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This study supports the ESD ‘issue Conserving Canada’s Ecosystems

(metals). It supports the business plan deliverable Thurst #3 for
toxics (groundwater remediation), and the EC Action Plan

~ “Conserving Canada’s Ecosystems” with the focus “Develop and

implement strategies to conserv ecosystems”. The study was initiated
in 1991 and was funded by the University of Waterloo and the

- Natural Science and Engineering Research Council.’

The paper describes the results of batch tests, long-term column
studies and mineralogical analyses conducted to assess the potential
for in-situ reactive walls to remediate chromate contaminated
groundwater. Chromium in the form of chromate is one of the most
frequently encountered contaminants in groundwater. In the
hexavalent form, Cr is highly toxic and carcinogenic. The study was
initiated in 1992 and results of experiments conducted to assess the
long-term potential of reactive walls for continued treatment of
Cr(VI) are presented. :

In-situ remediation appears to be a viable technique for remediation
of a number of inorganic contaminants. Future efforts will be
directed toward the development of techniques for remediating a
variety of inorganic contaminants.
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~ Abstract

Permeable-reactive redox walls, placed below the ground surface in the path of flowing |

groundwater, provide an alternative remediation approach for removing electroactive chemicals
from contaminated groundwater. Geochemical calculations suggest that reduction of CrO,” by
reduced Fe (Fe® or Fe?*) is thermodynamically favored under a range of geochemical conditions.
Four types of Fe-bearing solids, siderite (FeCO,), pyrite (FeS,), coarse-grained elemental iron (Fe®),
and fine-grained Fe®, were assessed for their ability to remove dissolved CrO,” from solution at flow
rates typical of those encountered at sites of remediation. Time-to-equilibrium batch studies show
that the rate of CrO,* removal by fine-grained Fe® is greater than that for pyrite and coatse-grained
Fe®, and that the rate of removal for pyrite and coarse-grained Fe® is dependent on pH. The rate of
CrO,? removal by reaction with fine-grained Fe’, as indicated by these time-to-equilibrium studies,
is much greater than would be required for treatment at rapid groundwater flow rates. Results from
flow-through column studies suggest that partial removal of CrO,” by pyrite and coarse-grained Fe’

and quantitative removal of CrO,” by fine-grained Fe® occurs at rapid groundwater flow velocities.

_The removal mechanism for CrQ,” by fine-grained F€ and coarse-grained Fe is through the
‘reduction of Cr(VI) to Cr(Ill) coupled with the oxidation of Fe® to Fe(II) and Fe(III), and the
subsequent precipitation of a sparingly soluble mixed Fe(III)-Cr(IlI) (oxy)hydroxide phase.
Mineralogical analysis of the reactive material used in the batch tests indicates that Cr is associated
with goethite (¢FeOOH). These results suggest that Cr(III) is removed either through the formation
of a solid-solution, or by adsorption of Cr(IIT) onto the goethite surface. The effective removal of
Cr(VI) by Fe® under dynamic flow conditions suggests porous-reactive walls containing Fe’ may
be a viable alternative for treating groundwater contaminated by Cr(VI). There is also potential for
treatment of other electrovalent metals using a similar approach.
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Abstract

. Permeable-reactive redox walls, placed below the ground surface in the path. of ’ﬂéwing ‘

~ groundwater, provide an alternative remediation approach for re‘moVing electroactive chemicals

from contaminated groundwater. Geochemical calcxrlations suggest that r‘eductiOd of CrQ,* by
reduced Fe (Fe® or Fe*") is therrnodyrtamically favored uhder a ran.ge of geochemical conditions.
Four types of Fe-bearing solids, siderite (FeCO,,),.pyrite (FeS,), c,oarse-grained elemantal ironv
(Fe°) and fine-grained Fe’, were assessed for their ability to remove dissolved- CrO/> from
solution at flow rates typical of those encountered at sites of remedrauon Trme to-equilibrium
'batch studies show that the rate of CrO,” removal by fine-grained Fe® is greater than that for
pyrite and coarse-grained Fe°, and that the rate of removal for pyrite and coarse-grained Fé“ is
dependent on pH The rate of CrO,> removal by reaction with fine-grained Fe®, as 1nd1cated by
these time-to- equrhbrxum studies, 1 much oreater than would be required for treatment at rapid
groundwater flow rates. Results from ﬂOW-[hI’Ol"]g‘h Col’umn studies suggest that partial removal -
of .CrOf' ny pyrite and coarse-grained Fe® and QUantitative removal of CrO,> by fine-grained Fe® '7
occurs at rapid groundwater flow velocities. The removal mechanism for CrO,% by ﬁne-grainéd
Fe® and coarse-grained Fe® is through the reduction of Cr(VI) to Cr(I) coupled with the
oxidation of Fe’ to Fe(Il) and‘ Fe(IM), and the subsequant precipitation of a sparingly soluble

mixed Fe(lII)‘-Cr(II[) (oxy)hydroxide phase. Mineralogical analysis of the reactive material used



in the batch tests indicates that Cr is associated with goethite (FeOOH). These results suggest

that CrdI) is removed either through the tormatlon of a solid- soluuon ‘or by adsorption of

Cr(III) onto the goethite surface. The effecuve removal of Cr(VI) by Fe° under dynamlc flow

conditions suggests porous-reactive walls containing Fe» may be a viable alternative for treating
groundwater contaminated by Cr(VD). There is also potential for treatment of other electrovalent

metals using a similar approach.

Keywords:  Groundwater, chromium, elemental iron, remediation, reactive walls

Infroduction _ : ‘ ' ) .

Conventional treatment programs for groundwater contaminated by redox-sensitive
inorganic species, such as chromium, iron, sulfate, molybdenum, uranium, technetium, selenium
.and arsenic, have involved pumping groundwater 1o the land surféce followed by Lrea_tméni and
redisposal. Pum‘p—and.-tmat groundwater remgdiation' methods have pr‘oveﬁ to be expensive and
possibly ineffective (1, 2). An alternative to pump-and-treat groundwater remediation is the use
of porous, permeable, geochermcally -reactive bamers (3). These permeable barriers are installed

in the path of flowmg groundwater, e1ther as horizontal treatrnem Iayers (4 - 7) or as vemcal

treatment walls (8 - 18). These geochemical barriers are engmeered through the addition of

reactive solids. The contaminant is removed through in-situ transformations, which results in its

: destructlon or immobilization. For many dissolved metals treatment can be attained by enhancmg
reduction or oxidation of a chemical species, resulting in the precxpxtauon of a Sparmgly— soluble
solid (11, 12). The reSUIIS of laboratory experiments illustrate the potential for remediation of

groundwater contaminated by hexavalent chromium. Hexavalent chromium was chosen ‘as an
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example, to demonstrate the potential application of ‘permeable-reactive walls for treating

groundwater contaminated by _'r‘edox-sensitive inorganic species.
Permea’ble walls containing treatment mixtufes can be installed in the path of flowing

groundwater to passively remove dissolved constituents through a series of reactions. These

reactive walls can be mstalled as exther continuous treatment zones (71), or they can be installed

\

~as ixnpe‘rmeable barriers containing permeable zones or windows (8, 19). Using excavation

techmques, aquifer material is removed and replaced with the reaction mlxtures In place
groundwater moves through the t.reatment walls by natural ﬂow processes, or, when necessary
pumping wells can be installed to dlrect_ contaminated water through the reactive materials (Fig.
l) To be effective as a reactive wa_ll component the solid phase must be bolh sufficiently reactive
to result in the desired chemical chnnge and sufﬁci‘ently‘ insoluble to remain in place for‘an
economically reasonat_)le length of time.

Reduction of Cr(VI) to Cr(III) by Fe(II) occurs fapidly under acidic conditions (20 - 23).
Removal of Cr(VI) from wastewater, by initially reducing Cr(VI) to Cr(III) using dissolved Fe(I)

and adding base to favor precipitation of insoluble Cr(III) precipitates, is a common practice (20):

CH{VI)(ag) + 3Fe(ID(aq) ~ Cr{IID)(aq) + 3Fe(ll)(aq) "(1)
This reziction is written for total C'r(VI), Cr(II), FedD and Fe(III).,:»in general, and not in terms
of individual hydrolysis pfodu,c-ts such as HCrO,, CrO,>, Cr(OH),’, and Fe(OH)3°, etc:, to focue
on the overall reaction‘ procees. Reaction one can be facilitated through the use of a num_be_r of
Fe(II)'SourCeS, both Fe(IT)-containing solutions and Fe(II)-containing solids. Examples of aq‘ueous
soludons include FeSO, or FeCl, solut_ions. Examples of solid-phase reductants include elemental '

iron, biotite, hematite, pyrite, magnetite, and other Fe(Il)-bearing minerals (11, 24 - 30). The most
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rapid reduction, within minutes, occurs with Fe(II) added as a dissolved species (20), although

reducuon rates using Fe-bearing solids can also proceed within tens of minutes (20)

Whereas the rate of reducuon is important, of greater interest for apphcatmns in porous
wall settings, is the rate of removal of Cr(Ill) through precipitation of a sparingly soluble sohd
This second step is often the rate limiting step for removal of Cr(IIl) from solution (26). Under

moderate pH conditions, removal of Cr(Ill) can occur through the precipitation of Cr(OH),:

Cr* +30H" ~ CHOH),(s) | 2)

or through precipitation of mixed Fe(IID)-Cr(ID) hydroxide solid (20)

CrQID) + (1-)FellID) + 3,0 = (Cr.Fe, JOM() 38" ®

or mixed Fe(I)-Cr(10) (oxy)hydroxide solid (31)

Cr3* +(1-x)Fe* + 2H,0 = Cr Fe, ,OOH, + 3H" “@

Analysis of a mixed Fe(II)-Cr(Il) solid precipitated fresh from aqueous solmioﬁ yielded a

stoichiometry of Cry ,sFe, -s(OH); (20). Following reaction (3), Eary and Rai concluded that at pH
values between five and 11, precipitation of a mixed Cr(Ill)-Fe(I) hydroxide phase will

generally limit total dissolved concentrations of Cr(Ill) to values less than the drinking water

standard of 10 M.

Blowes and Ptacek (11) and Powell et al. (30) described batch experiments intended to.

.
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assess the potential for the removal of Cr(VI) in porous reaetiye wails. Powell et al. provided a
detailed delscript\ion of the effects of augmerll.ting the reactive mixture witt; natural aqﬁifeﬁr solids
and proposed a reaction pathway to account for the cat_élytic- effect of the aquifer solids. The
present study aésesses the ability of different SOHd-phasé materials at removing dissolved Cr(VI)
from synth_etic groundWater under ’dynamic flow conditions over a sustained period of time. A
particular focus of the study is on the effectiveness of different materials ét removing Cr(VI)

under the intermediate-pH conditions that typically would be found in a reactive wall setting.

" Geochemical calculations and time-to-equilibrium batch tests were conducted to pre-screen

potential candidates for further study using dynamic flow-through column tests. The tests were

conducted using three types of solids; siderite (FeCOy), pyrite (FeS,), and elemental iron (Fe?).

- Two forms of Fe®, coarse-grained chips and fine-grained filings, were evaluated. The experiments

pfesented here were carried out to assess whether the rates of reaction were sufficiently rapid
under dynamic flow conditions, whether the precipitates formed would occur as cdatings that
would potentially inhibit the reaction progress, and whether clogging of the porous media would

occur preventing pass-age of the contaminated groundwater through the reactive material.

Experimental
A series of time-to-equilibrium batch experiments was conducted by adding 500 g of Cr-

bearing solution (Cr(VI) added as 'KéCrQi to CaCO, saturated double-deionized water, 25 mg/L

- as Cr in mixtures A and B, and 18 mg/L as Cr in mixtures C and D) to 100 g of solid mixture

(Table 1). The elemental iron was obtair_l'ed commercially as high-purity filings (~ 0.5 - 1 mm

in diameter) and chips (~ 1 - 5 mm in diameter). The pyrite and calcite were natural materials



that were finely crushed (~ 0.5 - 2 mm in diameter). The quartz was washed Ottawa quartz sand

(30 < mesh < 25). The mixwures were agitated at room temperature and intermittently sampled

by allowing the solids t0 settle for 5 min then removing, by syringe, 10 mL of solution. The

samples were filtered immediately through a 0.2 pm filter and acidified to pH < 1.0 for Cr

analysis.
For the dynamic column experiments, six 6.5 cm diameter acrylic columns, five 15 cm
in length and one 20 cm in length (Figure 2), were packed with the reactive mixtures using the

solids according to Table 2. A multi-channel high-p'recfision peristaltic pump. was used to pass

tracer solution through the columns, from their base upward, at a constant rate. Before

introducing the Cr-bearing solution, solution containing Cl (prepared in a calcium-carbonate
buffered solution 'as used for the batch experiments) was pumped through the columns to obtain
information on the void volume and d.i_spersivity of the column packing. The CI solution was then
flushed from the column \ivnh 'béékgfound solution (calcium-carbonate buffered solution), after
which the Cr-bearing solution was input into the column. The Cr solution was prepared using the
same method used in the batch tests. Input Cr(VI) concé\ntratiOns of 80 mg/L were used for the
COnﬁOl column experiment and the exben’meﬂt containing siderite. Input cocentrations of 18 mg/L
Cr(VI) were used for the experiments containing pyrite and Fel. Sémples were collected at
intervals of up to 1.5 hr using automatic fraction collectors during the first several weeks of the
experiments. At later tifnes the samples were collected manua]ly. The pore water pH and Eh were
détermiined using combination electrodes in sealed flow through cells. The pH was determined
using a combination pH electrode (ORION Ross 815600). The pH electrode was calibrated using

pH 4, pH 7 and pH 9.18 standard buffers (NBS standard). The response of the electrode was



-~

confirmed before and after each reading. The response of the Eh electrode (ORION 96-7800) was

~ confirmed with Zobell’s solution (32, 33)‘ and Light’s solution (34).

Samples for Cr analysis were collected directly in.sufficient acid to lower the pH < 1.0.
Concentrations of Cl1 were determined colorimetrically using the ferricyanide spectrophotorn_eﬁ_ic
method (35), concent_rations 'of Cr(VI) were determined colonimetﬁcallir using the
diphenylcarbande spectrophotometnc method (35), and concentrations of total Cr were
determined by flame-emission atomic absorption spectrosco;;y Additional samples were also
periodically collected and analyzed for Ca, Cr, Cu, Fe, K, Mg, Mn, Na, and Zn by inductively
coupled plasma emission spectroscopy (ICP) and for Cl and SO, by ion chrornatoovraphy,

The composition of the stock iron filings was detennmed by Acnvauon Laboratories Ltd.
(Ancaster, Ontario). The concentrations of 'As, Ba, Cu, Mo, Ni, and Sb were determined by
ind.ucvtivevly co’.upled argon plasma ator_gﬁc emission spectrorﬁétry (ICP-AEé) following digestion. |

The nature of the reac;\ion product from the batch éxpen'ménls, conducted using lfe° was
characterized mineralogically. The reaction produét.s wefe examined using ,reﬂected_li;ht and

scanning electron microscopy with X-fay dispersion analysis. The reaction products were also

charac'teﬁ‘zed by electron microbeam and Debye Scherer X-ray analyses.

‘Results and Discussion

Batch Experimems Results of time-‘to-equilibrium studies indicate the rate of removal of Cr from

"solution varies substantially for the different mixtures assessed (Fig. 3). Removal of Cr from

solution was most rapid for the mixture containing iron filings, mtermedxate for pyrite and least

rapid for the coarse-grained iron chips. The rate of removal was also observed to vary with the -



presence or absence of calcite. These results suggest that all of these materials may be suitable
to remove Cr at low velocities and that iron filings should be the most suitable candidate material
for use in porous redox walls in locations of rapid groundwater flow.

“In contact with pyrite, in the presence of calcite, 50% of the Cr was rémoved after 6.5

hrs, with removal to < 0.05 mg/L within 20 hrs. In the absence of calcite removal was more -

rapid, with 50% ‘rer‘novfal observed within 1 Ar., with removal to <‘_0.0_5 mg/L within 4 Ars. The
pH of the supematant solution was estimated using pH indicator strips throughout the experiment.
These mea_sureménts indicate that the pH was similar whether calcite was present or absent,
varying between 4.5 aﬁd 5.5.

In contact with irpn chips, with a_ﬁd without calcite, 50% of the Cr was removed within
28 hrs.” Within 50 hrs the shpematant concentration was < 0.05 mg/L. The pH of the supgéamnt
solution, in both expen'mems, varied between 5.2 and 55 In contact with iron filings w‘ith calcite
: pfesent, 50 % of the Cr was removed in <2 hrs; 50 % of the Cr aléo was rem(;ved in < 2 hrs

without calcite. In both cases the supernatant Cr concentration was < 0.05 mg/L within 3 h#s in

contact with the iron filings. To assess the effect of varying temperature, batch experiments using
_ _ g

iron filings were conducted at two temperatures 23+1°C and 4°C. These temperatures bracket
conditions vobserv_ed in many aquifers. The results show rapid Cr(VI) rem()vai at bofh
temperaturés-, with no discernable delay in Cr(VI) removal at the lower temperatufe. Rapid loss
of Cr from solution 'mlcontact with Fe® is consistent with observations of 'previous studies (27,
30). The pH of the supemafant solution varied from 4.9 to 5.5, lower tﬁan tﬁat indicated by
Powell et al. (30). | |

The initial iron filings and iron chips, and the reaction products of the experiments
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conducted using iron filings and iron chips were characterized mineralogicall&. Portions of each
sample were mounted in polishéd section for optical microscopic and microbeam ‘examination.
In addition, numerous loose fragments were examined by SEM. Several Debye-Scherrer X-ray ‘

patterns were obtained from loose r_naterial and the alteration phases contained in the polished

~

sections.

| .Microprob_e analysis of the iron chipS indicates that, prior to reaction with the Cr(VI)
solution, they are almost pure Fe (Table 3), whereas the iron filings céntain small amounts of
Si, Cr and P. The composition of the iron filings, prior to rfeaction with the Cr containing
solution, was determinéd by digestion and subsequent analysis by ICP-AES. The results from this

analysis indicate that the filings contain 92.2 mass % Fe, 5.2 mass % Si, 2.4 mass % Cr and

. small amounts.of other elements.

The secondary phases identified were goethite, lepidocrocite, maghemite, and possibly
hematite. No discrete. chromium mineral was detected, but zones within the iron hydroxides
contain up to 27.3 mass % Cr(OH),. The bulk of the iron hydroxide found was goethite. There

are conspicuous local zones of maghemite layered with goethite. Lepidocrocite is the youngest
s i ng

phasé and seems to be mainly at the surface of the oxyhydroxide layers. Hematite, unlike the

other phases, was not detected in the Debye-Scherrer patterns, but a surface phase occurrihg as

euhedral, hexagonal shaped plates is strongly sdggestjve of hematite on the basis of morphology

and non-quantitative composition. The iron filings were air-dried, and stored and shipped in
contact with the atmosphere prior to analysis. The formation of reaction products, notably
lepidocrocite, maghemite, and hematite, may have occurred following reaction during: the

experiment, indicating the importance of goethite and less-ordered precursors in the removal of

i



Cr from solution.

Examination of the Fe chips and filings indicates that.Cr is not assoc,i‘_avt,e‘d with éach
pellet. In addition, the Cr-rich Zones are not uniformly distr‘ibuted within specific areas of t:he iron
hydroxides. Some trends, however, can be seen in the SEM micrographs. .Figure 4a illustrates. the
apparent rand
different areas of othydroiides within the chip, but only one is Cr-bearing. Eniargemént of the
Cr-bearing veinlet (Figure 4b), sh'ows that the Cr-rich phase is concentrated at one end of the
veinlet, and also among its margins. Microprobe arialyses (Table 3) gave ﬁp to 20 wt% Cr,0;.
The corresponding SEM X-ray maps of the veinlet show a strong correlation betweAen Cr and Si,
and this association is confirmed by the microprobe results.

Electrdn—microprobe F¢203 values (total Fe as Fe,0,; Table 3) for the oxyhydroxides in

 Figure 4b range from 57.5 to 99.8 wt%. The theoretical Fe,0; contents of goethite are 89.86
wt%, and those of hematite are 100 wt%. Lepidocroci}'e has the same Fe,O, content as goethite,
.and maghemite has the same content as hematite. As mentioned, the relative abundances of the
‘phases suggest that we are dealing mainly with goethite and maghemite; thus, in Table 3 it can

~ be inferred from thé analytical totals that the maghemite contains little Cr.
Figure 5 shows the secondary phasés in a vug in the iron_. The X-ray maps again show

a strono correlation between Cr and Si, but the mlcroprobe analyses (Table 3) indicate that. the

correlation is coincidental rather than spemflc the highest and second highest Cr values (20.2 and

19.9 wt% Cr,0,) are accompanied by the lowest (0.4%) and the h1ghest (8.6%) SiO, values,

respectively.

Coatings of iron oxyhydroxides occur on the iron filings, but the interior replacement of

10

omness of the association between oxyhydroxides and Cr in that there are five
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the filings gives textures that are Sumtﬁﬁﬁaﬂy different 'frorrll those in the chips. This dﬁference,
arises bec'ause the chips are homogenebus and massive, whereas the host iron of fhe filings is a
grid-like intergrowth of the two principal phases. Figure 6 illustrates an iroﬁ oxyhfdroxide
coating that formed as an inter-grain cement. The accompanying X-ray map for Cr shows that
this element is localized in only part of the oxyhydroxide mass; moreovei; the ‘highest Cr

concentrations seem to 0ccur where the convex margins of the oxyhydroxides meet. X-ray maps

show the close associaﬁoﬁ_ between Cr and Si, exactly as occurs with the secondary phases that

accomparly the iron chips. Electron microprobe analyses of the seven areas marked on Figure 6

are given in Table 4. Areas 5, 6, and 7 have compositions characferisﬁc of mag'hemi[e’ .
in_accord with the X-ray data. Onls' a trace of 4Cr2Q3_ was detected in one a'ﬁalysis of tﬁe
maghenﬁtg, which is 1r1 agreerrient with the previous resul;s (Table 4) suggesting that Cr uptake
“by maghemite is low. The results for the analysis of the accompanying presurﬂed goétllife are
similar to those given in Table 4. ' ’ '
Electron- mlcroprobe analyses of the ﬁlmos (Floufe 7.8; Table S) indicate that the thter
phase (as seen in SEM) contains 0.2-0. 3 wt% Cr, about 0.1 wt% P, and about 1.9 wt% Si. The. -
darker (matrix) phase contains about 0.9 wt% Cr, and variable Si and P (up to 0. 6 i Si and .

0.7% wt% P).

In surnmary, the secondary phases identified in the samples are lepidocrocite, maghé mit_é

goethite, and probably hematite. The last is rare; lepidocrocite is sparse, and seems 10 be

‘concentrated as a Jate- stage surface phase (as is hemaute) Maghemite is com tnon, but is of

minor abundance relative to that of goeth1te A11 of the phases except goethne o

’characteristical'ly low in Crr; whether Cr has been taken into solid solution in the goethlte, :

1
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 structure is not knowri, but such substitution has been experimentally demonstrated (31). The

microprobe and SEM results also showed that there is a coincidental.association of Cr and Si,

and that high'Si values in the secondary assemblage occur only in the presence of goethite. SiO,

_values in some instances exceed 10 wt%, well beyond the possibility of structural incorporation
- of Si. As no discrete Si phase was detected in the mineralogical study, the indication is that the

Si occurs as an amorphous phase adsorbed on goethite. The possibility that Cr and Ca occur as

adsorbed phases cannot be discounted, however, the mass ratios of Fe to Cr observed in the .

mineralogical study are similar to those previously observed by Eary and Rai (20). This similarity

suggests similar processes resultin me'incorporati_bn of Cr into the Fe(1II)-bearing phase in both
cases.

The strong association of Cr _iind Si vin the secondary phases is consis;ent with
observations made by Powell et al. (30), who oEserved a faster rate of reaction in the pfesence
of aluminosilicates. Powell et al. (30) attribute this cataly;ic effect to aluminosilicate disSolution.
>u_,nder high pH conditions, which moderates the pH. |
Flow-through Column Experiments. TQ assess the effectiveness of these reactive mixtures u‘nder
dy‘hamic flow cond_i_ti’ons, and to assess the mass of reactant required, flov;'-t'hroug._h column
e'xperi_r_nents were conducted using reactive mixtures COhtaining 5 mass % siderite (FeCO,), 20
mass % pyrite, 10 mass. % iror_lvchips, and 50 mass % iron ﬁlin‘gs, (Table 2). A control experiment
containing IOO% quartz sand was conducted .'at a transport velocity of 25 m/a (col_urnv_r:x‘ 1. A
. transport velocity of 20 m/a was used for the columns containing siderite (column 2) and pyri@
(column 3), and 10 m/a was used ‘fo_r.the column containing iron chips (column 4) and one

column containing iron filings (column 5). A second column experiment containing iron filings
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was also conducted at a higher velocity of 40 m/a (édlumn 6).

Transport conditions within the columns were assessed usino CI as a conservative tracer

(Figs. 9 - 14). The program CXTFIT (36), a non-linear least squares algorithm, was apphed to

‘the expenmental results to determine solute tranisport parameters for the one- dlmens1ona1

advection dispersion equation from experimental data (Figs. 9-14). The a.nalyueal solution for
constant flux boundary . gonditions and semi-infinite length was assumed and dispersion
coefficients were obtained as fitted parameters. Pr'edicted.breaktiuough curves calculated with the
fitted dispersion coefficient are in close agreement with the experimental data, suggesting
uniform flow conditions were present in the columns (Figs. 9 - 14).

In the control experiment containing 100% silica sand (column 1, Fig. 9), breakthrough
of Cr(VI) wés observed at one pore volume (total effluent volume/void space volume within the
column), and coincided with the b;eakthrough of Cl. Cr(VI) concentrations increased from below
detection (0.05 ‘mg/L) to the input concentration wjthin one pore vblu_me._

In the column containing siderite (column 2 Fig. 10), high f:oncentrétions of Cr(';/I) were
present in the effluent water ‘f‘rom the first pore volume onward. The upper plateau of the Cr(VI)
breakthrough curve shows some \-/ariébil.ity.that may arise from partial reduction of Cr(VI), or

\

analytical error. Although the data suggest that some reduction may have occurred, the degree

of rernoval is not sufﬁment for 51der1te to be cons:dered a viable matenal for use in a reactive

wall for Cr(VI) treatment. The siderite used was derived from a natural source that was

hydrothermally emplaced. As a result of its high temperature of formation the crystallinity of the

solid phase was also very high, limiting the available surface area for the reductlon reaction. In

" addition, the siderite used may have contamed sxomﬁcant concentrauons of impurities, such as -

13



Fe(ID). The presence of these impuritie; may also hév‘e limited the rate of reaction at the mineral
 surface. No furtﬁer tests were conducted using the column which c0ntained}sidexite.' |
The column cdn,t,ainin g py’rite showed removal of Cr for 3.5 pore volumes (column 3, Fig.
| 11). After 3.5 pore volumes the Cr concentration increased to the influent concentration (18
mg/L) within one additional pore volume. Prior to breakthrough, treatment .of Cr was irregular.
No fu11h_e'1~ tgsts were conducted on the column containing pyrite.

In the column containing iron chips (column 4, Fig. 12), Cr was absent from the effluent
for 4.5 pore volumes. Brown alteration coatings_, inferred to be ferric oxyhydroxide-, were.
observed to form on the iron chips as the Cr-bearing solution flowed through the column. After
4.5 pore volumes the Cr concentration increased to the input concentration of 18 mg/L within one
additional pore volume. The removal of Qr(VI) in Lhe column containing iron chips was probably
limited by both the mass of iron in the column and the available surface arc;,a, At the time of
Cr(V1) breakthrough, however, significant mass of iron remained in the column, and the principal
| inhibition to Cr(VIj reduction was probably thbe available surface area, which declined as a result
of ferric oxyhydroxlde precipitation. The mineralogical analysis from the batch experirhents
" indicated that the iron surface is coated with ferric iron oxyhydromdes, which would 1nh1b1t the
rate of reduction,

Two column experiments were conducted using iron filings. 'Theée experiments varied in
the flow rate of the influent solution. The first column experiment containing iron filings (column
5l, Fig. 13) was conducted at a pore water velocity of 10 m/a, the same velocity used for the

column containing iron chips. This velocity was selected to be representative of pore water

velocities observed at known sites of groundwater contamination. Cr(VI) was absent (< 0.05
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mg/L) from the effluent for more than 150 pore volumes, when the experiment was tertninated.

No evidence of Cr release from this column was observed. There was some. evidence of ferric

oxyhydroxide formation on the surfaces of 'th_e iron filings, partieularly at the influent end of the
column. Continual treatment of Cr(VI) was observed,. suggesting that the filing surfaces remained
reactive throughout the d’ur,ationof the experiment. |

The. effluent water collected from columin 5 was slightly basic. (.25 -< pH < 10) an‘d‘
moderately reduced (250 mV < Eh < 450 mV). The durninant cations in the water were Ca and

K, with lesser concentrations of Na (Table 6). Bicarbonate was the dominant anion, with lesser

concentrations of Cl. The dissolved Cr concentration remained < 0.02 mg/L and the effluent Fe

* concentration was < 0.002 mg.L. Geochemical modelling was conducted using the geochemicat-

speciation/mass-ttansfer mode] MINTEQA?2 (37). In these simulations the concentrations of Fe
and Cr which were below detection limit were assumed to be equal to the analytical detection
limit for that element. The pH and Eh were fixed at the values measured in the laboratory. The .
results of the calculations for two water samples (Table 6) indicate that the effluent water is
sligntly supersaturated with respect to calcite [C"aCO3]; ferrihydrite [Fe(OH),], an_d amorphous
chromium hydroxide [Cr(OH),). The effluent water is supersaturated with resb’pect to goethite
[FeOOH] and undersaturated with respect to siderite [FeCO;] and amorphous SlO2 These. results
are consistent with the mineralogical observations of the reaction products of the batch

expenments which indicate that goethite is the most abundant reaction product, and that Cr and

SiO, are retained as coprecipitates within the ooet}ute structure.

The second experiment usmg a column containing iron filings (column 6, Fig. 14) was

conducted at an average linear velocity of 40 m/a, four times the velocity of the other column

15



expenment conducted with iron filings. This h1°her ve10c1ty was selected to hasten the
breakthrouoh of Cr(VI) At this higher velocity Cr(VI) removal was observed for more than go
egion I; Fig. 14). At 100 pore volumes the Cr(VI) concentration increased to

pore volumes (Reg

more than 50% of the influent Cr(VI) concentration. Throughout the duration of the ﬁrsf portion

of the experiment (Region I; Fig. 14), upward migration of a front of ferric oxyhydroxide |

pfecipitates was observéd. Breakthrough of Cr(VI) in the column effluent coincided with arrival
of the ferric oxyhydroxide front at the efﬂuent end of the column. | |

At 137 pore volumes the influent solution was sw1tched from the Cr(VI) bemo solution
to a Cr-free calcium carbonate saturated solution to assess the extent of Cr leaching from the Cr-
bearing precipitates cor_xta_ine'd in the column. Cr concentrations in.the effluent declined within
two pore volumes to the é_nalytica.l detection of 0.05 mg/L and remained below detecti;)n for the
subsequent 350 pore volumes (Region II; Fig. 14). Flushing the colﬁmn with the C;-_free.solutioh

was accOmpan,ied 'by a gradual disappearance of the visible ferric oxyhydroxides. This

disappearance is attributed to the reduction of Fe(Il) by Fe’ through reaction of the form:

2Fe? + Fe® = 3Fe®
The concentrations of Cr and Fe(Il) were monitored throughout the leaching suige of the
gxperiment (Region II; Fig. 14). m'oughout this period the Cr(VI) and the Cr,, concentrations
remained below the analyticai detection.limit. The Fe(II) concentration remained low, generally
less than 1 mg/L. These concentrations of Fe(II) aré too low i_o represent an environmental
concern in a field setting. |
" Approximately 150 pore volumes after the initiation of flushing with the Cr-free input

solution, most of the visible ferric oxyhydroxides were removed. At 514 pore volumes, the inpuf
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concentrauon was momt

: enhanced by the 1

solution containing Cr(VI) was recommenced (Region 11, Fig; 14), and the effluent Cr

ored. Removal of Cr to below the analytical detection limit was observed

-for an additional 98 pore volumes; a treatment period of about the same durauon as the initial

period of treatment. These preliminary results suggest that it may be possi_b_lc to regenerate the
reactive material in the porous wall; in si_tﬁ, by flushing the wall with clean water or a mild
reductant. Such a treatment would i)fobably be less expensiﬂre than the reiﬂstailation of the entire
reactive wall, and would extend the life-span of an individual installation. |

The columns with iron filings con@ined a greater mass of iron (50 wi% Fe) than the one

with iron chips (10 wt. %) (Table 2), and the surface area of the iron filings is greater thah that

" of the iron chips. These two factors probably contributed to the greater reactivity, and improved
: o . ) .

treatment in the column contz‘ining the iron t’ilings. In addition, of the two column expeﬁments
conducted using iron filings, the lower velocity experlmem (10 m/a versus 40 m/a) show supenor
atment. This observation is consistent with a hypothesm that suggests that the extent of

tre

treatment is dependént on the degree of contact between the'd1ssolved Cr(VD and the Fe°
surface. Under lower velocity conditions, transport (o the reactive iron surfaces would be
increased time available for diffusion through alteration coatings on the iron

filing surface. Consideration of the potentlal beneﬁts of mcreased re31dence times within the

reactive zone in the porous barrier should be considered in the design of the in siru treatment

system.

Conclusions

Porous redox walls are an alternative to conventional pump-and-treat remediation schemes for
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groundwater contaminated with e_Iectroactive species. Laboratory time-to-equilibrium batch

experiments and flow-through column experiments demonstrate that hexavalent chromium can

be reduced and removed from solution in porous reactive walls at rapid groundwater flow rates.
Oof Athe potential reactive materials tested, iron filings showed greater reactivity than iron chips,
pyrite, or siderite. The column experiments conducted using iron fﬂings shéwed removal of Cr,
to below analytical -detection limits for up to 1A50‘ pore vvolumes.l No Cr was detected in the
column effluent durihg flushing by more than 150 pore volume of a Cr-free input soluﬁon, after
breakthrough of Cr(VI), suggesting that the précipitate formed will retain the precipitated Cr after

treatment is complete. Flushing with the Cr-free input water regenerated the reactivity of the Cr

column, suggesting that flushing with water or a mild reducing solution may pr‘,o{'ide a simple’

and inexpensive method to regenerate the reactivity of a porous wall in situ. Experiments are
underway to assess the applicability of this approach to the teatment of groundwater

contaminated by other electroactive chemicals.
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Table 1. Composition of mixtures used in tim_e—to-equn_ibﬁum batch experiments;

Reactive Mixture Compositions (mass %)

e lron Filings  Iron Chips  Pyrite Calcite Quartz
| ' _Sand
Al 50. _ T - e
A2 50 L _ _ Y
i - 0 - 4,
B2 - - 50. ] o .
- - o 0. L 49,
T ) o® - 50.
D-1 . _ o o
2z o —— - - 50.

* Composition of Cr spike solution: K,Cr(VDO, (25 mg/L as Cr in experiments A and B, and
18 mg/L as Cr in experiments C and D) added to CaCO; saturated double-deionized

water.
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Table 2. Compositions of reactive materials used in dynamic column experiments.

Reactive Mixture Compositions (mass %)

Layer 1*

Layer 2 Layer 3
99 % quartz sand,
1% calcite
(15 cm)
99 % quartz sand, 5% siderite, 99% quartz sand,
1% calcite 95% Layer 1 1% calcite
(5 cm) mixtare (5 cm)
_ o (5 cm) _
99% quartz sand, 20% pyrite, 95% quartz. sand,
1% calcite 80% quartz sand 5% calcite :
(5 cm) (10 cm) Sem)

10% iron chips,
90% quartz sand
(10 cm)

+ 1% calcite

added to Layer 1

mix
{5cm)

50% iron filings,
50% quartz sand
(10 cm)

+ 1% calcite added

-to Layer 1 mix
(5 cm)

50% iron filings,

50% quartz sand
(10 cm)

+ 1% calcite added

to Layer 1 mix
(5 cm)

~ * Layer numbering increases upward from base of column
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Table 3. Electron-microprobe analyses of fresh and reacted iron chips.

Fresh Chip Veinlet, Figure 4b - Figure 5
| 'Spotl  Spot2  Spot3 Spotl  Spot2  Spot3  Spot4
wi%  Fe 998 Fe,0, 515 S99 998 579 802 542 884
Cr 0.0 Cr,0,  19.1 20.0 0.4 202 3.8 199 - 23
Mn 0.0 0 38 39 03 41 10 42 06
Ca 0.0 5i0, 34 1.9 04 04 32 86 1.7
S 0.0
P 00 |
sum 99.8 83.8 857 1007 82.6 882 869 930
(Fe,0, + Cr,0,)/sum 914 93.2 99.5 o4 952 853 975
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Table 4. Electron-microprobe analyses of the seven areas of the iron filings marked on Figufe

.

6.
' . | 7 ‘_'Area Number, Figure,,é
12 3 4 s 6 7
wi%  Fe,0, SL6 7114 549 562 967 964 967
Cr0, 133 42 153 179 0" 00 00
CaO 3.1 0.8 3.9 45 " 0.0 0.0 0.0
Si0, 107 18 1Ll 90 15 15 17
sum 787 833 852 876 983 979 934
*Cr present, but at the limit of detection
25



Table 5. Electron-microprobe analyses for iron filings shown in Figure 8.

Figure 8

Whiter .Zoﬂé_S:: 7 | Darker phase
T 2 3 4 o 2 3
wt%  Fe 959 954 951 943 923 903 907
o 03 03 02 03 09 08 09
P 01 01 00 0.1 0.3 07 0.0
Si 1.9 1.9 2.1 1.8 0.2 0.6 0.0
Sum’ 982 977 974 965 937 924 916

~*Also present are traces of Ni, Mn, and S. Low totals indicate a missing element, perhaps carbon,
or incomplete analysis due to surface irregularities.
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" Table 6. Concentrations of dissolved constituents (mg/L) in the effluent and calculated saturation indices for

the column containing iron filings (column 5).

Sample

| 193 195
DISSOLVED CONSTITUENT '
‘Na o - ) . 32 02
K . . , 138 ' 13.9
‘Mg o <0.1 . <0.1
ca ' - 410 \ 4.60
Fe - . <002 <002
Cu - 001 <0.01
Zn | _ 0.23 ' 0.22
Cr - <2 10.
Ma | _— <001 <0.01
! o . 06 1.5
S0, o <2 : R )
Reactive Silica ' 0.8 05
pH . . V ) 9.88 9.77
Eh - ) 229 o 401
Alkalinity _ ' v 33 o 33
(as CaCO;) :
SATURATION INDICES
Calcite o oh 04
Amorphous Silica ' » ' -245° 2.61-
Cr{OH), : S - 036 1.08
Ferrihydrite - - 031 . 041
Goethite ‘ 6.20 630
Lépidocrocite ' 383 3.93
Siderite -8.79 1132

* Calculations were made assumiing 2queous concentrations are equal to analytical detection limits.
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List of Figures

Figure 1. Schematic d1aorams showmo porous reactive walls for treating
groundwater contaminated by Cr(VI), a) plan view and b) cross—secuonal

view.
Figure 2. Schematic diagram showing column cxperiméntal design.

Figure 3. Results of time-to- ethbnum batch experiments showing removal of
Cr(V1) from solution: a) iron filings, b) iron chips c) pynte and d) iron
filings. Square symbols represent mixtures with calcite added and circles
represent mixtures with no calcite added.

Figure 4. a) Backscattcred electron image of partly replaced grain of iron (white),

showing five areas of iron oxyhydroxides (1 5) of which only 3 is Cr--

bearing. Bar scale represents 100 pm.

b) Enlarged BSE image of area 3 showing at Teast two phases making up
the veinlet. The dots indicate the three spots analyzed by electron
microprobe (Table 3); the X-ray images for Cr and Si shown below
indicate that the CI'-IlCh phase is darker grey and is Si-bearing. Bar scale

represents 20 pm.

Figure 5. BSE micrograph and corresponding X-ray images for Cr, Si, and Fe, for
prec1p1tates in a cavity in an iron chip. Areas 1-4 (arrows) indicate points
for which electron-microprobe analysis are given in Table 3; the lightest
grey, last precipitate (4) is hematite or maghemite. Bar scale represents 10

fm.-

Figure 6. Iron filings. BSE photos of iron oxyhydroxldes (a and b are the same
_ photo at different contrasts), and corresponding X-ray maps for Cr and Si.
Numbered areas refer to the positions of electron microprobe analyses as
listed in Table 4. Bar scale represents 20 pm.

Figure 7. BSE photo showing two-phase iron. Black area within the iron particle
is iron oxyhydroxide that has extensively replaced the iron. Bar scale

represents 25 pm.

Figure 8. BSE of enlarged area of an iron particle, as in Figure 7, and tﬁe
corresponding X-ray maps for Cr, Si, and P. Electron-microprobe analyses
of the lighter and darker ("matrix") phases are given in Table 5. Bar scale

represents 10 pm.

Figure 9. Results of dynamic column expenment for column containing quartz
sand. Average linear veloc1ty of the water thl'OlJ"h the column was' 25
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Figure

m/a. Input Cr(VI) concentration was 80 mg/L. a) CI and b) Cr relative
concentrations

10. Results of dynamic column experiment for column containing 5 mass%
siderite. Average linear velocity of the water through the column was 20
m/a. Input Cr(VI) concentration was 80 mg/L. a) Cl and b) Cr relative
concentrations.

11. Results of dynamic column experiment for column containing 20
mass% pyrite. Average linear velocity of the water through the column
was 20 m/a. Input Cr(VD) concentration was 18 mg/L. a) Cl and b) Cr
relative concentrations. o

12. Results of dynamic column experiment for column. COHtaining' 10
mass% iron chips. Average linear velocity of the water through the
column was 10 m/a. Input Cr(VI) concentration was 18 mg/L. a) Cl and
b) Cr relative concentrations.

13. Results of dynam1c colurnn expenment for column containing 50
mass% iron filings. Average linear velocity of the water through the
column was 10 m/a. Input Cr(VI) concentration was 18 mg/L. a) Cl and
b) Cr relative concentrations.

14. Results of dynamic column experiment for column containing 50
mass% iron filings. Average linear velocity of water through the column
was 40 m/a. Input Cr(VI) concentration was 18 mc/L a) Cl and b) Cr
relative concentrations.
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