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Introduction to Activated Persulfate

Klozur® Persulfate is:
«3 Based on the sodium persulfate molecule

©3 A strong oxidant used for the destruction of
contaminants in soil and groundwater

o3 Aggressive and fast acting chemistry with
extended subsurface lifetime (weeks to months)
and little to no heat or gas evolution

«3  Applicable across a broad range of organic
contaminants Field solubility of
more than 500

3 Highly soluble in water (significant oxidant mass in g/L possible

smaller volumes)

©
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Fundamental Chemistry

«  Klozur® Activated Persulfate is based upon the persulfate anion:

O O

\\ 7/

- Persulfate is a peroxygen, and similar to hydrogen peroxide, can be
split at the O-O bond thus forming the sulfate radical:

‘0,5-0-0-S0," —> “0,5-0¢ #0-S0,’
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Common activation methods
Include:

o3 Alkaline activation
* (OHe, SO4e-, O2e-)

@5 lron or iron chelate activation
* (SO4e-)

3 Heat activation

» (Temperature dependent:
OHe, SO4e-, O2e-)

3 Hydrogen peroxide activation

* (OHe, SO4e-, O2e-)

@ PeroxyChem
Standard
Oxidant Reduction Reference
Potential (V)

Hydroxyl radical (OHe) 2.59 Siegrist et al.
5u|faterad|ca|(so4.) .......................................... 243 ...................... S.egnsteta| .......

Ozone 2.07 Siegrist et al.
Persu”ateamon ................................. ..................... 201 ...................... s.egnsteta| .......

] Hydrogen Peroxide 1.78 Siegrist et al.
Permanganate ...................... 168 .......................... S .egr.steta| ........
ch|or.ne(|-|oc|) ......................................................... 148 ..... CRC(76thEd) .....
Oxygen ...................... 123 ........................... CRC(76thEd) .....
oXygen ...................... 082 ........................... Ewe,s(lggg) .......
Fe(|||)reduct,on ...................................................... 077 ..... CRC(76thEd) .....
N.tratereduct.on ...................... 036 ........................... Ewe,s(lggg) .......
5u|fatereduct,on ...................................................... 022 .......................... Ewe,s(lggg) .......
Superoxide (O¢) - 033 Siegristetal.

2V -0.45 ~ CRC(76th Ed)
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PFOA: Key Characteristics

Strong acid (pKa -0.5)

«3 Other reports of pKa of 2.8 and
3.8

Solubility

@3 Anion-highly soluble (500-9,500
mg/L)

«3 Neutral form- low solubility (0.025
mg/L)

Unlikely to volatilize
Moderate K,

Half Life

3 Likely to persist in groundwater if
left untreated

Key Characteristics of PFOA
CAS Number 335-67-1
: _ : White
Physical De_ss:npﬂon (Typical powder/waxy
Room Conditions) ) :
white solid
Molecular Weight (g/mol) 414
Water Solubility (mg/L @
25°C) 9,500
pKa [Goss (2008) ES&T] -0.5
Boiling Point (°C) 188
:/apor Pressure (mm Hg at 20 0.017
C)
Koc 115
Half Life
Atmospheric (years) 0.25
Water (years @ 25°C) >92
Source: EPA May 2012
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Treatment of PFOA

Showed that PFOA can be degraded by the sulfate radical (SO4e-)

16
A —e-C_F, COOH
g 5 ~O-CF,,COOH
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E 5‘ a--C 4FQCOOH
c g +CSF?COOH
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FIGURE 2. Irradiation-time dependence of PFOA decomposition Time | h
with $;04*~: detected molar amounts of PFOA, €Oz, and F~. An _
aqueous solution {22 mL) containing S;052~ (1.10 mmol; 50.0 mM) ) . .
and PFOA (29.6 pmol; 1.35 mM) was irradiated with a xenon— Horiet al (2005) Environ Sci & Tech

mercury lamp under oxygen (0.48 MPa).
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Heat Activated Persulfate

Yee et al (2012) Chemical o O e s R,
Engineering Journal

—d— Perflunropentanoic acid, PFPe A, C5
—— Perfluoorobuty ric acid, PFBA, C4
—— Perfluoropropionic acid, PFPrA, C3
—O— Triflwroacetic acid, TFA, C2

PFCAs intermediates (W)
&
T

250
E—F—— O ¥ S TEE—— "
. 200 ® T=20% with Persulfate 10
El ©  T=30°C with Persulfate
— P S o=
= | ¥ T=40°C with Persulfate 0O 25 50 75 100 125 150 175 200 225
= 150 - A&  T=407 without Persulfate Reaction time (h)
E Fig. 3. Concentrations of PFCAs intermediates formed at various reaction times by
o degradation of PFOA{241.5 pM) with 200 mM persulfate (initial pH = 2.5, T = 40 °C),
8 100
é o F 100
e o 20°C PFOA conc.
o m 20 defluorination
50 1 4 30°C PFOA conc. | an
4 30 defluorination =
= o 40°C PFOA conc. -
= ® 40 °C defluorination =
0- 5 8
’ Time (h) i — g
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2 =
Fig. 1. Effects of temperature on FFOA degradation ([PFOA]p = 241.5 pM; [persul- e %
fate]p =200 mM; initial pH=25). The control experiment of PFOA degradation ==
without persulfate at initial pH 2.5 and 40°C.
Other Articles:
*Hori et al (2008) Environ. Sci. & Technol. Time (b)
*Medina (2014) EPA 542-N-14-002 No 66 Fig. 2. Decomposition and deflucrination efficiencies of PEOA ([PFOAJy = 241.5 uM;

ratios of [PFOA]/[PFOA]Q and dash lines are for the defluorination effidendes of

[persulfate]o = 200 mM: initial pH = 2.5; T= 20, 30 and 40 °C). Salid lines are for the ‘
PFOA.
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Nucleophilic Pathway

« Destruction of PFOA in catalyzed

—— Cantrol

hydrogen peroxide system * LMD, : ooy
0.8
* Authors concluded that this was g . ey
accomplished by nucleophiles < M
hydroperoxide (HO,") and £ 04
superoxide (O,e) .
« Superoxide and hydroperoxide S % e s wme |

Time (min)

can also be formed in activated
Figure 1. Degradation of PFOA in CHP systems [100 pg/L PFOA,
perSU|fate SyStemS 0.5 mM iron(III}, 0 M (control), 025 M, 05 M, ar 1 M hydrogen

peroxide at pH 3.5, 0 or 1 M 2-propanal, total volume of 40 ml, 20 +
2°C).

Mitchell et al (2014) Environ. Sci. & Tech. Lett.
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Key Characteristics of PFOS

Key Characteristics of PFOS

CAS Number 2795-39-3
Moderate solubility FImFSEE) DESEHEEN (Rpee White powder
Room Conditions)
s Decreases depending upon solute [y o \weight (g/mol) 538 (potassium salt)
* Unlikely to volatilize Water Solubility (mg/L @ 25°C)
* Moderate K, Purified Water 570
« Half Life Freshwater 370
3 Likely to persist in groundwater if Filtered Seawater 25
left untreated :/Ce:l)por Pressure (mm Hg at 20 0.00000248
Koc 372
Half Life
Atmospheric (years) 0.31
Water (years @ 25°C) >41
Source: EPA May 2012
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Treatment of PFOS

Alkaline Activated
Persulfate

600.000

500.000 ¢ Fentons

.. ® SuperFentons

400.000

Data shows treatment of PFOS by
alkaline, heat and hydrogen
peroxide activation of persulfate

A Hydrogen Peroxide
Activated Persulfate

300.000 M . Sodium Dithionite

A Sodinm Hypophosphite
200000 -

@ Heat Activated Persulfate

PFOS Concentration (ing 1'1)

“

100.000

+  Alkali Activated Persulfate

0.000 +

Heat

Time (Days) ACtlvated
Persulfate
Activated
Persulfate

Kingshott (2008) Imperial College London
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Treatment of PFOS

 Persulfate activated with UV, Heat,
Fe (I1), and Ultrasonic

* Lower pH more effective
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Figure Z Time oourse of PFOS defluorinason in adivated
H,520y oxbdation oy shems.

Table 2. The calculated pseudo-first-order constants and
defluorination efficiency (%) of PFOS with 18.5 mM persulfate
in activated K;5;05 oxidation systems at different initial pH

values.
Rate
Initial conmstant
system pH iper hour) Reaction time (h)
1 4 8 12
LNVK,505 3.3 0018 094 557 159 1932
691 0016 070 427 13.63 1721
11.11 oo 323 GBS 1056
USH50; 311 0005 - 247 490 5.82
T4 0004 025 193 395 5.2
1092 0003 - 098 310 351
HT/ K50 311 0025 218 10.56 19.95 2571
694 0023 247 935 2033 2252
1085 0013 01a 487 10.15 15.24
Fe®M,5,05 311 0013 0.44 493 1257 1388
7.2 0010 - 436 0.3 1068
11.24 0005 - .77 402 G6.07

Yang et al (2013) PLoS ONE
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* Bench scale jar test:

3 Data showed 49 to 83 percent
reduction in PFOS concentration

3 Treatment increased with
increasing persulfate
concentration

3 Each activator effective
3 Minimal evolution of fluoride

= Control
m1.25g/L
m25g/L
m5g/L
m25g/L
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Conclusions

« PFOA and PFOS have complex agueous chemistry

 PFOA can be degraded by sulfate radical, hydroperoxide and
superoxide radical formed by activated persulfate

« Treatment of PFOS by activated persulfate has been
observed
3 Reactive species not yet identified

- Typical pathway with persulfate, academic studies with heat
activation followed by field implementation including other
activation methods

©
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