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ABSTRACT

LABORATORY INVESTIGATION OF THE TREATMENT OF CHROMI UM
CONTAMINATED GROUNDWATER WITH IRON-BASED PERMEABLE
REACTIVE BARRIERS

Uyu ur, Burcu

M.Sc., Department of Environmental Engineering

Supervisor: Prof. Dr. Kahraman Unlii

August 2006, 99 pages

Chromium is a common groundwater pollutant origmgafrom industrial processes such
as metal plating, leather tanning and pigment netufing. Permeable reactive barriers
(PRBs) have proven to be viable and cost-effeipgems for remediation of chromium
contaminated groundwater at many sites. The purpbsais research presented in this
thesis is to focus on two parameters that affeetpérformance of PRB on chromium
removal, namely the concentration of reactive magiad groundwater flux by analyzing
the data obtained from laboratory column studiesdratory scale columns packed with
different amounts of iron powder and quartz sandtunes were fed with 20 mg/l
chromium influent solution under different fluxedVhen chromium treatment
efficiencies of the columns were compared with eespo iron powder/quartz sand ratio,
the amount of iron powder was found to be an ingmdrtparameter for treatment
efficiency of PRBs. The formation of ;Hgas and the reddish-brown precipitates
throughout the column matrix were observed, sugugsihe reductive precipitation
reactions. SEM-EDX analysis of the iron surfaceeraftne breakthrough illustrated

chromium precipitation. In addition to chromium;latam and significant amount of



iron-oxides or -hydroxides was also detected on itbe surfaces. When the same
experiments were conducted at higher fluxes, arease was observed in the treatment
efficiency in the column containing 50% iron. Tligggested that the precipitates may
not be accumulating at higher fluxes which, in fucreate available surface area for
reduction. Extraction experiments were also pertmnto determine the fraction of
chromium that adsorbed to ironhydroxides. The aislghowed that chromium was not
removed by adsorption to oxyhydroxides and thatuecgdn is the only removal
mechanism in the laboratory experiments. The oleskmnate of Cr(VI) removal was
calculated for each reactive mixture which rangenf48.86 hout to 3804.13 hout.
These rate constants and complete removal effigiaradlues were thought to be

important design parameters in the field scale pabie reactive barrier applications.

Keywords: Chromium(VI), zero valent iron, groundestpermeable reactive barrier
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KROMLA K RLENM  YERALTI SULARININ DEM R CEREN
GEC RGEN REAKT FBAR YER S STEM YLE ARITIMININ
LABORATUAR KO ULLARINDA NCELENMES

Uyu ur, Burcu

Yuksek Lisans, Cevre MuhendidliBolimu

Tez Dan man : Prof. Dr. Kahraman Unli

A ustos 2006, 99 sayfa

Krom metal kaplama, deri tabaklama, boya maddealaimgibi endustriyel iemlerden
kaynaklanan yayg n bir yeralt suyu kirleticisid®ecirgen reaktif bariyerler (GRBIler)
kromla kirletiimi yeralt sularnn artmnda gegerli ve ekonomikkarak uygun
sistemlerdir. Bu tezde sunulan d@raman n amac laboratuvar kolon ¢ahalar ndan elde
edilen verileri analiz ederek GRBlerin performan®tkileyen reaktif madde denni ve
ak hz gibi 6nemli iki parametre Uzerinde ymla maktr. Farkl miktarlarda demir
tozu ve kuvars kum iceren kamlarla doldurulan laboratuvar 6lcekli kolonlar aty/I
krom iceren giri suyu ile farkl ak h zlar nda beslenniir. Kolonlar n verimleri demir
tozu/kuvars kum oranlar na gore k& trild nda demir tozu miktar nn GRBlerin
giderim verimlili i a¢ s ndan 6nemli bir parametre oldugdrilmatir. Hidrojen gaz
olu umu ve kolon boyunca krm z ms -kahverengi c¢okeitigzlenmesi indirgeyici-
¢cokelme tepkimelerin varl na i aret etmektedir. Kolon kapasitesine #di inde elde
edilen SEM-EDX analizleri krom ¢dkelmesini gostertini Demir ylizeylerinde kromun
yan s ra, kalsiyum ve ciddi miktarda demir oksityse-hidroksit tespit edilmiir. Ayn
deneyler daha yuksek akh zlar nda tekrar edildinde, % 50 demir iceren kolonun
giderim veriminde art gozlenmitir. Bu durum cokeltilerin yiksek ak oranlar nda

birikmedi ini ve bu nedenle indirgeme tepkimeleri icin dahazld ylzey alan

Vi



olu turdu unu duundurtmektedir. Ayr ca, demir oksitlere absorbénad krom oran n
belirlemek amac yla ekstraksiyon deneyleri yap tm Bu analizler sonucunda kromun
demir oksitlere absorbe edilerek gideriimedie tek giderim mekanizmas n n indirgeme
oldu unu gostermiir. 48.86 saat ve 3804.13 saataras nda dé en krom(VI) giderim
oranlar her reaktif karm icin hesaplanmtr. Bu oranlar ve tam giderim verim
de erlerinin saha Olcekli gecirgen reaktif bariyer gallar icin 6nemli dizayn

parametreleri olabilecédui Gnulmektedir.

Anahtar Kelimeler: Krom(VI), s f r deerlikli demir, yeralt suyu, gecirgen reaktif

bariyer
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CHAPTER 1

INTRODUCTION

1.1.Overview

Groundwater is the most abundant and reliable ¥astr resource on earth. Most of the
drinking water is supplied from groundwater resesrén many countries; 26% in
Canada, more than 50% in USA, up to 80% in Eurapk Russia, and even more in
North Africa and the Middle East. Despite its viiaiportance, a lack of adequate
attention to groundwater sustainability resulted depletion and contamination of
groundwater worldwide. Contaminated sites have #ecoa major concern for
communities who rely on groundwater for their wagepply. Traditional approaches to
treating contaminated groundwater have involvedor@ng the source, pumping, and
treating the contaminant plumes or isolating thers® area with low permeability
barriers or covers. However, these methods ardycastl often ineffective in meeting
long term long-term protection standards (Travid &wty, 1990; Gillham and Burris,
1992; National Research Council, 1994; U.S.EPA,0200 Instead of these ex-situ
approaches, the use of subsurface permeable redwmiviers (PRBs) for cleaning up
contaminant plumes has become established as aoramal technology for the in situ
treatment of contaminated groundwater in 1990s. ”BHs an engineered zone of
reactive material placed in an aquifer that allave passage of groundwater while
retaining or degrading the contaminants (Morrisbale 2002). The major advantage of
permeable reactive barriers over other conventigraindwater remediation approaches

are the reduced operation and maintenance costs amdanced technical



efficacy, particularly compared with pump-and-tregproaches (Thomas and Ward,
1995; Clark et al., 1997) and this advantage is r@n driving factor for its

applications. To date, there may be as many asPRB installations worldwide

(ITRC, 2005). PRBs have been used to treat a rahgentaminants in groundwater
such as organohalogen compounds (e.g. TCE, PCE);D@&#als (e.g. chromium and
arsenic); nitrate and radionuclides (e.g. uraniaml a range of reactive materials
have been used such as metals (e.g. zero valemt goanular activated carbon,
organic materials (e.g. wood chip, compost), medificlays, chelators, zeolites,

chemical oxidants and reducing agents (Environmgency, 2002).

Chromium is one of the widely used metals (Barnhe®97) and contamination with
anthropogenic Cr(VI) has been experienced in nuosegwils, waste sites, surface
waters and groundwaters (Calder, 1988; Palmer aitdhndtit, 1991; Buerge, 1997).
The treatment of Cr(VI) by zero-valent iron (ZVIPRBs involves reduction of
Cr(VI) to Cr(lll) coupled with the oxidation of Beto Fe(ll) and Fe(lll) and the
subsequent precipitation of sparingly soluble HFeQr(Ill) oxyhydroxides and
hydroxides (Wilkin et al., 2005). The extend antkraf Cr(VI) removal by ZVI has
been studied in batch tests (Gould, 1982; Cangtedll., 1995; Powell et al., 1995;
Alowitz and Scherer, 2002;), column tests (Blowesle 1997; Astrup et al., 2000;
Gandhi et al., 2002; Kaplan and Gilmore, 2004; talg 2006), pilot scale field trials
(Puls et al., 1995) and in a number of full-scaendnstrations (Puls et al., 1999). The
results of these studies indicated that the rater@f1) by ZVI is sufficiently rapid for

use in groundwater remediation systems.

1.2. Scope

Generally, the design and the implementation ¢d fseale PRBs have been preceeded
by laboratory treatability tests. Column tests ased to evaluate the fate of
contaminant(s) under dynamic flow conditions todie field conditions. Using the
residence time and the flow velocity, the thickne$sthe treatment wall can be
determined. It is also possible to evaluate a tyaré parameters such as reactive

media type and concentration, groundwater flow sigyp pH, initial concentration of



contaminant(s) and solution chemistry for theireeff on the reactivity and the
longevity of the system under dynamic flow condigo Since the design parameters
of the PRB is generally derived from column studiess crucial to investigate these

parameters for a reliable design.

The main goal of this study to measure Cr(VI) realafficiency by ZVI under flow

conditions. In the first part of the study, the fpemance of PRBs under different
groundwater flow velocities and ZVI concentrationere the scope to be studied.
Also, the morphology of ZVI surface was studiedsoyface analytical techniques to
identify the precipitates. In the second part,data was analyzed in terms of reaction
rate constants. The first-order Cr(VI) removal rev@stants were found for complete
removal phase. Lastly, the applicability of theswlihgs was discussed in terms of

field scale PRB applications.

1.3. Objectives

Despite the extensive research and wide applicatdrCr(VI) removal by different
types of iron species, there is still an informatigap about the role of various
components that control the effectiveness and hhgef the treatment of Cr(VI) by
PRBs such as ZVI surface concentration and groutedwalocity. Furthermore, most
of the treatability studies were carried out inchamnode, which does not simulate the
dynamic groundwater flow environment properly. Bpecific objectives of this study

were:

To determine the Cr(VI) removal efficiency with pest to groundwater flux

and ZVI concentration.

To investigate the reaction kinetics of Cr(VI) rerabby elemental iron as a

function of groundwater flux and ZVI concentration.



To recommend general design parameters for guidielgl scale PRB
applications.



CHAPTER 2

LITERATURE SURVEY

2.1. Chromium in the Environment

Chromium is one of the most widely used metals dwide. Meanwhile, this large scale
usage also brings about environmental problemsusecat can exist in forms that are
toxic and can be hazardous to the environment. ,Tihus important to know sources,

transformation mechanisms and fate and transpatir@imium in the environment.

2.1.1. Source and Extend of Contamination in the Bironment

Chromium is an important industrial metal used imetse products and processes
(Nriagu, 1998). On a worldwide basis, about 80%th&f mined chromium goes into
metallurgical applications, mostly into manufactofestainless steel. About 15% is used
in the manufacture of chromium chemicals, and thmainder is used in refractory
applications (Barnhart, 1997). In metallurgical l&gadions, chromium is introduced into
iron, steel and other alloys with ferrochromium, iethis produced by the “pyro-
metalurgical reduction” of chromite with carbon #&rdsilicon in high temperature
electric arc furnaces. In chemical applicationsdism dichromate is produced from
chromite ore following a kiln roasting process wihda ash. Derivative chemicals are
then produced from the bulk chemical (Allen, 200®)the end of the processing of the
ore for the manufacture of Cr(VIl) compounds, thisra waste residue or “mud” that
contains CaCrg) calcium aluminochromate (3CaO. 8. CrQ,), tribasic calcium
chromate [(CgCrOy).], and the basic ferric chromate [Fe(OH)Gy@hat dissolve and
add hexavalent chromium to percolating waters (@amsl Wamser, 1965; Palmer and
Wittbrodt, 1991). Natural materials such as legtmeyod and timber are stabilized for

durability and long service by chromium salts talso allow permanent fixing of other



compounds such as colorful dyes, fungicides, aseédticides. Leather tanning is the
largest chemical use, and timber preservation Wl well-known CCA (Copper,

Chromium, and Arsenic) product (ICDA, 2003). Duetlte operation procedures at that
time, nearly all wood preserving plants 20 yearslder present some degree of soil and
groundwater contamination (U.S. EPA, 2000b). Chtompigments used in paints, inks,
and plastics coloring are the second largest &$ec and strontium chromates are used
in corrosion resistant priming paints. Other useslude chromium electro-plating,

alternative surface coatings, catalysts, drillingdsy water treatment, textile dyes, and

refractories.

As noted, industrial applications most commonly wdeomium in oxidized form

(Cr(VD) (U.S. EPA, 2000b). Cr(VI) does not alwaseadily reduce to Cr(lll) and can

exist over an extended period of time. Consequgttily resulting waste can introduce
high concentrations of toxic and carcinogenic chitomin the environment (see next
section for chromium chemistry). In fact, chromiusy among the most common
groundwater contaminants (NRC, 1994; Hellerich, 30Q.eakage, poor storage and
improper disposal practices at manufacturing ardpoocessing facilities have released
chromium to the environment, causing contaminatibgroundwater and surface water
(Calder, 1988; Palmer and Wittbrodt, 1991). Seveoattaminated sites can be found in

the literature. Two recent examples of chromiumtaominated sites are as follows:

o Shawfield Glassgow Site, Scotland: Groundwater vemd from this site
showed Cr(VI) concentrations three order magnitadexcess of Environmental
Quality Standard in drinking waters (Farmer et 2002) which is derived from a
former chromium salt production factory. Over 2.Blion tones of waste, called
chromium ore processing residue (COPR), were gtetermom chromite ore
treatment activities and this material has subsatjudeen used for infilling
guarries and low lying areas in and around Glasgo@also for the construction
of various earthworks such as terracing surroundipgrts fields. These sites

have been recorded as heavily contaminated by éanor(Farmer et al., 1999).



According to Glasgow City Council’'s 2004 report,GIS system has been
developing in further assessment.

0 Hudson County, New Jersey: Waste material was exielay three chromite ore
smelting facilities that operated in Hudson Cityrnfio 1900s to 1970s.
Approximately, 2 to 3 million tons of this slag, ieh still contained hazardous
levels of chromium, was used as a fill materialesidential, recreational, public,
commercial, and industrial areas. Until 1994, ntbien 160 separate waste sites
containing chromium smelting slag had identifiedan around Hudson City.
Many of the sites have undergone remediation toedse human exposure to
and environmental contamination with chromium (CGhium Medical

Surveillance Project, Summary of Final Technicgb®te 1994).

Though not common, Cr(VI) can also be released tiné environment through natural
processes as well as anthropogenic activities (@aémd Wittbrodt, 1991). For example,
naturally elevated levels of hexavalent chromiurwehbeen found in Paradise Valley
Arizona (Robertson, 1975), and Atacama Desert iteGRricksen, 1983).

2.1.2. Chromium Chemistry

Chromium has a unigue geochemical behavior in ahtwater systems (U.S. EPA,
2000Db). It exists in oxidation states ranging frefto -2, however only the +6 and +3
oxidation states are commonly encountered in the@mment. Redox and pH conditions
are the main determining factors for the speciatbrchromium in the environment.
Under oxic conditions, hexavalent chromium, Cr(V&xists as Cr(VI) oxyanions,
HCrO* (bichromate ion) at pB6 and Cr@* (chromate ion) at pH>6. Under reducing
environments, Cr(lll) predominates at ionic {grat pH values less than 3.0. At pH
values above 3.5, hydrolysis of Cr(lll) in a Cr{iWater system yields trivalent
chromium hydroxyl species (CrGH Cr(OH)", Cr(OH)Y’, and Cr(OH)) (U.S. EPA,
2000b).



Cr(VI) is known to be toxic, mutagenic, teratogeaitd carcinogenic. It is also very
soluble, mobile, and moves at a rate essentialysime as the groundwater (Palmer and
Puls, 1994). Unlike Cr (VI), Cr(lll) has relatiyelow toxicity and very stable except in
the presence of oxidized Mn, and are not oxidizgetmospheric @until pH>9. Under
most natural environmental conditions, Cr(lll) ridaghbrecipitates as Cr(OH)or as the
solid solution FgCr;«(OH); (Rai et al., 1987; Sass and Rai, 1987; Puls £1299a).

Natural oxidized chromium (chromate) is rare. Hoarevindustrial applications most
commonly use chromium in the Cr(VI) form, which dgatroduce high chromate into the
environment. Meanwhile, it is a strong oxidizingeag and is reduced to Cr(lll) in the
presence of electron donors. Electron donors cortyrfonnd in soils include aqueous
Fe(ll), ferrous iron minerals, reduced sulfur, awil organic matter (Palmer and Puls,
1994). The reduction of Cr(VI) to the less soludal less mobile Cr(lll) valence state by
a variety of reductants is thermodynamically fabteaand kinetically rapid (Schroeder
and Lee, 1975; Hem, 1977; Eary and Rai, 1988; Raéme Wittbrodt, 1991; Palmer and
Puls, 1994; Wittbrodt and Palmer, 1994; U.S. EP299). This property is the primary
factor for the viability of natural attenuation (P&r and Puls, 1994) and/or in situ

treatment approaches using reactive zone techn@loggy EPA, 2000b).

2.2. Permeable Reactive Barrier Technology

2.2.1. Technology Description

Permeable reactive barrier is a permeable zoneadftive material placed in subsurface
in which contaminants in the plume are either readovor transformed into
environmentally desirable phase while passing ftinoit. The barrier is a barrier to
contaminants; however, it is more permeable tharatjuifer to enable the passage of the
plume in a reasonable time. The treatment zonebeaoreated directly using reactive

materials or indirectly using materials designedstonulate contaminant treatment



through physical, chemical or biological ways. Ameable reactive subsurface barrier is
defined as:

An emplacement of reactive materials in the subserfdesigned to intercept a contaminant
plume, provide a flow path through the reactive imednd transform the contaminant(s) into
environmentally acceptable forms to attain remediatoncentration goals downgradient of the
barrier (Powell and Powell, 1998; Powell and Puls, 1998.UEPA, 1998).

PRBs have originally used to intercept and tredy @ontaminant plumes. Currently,
however, they can also be installed near the sotraeduce mass flux by a given
percent with the idea that natural attenuation ames other remedy will address the
downgradient residual contamination. Consequen®i®Bs can be designed with
different site specific objectives in mind. Figuzel illustrates the examples of PRB
configurations in use today (ITRC, 2005). Besideemployment independently, PRBs
can also be used as part of an integrated treatir@ntapproach, incorporating a range

of active and passive remedial measures (Envirohwgency, 2002).
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Figure 2.1. Examples of PRB configurations (ITRG02).

The typical advantages and disadvantages of PRBdeasummarized as (Sharma and
Reddy, 2004):

Advantages
PRBs can remediate plume even when the source q@iitime cannot be located.
PRBs can degrade or immobilize contaminants in \sithout having to bring
contaminated groundwater to the surface,
Energy requirements are low because natural groateivilow is used to carry

contaminants through the treatment zone,
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Only periodic replacement or rejuvenation of thact®n medium may be
required,

No effluents are generated that require permitst@adment, and

Environmental impacts may be reduced because therenimal disturbance to

surface activities.

Limitations
Plume must be very well characterized and delimkdte example, no fractured
rock or excessive depth to contaminant plume,
Limited long-term field testing data is availabledafield monitoring is in its
infancy.
Limited field data concerning longevity of wall aeity or loss of permeability
due to precipitation.
Blockage of the pore space with products of reagbimcesses, particularly with

injection based systems.

A brief review of the treatment media, treatablataminants and design issues are given

in the following sections.

2.2.2. Contaminants and Reactive Materials in PRB pplications

PRBs are capable of treating a number of contartsrardifferent removal mechanisms.
These mechanisms include (ITRC, 2005),

Reductive Dechlorination: chemical dehalogenatiamcess causes highly

reducing conditions in the presence of ZVI whicings about substitution of

chlorine atoms by hydrogen in the structure of chited hydrocarbons.
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pH Control: the solubility, thus the mobility of mga inorganic contaminants-
such as chromium, copper, zinc, and nickel- deese@s a range of neutral to
slightly basic pH and increases in either very iacat basic pH solutions. pH
control process, which has long been applied folaoe projects such as acid-

mine drainage, applies this specialty in PRB cohcep

Oxidation Reduction: modifying redox reactionsotigh the modification of the

state of the redox sensitive elements is the go&RB applications employing
redox reactions. Use of tools such as Pourbaixrdiag, or Eh-pH diagrams, to
evaluate groundwater systems for the anticipatedcexration of various

aqueous species under certain geochemical conglittormportant in assessing
which treatment materials might be effective faoataminant.

Sorption: keys to the use of effective sorptionhteques in PRBs include
selecting materials that are relatively hydrophadoiel insoluble. Materials that
simply biodegrade or adsorb water are not consitlasefeasible choices. Also,
the effects of potential desorption, or reversed-eagchange, should be
considered for all potential uses of these material

Bioremediation: many of the primary chemicals ohoern, such as VOCs,
inorganic constituents and radioactive materiafs lwa treated through biological

reactions promoted by PRBs. It is important to austhe conditions required for

biological reactions to proceed until achieving tidwget concentration.

The list of materials and treatable contaminan®RB applications is given in Table 2.1.
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Table 2.1. Reactive materials and correspondemgjdble contaminants in PRB
applications (Adapted from ITRC, 2005)

Treatment Material
Category

Example Materials

Constituents treated

Reductive dechlorination
for organic compounds

Zero valent metals (Fe)

Chlorinated ethenes,
ethanes, methanes, and
propanes; chlorinated
pesticides, Freons,
nitrobenzene

Reduction for metal
contaminants

Zero valent metals (Fe),
basic oxygen furnace slag
ferric oxides

Cr, U, As, Tc, Pb, Cd,
,Mo, U, Hg, P, Se, Ni

Sorption and ion exchang

Zero-valent iron, granu
activated carbon, apatite
(and related materials),
bone char, zeolites, peat,
humate

&Lhlorinated solvents
(some), BTEX, Sr-90,
Tc-99, U, Mo

pH control

Limestone, lime-based
materials, compost, zero
valent iron

Cr, Mo, U, acidic water

In situ redox manipulation

Sodium dithionite, calui
polysulfide

Cr, chlorinated ethenes

Enhancements for
bioremediation
(including carbon,
oxygen, and
hydrogen sources)

(Includes solid, liquid, and
gaseous sources) Oxyger
release compounds,
hydrogen-release
compounds, carbohydrate
lactate, zero-valent iron,
compost, peat, sawdust,

acetate,

Chlorinated ethenes ang
-ethanes, nitrate, sulfate
perchlorate, Cr, MTBE,
polyaromatic
shydrocarbons




2.2.3. Design Considerations

The design variables that often can be controlee@ptimize the design of a PRB
include the reactive media, PRB dimensions, PRBntakion, PRB location, PRB
configuration and safety factors (Gavaskar, 199®Q, 2005). Table 2.2 summarizes

the parameters that are needed in the design groces

Table 2.2. Summary of Parameters that need to berndi@ed in the design process

(Adapted from Environment Agency, 2002).

Design Parameter Comment
Reactive media Chemical composition Design optimization for the
Surface Area reactivity and hydraulic
Grain size conductivity of a PRB is
Hydraulic conductivity vital.
Strength
Thickness Dependent on residence time
and velocity
Barrier Dimensions Depth Intercept the entire
Width contaminant plume
Barrier Orientation Simulation of a wide range
Barrier Location of  hydraulic conditions
Barrier Configuration Continuous enables an optimum design|.
Funnel-and-gate
Safety Factors Uncertainties associated yvith
design should be taken into
account
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Reactive media

Besides its treatability of the contaminant(s) e ffield, the selection of reactive
media also includes specification of chemical cosimn, grain size, surface area,

hydraulic conductivity and strength.

Chemical composition is vital for a design not ofdy reactivity but also for the risk
of any potential contaminants (impurities) whichynee harmful. The permeability of
the reactive material is, in general, be propogioto the square of grain size,
however, the surface area (hence the rate of ogadt inversely proportional to grain
size. Where there is a risk of fouling or precifida of secondary mineral phases, the
effect of this on the hydraulic performance of BB is likely to be more adverse for
smaller grain sizes. The design therefore represembmpromise between reactivity
(smaller grain size), permeability (larger grairzedi and the effect of clogging

(Environment Agency, 2002).

Barrier dimensions

The three barrier dimensions that need to be dedigme the thickness, width and
depth. The thickness and length depend partly am dblected configuration

(continuous versus funnel-and gate) and are somentearelated.

Reaction rates or half lives of contaminants intachwith the reactive medium are
necessary to determine the reactive cell thicktiestswill provide sufficient residence
time for the contaminants to degrade to their t@dgjeconcentrations. Because
continuous tests better simulate the dynamic graaier flow environment, testing in
columns is by far the most common method. For eamlomn at each velocity,
contaminant concentrations are plotted as a fumdialistance along the column. The
flow rate is used to calculate the residence titneagh sampling position (relative to

influent) for each profile. The contaminant degtémta or disappearance rate
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constants are calculated for each contaminant @nirtfluent solution, using kinetic

models.

The required residence time for a contaminant @RRB will depend on the reaction
rate and the required reduction in contaminant eotration. This is illustrated for

first-order by the following equation:

res

. InG Iico) 21

where,

tres residence time (T)

C, = contaminant concentration entering the PRB @yl/L
Cr = target concentration downgradient of the PRBL{Y/
k= reaction rate constant ¢y

The minimum barrier thickness can be estimated fitwarfollowing expression

(Environment Agency, 2002):

b=vt

““res

(2.2)

where,

b= minimum thickness of PRB in direction of watkemf (L)

v = groundwater velocity throughout the barrierT{L/

Although the residence time requirement is reldyifixed based on the contaminant

reaction rates, it should be noted that the groanerwelocity in this equation is the
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velocity through the reactive cell and not the edloin the aquifer. This reactive cell
velocity may vary based on the relative porositied hydraulic conductivities of the
aquifer and the reactive cell, as well as the lergtthe funnel in a funnel-and-gate
system and funnel-to-gate ratio. These variable® ta be optimized to determine

design dimensions of the gate (Gavaskar, 1999).

The primary physical function of the PRB is to eaptthe targeted groundwater (and
plume) and provide it with sufficient residence g¢inm the reactive media to achieve
desired clean up goals. Consequently, the othempeter of concern when designing
PRB is hydraulic capture width. Capture zone widtiers to the width of the zone of
groundwater that will pass through the reactivé aegate rather than pass around the
ends of the barrier or beneath it. Capture widtprigortional to groundwater flow
rate and residence time is inversely proportiooaroundwater flow rate. The design
will represent a balance between achieving sufiicieapture width to capture the
plume and ensuring sufficient residence time fer titeatment process The width of
capture zone will increase or decrease as the wHtioeactive media hydraulic
conductivity to aquifer hydraulic conductivity ireases or decreases, respectively
(Environment Agency, 2002). Suff cient hydraulicptae of the plume can be
accomplished by ensuring that the particle sizgeafand the permeability) of the
reactive media is significantly greater than thatthee surrounding aquifer (ITRC,
2005). Different widths of a continuous reactiverrtea, gate, or funnel can be
simulated to evaluate any trade-offs that may ocbetween various design
parameters (e.g., increased hydraulic capture wigitbus longer residence time in the
reactive cell) (Gavaskar et al., 2000).

Barrier Orientation

A barrier orientation perpendicular to the grountbrvdlow ensures that the most
efficient capture of the targeted portion of theugrdwater (or the plume) is obtained.

The uncertainty in this scenario is the groundwéltaw direction. Determining the
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exact groundwater direction in a much localizedisgtmay be difficult, especially at
sites with relatively flat gradients. Even if thegronal groundwater flow direction is
known, localized flow in the immediate vicinity tfe barrier may vary. In addition,
flow direction may change seasonally. At times wiie@ groundwater flow is not
exactly perpendicular to the face of the barriart pf the plume may flow around the
barrier, even though the barrier is still capturaqgproximately the same amount of
water. To overcome these difficulties, examinatioi historical water levels to
determine the variation in flow direction under sm@al high flow and low flow
conditions is necessary. Furthermore, modeling iplalthydrologic scenarios to
account for anticipated changes in seasonal flowctions and any unanticipated
deviations in flow direction due to the uncertairty defining localized flow is

necessary (Gavaskar, 1999).

Barrier Location

Once the targeted plume has been adequately mampedietermining a suitable
location for the barrier depends on hydrologic, tgebnical, and administrative

considerations.

Hydrologic considerations generally dictate thate tibarrier be placed just
downgradient from the edge of the plume and orénperpendicular to the
groundwater flow for the most efficient capturetioé plume. In this way, all of the
contaminant can be treated and the plume is pregeftom moving any further
toward potential receptors. The presence of prefiaieplume pathways (such as sand

channels) may also guide the location of the barrie

Geotechnical considerations for locating the barrey include the presence of
underground utilities, cobbles and highly consdbdasediments. These factors will
increase the difficulty of installation. The preserof buildings or other aboveground

structures may also impede installation in certaesas.
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Administrative considerations for guiding the laoat of the barrier may include a
situation where the plume has moved off the prggestindaries (Gavaskar, 1999).

Barrier Configuration

A PRB may be installed as a funnel-and-gate orrdimeous system. A funnel-and-
gate system consists of (Figure 2.1.A) an imperheesdction (or funnel) that directs
the captured groundwater flow towards the permeadetion (or gate). This
configuration sometimes allows better control ongctive cell placement and plume
capture. At sites where the groundwater flow ig/\feeterogeneous, a funnel-and-gate
system can allow the reactive cell to be placethenmore permeable portions of the
aquifer. At sites where the contaminant distribui®very non-uniform, a funnel-and-
gate system can better homogenize the concentsatibcontaminants entering the
reactive cell. A continuous reactive barrier (Fg@.1. B) consists of a reactive cell
containing the permeable reactive medium (USACB,719Both of these techniques
require some degree of excavation and limited idyfahallow depths of sixteen to
twenty-one meter or less. Newer techniques for aoipd the reactive media, such as
injection wells (Figure 2.1 C) and passive collectwith reactive cells (Figure 2.1. D)

may serve to overcome some of these emplacemeitdations.

Safety Factors

One way of ensuring that sufficient residence tis@vailable in the future is to
incorporate a safety factor in the designed flowoulgh thickness of the reactive
media in the PRB (ITRC, 2005). The uncertaintiedude seasonal and long term
variations in the groundwater flow velocity and ediion, variations in the

contaminant concentration if the plume continuesléwelop, decrease in the bulk
density of the reactive cell due to differentiahgmaction in field applications and the

change in the reaction rate due to temperaturerdifces in the laboratory and field
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applications (Gavaskar et al., 1999). Because e$dahuncertainties, it is probably
sufficient to use a reasonable safety factor, m ridinge of about 2 to 3 times the

calculated flow thickness at most sites (Environtagency, 2002)

2.2.4. PRB Implementation

Successful remediation of contaminated groundwaderg PRB technology requires
the steps shown in Figure 2.2. These steps inuthigedetermination of (Gavaskar,
1999):

Suitability of a site for permeable reactive barapplication,

Site characteristics affecting barrier design,

Reaction rates or half lives (through column tegtin

Location, configuration and dimensions of the leayri

Longevity,

Monitoring strategy,

The suitability of a site for PRB application foNe a preliminary assessment that is
designed to ensure that whether a PRB is likelpdaan effective remedial option.
After preliminary assessment, the necessary sieacterization data is obtained. A
good conceptual and, most often, a computerizedemofl the groundwater flow
system should be generated with the site charaatem data to aid the design. After
this step, reaction rates or half lives of contanis in contact with the reactive
medium are necessary to determine the reactive tiomlkness that will provide
adequate residence time for the contaminants tadego their MCLs. The location,
configuration, dimensions of the barrier and lonteissues are mainly based on site
characterization data. Monitoring strategy includgeundwater monitoring well
installation and development, sample collectiom@a preservation and shipment,
analytical procedures and chain-of custody conffblese steps are detailed in the

following parts.
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Gavaskar, 1999)



Preliminary assessmeniGenerally, a review of existing site documentsgchsas
Remedial Investigation/Feasibility Study (RI/FSpogs and a visual examination of
the layout of the site form the basis for a prefiany assessment of the feasibility of a
permeable reactive barrier (Gavaskar, 1999). Ampreary assessment, as detailed in
Figure 2.3., should be made to determine the giiiyabf a site for PRB application.
Although an unfavorable response to any of theofacin the figure does not
necessarily rule out a permeable reactive bargach a response can make the

application more costly and difficult (USACE, 1997)
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Are site contaminants amenable

to degradation with metals based

on available literature?

Is plume too wide or too deep?

Is the aquitard too deep?

Is the aquitard competent?

1s groundwater velocity reasonable?
Are there any geotechnical constrainis?

® Are required aquifer charactenistics
known?

® Are organic contaminants
adequately characterized?

® Are inorganic contaminants
adequately characterized?

Is
the site suitable
for a permeable barrier
application?
(See list at left)

Is
available
site characterization data
sufficient to locate and design
a permeable barrier?
(See list at left)

Yes

Y

No

P

ldentify candidate reactive media

Y

Conduct initial screening (batch tests)
of candidate media

Y

Conduct column testing

of successful candidates

Are
half-life and
other requirements

(

techmcally and
economically
acceptable?

Proceed with design

)

DCHARTO1.CDR

Reassess
applicability

Perform additional
site characterization

Figure 2.3. General approach for preliminary assess of PRB design (USACE,

1997).

23



Size characterizationf the preliminary assessment shows that the sitiitable,
a detailed site characterization should be condutte determine aquifer and
groundwater characteristics. The important sitermftion required includes the
contaminant distribution of the groundwater, hydmlggy of the site,
geochemical composition of groundwater and geoteehnand topographic
considerations. Contaminant distribution in theugrdwater covers information on
spatial distribution of the contaminants and temaparhanges of contaminant
concentration. Size characterization on hydrogeolofgthe site involves getting
information about local hydrogeology of the sitedaetermining groundwater
velocity. Geochemical composition of groundwater nsonitored through
measuring parameters such as pH, dissolved oxygdrreddox potential in the
groundwater. This step is mainly for the purpose daftermining whether
conditions in the site can cause precipitate foionain the presence of reactive

medium (Gavaskar et al, 2000).

Selection of Reactive Medi&n treatability testing, batch test is employed o

quick screening of multiple reactive media whereasimn tests are employed for
final selection of the reactive media and obtaindegsign information such as
contaminant half lives or reaction rates. The fwlltg issues should be taken into

consideration in selecting the appropriate reactieglia (USACE, 1997):

Reactivity: the candidate medium should be bale degrade the

contaminant(s) in a reasonable period of time.

Stability: the candidate material should retainraactivity and hydraulic

conductivity over time.

Availability and Cost: the price of candidate matkshould be reasonable
since large quantities of reactive material may meeded in the

construction.
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Hydraulic Performance: lower particle size resufisbetter reactivity
because of increased surface area, but it willedesa the conductivity of
the media; consequently, an optimization shouldnaele for the particle
size of the media.

Environmental Compatibilitythe media should not cause any adverse
chemical reactions or by products when reactingdy wiinstituents in the
contaminant plume, and should not act as a posstulece of contaminant

itself.

Following identification of the reactive media, tlattests could be performed to
quickly screen several candidates. If only one wo tcandidates have been
identified, screening by batch testing could beedmne in favor of batch testing.
Column tests are more representative then batth a@sl provide more accurate
design information. Column tests are conducteckltecs the final reactive medium
and determine half lives or residence times. teiommended that column tests
be performed with groundwater obtained from thes sit order to generate
representative design data. Half-lives calculabedugh column tests may require
adjustments for field groundwater temperatures #ied potentially lower field

bulk density of the reactive medium. The flow thgbuhickness of the reactive
cell is determined by residence time requirementsthe local groundwater flow

velocity through the reactive cell.

Modeling. While treatability testing is being conducted, hyglologic modeling

and geochemical evaluation of the site can begyulréfjeologic modeling can be
used to define many aspects of the design. Sevsidogeologic models are
available for modeling the permeable reactive flawd transport system. Widely
available and validated models such as MODFLOW @sdenhancements are

generally sufficient to achieve permeable barresigh objectives. Hydrogeologic

25



modeling, along with site characterization datajsed for the following purposes
(USACE, 1997):

--Location of the barrier
--Barrier configuration
--Barrier dimensions
--Hydraulic capture zone
--Design-trade offs.
--Media selection
--Longevity scenarios

--Monitoring plan

Geochemical evaluation of the site can also commeviwen treatability tests are
in progress, although knowledge of the inorganimpgosition of the influent and
effluent from column tests is helpful to the evdioia. Geochemical evaluation
may consist simply of a qualitative assessmenthef piotential for precipitate
formation in the reactive cell based on site charamation and treatability data.
Numerical geochemical codes may or may not be udggending on site

objectives.

The design can also be enhanced using probabilistideling to incorporate the

variability of the input design parameters.

Performance and Compliance Monitorin@nce the PRB has been designed and
constructed, the system has to be monitored asdergume exists. The primary
objective of monitoring is verify that groundwatguality downgradient of the
PRB is in compliance with the target clean up dibjes agreed to by site
managers and regulators. Monitoring is generallsnmised of two objectives;

compliance monitoring and performance monitoring.
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Performance Monitoring

Performance monitoring of PRBs includes the evaunadf physical, chemical
and mineralogical parameters over time. It shoulttiress verification of
emplacement and be able to detect loss of regctogtcrease in permeability, and
decrease in contaminant residence time in reacome, and short circuiting or
leakage. Performance monitoring is conducted toesalmgree at most sites
because it can alert site managers of any probteatsmay occur in the future,
before the problems are identified by contaminamnitering (that is, before

plume breakthrough or bypass actually occurs).

Performance monitoring generally involves measuregnté water levels, field

parameters (ORP, pH, DO, and conductivity), andganic constituents in the
groundwater monitoring wells in the PRB and itsivty. Water levels and field

parameters are simple measurements to perform astl site managers conduct
these on a quarterly basis, along with groundwagenpling for contaminants.
Quarterly monitoring also indicates any seasonaangbs in contaminant
distribution, groundwater flow, or geochemistry.r@e inorganic constituents
can contribute to the formation of chemical or bgtal byproducts, which may
take place over several years (or several porenmwesuof flow). Therefore,

groundwater sampling for inorganic parameters isegaly conducted on an

annual or biannual schedule (Gavaskar et al., 2000)
Compliance Monitoring
Compliance monitoring requirements for PRB appiarat are similar to those of

other remediation technologies, however, the plar¢mand design of the

monitoring wells and the methods used to samplergilovater may be different.
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Normal compliance monitoring involves target contaants, their degradation

products and general water quality parameters.

For compliance monitoring system design, well ptaeet and design are
important to ensure adequate assessment of systeiormance. Groundwater
modeling should be used as a tool for the detetioimaof monitoring well

locations (ITRC, 1999). The number of the wellslwliépend on system design
and size. In addition to the wells located at udgmat, downgradient and within
PRB, wells should be located at each end of the RREhsure that contaminated
water is not flowing around, under, or over theriearwall. Installation of

monitoring well clusters (multiple discretely saned wells within a single boring)
may be appropriate if more than one aquifer isgiesr in case of heterogeneity
development due to the compaction of the iron fisesl the formation of

corrosion products or precipitates within the pgpaces (ITRC, 1999).

The frequency with which compliance samples aréectdd should be based on
the hydrogeologic character of the aquifer, thexjpnity of sensitive receptors
such as water supply wells, and the risk posecbycbntaminant(s). The amount
or rate at which groundwater should be purged shbeldetermined case-by case
basis. Groundwater velocity is a key componentasighing and establishing a
monitoring schedule. Generally, if the groundwateslocity is low, a low
frequency schedule is set-up. Sampling within ardired a PRB requires special
techniques to collect representative samples. Farngiwater sampling within the
PRB, methods that ensure consistent groundwateferee times and flow rates
and that minimize disruption of the groundwatemflbeld during sampling and
between sampling events are recommended. Low-flamping and purging
techniques (Puls and Barcelona, 1996) and passimglsg devices such as
passive diffusion bag samplers are recommendedendropriate to accomplish
these goals (U.S. EPA, 1998).
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It is also important to thoroughly understand tlRactions which cause the
transformation of destruction/immobilization of ¢caminants to be able to monitor
for undesirable degradation or transformation potglas part of the compliance
sampling program. For instance, in the case ofmhum andZVI, the reaction

product is an insoluble hydroxide mineral phasas tan only be confirmed using
advanced surface analytical techniques, but canfeaed from non-detection of
Cr(VI) and minute or non-detection of Cr(lll) in @epus samples together with

ground-water quality data and geochemical parameter

2.2.5. Advances in PRB

There are a number of innovative reactive media shaw promise for use in

PRBs. One group of these media is iron foam anididal iron (USACE, 1997).

Also, bimetallic systems (metal couples) prepang@lating a second metal onto a
ZV1 surface have been shown to accelerate treatmates relative to untreated
iron metal.Bimetallic systems (metal couples) prepared byimaa second metal

onto a zero-valent iron surface, including Fe/Ce/Nt (Sivavec et al., 1997) and
Fe/Pd (Muftikian et al., 1995), have been showadcelerate solvent degradation
rates relative to untreated iron metal. Palladizesh has been shown to be
effective in dechlorinating halogenated aromatic mpounds such as
polychlorinated biphenyls (PCBs) in addition toarithated aliphatic compounds
(Grittini et al., 1995). The rate enhancement oleserin bimetallic systems may
be attributed to corrosion-inducing effects prordotey the second, higher
reduction potential metal and possibly some cdtalgffects. However, some
investigators have found the enhanced reactivityhelse systems to diminish
relatively quickly, whereas others have found npaspnt loss of reactivity. These
differences may be related to ground-water cheynistrthe method used for

plating the iron, but further investigation is neddlt is important to note that ZVI
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systems have not shown similar losses in reactivitpng-term laboratory, pilot
and field investigations (U.S. EPA, 1998).

Various construction techniques are now availableHRB applications. These
techniques generally comprise injection based coctsbn methods which aim at
thin and deeper PRBs. Injection methods can bedlias vertical fracturing, jetting
columnar, jetting-panels diaphragm, pneumatic tnaey, and direct push. The
selection of the technique depends on characteisfithe site.

An expansion of PRB technology is to use reduateactive media (e.g. ZVI) to
treat source zones. This approach not only elirmgdhe contamination at the
source but also prevents the development of a plantee downgradient of the
source. Source area treatment of high-concentrajromndwater using iron is
different from PRB treatment. In the source aremtment, an iron material is
injected, mixed or used as backfill to facilitateatment. Sometimes, iron is mixed
with a stabilizing agent such as clay to retardftve through the source zone and
to homogenize soils. Source area treatment has mppljcations in field scale
using several emplacement methods. Contaminansgetteinclude chlorinated

solvents, Cr(VI), TCE, and chlorinated volatile angc compounds (ITRC, 2005).

2.3. Remediation of Chromate Contaminated Groundwadr with Iron-based

PRBs

2.3.1. Laboratory Scale Applications

Zero-valent iron (ZVI) is a mild reductant and s=svas electron donor for the

reduction of oxidized species under certain cood#i The thermodynamic

instability of the iron metal can drive oxidatioeduction reactions without
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external energy input, if suitable coupled readiocan occur to prevent
accumulation of electric charge (Evans, 1960; Pbwelal., 1995). Previous
investigations have shown that soluble Cr(VI) mayremoved from the solution
via reduction to Cr(lll) in the presence of ZVI acding to equation 2.3 (Powell et
al., 1995; Astrup et al., 2000; Mayne and Pryo439Gould, 1982; Buerge and
Hug, 1998; Anderson et al., 1994; Melitas et 00D):

Fe”+CrO,” +2H,0« Cr(OH), + FOH), +20H"  (2.3)

In addition to precipitation of Cr(OHsolid, Cr(lll) may also form GOs solid or
coprecipitate with Fe(lll) to form mixed Fe(lll)-GH) hydroxide solid solution
(Eary and Rai, 1988; Puls et al., 1994; Powelll et1895; Blowes et al., 1997) or
mixed Fe(ll)-Cr(Ill) (oxy)hydroxide solid (Schwertann, 1989) according to
reactions 2.2 and 2.3, respectively.

(L- X)Fe* +xCr* +3H,0 « (Cr,Fe_,)(OH),  +3H" (2.4)

(1- X)Fe* +xCr* +2H,0 « Fe_ ,CrOOH +3H" (2.5)

Reduction of Cr (VI) by ZVI has been extensivelyramstrated by a number of
laboratory studies. The experiments generally agtili batch reactors or flow
through columns with a focus on the parametersctiffg the rate and treatment
efficiency of Cr(VI) such as pH, ZVI concentratiogroundwater velocity, initial
Cr(VI) concentration and groundwater chemistry.

pH has been extensively investigated as a key meanaffecting chromium
reduction and it was shown that Cr(VI) reductiomysignificantly depending on
pH. Corrosion has been known to diminish at pHyea8.5-12.5 (Pourbaix, 1966,
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Powell and Puls, 1997). Therefore, corrosion intgrasnd consequently Cr(VI)
reduction, should be enhanced by lower pH. Gengrlialvas observed that Cr(VI)
reduction rate increases with the decrease in phil; 1982; Eary and Rai, 1988,
Alowitz and Scherer, 2002). On the other hanthe}a(1996) argued that redox
reactions may also be inhibited at pH values asdevs due to the existence of
different chromium species at different pH valu€&eochemistry of aquifer
materials have also shown to affect the reactidgesrgPowell and Puls, 1993;
Powell et al., 1994; Powell et al., 1995) by dissioh of aluminosilicates would
lower the pH favorable for corrosion. The protora @lso serve as electron
acceptor at the iron surface, allowing the cormosieactions to proceed more
rapidly (Powell and Puls, 1997).

Increasing the surface area concentration of Z\Widadly increases rate of
remediation. On the other hand, having an extrareantive support surface such
as sand for precipitation products formed in th&urmm may in theory lead to
higher capacities, since the reactive surfacesheiltovered to a less extend than
in a pure iron system. Batch and column experimbat® shown that the reaction
rates depend on the type of iron present and lyealated to the available surface
area concentration for a given type of iron (Goul@82; Blowes et al., 1997;
Alowitz and Scherer, 2002; Ponder et al., 2000)l, $te corrosion of iron, and
thereby the pH increase is stated to be a limitawgor in the amount of ZVI and
the amount of ZVI is stated to be system specifierfandez-Sanchez, et al.,
2004).

If the reaction stoichiometry is considered, itldals that the increase in Cr(VI)
concentration increases the reaction rate. Previowestigators have shown the
increase in reaction rate with the increase in @Qr@b6ncentration. The kinetic
expression found by Gould (1982) is 0.5 order i(MQrconcentration. Lee et al.,

(2003) showed that when Cr(VI) concentrations wess than 20 mg/L, the rate
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constant dramatically increased. Similar rate ddpeoe was also reported by
Ponder et al., (2000). On the other hand, very leighcentrations of Cr(VI) can
cause inhibition effects as shown by Melitas ef @001). Their experiments
indicated that the rate of iron corrosion decreaseéth increasing Cr(VI)

concentrations between 0 and 50@/0L.

An additional consideration for Cr(VI) reductiontise groundwater geochemistry.
Mineral precipitation is expected based on grourtdwehemistry (Mackenzie et
al., 1999). Mineral precipitation decreases hydcaabnductivity by taking up
pore spaces by coating ZVI surfaces or unattacimedprecipitates (Liang et al.,
2003) and reactivity (Mackenzie et al., 1999). hass and carbonate effects on
the reactivity of ZVI iron for Cr(VI) has been instigated by Lo et al., (2006). A
slight decrease in the Cr(VI) removal capacity viasnd in the presence of
calcium ions. Cr(VI) removal was dropped by 17% wheagnesium hardness
was present at low to moderately hard level. Funioee, there was a 33%
decrease in the Cr(VI) removal capacity of ZVI wheth carbonate and hardness
ions were present. Likewise, in another study, icadlcand magnesium had
significant impact on Cr(VI) removal reducing ZVapacity by 45% at hardness
levels up to 140 mg/l as CaG(Xarvonen, 2004). On the contrary, Kaplan and
Gilmore (2004) observed little or no effects of kground solution chemistry (0.2
M NaHCQ;, distilled water, and a carbonate dominated grauater) on the

reaction rate coefficients.

Another governing factor for the remediation of @j(by ZVI is the groundwater
flow velocity. The residence time in a PRB is thaia of the flow through
thickness of a PRB to the groundwater flow velaciience, the degradation
efficiency and thickness of the PRB is directly podional to the flow velocity.
The effect of flow velocity on the efficiency of PR is complicated. In theory,

longer residence times seem to enhance the degmadate. Under lower velocity
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conditions, transport to the reactive iron surfasemnhanced by the increased time
available for diffusion through coatings on the ZAfid accordingly, the extend of
treatment is dependent on the degree of contaateket the dissolved Cr(VI) and
ZV1 surface (Blowes et al., 1997). Conversely, éaged flow rates decrease the
rate of product accumulation, which in turn decesase precipitate formation and
enhancing surface reactivity. Furthermore, undew flconditions, the elevated
reactant concentrations may be too short lived eamg the formation of a
precipitate i.e. the formation of a precipitate nieeykinetically hindered (Kaplan
and Gilmore, 2004).

Although the rate of reduction of Cr(VI) is impanta the rate of removal of
formed Cr(lll) is also crucial for permeable resetibarrier applications. The
solubility product of Cr(OH)is 6.3x10*" at 25C and readily precipitates at pH 7
(Karvonen, 2004). In addition, for mixed hydroxigeecipitates, Eary and Rai
(1988) found a stoichiometry dtr,,.Fe,,.(OH),and concluded that at pH values

between 5 and 11, precipitation of a mixed Cr(R&¢Il) hydroxide phase
generally limits total dissolved concentrationsCoflll) to values less than To1.

2.3.2. Field Scale PRB Applications

Although the number of full scale applications &fl4s growing, the technology

is still relatively new. Therefore, there are liedt published data on the
performance of full-scale PRBs in the field. Thdldwing part summarizes

information about the field scale PRB applicatiosgd to treat chromium plumes
with ZVI.

34



U.S. Coast Guard Support Center, Elizabeth City

The field site is located on a U.S. Coast Guardase near Elizabeth City, North
Carolina. A plating shop had been operated at shies for 30 years before its
closure in 1984. The shop was known to discharg#icachromium solution and

associated organic solvents. Sediments beneatpldting shop floor were found

to contain up to 14,500 mg/kg Cr. The contaminaediments were removed at
that time but further site investigations also eded a well defined plume of
groundwater containing Cr(VI) extended from thecwlgplating shop to the

Pasquotank River containing groundwater concenpfratiof 28 mg/L near the

source in 1988 (U.S. EPA, 2000b). Concentrationsxcess of 10 mg/l Cr had
been detected in the groundwater at the site d4i88é& (Puls et al., 1999).

The contaminated surficial aquifer has consisted Atfantic coastal plain
sediments. Borehole log data indicated that théicgiraquifer is complex and
heterogeneous, composed of varying amounts find sad silty clay (Parsons
Engineering Science, 1993; U.S. EPA, 1999). Comefpemeter tests indicated
that the surficial aquifer contained fine sandifmgered with silty clay lenses.
The thickness of these lenses varied from 0.3 ntetenore than 3 meters. The
aquifer is underlain at approximately 18 meterstliepy dense clay of the
Yorktown Confining unit (U.S. EPA, 1999). Groundeatelocity is variable with
depth, with a highly conductive layer at roughlyt® 6 meter below ground
surface. This layer coincides with the highest agseconcentrations of chromate
and chlorinated organic compounds. The groundwat#e ranges from 1.5 to 2.0
meter below ground surface and the average hoakbiytraulic gradient varies
from 0.0011 to 0.0033. Slug tests conducted on taong wells with 1.5 meter
screened intervals between 3 and 6 meter belowndrsurface indicate hydraulic
conductivity values of between 0.3 and 8.6 m/d®abatini et al., 1997; Puls et
al., 1999).
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Laboratory investigations and a field scale piloady using ZVI led to the
installation of a PRB at the site to remediate otiton and portions of TCE.
Continuous wall design was selected because foElirabeth City site, there was
no hydraulic advantage of funnel-and-gate desigrtemms of both increased
capture area and increased residence time. Thesdale of wall was entirely
comprised of ZVI in the form of iron filings. Thelgction was based on suitable
reaction rates, desirable hydraulic properties, lamer cost. The installed barrier
was 46 m long, 5.5 m in depth and 0.6 m wide tdurapthe entire plume and to
prevent penetration of a fine grained geologic ynésent at approximately 8 m
depth. An estimated 3.2 *mwf iron filings were emplaced per linear meter and
about 280 ton of iron was installed (Puls et @99). The total cost of the reactive
barrier including site assessment, design, corstrycmaterials, and preliminary
and follow up work was approximately 985,000 $ (LEBA, 2000b).

The monitoring network was installed with piezomgetand monitoring wells to
collect samples. Performance and compliance mongavas performed based on
analysis for pH, Eh, electrical conductivity, tuthy, alkalinity, Cr(VI), dissolved
Fe(ll), total sulfide and dissolved and total iremg constituents. After eight years
of application, PRB was effective in reducing Ci(\fiom average values of
1500 m/L to <1 g/L within and hydraulically downgradient of PRBhi©mium
removal occurred within the aquifer upgradient atdhe leading edge of the
inside PRB.

Vertical and angle cores have also been colledezk&mine changes to the iron
surface and evaluate the formation of secondargigitates which can effect the
wall performance in time. The regions where chromimemoval occurred showed
the greatest amount of secondary mineral format@x(lll) has been detected on

the cores by X-ray absorption near-edge structi(ANES) spectroscopy
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confirming reduction processes. XANES spectra amiascopy results suggested
that Cr is, in part, associated with iron sulfidaigs formed as a consequence of
microbially mediated sulfate reduction in and amuhe PRB (Wilkin et al.,
2005).

Haardkrom Site, Kolding, Denmark

The Haardkrom site formerly operated as an eleladtioyg facility in Kolding,
Denmark, where chromium, nickel, zinc and degrasiggnt, TCE was used. The
groundwater consequently has been contaminated igth levels of TCE and
Cr(VI). Concentrations of TCE in the groundwatengad from 40-1,400g/L

while Cr(VI) concentrations in groundwater rangedni 8 to 110 mg/L
(Bronstein, 2005).

Site characterization studies showed that the upgmeter of the ground at the
site consisted of a low permeability, heterogeneoudure of sandy and clayey
loam interspersed with local lenses of sandy lay&he aquifer in these upper
layers was less than 2 m below ground and wasamdintious throughout the site.
Although the direction of groundwater flow is mainhorth to northeast, the

direction seems to change with seasons.

The availability of construction techniques in Derknand cost considerations
weighed heavily in the selection of the PRB deswgnich consists of a continuous
trench. 50 m long, 1-3 m deep, and 1 m thick camtrs PRB trench was installed
in 1991. An excavation box was used to install ttech because of the low
permeability of the soil. The PRB designers accedrior the limited capacity of

chromate removal in PRBs and set the dimensiorieeofrench to accommodate
all of the Cr(VI) in the plume. Laboratory experime showed chromate reduction

capacities to be in the order of 1-3 mg Cr(VI)/12gl. Bypass trenches and
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recirculation pipes were incorporated into the glesto enhance water flow
through the heterogeneous aquifer. The design ws@st $108,000, and the
installation cost was $250,000 (RTDF, 2002).

The results of the first year of operation sugges#tat the design is not effectively
controlling the uneven distribution of contaminarisng the PRB, especially
Cr(VI). Heterogenous loading of the PRB and dispersf the contaminant plume
have contributed to the exhaustion of iron-chronmateoval capacity in the wall.
(Vidic, 2001).

The literature reveals that in the last ten yearft of progress has been made
about PRBs and the remediation of Cr(VI) with Z\¥hctive media. Researches
have improved the understanding of the longevity performance of PRBs. Field
data has begun to be published. New reactive me@iaunder investigation. In
terms of the remediation of Cr(VI) with ZVI, the emistry of corroding iron has
been studied extensively and is well understoodciMeffort has gone into the
investigation of secondary phases which form onRéfesurfaces. The effect of
different variables (such as the amount of reaaieglia, groundwater velocity,
pH, groundwater chemistry) on the removal effickeaad long term reactivity of
PRBs has been investigated in laboratory studiees& works showed that many
guestions remain to be answered about how the dreater velocity affects the
removal capacity of a PRB. Also, the ratio of reacimedia to bulking agent inert
media has been overlooked. In fact, this issueli®¥ed to be more important as
field scale applications ages when clogging is eéepeed. The reaction kinetics
of Cr(VIl) removal by ZVI has generally been studiedbatch reactors except
some flow through experiments. Furthermore, toliest of our knowledge, the
implications of the experimental data have not bpah forward in any PRB
design studies. Consequently, this study has facoseissues relatively weakly

addressed S0 far in the literature.
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CHAPTER 3

MATERIALS AND METHODS

Description of Column Studies
3.1.1. Materials and Solutions

The reactive ZVI material used in the experimemés a reduced iron powder; Alfa
Aesar, -20 mesh (size<0.841 mm). The patrticle demdithe iron powder was 7.87

g/cnt. Brunauner-Emmett Teller (BET) specific surfaceaaanalysis of the iron was
performed by METU Central Laboratory using Quantaoie Autosorb-1-C/MS.

The specific surface area of the iron was 0.04gm Iron powder was used as
received without using any chemical (acid washiog) mechanical (sonication)

pretreatment. In the construction of iron-based ®RBis a common practice to mix
sand with elemental iron to decrease the cost arndctease the permeability of the
reactive media. Consequently, inert quartz sandasasidered as the bulking agent
with similar size to iron powder. The sand fractigsed in this study passed through

20 mesh but retained by 30 mesh based on sievesanal

To simulate a carbonate containing groundwater, @asaturated water was used as
the background solution. This background solutias \prepared by adding reagent-
grade CaCe@to deionized water in excess of its solubility.efih the solution was
bubbled with CQ to promote dissolution of the CagCand allowed to equilibrate
and degas at atmospherigoRfor 4-5 days. The solubility of CaG(3) in deionized

water open to an atmosphere witbo210%°> atmosphere and the concentration of
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the species in the system can be calculated frommsn@nd charge balances.
According to these calculations, the theoreticalugaof this pH buffer is 8.3.
However, due to the factors such as pressure amger@ature, the pH of the

background solution used in the experiments rahgégdeen 7.3 and 8.1.

Column influent solutions were prepared by addieagent-grade salts }&rO, for
chromate solution and NacCl for Cl solution] to bgidund solution. Initial Cr(VI)
concentration was 20 mg/l. This concentration welected considering the typical
initial Cr(VI) concentration in plumes (U.S. EPAQY9; U.S. EPA, 2000b) as well as
in an effort to  prevent the inhibition of reactioates through increased surface

passivation due to high concentrations of Cr(VI).
3.1.2. Experimental Setup

Laboratory columns used in the experiments wereensdidjlass, measuring 15 cm in
length and 3 cm in diameter. Columns were packel three different amounts of
iron powder/quartz sand mixtures. The column mesurflow rates and fluxes are
listed in Table 3.1. The ratio of iron surface ateasolution volume (surface area
concentration of iron, imL™) was found from the product of the ZVI solids

concentration in the reactive media (g Mland the specific surface area of irorf (m
-1
g).
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Table 3.1. Reactive mixtures and flow rates usetblumn experiments

Column 50IR 25IR 10IR 100QS
Name

Column

reactive | 50%Iron Powder (w/w) 25%Iron Powder 10%lron Powder 100%

mixture 50%Quartz Sand (w/w (wiw) (wiw) Quartz

75%Quartz Sand 90%Quartz Sand Sand
(wiw) (wiw)

Flow rate

(ml/min) 0.5 0.9 1.2 0.5 0.9 0.4 0.5 09 |04 0.4
Flux 0.07 0.127| 0.17 0.07, 0.12¢ 0.087 0.7 0.127 0.057 .0570

(mlicm?.
min)

Porosity of the columns was calculated from theklldnsity and particle density of

the reactive mixtures as follows:

F=1-To (3.1)
r

S

where ris the bulk density (g ct) and r.is the particle density (g ¢ of the

column mixtures. Particle density of the reactivextares was calculated by
multiplying the density of iron and sand with theatios and adding the products
such that:

re=Xrg .t @ x)r, (3.2)

sand iron
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where r_is the particle density of the column mixture,, ,is the density of quartz

sand (2.65 g cif), r,,is the density of ZVI particles (7.87 g &mn and x is the

fraction of sand in the mixture.

The average residence timg,,, of the columns was found through dividing the

column length,L , by the groundwater flow velocity,, in each column. That is,

(3.3)

res

<|r

A control experiment containing 100% quartz sand aigo conducted. The reactive
mixtures were placed in the columns in 2 cm lifishwperiodic tapping to avoid air
pockets and layering. Once each column was filled,top was sealed with teflon
tape. The influent solutions were pumped throughablumns in an up-flow manner
through teflon tubing using a multi-channel petistapump (MasterFlex, Cole
Parmer). Several pore volumes of background saluti@re passed through the
columns prior to introduction of influent solutionBhese two steps ensured that the
columns become fully saturated. The basic expetiaheset-up illustrated in Figure

3.1 was employed in all the experiments at roonperature.

Column flow rate was periodically measured by ailleg the effluent from each

column in a graduated cylinder to determine thesfl@locity in the column.
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Figure 3.1. A schematic (a) and pictorial (b) viefxAexperimental set-up of columns
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3.1.3. Column Operations

The flow rates of columns in the experiments warlected with the intention of
simulating typical groundwater velocities in saradjuifers. The first set of column
tests was started with a flow rate of 0.5 ml/mirelding a Darcy flux of 0.07
ml/cn?.min and groundwater flow velocity range of 153m&day to 196.1 cm/day
in the reactive mixtures (Table 3.1). When the capaof the reactive mixtures
were exhausted (i.e.ifent€ Cetiiven), they were emptied and refilled with the
same iron powder/quartz sand ratios for runningsénend set tests. The second
set of tests was conducted with a higher flow @t®.9 ml/min. This flow rate
yielded a Darcy flux of 0.127 ml/chmin and groundwater flow velocity range of
260.2 cm/day to 340 cm/day in the reactive mixtuidse third (and last) flow
rates of the column experiments were selected baisdbe treatment efficiencies
of the first two sets. Accordingly, columns conta25% and 10% iron powder
(25IR and 10IR) were run with a flow rate of 0.4/mih (Darcy flux of 0.057
ml/cn?.min and groundwater flow velocities of 129.7 cny/dad 148.6 cm/day,
respectively); whereas column containing 50% irb@IR) was run with a flow
rate of 1.2 ml/min (Darcy flux of 0.17 ml/éomin and groundwater flow velocity
of 389.2 cm/day). Also, at the beginning of eacpeginental set, Ckolution was
pumped through the columns to determine the dispirsf each reactive mixture
at a given flow rate. The Téolution was then flushed through the columns with

background solution before chromate solution wa®duced.

In the literature it was reported that besides c&dn, Cr(VI) may be adsorbed to
the oxyhydroxides rusts that are formed in the mols (Powell et al., 1995;
Palmer and Puls, 1994). To determine the fractioadsorbed Cr(VI), sequential
extractions were done at the end of a column stAdyinitial water extraction

served to remove remaining pore water. Following thater extraction, a

phosphate extraction was applied to the reactivdum@. Phosphate, as a strong
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adsorbate, would compete for adsorption sites a&sdrths the adsorbed chromate.
The test was conducted by adding 0.01 M potassinosghate (KHPOy) to the
reactive mixture and equilibrating at 120 rpm fdr [2ours. The water was then
separated from the slurry by centrifuge and Cr(W§s measured in the liquid
phase. The increase in the chromate concentratiany, was taken as the amount

of “exchangeable chromate”.

3.1.4. Solid Phase Characterization

At the completion of column studies, the reactivixtares were removed from
highly oxidized edges of the column, gently washéth acetone, filtered, washed
repeatedly with additional acetone to dry the sangsl quickly as possible. Then,
the reactive mixtures dried under nitrogen gas foimize contamination of
surfaces by atmospheric gases. This method wasnstiominimize the formation
of oxides due to oxidation at the iron surface.ndaag electron micrographs were
generated using a JSM-6400 Electron Microscope (JEqQuipped with NORAN
System 6 X-ray Microanalysis System & Semafore xgr. The weight and
atomic percentage of the elements present on #otive mixture were determined
using Energy Dispersive X-Ray Analysis (EDX). Sofhase characterization
experiments were done in the Department of Metgitat and Materials

Engineering Scanning Electron Microscopy (SEM) Lrabaries at METU.

3.2. Analytical Methods

Cr(Vl) was determined using a Hach DR 2010 spebwbopmeter and Hach

method 8023. This method uses 1,5 diphenylcarbalzydie, which reacts with

Cr(VI) to form a magenta complex that is measured aavelength of 540 nm.

Total Cr was measured using flame atomic adsorlstp@ctroscopy (ATl Unicam
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929) and Cr(lll) was determined by subtracting tGe(VI) from total Cr
concentrations. Redox potential (Eh) was determinsthg a combination
Ag/AgCI reference electrode with a platinum but{&ensorex, S500C-ORP). The
electrode reading was confirmed with Quinhydrorendard solution. Millivolt
readings were converted to Eh using the electredeling and the standard
potential of Ag/AgCI electrode (SHE) at %5 The pH measurements were made
using a combination of pH/reference electrode (CBlrmer, EW-55520-08)
connected to a pH meter (EUTECH, CyberScan500) staddardized with the
buffer 7 and 10. Clwas measured using argentometric method (APHA9JL34I
measurements were performed in duplicate for quadibntrol. Dispersion
coefficients were calculated by fitting the' €bncentration versus time data to the
one-dimensional advection-dispersion equation uS€iXgFIT, a non linear least

square algorithm program (Parker and van Genuch@sg4).
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CHAPTER 4

RESULTS AND DISCUSSIONS

4.1. Control Column Experiment

The control column experiment containing 100 % quaerdswas performed for
testing the possibility of reduction in Cr(VI) cantration due to the bulking agent
quartz sand (Table 3.1, column 100QS). Chloridea @®nservative tracer, was
passed through the sand column for nearly 3 potemas at a flux of 0.057

ml/cm?.min. In the control column, breakthrough of Ci{Mias observed at one
pore volume and coincided with the breakthroughCof (Figure 4.1). Tailing

behavior was observed in both the @hd Cr(VI) curves indicating immobile
water phase probably resulting from the non-uniftymof the quartz sand. The
results showed that no loss of Cr(VI) occurred doeadsorption onto sand
particles or due to Bérelease from sand particles and thus Cr (VI) reshosn be

attributed only to the presence of zero-valent iirorthe system. It is also worth
pointing out that actually neither of these mechars was likely to take place
under the operative conditions of the columns, whgarticle size is relatively
large for adsorption phenomena to take place afhdemt water pH is relatively

high for the dissolution of B&ions from sand particles.

47



1 *%
0.9 1 . R A N A
0.8 | A,A
0.7 A
¢ Cl
o 061 R ¢
O 05 A Cr(VI)
(@]
0.4 Ao
0.3
0.2 1 Control
0.1 Ae
0eooooode ‘ ‘ ‘ ‘ ;
0 0.5 1 15 2 25 3 35 4
Number of Pore Volumes

Figure 4.1. Control column experiment containin@%quartz sand and with flux
of 0.057 ml/crA.min.

Furthermore, the possibility of Cr(VI) absorptianiton oxides has been tested by
sequential water and phosphate extractions atriti@fone of the runs performed
with zero-valent iron. The phosphate removes agsbdhromate by both directly
competing for the adsorption sites in the soil amtirectly (in some cases) by
increasing the pH (U.S. EPA, 1994). At the endhef éxtractions, no recovery of
Cr(Vl) by PQ® desorption was obtained. As a result of this figgiit was
confirmed that Cr(VI) was not removed by adsorptioroxyhydroxides and that

reduction is the only removal mechanism in the fatmry experiments.
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4.2. Visual Observations in Time

Clear and distinct visual changes were observetthencolumns as the reductive
precipitation reactions had taken place in timee Hosition of reactive front
(operationally defined as visible limit of ferrioccghyroxide precipitates by Fryar
and Schwartz, 1998) was observed and photogramhembiumn 50IR operated at
a flux of 0.07 ml/crimin (Figure 4.2). Reddish brown corroded regiorerer
appeared at the inlet first and migrated in upwdirdction during the treatment.
However, the precipitates mostly and uniformly analated around the inlet of
the column and their intensity and uniformity wgradually decreased along the
upward column length. Cr(VI) was first detectedhe effluent when the reactive
front reached to the end of the column. Although temoval capacity of the
column was exhausted, there was still unreactedespecially in the upper parts
of the column at the end of the run. The removaCiVl) and the formation of
these precipitates constitute the evidence of aduprecipitation reactions. The
results also suggested that the initial removahciyp was decreased gradually due
to formation of precipitates around the iron padesc which blocked the available
surface area preventing the use of unreacted irahd column. In addition, the
exit of gas bubbles was observed in the effluemt, pehich was attributed to H
gas formation due to the anaerobic corrosion of {see equation 4.3). Hydrogen
generation associated with the corrosion reactisngeported to be generally
noticeable in batch and oftentimes column expertmenth ZVI after 1 or 2 days
of water contact (Reardon, 2005) and this findirsy supported by field
observations. For example, reduced conditions obdein the Elizabeth City are
deduced to the reduction of water te Kas (Weisener et al.,, 2005). Also,
hydrogen gas can accumulate as films on granulam. iFor instance, gas
accumulations in granular iron of 10% to 15% (Matke et al., 1999), 20%
(Repta, 2001) and 10% (Zhang and Gillham, 2005)hef initial porosity have

been reported.
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Figure 4.2. Column 50IR showing the reactive front

4.3. Mineralogical Characterization

A potential limitation of the reactive iron barriex the deterioration of the ZVI
material by corrosion and subsequent precipitabbmminerals that may cause
cementation, decreased reactivity and permeabditythe ZVI barrier. The

geochemical changes in reactive media, dependirtgeomorganic characteristics
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of water can result in the in the formation of irexides, carbonate minerals, and
other solid phases (Roh et al., 2000).

Under the anaerobic conditions that exist in thi bfithe media, iron is reduced

by water as shown in the following reaction:

Fe’ +2H,0 « Fe* +H,(g)+20H" (4.1)

The resultant rise in the pH can lead to the pretipn of ferrous hydroxide as:
Fe* +20H" « Fe(OH),(s)  Kpryomy, =8X10° (4.2)

Ferrous hydroxide, (reaction 4.2) is thermodynaitjcanstable and may be

further oxidized to magnetite according to the tieac
3Fe” +4H,0(1) « Fe,0,(s)+6H" +H,(Q) 4.3)
at a pH higher than 6-7 (Pourbaix, 1973; Mackerdtiaal., 1999). In aerobic
conditions, iron is oxidized by available oxygenshswn in the following reaction
(Powell et al., 1995):
Fe’ +150,+6H" « Fe(OH),+15H, (4.4)

Furthermore, in carbonate containing waters, tee m pH from the anaerobic
corrosion of iron will shift the carbonate-bicarlad@ equilibrium and lead to the

precipitation of ferrous carbonate (siderite) aattiom carbonate (aragonite and

calcite):
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HCO,+OH « CO” +H,0 pK, =103 (4.5)
Fe* +CO,> « FeCQ(s) Kroco, = 32X10°H (4.6)

Ca* +CO « CaCQ(s) Keacg = 28X107°  (4.7)

Thus, potential likely mineral phases formed untther conditions of this study
include mixed Cr(ll)-Fe(lll) (oxy)hydroxide solidsresulting from the
coprecipitation of iron and reduced chromium, vasid-e oxides, hydroxides and
oxyhydroxides, and carbonate precipitates suchdasite (FeCQ), aragonite and
calcite (CaC@ which most likely formed due to the high concation of
carbonate in the background solution.

Formations of these precipitated phases were @eteby Scanning Electron
Microscopy (SEM) and Energy Dispersive X-Ray Anay&DX). Figure 4.3 (a)
and (b) show two SEM images of the iron powder rptioreaction with Cr (VI)

solution and Figure 4.3 (c) shows the EDX analyesssilts.
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Figure 4.3. (a and b) SEM pictures and (c) EDX gsialof the virgin iron powder.
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As shown in Figure 4.3, the iron powder used is 8tudy was irregular in shape and
had a lower surface area compared to the morphedogfi the previously reported
SEM results of the zero valent iron (Gandhi et 2002; Gu et al.,, 1998). EDX
analysis showed that it was almost pure iron wiimall fraction of oxidation on the

surface.

At the end of the first experimental set, which wasducted at a flux of 0.07

ml/cn.min, the column containing 50% iron powder (50IRps opened for

mineralogical characterization after the exhauswbrits Cr(VI) removal capacity,

that is effluent Cr(VI) concentration approachefiuent concentration. Column was
divided into two as “upward” and “downward” segts and samples were taken
from the selected parts of reacted and cementednegf each section. Figure 4.4
and 4.5 show the SEM-EDX results of the iron swgéaltom two samples taken from
“downward” section of the 50IR column and Figuré ghows the SEM-EDX results
of the “upward” section of the 50IR column. Sinca And Cu were used in sample
preparation for SEM and EDX analysis, EDX analydg contained Au and Cu and

their signals in the EDX spectra were deleted.
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a) b)

Net Weight Atom Compound Formula
Counts Conc % Conc % Conc %

Si 906 2.22 4.22 2.22 Si

Ca 3007 6.26 8.32 6.26 Ca

Cr 884 2.46 2.52 2.46 Cr

Fe 21263 89.06 84.95 89.06 Fe

Figure 4.4. (a) Iron surface of the “downward” smctof the column 50IR
analyzed by SEM after exposure to 453 pore voluaieSr (VI) solution. (b, c)
EDX analysis of the elements on the surface.
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a) b)

Element Net Weight Atom Compnd Formula
Counts Conc % Conc % Conc %

Ca 2139 5.22 7.09 5.22 Ca

Cr 2195 7.26 7.60 7.26 Cr

Fe 17649 87.52 85.31 87.52 Fe

Figure 4.5. (a) Another iron surface of the “dovemd/ section of the column
50IR analyzed by SEM after exposure to 453 poramek of Cr (V1) solution.
(b, c) EDX analysis of the elements on the surface.

Visual comparison of iron structure before and raftee reaction with Cr(VI)
(Figure 4.3a, 4.4a and 4.5a) revealed that the surface were covered with
(oxy)hydroxides that were produced by reductiorcimieation reactions. EDX
analysis has shown distributed Fe, Cr, Ca and Sthensurface of the specific
particle analyzed with ratios of 2.22 weight petege of (wt %) Si, 6.26 wt %
Ca, 2.46 wt % Cr and 89.06 wt % Fe in the first glenand, 5.22 wt % Ca, 7.26
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wt % Cr and 87.52 wt % Fe in the second sample.pgresence of Ca indicated
CaCQ precipitation. Si content in the first sample isgtlikely resulted from the
dissolution of quartz sand. In fact, ferrihydrite known to strongly absorb Si,
which stabilizes ferrinydrite and retards the ferthoxidation to ferric

oxyhydroxides (Benali, et al., 2001; Fredricksonakf 1998; Mayer and Jarrell,
1996; Furukawa et al., 2002). Consequently, it bannferred that the specific

surface in the first sample is coated with ferritited

Atom Compnd

Conc % Conc %
Ca 476 0.87 1.21 0.87 Ca
Cr 1024 2.37 2.53 2.37 Cr
Fe 26333 96.76 96.26 96.76 Fe

Figure 4.6. (a) Iron surface of the “upward” sewctdf the column 50IR analyzed
by SEM after exposure to 453 pore volumes of Cj édlution.
(b, c) EDX analysis of the elements on the surface.
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Samples taken from the “upward” section of the 5@ttumn also confirmed the
formation of Fe (hydr)oxides. Fe in the “upwardingple showed stronger signals
than the “downward” samples with a weight perceataiy96.76 which may be due to
the lesser amount of Ca and Cr precipitation. Thalysis also showed a lower
concentration of calcium in the upward samples witiveight percentage of only
1.21 suggesting that CaG@@recipitation occurred when the chromate soluficst
entered the column. This preferential precipitatiothe upgradient reactive media is
consistent with laboratory applications (Kamolpoijitvet al., 2003; Kamolpornwijit
et al., 2004; Zhang and Gillham, 2005) and fielglaations (Furukawa et al., 2002;
Liang et al., 2003). Lower amount of Cr accumulativas detected in this sample
compared to downward ones. Since only 2.37 wt %rofvas present in the sample,
only a thin layer of Fe-Cr precipitates on the Zrface is suspected (Lo et al.,
2006).

In terms of comparison between the two sections,a@ Fe are correlated in
different ratios in upper and lower sections (Fgut.4c, 4.5c¢ and 4.6c). The
“upward” section has shown less amount of Cr indhmples than the “downward”
samples. This may be attributable to the prefeaériow development in upward
sections because of precipitation. If samples & “tipward” section were selected
from the parts where the flux was less, the amobti@r was also expected to be low
in these areas. This result is consistent withalisibservations, since less and non-
uniform cementation have been observed in the “ugivaection. In the “lower”
section, Ca sink is more dominant compared to tppeu section. From this
information, it may be inferred that mineral pretpes mostly accumulate at the
upgradient of a PRB where the plume first enteesliarrier. On the other hand, in
both sections, weight percentage of Cr in the ssdichple was far less compared to
that of Fe. This is consistent with the study obués et al., 1997 conducted with
Cr(VI) and zZVI. However, Cr/Fe ratio is dependentroany factors such as influent

Cr(VI) concentration, batch versus column experitnéow rate, and the type and
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amount of ZVI used in the experiments. Consequeiitlg difficult to make a direct
comparison between different studies.

4.4. System Hydraulics

Besides reactivity, long term permeability is adsaritical factor in the performance
of ZVI PRBs. The hydraulics of a PRB is mainly atflsd by two factors, namely
mineral precipitation and gas formation. Mineraé@pitation forces water to flow
through the column circumference and forms a peefeal, tortuous high velocity
flow path (Liang et al., 2003). Because the gassehis the non-wetting fluid,
hydrogen gas formed, accumulates in the largestsptrat are most effective in
transmitting water (Zhang and Gillham, 2005). Thdse to these two phenomena
(i.e. increased tortuosity of flow path and redoctin conductive porosity) system
hydraulics is subject to change as a PRB ages gdchdlic flow properties are
important parameters for the performance of PRBs.

During the experiments, the flux has been chediad time to time by measuring
the amount of sample in a volumetric flask and réicg the elapsed time interval.
The precipitates and the probable hydrogen gas dibom did not appear to
significantly affect porosity and in turn the hydlia performance of the system
(Figure 4.7. a, b and c) since flux measuremensvet no significant fluctuations.
The percent flux changes during the runs rangeddsst 0.71% and 29.05%. The
highest change occurred in the flux was 29.05%e#=& in column 25IR operated at
a flux of 0.057 ml/crhmin. This drop was recorded at the beginning ef rthn.
However, later the fluxes increased after this saddecrease for this column.
Therefore, it is suspected that the glass filtgpsuting the media was clogged at the
beginning of this run and allowing less amount lofrf through the column. The
subsequent increase can be attributable to théppegion which caused the water to
follow a preferential and high velocity pathway ragntioned above. Column 10IR

has shown the steadiest flux during the runs. Ehgobably due to high amount of
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sand in the column mixture. High amount of sandictvits creating pores with large size,
prevented the precipitation to affect the fluxest Eolumn 50 IR, variations in the flux
were recorded mostly in the column having the ayefaux of0.07 ml/cnf.min. In fact,

the variations were larger for column 50IR comparedther columns operated at the
same flux. This is likely due to the porosity vauaf the columns (Table 4.1). The
non-uniformity of pore sizes of the reactive mixsiare expected to increase as their
iron contents increases. Hence, the system hydsawths more prone to disturbances

in column 50IR compared to columns 25IR and 10IR.

However, it should be noted that this study wasdaoted at short columns and flow
rates were higher than normally encountered flowsrander many field conditions.
Furthermore, sand and sand size iron was selectaasé in reactive mixtures. This
improved the hydraulic conductivity of the columas well as enabling a more
uniform distribution of flow through the columns.o@sequently, clogging in the

reactive media was not very serious in the experigef this study.
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Figure 4.7. Evolution of fluxes versus pore volurfsreactive column mixtures.
(a) Column 50 IR (b) Column 25 IR (c) Column 10 FRux 1=0.07 ml/criimin,
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Table 4.1. Hydraulic Properties of Reactive Mixsire
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4.5. Effect of Iron Concentration on Cr(VI) removal

The effect of ZVI concentration on Cr(VI) reductiams studied in columns 50IR,
25IR and 10IR. Figure 4.8 (a), (b) and (c) show @évI) breakthrough curves
for fluxes of 0.07, 0.127 and 0.057 ml/emin, respectively. The iron ratios in the
columns were also reported as the ratio of surea of iron to volume of
solution (Table 4.1) in the figures. Note that 50/Rs operated at 0.17 ml/&mnin
for the third set.

At a flux of 0.07 ml/cri.min (Figure 4.8 (a)) the columns 50IR, 25IR andRL0O
were operated for about 453, 399 and 289 pore vedu(®Vs) passing through
29.1, 21.4 and 14.4 liters of influent solutionspectively. By comparing the
breakthrough curves, it can be seen that the marirmaatment efficiency was
measured in column 50IR. In this column, completenoval of Cr(VI) had
prevailed for more than 120 PVs.
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Figure 4.8. Breakthrough curves of Cr(VI) throudie tcolumns packed with
different iron powder/quartz sand ratios. (a) FIOX3Y ml/cni.min, (b)
Flux=0.127 ml/crimin, (c) Flux=0.057 ml/cfmmin.
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In 50IR column, dissolved Cr(VI) concentrations mpped from 20 mg/l in the
influent to non detectable levels (<0.1 mg/l) ire tbffluent for about 120 PVs. At
127.2 PV, Cr(VI) was detected in the effluent. A tZVI concentration halved
(column 25IR), the treatment efficiency was nednglved as well. Cr(VI) was
detected at 62.9 PVs. In column 10IR, Cr(VI) waseatt in the effluent only for
40PVs, showing the lowest treatment efficiencyth@ second set of experiments, the
same columns were operated at a flux of 0.127 rilfoin with the same influent
solution. As shown in Figure 4.8 (b), the Cr(VIduetion followed the same trend
for the reactive mixtures with a decreasing capaast ZV| concentration decreased
with complete treatment of about 170 PVs of influemter. Column 50IR showed
the highest treatment efficiency. However, colurbiR?has treated much less Cr(VI)
contaminated water giving a breakthrough at abditP¥/s. For column 10IR,
breakthrough was observed at 23.8 PV. Finally,fabaof 0.057 ml/cri.min (Figure
4.8 (c)), column 25IR showed better removal thaliR1fut with a small difference in

the efficiency.

It is apparent from these runs that the degreere#trment efficiency among the
columns was more pronounced in column 50IR compgrédose of 25IR and 10IR.
Overall, at the same flux, increasing ZVI concemtra increased the treatment
efficiency and the effect became more observablehigher reactive media

concentrations.

Another issue of concern is the reduction in tregthcapacity during the transition
period, which is the period starting with the fiGt(VI) detection in the effluent.

During the transition period, in all of the expeemtal columns, there is a gradual
increase in the effluent Cr(VI) concentration. tiuemn 50IR, the slope of the curves
is mild and it gets steeper as the amount of ZVihe columns 25IR and 10IR

decrease.
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The results have shown that the efficiency Cr(\iuction by ZVI is significantly
influenced by the amount of ZVI. When the capasitid the three columns were
compared, it was seen that increasing the amouVbfextended the lifetime of
complete treatment. The effect was more clearly seecolumn 50IR compared to
columns 25IR and 10IR which have relatively lessoamt of ZVI. These results
indicated that mixing the reactive media with baotkiagents may not be effective in
creating an extra space for precipitates, but fepkng an adequate permeability
between the particles. Also, in the transition @ericolumn 50IR had a much
smoother and prolonged curve. This suggests th#t iRethe oxides may have
reduced to F& in this phase, enabling treatment of Cr(V1) anddully decreasing

the capacity of the medium.

In general, these results are consistent withekalts reported in the literature where
the rates of Cr(VI) reduction is found to be prdmoral to the iron surface area
concentration (Gould, 1982; Blowes et al., 1997nd&r et al., 2000; Alowitz and
Scherer, 2002). Besides zero valent iron, othempoamds containing iron has shown
superior treatment at high concentrations. For ¢temat higher surface area
concentrations of green rust (Bond and Fendorf3p@8d carbonate green rust[fe
Fé', (OH)J[4H,0.COj (Wiliams and Scherer, 2001), faster rates of \Dr(
reduction were observed. Studies of published diagi@n rate data for individual
halogenated hydrocarbons and chlorinated compousdde showed that the
transformation rates are also proportional to sarface area concentration (Jonhson
et al.,, 1996; Matheson and Tratnyek, 1994; Sivageal., 1995; Agrawal and
Tratnyek, 1996).
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4.6. Effect of Groundwater Flux on Cr(VI) Removal

The effect of groundwater flux on the rates of GQj(kduction was studied over the
flux range of 0.057 ml/cfomin to 0.17 ml/crhmin. The experimental results were
presented here to determine the relationship betwke flux and the treatment
efficiency. Figure 4.8 (a), (b) and (c) show themalized Cr(VI) breakthrough

curves of the columns having three different fluxes

In Figure 4.9 (a), Cr(VI) removal efficiency of cohn 10IR at fluxes of 0.07
ml/cn?.min, 0.127 and 0.057 ml/&min was compared. The treatment efficiencies were
quite similar at 0.057 and 0.07 ml/&min fluxes (breakthrough at 38.4 and 41.9 PVs,
respectively), while Cr(VI) breakthrough occurredich earlier at the flux of 0.127
ml/cn?.min (23.8 PV). In contrast, column 25IR shows igniicant difference in the
treatment efficiency with respect to fluxes (Figdr® (b)) with overlapping breakthrough
curves. Complete Cr(VI) removal was occuring forrenthan 30 PVs, 50 PVs, and 30
PVs at flow rates 0.057, 0.07 and 0.127 mf/onin, respectively. The maximum
treatment efficiency, therefore, occurred at 0.0/&mf.min. This suggests that there can
be an optimum flux for the reduction of Cr(VI). Atiugh 0.057 ml/cimin flux allows
more contact time within the column, this can alssult in production of more Has
which has an inhibitory effect for system hydrasili fact, column 25IR had changes in
flux during the run with a decrease and then ames®e back again. That is, if the
production of H gas caused occupying pores in the media, thistnaighvell affect the

flux and treatment efficiency.
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Figure 4.9. Breakthrough curves of Cr(VI) througlk tolumns packed with
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Interestingly, column 50IR showed a different babavhan the other columns.
The Cr(VI) removal capacity at a flux of 0.127 mhtmin was significantly
higher than that of 0.07 ml/émin (Figure 4.9 (c)). Hence, it was decided to
operate column 50IR at a much higher flux (0.17%cmt/min). At this flux, almost
no reduction of Cr(VI) was observed which showeel thost rapid breakthrough

among all of the experimental columns.

It can be seen from these results that groundwhberhad a variable effect on
Cr(VI) reduction. The residence time was the deteirng factor in column 10IR,
since shorter residence time reduced the capandyefficiency of ZVI to treat
Cr(VI). No significant effect of flux was seen imlamn 25IR. The Cr(VI)
reduction was not proportional to the residenceetim column 50IR, showing
superior removal at a flux of 0.127 ml/g@min than at 0.07 ml/cfrmin.

However, when the column 50IR was operated at ahmhigher flux (0.17
ml/cn?.min), nearly no treatment of Cr(VI) was observédost probably,
insufficient residence time prevented Cr (VI) rembvColumn 50IR did not

appear to have significant corrosion and preciipitateactions.

Two explanations were suggested for the phenomém@0OIR in which better

efficiency was observed at a bigger flux. Firsthagher fluxes, the precipitates
that blocks available surface area for further cidn may not be accumulating.
This condition apparently results in more availat@active surface for reduction.
Iron oxides and hydroxides are common colloid fdrames in groundwater

(McCarthy and McKay, 2004) and they can be trartgploat moderate to high
groundwater velocities. Accordingly, this conditiolecreases the possibility of
surface passivation of iron. Furthermore, as the ihcreases, the concentration
of the reaction products is lowered by dilution pkan and Gilmore, 2004). This
suggestion is also likely to explain the resultscolumn 25IR and 10IR. The
fluxes were probably high enough for the transpbrthe precipitates formed in
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this column. Hence, the capacity was exhaustenirélias pore volumes regardless
of the value of the flux. With regard to column BRQlon the other hand, the

precipitation formation was possibly not intensewgh to control the efficiency.

Second, it is thought that thicker oxide films wereduced at lower fluxes. These
thick oxide films may have prevented the diffus@fnCr(VI) transfer through the

fresh ZVI in the column. At higher fluxes, the filthickness were much less
resulting in unimpeded contact between Cr(VI) aMl. Z'his explanation agrees
with the results of other studies, indicating dejece on diffusion from bulk

solution to ZVI surface (Wust et al., 1999, Mornset al., 2001).

4.7. pH and Oxidation-Reduction Potential

In the experiments, it is apparent that buffer 8oly the amount of ZVI and flux
have had impact on pH. The pH of the groundwatexhich ZVI is undergoing
corrosion is expected to increase (Matheson anthylel, 1994; Kielemoes et al.,
2000; Kamolpornwijit et al., 2003). On the othemtathe buffering capacity of
the solution (the presence of carbonate specitgibackground solution) tends to
buffer the pH of the effluent preventing very higH values. As the pH increases,
bicarbonate (HC®) in solution converts to carbonate (&P to buffer the pH
increase. Also, the pH of the groundwater in cantéath ZVI is controlled by the
amount of ZVI dissolved into the water; the extehZVI dissolution is influenced
by the relative rates of ZVI corrosion and the grdwater flow velocity (Liang et
al., 2003).

In all of the columns, the pH of the effluent wateas basic due to the bicarbonate
background solution. The increase in pH is an elgaecesult as ZVI reacts and
dissolves (Matheson and Tratnyek, 1994; Stumm aochdh, 1996; Liang et al.,

70



2003). However, high incrase in pH is preventedthey background carbonate
solution since OHions react with bicarbonate species to bufferpHe Generally,

for the same reactive mixture when velocity waswsla high pH was detected
(longer residence time would be needed for pHtoseccur). When flow rate was
higher a smaller rise in pH was detected becausashbrt residence time did not

allow production of enough OHb raise the pH.

For column 50IR at fluxes of 0.07 and 0.127 mfanin, the pH of the effluent
solution first had a gradual increase to pH valoé®.9 and 8.9, respectively
(Figure 4.10 a, b), then, it reached a steady vafugear 7.9, coinciding with the
end of the complete Cr(VI) removal time. This ifribtited to the passivation of
ZVI in the reactive mixtures, which result in reedc ZVI dissolution and,
therefore, a smaller rise in pH (Kamolpornwijitadt, 2003). At the flux of 0.17
ml/cn?.min, the column did not show a significant vapatin pH, most probably
due to the insufficient residence time to produé¢€ iOns (Figure 4.10 a, b, ¢). In
column 25IR, the pH did not change much with respednfluent solution pH,
ranging from 7.77 and 8.56 (Figure 4.11 a, b, diewise, in column 10IR, the
effluent pH values were nearly the same as theientl pH values at all three
fluxes (Figure 4.12. a, b, c). The pH increase wasas significant in column
25IR and 10IR as was in 50IR, probably due to #ss hmount of dissolved Fe in

the medium.
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Figure 4.10. pH measurements for column 50IR(a El&0.07 ml/crimin (b) Flux
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If corrosion occurs, the redox potential, Bt the surface of the corroding ZVI
should approach that of the oxidation-reductionepbél responsible for the

dissolution of the metal surface, as shown in dteing reaction equations

Fe’ « Fe™ +2¢ (4.8)

Fe’ « Fe* +3¢ (4.9)

In a suspension, bulk,Ehould approach those near the reactive surfamsetrer,
this is the entire reactive surface, including bo#ithodic and anodic reactions.

Therefore, the half reactions of the electron atmrssuch as

2H"+2e « H,(g) (4.10)

6H* +150,+3e « 30H +15H, (4.11)

CrO,” +4H,0+3¢ « Cr(OH),+50H" (4.12)

will also influence the measured Es will any other active redox couples. This is
called mixed potential (Powell et al., 1995). Regmtential measurements with
platinum electrodes are generally useless excegstimate ferrous-ferric activity
ratios or sulfide activites when the concentragicare greater than OM.
Otherwise, the potential may drift according to #lectrokinetic phenomena,
mixed potentials or impurities at the metal eled&rsurface. Also, to determine
the redox chemistry of a water sample, it is neargs® determine all the relevant
redox species. These species can be expected dbimedifferent ways and at
different rates. Homogeneous redox reactions can régher slow and

heterogeneous redox reactions can be even slowkir{\&t al., 2000).
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The factors mentioned above probably affected thasured redox potential of the
effluent samples. The measured Eh values in thkeieeff were moderately
reducing, ranging between 171 mV and 474.4 mV (Appg. No correlation of

Eh values were found with the amount of ZVI or floate due to the mixed
potential or small amount of dissolved Fe in thdluefit. In fact, redox

measurements were done only to have an idea abwutgeneral redox
geochemistry of the effluent because of the diffies and uncertainties in the
redox measurements in the laboratory conditions.

4.8. Kinetic Considerations
In the literature, reduction of Cr(VI) is extendiwvemodeled using pseudo-first

order kinetics according to the following equati@owell et al., 1995, Ponder et
al., 2000, Alowitz and Scherer, 2002, Melitas aad €ll, 2002):

—=_k,P (4.13)

where P is the concentration of dissolved Cr(Vljs the contact time between
Cr(VI) solution and ZVI particles, and,d is the first-order reaction rate constant.

Integrating this equation yields

t (4.14)

obs

In i =-k
P

where R is the initial concentration of Cr(VI).
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This equation can be modified by defining a surfasa normalized reaction rate
parameter which is independent of ZVI concentratind ZVI surface area, and in

turn a more representative rate constant, as:

obs = kSArm (415)
In % = - K ot (4.16)

where K, is defined as the surface area normalized ratficeat and r,is the

surface area of ZVI particles per solution volurAewitz and Scherer, 2002). For
the case of steady state flow in a packed bedaraein expression analogous to
the equation above may be derived by expressingriee(t) as the product of bed
void fraction (¢) and the reactor volume (V), divided by the lig@liow rate (Q)
through the bed (U.S. EPA, 1998), yielding thedaiing expression

n Do 2Kl g7
P Q

The term r _eVis the total surface area of zero-valent iron, WAttthe fluid

encounters as it flows through the bed. With thilsssitution, and by representing
the flow rate as the product of cross-sectionaingarea (A), the aquifer porosity
(f), and the average flow velocity (v), that is Q#fAthe amount of iron required
per unit cross-section of plume to realize the rdesidecrease in Cr(VI)

concentration may be expressed as

Vi B (4.18)
kSA

>

P
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and rearranging yields
Ksp=—In -2 4.19
AT w P ( )

This expression allows calculating the surface a@analized rate coefficient for
each experiment at a specified time interval. tusth be noted that the first-order
kinetics are mostly reported for initial reactioatas and that the rates are
increasingly deviated from the first-order kinetiegh increasing time (Melitas
and Farrell, 2002; Ponder et al., 2000). Henceuinexperiments, a pseudo first-
order rate assumption was made for the first 108 Bi/the experiments. The
surface area normalized rate coefficients wereutatied for the first 100 PVs of
each run. That is, P was taken as the effluent KEdahcentration exactly at 160
PV. If the Cr(VI) concentration measurement had me¢n made at 1H0PV, a
linear interpolation was made between Cr(VI) coicdions of the two closest
measurements to 1B0PV. B, was the Cr(VI) concentration in the influent
solution, 20 mg/l. Porosityf§, average groundwater flow velocity (v) and W

values are given in Table 4.1. Observed rate aoeffis (k

0

bs) Was obtained by
multiplying kg,values with surface area of ZVI per solution volu(r,). The

K,,sand kg, values obtained from each column are reportedhiniel4.2.
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Table 4.2. Values ofgks and ka constants calculated for reduction of Cr(VI) by
ZVI.

Column Flux Kobs Ksa
(ml/crhmin) ® (cm/h)
0.057 50.75 8.89
10IR 0.070 48.86 8.56
0.127 66.16 11.59
0.057 93.17 6.13
25IR 0.070 126.23 8.30
0.127 155.20 10.21
1635.83  60.40
0.070
3804.13  140.46
50IR 0.127
NA NA
0.170

ksa values have ranged between 6.13 cm/h and 140.16oom/giving the
minimum at column 25IR operated at a flux of 0.08Fcn’.min and the
maximum at column 50IR operated at a flux of 0.t@en?.min. As the formula
indicates (equation 4.19), when the surface aremalzed rate coefficients and
observed rate constants were compared in each oplumas observed that as the
velocity(flux) increased, 4o and ks increased. On the other hand, when the k
values were multiplied withr to obtain observed rate coefficients, the observed
Cr(VI) removal rate constants increased as the oamtent increase at the same
flux. Although there were differences inpykvalues between columns 25IR and
10IR, the variability was modest, with about a 2681 change. However, the

difference was significant in column 50IR, whick@showed much higher
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treatment efficiency as compared to columns 25I& HdIR. Since the column
50IR operated at a flux of 0.17 ml/émin has shown nearly no complete
treatment (i.e., Cr(VI) was detected almost indyamt the effluent), it was not
meaningful to calculate a rate constant for tldsec In fact, this means a rate

constant of nearly zero.

Once the surface area normalized rate constantshserved rate constants of
Cr(VIl) removal have been determined, designing floev through thickness
requires an accurate estimate of the residence tonachieve the desired
concentration. After residence time is calculatét thickness can be simply
determined by multiplying it with the groundwatezlacity. In addition, reactions
between common ions and ZVI need to be consideratie context of kinetics

and the relative rates at which flow and reactioceur in PRBs.

4.9. Field Scale Implications

The results presented in Section 4.8 can be ofcphat interest for the field scale
applications in the design phasegyskalues calculated through column tests can be
used in the calculation of the thickness of a PRB.the other hand, there are two
assumptions in the calculations of observed ratestemt of Cr(VI) removal. First,
Cr(VI) reduction reaction is assumed to be firstesr Second, a proportionality
relationship was assumed to occur between obseatedconstants and surface area

concentration of ZVI in the column mixtures.

There is yet another design parameter that may dsfulu for field scale PRB
installations. Table 4.3 summarizes the compl&attnent efficiency of each reactive
mixture for each flux. The difference between treatment efficiencies of columns

10IR and 25IR was modest whereas treatment efigief column 50IR was much
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higher as compared to these two columns. This slibatsthe treatment efficiencies
of columns increase non-linearly after a certaineaf iron content.

This table can also be used as a preliminary esimfarequired amount of ZVI to
treat a specific volume of plume at a specific gubwater flux. For example, it may
be referred that a PRB containing 50% ZVI treat P26 of Cr(VI) contaminated
groundwater at a flux of 0.07 ml/émin. Similarly, it may treat 156 PVs at 0.127
ml/cn?.min. To put in another way, a PRB containing equaess than 50% ZVI can
not treat a plume which has a size more than 156 yalume. For an iron-based PRB
having 25% ZVI, the expected life-time can not et&1.2 times its pore volume at a
flux of 0.07 ml/cri.min. It should be noted, on the other hand, thésta are
transferable to field conditions provided that temgture, surface area of ZVI, influent

Cr(VI) concentration and other conditions are samib this study.

Table 4.3. Expected life times of ZVI PRB as a fimt of flux and ZVI
concentration.

Reactive Column
Flux 50 IR 251R 10 IR
(ml/crrf.min)
0.057 NA 22.4 PV 28 PV
0.07 120 PV 51.2 PV 27.8 PV
0.127 156 PV 27.6 PV ND

ND: Not Detected, NA: Not Applicable
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CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS

5.1. Conclusions

To date, it has been shown that ZVI based PRBsbeansed as an effective
remedial material for in situ remediation of growader contaminated with
Cr(VI). This study aimed to investigate the effeeness of a ZVI based PRB
operated to remove Cr(VI) in a set of conditiondohhare likely to occur under
field conditions. Visual observations, mineralogjiclaaracterization, pH and redox
measurements and comparison of the column resiuthsr@spect to concentration
of ZVI in the columns and groundwater fluxes pr@ddoreliminary guidelines for
the understanding of treatment of Cr(VI) ZVI basRiBs.

In the entire column experiments conducted in 8tigdy, iron corrosion and
cementation were extensive at the inlet of therooland reduced gradually away
from the inlet Rusty stain was visible. The decline in the conedian of Cr(VI)
and visual observation of oxyhydroxide formatioreygvviewed as the evidence of
the reductive precipitation of Cr(VI) by ZVI. Gaalible formation was also

observed, suggesting the anaerobic reduction oft¥Miater.

The amount to reactive media is a vital parametePRB applications to have
sufficient treatment within the reactive medium aldo significantly affect the

remediation cost. It follows that increasing thefate area of the iron should also
increase the rate of removal. On the other hanis gometimes necessary to
include sand in the reactive media to increaseptitesity because of hydraulic

constraints. Having an extra non-reactive suppaorfase such as sand for
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precipitation products formed in the column may theory lead to higher
capacities, since the reactive surfaces will beeoed to a less extend than in a
pure iron system. One of the main focus of thislgtwas to address the impact of
ZV1 amount on Cr(VI) removal. The amount of ZVI @amtration was found to be
an important parameter for the remediation of Cy(8ntaminated groundwater
by ZVI under flowing conditions. In all groundwat8uxes, the increase in the
amount of ZVI resulted in better treatment effiadms. The effect was more
clearly observed as concentration of ZVI increa3éxt is, superior treatment was
achieved by columns 50IR and 25IR more than col@6iR. Despite the fact that
the surface area of the iron used was relatively(04 nf/g), high pore volumes
of complete removal was achieved (more than 156 fiR&&imum). Nevertheless,
at later stages of the runs, the precipitates dserkthe availability of iron surface
preventing the diffusion of Cr(VI) to ZVI. Consequby, once the Cr(VI) was
detected in the effluent, the amount of ZVI raraffected the period to achieve the

complete breakthrough of the column.

The groundwater fluxes used in the study simuléstflowing sandy aquifers or
flow of groundwater in the funnel of a PRB. In amlus containing 10% and 25%
ZV1 showed superior treatment at low flow rateson@ersely, column containing
50% ZVI treated more pore volumes of Cr(VI) contaated groundwater at
higher flow rate. This revealed that there are rofaetors about the flow rate
besides residence time. These factors includedntbbility of precipitates at
higher fluxes that result in available iron surfazea and the thickness of oxide

film formation, which in turn affects the effectivess of diffusion.

The buffer solution appeared to be effective atntaaming pH conditions in the
columns. The pH of the influent solution was betw@e8 and 8.1 whereas effluent
pH was slightly basic (7.32<pH<10.09). It shouldrmed that buffering may be
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significant over longer time scales since?Cand CQ? ions contribute to the
mineral precipitation affecting both the reactivétyd the hydraulic conductivity of
the columns. Oxidation reduction potential of tifffuent was moderately reduced
in all runs. Still, the results of redox measuretaewere not taken as routine
determination of the electroactive species in tam@es due to the probable

interferences and limitations in the measurement.

The mineralogical characterization study clearlyesded the mineral precipitates
that result from the changes in chemical conditidb€™ was detected in EDX
analysis of the reacted column samples indicatalgwm carbonate precipitation.
However, hydraulic performance of the columns waisaifected significantly by
precipitation. This is most probably due to thet taat iron was mixed with quartz

sand and groundwater fluxes were quite high foogity reduction to occur.

The observed rate constants of Cr(VI) removal camt important parameter for
the design studies since PRB performance is malelyendent on the Cr(VI)
removal rate. Also, complete removal efficiencyuea of each run can be used to
represent field conditions that have similar grouater flow velocity and
buffering capacity. For instance, the complete ttneat results of this study
suggested that a PRB containing 50% iron desigoddeat a Cr (VI) plume can
treat a plume with a size of about 127.23 pore melsi of the aquifer at an average
groundwater flow velocity of 153.8 cm/day. Despitee fact that this is a
preliminary estimation, it provides a means of gtnd the expected life time of

the constructed PRB and seems to be transferafildda@onditions.
5.2 Recommendations
In this study, it has been shown with SEM and EDvdlgsis that chromium was

incorporated into the (oxy)hydroxide precipitatesa further study, the extent of
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chromium leaching from the chromium containing piates contained in the
column can be studied. Previous research has shioatnt may be possible to
regenerate the iron reactive media by flushing wedl with clean or mild

reductant. Therefore, flushing solutions for theogal of precipitates can also be

analyzed in terms of maintenance issues.

As PRB installations get older, long term reacyivand permeability issues gain
more attention. Information on inorganic geochemidaanges in the reactive
media is useful in terms of longevity. Evaluatidriangevity of a PRB system can
be examined using long term column tests. Tracss tean be conducted at the
beginning and during or at the end of the treatghiésts and the breakthrough
curves can be compared to see how the porositygelsasver time.

In this research, the complete treatment phaseagsiamed to follow a first order
reaction kinetics and rate coefficients were cal®d with respect to this
assumption. The investigation of reaction kinetieeds improvement in this
sense. In further studies, as concentrations otacainants and the inorganic
change with the distance traveled through the ineamcatnedia, they can be
measured by installing a number of intermediatepsiaugy ports along the length

of the column. When the flow rate and porosity lamewn, distances through the
column can be converted easily to residence timegré&ph of contaminant

concentration versus time can then be created whilktlbe used to estimate the
order of reaction rates.

New reactive media and/or reactive media combinat@are being researched for
PRB applications. Treatability tests for new reartmedia are needed to be
developed. In many sites, a mixture of contaminatieh can not be treated by a
single reactive material can occur. Sequentialtdreat system with multiple

reactive zones for different contaminants is a galternative for these types of
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contaminated sites. Laboratory tests for these skiofi conditions can be
informative.

Probabilistic design methodology should be incoapest when evaluating the
variability of input parameters such as aquiferpgrties, influent contaminant
concentration, and reaction rates. Modeling to@a be further developed to
incorporate uncertainty in the design.

Source zone treatment has also gained attentioecent years. The applicability
and obstacles of this method can be further exglore

86



REFERENCES

Agrawal, A., Tratnyek, P.G., (1996) Reduction ofrmiaromatic compounds by zero-

valent iron metal. Environmental Science and Teldgyg 30: 153-160.

Allen, D., (2003) Material flows and waste strear@iromium. ESM 282 Industrial
Ecology Lecture Notes. The Bren School at UCSB.

Alowitz, M.J., Scherer, M.M., (2002). Kinetics oitmate, nitrite and Cr(VI) reduction by

iron metal. Environmental Science and Technology(33: 299-306.

Astrup, T., Stipp, S.L.S., Christensen, T.H., (20déhmobilization of chromate from
coal fly ash leachate using an attenuating bardentaining zero valent iron.
Environmental Science Technology, 34: 4163-4168.

APHA (1989). Standard Methods for the Examinatidnater and Wastewater. 20
Edition. American Public Health Association, AmamncWater Work Association, Water

Environment Federation, Washington, D.C.

Barnhart, J.,, (1997) Chromium chemistry and ingilans for environmental fate and

toxicity. Journal of Soil Contamination, 6: 561-568

Benali, O., Abdelmoula, M., Refait, P., Genin, JRV.(2001) Effect of orthophosphate
on the oxidation products of Fe(ll)-Fe(lll) hydraparbonate transformation of green rust
to ferrinydrite. Geochimica et Cosmochimica Acta; 6715-1726.

Blowes, D.W., Ptacek, C.J., Jambor, J.L., (19973Sita remediation of Cr(VI)

contaminated groundwater using permeable reactalés wEnvironmental Science and
Technology, 31: 3348-3357.

87



Bond, D.L., Fendorf, S., (2003) Kinetics and stanat constraints of chromate reduction

by green rust. Environmental Science and Technol®gy2750-2757.

Bronstein, K., (2005) Permeable reactive barriess ihorganic and radionuclide
contamination. U.S. Environmental Protection Ager@jfice of Solid Waste and
Emergency Response Office of Superfund Remediatioth Technology Innovation
Washington, DC

Buerge, 1.J., Hug, S.J., (1997) Kinetics and pHetelence of chromium(VI) reduction
by iron(ll). Environmental Science and Technolo8y; 1426-1432.

Buerge, 1.J., Hug, S.J., (1998) Influence of orgdigands on chromium(VI) reduction
by iron(Il). Environmental Science and Technologg; 2092-2099.

Calder, L.M., (1988). Chromium contamination obgndwater, In: Chromium in the
natural and human environments, Vol 20 (J.O. Nriagd E. Nieboer, Eds.), John Wiley
and Sons, New York, 1988, pp. 215-230.

Cantrell, K.J., Kaplan, D.l., Wietsma, T.W. (199B¢ro-valent iron for the in-situ
remediation of selected metals in the groundwakeurnal of Hazardous Materials, 42:
201-212.

Chromium Medical Surveillance Project, Summary ofaF Technical Report. October
1994. Environmental Health Services Division of dgwhiology, Environmental and

Occupational Health Services. New Jersey Departwigdealth Services.

Clark, D. K., Darling, D. F., Hineline, T. L. andajden, P. H. (1997), Field Trial of the
Biowall Technology at a Former Manufactured GasnPl&ite. 29th Mid-Atlantic
Industrial and Hazardous Waste Conference, Prdsaniay Stearns and Wheler, LLC,
Cazenovia, NY, U.S.A.

88



Eary, L.E., Rai, D.(1988). Chromate removal fronu@ous wastes by reduction with

ferrous iron. Environmental Science and Technol@@gy,972-977.

Environment Agency (2002) Guidance on the use ofmable Reactive Barriers for
remediating contaminated groundwater. National @dowater & Contaminated Land
Centre Report. NC/01/51.

Ericksen, G.E., (1983). The Chilean nitrate degogimerican Scientist, 71: 366-374.

Evans, U.R., (1960). The corrosion and oxidatibmetals: Scientific Principles and
Practical Applications, Edward Arnold (Publishedrs).: London, p: 1094.

Farmer, J.G., Graham, M.C., Thomas, R.P., Licona2dg C., Paterson, E., Campbell,
C.D., Geelhoed, J.S., Lumsdon, D.G., Meeussenl..J.Roe, M.J., Conner, A., Fallick,
A.E., Bewley, R.J.F., (1999). Assessment of modetih the environmental chemistry
and potential for remediative treatment of chromicontaminated land. Environmental
Geochemistry and Health, 21: 331-337.

Farmer, J.G., Thomas, R.P., Graham, M.C., Geelhb&d, Lumsdon, D.G., Paterson, E.,
(2002). Chromium speciation and fractionation iowrd and surface waters in the
vicinity of chromite ore processing residue disposiges. Journal of Environmental
Monitoring, 4: 235-243.

Fernandez-Sanchez, J.M., Sawvel, E.J., Alvarez,) P [2004). Effect of Pequantity on

the efficiency of integrated microbial-Fé&eatment processes. Chemosphere, 54: 823-
829.

Fredrickson, J.K., Zachara, J.M., Kennedy, D.W.n@oH.L., Onstott, T.C., Hinman,
N.W., Li, S.M., (1998) Biogenic iron mineralizatioaccompanying dissimilatory
reduction of hydrous ferric oxide by a groundwatkacterium. Geochimica
Cosmochimica Acta, 62: 3239-3257.

89



Fryar, A.E., Schwartz, F.W., (1998) Hydraulic-contivity reduction, reaction front
propagation, and preferential flow within a modeatactive barrier. Journal of
Contaminant Hydrology, 32: 333-351.

Furukawa, Y., Kim, J., Watkins, J., Wilkin, R.T2002). Formation of ferrihyrite and
associated iron corrosion products in permeabletikea barriers of zero-valent iron.

Environmental Science and Technology, 36: 5469-5475

Gandhi, S., Oh, B., Schnoor, J.L., Alvarez, P.J2D02) Degradation of TCE, Cr(VI),
sulfate and nitrate mixtures by granular iron iowfl through columns under different
microbial conditions. Water Research, 36: 1973-1982

Gansy, A.B., Wamser, G.A. Suppression of wateruypolh caused by solid wastes

containing chromium compounds. U.S. Patent No83, 965.

Gavaskar, A., (1999). Design and construction teghes for permeable reactive barriers.

Journal of Hazardous Materials, 68: 41-71.

Gavaskar, A., Gupta, N., Sass, B., Janosy, R., i@k (2000) Design Guidance for
Application of Permeable Reactive Barriers for Grmbwater Remediation, Battelle

Press, Columbus, OH.

Gillham, R.W.; Burris, D.R., (1992). Recent devetgmts in permeable in-situ treatment
walls for remediation of contaminated groundwal¥nceedings, Subsurface Restoration

Conference, June 21-24, Dallas, Texas.

Gould, J.P., (1982). The kinetics of hexavalentootium reduction by metallic iron.
Water Resources, 16: 871-877.

90



Grittini, C., Malcomson, M., Fernando, Q., Korte,, N1995). Rapid dechlorination of
polychlorinated biphenyls on the surface of a Pdfieetallic system. Environmental
Science and Technology, 29: 2898-2900.

Gu, B., Liang, L., Dickey, M.J., Yin, X., Dai, S(1998) Reductive precipitation of
uranium(VI) by zero-valent iron. Environmental Swe and Technology, 32: 3366-3373.

Gui, J., Devine, T.M., (1994) The influence of sidf ions on the surface enhanced

Raman spectra of passive films formed on iron. @on Science, 36: 441-462.

Hellerick, L.A., Nikolaidis, N.P., (2005). Studie$ hexavalent chromium attenuation in
redox variable soils obtained from a sandy to setlamd groundwater environment.
Water Research, 39: 2851-2868.

Hem, J.D., (1977). Reactions of metal ions at s&daof hydrous iron oxide. Geochimica
et Cosmochimica Acta, 41: 527-538.

International Chromium Development Association (KOD(2003)

http://www.chromium-asoc.com/

ITRC (Interstate Technology & Regulatory Counc{}999). Regulatory Guidance for
Permeable Reactive Barriers Designed to RemediateriGated Solvents. Interstate
Technology & Regulatory Council, Permeable ReacBaeriers Team. Available on the

internet atvww.itrcweb.org

ITRC (Interstate Technology & Regulatory Counci(R005). Permeable Reactive
Barriers: Lessons Learned/New Directions. PRB-4.sNifagton, D.C.: Interstate
Technology & Regulatory Council, Permeable ReadBaeriers Team. Available on the

internet atvww.itrcweb.org

91



James, B.R., (1996) The challenge of remediatingorolum contaminated soil.
Environmental Science and Technology, 30(6): 24844

Johnson, T.L., Scherer, M.M., Tratnyek, P.G., ()9Rfhetics of halogenated organic
compound degradation by iron metal. Environmentai®e and Technology, 30: 2634-
2640.

Kamolpornwijit, W., Liang, L., West, O.R., Molinei.R., Sullivan, A.B., (2003).
Preferential flow path development and its influeran long term PRB performance:

column study. Journal of Contaminant Hydrology, 561-178.

Kamolpornwijit, W., Liang, L., Moline, G.R., HarT,., West, O.R., (2004). Identification
and quantification of mineral precipitation in °Féilings from a column study.

Environmental Science and Technology, 38: 5757-5765

Kaplan, D.l., Gilmore, T.J., (2004) Zero-valentrniroemoval rates of aqueous Cr(VI)
measured under flow conditions. Water, Air, and Boilution, 155: 21-33.

Karvonen, A., (2004) Cation Effects on chromium osad in permeable reactive walls.
Journal of Environmental Engineering, 130: 863-866.

Kielemos, J., Boever, P.D., Verstraete, W., (200@luence of denitrification on the
corrosion of iron and stainless steel powder. Emritental Science and Technology, 34:

663-671.

Lee, T., Lim, H., Lee, Y., Park, J., (2003) Usenafste iron metal for removal of Cr(VI)
from water. Chemosphere, 53: 479-485.

92



Liang, L., Sullivan, A.B., West, O.R., Moline, G,RKamolpornwijit, W., (2003)
Predicting the precipitation of mineral phases iernpeable reactive barrier.

Environmental Engineering Science, 20: 635-653.

Lo, I.LM.C., Lam, C.S.C., Lai, K.J.K. (2006). Harciseand carbonate effects on the

reactivity of zero-valent iron for Cr(VI) removaVater Research, 40: 595-605.

Mackenzie, P.D., Horney, D.P., Sivavec, T.M., (1998ineral precipitation and porosity
losses in granular iron columns. Journal of Hazasddaterials, 68: 1-17.

Matheson, L.J., Tratnyek, P.G., (1994) Reductivehatlegenation of chlorinated
methanes by iron metal. Environmental Science awhiiology, 28: 2045-2053.

Mayer, T.D., Jarrell, W.M., (1996) Formation andkslity of Iron(lll) oxidation products

under natural concentrations of dissolved silicat&/ Resources, 30: 1208-1214.

Mayne, J.E.O., Pryor, M.J., (1949) The mechanisrmbibition of corrosion of ironby

chromic acid and potassium chromate. Journal ofrited Society, 1831.

McCarty, J.F., McKay, L.D., (2004). Colloid transpdn the subsurface: Past, present

and future challenges. Vadose Zone Journal, 3:3%76-

McKenzie, P.D., Sivavec, T.M., Horney, D.P., (199Extending hydraulic lifetime of
iron wall. In: International Containment TechnoloGpnference Proceedings, Feb 9]12
1997, St. Petersburg, FL, p781-787.

Melitas, N., Chuffe-Moscoso, O., Farrell, J., (2PDXinetics and soluble chromium

removal from contaminated water by zero-valent insedia: Corrosion inhibition and
passive oxide effects. Environmental Science amthii@ogy, 35: 3948-3953.

93



Melitas, N., Farrell, J., (2002) Understanding chate reaction kinetics with corroding
iron media using Tafel analysis and electrochemigalpedance spectroscopy.

Environmental Science and Technology, 36: 5476-5482

Morrison, S.J., Metzler, D.R., Dwyer, B.P., (200Removal of As, Mn, Mo, Se, U, V
and Zn from groundwater by zero-valent iron in a&gpge treatment cell: reaction

progress modeling. Journal of Contaminant Hydro]&gy 99-116.

Morrison. S.J., Metzler, D.R., Carpenter, C.E., 020 Uranium Precipitation in a
permeable reactive barrier by progressive irreb@sdissolution of zerovalent iron.
Environmental Science and Technology, 35: 385-390.

Muftikian, R., Fernando, Q., Korte, N., (1995) A timed for the rapid dechlorination of
low molecular weight chlorinated hydrocarbons irntevaWater Research, 29(10): 2434-
2439.

National Research Council (NRC) (1994). Alternadivéor groundwater cleanup.
National Academy Press, Washington, D.C.

Nriagu, J.O., (1998) Production and uses of chramiChromium in the Natural and
Human Environments. Volume 20 (J.O. Nriagu and Ebbers editors). John Wiley &

Sons, New York: 81-104.

Palmer, C.D., Wittbrodt, P.R., (1991) Processirfgaing the remediation of chromium-
contaminated Sites. Environmental Health Perspesti92: 25-40.

Palmer, C.D., Puls, R.W., (1994) Natural attenumtwf hexavalent chromium in
groundwater and soils. EPA Groundwater Issue. Ef@XEB94/505.

94



Parker, J. C.; van Genuchten, M. Th. (1984) VimiAgriculture Experimental Station
Bulletin 84-3; 96 pp.

Parsons Engineering Science (1993) RCRA Facilityestigation Work Plan, Rev. 0,
October 1993.

Ponder, S.M., Garab, J.G., Mallouk, T.E. (2000)mRdiation of Cr(VI) and Pb(ll)
agueous solutions using supported, nanoscale zéeotviron. Environmental Science
and Technology, 34: 2564-2569.

Pourbaix, M., (1966) Atlas of Electrochemical Himia in Aqueous Solutions.

Pergamon Press: Oxford, U.K.

Pourbaix, M., (1973) Lectures on Electrochemicalr@sion, Plenum, New York, p. 202.

Powell, R.M., Puls, R.W., (1993) Presented at M&aéciation and Contamination of
Aquatic Sediments Workshop, Jekyll Island, GA.

Powell, R. M; Puls, R. W.; Paul, C. J., (1994) Innovative Sohsidor Contaminated
Site Management; Water Environment Federation: Mi&in, pp 485-496.

Powell, R.M., Puls, R.W., Hightower, S.K., Sabatim.A., (1995) Coupled iron
corrosion and chromate reduction: Mechanisms forbsgtface remediation.

Environmental Science and Technology, 29: 1913-1922

Powell, R.M., Powell, P.D. (1998) Iron Metal for l&urface Remediation. The
Encyclopedia of Environmental Analysis and RemealatRobert A. Myers, ed. John
Wiley & Sons, Inc., New York. 8:4729-4761.

Powell, R.M., Puls, R. W. (1997) Permeable ReacBtdbsurface Barriers for the
Interception and Remediation of Chlorinated Hydrboa and Chromium (VI) Plumes in
Ground Water”. U.S. EPA Remedial Technology FaaeshEPA/600/F-97/008.

95



Puls, Powell, R.M., Paul, C.J., (1995) In situ rdim@on of ground water contaminated
with chromate and chlorinated solvents using zedent iron. A field study. In Proc.
Div. Environ. Chem., Am. Chem. Soc., Anaheim, CAyih2-7, 1995.

Puls, R. W., Barcelona, M.J., (1996). Low-Flow (M@l Drawdown) Ground-Water
Sampling Procedures. U.S. EPA Ground Water IssB&/%40/S-95/504.

Puls, R.W., Paul, C.J., Powell, R.M., (1999a) Tippligation of in-situ permeable
reactive (zero-valent iron) barrier technology ftme remediation of chromate-

contaminated groundwater. Applied Geochemistry,989-1000.

Puls, R.W., Blowes, D.W., Gillham, R.W., (1999b)nigsterm performance monitoring
for a permeable reactive barrier at the U.S. CGastrd Support Center, Elizabeth City,

North Carolina. Journal of Hazardous Materials, B8-124.

Rai, D., Sass, B.M., Moore, D.A., (1987) Chromiuit)(lhydrolysis constants and
solubility of chromium(lll) hydroxide. Inorg., 2@45-349.

Remediation Technologies Development Forum (RTDPgrmeable Reactive
Barriers Team. November 6-7, 2002 Meeting Summdritp://www.rtdf.org/

public/permbarr/minutes/110702/summary.html

Repta, C.J.W. (2001) Evaluation of nickel-enhangeshular iron for the dechlorination
of trichlorethene. M.Sc. thesis, Department of Eétiences, University of Waterloo,

Waterloo, Ontario.

Robertson, N., (1975) Hexavalent chromium in theuad Water in Paradise Valley,
Arizona. Ground Water, 16: 516-527.
Roh, Y., Lee, S.Y., Elless, M.P., (2000) Charagggion of corrosion products in the

permeable reactive barriers. Environmental Geold@y,184-194.

96



Sabatini, D.A., Knox, R.C., Tucker, E.E., Puls, R.M1997). USEPA Environmental
Research Brief, EPA/600/S-97/005.

Sass, B.M., Rai, D., (1987) Solubility of amorphatsomium(lil)-iron(lll) hydroxide
solid solutions. Inorganic Chemistry, 26: 2228-2232

Schroeder, D.C., Lee, G.F., (1975). Potential fansations of chromium in natural
waters. Water, Air, Soil Pollution, 4: 355-365.

Schwertmann, U., Gasser, U., and Sticher, H. (1@88%pmium-for-iron substitution in

synthetic goethites. Geochimimica Cosmochimica As8 1293-1297.

Sharma, H.D., Reddy, K.R., (2004) GeoenvironmeBktajineering: Site Remediation,
Waste Containment, and Emerging Waste Managemehindigies. Wiley Publishers.

Sivavec, T.M., Mackenzie, P.D., Horney, D.P., (199Effect of groundwater on
reactivity of bimetallic media: Deactivation of kil-plated granular iron. ACS National
Meeting, American Chemical Society, Division of Elommental Chemistry, Preprints of
Extended Abstracts, 37: 83-85.

Stumm, W., Morgan, J.J., (1996) Aquatic ChemisiBf‘S‘/Edition. New York, John Wiley

and Sons.

Thomas, J.M., Ward, C.H., (1995). Ground water dmremediation, New York, NY,
Geotechical Special Publication, ASCE, pp. 14566146

Travis, C.C.; Doty, C.B., (1990). Can contaminaggluifers at Superfund sites be

remediated ? Environmental Science and Technoyl464-1466.

97



USACE, (1997) (U.S. Army Corps of Engineers), Dasiguidance for the Application
of Permeable Barriers to Remediate Dissolved QOtdwed Solvents. CEMP DG 1110-
345-117, U.S. Department of Army, Washington, DEh.FL997b.

U.S. EPA, (1994). Natural Attenuation of Hexavalétitromium in Groundwater and
Soils. EPA Groundwater Issue. U.S. Environmentabtdtion Agency, Office of

Research and Development. EPA/540/5-94/505.

U.S. EPA, (1998). Permeable Reactive Barrier Teldgies for Contaminant
Remediation. U.S. Environmental Protection Agendyffice of Research and
Development. EPA/600/R-98/125.

U.S. EPA, (1999). An In Situ Permeable ReactiveriBarfor the Treatment of
Hexavalent Chromium and Trichloroethylene in GroWvdter: Volume 1 Design and
Installation. U.S. Environmental Protection Agenc@ffice of Research and
Development. EPA/600/R-99/095a.

U.S. EPA, (2000a). Field Demonstration of Permedbéactive Barriers to Remove
Dissolved Uranium From Groundwater, Fry Canyon, hUtdJ.S. Environmental
Protection Agency, 402-C-00-001.

U.S. EPA, (2000b). In situ treatment of soil anduwrdwater contaminated with
Chromium, Technical Resource Guide. U.S. EnviromalerProtection Agency,
EPA/625/R-00/005.

Vidic, R. D. (2001) Permeable reactive barriersecstudy review." GWRTAC E-Series
Technology Evaluation Report TE-01-01, Ground-W&emediation Technologies
Analysis Center, Pittsburgh, PA.

Weisener, C.G., Scott Sale, K., Smyth, D.J.A., BlewD.W., (2005) Field column study
using zero-valent iron for mercury removal from t@mninated groundwater.

Environmental Science and Technology, 39: 6306-6312

98



Wilkin, R.T., Ludwig, R.D., Ford, R.G., eds, Prodews of the Workshop on

Monitoring Oxidation-Reduction Processes for Growader Restoration, Dallas, Texas,
April 25-27. 2000: Cincinnati. OH. U.S. EnvironmahProtection Agency. EPA/600/R-
02/002. p. 43-47.

Wilkin, R.T., Su, C., Ford, R.G., Paul, C.J., (2pChromium-Removal Processes during
Groundwater Remediation by a Zerovalent Iron PehteeReactive Wall. Environmental
Science and Technology, 39: 4599-4605.

Williams, A.G.B., Scherer, M.M., (2001) Kinetics &@r(VI) reduction by Carbonate
Green Rust. Environmental Science and Technoldgy34888-3494.

Wittbrodt, P.R., Palmer, C.D., (1994). Reduction ©f(VI) by soil humic acids.
European Journal of Soil Science, 48: 151-162.

Wist, W.F., Kbéber, R., Schlicker, O., Dahmke, A.999) Combined zero- and first-
order kinetic model of the degradation of TCE amst@CE with commercial iron.

Environmental Science and Technology, 33: 4304-4309

Zhang, Y., Gillham, R.W., (2005) Effects of Gas @etion and Precipitates on
Performance of FePRBs. Ground Water, 43(1): 113-121.

99



APPENDIX

REACTIVE COLUMN DATA

Table A.1. 50 IR Reactive Column Data, Flux 1=0n@l7cn?.min
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Table A.1. 50 IR Reactive Column Data, Flux 1=0nfifcr?.min (Continued)
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Table A.1. 50 IR Reactive Column Data, Flux 1=0nfifcr?.min (Continued)
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Table A.1. 50 IR Reactive Column Data, Flux 1=0nfifcr?.min (Continued)

Table A.2. 50 IR Reactive Column Data, Flux 2=0.1#8%&n?f.min
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Table A.3. 50 IR Reactive Column Data, Flux 3=0xl7en?.min

Table A. 4. 25 IR Reactive Column Data, Flux 10n8l/cnf.min
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Table A. 5. 25 IR Reactive Column Data, Flux 2=@.1®/cnt.min

Table A. 6. 25 IR Reactive Column Data, Flux 3=@.@3/cnt.min
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Table A.7. 10 IR Reactive Column Data, Flux 1=0n@i7cn?.min

Table A.8. 10 IR Reactive Column Data, Flux 2=0.d@in?.min

Table A. 9. 10 IR Reactive Column Data, Flux 3=0.@3/cnf.min
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