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G. Bryan Balazs, co-Investigator
September 30, 1997

. OVERVIEW OF TECHNOLOGY

A. Technology Description
1. Organics Oxidation

Direct Chemical OxidatiofDCO) is a non-thermalambient pressure, aqueous-based
technology for the oxidative destruction of the orgalumponents of hazardous or mixed waste
streams. The process hasbeen developedor applications in waste treatmenthemical
demilitarization and decontamination at LLNL sirft®@92. [1-13] The process uses solutions of
the peroxydisulfate ion (typicallgodium or ammonium salts) tcompletely mineralize the
organics to carbon dioxide and water. The expended oxidant nmelgdelytically regenerated to
minimize secondary waste. The net waste treatment reaction is (Eq. 1):

S,0,% + {organics}0 2HSQ  + {CO,, H,0, inorganic residues} 1)

Peroxydisulfate is one dhe strongest oxidants knowfoxidation potential ist2.05V), and is
exceeded only in oxidative power by fluorine, ozone, and oxyfluorides. The oxidation potential of
peroxydisulfate is high enough to oxidize nearly any organic substance. [14-17]

2. Free radical and secondary oxidant formation

While many oxidantsexhibit a redox potential capable oforoad-spectrumorganic
oxidation, peroxydisulfate uniquely combines a high oxidgtiotentialwith a rapid, nucleophilic
charge-transfer capability. Oxidation occurs principally through the formation of the satfeta

anion SQ+, following mild thermal (80-100C), UV or catalytic activation ofperoxydisulfate
solutions [18-20]:

50, 0 2sQ* 2)

Alternatively, this radical-generation process may be effected at near ambient tempé3aties

°C) through the use of a catalyst suchratallic platinum, or with dissolved silver or copper ion
catalystg17]. The reaction of the sulfate free radmth the organic andavith water results in a
cascade of active oxidants including organic free radical fragments and hydroxyl free radicals. The
decomposition of peroxydisulfate producesnamber of intermediate oxidizers including
peroxymonosulfate (a strong industrial bleach), hydrogen peroxide, and nascent oxygen.
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3. Electrochemical Regeneration

The ammonium (or sodium) hydrogen sulfate produced as a byproduct of peroxydisulfate
oxidation can be recycled in a flowing electrolyte cell. Typically, industrial asisa platinum or
glassy carbon anode, an inert graphite cathode, podoaisceramic separator to prevesathodic
reduction of the product. The anodic reaction is (Eg. 3):

2NH,HSO, O (NH,),S,O, +2H +2e (anode) (3)

while the cathodic reaction is the reduction of watefoton hydrogen gas. [19] Ispecialized
applications wher¢he production ohydrogen gas is natesirable(such as in a confinedlant),
the cathodic reaction can be replaced with oxygen reduction using a porous gas difécsiode.
This modification also reduces the cell voltage by 1 V (about 20%).

The oxidantammonium or sodiunperoxydisulfate is sufficiently stable at or slightly
below roomtemperature to be stored as a solid or a wet slurryntorths. It becomeactive
only at elevated temperatures or through contact with the catalysts described above. This allows the
oxidant to be slowly produced and stockpiled for use in intermittent waste treaiamepaigns of
short duration.

4. Offgas stream

The exactcomposition ofthe offgas streanwill depend on the particulawaste stream
being processed, but sevegdneral predictions can meade. Common tall organic waste
streams will be carbon dioxide; oxygen will also be produced from the direct oxidation of water by
peroxydisulfate (occurring at a slower rate than oxidation of organics). Chlorine will be present in
the offgas if chloro-organics are treated inaaitic DCO system. Alternatively, theuse of DCO
in a basic solution avoids the formation of chlorine, as the chlorine released from the destruction of
the organic remains as chloride ion in solution. [18] If the oxidant is recycled by electtblysis,
oxygen, ozone, and possibly chlorine (if chloride ion is present) will be addbe dfigas stream
at the anode For cells producinghydrogen, this gas is best immediatekidized to water (in a
catalyzed bed), and the water internally recycl€bmmercial catalystare availableand used for
this purpose.

5. Throughput

Based on our measured asll as literature-tabulated rat®nstantsthe destruction of
organic material is nearly independent of the particcdenpound. [10,14,18] Within factor of
two, the oxidation proceeds at a rate of ~ 200 kg carbon conté&dimwhere rhis the volume of
the chemical oxidation reactor. [10] This throughput figure takes into consideteidal-off in
oxidant concentration as the organic material is oxidized in the reactor.

B. Technical basis
The DCO technologybrings together and integrates three pre-existing technologies: (1)

Total carbon analysis. This is aommon laboratory analytical techniqueusing aqueous
peroxydisulfate solutions at 10Q to oxidize any organic or inorganic carbon-contairsagples

to carbon dioxidgor subsequent spectrographic determination. [20,21,24]Ré2ycle. DCO
uses electrolysis to recycle the expended oxidant to peroxydisulfate, by the same tededgas

an intermediate step in the industrial production of hydrogen per@d& to 1960, prior to the
introduction of a non-electrolytiprocess). [19] (3large-scale industrial production ande of
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peroxydisulfate. Thousands of tonsashmoniumperoxydisulfate areisedannually to destroy
hydraulic fluids used to fracture rock in enhanced petroleum recavassive amountare used

as industrial bleaches, etchants, reaction initiators[X8t. Peroxydisulfate has aldmenused to
oxidize recalcitrant structures found in coal, as part of a coal-depolarized elecpabghicction of
hydrogen gas.Because of this industridlasis,large scale sulfate-to-peroxydisulfate electrolysis
equipment is available for lease or purchase from various electrochemical and infiiegialln
addition, a largeamount of knowledge anexperience is availabl@ith regard tothe potential
safety issues regarding the use of peroxydisulfate, and of its recycling (see Appendix A).



DCO Final Report FY97
4

C. Potential Waste Streams

The generalproblem solved by Direct Chemical OxidatigpCO) technology is theotal
oxidative destructiorfby non-thermal, ambient pressure, low temperatmeans) ofnearly any
organic solid or liquid. This includes solvents, detergents, pesticides, water-insoluble oils and
greasesgharcoal filtermedia,incinerator chars and tars, paper, plastics (excepting perfluorinated
polymers), chlorinated, sulfated and nitratedvastes, and organics immobilized in
organic/inorganic matrices such as soils, sands or sludges.

Solutions ofthe oxidant can besed totreat inaccessiblevastes (such asadioactively-
contaminated organics within metal machinery, gltaxes, or weapons components), as a
surface etching ageifibr contaminated metal or plastequipment, and in decontamination or
destruction of chemical warfare agents, explosives and propellants. Potentially important
applications include destruction of any organic materials imedium containing free chloride,
nitrate, phosphate, sulfate, or carbonaes, with areduction in secondary waste: chloride is
converted to free chloringas, which issegregatedrom the waste and converted to NacCl;
carbonate is liberated as carbon dioxide; amino nitrogen is converted to ammonium ioitrjtand
ion is converted to nitrate. Sineenmoniumperoxydisulfate can bstored almosindefinitely at
room temperature or slightly below, the process of waste destruction can be decoupled in time and
place from the generation of the peroxydisulfate oxidant.

Site-specific applications

A unique application of peroxydisulfafgr which we know of ngpractical alternative
low-temperature treatment)tise destruction of carbamsidues inncineratorash at Rocky Flats
and elsewhere Ammonium peroxydisulfate camttackand destroyecalcitrantmaterials such as
graphite, coatust, metal carbide, charcoal and carbesiduals found in suchncineratorashes.
For examplegven theglassy carbon used someperoxydisulfate production cells is gradually
consumed. Because peroxydisulfate requiresatalyst, itsuse iscompatible withthe inorganic
content of common ashes.

The Quickwin '97projectfor DCO (FY97)targetedmixed wastechlorinatedsolvents at
LLNL (see Section VI). We see other site-specific applications in cellulose, Trimsol (a cutting oil),
polyethylene, and latex mixed waste now stored at Rocky Flats Plant lamsl AtamosNational
Laboratory. These sitesupport work in MEO,compared with whichDCO is a more
omnivorous and lower cost technique. Savannah River Plant may have need for a general-purpose
waste treatment technique which also is effediorethe destruction of tributybhosphate and ion
exchange resins.

D. Advantages of DCO

The advantages of Direct Chemical Oxidation are fa@kws, in rough order of
significance:

1.) The process is virtually "omnivorous," derived from three aspects:

(a) Peroxydisulfate immongthe strongest oxidants known (E = +2.05 \@xceeding
Ag(ll) (+1.987 V), Co(lll) (+1.84 V), HO, (+1.8 V), MnQ (+1.7 V), oxygen (+1.2 V); and
Fe(lll) (+0.8 V). Peroxydisulfate isexceeded in strength only by ozone, fluorine and
oxyfluorates--none of which are suitable for condensed waste treatment. [14]

(b) With thermal or UVactivation, peroxydisulfatspontaneously formshe sulfate free

radical (SQ*) which then generates a cascadadive oxidants including hydroxy! freeadical
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OHe and organic free radicals. Secondary oxiddotsned by natural decomposition of
peroxydisulfate (peroxymonosulfate, hydrogen peroxide, and oxygan)also be consumed in
the net oxidation process. [18]

(c) Finally, the SQ» can add to certain insoluble organic compounds (chars, oils, etc.) and
promote their solution or emulsification in sulfatedm. Unsaturated organic molecules, which
are normally insoluble in water, are readily attacked at double and@r@ldonds to fornwater
soluble organic acids. Peroxydisulfate isfaore reactive tharhydrogen peroxide anckadily
oxidizes materials only slowlgxidized byWETOX (e.g., chlorinated hydrocarbons, oils and
greases, plastics). [25,26]

2.) DCO is non-thermal, ambient pressure, and aqueous based:

The non-thermalcharacteristiavould seem teeliminate the possibility of dioxin ofuran
formation, and one ahetasks for FY97 work was teerify this fact. The existence of double
bonds in dioxins and furans make thearticularly vulnerable to peroxydisulfate oxidation in an
agueous environment.

In addition, volatilization of metals or of radiouclides present in the original waste stream is
drastically reduced, if not altogether eliminated. Like all aqueous phase destruction techniques, the
treatment occurs in a wetted medium without generation of dust. DCO results in psuitatis
for further recovery or disposal aforganic residuals by conventional techniques (precipitation,
ion exchange or electrolytic recovery, encapsulation for burial).

Finally, the high heat of evaporation ameat capacity of watdyuffersthe systemagainst
thermal runaways.

3.) DCO is effective on a diverse group of waste matrices:

These matrices include liquid organics (either miscible with wat@ot)r organicsolids,
and contaminatedoils, sands or sludges. As DCO isclzemical treatment, effectiveness is
maximized by increasing the surface area of the material in contact with the oxidant solution. This
may be accomplished by usimgechanical emulsification (very rapid stirring), surfactants or
sonication onimmiscibles, shredding gpulverizing solids, or throughchemical solubilization
through formation of soluble acid intermediates.

In addition, Direct Chemical Oxidation of organics candbee ineither acidic, neutral, or
basic solutions. In basic solutions, organic carbon is oxidizedessided as carbonate ion. This
allows the process to be operated as a nearly gas-free oxidation process suitable fmxgkooe
other confined work areas.

An important class of oxidations involves surfatehing of metals and plastics. This
provides fororganic decontamination of equipment or buildings witmiaimum of secondary
waste generation.

4.) Minimal secondary waste:
Because the expended oxidant (existing as sulfate or bisulfate dependiolgitan pH)
can be electrolytically recycled to peroxydisulfate, pnecess produces minimal secondary waste.
The only offgases (other than those associated with the destruction of the organics) are oxygen and
hydrogen, the latter producedthe cathode of the electrorecyslieep. DCO doenot entrain the
large amounts of tramp water found with systems using 30% hydrogen peroxide.

5.) No catalyst required:
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The process doerot require theuse oftoxic, expensive or degradable cataly&sch as
Ag(ll) or Co(lll) used by Mediated Electrochemical Oxidation [27-29}therdispersed Pt(IV) or
Ru(lll) catalystsused by DETOX [30]). DCQherefore obviates théoss of catalysts by
precipitation(as, e.g., AgCl, AgSO,, CoF,, Ag,S, etc.) or by entrainment in secondary waste
streams. Theinvestment in electrolysis equipment is lower tifzat for MEO for two reasons:
(1) peroxydisulfate is produced at nearly 10 tirtresrate af\g(ll), per unitarea of theplatinum
anode, and (2) a smaller recycle plant can be operated continuougie anddantstored without
hazard or loss for eventual waste treatment campaigns.

6.) Waste destruction campaign decoupled from oxidant generation:

Solutions of peroxydisulfatare stablealmostindefinitely atroom temperature, and are
activated either through the use of a catalyst or by heatingptb®on. Thus, peroxydisulfate can
be produced and stored until waste treatment is begha. electrolysis plant can be scat&mivn
to accumulate in a continuous operation over time oxidantused inintermittent treatment
campaigns.

7.) Existing industrial basis:

Thousands of tons of ammoniuperoxydisulfate araised annually as a breaker for
organic hydraulic fluids used to fracture rock or penetrate sand bedbanced petroleum or gas
recovery; similammountsareused asndustrial bleaches, etchants, reaction initiators, [6td.0]
Peroxydisulfate has also been used to oxidize recalcitrant structures found in coal, as qal-of a
depolarized electrolytic production of hydrogen gas.

The electrolytic recyclingtep is well-grounded ithe industrial production ofiydrogen
peroxide used ithe past. [15,19] From World War | toabout1960, hydrogen peroxide was
produced by oxidation of water by peroxydisulfate, which in turn elestrochemically recycled.
Because of these industriases,large scale sulfate-to-peroxydisulfate electrolysis equipment is
available for lease or purchase throughout the world. Because of this incdhestiglbotlthe use
and recycling of peroxydisulfate are well-documentetéims ofthe safetyissues (see Appendix
A).

8.) No unresolved materials issues:

Commonmaterials of construction fahe processare perfluorinategoolymers such as
Teflon orKynar, coatedstainless steeljlass or ceramics, or materials such as epoxies, tars or
some plastics such as polypropylene and high denpityyethylene (these arenly slowly
degraded). For a general discussion, see references, [17,19].

9.) No problems with organic heteroatoms:

Peroxydisulfate promoteshe destruction of nitrated and nitrate-containingstes.
Ammonium nitrate productaredecomposed thermalinto nitrogen and/or N in the presence
of chloride catalysts. Theaste treatmergystemcan be configured ttreat chlorinatedvastes,
consuming transient chlorine or oxychloride species by oxidation of organic intermediates,
resulting in a final product containing chlorides and sulfates.

10.) Versatile scaling:

An important aspect of this technology is @bility to scaledown without loss of
efficiency. Bench-top unitare useful in futureDOE or DOD productionfacilities to destroy
undifferentiated wastes produced as a byproduct of routine chemical andlyS€scan beused
as a dedicated unit process to destroy wastes produced in small industry production lines. At the
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200 kg carbon/day level, the proces$uiyy transportable with a reacteolume of ~ 1 M. The
ability to store stablesolutions orprecipitates of peroxydisulfatealts adapts well to intermittent
waste treatment campaigns.
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. PRIOR WORK

A. Prior work FY92-FY95

We have been conducting research on a Direct Chemical Oxidation proté&s_adince
1992 for application to the organic fraction of mixed wastes, to the destruction of chemical warfare
agents, and forgeneral applications to demilitarizatidd-14]. (Total internal funding by
Livermore Directed Research and Development to date, ~$150 K).

In 1994, DOWEX ion exchangeresins were rapidly destroyed inuncatalyzed
peroxydisulfate solution at 10€C. We constructed an electrolysisll replicating theindustrial
process (Loewenstein process) and used it to produce peroxydisulfate for subdesfuection
tests on model chemicals at high concentrations in water. We addptaticarbon analyzer and
used it to determinéhe overall rates of destruction of 20 chemicals bearing functgnoaips
commonly found in DOE wastes. A summarytloé kinetic data is given imable I. Included
also were surrogates for chemical warfare agents: VX, HD and GB. Within a factahefrates
of destruction of these diverse chemicals are constant, indi¢atihghe controlling rate factor is
the formation ofthe sulfate radical anion. We derived and verified a quantitatiodel for
destruction of concentrated solutions of ethylene glycol (a reference chesecdatotest aqueous
waste destruction techniques), and measured the parasitic oxidation of wateworkhidicated
that organiovastescan bedestroyed in a one cubineter plug flowreactor at a rate d200 kg-
carbon per dayThe results fromthis internally-fundedvork aresummarized in @aper recently
published inthe International Conferender Waste Treatment and Environmental Remediation
[10].

Table I. Integralffirst orderrate constants ¥ calculatedfrom the extent of oxidation E, as
measured by CQevolutionusing atotal carbon analyz&r Givenare molecular and equivalent
weights, initial concentration and oxidant/reductant ratio, iaitidl and final C concentrations for
fixed oxidation rates. The extent of oxidatas used taalculate a rateonstant forthe first
order equation in equivalents, d[R]/dt ={%O,*].

No Compound Ny n (R(0))| Ratio | C(0)| C(t)| Dt | E 102ka
g/mol | eg/moll mM [[OJ[R] | ppm [ ppm| min| %] 1/min

1 Urea 60.06 0 1.16 N/A[ 4319 4103 2% 95 0.3p
2 | oxalic acid dihydratel 126.00 2 1.17{ 116.86 43.47 44p0 2|5 101 0.38
3 nitromethane 61.04 8 251| 1359 46.7p 4161 1145 B9 0.3
4 Salicylate-Na salt | 160.10 28 0.36] 27.14 46.81 4647 55 P9  0.713
5 formic acid 46.03 2 247 55.14 46.0p 425 25 P2  0.43
6 Triethylamine 101.19 36 0.14f 5362 1580 140 25 P3 0.6
7 DMSO 78.13 18 1.30 11.67| 484D 46.46 1145 pP6 0.79
8 DIMP 180.18 44 | 018 | 3457( 2339 2320 2% 99 1.2¢
9 Na-EDTA 372.24 39 022 31.2% 4141 39|67 25 |95 1.B4
10| 4-chloropyridine HCL| 150.01 21 0.46] 28.04 4315 39p6 2|5 Pl 143
11 4-amino-pyridine 94.12 20 047] 2882 4400 4283 2|5 P6 147
12 acetic acid 60.05 8 1.19( 28.64 443p 4454 25 100 154
13 sucrose 342.29 48 0.20f 28.01 4535 44y9 25 P9 1.%5
14 | Methylphosphonic acid 96.02 8 1.21)] 28200 2258 2250 25 100 156
15 2,2'-thiodiethanol | 122.18 28 0.38] 2547 2851 28B0 2|5 P9 171
16 1,4-dioxane 88.11 20 0.63| 21.73] 4679 44B4 25 P6 194
17 ethylene glycol 62.07 10 128 21.27] 4780 44p6 25 p4 1.95
18 formamide 45.04 5 252 2168 469D 4647 25 P9 201
19 Na-lauryl sulfate | 288.38 72 021 1799 4708 44f)1 2|5 PpP5 232
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aconditions: T= 100C ;: [H3PO4]= 0.0574 M; [$0g27] = 0.245 N; 0.3 cr Pt wire catalyst.
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Researchers at Hanfoldweused solutions of peroxydisulfate (with and witholAg|l)
mediator) toclean metal equipment by combinegtching and organic oxidation. The solution
allows recovery of Pufas water-soluble Pu(VI) (plutonyl) species. Plutonyl ion is soluble up to
~100 g/L in acidified solutions containing peroxydisulfate/sulfate with and without silvét(l).
Peroxydisulfate improves otme organic oxidizing ability ofAg(ll) by operating as atrong
nucleophilic charge transfer agent and by producing Ag(ll) oxidizing species within the bulk of the
electrolyte(as opposed tadjacent to the electrode MEQO). Similarly, peroxydisulfate with or
without a silver mediatofTablell) has beenused tooxidize and render solublearious actinide
compoundscontaining U,Pu, Np, Am, Cm or Bk, astudied by various Soviet and French
researchers.

Table Il. Oxidative-dissolution of actinides by ammonium peroxydisulfate (APPShost cases,
APS is driver for Ag(ll) charge transfer catalyst.

Reaction Catalyst? Reference
Pu(lV) => Pu(VI) (soluble: 90 g/L) none or Ag; 0.5 M| Fisher (Hanford) (1991)
APS
Pu(lV) => Pu(VI) Ag in APS Seaborg (1955)
U(IVv) =>U(V) - Manok (1973)
U(V) =>U(VI) none or Fe Manok (1973)
Am(IIl) => Am(1V) none or Ag Milukova (1989)
Am(IIl) => Am(IV) => Am(VI) Ag with APS Litvina (1988)
Am(ll) => Am(IV) => Am(VI) Ag in APS, phosphate Milyukova (1980)
Am(II) => Am(IV) Ag in APS, Nitrate Myasoedov (1976)
Bk(111) => Bk(IV) Ag in APS, Nitrate Milyukova (1977)
Np, Cm, Ce, Cr, etc. Ag in APS various authors

B. Prior Work FY96

In FY96, weconstructed and operatedphug-flow reactor(PFR) systemwith real-time
analysis ofthe offgas using a masspectrometer. This prior year testimgas successfully
completed to demonstrate that the proposed chemical oxidation process using peroxydisulfate was
able to treat specific "difficult wastes" such as chlorinated solid and legstes, proof ofecycle
of the oxidant, and establishing facility consisting ofbatch andflow reactors withmass
spectrographic offgas analysis capability for treatability studies. Specifically:

(1) The plug flow reactor(PFR) system waapplied to theanalysis of model chemicals
such asethylene glycol. From this work, it wasconcluded thaPFR wascapable ofsupporting
destruction of soluble organics at a rate of 100-400 kg-Carbon/Ydyased on reactor volume.

(2) Kerosene was destroyed in batch reactors to DRE of 99.991% after 140 minutes at 100
°C. The reaction was substantially complete at 70 minutes, leRRE was 99.977%.Tests
on bulk triethylamine showed a destruction~80.97%after 21minutes at 100C, with 95% of
the amino nitrogenbeing converted t@ammoniumion and 5% to nitrate/nitrite. Cottorags
(cellulose, oil anddye) were substantiall(®>95%) destroyedfter 40 minutes, butincomplete
contacting of the cotton with the reaction medium prevented measurement of a DRE. With proper
contacting, cellulose is completely destroyed.

(3) Tributyl phosphate tends to polymerize under conditiondefitient oxidant, but this
does not occur with equal volume mixtures of TBP and kerosene. Methyl phosphonic acid and di-
isopropyl-methyl-phosphonate were quantitatively oxidized af CO0
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(4) The liquid chlorinateccompound 4-chloro-pyridine HCI wasubstantially oxidized
after 12 minutes, but at a rate which was decreased by the presence of chloridbd@olirtion.
In a series of tests with chloride, perchlorate and ethylene glycol, we tloeirfidilowing: chloride
slows the oxidation of the organic by competingtfa availableoxidant. Chloride is oxidized to
chlorine, which idiberated as @as, but no higheoxidation states (chlorate, perchlorate) were
found following oxidation. Chlorine is readily scrubbedm the offgas andconverted tdHCl in

an electrolysis cell: ¢k H,O O 2 HCI+ 1/2 Q.

(5) Pure PVC polymer(without fillers or plasticizers)was found resistant to
peroxydisulfate oxidation. Following thermal treatmg®0-180°C, 24 h) under sub-pyrolysis
(non charring) conditions, the PVC was partially reduceftm doublebonds withliberation of
trace HCI. Following this treatmenhe PVC wasoxidized by peroxydisulfateChars from the
full pyrolysis of PVC were oxidized. Analogous results were found with various plasticized PVC,
including Tygon tubing.

(6) Testsconducting with a rotatinglisk electrodesystemand with a 100 Abench
electrolysis cell showed that low levels of organic contaminants (okaliojc acid) did notalter
either the voltage or Faradaic efficiency of peroxydisulfate production (see Figure 1).

(7) Severalsources ofindustrial electrolysis equipment were identifitat the task of
product sulfate recycle to ammonium peroxydisulfate.

Figure 1. The rate of production of peroxydisulfate oxidant using industrial liquors (dno&ers
compared with solutions derivddom wastetreatment scenarios havingtrate, phosphate or
chloride contaminations &1 M levels. Current densitwas 1 A/cmd. Brokenline indicates
position of 80% efficient production.
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. FY97 TASKS

A. Overview

The purpose of this year's work was to demonstthée versatility andoracticality of an
"omnivorous" waste treatment process, which usesecycled ammonium or sodium
peroxydisulfate to destroy surrogates for any organic solid or liquid waste of importaddCGEto
The FY97 effort includes: (1) Highlgpecialized wastealetailedmassbalance, rate, flow-charting
and economic studies of two wastedeams chosen bthe Mixed Waste Focus Group in
consultation with LLNL and a prospectiveser, (2)Integratedsystem demonstration dhis
process on chlorosolvents and organic-contaminated soils/sludgestetod5-15 kgcarbon/day,
and (3)Pilot demo: a RCRAtreatability study on goilot scale in a batch or pluilow reactor at
rates of 15 kg carbon/daysing chlorinated solvents (Quickwin '97 project). Details on the
specific accomplishments feach of thessubtasksare inSections IV, V,and VI below. Note
that much ofthe process chemistry worland engineering development and scalefap the
Quickwin ‘97 Project is contained in Sections IV and V. Becaugsheointertwined nature of the
work on chlorinatedsolvents, it wasnot possible to separate theiséo distinct and separate
sections.

B. Indicators of Performance for FY97 work

The key performance indicator is the rate of organic destruction per unit voluesctdn
vessel. Based on our prior work (below), expect thatoroad categories of water-entrained
wastescan bedestroyed to sub pprevels at a rate 0200 kg carbon/day per cubimeter of
reaction vessel.

A second key performandgedicator iscompleteness of destructiorSome commercial
carbon analyzerasing peroxydisulfateletectcarbon by oxidative destructiaown tolevels of
100 parts-per-billion. Typical laboratory analyzerdetectcarbon by measuring carbahoxide
evolved by oxidization of the unknown to levels of 0.5 parts-per-million.

A third key performance indicator ithe efficiency of the recycling of sulfate to
peroxydisulfate. In an integratesystem, weexpect to recycle peroxydisulfate at > 80%
efficiencies at T = 20-30C. This efficiencyhasbeen achieved by industrial plants as well as by
our laboratory cells. [1,7]

A fourth key performance indicator is demonstratiorg@fheral applicability, by treatment
of such varied wastes as chlorinated solvents and pladtexsoal and charcoal filters, incinerator
carbon-containing chars, paper and rags, oils and greases, ion exchange resins, nitrated and nitrate-
containingwastes, complexing agentsibutyl phosphate)cutting oils(Trimsol), detergents and
complexing agents.

C. Summary of Progress for FY97

We have developed thgrocess chemistry othe DCO technologyfor a number of
specialized wastes (including contaminatedsludges, heavily chlorinated materials, carbon
tetrachloride, and polychlorinated biphenyls), complétediesign, engineering, and construction
of an IntegratedSystem to demonstratihis process forseveral wastestreams,and begun a
treatability study of low-level chlorosolvent mixed waste stored at LLNL. Sedigng and VI
detail the progress made in these areas.

In addition, we have completedRersonnel Exchange with Perma-Fix Environmental
Services, Inc. withthe goal of incorporating th®CO organic treatment technology into the
existing Perma-Fix Process fdhe treatment of the inorganmomponents of mixed wastes.
Although DCO commercialization work under EM-50 in FY98 is scheduled, it was believed to be
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in the interest oboth parties to proceed as quickly as possiblethod this SBIR Personnel
Exchange (funded under Defense Programs, PE#960003)iniiased. The goal of this
Personnel Exchange wasdevelop a conceptudesign for gilot plantdemo atthe Perma-Fix
Gainesville facility, and this task has been accomplished.

Specifically, the technical accomplishments for DCO in FY97 were:

(1) Testingwascompleted on the direct oxidation wblatile chlorosolvents by peroxydisulfate,
including methyl chloroform, methylene chloride, trichloroethylene, perchloroethylene,
chloroform, and carbotetrachloride. In addition, these of catalysts to allow the oxidative
process to proceed at near ambient temperatures was investigated, and work initiated.

(2) A small scale mock up dfie verticalplug flow reactor to baised inthe treatabilitystudy of
the destruction othlorosolvents (under Quickwin '97) was designiedijt and tested. This
system wadatter found to be unnecessaritjifficult to scaleup, and a newsystem(cascaded
CSTR) was designed and built. See accomplishments #3 and #4 below.

(3) Theprocess chemistry and mechanistic &imetic datawere definedfor a hydrolysis step,
which is a pretreatment approach usefuthe treatment of insoluble amlatile chlorosolvents.
Subsequent oxidation of the prehydrolysis product results in quantitative oxidation of the organic.

(4) Engineering support waadded to the project talesign anintegrated system, for
demonstration in FY1997. This system is composed of a 70 liter hydrolysis vessel, followed by a
cascading series of three, 17 liter Continuous Stirred Tank Reactors (CSTRpystam isfully
operational and has been tested on a variety of chlorosolvent wastes.

(5) Batch reactostudies were completed dhe oxidation oforganics contained in a sludge
matrix, and an experimental protocol was developed to determine the extent of destruction.

(6) Process chemistrgnd engineeringlatahas been transferred tthe EM-30 partner in this
project (John Bowers,LLNL) for a treatability study of 300 kg of mixed chlorosolvents
(Quickwin '97).

(7) Standards and an experimental protocol for the testing of the DCO process on PGB&has
developed, and regulatory/ES&H issues addressed. Initial testing of the effectiveD€XS &br
PCB destruction has been completed.

(8) Design and procurement of equipment fdalaoratory-scalesystem forthe treatment of
organic contaminated sludges or soils is complete, and experimental work completed. Design and
procurement of equipment for this same task ugiegIntegratedCO system (#4above) is
complete, but testing was postponed until October 1997. (These tests are ongoing as of the time of
writing).

(9) Development of aollaborative effort withPerma-Fix Environmental Services, Inc. for the
transfer of this technology tthe commercial sector has begun, and a Personnel Exchange
(PE#960003) has been completed. In addition, a draft of a CRADA/Statement of Wdréehas
written. This collaboratiomas as its primargoal the incorporation of thBCO technology by
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Perma-Fixinto its existing inorganienixed wastetreatment technology in order to expand the
potential waste streams treatable by Perma-Fix.
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D. Management

Project managememwas headed by MartynrAdamson atLLNL. This final report
describeghe accomplishments angchnicalscopeachieved inFY97, and an addendum to this
report will be written for the accomplishments achieved in FY98.

Milestone Title CompletionDate

Final Report Date Due: 09/30/97
Addendum to Final Report Date Due: 02/28/98
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V. SUBTASK I.

A. Specific accomplishments for Subtask |
1. General Experimental Protocol

For the work covered in Subtaskthe use ofthe term "laboratoryscale" reactosystems
refers to a 0.5 or 1.0ter glassreactionvessel forthe oxidation, and 2.1 liter stainlesssteel
autoclave reactor system for the hydrolysis. Betictorsystemshave dedicated thermal control
and measurement, and the hydrolysis vessel hateaimonicpressure transducer with a pressure
relief safety valve.

The oxidation reactors have a reflagndenser irthe offgas line, and theoffgas was
pumped through ahlorine trap consisting of potassiumiodide solution. In thisnmanner, the
amount of chlorine released from the destruction of the organic could be determined subsequent to
a run by standard iodometric procedures. Following the chlorine trap, the offgas was then pumped
through a water trap, and then taledicated infra-red carbon dioxide analyzer. ®figas flow
rate was also measured, and the combination of flow rate and % carbon diakideffgas was
recorded in real time using a data acquisition system and LabView.

Both oxidation anchydrolysis experiments were donethre batchmode, whereby the
organic substrate was added to the appropriate reactor with the required solution, and then brought
up to temperature. Carbon dioxideas measured continuosly ihe offgas for the oxidation
reactor, andamples forither GC-MS, Total Organic Carbon, or IR analysis wetiakenfrom
both reactors as necessary.

2. Chlorosolvent destruction using peroxydisulfate

Heavily chlorinatedvastes present unusuaiallengedor aqueous destructidechniques
such as DCOdue to thefact that many of these materialssuch as 1,1,1-trichloroethane,
perchloroethylene, trichlorethylene, etc., ardy sparingly soluble in water. Because of this,
oxidation of these materials typically is limited Isplution contactwhich occurs only at the
interface of the two phases. In additiomany ofthese chlorinated materials arery volatile and
thus are swept into the offgas before full oxidative destruction can occur.

The data from initial batch tests done this year on these chlorosavestsown inTable
[ll, and the results showed virtually quantitative destruction of these materials.

Table 1ll. Extent of oxidation of chlorinated hydrocarbons in acidic peroxydisulfate subjected to
one- or three successive doses of oxidant (of 1/3 strength).

Organic Operation Extent of oxidation Extent of oxidation
Substrate Mode (for 1 dose oxidant) (for 3 doses oxidant)
Perchloroethylene Batch Reacto 68% 99.1%
Trichloroethylene Batch Reactor 75% 99.6%
Methylene chloride Batch Reactor| 99% 99.1%
Chloroform Batch Reactor - 96.7%
PCE/Chloroform Batch Reactor - 99.1%
mixt.

Based on these results, a smaller scale mock up of the vertical packed bed reactor system to
be used for the Quickwin '97 work (Subtask Ill, Section VI below) was desigo#tdand tested.
This reactor isshown in Figure 2. Howeveagfter extensive testing with varied operating
parameters, it was determined that the DCO process did not work as well in this continuous, bench
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scale operation as it did in the laboratory scale biatsts shown imablelll. The destruction of
perchlorethylene and especially 1,1,1-trichloroethane (based on conversion to carbon dioxide) was
lower than expected; these bench scale results from this mock up are shown in Table IV.
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Figure 2.
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Table V. Summary ofTests of Direct Chemical Oxidation of 1,1,1-trichloroethdssgng a
Vertical Packed-bed Flow Reactor.*

Conditions* %-CO [ %-Cl,
1. No preoxidation
1,1,1-trichloroethane 9 1
trichloroacetic acid 38 48
2. Uncatalyzed preoxidation
1 day preoxidation 18 <1
3 day preoxidation 25 <1
3. Catalyzed preoxidation ( 100ppm Cul[ll])
A. 1 day preoxidation treatment, run in packed bed reactor 40 41
Aliquot of 1 day preoxidation product, oxidized in batch reactof 20 q1
B. 2 day preoxidation treatment 26 <1
Aliquot of above, run at 1/2 feed rate 22 <1
Aliquot of above oxidized in batch reactor 21 <1
C. 3. day preoxidation 35 1
Aliquot of above oxidized in batch reactor 39 5

*All tests are with a 1 % emulsion of 1,1,1-trichloroethaneid M (NH,),S,0O4 in water, using Armak 733
surfactant and sonication (unless noted otherwise). Emulsion feed rat€.5vad/sec (unless noted), and
sufficient emulsion was prepared so that the total time of the emulsion feed was about 35 mireses.
started with top and middle portions of reactor were abovéC7teady-state temperatures were generally in
the range of 85-9€C.

A common problemwith a vertical packedbed flow reactorused in thisapplication is
volatilization of unreactedhlorosolvent into the evolved carbon dioxide amxiygen offgas
streams. This loss can be substantial for solvents boiling dhsystemoperating temperature
of 85-90°C, illustrated by the low conversion efficiencies (entry 1, in Table IV above). In order to
lower the temperature of the process to bellogvboiling point, we tried eoom temperature pre-
oxidation step (to produce a soluble organic acid), and a low-temperature catalyzed owgiatgon
Cu(ll) catalyst. Despite improvements, neither of these approaches yéelckmtableeonversion
efficiencies. Loss of chlorosolvent througbolatilization can be avoided by oxidation in a sealed
vessel. This was ifact done, producinghe results given irifable lll. However, scaleup of a
sealed oxidatiomrocess is problematlecause of the heahd gasevolution of peroxydisulfate
oxidation.

While it is possible to reverse the direction of flow (increasing contact time of the gas in the
reactor), a design reviel®d to theabandonment of this configuration in favor rabre tractable
systems based @equential dissolution dhe chlorosolvent (vidydrolysis in asealed vessel)
followed by peroxydisulfate oxidation in a series tbhfee cascaded continuously stirreshk
reactors (CSTR).

3. Hydrolysis of chlorosolvents

Literature references (see list at end of this Sectibayvthat thehydrolysis of humerous
chlorinated solvents can occur, either in neutral or basic conditions, often resultgesoluble
and less volatile substancebllydrolysisreactions can be either neut(pH-independent) or base
catalyzed (first order in hydroxyl concentration), dependingherstrength ofthe C-Cl bond and



on steric hindrance factors. In neutra hydrolysis, hydrolysis proceeds through a smple
pH-independent ionization of the chloride group (Eg. 4):
R-Cl 0 R"+CI

@ . . .
The organic cation then reacts with water or avalable hydroxyl ion to form the
corresponding alcohol. For organic molecules with multiple chloride groups, this
hydrolysis can produce acohols, adehydes or ultimately organic acids. Hydrolysis can
also occur by nucleophilic substitution of the chloride by the hydroxyl ion, occurring a a
rate proportiona to the concentration of the base. This “base catayzed hydrolysis’ is
common with chlorine attached to carbon-carbon double bonds.

Jeffers [1] indicates that 1,1,1-trichloroethane (TCA) is hydrolyzed by a neutra
reaction, leading after a number of stepsto form acetic acid (Eq. 5):

2H,0 + H,CCCl, 0 H,CCOOH + 3HCl
)

This reaction does not produce any chlorinated byproducts at temperatures of 65-115 °C
(such as the 1,1-dichloroethene found in groundwaters polluted with TCA), athough
Jeffers admits that this product may be formed a low concentrations undetectable by his
analysis. In ground water conditions, according to other studies, TCA undergoes a smple
elimination reaction to form 1,1-dichloroethene (DCE), according to (Eq. 6):

H,CCCl, O H,C=CCl, + HCl
(6)

Thus about 20% of the TCA apparently is hydrolyzed to form DCE which is stable in
neutral solutions, and the baance forms acetic acid. [2] The high temperature study
indicates that DCE is base-catalyzed hydrolyzed by base catalysis to form acetic acid,
according to (Eq. 7):

H,C=CCl, +2H,0 O H,CCOOH + 2HCI
(7

We have elected to develop a hydrolysis pre-treatment in strong base (pH = 14) for
several fundamental reasons:

(1) The solvents targeted by the parallel QuickWin effort contain materials the
hydrolysis reactions of which are clearly based catalyzed (such as dichloroethene),

(2) In principle, the hydrolysis of a wide range of mixed chlorosolvents may
produce intermediates, the hydrolysis of which are base catalyzed but otherwise slow in
neutral solutions,

(3) The evolution of free chloride ion would subject most hydrolysis reactor
materials to stress or pitting corrosion in an acid environment; in basic media, many

stainless steels such as 304 or 316L are immune to corrosion in deacrated basic media.
Indeed, the last fact was found to be critical. When the amount of hydroxide was
intentionally made insufficient to maintain basic conditions during hydrolysis (resulting in
acidic conditions (pH <2) at the end of the experiment), XRF analysis of the hydrolysis
liquid showed high concentrations of stainless steel components, such as Fe, Cr, Ni, etc.
Since the kinetics of hydrolysis follow an Arrhenius temperature dependence,
increasing the temperature to above ambient results in the completion of the hydrolysis



reactions in a matter of hours. In order to prevent the volatilization of the reactants, a
sealed vessel was required with aresultant above ambient pressure operation. A laboratory
scale two liter hydrolysis vessel was constructed of 304SS, and the data from the
hydrolysis of various chlorosol vents were collected.

Figure 3 below shows hydrolysis rates of 1,1,1-trichloroethane (TCA, or methyl
chloroform) collected from various studies, together with the hydrolysis rate of
dichloroethene (DCE), a base catalyzed reaction. Note that at the higher temperatures
(about 100 °C), the hydrolysis rates of TCA and DCE are on the order of magnitude of
0.01 min.*-i.e., roughly comparable to the first order rate of formation of the sulfate
radical anion. This suggests that the rates of hydrolysis and peroxydisulfate oxidation are
comparable, and vessels for the hydrolysis and for the oxidation of hydrolysis products
will be of comparable volume.

Figure 3. Hydrolysis rates for 1,1,1-trichloroethane (Jeffers data) and for DCE (base
catalyzed, pH 14). According to Jeffers, DCE does not form above 65 °C. Note that at
the higher temperatures, the hydrolysis rates (0.01-0.1 min™') are of the same order of
magnitude as peroxydisulfate oxidation as controlled by the sulfate radical anion
formation.
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4. Laboratory scale hydrolysis reactions

A number of hydrolysis experiments were run at the laboratory scale to deténmeirages
of hydrolysis andhe reactiorconditions, andhe resultsare shown inTable V. The extent of
hydrolysis was measured by measurihngamount of insoluble, second phasganic material
left over attheend. While this method is not extremelgcurateand does nodentify products
specifically, it was deemed sufficient as the aim of the hydrolysis step is to produce écgiitgle
phase for subsequent oxidation. The rate of oxidation of organics by peroxydisulfate is very high
at 80-100°C, being essentiallynasstransport limited, and providing a single aqueous phase is a
major step towards a successful system.

Table V.
Chlorosolvent(s)* Time, Temp. of Hydrolysis| % Hydrolyzed % Conv. tg CO
1% 1,1,1-trichloroethang 5hrs @ 1@ 100 100
3% 1,1,1-trichloroethang 4 hrs @ 12D 100 90
10% 1,1,1-trichloroethang 6 hrs @ IO 100 -
2% CC|, 6 hrs @ 112C 25 8

0.6% each of:
1,1,1-trichloroethane,
perchloroethylene 6 hrs @ 120C 92 78

trichloroethylene

methylene chloride

chloroform

1% each of:
perchloroethylene 5hrs @ 115C 75 40
trichloroethylene

* The numbers refer to the volume percent loading of chlorosolvent in the hydrolysis vessel.

A GC-MS analysis ofthe hydrolysis productiquid showedthat thehydrolysis of 1,1,1-
trichloroethane did ndead to asingle product as would bedicated byEqgs. (4-7). Although
acetic acid(or acetateion under basic conditionsjas a major producipther products were

chloromethane, methylene chloride, chloroform, carbon tetrachloride and 1,1,2-trichloroethane (see
Table VI).
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TableVI. GC-MS analysis results for minor products of hydrolysis s#éel of subsequent
oxidation step for 1,1,1-trichloroethane
Compound Hydrolysis| Oxidation
output output
(units) (%) (ppb)
chloromethane 0.3 <20*
methylene chloride 9.5 80
chloroform 9.0 <20*
1,1,1-trichloroethane <0.2* <20*
carbon tetrachloride 0.6 <20*
1,2-dichloroethane <0.2* <20*
1,1,2-trichloroethane 0.4 <20*
chlorobenzene <0.2* <20*
1,1,2,2-tetrachloroethang <0.2* <20*

*corresponds to method limit of detection

In addition, a dark brown solid material formed during hydrolysis which, although soluble
in organic solvents, was not soluble in water. Generally, the quantity was less than about 10 vol%
of the initial chlorosolvent substrate. Through IR and GC-MS analysis, it was detethattus
material was a complex mix oflarger chloro-organics including 1,2,3-trichlorobenzene,
trichloronaphthalene, trichloropentene, tetrachloropentane gHgGL, (Mol. Wt. 408).

It thus appearthat thehydrolysisreaction involves not onlthe breakage of-Cl bonds,
but also breakage of C-C bonds and subsequent rearrangements. This result, while unexpected, is
not necessarily detrimental as these material$oaneed inrelatively small quantities, andvould
be expected to be easitiestroyed by peroxydisulfate the subsequent oxidation step. As an
example,the fact thatmany of thesecompoundsare unsaturated or aromatic &tually an
advantage in the reaction with the nucleophilic sulfate free radical anion.

In general, thénydrolysis wasquantitativefor a variety of organicsubstrates, with the
notable exception of carbon tetrachloride. This material hydrolyzed onlysiemy, and it is
estimatedhat ahydrolysisreaction at theemperatures used wouldquire weeks. Of course,
increasing the temperature would decrease the time requirement, but this was not possible with our
system. Fomll chlorinated organics, ivas very importanthat themixing of the hydrolysis
solution be well designed, as earyns gave poor performance due terratic mixing. The
importance of proper mixing is discussed in more detail in the Integrated System discussion below
(Section V).

5. Laboratory Scale Oxidation Reactions

The products ofthe hydrolysis reactionsfor a variety of chlorinated organics were
subsequentlyeactedwith peroxydisulfate undethe nominal DCOconditions, andhe extent of
conversion to carbon dioxideas measured (s€kable V above) Notethat in some cases the
oxidation was done undethe basichydrolysis conditionswhile in othersthe solution was
acidified using sulfuricacid before the oxidatiorstep. There aretwo important differences
between thesewo pH regimes. First, ibasic mediagarbonate is the product of oxidation and
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remains in solutioruntil the pHdrops belowabout 6, at which point carbon dioxide is rapidly
evolved in a singlsharppeak (see Figurd). Thedrop in pH frombasic toacidic isdue to the
reduction of peroxydisulfate by the organic, with bisulfate as the product (Eq. agidimmedia,
the oxidation evolved carbon dioxide almost immediately after reaching approximattly (36e
Figure 4). The second difference i¢hat in acidicmedia, the organic chloride is released as
chlorine, presumably througlthe direct recombination of chloride free radicals. bbse, no
chlorine gas is evolved, at least until g@ution pH falls to values df-2 (again, the pHirop is
due to the reduction of peroxydisulfate as mentioned above).

Figure 4. Evolution of carbon dioxide duritige oxidation of 1,1,1-trichloroethargdrolysis
products undercidic and basic conditions. At time zersample washeatedfrom ambient
temperature and oxidant added.
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In general, the conversion of the organic to carbon dioxaequantitative, at least within
the accuracy of the described measurement technigdieen the resultsindicatedlessthan 100%
conversion to carbon dioxide, it was believed to be due tfatiehat thehydrolysis producti.e.,

the oxidation feed stream, contained solid particles which were not always transferred properly into

the oxidation reactor. Tot&rganic Carbon analyses donethe solution after oxidatiomlways
indicated essentially negligible carbon content, at least to the detection limit dDtheanalyzer
(0.5 ppm, as carbon).

6. CC|, and PCB destruction

Laboratory scaléests orthe destruction of carbon tetrachloride by direct oxidation with
peroxydisulfate at 90C showedthat little, if any, oxidation occurred. A largxcess of oxidant
was added, while theffgas was continuously monitored foarbon dioxide by the IR analyzer.
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Over the course of severahours at 90°C, no significant carbon dioxidevas observed.
Hydrolysis of CC) at 100-120°C resulted in a moderate35%) reduction of the organiphase
volume, and aatherviscousfluid was observed. It isot known whatthe specific relevant
reactions for this system are, but previous literature work indicated that the hydrolysis @filCCI
occur only very slowly, even at higher temperatures.
Laboratory scaléests onthe destruction of polychlorinatdaiphenylsare preliminary at
this point. Previous work by other workers indicated that PCB's are destroyed by peroxydisulfate,
and limited experimentation was done by our lab in FY97. However, it was not possibi&ito
samples of pure PCBtue to California State regulatory restrictions, #imas the work in our
laboratory was limited to a PCB concentration of less than 50 ppm in water. Samples of Arochlor
1242 inwater were obtaineftom Centre Analytical, and a surfactamés used t@btain a PCB
concentration of 45 ppm (the solubility of arochlors in water is genearaligh less).Because of
this low concentration used for the oxidative tests, a measurement of the amount of PCB destroyed
by the IR carbon dioxidenalysis described above resulted nmeasurementghat were not
sufficiently above background to be conclusive (see Table VII).



Table VII. Summary of results for PCB destruction (45 ppm Arochlor 1242 in water
with a surfactant)

Run # Conditions total ml CO, | end TC analysis*
235 Large Excess Oxidant in 1.0M NaOH, 85-95 °C 78 12 ppm
236 < 79 -
247 | 4.5 hrs Hydrolysis at 100 °C, excess oxidant at 95 °C 77 -
249 | 48 hrs Hydrolysis at 100 °C, excess oxidant at 95 °C 67 < S5ppm

Note: 106 mg Triton X-100/liter run as blank. CO, expected=68 ml; CO, produced=78

ml.
* TC analysis judged inconclusive, as values <10 ppm are not reliable. Total carbon value

at beginning is 25 ppm (from Arochlor 1242) plus 63 ppm (from surfactant), or 88 ppm
total.

In addition to the carbon dioxide analyses done for the PCB destruction tests,
samples of the final solution treatment with peroxydisulfate at temperature were sent off to
an independent laboratory for analysis for PCB's and dioxing/furans. These results are
shown in Table VI, and indicate that no remaining PCB’s were found for three out of
four samplestested. In addition, exhaustive analyses were done for dibenzo-p-dioxins and
dibenzofurans, and none were found within the limits of detection. However, numerous
fragments of chlorinated organics were seen, indicating that the destructive breakup of the
PCB’s by peroxydisulfate was chemicaly possible. Based on these results, it can be
asserted that PCB’s are oxidized by peroxydisulfate, but no data is yet available as to
mechanisms, rates, or economic costs.

Table VIII. Independent laboratory analysis of fina PCB solution after oxidation by
peroxydisulfate (235 & 236 are in basic media, 247 & 249 with brief hydrolysis in base,

then oxidation). PCB and chloro-organic analysis is by EPA method 608; dibenzo-p-
dioxin and dibenzofuran analysis is by EPA method 8280.

Compound 235 236 247 249
PCB's MO/L (ppb)* | Mg/L (ppb)* | ng/L (ppb)* | Mg/L (ppb)*
monaochlorobiphenyl ND (0.65) ND (0.5) ND (0.5) ND (0.5)
dichlorobiphenyl ND (0.65) ND (0.5) ND (0.5) 3.40
trichlorobiphenyl ND (0.65) ND (0.5) ND (0.5) 2.37
tetrachl orobiphenyl ND (1.3) ND (1.0) ND (1.0) 7.08
pentachlorobiphenyl ND (1.3) ND (1.0) ND (1.0) ND (1.0)
hexachl orobiphenyl ND (1.3) ND (1.0) ND (1.0) ND (1.0)
heptachl orobiphenyl ND (1.9) ND (1.5) ND (1.5) ND (1.5)
octachlorobiphenyl ND (1.9) ND (1.5) ND (1.5) ND (1.5)
decachlorobiphenyl ND (3.2) ND (2.5) ND (2.5) ND (2.5)
Arochlor 1016 ND (13) ND (10) ND (10) ND (10)
Arochlor 1221 ND (13) ND (10) ND (10) ND (10)
Arochlor 1232 ND (13) ND (10) ND (10) ND (10)
Arochlor 1242 ND (13) ND (10) ND (10) 12.9
Arochlor 1248 ND (13) ND (10) ND (10) ND (10)
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Arochlor 1254 ND (13) ND (10) ND (10) ND (10)
Arochlor 1260 ND (13) ND (10) ND (10) ND (10)
Chloro-organics
2,3-dichloro-2-methylcyclohexang 150
chlorocyclohexane 96 69
1,1-dichlorocyclopentane 274
1,1,2,2-tetrachloroethane 108 123
2,3-dichloro-2-methylpropanal 267 506
carbonic acid, methyl phenyl ester 35
2,3- 241 37
dichlorocyclopropanecarboxylic
acid
3-chlorocyclohexene 31
trans-1,2-dichlorocyclohexane 54
1,1-dichloro-2-ethenylcyclopropane 37
chloroacetyl chloride 50 50
chloromethoxymethane 61 59
1,1-dichloro-2-methylcyclopropane 594 470
1,4-dichloro-2-butene 84 63
1,1,1,3-tetrachloropropane 61
5,6-dimethoxyphthalaldehydic acid 50
2,3-dichlorobutane 311
1,3-dichloro-2-butene 40
cis-1,2-dichlorocyclopentane 894
trans-1,2-dichlorocyclopentane 65
s-dichloroethyl ether 73
2,3-dichlorobutanoic acid, methyj 73
ester
7-chloro-3-heptyne 51
Dioxins and Furans ng/L (ppt)* ng/L (ppt)*
2,3,7,8-TCDD ND (0.3) ND (0.09)
1,2,3,7,8-PeCDD ND (6.4) ND (0.2)
1,2,3,4,7,8-HXxCDD ND (4.0) ND (0.2)
1,2,3,6,7,8-HXxCDD ND (1.4) ND (0.1)
1,2,3,7,8,9-HXCDD ND (2.0) ND (0.2)
1,2,3,4,6,7,8-HpCDD ND (4.1) ND (0.2)
1,2,3,4,6,7,8,9-OCDD ND (4.4) ND (0.3)
2,3,7,8-TCDF ND (0.4) ND (0.07)
1,2,3,7,8-PeCDF ND (5.6) ND (0.09
2,3,4,7,8-PeCDF ND (8.0) ND (0.09
1,2,3,4,7,8-HXCDF ND (7.0) ND (0.1)
1,2,3,6,7,8-HXCDF ND (6.5) ND (0.1)
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2,3,4.,6,7,8-HXCDF ND (4.2) ND (0.2)
1,2,3,7,8,9-HXCDF ND (3.8) ND (0.2)
1,2,3,4,6,7,8-HpCDF ND (1.4) ND (0.2)
1,2,3,4,7,8,9-HpCDF ND (4.3) ND (0.2)
1,2,3,4,6,7,8,9-OCDF ND (2.5) ND (0.3)

* ND = “Not Detected”; number in parenthesis corresponds to limit of detection

Longer term hydrolysis oPCB's, or athigher temperatures, followed by oxidation (as
described forthe otherchlorosolvents above) remainsviable option, butthis work was not
completed in FY97. In order to provide malefinitive testing, it issuggestedhat the oxidative
destruction tests be performed daboratory better equipped work with higher concentrations
of PCB's. ObtainingES&H and regulatory approval to do theork at ourcurrent facilities at
LLNL is not believed to be viable due to the time and effort required.

7. Preliminary Tests on Sludge and Soil Simulants.

According to Peyton, nearly every collision of an organic molecule théhsulfateradical
anion produces a charge transfeaction. Accordingly, onsuspectsthat the direct chemical
oxidation process would oxidize dissolved organic material in the interstices betwileparticles
with similar results as obtained in a large volume of free liquid.

To test this hypothesis, we conducteduanber ofl-liter scaleexperiments in sludge and
soil simulants, using a bottle rotator to provide continunixsng. Three differentypes of soils
were used in the first experiment: sea sand, granitic sand, and montmorillonite elagunts of
16, 14 and 1rams,respectively. Therganics introduced intthe abovemixturesincluded
ethylene glycol1,3-dichloro-2-propanol (DCPand phenol. The oxidamsplution used was 2N
(NH,),S,04in 0.1M H,SO,. This amount was &n-fold excessnore (in equivalents) than the
organic. The oxidizer and one organic were introduced to each soil sample just placetoent
in an agitating waterbath, which shook the samples at 295 rpm for 1 houtGit &amplesvere
left overnight atroom temperature so th&olid material couldettleout. The liquid portion was
then decanted and sdot TOC (total organic carbomnalysis. The soil was alsopyrolyzed to
determine the quantity of organic that might still be bound to the soil.

In a second experiment, an inorganic sludge mateaal usedhatwas producedhere on
site from a recipe received from INEL (Idaho National Engineering Laboratory). The composition
of the sludge was as follows: K&, (16.5%), Mg(OH) (8.03%), CaSQ2H,0 (14.34%),
Ca(OH), (24.34%), KNQ (28.53%), and diatomaceoesirth (8.25%). Thismaterialwas first
mixed inthe proper proportions anthen crushed toniformity with a mortar angestle. One
sample ofdehydrated montmorillonitelay was also used tdetermine whether removing the
water from the clay would help organics adhere more tightly to it.

For the experiment, there were thresamples of sludgeand one sample of
montmorillonite;eachsamplecontained 15rams. Since thesludge solutionsre slightly basic,
the oxidizer used in these experimentsvas a 4N solution of N&O,. Ammonium
peroxydisulfate is not suitable in basic solutions as ammonia gas would beofjivéefore use,
the clay was dehydrated in a drying oven at 2%vernight. As in thdirst set of experiments
above, theamount oforganic (ethylene glycol, dichloropropanol, or phenol) introduceddati
clay or sludge sample was one-tenth the amount of equivalents of cxgdmhtThe organic was
put onthe clay orsludge sample anallowed to sitfor 1.5 hours tallow sufficient timefor the
adsorption of the organic onto the material to occur tarthgimum extentpossible. The oxidant
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was then added ta@ll samples jusbefore they werelaced in the agitating waterbatiwhich
subsequently ran for 1 hour at 85 at 275 rpm. Wheithe experimenivas completed, the
samples were allowed to sit ratom temperature overnight. Neither thiay nor sludgematerial
settled out to any great extent, and so damples wereentrifuged the nextlay. The liquid
portion was sent for TOC analysis, while the solid portion was sent for pyrolysis.

Theresults fromthe first set of experimentareshown inTableIX. All TOC samples
were initially done with a 1:25 dilution, but because lthweer limit of the analysis equipment is 1
ppm (after dilution), results of around 3fpm can be consideredackground. Some samples
were redone with no dilution and these had a remaili@d@ reading betweerd.5 and 3ppm,
indicating that nearly all the organic introduced into the soil samples was destroyed.

Table 1X. Oxidation of ethylene glycol, phenol and 1,3-dichloropropanol (DCP) in simulated soils
and sludge backgrounds.

Soil/Sludge Oxidant Organic | Initial conc. Final conc. (ppm)
Material (ppm)
(samples (W/1:25
neat) dilution) @
SiO, (seasand)| 2N (NH,S,O;| Ethylene 1250 1.58 22
in 0.1M H,SO, glycol
SiO, ! DCP 1600 3.00 24
SiO, ! Phenol 675 1.76 23
Granitic sand " Ethylene 1250 1.04 23
glycol
Granitic sand " DCP 1600 2.00 25
Granitic sand ! Phenol 675 2.00 24
Montmorillonite Ethylene 1250 Insuff. 24
(clay) glycol sample
Montmorillonite ! DCP 1600 ! 30
Montmorillonite ) Phenol 675 ! 22
Montmorillonite [ 4N NgS,0q in DCP 3200 0.31
water
Inorganic sludge " Ethyleng 2500 11
glycol
Inorganic sludge " DCP 3200 11
Inorganic sludge ! Phenol 1350 11

% In diluted samplesfinal concentratiorshould bedivided by 25 to obtain projected residual
concentration.

8. The electrolysis of simulated DCO products

This work wasplanned largely complete in thgrevious work session (FY1996). It is
included here for purposes of closure on the issue of recyclability of the product sulfates.

An existing electrolysigell (designed for sustainemperation atl0-20 A) was upgraded
for operation al00 A. This upgradedystem waslesigned to investigatine efficiency of the
recycling of sulfate to peroxydisulfatehenthe ammonium hydrogesulfatewas contaminated
with large amounts of inorganic substances resulting from oxidatierastes (such as chlorides,
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nitrates, and phosphates)he pre-existingsystem (Figure 5) waspgraded by replacing the
single Pt-wireelectrode(supported on deflon tube) withsix water-cooled anodes operating in
parallel, and by increasing the number of graphite cathodes from 3 to 6. Each water cooled anode
unit consisted of (0.051 in dia.) Pt wire wound around the cooling tube.

Solutions ofacidified ammonium sulfate (2.65M HSO, +1.59M (NH,),SO,) were
electrolyzed a0.5 or 1 A/cmi with and without high concentrations of inorganic contaminants
expected to be entrained in the oxidant recycle loop following destruction of chlorinated, nitrated or
phosphated wastesThe baseline, or contrgolution, consisted ahe sulfuric acid/ ammonium
sulfate solution with additives normallysed inindustrial cells:(1.5 grams of ammoniumitrate
(7.8 x 10* M) and 0.8 grams of potassium thiocyanate (3.4%MJ To thisbaseline, we added
chloride, nitrate, ophosphate to make 50 mM solutions. All experiments werelucted at a
fixed total current ofLO0 A with cell voltages between 6 and 10 V, and thial area oexposed
platinum wire was adjusted for current densities at two le@ebsand 1A/cm. The high specific
amperage (80 Alliter) igypical of industrial celland sufficiently large toninimize the extent of
the chemical reduction of peroxydisulfate at the platinum electrode.

Starting with 2.4liters total (equally divided between anolyaed catholyte), 1 ml of
solution was taken every 15 minutes for a total of Zhe solution wasdiluted and reduced with
0.1 N Fe(ll) solution, and then batkatedwith a standardized solution 8MnQO, until a color-
determined endpoint. Approximatelyrbin. wasallowed for the total oxidation ofFe(ll) by
peroxydisulfate, which is slow at room temperature.

The plot of oxidant concentration agairishe can be related to current efficiency ‘e’
through a variation of Faraday’s law:

e = [Ox()]V,/ (I V/F)
This efficiency is simply the ratio of equivalents of oxidant formed in solution of volunte the
charge passed expressed in equivalents through the Faraday constant, F (96500 coul/equiv).

In Figures 6 and 7, the buildup of oxidanplstted against timéor fixed currents of 100
A and fixed anolytevolumes (1.2liters). Occasional negative values of oxidant are likely the
results of reduced accuracy of the back titration technique at very low oxidant concentrations. In all
casesthe best reported industrial efficiencies 89% arefound atconcentrations up t@.5-2 N,
depending on current density and temperature. Limitations inajbecity ofour cooling system
(which effected a stable operating temperature of’@5at thehigh current density) prevented
chilling this solution to 14C where higher steady state oxidant concentrations are expected. In no
casewas there a clear deterioration of efficiendye to the presence of chlorigghosphate or
nitrate.
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Figure 5. Electrolysis cell used for recycling of peroxydisulfate
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Figure 6. Oxidation of ammonium sulfate at low current density (0.4 A/atmampere density of
80 Alliter for baseline acidified sulfate solution witkD5 M amounts o€hloride, phosphate, and
nitrate. Broken line is for efficiency of 80%.
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Figure 7. Oxidation of ammoniusulfate at high current density (1 A/®vat ampere density of
80 Alliter for baseline acidified sulfate solution witkD5 M amounts o€hloride, phosphate, and
nitrate. Broken line is for efficiency of 80%.

2.000

1.500

1.000 | i=1Alm2; T =

—B—— industrial

0.500 .
—~DO—nitrate
—A—phosphate

0.000 —oO0——chloride

80%-efficien

0 10 2 30 40 50 60 70 80

Time, min



DCO Final Report FY97
37

B. Economic Analysis

The cost of organics destruction usitige DCO technology will depend heavily on the
nature of thewaste streambeing treated, and whether or not the expended oxidant is
electrochemically recycled With regard tothe former, costswill be minimized whentreating
easily oxidizable organics in neat form. The presence of significant amounts of watewastae
stream (greater than approximately 5084d) increase theamount of peroxydisulfate required, as
water is alsocapable of reducinghis oxidant,albeit more slowlythan theorganics. Heavily
chlorinated organics will requirenore oxidant due to the oxidation of organo-chlorine to free
chlorine gas. Also, ithe waste matrix contains a substantial amount of non-hazardous organics,
such as would be the case with the humic acids in contaminated soils, then more peroxydisulfate is
required due to the competing oxidations of these matrix components.

For the destruction of neat organics, the cost of DCO can be estimatedheswipwing
values (see Table X):

Table X.
Factor Value
1. Cost of Peroxydisulfate purchased in bulk $0.73/Ib
2. Electrons required per carbon atom in the organ|c 4
3. Destruction efficiency 80%
4. Electrolysis cell voltage 5 volts
5. Electrolysis efficiency 80%
6. Cost of electricity $0.06/kWh
7. Labor cost for destruction and recycle $120/day
8. Capital amortization $100,000, 6 years, 15%
interest
9. Profit and GS&A 30%
10. Plant capacity factor 80%

If the expended oxidant is not recycled, thendbst of DCO is $79/kgcarbon destroyed. If the
peroxydisulfate is recycled, then the enecggt is $4/kg carbon destroyed. Addinghe other
factors listed above, the total cost for DCO destruction and recycle is $10.4/kg carbon destroyed.

C. Cost Account Status
All work completed and all accounts closed. See budget section below (Section VIII).

MilestonesTitle
Cl. Process defined for highly chlorinated
and volatile wastes

CollaboratoraandPrincipalPerformers

CompletionDate

April 1997

Pl1: John F. Cooper, Lawrence Livermore National Laboratory
co-Pl: Bryan Balazs, Lawrence Livermore National Laboratory
Consultant: Gary Peyton, lllinois State Water Survey, Champaign IL

Prospective Advisor: Robert Huie, NIST, Gathersberg
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V. SUBTASK II.

A. Summary of Results

The data obtained at the laboratory scale for Subtask | above were used to design and build
the Integrated System shown in Figure 8 (pictures in Appendix B). sykiem hadeen tested
on 1,1,1-trichloroethane, at both 3 and 10 vol% loading, with and without a sludge matrix, and on
a mixture of chlorosolvents. The parameters for the completed runs are given in Table XI.

Table XI. Integrated DCO System test parameters and data.

Run # Organic Substrate(s) Time, Temp. of Hydrolysis DRE
1 test (ethylene glycol) not applicable >90%
2 test (acetic acid) not applicable >97%
3 test (acetic acid) not applicable >99%
4 3% 1,1,1-trichloroethane 4 hrs @ 2D >98%
5 3% 1,1,1-trichloroethane 4 hrs @ P75 >99.5%
6 3% 1,1,1-trichloroethane 2.5 hrs @ 200 >99.5%

mixture of:

1,1,1-trichloroethane,
7 perchloroethylene 2.5 hrs @ 110C see text
trichloroethylene
methylene chloride

chloroform
8 10% 1,1,1-trichloroethane 4 hrs @ T see text
9 3% 1,1,1-trichloroethane 4 hrs @ 110C see text

in simulated sludge matrix

The numbers refer to the volume percent loading of chlorosolvent in the hydrolysis vessel.
“Done with multiple batches of the lab-scale hydrolysis vessel.

Figure 8 showshe integrated bench scatgstem whichincludes a hydrolysis vessel, a
feed tank, a 3-stage continuous stirred tank reactors (CSTR), an ¢fégiasent tank, an oxidant
make-uptank, as well as aurgetank. An electrolysigell can beincluded in theprocess as a
secondary equipment féine regeneration of oxidant. Thgdrolysis vessel was made 816L
stainless steel with aimternal volume of 73.2liters. This vesselas equipped with a 5kW
immersionheater and a double mechanical seader with aseal rated a200 psig and 150C.
This vessel was designed for a maximum operating pressure of 100 psiguantlm operating
temperature of 120C; reference Mechanical Engineering Safety Note #97-044-OA. An electronic
pressure transducer wased and gpressureelief valvewasfitted and set tdl20 psig. Fluids
were pumped irand out of thevessel usingappropriate valving and peristaltmumps. The
organic substrate was pumped in first, followedthy appropriate quantity aodiumhydroxide
solution. Following a hydrolysis run, the hydrolyzed solution thas transferred to a 30 gallon
polypropylene feed tank where oxidant is addeain temperature.Excessoxidant is needed
for morefavorable kinetics and throughputhe solution is then cascaded throuthle oxidation
system.

The oxidationsystem consisted dhree CSTR's. These reactors wemglass and of an
internal volume of 17liters. Theflow rate and residence time ithe CSTR can be carefully
controlled such that desirable destruction removal efficiedBIBE’s) can be achievedSamples



DCO Final Report FY97
40

are takerfrom each stagéor analyses of TOC and oxidanThe 3rd stageCSTR is used as a
polisher where oxidant concentration and operating temperature vary in order to completely
destroy all the organics in the solution. The organic-free solution can then be discharged into a 55
gallon surge tank or passed to an electrolysis cell for the regeneration of oxidant to reduce cost and
minimize the oxidantconsumption. The offgas from each CSTR was pumped through a
condenser, and thexachoutputwas combinednto onecommon stream. A slipstream tifis
was passed tthe carbon dioxide analyzeetup used itthe laboratory scalexperiments above,
while the flow rates of the slipstream and of the main stream were measured continbansty.
samples for analysis were taken from each CSTR output as needed.

Figure 8. Process Flow Diagram for Integrated System

Process Flow Diagram For DCO Integrated System
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Mixing the reaction fluid in eacdCO reactor is easily achieved since it is a single
homogeneous phase. Mixing speed was maintained at 466vigom toobtain turbulenflow in
order to reducenasstransfer resistance amehprove the processkinetics. The requiredhixing
time is fairly short (<20 seconds) for incoming liquids comparing to the residence time which was
kept at above 5@ninutes. For mixinghe two-phase liquids irthe hydrolysis vessel, a properly
designed impeller and high mixing spese required tominimize masstransfer resistance and
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increase interfacial surface area for faster hydrolysis. The mixing was achieved with a 5 inch high
shear impeller (Shearmor impeller by MixMor) at 800 rpm. The combination of powerful mixing
and a high reaction temperature significantly redubedime required for complete hydrolysis

from years to several hours.

As the hydrolysis of the volatile chlorosolvents proceeds, the pressure inside the hydrolysis
tank will decreas@assumingthat theproducts or intermediatdermed are less volatile than the
starting material. For hydrolysisreactions of materialsuch as 1,1,1-trichloroethane, this was
expected to be the case asetic acid is grimary product ofthe reaction. This was verified
experimentally as shown in Figure 9, where the pressure and temperaheéyafrolysis vessel
are plotted versus time. For the first 3 hours, both pressure and temperature indreaseaator
is heatingup. There are slight increasespnessure for 3 or more hourand then theressure
falls off rapidly. The increase in pressure tioe intermediatesvhenthe temperature ielatively
constant is presumably due to the formation of more volatile intermediates.

Figure 9. Pressure and Temperature vs. Time for Hydrolysis of 1,1,1-trichloroethane
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With this integratedsystem,several different chlorosolvents or chlorosolvemixtures
were tested ashown inTableXI. In the earlieruns #4and #5,the hydrolysis was done using
multiple batches of themaller, laboratoryscale mixer, which werethen combined for the
oxidation runs. The Destruction and Removal Efficiency (DRE) was measured by measuring the
amount of organic or inorganic carbon remaininghiewaste dischargéom the system. These
listed DRE values are theesults averaged over a run; instantaneous values were often higher
(>99.9%). Due tdhe limitations of theanalysis method usethe limit of detection of carbon
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corresponds to a DRE about99.9%, and thusome ofthe instantaneous valugsay beeven
higher. Notethat oxidation of thénydrolysis output byhe trio of CSTR’s wasnot done in all
cases (Runs 7, 8 and 9), as this portion of the systeralteadly beemroven andadditionalruns
would simple result in excess waste with little new data. Howevére aind ofRuns #7, #8 and
#9, there was no second phasend aTotal Carbon analysigndicated that(within method
limitations) all of the insoluble chloro-organiavas present as solubterganic material in the
agueous media.

For Run #9, the hydrolysis of 1,1,1-trichloroethane was done in a simulated sludge matrix.
The composition of this matrix is shownTiable X1l below. The totalsludge was 6.0 kgyhile
the hydrolysis solution was 60ters with 2 liters of 1,1,1-trichloroethan@% loading). No
unusual problems were noted with the hydrolysis done in this matrixhamesultant liquid was
a single phase which could be easily separétech the solid sludge matrix, if subsequent
oxidation by peroxydisulfate is desired.

Table XII. Simulated Sludge Matrix for Hydrolysis Run #9 of 1,1,1-trichloroethane (3% loading)

Component Weight %

SiO, (fine) 60
Na,PO, 10
Mg(OH), S
MgO 5
Al(OH), 5
Fe O, 5
CaSQ 5
CaO 5

Following the hydrolysis of the organicsubstrate(s)the datafrom oxidation runs
correspondwell with the theoreticalprocess model predictions whicire based onkinetic
constants. A more detailed set of data for a run with 1,1,1-trichloroethahevis inTable XIII.

In each of the thre€STR’s, the averagdbRE matchedhe predicted valualmostexactly. It

appears that the relationship is slightly better than expected for the first @8ild&Rbeing slightly

less than expected for the third. This is no doubt due to the decreasing oxidant concentration in the
third reactor, and a simple remedy would be to add an oxidant makeup system to this final stage as
a final polishing step.

Table XIII. Integrated System: Theory vs. Actual DRE’s for destruction of 1,1,1-trichloroethane

Time, hrs DRE, CSTR#1 DRE, CSTR#2 DRE, CSTR#3
0.00 94.64% 99.18% -
0.58 96.82% 99.77% 99.81%
1.17 95.36% 99.58% 99.86%
2.00 92.73% 99.32% 99.65%
2.33 92.73% - 99.70%
average 94.45% 99.46% 99.76%
theory 93.63% 99.59% 99.97%




DCO Final Report FY97
43



DCO Final Report FY97
44

B. Cost Account Status
All work completed and all accounts closed. See budget section below (Section VIII).

MilestonesTitle CompletionDate

C2. Pilot Demo of two DOE problem wastes
using DCO October 1997

CollaboratorsandPrincipalPerformers

PI: John F. Cooper, Lawrence Livermore National Laboratory
co-Pl: G. Bryan Balazs, Lawrence Livermore National Laboratory
Consultant: Gary Peyton, lllinois State Water Survey, Champaign IL
Prospective Advisor: Robert Huie, NIST, Gathersberg
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VI. SUBTASK IlI.

A. Summary of Subtask Il Progress in FY97

The EM-50 involvement ithe Quickwin '97 Projectvas todefine theprocess chemistry
and engineering scale up data for the destructionmixeure of heavily chlorinated solvents; this
FY97 work has ended. This data is to be usedtinatability study forthe destruction 0800 kg
of low-level mixed wastescontaining a variety of heavily chlorinated materials. Twotual
production runs for thisgreatability study are to bedone in collaboration witdohn Bowers, our
EM-30 partner at LLNL. This latter work has not been completed, but is continuing ING80
support and it is anticipated that the treatabditydy will be completed in thdirst few months of
FY98.

B. Specific Accomplishments for FY97

Because of Quickwin ‘97 work involved the destruction of heavily chlorinated wastes, both
in terms of process chemistand engineering scale wpork, the datafor this part has already
been covered in Sections IV and V ab@8ebtasks 1 & 2).These data, as well as conceptual
design and engineeringupport have been transferred tour EM-30 partners. Initially, a
conceptual reactor system was designed and engineered (See Figure 10).

Figure 10. Initial system schematic for Quickwin ‘97
| |
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Unfortunately, this design proved to be unworkable tha following reason. It wasnitially
believed that the targetaste to be done under thieatability study consisted primarily of
perchloroethylene, with minor amounts of 1,1,1-trichloroethane. However, it was later determined
that the target waste was primarily 1,1,1-trichloroethane (>90 vol%). This presefatidy and
destruction efficiencyssues as mentioned part 2 of theSubtask | (Section IV aboveyork
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described above, and tmeock upvertical reactorconstructed in Subtask was shown to be
insufficient. A new reactor system had to be designed which included a hydrolysis step to convert
the chlorosolvents to lesgolatile andmore soluble products. Thisactorsystem was modeled
after the Integrate®ystemdescribed in theSubtask 1l (Section V) description above, and was
finished inmid-summer 1997.These reactors have been designed, built, emsgmbledalbeit
behind schedule. Several last minute changes were done dorcB5&H issues, as it was
believed thatvork should be temporariligalted until safetyssues were resolved. Design of all
ancillary systems, such as control, monitoring, and safety, has been completed. Procurement of all
components is done, arabssembly ofthe completesystem is nownearing completion. It is
expected that limited production runs will begin in mid-October.

B. Cost Account Status
Work ElementlLetterandTitle (FY97):

Subtask3. Quick Win Project: destruction of chlorinated solvents. ReferencetfQRE-MWFA-
96-090

Performancé&oals/Deliverables

Pilot demonstration under Quick Win auspices. We will destroy 300 kg of chlorinated solvent, LL
mixed wastes, using potassium or sodipenoxydisulfate, angdhow recyclability of the sulfate
product. Deliverable: reactor hardware and performance documentation.

Pilot demonstrations($194K + $89Kinkind EM-30 support; Jan 1997-Sept. 1998is project

will design, construct and operate a packed bed reactor to destroy 300 kg of low-level mixed waste
solvents, with neutralization of the chlorineoffgas using sodiumthiosulfate and with a
demonstration ofecycle of the sulfat@roduct using electrolysis.The projectbegins withrate
measurements on samples of surrogates for methyl chloroform (pricagstituent), and
develops a scaleup design basedtten kinetic datefrom this work. The pilot plant will be
constructed and operated through our EM-30-supported paheaded bylohn Bowers (Mixed

waste manager).

MilestonegDecisionPoints/MajorAccomplishments)

MilestoneTitle CompletionDate
C3. Pilot Demo complete of chlorosolvents
using peroxydisulfate September 1997

Cost/Duratiormnf Work Element

The MWFA cost of this project is $194 K, including manpower, chemicals and special equipment,
purposesthe "Pilot demonstration." Thes&nds are supplemented with $89,450 of in-kind
support from EM-30 (Waste Management Group).

CollaboratorsaandPrincipalPerformers

Pl: John F. Cooper, Lawrence Livermore National Laboratory

co-Pl: G. Bryan Balazs, Lawrence Livermore National Laboratory
Engineering Support: Peter Hsu, Lawrence Livermore National Laboratory
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Consultant: Gary Peyton, Illinois State Water Survey, Champaign IL
EM-30 Contact and partner: John Bowers (LLNL)
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VIl. FY98 WORK
Work Elementl.etterandTitle (FY98):
Investigationof catalystdor DCO andTechnologyTransfer

Performancé&oals/Deliverables

Lab scale experiments on the performance of various transition ca&bjistfor the operation of
the DCO process at near ambient temperature. Transfiee DICO technology(FY96-FY98) to
a commercial partner. Deliverable: Catalyst performance documentation.

TechnicalDescriptionof Work ($100K; Oct. 1997-January 1998) Certain transition metal ions are
known to accelerate theoxidation of organics bythe peroxydisulfate ion by catalyzing its
decomposition into one awo sulfate radicalanions. Using diverserganic compounds as
surrogate wastes, weill measurehe integral rates of oxidatiomith and without catalysis. Six
genericwasteswill be examined orthe 2L reactiorvessellevel. For eachwaste, rates will be
measured at 90C without catalysis and withO, 30 and 10@pm levels of catalysts. This task
can be substituted for another experimental plan at the discretion of MWFA management. Results
will be reported as an appendix to tR€1997 project. In addition, we will speetie transfer of

this technology througlour currently anticipated industrial partnerThis work will involve a
proprietary approach to the treatment of undifferentiatasites in annert matrix such as soils,
gravel, sand or clay.

MilestonesTitle CompletionDate
Documentation of DCO catalyst performance December 1997
Addendum to FY97 Final Report February 1998

Cost/Duratiorof Work Element
The cost of this project is $100K, including manpower, chemicals and any equipment.

CollaboratorsaandPrincipalPerformers

PI: G. Bryan Balazs, Lawrence Livermore National Laboratory

co-Pl: John F. Cooper, Lawrence Livermore National Laboratory
Engineering Support: Peter Hsu, Lawrence Livermore National Laboratory
Consultant: Gary Peyton, lllinois State Water Survey, Champaign IL
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VIIl. BUDGET

A. OVERALL SPENDING PLAN (FY97)
The overall program spending profile for FY1997 is given in Table XIV below and reflects

the varyinglevel of activity related to theompletion of themilestones we had proposed for the
project.

Table XIV. FY 1997 Actual Spending

Month Spending, $K| Quickwin Spending, $K
October 50.5 -
November 45.9 -
December 64.0 -
January 51.6 0.5
February 49.8 27.0
March 34.0 27.2
April 36.5 29.4
May 26.4 43.6
June 64.0 35.6
July 34.0 22.6
August -11.2 11.8
September 1.2 0.5
Total 446.6 194.0

B. OVERALL SPENDING PLAN (FY98)
The overallprogram spendinglanfor FY1998 isgiven inTable XV below and reflects

the varying level of activity related to tisempletion of thenilestones wéraveproposed for the
project.

Table XV. FY 1998 Projected Spending

Month Spending, $K
October 30
November 30
December 30
January 10
February 0
March 0
April 0
May 0
June 0
July 0
August 0
September 0
Total 100
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C. BUDGET EXPENSE SCHEDULE

FY1996:

Chemical Oxidation
Total FY1996 costs

FY1997:

Project Management

Chemical Oxidation

(Quick Win chemical oxidation of
chlorosolvents)

Total FY1997 costs

FY1998:

Project Management
Chemical Oxidation
Total FY1998 costs

$492K
$492K

$10K
$482K

$194K
$686K

$4K
$96K
$100K
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Appendix A.
Questions Concerning Safety of AqQueous Peroxydisulfate Oxidizers

John F. Cooper and Bryan Balazs
Lawrence Livermore National Laboratory Livermore CA 94550

Introduction

LLNL is currently conductindr&D into an aqueous ambieptessure, lowtemperature
process forgeneraluse intreatment of organievastes,called “Direct Chemical Oxidation” or
“DCO”. The process uses dilute agueous solutions (0.02-0.04raatibn) of thedisodiumsalt
of peroxydisulfuric acid in acidic media to mineralize the organic constituents at temperatures up to
95°C. Thediammoniumsalt canalso be used, but is not preferteecause of finalvasteform
issuesunrelated to safety. Tharocess ideing consideretbr treatment of organic liquids and
solids, paper andags,chlorinatedhydrocarbons, andeneric organicomponents in sludge and
soils.

Last year, we discussed the safety concerns raised by an INEL engineer after his reading of
the following quotationfrom Sax’s Dangerous Properties of Industrial Materig&h edition)
regarding ammonium peroxydisulfate [1]:

“A powerful oxidizer whichcan reactvigorously with reducing agents. Releases
oxygen whenheated.Mixtures with sodium peroxide areexplosives sensitive to
friction, heating above 78C, or contactwith CO, or water. Mixtures with
powdered aluminumand water, orzinc plus ammoniaare explosive. Violent
reaction with iron orsolutions of ammonia plusilver salts. When heated to
decomposition (120C) it emits toxic fumes of SQONH, and NQ.”

At the time of our discussioriast year, we explained that the quotatimm SAX, taken out of

context, has no direct relevance to DCO or to our research. We have been asked to respond again.
Also, we havebeen asked toomment on LLNL’sattitudes withregards to safety in general, on
appropriate terminology for sodium peroxydisulfate, an&8iX’s reference to anfammonium

peroxo disulfate.”

LLNL ES&H Procedures and Commitments to Safety

LLNL adheres to the highest standards of safety in its research and develaptivérgs,
as required by law, long-standifi@OE policy andgood sense. Thiproject has undergone
extensive and repeated safetyiews by an independe&S&H group within our department.
These reviewsredocumented improjectwork plans(PWP’s) which are required to be updated
for each new phase of the experimental program. (See SubAppendix A)geneisc research is
covered in the building Facility Safe®lan (FSP), and the projectomplies withall pertinent
NEPA requirements. This work has undergengineering and management prestart reviews as
well. We are thoroughly familiar with such safety chemi@hdbooks as Sax/Lewis, Lewis, and
Bretherick, and others.

Our personneand supervisory managemesdsociated with this project aride related
mediated electrochemical oxidati¢MEQO) project (1992-1997)are all degreeprofessionals in
chemistry and/ochemical engineeringEach has a minimum of yearsexperience iraqueous
oxidation chemistry and engineering. (S&ebAppendix B). Inaddition, we have retained an
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internationally-recognized expert agueous peroxydisulfate chemistry -- Gary Peyldmois
Water Survey. The Quick Win part of our work isbeing conducted in collaboration with our
Waste Treatment Group headed by John Bowers, a degreed professional chemical engineer.

As required by Laboratory policy argbod sense, we stottbe dry oxidant in sealed
containers, in approved chemical storage cabinets, andfeavayany reducing agents or organic
materials. We eliminate all sources of metal from the oxidation system, including mild steel, brass
and zinc. Finally, we have designed itite various experimentaystemsdirect thermal control
(heating as well as cooling), liquid level monitors, and air overfldle oxidizers are operated in
ES&H approved and monitored hoods.

Terminology

The term “peroxydisulfate” refers to the aniof©0g” which isthe oxidizingcomponent in
sodium peroxydisulfate anédmmoniumperoxydisulfate. “Peroxodisulfate” is alsorrect, and
appears in moreecent literature.Both termsare accepted by th&JPAC. Other common but
imprecise termsinclude persulfate, peroxo disulfate, peroxysulfategetc. The term
“peroxydisulfate” is used in the Merck Index and in CRC handbook, and throuidpeoliterature.
CAS returnsseveral thousand listings under this kegyrd. We will continue touse, correctly,
such terms as peroxydisulfate, ammonium peroxydisulfate, and sodium peroxydisuldts] as
policy and the context requireCAS lists this material formally as “peroxydisulfuricacid,
diammonium salt.” Waewill continue touse,correctly, theterm “peroxydisulfate” when we are
referring to the oxidizing anion group per se.

Reactivity of pure oxidants and of dilute solutions of oxidants

The quoted linefrom SAX, taken out of context, have no relevance to the safety of the
DCO process. Some references are to mixtureslaf peroxydisulfate salts witkolid reducing
agents such as powdered aluminum. Othefierences (see belowaje tosystems whiclare not
under consideration for treatment by DCO, because of instability or extreme reactivity with water.

The reactivity ofpure, solid peroxydisulfate salts with reducing agents is vastly different
from the reactivity of the dilute (typically 2-4 mol %) aqueous solutions used by this process. Sax
and other handbooks take great pains to distinguish between its references to the substantially pure
substanceand its references twater solutions ofthe substance Solid peroxydisulfate salts
intimately mixed with pure reducing agemsay indeed be pyrophoric or even explosive. Since
DCO uses already diluted solutions of oxidant, the quotation from SAX is not relevant.

In aqueous solutionthe reactivity of peroxydisulfate ion is controlled by thew
decomposition of peroxydisulfate into the sulfate radical aniogSO

SO, O 2SQ

This is a first ordereaction in peroxydisulfate concentration ( 8:61-0.02 mift at 90°C), but
the rate can be increased by using transition metal catalysts or UV.

The chemical and thermal stability afjlueous peroxydisulfate solutions as used in the
DCO process is furthegnhanced by the thermialertia of the water reactiomediumand by the
high latent heat of evaporation of water. Finally, idte of reaction oflissolved peroxydisulfate
with solid reducing agents is further limited by ionic diffusion.

“Ammonium Peroxo Disulfate” a form of Peroxydisulfate?



DCO Final Report FY97
3
SAX’s referencdl] to ammonium peroxalisulfate is unclear, as the unstable chemical

described is not adequately identified. Howe¥emn its description, it is clearly n@mmonium
peroxydisulfate. No reference fisade to this substance in a moeeenthandbook bythe same

author [2]. PerhapsSAX is referring to an unstable hydroperoxidate ashmonium sulfate,

which is an addition-typeompoundresultingfrom the coprecipitation oammonium sulfate,

water and hydrogen peroxidéd]. If so, this isnot merely a differentform” of ammonium
peroxydisulfate, but a different substance altogether. We have no plans for developing any process
for waste treatment using hydroperoxidates, so this should not be of further concern.

Consideration of Quoted Hazards

Taking the hazards quoted by SAX one at time:

“A powerful oxidizer which can react vigorously with reduciagents” We are studying
peroxydisulfates foapplication to the destruction of organiastesprecisely because it is a
powerful oxidizer. The rate of oxidation and temperature is controlled use of dilute water
solutions and systems of great thermal inertia.

“Mixtures [of peroxydisulfatejwith sodiumperoxide areexplosives sensitive to friction, heating
above 75°C, or contact with CQ or water” SAX also reports [1], irthe entryfor sodium
peroxide, that it can reaekplosively with water, i.e., without peroxydisulfate. This is because it
forms very concentratedhydrogen peroxide, which is explosive, atite reaction is highly
exothermic. Because of its reactivity with water, sodium peroxidetia candidatéor treatment
by DCO or by any other aqueous oxidatioprocess. The question of reactivity with
peroxydisulfate is superfluous. (If found in wastediumperoxide can readily beestroyed by
careful addition to water, forming sodium hydroxide afldte hydrogen peroxide.The resultant
solution no longer contairsdium peroxide; it can besubsequenthacidified and any organic
materials present can lreated byperoxydisulfate. No such wastase under consideration for
the current project.)

“Mixtures [of peroxydisulfate] with powdered aluminum and water... are explosive’SAX’s
entry for powdered aluminum [1], #tatesthat mixtures withwater are explosive, i.e., without
peroxydisulfate). This alone rules out treating powdered aluminum wasteB@@h Questions
for reactivity with peroxydisulfateare superfluous. We would not proposeating powdered
aluminum, metallic sodium, powdereainc, lithium hydride,sodium oxide, etc. for similar
reasons.

“Mixtures [of peroxydisulfate] with zinplus ammonia arexplosive” Mixtures of ammonia
andzinc may form atetraaminezinc peroxydisulfatehich exploded upon drying [3].For this
reason alone, we would not propose treatment of ammonia simultaneousiynwithSince DCO
is a process operating in acidic sodium peoxydisulfate media, where ammoni@terist, this
rejection may be superfluous.

“Violent reaction withiron” Since Fe(ll) ions catalyze peroxydisulfate decomposition to the
sulfate radical anion, this point deserves special attention. Bretl@ickports, “Iron exposed to
the action of a slightlyacid concentratedolution of ammonium peroxodisulfate dissolves
violently.” On the otherhand,dilute solutions of peroxydisulfatarecommonly used irplating
shops topickle steel and othemetals prior toelectroplating;stronger solutionsare used as
commercialetching agentfor steel. We have noted a reaction of a magnetic stirringftam
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which the Teflon had been partiallgmoved) in ourbatch oxidizers at 98C fed with dilute
peroxydisulfate, but the reactiovas mildand steady. We hay@oposedreating steeturnings

with dilute peroxydisulfate, bumore research and testingould be required to determine the
proper operating regimes. This is not part of our current program, and a safety note is premature.

“Violent reaction withammonia plussilver salts” Brethericreports, “Inconcentrated solutions
the silver catalyzed oxidation olhmmonia tonitrogen may be very violent.” (italics ours).
Silver(l) is oxidized to silver(ll) by peroxydisulfate. The Ag(ll) ion then is a charge traagést
for ammoniaoxidation. Wastes undeconsideration foDCO donot contain either silver or
ammonia or their combination. Ammonium ion (NHn acidifiedammoniumpeoxydisulfate is
stable.

“When heated to decompositiqd20 °C) it emitstoxic fumes of SQ NH, and NQ” SAX’s
reference is to solidmmoniumperoxydisulfate. DCO is anambient pressure procesiserefore
the solution boils betweet00 and 104C. In dilutesolution,the ammoniumperoxydisulfate is
stable against toxigas formation, butvil decompose to formenly oxygen gasven at 95°C.
The NH,"ion is not readily oxidized by peroxydisulfate in acidic solutions.

Historical Notes on the Use of Peroxydisulfate-based Oxidants

The historicaluse of peroxydisulfate is ohterest in consideringhe safety of awaste
treatment process based on this oxidébdium peroxydisulfate habeenused fordecades as a
oxidant standardor total carbon analysis, and oxidizes organic materiayitally 100 °C to
carbon dioxide. Reagents ftmtal carbon analyzers are typicaly5 M sodiumperoxydisufate.
These reagents astored for months ipolyethylene bottles, without significant decomposition.
[5] Sodium, potassiulandammoniumsalts of peroxydisulfate were once manufactured on the
scale of hundreds of thousands of tons per year, agesimediate in the production afdrogen
peroxide. Metal(stainlesssteel 18-8 plus Mo; Krupp V4Aalloy; tantalum; and tacoated
aluminum) weretypical materialsthat had contactwith the solutions. Heat exchangers were
typically stainless steels. The concentrations ofstits were generally higher than thesed in
this work. Today, aboutl0,000 tonsare manufactured inthe US for uses asinitiators in
polymerization reactions, for etching of metals, and for analyii®es,and forspecialized organic
oxidation reactions. Approximately 3,000 tons per y@aused as &reakerfor hydraulic fluids
(mixtures of agar or hydroxycellulose and water) used in secondary oil and gas recovery.

Conclusions

Sodiumperoxydisulfate in diluteacidic solutions is beingvaluatedfor potentialuse in
waste treatment; in addition, basiolutions mayhave limited applications. It is attractive in
agueous processgsecisely because it is a powerfakarly universal oxidant, witpotentially
widespread applications to organic materialShe ES&H reviews of ourproject have been
appropriately conducted witthe actualtesting procedures and waste surrogatesmimd. We
have designed our system to assure the safety of all personnel and equipment.

The fact thatsubstancesan befound (such as powdered aluminwand zinc,sodium
peroxide, etc.jhat react violentlyvith water with or without peroxydisulfatgoes not meathat
this process isherently unsafe othat LLNL ES&H practices are inadequate. We have taken
appropriate steps to assure that these materials do not come into contact with the system. If wastes
are ever considered which contain these materialgutd behoovehe waste treatment manager
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to take appropriatsteps to determineperating conditiongor this process whicimitigate the
danger, or to reject treatment of these materials.

References

1. Richard J. Lewis,SAX’s dangerous properties of industrial materia8@th editions, van
Nostrand Reinhold, New York 1995.

2.  Richard Lewis, Hazardous Chemicals Desk Reference, 4th edfaanNostrand Reinhold,
New York 1997.

3. L. BretherickReactive chemical hazargd8utterworths London 1990.

4.  Walter Schumb, Charles Satterfield, RalphVentworth, Hydrogen Peroxide Reinhold
Publishing Corporation, New York, 1955.

5. Gary Peyton, “Thefree-radical chemistry of persulfate-basetbtal organic carbon

analyzers,'Marine Chemistry@l, 91-103 (1993).



DCO Final Report FY97
6

SubAppendix A.

Partial Listing of EnvironmentalHealth and Safety Reviews of Direct Chemical Oxidation
Research and Development

1. ProjectWork Plan # 6263-01 “Directhemical oxidation'May 16, 1996;concurrentES&H
Review.

2. ProjectWork Plan # 7044-01 “Directhemical oxidation: preliminarwork for chlorosolvent
treatability study under Quick Win ‘97 Proposal,” Jan 23, 1997. Concurrent ES&H Review

3. ProjectWork Plan # (to be assigned). “Direchemical oxidation: scalewwork for organic
destruction usinglirect chemical oxidatiolDCO),” submitted May 199And currently under
review.

4. Building 241 Facility Safety Procedure (FSP), Issued April 1996; expires April 1999.

5. Building 235 Facility Safety Procedure (FSP), Issued February 1997; expires August 30 1997.

SubAppendix B.

Listing of Qualifications ofSupervisory andTechnical Participants in the Direct Chemical
Oxidation Project and QuickVin, 1996-7. All have advanced degrees amemistry and/or
chemical engineering. All of these individuals are LLNL employees.

Dr.  Joseph Farmer, Group Leader] Internationally recognized expert iaqueoug

Electrochemical Processes electrochemical waste treatment technologieg

Dr. John F. Cooper, Principal Investigator Inventor; 5 yesggerience iraqueous Wastle
treatment technologies includinJEO and
DCO

Dr. Bryan Balazs, Co-Principal Investigator 5 yeexperience in mediated electrochemjcal

oxidation and DCO

Dr. Frances Wang, Co-principal investigator5+ years experience inaqueous treatmept
1996 technologies includingEO, DCO, Fenton’s
UV-catalyzed peroxide, etc.

Dr. Peter Hsu, current development opilot | 5+ yearsexperience in chemical engineering|of
facilities. MEO and DCO

John Bowers, head, Waste Treatment Facility 10 vyeexperience in waste treatmerjt
technologies; degreed professional Chenfical
Engineer.

In addition, this projecthas retained an internationally-recognized expert agueous
peroxydisulfate oxidation chemistry, Gary Peyton, lllinois Water Survey, Urbana-Champaign IL.
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Appendix B Integrated System Pictures

Integrated System
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Hydrolysis Vessel
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Cascaded Continuous Stirred Tank Reactors (CSTR)
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(4) J.F. Cooper, F. Wang, B. Balazs, R. Krueger, P. Lewis, M. Adamson. "Demonstration of
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Peroxydisulfate,” First annual report to Mixed Waste Focus Area, November, 1996.
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Peter C. Hsu, Martyn Adamson, Patricia R. Lewis.
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