO;/NO; destruction was observed (I I % overall) during the run. The 

NO; was reduced by - 36% and the NO; was reduced by - 5% with-an oGerall current efficiency 

of lo%, assuming ammonia as the only product. The off gas composition was b o s t  exclusively 

oxygen and hydrogen, with thek respective current efficiencies being close to 100% during the first 



I 
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- 20 hours . Thereafter, a small drop in O2 and H2 current efficiency (down to - 90%) was observed 

for the rest of the run. Based on the net change in moles of nitrate and nitrite and the total charge 
\ 

passed, the rate of destruction was calculated to be 1.5 x moles/coulomb. NO;/NO; gaseous . 

. reduction products were only detected in only trace amounts. 

The destruction of NO;/NO; in the undivided cell is considerably less than was Qbserved 

in the divided-cell mode. Nitrite formed by the reduction of nitrate at the cathode could be re- 

oxidized at the anode. This "shuttle1' would result in no net change in NO,-/NO; species. The 

destruction rate is also less than was observed in similar undivided cell configuration tests using the 

FMOl cell with nickel electrodes and actual radioactive ETF sol~tion'~. Chromate was not present 

in the ETF solution. It is believed that the presence of chrome(VI) in the electrqlyte hindered the 

destruction of NOi/NO; by being reduced to chrome(II1) and subsequently being deposited as an 

insoluble chromiiun(III) hydroxide layer on the cathode surface, as has been discussed previously. 

Due to %e undivided configuration, no significant increase in caustic concentration was observed 

([NaOH] increased from 1.9M to 2.3M). Therefore it is possible that if an insoluble layer of 

I 

I 

chrome(II1) hydroxide had formed, that it may not have redissolved. ,It has been reported that 
chrome(II1.) hydroxide readily dissolves in concentrated alkalis to form chromites.2O Clearly, the 
chemistry of the formation and possible dissolution of the chrome films is very.complex and 

'not well understood. 

Initial SRS solution TOC analyses by Galbraith Laboratories (see Appendix A) are 

inconsistent; values of 1169,1890 and 3224 mg/L were obtained. The theory TOC for the SRS mix 
is 750 m a .  The error in the initid TOC analysis is probably due to the non-homogeneity of the 

. solution. The TOC analyses at 20 hours and 40 hoks are 478 and 460 m a ,  respectively. These 
analyses may indicate some loss in TOC content, indicating that the portion of the oxidation current 

not being used for O2 production was shared between the reoxidation of NO, to NO) and the 

19D.T. Hobbs, Report No. WSRC-TR-950176, April 26,1995. op. cit. 

20F.A.Cotton, G. W i h s o n ,  P.L.'Galus, "Basic Inorganic Chemistry-", 2nd ed., 486 (1 987). 
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oxidation of organics present. The reduction portion of the I1shuttle" may have been larger than the 

oxidation part., resulting in the net loss of NO,- species observed. ' Alternatively, the cathode may 

not have been active for nitrate/nitrite reduction at all, and therefore the net loss of NO; would be 

due to oxidation of nitrite at the anode. The cell was opened up after the run and the components 

inspected for signs of deterioration. Photographs of cell components are included in Appendix B. 
The cathode appeared very clean with no visible coating apparent. The anode appeared clean except 

for a small area on the right lower section ofthe electrode which appeared to have a very fine 

brownish coating. 

4.4 Hanford Run 1 - Undivided Cell 
. 

. I  

The &ll was assembled using a platinized titanium,anode and a nickel cathode. The nickel 

cathode was cleaned using emery paper followed by rinsingwith water prjor to being installed in the 

cell. The cell was run for a total of 40.16 hours over a 5 day period. '&e cell temperature could not 

be maintained at 65" C and rose during thk day into the 70" - SO°C range. This temperature rise was 

due to the unexpectedly high cell voltage observed. The cell voltage rose from 4.4V to 6.W during 

the first 9 hours of the run and thereafter remained relatively constant in the 6.6 - 7.0 range for the 

rest of the'run whereas the cell voltage for the SRS undivided run was 3.3 - 3.4 volts and steady. 

Deionized water was added periodically to the tank to maintain a constant volume. The solution 

color changed during the run going from a dirty green color to a bright yellow. Again, there was no 

significant loss of caustic through the venting system (based on pH testing of the condensate trap). 
Figures 11-13 show the NO;/NO; destruction, off gas composition, and gas current efficiencies. 

All of the nitrite present in the solution disappeared after - 10 hours of electrolysis. During thesame 
time frame, the nitrate increased and then levelled off for the rest of the .run. Analysis of the off 

gases during the run showed that they consisted exclusively of 0, and H2 with no NOJNO; 

reduction gas products detected. These results indicate that all the nifxite species have been oxidized 

, 

\ 

.- 
to nitrate. 
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\ 

It appears that the oxidation of nitrite species to nitrate at the platinized titanium anode is 

occurring at a faster'rate than the reduction of nitrate species to nitrite at the nickel cathode. This 

phenomenon has been reported previously?1 The current efficiency for hydrogen and oxygen 

. 
I 

production are both less than 100% and this is likely due to the NOi/NO; . I  "shuttle" occurring. The 

oxygen current efficiency starts off much dower than does the hydrogen current efficiency but then 

both stabilize with the oxygen current efficiency at a level somewhat lower than that for hydrogen. 
This is consistent with a net oxidation of NO; to NO; in the first part of the run. It also indicates 

21D.T. Hobbs, Report No. WSRC-TR-95-0176, April 26, 1995. op,,cif. 
' 
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.that another oxidation reaction (organics destruction) is occurring. 
i 

Figure 14 shows the destruction of organics during the run. There is a net destruction df - 
77% of the organics for the run. It also illustrates that the majority of the destruction occurs wiw 

. the first 5 - 10 hours with only a minor amount offurther destruction occurring for the rest of the run. 

The overall current efficiency for organics destruction (assuming a 40 electron process) also drops 

dratmtihy as the r& progresses from a high of 60% do- to less than 10% by the end of the run. 

The higher current efficiency observed at the start of the run may be due to the initial concentration 

of organics being higher thus facilitating better mass transport. Additionally, the initial organic 

species may be more easily oxidized, but as the run progresses; speCies that are harder to oxidize. 

such as acetates and citrateszozbui1d up. It is difficult to determine whether the presence of NO; 

species had any effect on the destruction rate of organics since they both showed a dramatic decline 

within the first 5 hoys of the run: 

Figure 14 
HANFORD SOLN, UNDIVIDED RUN I 
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,- 

The cell was opened up for inspection and photographs (see Appendix B) of the components 

' were taken. The anode appeared quite clean with no visible coating observed. The cathode appeared 

to have a very fine neutral colored coating'which scraped off with a plastic scraper but was not 

' 

- 

. .  

I substantial enough to collect a sample. 
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4.5 Hanford Run - Divided Cell 

I 

The FM21 cell waS assembled using the platinized titanium anode which had been wiped 

with tissue and rinsed with water, a nickel cathode which was cleaned with emery paper and then 

rinsed with water, and the Nafion 350 membrane from the SRS simulant divided cell run. This 
I .  

membrane had been stored in deionized water. The catholyte consisted of 30 gal of regular H d o r d  

simulant and the anolyte consisted of 40 gal of depleted Hanford simulant (described previously). 

In order to make up this simulant it was assumed that all sodium nitrite and sodium &rate species 

had been reduced via the six or eight electron process described previously to the hydroxide species, 

hence the simulpt had a nominal starting alkalinity of - 13 M NaOH. 

Upon starting up the cell, it was immediately noticed that a very high cell voltage (8V) was 

obtained at very low currents (0.66 kA/m2). Electrode potentials did not appear excessive with the 

'anode being 0.4V vs SCE and the cathode 1.9V vs SCE. Solution conductivities appeared normal 

with the anojyte being 220 mmho cm-' and the catholyte conductivity 178 d o  cm-' at room 

temperature. At 0.66 kA/m2, the combined solution iR loss at room temperature would only be 340 

mV given that the membrane to electrode gap in the FM21 Cell is 0.5cm. The voltage problem was 

remedied by replacing the membrane with a new piece pretreated by soaking in 1M NaOH at 90°C 

for - 2-1/2 hours. The cell w e  run for a total of 38.2 hours. Solution temperatures fluctuated 

between 6575°C for most of the run. The catholyte and anolyte solution volumes were maintained 

relatively constant by the periodic addition of deionized water to both sides. The run was stopped 

before the 40 hour mark because of rapidly increasing cell voltages and temperature. Much dense 

fom' was observed in the catholyte reservoir at the end (approx. 80% of the total volume) which was 

attributed to an oversaturation of the catholyte with transported sodium ions resulting in precipitation 

of solids in the form of foam. 
Figures 15 - 18 show the destruction of NO,-/NO; species, off gas composition, gas 

production rate, and the hydrogen current efficiency occurring during this A. There w k  a 60.8%. 

destruction of nitrite species and a 47.9% destruction of nitrate species for an overall total of 54.2% 
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destruction. The overall current efficiency was 5 1%, assuming ammonia to be the only product. The 

catholyte off gas composition consisted almost exclusively of hydrogen with small amounts of 
ammonia detected: No N20 or N2 was detected. It is likely that the small amounts of ammonia 

detected are due to poor degassing at the sample point. Gas samples were taken exiting the catholyte 

circulation tank in an effort to more accurately detect/quant@ the gaseous reduction products. 

However, due to the magnitude of the dilution of the cell off gases, their concentrations were too 

small to be detected by GC analysis. 
~, 

Figure 15 ' 
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Based on the net change in moles of nitrite and nitrate and the total charge passed, the overall 

rate of destruction was calculated to be 7.7~10~~ moles/ coulomb. This is low when compared to that 
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p;eviously reported for ETF solutions by WSRCu, &d reflects the "induction period '' that was 

observed for the first approx. 22.5 hours of the run when very little reduction occurred. When this 
I \ 

calculation is done based on the change occyrring after the "induction period", then the rate of 

destruction is 1 .48x10a moles/coulomb, which closely matches those obtained by WSRC. This 

"induction period" was also observed in the S M  simulant divided run. It is possible that chrome(JII) 

hydroxide may have adsorbed*onto the cathode, shutting down the reduction process until t&e 

alkalinity had increased enough to redissolve the adsorbed layer. -The rate of destruction of NO; 

M03- species in this' run is, significantly different than was observed in the undivided cell 

configuration using the Hanford simulant. This is due primarily to the membrane preventing the 

migration of oxidized or reduced species to the other electrode to be reduced or oxidized back to 

their original state. Overall 21 1 moles of hydrogen were produced and 46 moles of nitrite plus 35.8 

moles of nitrate were consimed up to the 34.8 hour mark of the rqn (the last gas sample taken). If 
we assume ammonia to be the only reduction product, then the hydrogen and ammonia forniation 

would require 985 moles of electro&, which is'approx. 87% of the 1129 moles of electrons passed 

over 34.3 hours. It is possible that the large amounts of  foam observed further contributed to the 

poor degassing of solution at the samplepoint, making accurate quantitative gas analysis difficult. 

In terms of caustic current efficiency, there was a net increase of 1169 moles OH- on the 

cathode side. If we assume the total theoretical caustic increase was 361.9 moles (via NO; 
reduction) + 377.1 moles (via NO; reduction) + 61 1 moles (charge remaining fkom total) equalling 

1350 moles, then the caustic current efficiency was 87%, which is not uncommon for NafionR 300 

series membranes in chlor-alkali applications.23 When the current efficiency is calculated for the 

anolyte side based on change in alkalinity (including carbonate'formed) the current efficiency is 

78%. 
\ 

Figure 19 shows'the cpncentration of organics (as analyzed by Galbraith laboratories) during 

22D.T. Hobbs, ReportNo. WSRC-TR-95-0176, April 26,1995.. op.,cit. , a  

UM.O.Coulter, "Modem Chlor-Alkali Techhology", Vol, 1, 174 (1980). . 
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the run. There is some uncertainty in h e  results, particular~y the initial sample, 'due to the non- 
I 

homogeneous nature of the sample. The high alkalinity/sodium content of the starting solution may 

have rendered the organic salts partially &soluble, accounting for the lower than expected TOC 

content. As the qun progressed, sodium was transported across the membrane and alkalinity 

decreased, thus allowing more organics into solution. m e  final' TOC content equates to a net 

destruction of approx. 22% (assuming the ,Starting concentration to be the theoretical amount which 

was added). This is lower than was observed in the undivided run and again is likely related to the 

I , 

I 

c 

lower so1ubility. 

Figure 19 
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, The cell was opened up for inspection and photographs taken (Appendix B). The anode 

appeared clean except for slight discolorations over some. areas of the electrode. The cathode had 

a black deposit over almost the entire surface of the electrode which was not easily removed by 

wiping. The membrane appeared stained with brown deposits along the bottom right d a c e  on the 

anode side. 

-2 
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5. Conclusions and Recommendations 
The Electrosynthesis Company has successfully demonstrated the operation of the IC1 

FM21-SP commercid scale electrochemical flow cell for the removal of nitrite, nitrate and organic 

species fiom SRS and Hanford waste shulants. The cell was operated in both diyided and undivided 

configurations for at least 40 hours . .  per experiment or until 50% of the nitrites, nitrates, and organics 

wer.e destroyed. Current efficiencies and destruction rates were determined for organics and 

nitritehitrate species. - 

L 

The results obtained with the IC1 FM.21-SP cell for NO;/NO; destruction in the divided cell 

configuration are similar to those obtained previously at ESC as well as to those obtained at WSRC 

(Table 5).  The presence of c&ome -(VI) species in SRS simulant appears to be harmful to the 

. 

- 
reduction reaction in both the divided and undivided configurations where a nickel cathode .is used. 
In the divided configuration an “induction period”is seen where very little reduction takes place. 

Once this period is over the reaction then proceeds at a rate similar to the reduction rate in the ETF . 

solution where no chrome is present. The reduction rate seen in the present work after the induction 

period is‘also similar to the Phase I1 laboratory scale work with a nickel cathode at ESC. 
In the undivided configuration with the SRS mix no net reduction of nitritehitrate was seen. 

The postulated formation of chrome (III) hydroxide 6lm on the cathode may combine with the 

“shuttley7 effect to stop the net reduction of NO;/NO; species for the entire run. When the Hanford 

s h u l a n t  was used in the undivided cell, the platinised titanium anode proved to be more efficient 

at oxidizing NO; to NO; than the nickel cathode was at the ireduction process (C?+ present), thus 

no net reduction of species was observed throughout the run. In the divided configuration an 

“induction period” w_as also seen after which the destruction ratcwas similar to that seen for SRS 

simulant. F-er work needs to be done to more completely understand the chemistry and the 

effects of the chrome species on the reduction reactions occurring at the cathode. 

The destruction of organics in the-SRS undivided cell nm w& difficult to qkt i fy  due to 

uncertainty h the analysis. In the Hanford simulant undivided run, much higher organics destruction 
- .  

was observed than in the divided cell run. The reason for the difference likely lies in the difference 

I .- 



0 .  

Overall N02/N03 I 

Destruction Rate After Induction Period 
N02/N03 Destruction Rate 

RUIl I (Moles/Coulomb) (Moles/Coulomb) 

7.9E-7 1.26E-6 

1.5E-7. 

SRS, Divided Cell 

SRS, Undivided Cell 1.5E-7 

Hanford, Undivided 0 0 

Hanford, Divided 7.7E-7 1.48E-6, 

ESC Phase 2, Divided - 8.9E-7 1 .OE-6 
(Run 223-5 1) 

1.1-1.5E-6 . 1.1 - 1 SE-6 WSRC, Divided ETF 
(RUE ED11-ED15) 

PN.L ---- -- 

.. 

Organics 
Destruction 

(“w 
--- 
--- 
77 

22 
--- 

---- 

50 

‘ .  
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in solubility of the organic species in the solutions. The anolyte in the $vided run contained much 

more Na+/alkalinity, thm reducing the solubili~ and hence the reaction rate. The destruction of 
organics. in Hanford solution should be further investigated as a function of Na’ /alkalinity. 

Finally, in light of the fact that a possible membrane failure occurred at the end of the SRS 

divided run, membrane stability studies should be conducted in both SRS and Hanford solutions. 

’ 
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Summary Identification Of Samples Analysed By Gdbraith Laboratories. . 

Their Sample ID # Run 

L7721 ’ Initial SRS Soh 

L 7722 SRS Undivided 

L 7723 SRS Undivided . 

L 7724 SRS Divided (Catholyte) 

L 7725 SRS Divided (Catholyte) 

L 7726 SRS Divided (Catholyte) 

M 0700 Initial SRS Sold (Repeat ) 

L 9420 Initial Hanford Soh , 
(Undivided Run) 

L 9421 Hanford Undivided 

L 9422 Hanford Undivided 

L 9423 Hanford Undivided 

0 

M 2793 Hanford Undivided 

M 2794 Hanford Undivided- 

M 2795 Hanford Undivided 

M 2796 Hanford Undivided 

M 4057 Initial Hanford Soln 
(Divided Run, Anolyte) 

M 4058 Hanford Divided, Anolyte 

M 4059 . Hanford Divided, Anolyte 

M 4060 Hanford Divided, Anolyte 

M 4061 Hanford Divided, Anolyte 

M-5480 Repeat of M-4057 

M-5482 Repeat of M-4059 

M-5484 Repeat of M-406 1 

- .  
M-548 1 Repeat of M-4058 ~ 

M-5483 , Repeat of M-4060 

Elapsed Time (Hours) 
--------- 
40 

20 

.49.3 

25.2 

41.1 

------ 
-------- 

14 \ 

28.8 

40.2 . 
2.1 . 

4.1 

6.1 

9 

--------- 

, 10 

20 

30 

38.2 

---------- 
10 

20 

30 

L 38.2 
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, . . _  Totallnorganic ' ' . - .  

1499 . . . .  mg/Liter.' 
. .L-7721' 

. .  ~- 
'Caibon 

1 

Totai Organic Carbon 
Ammo.nia calculated 

as Nitrogen - 

. .  
3224. 

3 

mg/Liter 

.. .PPm 

. I .  

_ ~ .  I .  

.. I .,. 
I .  
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3 '  

.; . ' .Carbon . 
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. r . ,  . -  . . 1 .  r .  
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08/08/95 
. 08/.1, :1/95 
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Carbon , 
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Carbon 
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.- 
I. . 
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- .  . . .. : . 

.. Carbon I 
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. as Carbon 
. .  

I . 'Total Organic 
Carbon b,y 

. .  . .  3 

. .  
0.87 . .. .%- L-9423 ' D 

@J9 .. I. 

. %  
. .  
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. .  
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LABORATORY REPORT 

Dennis Chai Sample Received: . 08/17/95 
The Electrosynthesis Co Report Date: 08/25/95 

Lancastef NY 14086 
72 Ward Road Purchase Order #: -WSRC381595DC2 

- 
t - 

I I 
SAMPLE ID LAB ID ANALYSiS RESULTS 

H1 M-2793 Total Organic 
Carbon ' 

Total Inorganic 
, Carbon 2229 mg/Liter 

I 

541 4 mg/liter 

H2 hn-2794 ' Total Organic 
Carbon 

'Total Inorganic 
Carbon 

. . 4950 

2375 

mg/Liter 

mg/Liter 
\ 

M-2795 . ' Total Organic 
a 

Carbon 3841 mg/Liter 
H3 

. 
I .  

Total Inorganic 
Carbon 331 2 mg/Liter 

~~~ ~ 

I M-2796 ' Total Organic 
2652 mg/Liter 

H4 
' Carbon 

I 

Total Inorganic 
Carbon 4252 , mg/Liter 

\ 
AL:le ' 

, US. Mail: P.O. Box 51610 Knoxville, TN 37950-1610 0 .  Other Carriers: 2323 Sycamore Drive Knoxville, TN 37921-1 750 
Tel: (615) 546-1335 Fax: (615) 546-7209 ' 
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09/05/95 
WSRC382495DC 
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GALBRAITH LABORATORIES: INC. 
-? 4?0a,€5? Accuracy with speed - since 1950 

Dennis Chai 
' The Electrosynthesis Co 

72 Ward Road 
Lancaster NY 14086 

LABORATORY REPORT '. 

Sample Received: 

Purchase Order #: 
: Report Date: 

, . \  

SAMPLE ID LAB ID ANALYSIS  RESULT^ 
HA 1 M-4057, Total Organic 

Carbon 
I 

Total Inorganic 
I Carbon 

2344 ' 

_ I  

1080 

. ,  

mg/titer 

' mg/Liter 

HA 2 M-4058 Total Organic 
Carbon 7349 I mg/Liter 1 

. Total Inorganic 
Carbon 1826 mg/liter 

HA 3 M-4059 Total Organic 
Carbon, 

Total' Inorganic 
Carbon. 

6425 

5365 

mg/titer 

. mg/titer 

HA 4 M-4060 Total Organic 
Carbon 

Total Inorganic 
Carbon 

561 3 

2768 

mg/Liter 

mg/titer 

. . I  

Page 1 of 2 

U.S. Mail: P.O. Box 51610 Knoxville, TN 37950-1610 Other Carriers: 2323 Sycamore Drive - Knoxville, TN 37921-1 750 
Tel: (615) 546-1335 Fax: (615) 546-7209 
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' LABORATORY REPORT- 

,' , 1 
Dennis Chai . 

~~ 

11 SAMPLEID LAB ID ANALYSIS RESULTS, II 
HA 5 M-4061 _I .. Total Organic ' . 

Carbon 

Total Inorganic 
I 

Carbon 

CBM:le 

5979 * mg/Liter 

, \  
2347 mg/Liter 

i 

' .- 

Page 2 of 2 

U.S; Mail: P.O. Box 51610 Kno~il le, TN 3.7950-1 610 . Other Caniers: 2323 Sycamore Drive Knoxville, TN 37921-7 750 
Tel: (615) 546-1335 Fax: (615) 546-7209 



. LABORATORY REPORT 
, 

Dennis Chai Reanalysis Request: 09/07/95 
The Electrosynthesis Co 
72 Ward Road 
Lancaster NY 14086 

Previous Lab I.D.: M-4057-61 
Report Date: 09/11 /95 - 

SAMPLEID . LAB ID ANALYSIS . RESULTS 

M-5480 Total Organic 
Carbon 251 1 mg/liter 

Carbon 1956 mg/liter 

HA 1 

Total Inorganic * 

.~ 
HA 2 M-5481 Total Organic 

I Carbon 71 45 mg/liter 

Total Inorganic, 
Carbon - , 2370 mg/Liter 

. ,  , .  
M-5482 Total Organic ' 

I Carbon . I 7735 mg/Liter 
HA 3 

Total Inorganic . . -. 

Carbon 2604 -mg/Liter' 
A ,  

HA 4 ., M-5483 Total .Organic 
Carbon 5720 . mg/titer 

I .  

Total Inorganic 
Carbon, '2790 mg/Liter 

, US.  Mail: P.O. Box 51610 Knoxville; TN 37950:1610 Other Carriers: 2323 Sycamore Drive Knoxville, TN 37921-1750 
Tel: (615) 546-1335 Fax: (615) 546-7209 
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'GALBRAITH LABORATORIES, INC. 
%,,,t5> I Accuracy with speed,- since 1950 

,- 

LAB OR AT0 RY REP 0 RT 

_ ,  
Dennis Chai 

I 

SAMPLE ID LAB ID ANALYSIS RESULTS 

F 

HA 5 M-5484 Total Organic 
Carbon 

Total Inorganic 
~ Carbon , 

mg/Liter . -  5830 

21 34 m'g/Liter 
I 

Notes: Samples contain solid particles and were very difficult to mix in order to achieve a 
hdmogeneous sample for analysis. 

There will be no charge for these repeat analyses. 

8 

CBM:le 

c 

\ 
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Cell Photographs 
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