CHLORINATED ETHENE REDUCTION BY CAST IRON: SORPTION AND
MASS TRANSFER
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ABSTRACT: Tetrachloroethylene (PCE) and trichloroethylene (TCE) exhibited significant nonlinear sorption to
nonreactive sites when exposed to four cast irons. Cast iron is a reactive material that promotes reductive
dechlorination and has recently been used for in-situ remediation of chlorinated solvent contaminated ground
water. Comparisons between PCE sorption to cast iron, graphite, and iron-containing minerals indicate that
nonreactive sorption is due to exposed graphite inclusions in the cast iron. Sorption of the homologous series
of chloroethenes to a cast iron adheres to Traube’s rule; thus, the extent of sorption is related primarily to
compound hydrophobicity. An analytical model incorporating rate-limited sorption/desorption to nonreactive sites
was used to assess sorption nonequilibrium. Effective sorption and desorption rate coefficients determined how
significant mass transfer limitations to nonreactive sorption sites exist for PCE and not for TCE. The nonreactive
sorption observed indicates that flow-through cast iron treatment systems will exhibit significant delayed attain-
ment of steady-state conditions for chlorinated ethenes, particularly PCE and TCE.

INTRODUCTION

An in-situ permeable reactive barrier of metallic iron is an
innovative ground-water remediation technology for chlori-
nated solvents (Gillham and O’Hannesin 1994; NRC 1994,
1997) that is being implemented at several field sites (U.S.
EPA 1995, 1997). Through this technology, chlorinated eth-
enes such as perchloroethylene and trichloroethylene (PCE and
TCE) are reduced primarily to nontoxic hydrocarbons (Senzaki
and Kumagai 1989; Gillham and O’Hannesin 1994; Orth and
Gillham 1996) via either hydrogenolysis or reductive B-elim-
ination (Roberts et al. 1996; Campbell et al. 1997). The re-
duction reactions take place on the iron surface and are linked
to the anaerobic corrosion of iron (Matheson and Tratnyek
1994; Weber 1996). Cast iron is a relatively low cost form of
Fe’, making it the iron of choice in field applications to date.
In addition to the reduction reactions, substantial nonlinear
sorption to nonreactive sites has been observed for PCE and
TCE with a cast iron (Burris et al. 1995). In the same study,
the batch system data suggested that mass transfer resistance
to nonreactive sorption sites exists for PCE but not for TCE.
Sorption to nonreactive sites will lead to delayed attainment
of steady-state conditions in flow-through treatment systems
(e.g., packed bed or permeable reactive barrier) (Hatfield et al.
1996). Delayed attainment of steady-state conditions becomes
problematic when designing treatment systems or evaluating
treatment system performance (i.e., performance may appear
to be decreasing when steady-state conditions are simply being
approached).
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Zero-valent iron can occur in a wide array of forms with
differing purities and macroscopic structures. Cast irons are
iron/carbon/silicon alloys (2—-4% C; 1-3% Si) in which more
carbon is present than can be retained in solid solution (Metals
1978). As a consequence, carbon precipitates as flakes or nod-
ules of graphite that become embedded within the metal. Deng
et al. (1997) confirmed the presence of graphite in Fisher 40
mesh cast iron [used by Burris et al. (1995)] by dissolving the
iron in strong acid and analyzing the residual by X-ray dif-
fraction.

In this study, the sorption of chlorinated ethenes to cast iron
surfaces was further examined to (1) assess the generality of
nonreactive sorption behavior for cast irons; (2) determine the
predominant nonreactive sorbent on the cast iron surface; (3)
determine whether sorption to cast iron adheres to Traube’s
rule (sorption proportional to hydrophobicity); and (4) evaluate
rate-limited sorption/desorption for the nonreactive sites. Un-
derstanding the nature of nonreactive sorption of chloroethenes
to cast iron will improve the ability to design, and evaluate
performance of, in-situ permeable reactive barriers based upon
cast iron.

MODEL DEVELOPMENT

Reduction kinetics without and with accounting for non-
reactive sorption onto the irons, respectively, in batch systems
have been described by Burris et al. (1995) as
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where Cr and C, = total system and aqueous-phase concentra-
tions, respectively; A and A, = reaction rate constants; and N
and N, = reaction orders. Eq. (2) assumes that transformation
is dependent upon aqueous-phase concentrations and that the
observed sorption is primarily to nonreactive sorption sites.
A conceptual model incorporating reaction and rate-limited
sorption/desorption to nonreactive sites is proposed for the
chloroethenes in a water/cast iron system (Fig. 1). In the pro-
posed model, the reduction reactions occur at the Fe surface
rather than in the aqueous phase. The contaminant molecules
in the aqueous phase have access to the cast iron surface where
they can either adsorb to nonreactive sorbent sites or reach
reactive sites where the reduction reactions can take place.
Adsorption to the nonreactive sorption sites is nonlinear (Bur-
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FIG. 1. Schematic of Proposed Conceptual Model for Reduc-
tion of Chioroethenes in Water/Cast Iron System

ris et al. 1995; Allen-King et al. 1997), and competition occurs
between solute molecules for the limited number of available
sorption sites (Burris et al. 1995). Rate-limited sorption and
desorption may occur with the nonreactive sorbent sites [as
suggested by Burris et al. (1995)]; o, and o, are the sorption
and desorption rate coefficients, respectively. The reactive sites
have an associated intrinsic chemical reaction rate k,. There
may also be reactant (contaminant) and product mass transfer
resistances with respect to the reactive sites; o, and a_, are
the associated mass transfer rate coefficients. Solute competi-
tion for reactive sites was not observed (Burris et al. 1995).
Note that A, incorporates k, and the reactive site mass transfer
terms.

Assuming transformation is dependent upon aqueous-phase
concentration (i.e., observed sorption is to nonreactive sites),
the rate of change in aqueous-phase concentration with respect
to time can be described as a combination of (1) the loss due
to transformation (in this case, the mathematics are the same
for either an aqueous-phase homogeneous reaction or a sur-
face-mediated heterogeneous reaction that is dependent upon
aqueous-phase concentration); (2) the loss due to sorption; and
(3) the gain due to desorption

%C;ﬂ= [=XCe] + [, C] + [a-C] €)]

The rate of change in sorbed concentration C, can be described
as

7;{ =a,;C, — a,,C; “)

Combining (3) and (4), we get
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N, was essentially 1.0 for both PCE and TCE using Fisher
cast iron, implying that the observed reaction is first order with
respect to aqueous concentrations. Substituting 1.0 for N, in
(3) gives

dcC,
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Using these assumptions and relationships, exact solutions
for C, and Cr that incorporate rate-limited sorption and de-
sorption to the nonreactive sites can be derived (see Appendix
D). The exact solution for the aqueous-phase concentration is
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and the corresponding solution for the total concentration is
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where C, = initial aqueous concentration.

MATERIALS AND METHODS
Chemicals

Deionized Milli-Q water (18 M{)-cm resistivity, Millipore
Corp., Milford, Mass.) was used in all experiments. PCE (UV-
Spec Grade) was obtained from Baker, Phillipsburg, N.J. TCE
(ACS Reagent Grade) and graphite powder (99%) were ob-
tained from Fisher Scientific, Fair Lawn, N.J. 1,4-Dichloro-
benzene was obtained from Aldrich, Milwaukee, Wis. Pyrite,
used for pH control, was obtained from Ward’s Natural Sci-
entific Est., Inc., Rochester, N.Y. The pyrite was ground to a
fine powder with mortar and pestle prior to use. Activated
carbon powder was supplied by Mallinckrodt, Chesterfield,
Mo. The iron oxides examined were hematite (red ochre, pul-
verized in a shatterbox, Ward’s Natural Scientific Est., Inc.,
Rochester, N.Y.), goethite (synthesized by B. R. Coughlin and
A. T. Stone, Johns Hopkins University, Baltimore, Md.), and
magnitite (provided by Dr. Tim Sivavec, GE Corporate Re-
search and Development, Schenectady, N.Y.). The metallic
irons examined in this study included Fisher iron filings (cast

TABLE 1. Carbon Content and Surface Areas of Study Mate-
rials

Surface area |Carbon content
Material (m?#g) (%)
(1 2) (3)
Fisher cast iron 1.0 3.1
Master Builder’s GX-27 cast iron 1.74 2.8
Connelly-GPM cast iron 1.58 32
Peerless cast iron 0.87 31
Electrolytic iron 0.30 <0.01
Carbonyl iron 047 0.82
Activated carbon powder 2,480 ~100*
Graphite powder 75 ~100*
Magnetite 7.1 -
Goethite 49.1 —*
Hematite 847 —>r

“Assumed to be near 100% by definition.
*Not determined.
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iron, 40 mesh, Fisher Scientific, Fair Lawn, N.J.), Master
Builder’s (MB’s) GX-27 iron (cast iron, Master Builder’s Inc.,
Cleveland, Ohio), Peerless iron (cast iron, aggregate size 8/50,
Peerless Metal Powders and Abrasive, Detroit, Mich.), Con-
nelly-GPM (cast iron, Connelly-GPM, Chicago, Il1.), carbonyl
iron (97+% zero-valent iron produced by the reduction of
Fe(CO)s by hydrogen, Sigma Chemical, St. Louis, Mo.), and
electrolytic iron (powder, Fisher Scientific, Fair Lawn, N.J.).
The cast irons and electrolytic iron were pretreated by washing
in Ar-sparged 1 N HCI with periodic shaking for 30 min,
rinsed thoroughly with Ar-sparged deionized water, and dried
at 100°C under N,. This treatment yielded gray, metallic solids
with no visible ferric oxyhydroxides on the surface. Carbon
contents of the iron samples were determined using UIC and
Leco WR-112 carbon analyzers. Surface areas were deter-
mined by the BET (N,) method. The surface areas and carbon
contents of the materials examined in this study are given in
Table 1.

Metallic iron Batch Systems

The experimental procedures used for the cast irons exam-
ined in this study are the same as those used in Burris et al.
(1995). The present study uses the Fisher 40 mesh cast iron
results from Burris et al. (1995). Portions of the cast iron sys-
tem experimental methodology are repeated here due to sim-
ilarities with experiments using the other irons examined as
well as for clarity.

All cast iron experiments were carried out in 15-mL clear
borosilicate crimp-top serum vials. In these systems, reduction
of PCE and TCE is occurring at the same time as sorption so
that concentrations must be determined in both aqueous and
solid phases as a function of time. Four vials were used per
time point: two controls and two Fe vials. In the case of cast
iron, 5.00 * 0.05 g of iron filings and 0.100 * 0.005 g pyrite
powder were weighed into each Fe vial. The pyrite was added
for pH control (pH remained near neutral). No sorption or
reaction due to the pyrite alone was detected, with or without
H, headspace. Aqueous solutions of PCE and TCE were pre-
pared by spiking Ar-sparged, deionized, Milli-Q water with
stock solutions in methanol (500-mg PCE or TCE/ml) to
achieve the desired concentrations. Resultant methanol con-
centrations were always below 10™* mol fraction, below which
aqueous infinite dilution activity coefficients for halogenated
hydrocarbons are unaffected (Munz and Roberts 1986). In an
anaerobic glovebox (10% H,, 90% N,), control and Fe + py-
rite vials were filled completely with aqueous PCE or TCE
solution from a separatory funnel, then crimp-sealed without
headspace using Teflon-lined rubber septa. Water volumes
were determined gravimetrically. Vials were then placed on a
roller drum and rotated (5—8 rpm) vertically as the vial axis
remained horizontal, creating a well-mixed system. The reac-
tion was carried out at ambient temperature (21 * 1°C). Vials
were removed for analysis at specified times.

The experiments with electrolytic and carbonyl iron pow-
ders were essentially the same as those for cast iron, except
pyrite was omitted. In the case of electrolytic iron, 10.0 %= 0.1
g iron powder was used.

Chlorinated solvent concentration on the metallic iron solid
phase was calculated using the difference between the mea-
sured total extract and aqueous-phase chlorinated solvent
masses and the mass of iron in the system (analytical methods
described later). In the case of the reactive metallic irons, the
sorption isotherms cannot be viewed as true equilibrium iso-
therms since the reduction reaction is also occurring. Sorption
quasi-equilibrium onto cast iron was established by 2 h for
TCE and 24 h for PCE (Burris et al. 1995).
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Carbon and Iron Oxide Batch Systems

Sorption experiments with activated carbon and graphite
were conducted in 25-mL serum vials with zero headspace.
Initial aqueous PCE concentration was 60 M, and final aque-
ous concentrations were varied by using a range of sorbent
masses (0—-36 mg for activated carbon and 03 g for graph-
ite). Initial aqueous TCE concentrations and sorbent mass
ranges for activated carbon were 700 uM and 0-55 mg, re-
spectively, and for graphite were 450 uM and 0-6 g, respec-
tively. Vials were prepared aerobically, with duplicates for
each sorbent loading and corresponding controls without sor-
bent. The vials were filled, leaving no headspace, and crimped
with Teflon-lined septa. Water volumes were determined grav-
imetrically. Vials were equilibrated while mixing on the roller
drum at 20 * 1°C for 1 day. Aqueous samples were obtained
from each vial (after being centrifuged for phase separation)
and analyzed as subsequently discussed. The amount sorbed
was determined by the aqueous phase mass difference between
the sample and control vials.

The magnetite, goethite, and hematite sorption experiments
were similar to those with carbon except 15-mL vials and 1-
g sorbent were used. PCE concentrations were varied by using
different initial concentrations (4—45 pM).

Analysis

For the iron experiments, each control and Fe vial was an-
alyzed for PCE or TCE by two different methods to determine
aqueous and total system (mass per vial) concentrations. Du-
plicate 20-pL aliquots of the aqueous phase were sampled
from the vial after injecting 40 pL of deionized water into the
vial to ensure positive pressure inside the vial during sampling.
Each 20-pL aliquot was spiked into 1.0-mL acetonitrile con-
taining 10-mg/L 1,4-dichlorobenzene as an internal standard,
mixed and analyzed by gas chromatography (GC). Aqueous-
phase samples for the carbon and iron oxide sorption experi-
ments were also obtained and analyzed by this method. Total
system concentration was determined next by acetonitrile ex-
traction. The entire aqueous content of the vial was transferred
by air displacement through a cannula to a 40-mL vial con-
taining 10-mL acetonitrile. A 2.5-mL aliquot of acetonitrile
containing 1.20-g/L. 1,4-dichlorobenzene as internal standard
was then added to the original sample vial by syringe through
the septum. The vial was vortex-mixed for 1 min, and the
extract was transferred by syringe to the 40-mL vial. A 2.5-
mL aliquot of acetonitrile without internal standard was then
added to the original sample vial, mixed and transferred to the
40-mL vial. The extract solution was diluted 1:10 in acetoni-
trile and analyzed by GC.

PCE and TCE concentrations were determined by GC on a
15 m X 0.53 mm DB-1 column with a stationary-phase film
thickness of 3 wm using a temperature-programmed run. De-

TABLE 2. Kinetic Parameters Determined for PCE and TCE in
Water/Cast Iron System for Fisher lron (Burris et al. 1995) and
Other Irons Examined in This Study

In A In A,
Iron N (ng/h)/(ng") N, (ng/h)(ng™)
(1) (2) (3) (4) (5)

Tetrachloroethylene

Master Builder’'s 4.3 (x1.3)"| —24 (27) 1.1 (x0.6) —3.3 (22.0)
Peerless 2.7 (*0.8) | —15(*4) 1.0 (x04) -39 (*L7)
Connelly 2.2 (x0.8) | —11 (*x4) 1.1 (*0.5) —4.3 (£2.1)
Fisher 2.7 (£0.9) | ~15 (£5) 0.94 (£0.31)| —29(*1.0)
Trichloroethylene
Master Builder’'s | 1.5 (£1.4) | —3.4 (+£3.3) | 0.63 (%£0.60) | —0.15 (£1.04)
Peerless 1.1 (£0.3) | —4.9 (x1.7) | 0.87 (x0.20) | —3.2 (£1.1)
Connelly 1.2 (£0.3) | —=5.1 (*1.8) | 0.93 (x0.27)| —34(*14)
Fisher 1.3 (£0.1) | —5.9 (+0.6) | 0.94 (x0.10) | —3.1 (x04)

Note: Numbers in parentheses indicate 95% confidence intervals.




tection was by Ni*® ECD. Quantification was by the internal
standard method.

Sorption and desorption rate constants for the nonreactive
sorbent sites (o, and a_,) for PCE with Fisher iron were es-
timated by nonlinear least-squares fit (Statistica) of the exact
solution for Cr [(8)] to experimental C, values. The experi-
mentally derived A, value for PCE with Fisher iron (see Table
2) was used. The «a, and a_,; values obtained were used in the
exact solution for C, [(7)] to predict the aqueous-phase con-
centrations.

RESULTS AND ANALYSIS
Sorption and Reaction with Different Cast Irons

PCE concentrations (as micrograms/vial and micrograms in
water/vial) in the MB’s cast iron system as a function of time
are shown in Fig. 2. The difference between the total and so-
lution masses is the amount sorbed onto the iron. The rate of
total system mass loss is greater when there is more PCE in
the aqueous phase, indicating that sorption is to nonreactive
sites, in agreement with the comparable results for Fisher cast
iron (Burris et al. 1995). Although PCE exhibited the greatest
sorption on MB, the trends shown in Fig. 2 are similar to those
observed for PCE and TCE on all the cast irons (data not
shown).

The reduction kinetic parameters {see (1) and (2)] deter-
mined for PCE reflect the large magnitude of nonreactive sorp-
tion onto all of the cast irons and generally agree with those
obtained by Burris et al. (1995) for Fisher iron (Table 2). PCE
N values were significantly greater than 1.0, whereas PCE N,
values are essentially 1.0 indicating that the reaction is nearly
first order when nonreactive sorption is accounted for. TCE N
and N, values were both relatively close to 1.0, reflecting the
lower extent of TCE sorption onto the cast irons.

Significant nonlinear sorption was observed for both PCE
and TCE with all four irons (Fig. 3; Table 3), suggesting that
nonlinear sorption of this type is common for cast irons. The
sorption isotherms were relatively similar to one another for a
particular compound. Sorption of PCE was greater than TCE
for all the irons. MB iron exhibited the greatest degree of
sorption and Connelly and Peerless irons showed the least for
both compounds.

The cast iron sorption isotherms indicate that substantial
retardation of PCE and TCE transport in flow-through cast iron
treatment systems would be expected. This retardation will
delay the attainment of steady-state conditions within the flow-
through system (Hatfield et al. 1996). The practical implication
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FIG. 2. Disappearance of PCE in Closed Batch System {15-mL
Vials with No Headspace) Containing 5.0-g MB’s GX27 Cast Iron
and 0.1-g Pyrite. © and 0 = Aqueous and Total System Concen-
trations, Respectively, and ® and = = Controis
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FIG. 3. Distribution of Sorbed versus Agqueous Concentra-
tions for PCE and TCE for Four Cast Irons Examined in This
Study. These Can Be Viewed as Quasi-Equilibrium Sorption Iso-
therms Since Reduction Reactions Are Also Occurring

TABLE 3. PCE and TCE Freundlich Sorption Isotherm Coeffl-
cients for Cast Irons Examined

K
Iron [nmol/g/(nmol/mL)™] m r?
(1) 2) (3) (4)
Tetrachloroethylene
Master Builder’s 164 0.37 0.848
Peerless 108 0.21 0.801
Connelly 729 0.35 0.94
Fisher 94.0 045 0.960
Trichloroethylene
Master Builder’s 15.6 0.36 0.979
Peerless 14.5 0.53 0.886
Connelly 123 0.53 0.858
Fisher 18.7 0.55 0.973

of the observed nonreactive sorption is that numerous pore
volumes (tens or possibly hundreds in the case of low PCE
concentrations) may be required to attain an accurate assess-
ment of treatment system performance (i.e., kinetics at steady-
state conditions).

Potential Sorbent(s) in Cast Iron/Water System

Possible sorbents for the sorption of chlorinated solvents in
cast iron/water systems considered in this study include (1)
outer passive iron oxide layer; (2) zero-valent iron surface it-
self; (3) carbon present as iron carbide; and (4) embedded
graphite. Sorption onto various pure materials was determined
to assess the roles of the outer passive oxide layer, the zero-
valent iron surface, and graphite nodules or flakes. Sorption
onto carbonyl iron (carbon as jron carbide only) was used to
assess the contribution of carbide carbon,

Sorption of PCE onto the iron oxides (hematite, goethite,
and magnitite) was not detected above analytical background
(results not shown). TCE is less hydrophobic than PCE and
sorbed less than PCE for the cast irons; it was not tested for
sorption on these materials. The cast iron used was pretreated
with acid prior to use to minimize the presence of an iron
oxide coating; thus, not much was likely to be present to act
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