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“Binary Mixtures”  “Binary Mixtures”  
G d t l ll t d ifi ll t b l dG d t l ll t d ifi ll t b l d• Ground water samples collected specifically to be analyzed 
for organic contaminants; may contain a mixture of both 
the contaminant and the oxidant.

• Ground water samples collected specifically to be analyzed 
for organic contaminants; may contain a mixture of both 
the contaminant and the oxidant.

• Issue raised many times in the past, including
 Savage Well, Olympia (Wells G&H) (Region 1)
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 Savage Well, Olympia (Wells G&H) (Region 1)
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S th S l t (R i 4)
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• Preliminary review
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• Preliminary review• Preliminary review 
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 ISCO AnalyticalISCO, AnalyticalISCO, Analytical



OverviewOverview
 Why / why not should binary mixtures be 

analyzed
 Why / why not should binary mixtures be 

analyzed
 Binary mixtures

• How does this condition occur
P i l i d li

 Binary mixtures
• How does this condition occur

P i l i d li• Potential impact on ground water quality
• Potential impact on analytical instrument

 Preservation techniques

• Potential impact on ground water quality
• Potential impact on analytical instrument

 Preservation techniques Preservation techniques
• Potential impact on ground water quality
• Potential impact on analytical instrument

 Preservation techniques
• Potential impact on ground water quality
• Potential impact on analytical instrument

 Field test kits and methods 
 Preliminary guidelines for preservation
 Field test kits and methods 
 Preliminary guidelines for preservation



Why collect and analyze a ground water 
sample that contains oxidant?

Why collect and analyze a ground water 
sample that contains oxidant?pp

• Preliminary assessment of ISCO performance
• Assess whether re-distribution of the contaminant
• Preliminary assessment of ISCO performance
• Assess whether re-distribution of the contaminantAssess whether re-distribution of the contaminant 

plume may have resulted from ISCO activities
• Interim ISCO pilot-studies are implemented to 

t bli h d i t f f ll l ISCO

Assess whether re-distribution of the contaminant 
plume may have resulted from ISCO activities

• Interim ISCO pilot-studies are implemented to 
t bli h d i t f f ll l ISCOestablish design parameters for full-scale ISCO 

deployment (accelerated schedules)
• Regulatory-driven goals and specified timelines

establish design parameters for full-scale ISCO 
deployment (accelerated schedules)

• Regulatory-driven goals and specified timelinesg y g p
• Long term permanganate persistence (closure-

driven)
S d i i b d ( b t

g y g p
• Long term permanganate persistence (closure-

driven)
S d i i b d ( b t• Some decisions can be made (subsequent 
mobilization)

• Other reasons

• Some decisions can be made (subsequent 
mobilization)

• Other reasons• Other reasons, …• Other reasons, …



Why not collect and analyze binary mixture 
ground water samples?
Why not collect and analyze binary mixture 
ground water samples?ground water samples?ground water samples?

• Oxidation of contaminants in sample• Oxidation of contaminants in sample
• Ground water sample not representative of 

subsurface conditions (non-equilibrium)
S

• Ground water sample not representative of 
subsurface conditions (non-equilibrium)
S• Some preservatives used to neutralize oxidant
 May impact quality of ground water

Dil ti i t t l id t

• Some preservatives used to neutralize oxidant
 May impact quality of ground water

Dil ti i t t l id t• Dilution requirements to lower oxidant 
concentration reduces detection limit to 
unacceptable range

• Dilution requirements to lower oxidant 
concentration reduces detection limit to 
unacceptable rangeunacceptable rangeunacceptable range



Oxidant Injection Well,
Well Point, or Other Oxidant

Injection Method
Monitoring

Wellj
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Monitoring
Well

Oxidant Injection Well,
Well Point, or Other Oxidant

Injection Method

HYDRAULIC

j
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PCE Oxidation
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0.7
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Table 1. First order transformation of chlorinate volatile organic compounds. 
contaminants 1 reaction rate 

constant, k (s-1) 
(20 OC)

2 reaction rate 
constant, k (s-1) 
(10 OC)

Time required for 50%  loss in 
contaminant in binary sample (hours) 

(20 OC) (10 OC)(20 OC) (10 OC)        (20 OC)                   (10 OC)
PCE 4.5×10-5 2.25×10-5 4.3 8.6 
TCE 6.5×10-4 3.25×10-4 0.3 0.6 

c DCE 9 2×10-4 4 6×10-4 0 2 0 4c-DCE 9.2×10 4.6×10 0.2 0.4
t-DCE 3.0×10-2 1.5×10-2 < 0.1 < 0.1 

1,1-DCE 2.38×10-3 1.19×10-3 4.9 9.7 
1 The first order reaction rate constant involved MnO4

- at 1 mM (Yan and Schwartz The first-order reaction rate constant involved MnO4  at 1 mM (Yan and Schwartz, 
1999); rate constant adjusted for temperature (k10 = k20 / 2).  
 
Observations:

1.  t-DCE detection doubtful in samples that contain MnO4
-

2. 1,1-DCE is most resistant (5-10 hours)
3. Important to preserve sample with neutralizer if it

is to be analyzed
4 Important not to analyze if it is not preserved4. Important not to analyze if it is not preserved
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Table 2. Balanced chemical oxidation reactions involving chlorinated volatile 
organic compounds and potassium permanganate. 

 
4 KMnO4 + 3 C2Cl4 + 4 H2O → 6 CO2 + 4 MnO2 + 4 K+ + 8 H+ + 12 Cl-           (1) 
 
2 KMnO4 + C2HCl3 → 2 CO2 + 2 MnO2 + 2 K+ + H+ + 3 Cl- (2)2 KMnO4  C2HCl3   2 CO2  2 MnO2  2 K  H   3 Cl (2)
 
8 KMnO4 + 3 C2H2Cl2 → 6 CO2 + 8 MnO2 + 8 K+ + 2 OH- + 6 Cl- + 2 H2O  (3) 
 
10 KMnO4 + 3 C2H3Cl → 6 CO2 + 10 MnO2 + 10 K+ + 7 OH- + 3 Cl- + H2O  (4) 
 

Stoichiometric requirements (mol KMnO4/mol CVOC)
PCE 1.33

 

TCE 2.0
DCE 2.67
VC 3 33VC 3.33



Impact on ground water qualityImpact on ground water quality

Light pink 
(1 mg/L)

Light pink 
(1 mg/L)

Contaminant CVOC oxidized 
(µg/L)

CVOC oxidized 
(µg/L)

• Dark pink 
• (100 mg/L)
• Dark pink 
• (100 mg/L)

(µg/L) (µg/L)

PCE 79,000 790
TCE 42 000 420TCE 42,000 420
DCE 23,000 230
VC 13 000 130VC 13,000 130









Potential impact of S2O8
2- and H2O2 on 

ground water quality
Potential impact of S2O8

2- and H2O2 on 
ground water qualityground water qualityground water quality

• Persulfate• Persulfate
 Direct oxidation
 Activation – base; thermal; iron chelate (Fe+2); UV light 

• H O

 Direct oxidation
 Activation – base; thermal; iron chelate (Fe+2); UV light 

• H O• H2O2
 Direct oxidation - limited
 Activation - Fenton mechanism (Fe); UV light

• H2O2
 Direct oxidation - limited
 Activation - Fenton mechanism (Fe); UV light( ); g

• Conclusions
 oxidation of organics after ground water sample is 

ll t d

( ); g
• Conclusions
 oxidation of organics after ground water sample is 

ll t dcollected
 An aqueous sample needs to be analyzed to determine 

whether the oxidant is present; take appropriate action

collected
 An aqueous sample needs to be analyzed to determine 

whether the oxidant is present; take appropriate actionp pp pp pp p



Field Methods – Measure [Oxidant]Field Methods – Measure [Oxidant]
• Field analytics - useful to provide quick, real-time 

measurements 
• Field analytics - useful to provide quick, real-time 

measurements 
 field staff can make a decision and take appropriate 

steps 
• Sample, detect, preserve (submit for analysis) 

 field staff can make a decision and take appropriate 
steps 

• Sample, detect, preserve (submit for analysis) p , , p ( y )
• Sample, detect, don’t analyze

• Colorless – field measurement is needed

p , , p ( y )
• Sample, detect, don’t analyze

• Colorless – field measurement is needed
 Persulfate 

• Field test kit – CHEMetrics, FMC
• Colorimetric - ferrous ammonium sulfate (λ = 450 nm)

 Persulfate 
• Field test kit – CHEMetrics, FMC
• Colorimetric - ferrous ammonium sulfate (λ = 450 nm)• Colorimetric - ferrous ammonium sulfate (λ = 450 nm)

 H2O2
• Field test kits - CHEMetrics, LaMotte, Hach

• Colorimetric - ferrous ammonium sulfate (λ = 450 nm)
 H2O2

• Field test kits - CHEMetrics, LaMotte, Hach
• Colorimetric – titanium sulfate (λ = 407 nm)• Colorimetric – titanium sulfate (λ = 407 nm)



Impact of oxidant on analytical instrumentsImpact of oxidant on analytical instruments
(K T J h d M i Wi kh St G i(Karen T. Johnson and Margie Wickham-St Germain

US EPA Region 7)



Preservation techniquesPreservation techniques
Dil ti (M i St G i US EPA R i 7)Dil ti (M i St G i US EPA R i 7)• Dilution (Margie St. Germain, US EPA Region 7)
 “Raises the reporting (detection) limit above mandated 

action levels making the data unusable”

• Dilution (Margie St. Germain, US EPA Region 7)
 “Raises the reporting (detection) limit above mandated 

action levels making the data unusable”g
 Similar observation at Savage Well site (Region 1)

O ( )

g
 Similar observation at Savage Well site (Region 1)

O ( )• Oxidant neutralizers (reductants)
 ascorbic acid, sodium thiosulfate, sodium bisulfite, 

sodium metabisulfite, manganese sulfate, hydrazine

• Oxidant neutralizers (reductants)
 ascorbic acid, sodium thiosulfate, sodium bisulfite, 

sodium metabisulfite, manganese sulfate, hydrazinesodium metabisulfite, manganese sulfate, hydrazine 
hydrate, hydrazine sulfate, sugar, H2O2, hydrochloric 
acid, others, …

 Add sufficient quantity to neutralize the oxidant

sodium metabisulfite, manganese sulfate, hydrazine 
hydrate, hydrazine sulfate, sugar, H2O2, hydrochloric 
acid, others, …

 Add sufficient quantity to neutralize the oxidant Add sufficient quantity to neutralize the oxidant
• Small volume to minimize dilution
• Minimize other effects (CO2 and O2 sparging, etc.) 

 Add sufficient quantity to neutralize the oxidant
• Small volume to minimize dilution
• Minimize other effects (CO2 and O2 sparging, etc.) 



Preservation techniquesPreservation techniques
 Comparison study between ascorbic acid, acetic acid, 

sodium thiosulfate, and HCl (Karen T. Johnson and 
Margie St. Germain, US EPA Region 7)

 Comparison study between ascorbic acid, acetic acid, 
sodium thiosulfate, and HCl (Karen T. Johnson and 
Margie St. Germain, US EPA Region 7)

 “Ascorbic acid was found to be an effective preservative 
which met the ideal conditions, as well as being safe, 
i i d t i th fi ld ”

 “Ascorbic acid was found to be an effective preservative 
which met the ideal conditions, as well as being safe, 
i i d t i th fi ld ”inexpensive, and easy to use in the field.”

 A field study was conducted where ascorbic acid was 

inexpensive, and easy to use in the field.”

 A field study was conducted where ascorbic acid was 
added in the field versus in the lab 

• CVOC concentrations: Field preserved > lab preserved
• CVOC oxidation occurred after sample collected

added in the field versus in the lab 
• CVOC concentrations: Field preserved > lab preserved
• CVOC oxidation occurred after sample collected

 How much ascorbic acid should be added given the 
concentration of MnO4

-?
 How much ascorbic acid should be added given the 

concentration of MnO4
-?



Table 1. Permanganate concentration, spectrophotometric absorbance at 525 nm, and 
required amount of ascorbic acid required to neutralize the oxidant (1.8 mol ascorbic 
acid / mol MnO4

-)*. 

[MnO4
-] (mg/L)  (millimolar in parentheses) 

0  0.75 3.8 7.5 11.3 18.8 30.1 37.6 56.4 75.3 113 151 188 376 
(0) (0.01) (0.03) (0.06) (0.09) (0.16) (0.25) (0.32) (0.47) (0.63) (0.95) (1.27) (1.58) (3.16) 

Absorbance(1), wavelength (λ) = 525 nm 
0 0.011 0.059 0.134 0.197 0.329 0.516 0.627 NL NL NL NL NL NL 

Ascorbic Acid Stock Solution (M) (2) 
- 0.015 0.015 0.15 0.15 0.15 0.15 0.15 1.5 1.5 1.5 1.5 1.5 1.5 

Volume of Ascorbic Acid solution (μL)
0 30 150 30 46 76 121 152 23 30 46 61 76 152 

Mass of Ascorbic Acid (mg)( g)
0 0.08 0.4 0.79 1.21 2.1 3.32 4.17 6.1 7.9 12.2 16.1 20.1 40.2 

(1) [MnO4
-] (mg/L) = 58.8 × A525; A525 is the absorbance at 525 nm; non-linear above 38 mg/L MnO4

-. 
(2) To minimize sample dilution, the ascorbic acid stock solution used was 0.015, 0.15, and 1.5 M.  
 * EPA GROUND WATER ISSUE G d W t S l P ti t ISCO Sit* EPA GROUND WATER ISSUE: Ground Water Sample Preservation at ISCO Sites –
Recommended Guidelines



Binary System - Persulfate + VOC’sBinary System - Persulfate + VOC’s
 GWMR “Ground Water Sampling GWMR “Ground Water Samplingp g

at ISCO Sites – Binary Mixtures
of Volatile Organic Compounds

f ”)

p g
at ISCO Sites – Binary Mixtures
of Volatile Organic Compounds
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GWMR, (31) 2, Spring 2011, 
pages 72-79



Binary System - Persulfate + VOC’sBinary System - Persulfate + VOC’s
 Benzene, Toluene, m-Xylene, PCE, TCE Benzene, Toluene, m-Xylene, PCE, TCE, , y , ,

• 500 – 900 µg/L
 Persulfate

0 1 2 /

, , y , ,
• 500 – 900 µg/L

 Persulfate
0 1 2 /• 0.1 - 2.5 g/L

 Stored at 4 OC until analyzed 
 Sample sets were removed from the refrigerator

• 0.1 - 2.5 g/L
 Stored at 4 OC until analyzed 
 Sample sets were removed from the refrigeratorSample sets were removed from the refrigerator 

(sequentially) and analyzed 
• GC/MS - Headspace (8260 C, 5021 A)

GC d t (EPA 501 502 2 503 1 524 2

Sample sets were removed from the refrigerator 
(sequentially) and analyzed 

• GC/MS - Headspace (8260 C, 5021 A)
GC d t (EPA 501 502 2 503 1 524 2• GC – purge and trap (EPA 501, 502.2, 503.1, 524.2, 
601, 602, 624, 8010, 8020, 8021, 8240, and 8260)

 Prior to analyses - no reaction of persulfate or loss of 

• GC – purge and trap (EPA 501, 502.2, 503.1, 524.2, 
601, 602, 624, 8010, 8020, 8021, 8240, and 8260)

 Prior to analyses - no reaction of persulfate or loss of y p
VOC’s (in controls) was measured

y p
VOC’s (in controls) was measured



Table 2. Transformation of VOCs in binary mixtures containing persulfate (2.5-
2.6 g L-1; 10.5-10.9 mM) using the GC/MS headspace and GC purge and trap 
methods1. 

GC/MS Initial Final Percent LossGC/MS 
Headspace 

Initial
Concentration (µM) 

Final
Concentration (µM) 

Percent Loss
(%) 

Benzene 7.7 (7.3-8.1) 3.9 (3.9-4.0)  49 
Toluene 7.9 (7.6-8.2) 2.3 (2.21-2.35)   71 

X l 5 7 (5 58 5 90) 0 54 (0 29 0 79) 91m-Xylene 5.7 (5.58-5.90) 0.54 (0.29-0.79)  91
PCE 3.0 (2.98-3.11) ND   100 
TCE 4.8 (4.72-4.87) ND   100 

GC Purge     
and Trap 
Benzene 10.2 (10.1-10.4) 2.4 (2.1-2.7)  76 
Toluene 8.7 (8.3-9.0) 0.52 (0.18-0.86)   94 

m-Xylene 6.2 (5.9-6.4) ND  100

□ Significant loss in all VOC’s, especially CVOC’s (initial concentrations 500-800 µg/L)

y ( )
1 All aqueous samples prepared in triplicate; average value reported (n=3); 95% 
  confidence interval in parentheses.   

 
g , p y ( µg )

□ Sparging step in headspace analysis involves heating; thermal activation
- Sample is heated from room temperature to 80 OC, 30 minutes

□ PS activation during GC analysis may be due to x-port of PS aerosols to the trap. 
□ No impact on analytical instrument



Analytical Method 
Analyte 

2Ascorbic 
Acid / 

Persulfate 
(mmol/mmol)

Initial 
Concentration (µM) 

Final 
Concentration (µM) 

Percent 
Recovery 

(%) 

GC/MS Headspace     p
Benzene 0 

4 
7 
10 
13 
40

7.29 (7.09 - 7.49)  
7.32 (7.29 - 7.34) 
7.29 (7.15 - 7.43) 
7.23 (7.09 - 7.37) 
7.47 (7.38 - 7.57) 
6 88 (6 87 6 90)

 
100 
100 
99 

102 
9440 6.88 (6.87 - 6.90) 94

Toluene 0 
4 
7 
10 
13 

6.39 (6.16 - 6.62)  
6.40 (6.19 - 6.61) 
6.43 (6.29 - 6.56) 
6.29 (6.08 - 6.51) 
6.42 (6.36 - 6.48)

 
100 
101 
98 

101 Average
Recovery40 

( )
6.02 (5.98 - 6.07) 94 

m-Xylene 0 
4 
7 
10 
13

3.35 (3.17 - 3.52) 
 

 
3.19 (2.93 - 3.44) 
3.28 (3.20 - 3.36) 
3.42 (3.38 - 3.46) 
3 48 (3 43 3 53)

 
95 
98 

102 
104

Recovery
99%

13 
40 

3.48 (3.43 - 3.53)
3.27 (3.25 - 3.29) 

104
 98 

PCE 0 
4 
7 
10 

1.63 (1.60 - 1.66)  
1.54 (1.52 - 1.55) 
1.53 (1.48 - 1.58) 
1.55 (1.48 - 1.62)

 
95 
94 
95

13 
40 

( )
1.60 (1.56 - 1.64) 
1.61 (1.56 - 1.66) 

98 
 99 

TCE 0 
4 
7 
10

4.29 (4.21 - 4.38) 
 
 

 
4.41 (4.26 - 4.56) 
4.28 (4.03 - 4.53) 
4 31 (4 21 4 40)

 
103 

    100 
10110 

13 
40 

4.31 (4.21 - 4.40)
4.34 (4.26 - 4.42) 
4.12 (4.00 - 4.24) 

101
101 
 96 

 



Analytical Method 
Analyte 

2Ascorbic 
Acid / 

Persulfate 
(mmol/mmol)

Initial 
Concentration (µM) 

Final 
Concentration (µM) 

Percent 
Recovery 

(%) 

GC P dGC Purge and 
Trap 

Benzene 

 
0 
4 
7 

10

11.16 (11.06-11.26)  
10.85 (10.75 - 10.95) 

* 
11 12 (10 98 - 11 26)

 
97 

 
10010 

13 
40 

11.12 (10.98 - 11.26)
11.12 (10.97 - 11.26) 
11.27 (11.14 - 11.40) 

100
100 
101 

Toluene 0 
4 

10.20 (9.80-10.61)  
9.85 (9.79 - 9.91)

 
99

A7 
10 
13 
40 

 
( )

* 
9.95 (9.82 - 10.07) 
9.98 (9.91 - 10.06) 

10.18 (10.00 - 10.35) 

 
98 
98 

100 
X l 0 10 20 (10 05 10 35)

Average
Recovery

100%

m-Xylene 0 
4 
7 

10 
13

10.20 (10.05-10.35)
 
 

10.11 (9.91 - 10.31) 
10.36 (10.23 - 10.49) 
10.30 (10.10 - 10.49) 
10 58 (10 50 - 10 65)

99 
102 
101 
10413 

40 
10.58 (10.50 - 10.65)

* 
104

 
1 All aqueous samples prepared in triplicate; average value reported (n=3); 95% confidence 
  interval in parentheses. 
2  The 0 value represents the ascorbic acid- and persulfate-free samples used to establish baseline.p p p
* Data invalidated due to inverted septa.    

 



Why does ascorbic acid work in this manner?y

Relative reaction rate (RR)

                      K7 [·SO4
-] [AH2]  

               RR =                                          ≈ 125-1250
     
                                 k9 [·SO4

-] [Benzene]  
 

[S2O8
2-] = 10.5 mmol L-1 

[AH2] = 40-420  mmol L-1  
[B ] 11 2 l L 1[Benzene] = 11.2 µmol L-1

 k7 = 1×109 M-1 s-1 
 k9 = 3×109 M-1 s-1 



Table 2. Persulfate concentrations; absorbance at a wavelength of 450 nm; ferrous 
ammonium sulfate method; required amount of ascorbic acid required to neutralize the 
oxidant*.

      
[S2O8

2-] (mg/L) (millimolar in parentheses) 
0 
0 

80 
(0.42 

200 
(1.1) 

400 
(2.1) 

610 
(3.2) 

810 
(4.2) 

1210 
(6.3) 

1610 
(8.4) 

2020 
(10.5) 

2420 
(12.6) 

2820 
(14.7) 

3230 
(16.8) 

3630 
(18.9) 

4030 
(21.0) 

Absorbance(1), wavelength (λ) = 470 nm
0 0.011 0.019 0.04 0.062 0.076 0.121 0.164 0.204 0.245 0.275 0.313 0.349 0.397 

Volume of Ascorbic Acid solution (mL) 
0 0.04 0.11 0.22 0.34 0.45 0.67 0.89 1.12 1.34 1.57 1.79 2.02 2.24 

Mass of Ascorbic Acid (176.12 g/mol) (g)
0 0.01 0.03 0.06 0.09 0.12 0.18 0.24 0.3 0.35 0.41 0.47 0.53 0.59 
(1) Solubility of ascorbic acid in water = 330 g/L (1.87 mol/L); 80% solubility (1.5 mol/L) used as stock 
solution; [S2O8

2‐] (mg/L) =  10,000 × A450; where A450 is the absorbance at 450 nm. ( g )
 
* EPA GROUND WATER ISSUE: Ground Water Sample Preservation at ISCO Sites –

Recommended Guidelines
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Oxidation Results
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GC/MS Headspace Analysis

GC Purge and Trap Analysis
0.1 – 2.0 g/L PS

[Benzene]INITIAL ≈ 760 µg/L GC/MS
720 /L GC
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≈ 720 µg/L GC

0.1 and 0.5 g/L PS
10% and 19% loss (GC/MS)
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( )
21% and 42% loss (GC)

Note: chemical oxidation sensitivity
Benz < Tol Xyl < TCE PCE

0.2

Benz < Tol, Xyl < TCE, PCE

Recommendation:
1. Allow PS to react longer, or 

0
0 0.5 1 1.5 2

500 mg/L PS
2. Preserve the sample

0 0.5 1 1.5 2

Initial [Persulfate] (g/L)
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analyzed
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A th b fit/ i k f bi i t l i Assess the benefit/risk of binary mixture analysis
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