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• Rapid aggregation and sedimentation
were observed in bare milled ZVI parti-
cles.

• Agar agar improved the stability of
milled ZVI particle suspensions.

• Agar agar enhanced the transport of
milled ZVI particles in heterogeneous
sands.

• Agar agar reduced the reactivity of
milled ZVI particles towards TCE.
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Submicron-scale milled zerovalent iron (milled ZVI) particles produced by grinding macroscopic raw materials
could provide a cost-effective alternative to nanoscale zerovalent iron (nZVI) particles for in situ degradation
of chlorinated aliphatic hydrocarbons in groundwater. However, the aggregation and settling of bare milled
ZVI particles from suspension presents a significant obstacle to their in situ application for groundwater remedi-
ation. In our investigations we reduced the rapid aggregation and settling rate of bare milled ZVI particles from
suspension by stabilizationwith a “green” agar agar polymer. The transport potential of stabilizedmilled ZVI par-
ticle suspensions in a diverse array of natural heterogeneous porous media was evaluated in a series of well-
controlled laboratory column experiments. The impact of agar agar on trichloroethene (TCE) removal by milled
ZVI particles was assessed in laboratory-scale batch reactors. The use of agar agar significantly enhanced the
transport of milled ZVI particles in all of the investigated porous media. Reactivity tests showed that the agar
agar-stabilizedmilled ZVI particleswere reactive towards TCE, but that their reactivitywas anorder ofmagnitude
less than that of bare, non-stabilized milled ZVI particles. Our results suggest that milled ZVI particles could be
used as an alternative to nZVI particles as their potential for emplacement into contaminated zone, their reactiv-
ity, and expected longevity are beneficial for in situ groundwater remediation.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

The use of granular zerovalent iron (ZVI) in permeable reactive bar-
riers (PRBs) is a well-established technique for in situ groundwater re-
mediation of chlorinated aliphatic hydrocarbon (CAH) plumes through
abiotic reductive dehalogenation (Gillham and O'Hannesin, 1992,

Science of the Total Environment 563–564 (2016) 713–723

⁎ Corresponding author.
E-mail address: thilo.hofmann@univie.ac.at (T. Hofmann).

1 These authors contributed equally.
2 Current address: Department of Analytical Chemistry, Helmholtz-Centre for

Environmental Research — UFZ, Permoserstraße 15, 04318 Leipzig, Germany.

http://dx.doi.org/10.1016/j.scitotenv.2015.11.007
0048-9697/© 2015 Elsevier B.V. All rights reserved.

Contents lists available at ScienceDirect

Science of the Total Environment

j ourna l homepage: www.e lsev ie r .com/ locate /sc i totenv

http://crossmark.crossref.org/dialog/?doi=10.1016/j.scitotenv.2015.11.007&domain=pdf
http://dx.doi.org/10.1016/j.scitotenv.2015.11.007
mailto:thilo.hofmann@univie.ac.at
http://dx.doi.org/10.1016/j.scitotenv.2015.11.007
http://www.sciencedirect.com/science/journal/00489697
www.elsevier.com/locate/scitotenv


1994; Lai et al., 2005; Matheson and Tratnyek, 1994). Although the in
situ application of granular ZVI has been shown to be a promising alter-
native to conventional pump-and-treat techniques (Di Molfetta and
Sethi, 2006; Gavaskar, 1999), this technique is invasive and is
constrained by the installation limits (i.e. depth of the wall and accessi-
bility). The innovative concept of an in situ reactive zone was intro-
duced by Suthersan (1999) as an extension to the use of granular ZVIs
in PRBs, and implemented by direct injection of fine ZVI particles (mi-
cron-scale and nano-scale; mZVI and nZVI, respectively), either under
pressurized conditions or under gravity flow. This is in certain cases
considered to be a more feasible and cost-effective technique than the
use of PRBs (Li et al., 2006a; Luna et al., 2015; Velimirovic et al.,
2014a). Moreover, mZVI and nZVI particles are far more effective at
degrading a wide range of contaminants than granular ZVI, under labo-
ratory conditions (Johnson et al., 1996; Scherer et al., 1998; Velimirovic
et al., 2013; Zhang, 2003). However, widespread in situ application of
nZVI and mZVI particles has not previously been possible due to
(1) their rapidly decreasing surface reactivity as a result of corrosion
processes, particularly for nZVI particles (Velimirovic et al., 2014b),
(2) the limited transport distances for bare nZVI and mZVI particles,
which is attributed to their rapid aggregation, agglomeration and sedi-
mentation (Phenrat et al., 2007; Tiraferri and Sethi, 2009), and
(3) pore clogging in the porous medium following particle injection
(Cantrell et al., 1997; Kanel et al., 2007; Tosco and Sethi, 2010; Zhang
et al., 2009).

Reduced aggregation and agglomeration of nZVI particles and a ho-
mogenous, stable particle suspension during injection have been to
some extent achieved by modifying the particle surfaces by coating
themwith biodegradable and nontoxic polyelectrolytes and surfactants
(Kanel et al., 2008; Phenrat et al., 2010; Raychoudhury et al., 2012;
Schrick et al., 2004). Stable suspensions of both nZVI andmZVI particles
can also be achieved by increasing their viscosity using shear-thinning
solutions of biopolymers (Gastone et al., 2014; He et al., 2009;
Tiraferri and Sethi, 2009; Tiraferri et al., 2008; Tosco et al., 2014; Xue
and Sethi, 2012). A significant concern with the use of biopolymers for
stabilization of nZVI and mZVI suspensions is the initial reduction in
the reactivity of the particles. Particle reactivity can nevertheless re-
cover after biopolymers become degraded and/or are rinsed off by
groundwater (Imeson, 2009; Velimirovic et al., 2012). All aspects of
nZVI andmZVI particles performance, including their suspension stabil-
ity,mobility, and reactivity, therefore need to be understood, optimized,
and critically evaluated when designing groundwater remediation
(O'Carroll et al., 2013).

Many investigations have focused on the transport of stabilized nZVI
and mZVI particles in artificial, mineralogically uniform porous media
(Kim et al., 2009; Raychoudhury et al., 2012; Saleh et al., 2008). There
have, however, been just a few investigations on the performance of
these particles in natural, heterogeneous porous media from contami-
nated sites, which would be a prerequisite for designing field-scale ap-
plications. The few investigations that have tackled this issue (Basnet
et al., 2015; Busch et al., 2014) have emphasized that the physical and
geochemical heterogeneities in aquifers are likely to be critical to the
transport of stabilized nZVI and mZVI particles. The mobility of stabi-
lized nZVI and mZVI particles has already been shown to be affected
by mineralogical diversity within an aquifer, and the associated het-
erogeneities in surface charge of mineral grains (Chen et al., 2001;
Elimelech et al., 2000; Johnson et al., 1996; Kim et al., 2012;
Laumann et al., 2013; Laumann et al., 2014; Yang et al., 2011). The
texture of the sand within an aquifer has also been shown to influ-
ence the deposition and spatial distribution of stabilized nZVI parti-
cles that are retained within the aquifer (Phenrat et al., 2010;
Raychoudhury et al., 2014). The impact of physical and surface
charge heterogeneities encountered in natural sands deriving from
contaminated sites in particular needs to be evaluated for the specific
type of ZVI particles chosen for the remediation of these contaminated
sites.

For our research we used an innovative type of submicron-scale
zerovalent iron (hereafter referred to as milled ZVI particles)
manufactured by milling mZVI particles (Köber et al., 2014), as an
easy to handle and cost-effective alternative in comparison to commer-
cially available nZVI particles (Li et al., 2006b). Preliminary investiga-
tions into the use of milled ZVI particles have shown that they offer a
number of advantages over the extensively reported use of nZVI parti-
cles including relatively high reactivity towards CAHs, a longer life-
time, and low acute toxicity (Köber et al., 2014; Paar et al., 2015). More-
over, the newly designed milled ZVI particles are expected to be more
reactive towards CAHs than recently introduced mZVI particles
(Velimirovic et al., 2013). However, agglomeration (and even complete
settling) of milled ZVI particles within suspensions (Köber et al., 2014)
has proved to be an obstacle to efficient in situ application of these par-
ticles. Oneway to overcome this obstacle is through the use of highmo-
lecularweight polymers, which can improve the stability of amilled ZVI
particle suspension (by increasing its viscosity), as previously proposed
for nZVI and mZVI particles (Gastone et al., 2014; Tiraferri and Sethi,
2009; Tiraferri et al., 2008). Investigations into the stability of milled
ZVI particles, their transport in different heterogeneous porous media,
and their reactivity are therefore essential if efficient methods for in
situ application of milled ZVI particles are to be designed that will im-
prove their overall effectiveness for remediation of CAHs-
contaminated groundwater.

The objectives of our investigations were therefore (1) to improve
the stability of milled ZVI particle suspensions by selecting the most ef-
fective biopolymer stabilizer, (2) to evaluate the mobility of both bare
and stabilized milled ZVI particles in different porous media including
the ones from the contaminated sites, and (3) to investigate the impact
of the selected stabilizer on the removal of CAHs bymilled ZVI particles.
A series of well-controlled column experiments were performed to in-
vestigate the influence of the grain size distribution, mineralogical and
chemical variability of porous media on the transport of stabilized
milled ZVI particles. A set of laboratory-scale batch reactivity experi-
ments were also performed in order to determine the impact of the se-
lected stabilizer on the reactivity of milled ZVI and to compare it with
the reactivity of the bare material.

2. Materials and methods

2.1. Milled zerovalent iron particles

A batch of the newly developed milled ZVI particles in an aqueous
suspension was supplied by UVR-FIA (Freiberg, Germany). The milled
ZVI particles were manufactured in a two-stage process by (1) dry
grinding iron powder (Atomet 57, Rio Tinto, Quebec Metal Powders
Ltd), and (2) wet fine grinding using monoethylene glycol (MEG) as
the grinding liquid,with the addition of a surfactant. Themilled ZVI par-
ticles are described as irregular flakes a few micrometers across with a
thickness of less than 100 nm and are polydisperse with a volume-
based particle size (d50) of 11.8 μm and zeta potential of −22 ± 5 mV
(Fig. 1). The milled ZVI particles have a specific surface area of
18 m2 g−1 and an average Fe0 mass content of 85% (Köber et al., 2014).

2.2. Preparation of stabilized milled ZVI particles

The effect of five different high-molecular-weight biopolymers used
in the food and pharmaceutical industries on the colloidal stability of
the milled ZVI particles was first investigated (at a particle concentra-
tion of 1 g L−1). The tested biopolymers were agar agar (Setexam,
Morocco), guar gum HV7000 (Rantec Corporation, USA), gum arabic
(Argigum International, United Kingdom), carboxymethyl cellulose
(CMC, Sigma Aldrich, Austria), and starch (Maizena, Unilever Austria
GmbH, Austria). The properties of these stabilizers can be found in
Supporting information (SI1). Milli-Q water (Millipore, Elix®5-Milli-
Q® Gradient A10, SI2) solutions of the stabilizers were prepared with
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