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A B S T R A C T

A contaminated soil was treated in the laboratory with in situ chemical oxidation and in situ
solidification/stabilization combined in a single application. Portland cement can activate the persulfate
anion (S2O8

2�) in sodium persulfate (Na2S2O8), chemically oxidizing organic contaminants. Ten doses of
Na2S2O8, ranging from 0.25% to 5% (by weight) with a cement:Na2S2O8 ratio of 2:1, completely activated
S2O8

2� within 2.5 h of mixing. Chemical oxidation removed a significant portion of the contaminants of
concern (COCs), including BTEX, naphthalene, and 17 higher molecular weight PAHs. COC oxidation
showed saturation-type dose-response curves, with pronounced contaminant removal at Na2S2O8 doses
below 1.5%, and little removal at higher doses. Plots of reduced COC leachability vs. cement dose for
combined oxidation and stabilization treatments were similar to those for COC oxidation, but for
stabilization treatments the dose-response was roughly linear, and inversely related to the molecular
weight of the COCs. Even with low Na2S2O8 doses, combined oxidation and stabilization treatments
reduced COC leachability far more than stabilization treatments alone using the same PC dose, because of
the COC removal achieved by Na2S2O8 oxidation. The increase in soil strength and decrease in hydraulic
conductivity were unaffected by Na2S2O8.

ã 2016 Elsevier Ltd. All rights reserved.

1. Introduction

In situ solidification/stabilization (ISS) has been used at many
manufactured gas plant (MGP), brownfield, and Superfund sites
[1–3]. ISS mixes cementitious reagents into contaminated soils,
which reduces physically and/or chemically the solubility,
bioavailability, and leachability of contaminants, and improves
soil characteristics (ITRC, 2011). Many cementing agents contain
quick lime (CaO), and Portland cement (PC), consists of 60% to 68%
CaO by weight [4–6]. PC contains four major phases: alite (50–70%
Ca3SiO5 or “C3S”), belite (15–30% Ca2SiO4 or “C2S”), aluminite
(5–10% Ca3Al2O6 or “C3A”), and ferrite (5–15% Ca4Al2Fe2O10 or

“C4AF”) [7,8]. Crane et al. [9] showed that PC and other common
cementing agents reduced the leachability of BTEX and naphtha-
lene (NAP) in soil. Cementation reactions also decrease hydraulic
conductivity (K), which diverts groundwater flow away from the
solidified/stabilized soil, or the monolith [1]. ISS treatment also
increases unconfined compressive strength (UCS), often critical for
redevelopment.

The hydration reactions of Portland cement occur in two major
phases, which can be approximately represented in Reactions (1)
and (2) [10].

2C3S + 6H (H2O) ! 3CS2 + 3CH (DH = �121 kJ/mol) (1)

2C2S + 4H ! C3S2H3 + CH (DH = �43 kJ/mol) (2)

When Portland cement is mixed in water, the pH increase as
high as 13; therefore, high pH (or alkali) and the heat of hydration
causes the activation of sodium persulfate resulting in the
reduction of mass of organic contaminants in soils prior to
solidification reactions affecting the encapsulation of remaining
contaminants.

Abbreviations: BTEX, benzene, toluene, ethylbenzene, xylenes; COCs, contami-
nants of concern; ISCO, in situ chemical oxidation; ISS, in situ stabilization; K,
hydraulic conductivity; MGP, manufactured gas plant; NAP, naphthalene; PAHs,
polycyclic aromatic hydrocarbons; PC, Portland cement; PS, persulfate anion,
S2O8

2�; SPLP, synthetic precipitation leaching procedure; SPS, sodium persulfate,
Na2S2O8; UCS, unconfined compressive strength.
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Combining one or more remediation technology generates
synergy by exploiting the strengths and minimizing the weak-
nesses inherent in individual technologies. When successful,
combining remedies enhances performance and/or reduces costs
compared to each technology used alone. Srivastava et al. [11]
successfully combined biological treatment with in situ chemical
oxidation (ISCO) to improve efficiency. The combined remedy
investigated in this work is a single application of ISS using PC, and
ISCO using sodium persulfate (Na2S2O8, abbreviated SPS). The
anion released when SPS dissolves in water (S2O8

2�, abbreviated
PS) can be activated to form the sulfate radical anion (SO4

��)
[12–14]. Alkaline activation takes place at a pH above 10.5
(Reaction (3)), and heat activation requires temperatures above
30� C (Reaction (4)) [15,16]. Persulfate activates at temperatures
less than 30� C but rates are extremely slow. SO4

�� has an oxidation
reduction potential (ORP) of 2.6 V, and is capable of degrading
polycyclic aromatic hydrocarbons (PAH) and benzene, toluene,
ethylbenzene, and xylenes (BTEX), as well as many other
contaminants [17]. SO4

�� also reacts with water to form the
hydroxyl radical (Reaction (5)), which has an ORP of 2.8 V, and also
oxidizes a wide variety of organic contaminants, including BTEX
and PAHs [18]. Activated PS is a proven ISCO technology for
treatment of PAH [19,20] and BTEX [21,22].

S2O8
2�+ pH > 10.5 ! SO4

�� + SO4
2� (3)

S2O8
2�+ Temperature �30� C ! 2SO4

�� (4)

2 SO4
�� + OH� ! �OH + SO4

2� (5)

ISCO degrades organic contaminants, particularly the most
soluble ones [23,24]. High oxidant doses and multiple injections
are often required, and the residual contaminants are not
prevented from leaching. Two different field demonstrations
showed that ISCO was able to degrade from 55% to 68% of the
contaminant mass, with oxidant loading rates as high as 69 kg of
PS/kg of contaminant were required [25]. Oxidants are more
expensive than most ISS amendments. ISS leaves organic
contaminants in place, but it reduces leachability and increases
soil strength. The limitations of both ISCO and ISS can be
minimized by combining the two. The more soluble and volatile
contaminants are preferentially oxidized by ISCO, and ISS reduces
the leachability of the residual contaminants [24,26,27]. PS is
typically activated within hours or days [17,24], while ISS
cementation reactions continue for weeks [1]. High concentrations
of organic contaminants can interfere with cementation reactions
[28]. However, this ISS limitation can be minimized with the
combined remedy because ISCO degrades organic contaminants.

The contaminated soil tested in these laboratory studies was
from a former manufactured gas plant (MGP) site. The contam-
inants were benzene, toluene, ethylbenzene, and xylenes (BTEX)
and polycyclic aromatic hydrocarbons (PAHs), primarily naphtha-
lene (NAP). The primary remediation goal was to minimize off-site
migration of contaminants in groundwater and soil vapor,
particularly BTEX and NAP. ISS application was selected because
the contamination was shallow and subsurface obstructions in the
treatment zone had been removed. Initial studies evaluated
various ISS and ISCO treatments separately. ISCO removed a
considerable portion of the contaminants, but high, cost-prohibi-
tive oxidant doses were required to appreciably reduce BTEX and
NAP leachability.

Related publications by EPRI [26] and Cassidy et al. [24] were
the first to demonstrate that appropriate doses of ISS amendments
can activate PS. A significant portion of the contaminants were

chemically oxidized, and the sulfate end-product promoted long-
term bioremediation of residual contaminants by native sulfate-
reducing bacteria. The EPRI study [26] tested various ratios of PS:
PC for the ability to achieve complete activation of PS in two
different soils. Both EPRI [26] and Cassidy et al. [24] showed that
when PS was activated, the leachability of the residual contam-
inants not oxidized was greatly reduced compared to treatment
with ISS, ISCO, or enhanced bioremediation treatments alone.
Subsequent work by Srivastava et al. [27] further investigated
combining ISCO and ISS (with no bioremediation component).
They used the same contaminated soil that was used in this study,
and tested eight ISS amendments for PS activation, and differenti-
ated alkaline activation from heat activation by measuring
temperature and pH during a 3-h mixing period. The results of
Srivastava et al. [27] showed that the percent of contaminants
oxidized increased with increasing CaO content of the ISS
amendment. They attributed this finding to the heat released
from the reaction of CaO with water, which enhances heat
activation (Reaction (4)) relative to alkaline activation (Reaction
(3)), thereby increasing the yield of oxidizing radicals.

This study further investigated the combined ISCO/ISS remedy
on a contaminated soil from a MGP site, with BTEX and PAHs as the
contaminants of concern (COC). The objectives of this study were
to quantify; (1) the ability of a wide range of doses of ISS-activated
PS to degrade BTEX and PAH, (2) the impact of BTEX and PAH
removal from chemical oxidation during ISCO/ISS treatment on
synthetic precipitation leaching procedure (SPLP) measurements,
compared with a wide range of ISS doses alone, and (3) the effect of
activated PS on other ISS performance parameters, such as
hydraulic conductivity and unconfined compressive strength. PC
was the only ISS amendment tested. A range of SPS (Na2S2O8) doses
between 0.25% and 5% (by weight of soil) were tested. A fixed ratio
of PC:SPS of 2:1 was used in the ISCO/ISS reaction scenarios, which
screening studies had shown was sufficient to completely activate
PS. A range of ISS amendments from 0.5% to 10% were used to test
ISS treatment as a stand-alone technology. The activation of PS was
confirmed by measuring concentrations of the PS anion (S2O8

2�)
during 3 h of mixing. After a 28-day curing period, the COC
concentrations were measured in treated soil, and in SPLP extracts
from the soil. A dose-response relationship for the chemical
oxidation of COCs achieved with each dose of SPS was developed.
Likewise, a dose-response curve was made for the reduction in
COCs in SPLP extracts achieved for each dose of PC-activated PS. To
compare ISS treatment with combined ISCO/ISS treatment, dose-
response curves were also generated for the percent SPLP
reduction achieved with each dose of PC used alone.

2. Materials & methods

2.1. Test soil

Soil samples were collected from a former Manufactured Gas
Plant (MGP) site. The soil was sieved to remove particles larger
than 0.5 cm in diameter and was homogenized. The particle size
distribution of the homogenized, sieved soil was 62% sand
(>0.063 mm), 23% silt (0.002 mm–0.063 mm), and 15% clay
(�0.002 mm).

2.2. Amendments

Sodium persulfate was purchased from Fisher Bioreagents
(Pittsburgh, PA) in crystalline white powder form (98+% pure).
Ordinary (Type I) PC was obtained from the Portland Cement
Association (Skokie, IL).
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