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To gain insight into factors that control H,O, persistence and *OH yield in H,0,-based in situ
chemical oxidation systems, the decomposition of H,0, and transformation of phenol were
investigated in the presence of iron-containing minerals and aquifer materials. Under
conditions expected during remediation of soil and groundwater, the stoichiometric effi-
ciency, defined as the amount of phenol transformed per mole of H,0, decomposed, varied
from 0.005 to 0.28%. Among the iron-containing minerals, iron oxides were 2—10 times less
efficient in transforming phenol than iron-containing clays and synthetic iron-containing
catalysts. In both iron-containing mineral and aquifer materials systems, the stoichio-
metric efficiency was inversely correlated with the rate of H,O, decomposition. In aquifer
materials systems, the stoichiometric efficiency was also inversely correlated with the Mn
content, consistent with the fact that the decomposition of H,0, on manganese oxides
does not produce *OH. Removal of iron and manganese oxide coatings from the surface of
aquifer materials by extraction with citrate—bicarbonate—dithionite slowed the rate of
H,0, decomposition on aquifer materials and increased the stoichiometric efficiency. In
addition, the presence of 2 mM of dissolved SiO, slowed the rate of H,0, decomposition on
aquifer materials by over 80% without affecting the stoichiometric efficiency.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

typically encountered at contaminated sites (e.g., benzene,
phenol, trichloroethylene, polycyclic aromatic hydrocarbons).

Over the past two decades, hydrogen peroxide-based in situ
Chemical Oxidation (ISCO) has become increasingly popular
as ameans of remediating contaminated soil and groundwater
(Huling and Pivetz, 2006; Krembs et al., 2010). In this practice,
concentrated solutions of H,0, are injected into groundwater
or added to soils. Upon contacting iron-containing minerals,
some of the H,0, is converted into *OH (reactions (1) and (2)
(e.g., Lin and Gurol, 1998; Petigara et al., 2002)), which subse-
quently oxidizes contaminants. The technology is effective
against many of the most recalcitrant organic contaminants

The use of H,0, is also attractive because it is relatively inex-
pensive and its byproducts, namely O, and H,0, are benign.

=Fe(Ill) + H,0, > =Fe(1l) + O, + 2H" (1)

=Fe(Il) + H,0, — =Fe(lll) + ‘'OH + OH" )

Fe—and Mn-oxides, enzymes

2H,0, — == 2H,0+0, (3)

The cost and efficiency of H,0,-based ISCO systems
depend largely upon the distance that H,O, travels in the
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subsurface, as well as the fraction of the H,0, that is con-
verted into *OH. It is generally desirable that H,O, persists in
the subsurface for a significant amount of time so that it can
penetrate deep into aquifers and react with contaminants
distant from injection wells. Thus, conditions that maximize
H,0, persistence in the subsurface are usually desirable,
because they minimize both the amount of H,O, and the
number of injection wells needed to decontaminate a given
site. As H,0, also can be decomposed by non-radical path-
ways (i.e., the pathways that do not produce *OH, which are
represented collectively by reaction (3)) (Petigara et al., 2002;
Pham et al., 2009), the amount of H,0, required also depends
upon the yield of *OH (i.e., the relative amount of H,0,
decomposed by reactions (1) and (2) to the total amount of
H,0, decomposed by reactions (1)—(3)).

To gain insight into factors that influence H,0, persistence
and °*OH yield, previous investigators have studied H,0,
decomposition and contaminant transformation in systems
consisting of pure iron oxides (e.g., ferrihydrite, hematite and
goethite (Valentine and Wang, 1998; Huang et al., 2001; Kwan
and Voelker, 2002)), iron minerals (e.g., pyrite (Matta et al.,
2007), iron-containing aluminosilicates (e.g., Lou et al,
2009)), and aquifer materials and soils (Ravikumar and
Gurol, 1994; Miller and Valentine, 1999; Petigara et al., 2002;
Bissey et al., 2006; Watts et al., 2007; Xu and Thomson, 2010).
Although these studies help explain the trends in the rates of
removal of contaminants in groundwater and sediments upon
addition of H,0,, it is still difficult to predict the rates of these
processes under conditions encountered at hazardous waste
sites.

Studies conducted with pure minerals have suggested that
the crystallinity of the oxide, the coordination of Fe, and the
mineral surface area affect H,0, decomposition rates and *OH
yields (Valentine and Wang, 1998; Huang et al., 2001). Never-
theless, these studies are of limited utility because iron in
aquifer materials usually exists as a mixture of different
phases and/or is associated with other oxides (e.g., silica,
alumina or manganese oxides). The reactivity of oxides in
mixed oxides and silicates is different from that of the
constituent end-member minerals (Lim et al., 2006; Pham
et al., 2009; Taujale and Zhang, 2012). Moreover, in addition
to iron minerals, other components in soils, such as manga-
nese oxides, organic matter, and enzymes (e.g., catalase or
peroxidase), also serve as H,0, sinks (Petigara et al., 2002; Xu
and Thomson, 2010). Thus, results obtained with iron oxides
and iron minerals do not capture the heterogeneity and
complexity of sediment systems, and could overestimate the
production *OH in remediation systems. Although studies
conducted with aquifer materials and soils have the potential
to capture some of this heterogeneity, most previous studies
have not related rates of H,O, decomposition and *OH yields to
the surface properties of the sediments. For example, Xu and
Thomson (2010) attempted to correlate the rate of H,0,
decomposition with aquifer materials’ properties. Their
results suggested that the H,0, decomposition rate is corre-
lated with the Fe and Mn content of the aquifer materials.
However, they did not quantify *OH yields. Thus, itis currently
difficult to predict the performance of H,0,-based ISCO
treatment systems without conducting extensive site-specific
scoping studies. Hence, more research is needed to predict

and optimize contaminant removal in H,0,-based ISCO
treatment system.

To reconcile prior observations of the role of different types
of transition metal catalysts with data on stoichiometric effi-
ciency and H,0, activation kinetics, the reactivity of various
iron-containing minerals and a diverse set of aquifer mate-
rials have been investigated. By studying H,0, activation with
materials from ten different aquifers under similar conditions
(i.e., well-buffered solution pH and identical initial concen-
tration of H,0, and target contaminant) and correlating
results with data on materials’ physico-chemical properties,
new insight has been gained about the factors affecting the
H,0, decomposition rates and *OH yields. To assess the role of
free iron and manganese oxides (i.e., pure oxides that exist as
discrete particles or as surface coatings), aquifer materials
were leached with citrate—bicarbonate—dithionite (CBD)
solution to remove both types of metal-oxide coatings prior to
H,0, addition. In addition, the effect of dissolved SiO,, a solute
that is ubiquitous in groundwater, on the reactivity of aquifer
materials was also studied.

2. Materials and methods
2.1. Chemicals

All chemicals were reagent grade and were used without
further purification. Solutions were prepared using 18 MQ
Milli-Q water from a Millipore system.

2.2. Iron-containing minerals

Amorphous iron oxyhydroxide 50—80 mesh (i.e., amorphous
Fe-oxide, obtained from Aldrich) was ground using a mortar
and pestle prior to sieving through a 150-um sieve. Goethite
and hematite were synthesized by aging freshly made ferri-
hydrite in a concentrated NaOH solution at 70 °C for 60 h
(goethite synthesis) or at pH 8 to 8.5 in the presence of NaHCO;
at 90 °C for 48 h (hematite synthesis) (Schwertmann and
Cornell, 2006). Two types of 2:1 iron-containing clay, namely
Wyoming Montmorillonite (Swy-2, 2.59% Fe by weight) and
Australian Nontronite (NAu-2, 26.04% Fe by weight), were
obtained from the Source Clays Repository (The Clay Minerals
Society). Fine powder Swy-2 was used as received, while large
chunks of NAu-2 were ground using a shatter box prior to
sieving through a 150-pm sieve. Iron oxide-coated sand (1% Fe
by weight, 4.8 m%g) was kindly provided by Peter Nico (Law-
rence Berkeley National Laboratory). The synthesis and
characterization of iron oxide-coated sand have been reported
elsewhere (Nico et al., 2009). FeSi-ox and FeAlSi-ox catalysts
were synthesized following the procedure reported previously
(Pham et al, 2009). The surface area of these minerals,
determined using the 5-point BET (Brunauer—Emmett—Teller)
nitrogen physisorption method, is reported in Table 1.

2.3.  Aquifer materials
Aquifer materials were obtained from 10 aquifers located in

California (CADIR, CADOU, CADMS, CAROL), Arizona (AWBPH,
AFTCS, AMTAL), Wyoming (WYSAN, WYLAM), and Kentucky
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Table 1 — Properties of iron-containing minerals and

observed-first order rate constants for mineral-catalyzed
H,0, decomposition.

Minerals Surface Iron content  kgpy/m? P ©
area (m%g) (Wt. %) (h"*m™?

Goethite 19 62.9% 0.015

Hematite 30 70.0 0.032

Amorphous 166 62.9% 0.097
Fe-oxide

Swy-2 32 2.6 0.022

NAu-2 69 26.2 0.012

Iron oxide- 5 1.0 0.199
coated sand

FeSi-ox 521 12.3 0.007

FeAlSi-ox 423 10.9 0.003

a Values were calculated based on the FeOOH formula.

b The observed-first order rate constants (k.,s) Were obtained by
fitting the experimental data to the first order decay reaction rate
law. The r? values of the fittings were always r* > 0.99.

c Rate constants were normalized by the total surface area of the
solid used in the experiment.

(KENTK). Samples were dried, homogenized, and sieved
through a 600-um sieve. The <600-um fractions were used in
the phenol oxidation experiments (Section 2.5). Their physico-
chemical properties are reported in Table 2.

2.4.  Treatment of aquifer materials with
citrate—bicarbonate—dithionite solution

Samples of six selected aquifer materials (i.e., CADIR, CADOU,
AFTCS, AWBPH, WYLAM, and WYSAN) were treated with cit-
rate—bicarbonate—dithionite (CBD) solution prior to the
phenol oxidation experiment. The CBD treatment removes
primarily pure iron and manganese oxides that exist as
discrete particles or as coatings on the surface of aquifer
materials, but not structural iron and manganese incorporated

in silicates or aluminosilicates (Kunze and Dixon, 1986). The
amount of CBD-extractable Fe and Mn in the aquifer materials
is reported in Table 2. Details on the CBD treatment procedure
are reported in Section 1 of the supporting information
section.

2.5. Hydrogen peroxide decomposition and phenol
transformation

H,0, decomposition and phenol transformation experiments
were conducted in the dark in a 150-mL Pyrex flask that was
shaken at 200 rpm. Phenol was selected as a model target
contaminant because it is not significantly adsorbed by any of
the solids and reacts with *OH at a near-diffusion controlled
rate. Each flask contained 10 mL of a solution consisting of
250 mM H,0, and 0.5 mM phenol, with 1-10 g/L of iron-
containing minerals or 50—150 g/L of aquifer materials.
Suspensions were buffered with 2—10 mM borate. The initial
pH of the suspensions was 8.4 and did not vary by more than
0.3 pH unit over the course of the experiment, with the
exception of the KENTK materials, where the pH dropped
quickly to 7.2 and remained stable during the experiment.
Reactors were open to the atmosphere but were covered with
parafilm to minimize evaporation.

Samples were withdrawn at predetermined time intervals
and divided into two aliquots. The first aliquot was centrifuged
to separate the solids, then the supernatant was filtered
immediately through a 0.2-pm nylon filter prior to analysis for
H,0,. Acetonitrile was added to the second aliquot
(acetonitrile:sample = 1:1) and the mixture was agitated
vigorously for 2 min with a vortex mixer to extract phenol from
the solids. The solids were then separated by centrifugation
and filtration, and the solution was analyzed for phenol. Phenol
recovery by acetonitrile extraction was always above 98% in
H,0,-free controls. The stoichiometric efficiency, E, defined as
the amount of phenol transformed per mole of hydrogen
peroxide decomposed (i.e., E = ((A[phenol])/(A[H,03])) x 100%),

Table 2 — Properties of aquifer materials. Surface area was measured in our laboratory while the other properties were

analyzed by the Analytical Laboratory at the University of California, Davis. Details on the analytical protocols are available

at http://anlab.ucdavis.edu/analyses/soil/

Soil ID Sand Silt Clay PH pH,,® BETsurface TotalFe TotalMn Fe-CBD Mn-CBD TC TOC
(wt. %) (Wt %) (Wt %) area® (m”g) (mgkg) (mgkg) (mgke) (mgky (%) (%)
CADIR 80 16 4 8.4 8.4 4.7 9600 96 2460 28 0.22 0.1
CADOU 84 10 6 9.2 8.7 3.9 7700 106 3020 54 0.32 0.2
CADMS 90 5 5 8.8 8.5 3.2 6840 90 2400 44 0.23 0.11
CAROL 63 18 19 7.6 8.2 39.8 24,880 156 4800 76 0.08 0.08
AWBPH 82 10 8 7.8 8.5 14.3 16,700 287 8010 191 0.03¢  0.04°
AFTCS 60 22 18 7.7 8.3 27.7 14,400 321 4470 185 0.36 0.05
AMTAL 64 22 14 7.2 8.2 16.2 18,490 1162 10,500 943 0.04°  0.06°
WYSAN 86 8 6 7.8 8.5 9.0 11,500 193 4170 142 0.19 0.04
WYLAM 42 32 26 7.7 8.3 34.6 13,900 294 2580 189 0.34 0.04
KENTK 87 5 8 4.6 7.2 5.1 12,400 67 10,950 57 0.02°  0.05¢

a The average pH of the solution during the course of phenol degradation experiment. Solutions were buffered with 10 mM borate and the

initial pH was 8.5.

b BET surface area was measured in duplicate, and the average results are reported.
¢ TOC (Total Organic Carbon) was greater than TC (Total Carbon) because these values were within the uncertainty range of the analysis

methods.
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was used to compare the H,0, activation efficiency for different
solids (Pham et al., 2009). All experiments were carried out at
22 + 2 °C and at least in triplicate, and the average results were
reported together with one standard deviation.

2.6.  Analytical methods

Phenol was analyzed using HPLC as described previously
(Pham et al., 2009). H,0, was analyzed spectrophotometrically
by the titanium sulfate method (Eisenberg, 1943). Total dis-
solved iron was quantified using the 1,10-phenanthroline
method after adding hydroxylamine hydrochloride to the
filtered samples (Tamura et al., 1974). The concentration of
dissolved iron was always below the detection limit (i.e., less
than 5 uM).

3. Results and discussions

3.1. H,0, decomposition, phenol oxidation, and
stoichiometric efficiency

3.1.1. Iron-containing minerals
Under the conditions employed in the experiments, H,0, and
phenol disappeared from the suspensions over a period of
several days (Fig. 1A). No phenol loss was observed in the
absence of H,0, or in the presence of 100 mM tert-butanol (an
*OH scavenger). These results collectively suggested that
phenol was lost from systems containing minerals and H,0,
through the reaction with *OH. Furthermore, *OH production
in these systems was mainly attributable to surface-catalyzed
reactions because the concentration of dissolved iron was
always below the detection limit (i.e., less than 5 pM).

The stoichiometric efficiency in the iron-containing
mineral/H,0, systems varied over an order of magnitude,

300
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o

10 20 30 40 50
0.6

0.4

0.2

phenol (mM)
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from 0.02% with amorphous Fe-oxide to 0.25% with FeAlSi-ox
(Fig. 1B). The low stoichiometric efficiency suggests that the
majority of the H,0; (i.e., more than 99%) was decomposed via
reactions that do not produce *OH (Petigara et al., 2002; Pham
et al.,, 2009). Consistent with our previous study (Pham et al.,
2009), the stoichiometric efficiency was higher for the iron
silicates and aluminosilicates (FeSi-ox, FeAlSi-ox, NAu-2 and
Swy-2) than for the pure iron oxides. This was most likely
attributable to the Fe coordination environment in the sili-
cates and aluminosilicates, which favored H,0, decomposi-
tion via the radical mechanisms (reactions (1) and (2)) over the
non-radical mechanisms (reaction (3)) (Pham et al., 2009). The
stoichiometric efficiency also appeared to be inversely corre-
lated with the rate of H,0, decomposition, with lower stoi-
chiometric efficiency occurring mainly in systems with faster
H,0, decomposition (Fig. 1 and Table 1).

Both FeSi-ox and iron oxide-coated sand contained Fe and
Si. Under the experimental conditions employed in this study,
however, FeSi-ox was approximately 5 times more effective
than iron oxide-coated sand in H,0, activation (stoichiometric
efficiency of 0.24 and 0.045% for FeSi-ox and iron oxide-coated
sand, respectively (Fig. 1B)). The higher efficiency of the FeSi-
ox catalyst might also be attributable to the difference in Fe
coordination environment in each solid. In the case of iron
oxide-coated sand, sand particles were coated with ferrihy-
drite slurry (Nico et al., 2009) whereas the FeSi-ox was
synthesized by a sol—gel process, in which a mixture of tet-
raethyl orthosilicate (a silica precursor) and dissolved Fe3*
was coprecipitated in a strong alkaline solution (Pham et al.,
2009). For FeSi-ox, the coordination of Fe by silicate and/or
close interaction between Fe and Si might have created
surface conditions that were more favorable for *OH produc-
tion during H,0, decomposition (Pham et al., 2009).

While NAu-2 and Swy-2 are both 2:1 layered smectites, the
stoichiometric efficiency with NAu-2 (0.21%) was almost

0.30
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Fig. 1 — (A): A representative example of H,0, decomposition and phenol transformation. [NAu-2] = 5 g/L, pH = 8.4 = 0.1,
[borate] = 2 mM (B): Stoichiometric efficiency (A[phenol]/A[H,0,] x 100%) with different iron-containing minerals.

[H205]o = 250 mM, [phenol], = 0.5 mM, [FeSi-ox] = [FeAlSi-ox] = 10 g/L, [NAu-2] = 5 g/L, [Swy-2] = 10 g/L,

[hematite] = [goethite] = 10 g/L, [FeOOH] = 1 g/L, [Fe-coated sand] = 10 g/L, pH = 8.4 = 0.1.
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double that with Swy-2 (0.12%). Compared with other 2:1
clays, NAu-2 contains a significantly higher concentration of
Fe in the octahedral layer (Keeling et al., 2000). The potential
for structural iron to produce higher ‘OH yields when used as
a heterogeneous catalyst warrants further investigation.
Additionally, detailed study on the correlation between the
structure of well-characterized clays and their potential to
produce *OH from H,0, might provide further insight into the
reaction mechanism, as well as a basis for synthesizing more
effective catalysts for H,0,-based ex situ oxidative treatment.

3.1.2. Aquifer materials

The catalytic activity of aquifer materials with respect to H,0,
activation was investigated using an approach similar to that
employed for iron-containing minerals. In the aquifer mate-
rials/H,0, systems, phenol and H,0, loss by dissolved metal-
catalyzed reactions were negligible compared with those
catalyzed by the surface of the materials (see Section 2 in the
supporting information section for a detailed explanation).
Phenol loss was attributable mainly to oxidation by *OH, as no
phenol loss was observed in the presence of 100 mM tert-
butanol or in the absence of H,0,. This also suggests that
phenolloss in the presence of H,O, was not due to a biological
transformation reaction. Note that aquifer materials were not
sterilized and, therefore, it is possible that some of the H,0,
was decomposed by enzymes.

The stoichiometric efficiency of phenol oxidation for aquifer
materials (Fig. 2B) spanned the range observed with iron
minerals (Fig. 1B), with a stoichiometric efficiency of 0.28% with
the KENTK sample and 0.005% with the WYLAM sample
(Fig. 2B). The KENTK sample was tested at a pH value of 7.2,
which was lower than the pH values used for the other mate-
rials. Previous experiments have shown that the stoichiometric
efficiency increases as pH decreases (Pham et al., 2009).

As observed for the iron-containing minerals, the stoi-
chiometric efficiency was in general inversely correlated with

35

30+
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20

kobs ©f H;0, decomposition/mass solid (hr'1g'1)

10
05 ﬂ
Qb Cel

the rate of H,0, decomposition (Fig. 2A and B), with samples
that were more reactive toward H,0, decomposition exhibit-
ing lower stoichiometric efficiencies. A similar relationship
between H,0, decomposition rates and *OH yields was re-
ported by Petigara et al. (2002), who postulated the existence
of two competing H,0, decomposition pathways, with the
pathway that does not produce *OH being more important in
soils with higher H,0, decomposition rates.

The reactivity of aquifer materials with H,0, is likely
related to their physico-chemical properties, especially the
iron and manganese oxide content. To gain insight into the
relative importance of iron and manganese oxides in H,0,
activation, we investigated the relationship between the
amount of these oxides in the samples and the rates of H,0,
loss and yields of *OH. The decomposition of H,0, on iron and
manganese oxides has been widely reported to exhibit a first
order dependence on both H,0, and the surface area oxides
(for example, the results of Lin and Gurol (1998), Valentine and
Wang (1998), Teel et al. (2007)). In the current study, a first
order dependence of the H,0, loss rate on [H,O,] was also
observed in all experiments (Table 1 and Fig. 2A). As such, the
rate of H,O, loss in the aquifer materials systems can be
described as:

d[HzOz]
dt obs
—(Rpe—ox X [Fe — 0X] + Ryn—_ox X [Mn — 0X]) x

[H20]
[H2O,] (4)

In this expression, the rate constants for the reactions
between H,0, and iron and manganese oxides (i.e., Fe-ox and
Mn-ox) are Rpeox and Rym-ox, respectively. Because H,0,
decomposition is a surface-catalyzed process, [Fe-ox] and
[Mn-ox] in (4) should represent the concentration of Fe and Mn
accessible at the surface. This is not necessary the same as the
bulk concentration of Fe and Mn that would be measured by
digesting aquifer materials sample with a strong acid.

However, it is unlikely that there would be a unique,
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Fig. 2 — Mass-normalized observed-first order rate constants for H,0, decomposition (A) and stoichiometric efficiency (B)
with aquifer materials. [H,0,], = 250 mM, [phenol], = 0.5 mM, [solid] was either 150 g/L (for CADIR, CADOU and CADMS) or
50 g/L (for all other aquifer materials), [borate] = 10 mM, pH = 8.2—8.7, except in experiments with KENTK, in which the pH
was 7.2 (see Table 2). The observed-first order rate constants (k.,s) were obtained by fitting the experimental data to the first
order decay reaction rate law. The r? values of the fittings were always > 0.99.
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characteristic surface concentration of Fe and Mn in
a heterogeneous aquifer materials sample, in which different
grains of the sediment may be different mineral phases, or
present different crystallographic faces. Accordingly, a least-
square multiple regression was performed on the mass-
normalized value of keps (h™? g7 %), [total-Mn] and [total-Fe]
(mg/g) to obtain kpeox and kun.ox in equation (4). This
regression yielded kpeox = 0.005 + 0.010 (h™* mg™),
Run-ox = 2.900 + 0.335 (h™* mg~?), and an r? value for the
regression of 0.95.

Independent linear regressions between the mass-normalized
kobs and either [total-Fe] or [total-Mn] were also performed. The
results of the regressions showed a weak correlation between kgps
and [total-Fe] (i.e., kops = (0.056 + 0.02) x [total-Fe], r* = 0.47), and
a relatively strong correlation between kq,s and [total-Mn] (i.e.,
Robs = (2.780 + 0.218) x [total-Mn], r* = 0.95) (Fig. 3A and B).
Furthermore, the kyn.ox Value obtained from the linear
regression (i.e., 2.780 + 0.218 h~* mg~') was nearly identical to
the value obtained from the least-square multiple regression
(i.e., 2.900 + 0.335 h ' mg %), indicating that the H,0, loss rate
in aquifer materials systems could be described without
including loss of H,0, on the iron oxides. This result suggests
that the manganese oxides are much more important than the
iron oxides to H,0, decomposition in aquifer materials
systems, despite the fact that the aquifer materials contained
16—185 times more Fe than Mn (Table 2).

No clear correlation was observed between the stoichio-
metric efficiency (E) and [total-Fe] (Fig. 3C). In contrast, the
efficiency was inversely proportional to [total-Mn], with
samples having [total-Mn]| above 200 mg/kg exhibiting effi-
ciencies lower than 0.03% (Fig. 1SB), while those having [total-
Mn] less than 200 mg/kg exhibited efficiencies that ranged
from 0.036% to 0.28% (Fig. 3D). The trend between E and [total-
Mn] is consistent with the fact that *OH is not produced when
H,0, is decomposed on manganese oxides (Petigara et al,,
2002; Furman et al., 2009).

In brief, the above analysis indicates that in aquifer mate-
rials systems, both the rates of H,0, decomposition and stoi-
chiometric efficiency are correlated with [total-Mn)].
Therefore, the Mn content of aquifer samples might be used to
make a preliminary comparison of the kinetics and efficiency
of H,0,-based ISCO systems for different aquifer materials.

Previous research indicated that, in addition to manganese
and iron oxides, natural organic matter could also affect H,0,
decomposition, because natural organic matter associates
with the surface of aquifer materials and directly affects their
reactivity toward H,0, decomposition. The presence of
natural organic matter has the potential to decreases stoi-
chiometric efficiency because it can act either as an *OH
scavenger or as an absorptive phase that slows contaminant
oxidation by preventing the *OH from reacting with the
contaminant. There is, however, no consensus observation on

®AMTAL

30 F A

25 r

CADIR

kobs H20O» decomposition/mass (hr‘1x g'1)

‘éJARQL KENTK
0.30
C . . D

Pyl KENTK | ¢ KENTK
3 - CAROL
> & CAROL
&
S 015 f
= CADIR CADIR
2 onf ® ;¢
= CADMS
2 o005t * AWBPH L g eoeis
S CADOU o 5 . C'*DOMV\L?PH —
e | WYSAI » ® AMTAL *
w 0.00 WYLAM AFTCS ) ) W‘YLAM A‘FTCSl . . ;

0 5000 10000 15000 20000 25000

Total Fe (mg/kg)

0 200 400 600 800 1000 1200
Total Mn (mg/kg)
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the effect of natural organic matter on the rate of H,0,
decomposition in soils. Valentine and Wang (1998), Crimi and
Siegrist (2005) and Bissey et al. (2006) reported that the rate of
H,0, decomposition was inversely correlated with the
amount of organic matter. In contrast, Xu and Thomson (2010)
observed that materials with high organic carbon content
were more reactive with H,0,. Regarding stoichiometric effi-
ciency, Valentine and Wang (1998) showed that addition of
humic acid to the goethite/H,0, system resulted in an overall
increase in stoichiometric efficiency. A similar efficiency
enhancement was reported by Huling et al. (2001), who
observed that a soil slurry that had been amended with peat
was more effective than the original counterpart in activating
H,0,. In contrast, Petigara et al. (2002) reported that low *OH
yields were associated with soils that contained more organic
matter. In our study, there was no clear correlation between
organic carbon content (TOC in Table 2) and kops with E
(Fig. S1A and S1D in the supporting information section).

3.2. Stoichiometric efficiency enhancement by
citrate—bicarbonate—dithionite extraction

Relatively low stoichiometric efficiencies were observed with
iron oxides (especially amorphous iron oxide, Section 3.1.1.)
and with aquifer materials that contained high concentra-
tions of manganese oxides (Section 3.1.2.). We hypothesized
that removing these oxides would improve *OH yield in the
aquifer material systems. To test this hypothesis, 6 aquifer
samples (CADIR, CADOU, AWBPH, AFTCS, WYLAM, and
WYSAN) were treated with citrate—bicarbonate—dithionite
(CBD) solution to remove iron and manganese oxide coatings
and discrete particles attached to the surface of aquifer
materials. The amount of CBD-extractable Fe and Mn in these
materials is reported in Table 2 as CBD-Fe and CBD-Mn.

The rates of H,O, loss were much slower on the CBD-
treated samples than on the original counterparts (Fig. 4A).
Moreover, CBD-treated samples were more effective in con-
verting H,O, into *OH (Fig. 4B). The extent of the improvement
in stoichiometric efficiency varied among samples. For
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example, the CBD-treated CADIR sample (E = 0.15 + 0.01%)
was only 1.3 times more effective than the original CADIR
sample (E = 0.11 + 0.02%). In contrast, the CBD-treated AFTCS,
WYSAN and WYLAM samples were 10—40 times more effec-
tive. The extent of improvement in *OH yield appeared to
correlate with the fraction of Mn removed by CBD treatment
(over 50% of the total Mn in AFTCS, WYSAN and WYLAM was
CBD-extractable Mn, Table 2). A previous study (Miller and
Valentine, 1995) demonstrated that removing Mn-oxide by
treating a sediment sample with NH,OH/HCI also increased
the stoichiometric efficiency by over 3 times. Although
injecting CBD or NH,OH/HCI solution into the subsurface is
unlikely to be practical, employing conditions that favor the
dissolution of iron and manganese oxides, such as adjusting
redox conditions to favor reductive dissolution or adding
a strong chelating agent during soil washing, may enhance
*OH yield in H,0,-based ISCO treatment systems.

3.3. Effect of dissolved silica on the rate of H,0,
decomposition and stoichiometric efficiency with aquifer
materials

In H,0,-based ISCO, the rate of H,0, decomposition and the
yield of *OH are controlled not only by the properties of the
aquifer materials but also by the groundwater composition
(e.g., pH, the presence of naturally occurring solutes, such as
dissolved silica, bicarbonate or phosphate). Therefore,
understandings of the effect of different solutes on the reac-
tivity of aquifer materials with H,0, are important to predict
kinetics and efficiency of H,0, activation in ISCO.

In a previous study (Pham et al., 2012), we reported that dis-
solved SiO, slows the rate of H,O, decomposition on iron- and
manganese-containing minerals, because dissolved SiO,
adsorbs onto mineral surfaces and decreases their catalytic
reactivity. To determine whether dissolved SiO, has a similar
effect on H,0, activation in ISCO systems, we measured the rate
of H,O, decomposition and *OH yield for authentic aquifer
materials in the presence and absence of added dissolved SiO,.
Our results indicated that 2 mM of dissolved SiO, slowed H,0,
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Fig. 4 — Mass-normalized observed-first order rate constants for H,0, decomposition (A) and stoichiometric efficiency (B)
with original and CBD-treated aquifer materials. Experimental conditions were similar to those described in the capture

of Fig. 2.
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Fig. 5 — Effect of dissolved SiO, on the rate of H,0,
decomposition by aquifer materials and stoichiometric
efficiency (inset). [SiO,] = 2 mM, [H,0,], = 250 mM,
[phenol], = 0.5 mM, [solid] was either 150 g/L (CADIR) or
50 g/L (all other aquifer materials), [borate] = 10 mM,
pH = 8.2-8.5.

decomposition by approximately 25—60% (Fig. 5). For the three
samples exhibiting the highest stoichiometric efficiencies (i.e.,
CADIR, CAROL and KENTK), the presence of dissolved SiO, did
not affect the efficiency (inset of Fig. 5). These results are
consistent with, but extend our previous findings about the role
of silica, suggesting that dissolved SiO, in groundwater is
beneficial for H,0,-based ISCO because it can increase H,0,
persistence in the subsurface. Furthermore, injecting dissolved
Si0, together with H,0, could further improve H,0, persistence,
without compromising *OH yield. Compared with phosphate
and carbonate, dissolved SiO, has a potential to be a better H,0,-
stabilizing agent because it neither stimulates bacterial growth
(as does phosphate) nor forms precipitates (as does carbonate).
The precipitation of carbonate minerals (e.g., CaCO3 and MgCOs)
could pose problems to efforts to maintain constant carbonate
concentrations and to avoid aquifer clogging.

efficiency. This observation suggested that in heteroge-
neous Fenton systems, fast H,O, disappearance is not
always coupled with rapid contaminant oxidation. There-
fore, to evaluate the efficiency of a heterogeneous Fenton
system, both kinetics of H,0, decomposition and stoichio-
metric efficiency should be considered.

2. The coordination of iron in the solid affects its reactivity
with respect to H,0, activation. Due to the coordination
between Fe and Al and/or Si, surfaces comprising mixed
phases of Fe, Al and Si oxides (e.g., iron-containing alumi-
nosilicate minerals, FeSi-ox and FeAlSi-ox catalysts) were
more effective in converting H,O, into *OH than the
surfaces of pure iron oxides. Therefore, silica- and alumina-
containing iron oxides have the potential to be more
effective than iron oxides in ex situ treatment systems.

3. Surfaces that were more reactive with H,0, tend to be less
effective in producing *OH. Although fast H,O, decompo-
sition expedites contaminant removal, this might
compromise *OH yield which, in turn, requires dispropor-
tionately more H,0,. This should be considered in the
design of catalysts for ex situ treatment systems.

4. Aquifer materials that contain high concentrations of
manganese oxides decomposed H,0, at a faster rate but
generated less *OH (i.e., they had a lower stoichiometric
efficiency). The strong correlation between Mn content and
H,0;loss rate and *OH yield suggests that the amount of Mn
in aquifer materials could serve as a proxy for predicting
H,0, activation rates and contaminant oxidation efficiency.
Additional research with more aquifer materials is needed
to assess the predictive strength of this correlation.

5. Removing free iron and manganese oxides from aquifer
materials slows H,0, decomposition and increases *OH
yield. Although the addition of citrate—bicarbonate—dithionite
solution into soil and groundwater is unlikely to be practical,
other approaches that remove manganese and iron oxides
could enhance the efficiency of H,0,-based ISCO.

6. In aquifer materials systems, dissolved SiO, slows the H,0,
decomposition rate without affecting *OH yields. Therefore,
during ISCO remediation, dissolved SiO, could be injected
into the subsurface to increase the persistence of H,0,.
Dissolved SiO, is inexpensive and benign and could replace
phosphate or carbonate as a H,0, stabilizing reagent. In ex
situ treatment systems that employ iron catalysts, dis-
solved silica might result in gradual loss in catalyst
reactivity.

4, Conclusions

The findings presented in this study have important impli-
cations for the design and operation of H,0,-based in situ
chemical oxidation systems employed for soil and ground-
water remediation. They also provide insights into the design
of better iron catalysts for ex situ waste treatment systems.
Major findings and their implications are summarized below:

1. In both iron-containing mineral and aquifer materials
systems, the solids that were more reactive in catalyzing
H,0, decomposition exhibited lower stoichiometric
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