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Anisotropic oxidative growth of goethite-coated
sand particles in column reactors during
4-chloronitrobenzene reduction by Fe(II)/goethite†

Adel Soroush,a R. Lee Penn b and William A. Arnold *a

Reduction of nitroaromatic compounds (NACs), an important class of groundwater pollutants, by Fe(II)

associated with iron oxides, a highly reactive reductant in anoxic aquifers, has been studied widely, but

there are significant differences between the well-controlled, batch reactor conditions of the laboratory

and the complicated conditions encountered in the field. Continuous flow column reactors containing

goethite-coated sand and aqueous carbonate buffer were continuously exposed to 0.05 mM

4-chloronitrobenzene (4-ClNB) and 0.5 mM Fe(II) to emulate more realistic scenarios and to allow study of

the oxidative growth of goethite particles using both saturated and unsaturated flow conditions. The

experiments were designed to test how attachment to a surface affected particle growth and how particle

growth affected the extent of reaction over time. After reaction, particles from different sections of each

column were collected, and the goethite was detached from the sand grains for characterization using

transmission electron microscopy. The amount of oxidative growth varied as a function of distance from

the column inlet, with the most growth observed at the inlet end (bottom) of the column. Similar to

previous work using batch reactors, newly oxidized Fe(III) was mostly added to the goethite particle tips,

resulting in up to an 81% increase in length under saturated flow and a 50% increase in length under

unsaturated flow after 220 pore volumes. With saturated flow, reactant concentrations and the extent of

the reaction are important factors determining the extent of mineral growth. For unsaturated column

conditions, however, flow path substantially impacts mineral growth in the column. Reactors sacrificed

after 220 pore volumes under saturated flow conditions resulted in an overall 70% increase in goethite

mass while the unsaturated flow column resulted in a 40% increase in goethite mass, more variable mineral

growth as a function of distance from the inlet, and overall, 50% less 4-ClNB conversion. The results

demonstrate that quantitative characterization of oxidative mineral growth of goethite nanoparticles

attached to an underlying mineral is practical and elucidates the major variables impacting the reactivity of

mineral nanoparticles in contaminated groundwater systems.

Introduction

Iron oxides, oxyhydroxides, and hydroxides (hereafter referred
to as iron oxides), such as goethite (α-FeOOH) and hematite
(Fe2O3), occur as mineral nanoparticles, coatings of mineral
nanoparticles on other minerals, or components of rocks.1–5

The iron oxides play important roles in the environment due
to their roles in surface-mediated redox reactions, which

Environ. Sci.: Nano, 2022, 9, 275–288 | 275This journal is © The Royal Society of Chemistry 2022

a Department of Civil, Environmental, and Geo- Engineering, University of

Minnesota – Twin Cities, 500 Pillsbury Drive SE, Minneapolis, Minnesota 55455,

USA. E-mail: arnol032@umn.edu; Fax: +1 612 626 7750; Tel: +1 612 625 8582
bDepartment of Chemistry, University of Minnesota – Twin Cities, Smith Hall,

Pleasant St SE, Minneapolis, MN 55455, USA

† Electronic supplementary information (ESI) available. See DOI: 10.1039/
d1en00788b

Environmental significance

Advancing remediation techniques for contaminated groundwater is vital to ensure equitable access to clean water. Reactions occurring at natural mineral
nanoparticle surfaces, such as iron oxides, lead to contaminant transformations, but the reactions have primarily been studied in batch reactors. Column
reactors containing sand coated with goethite nanoparticles and carbonate buffer that are continuously exposed to a flow of contaminant-dosed water
provide a more realistic model of field conditions. Analyzing nanoparticles after reaction in column reactors elucidates factors that control nanoparticle
reactivity, including any effect of attachment to the underlying sand particles. Results advance our understanding of mineral-mediated contaminant
degradation in groundwater under iron reducing conditions and improve the ability to quantify the reactivity of iron oxide mineral nanoparticles.
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affect the fate and transport of trace elements, nutrients, and
groundwater contaminants.6–15 The reduction of many
common groundwater contaminants (e.g., nitroaromatic
compounds, NACs), which are commonly used in munitions,
insecticides, herbicides, and pharmaceuticals, as well as
feedstocks for industrial chemicals16–22 are well studied.23,24

The release of nitro munitions, such as 2,4,6-trinitrotoluene
(TNT), and hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX) and
their associated by- or/and degradation products into the
aquatic environment through load, assembly, and packing
processes has put many munition plants under the National
Priorities List for Superfund cleanup.25 The continuous
regeneration of surface-bound Fe(II) with low standard
reduction potential (EH

0) via microbial iron-reduction11 and
generation of reducing capacity by in situ redox
manipulation26,27 produce conditions suitable for reducing
oxidized contaminants, such as NACs, in soils, sediments
and aquifers.28

Reduction of NACs results in the formation of the
corresponding anilines19 with concurrent oxidative mineral
growth as a result of oxidation of Fe(II) to Fe(III) (eqn (1) and
(2)).

Ar–NO2 + 6H+ + 6e− → Ar–NH2 + 2H2O (1)

6Fe(aq)
2+ + 12H2O → 6α-FeOOH + 18H+ + 6e− (2)

Chun et al. studied the reductive transformation of
4-chloronitrobenzene (4-ClNB) by Fe(II) associated with
goethite nanoparticles in batch reactors that were repetitively
dosed with 4-ClNB and Fe(II).29 The results demonstrated that
oxidative mineral growth of goethite occurred only at the tips
of the goethite nanoparticles and no new particles were
nucleated. Extending this work, Strehlau et al. studied the
reduction of 4-ClNB by Fe(II) adsorbed on goethite and
concurrent oxidative mineral growth as a function of pH, the
presence of natural organic matter (NOM), and the
concentration of aqueous Fe(II) and 4-ClNB.30 These results
demonstrated that for each goethite face, the relative
reactivity depends on several parameters, including pH, and
reported measurable mineral growth on both the sides and
tips of the goethite particles, with growth on the sides
occurring when solution conditions resulted in slower
kinetics (i.e., lower pH, presence of NOM).30 In another
work,31 Strehlau et al. also studied the effect of the presence
of the nominally unreactive mineral kaolinite on the
reduction of 4-ClNB by Fe(II) on goethite and observed slower
kinetics when kaolinite was present. It was proposed that the
incorporation or adsorption of dissolved aluminum and/or
silica species preferentially onto goethite {021} faces affected
the reactivity of goethite particles by blocking tip reactive
sites. Measurable oxidative growth on the side faces of the
goethite crystals, which resulted in shorter and wider
particles, was observed. Nominally unreactive mineral
materials, therefore, are not necessarily spectators in
environmental systems with respect to iron oxide reactivity.31

Additionally, electron transfer and atom exchange between
goethite-bound Fe and aqueous Fe(II) and recrystallization
occurs under Fe(II)-rich conditions in the absence of
oxidants.32–34 These processes, however, generally occur over
longer time scales (tens of days) and will lead to significant
changes in the distribution of particle aspect ratios, but the
overall mass of the particles remains constant.34 For the
oxidative growth driven by reaction of Fe(II)/goethite with
oxidized species, however, particle aspect ratios changes, and
the overall mass of particles increases.

Studies on the reductive degradation of NACs by Fe(II)
associated with iron oxide minerals in batch reactors provide
valuable information that is useful for assessing contaminant
reactivity and design of remediation treatment. Past results
indicate the importance of the evolving mineralogy in the
subsurface environment including 1) the production/
consumption of reactive sites and 2) changes in the total
surface area of the solid phase.29,30 Such experiments,
however, fall short in terms of simulating real environmental
systems, which are more complicated due to the
heterogeneity of the solid materials, dissolved species, and
flow conditions. Iron oxides in aquifers typically occur as
components of heterogeneous materials, such as coatings of
nanoscale particles on bulk materials like sand.1,4

Additionally, continuous or cyclical exposure to aqueous Fe(II)
and other dissolved species is expected. Column studies
enable continuous or cyclical dosing of reactants and other
dissolved species and concurrent removal of the dissolved
reaction products, which more closely simulate natural
groundwater systems. Although a number of studies have
examined the reduction of model pollutant molecules by
Fe(II) associated with mineral surfaces in columns,35–37 these
studies did not include detailed comparisons of the solid
state materials before and after reaction. Reversible
attachment of iron oxide particles on other sediment or soil
constituents, like quartz sand grains, provides the
opportunity to study how mineral particles change in detail.
Furthermore, iron oxide coated sands have featured
prominently in recent works focused on the removal or
remediation of a wide range of toxic species (e.g., dissolved
arsenic and heavy metals, organic pollutants),38–41 but how
the solid materials change from a solid-state perspective
remains underexplored.

Here, we report results from experiments in which the
reductive degradation of 4-ClNB by Fe(II) on goethite coated
quartz sand in continuous flow column experiments was
monitored. While the experiments are still idealized as
compared to real groundwater systems, the goals of this work
are to develop a methodology to study particle growth under
saturated and unsaturated flow conditions during reaction
with a contaminant and assess how these changes affect the
extent of contaminant transformation. Attachment of
goethite particles onto the quartz sand was accomplished by
exploiting the reversible electrostatic attraction between the
goethite and quartz sand grains, which enabled collection of
goethite particles for characterization before and after
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reactions. 4-ClNB was used as a model organic pollutant and
goethite as the iron oxide mineral to facilitate comparisons
to previous works.29–31 4-ClNB reductively transforms to a
known and easily detected product, 4-chloroaniline (4-ClAn),
allowing calculation of mass and electron balances.13,19

Goethite nanoparticles are abundant in subsurface soils and
sediments and can be synthesized using routine laboratory
techniques.42 Effects of different hydrological parameters,
including degree of saturation of the column materials and
reaction time, on the rate of reductive degradation of 4-ClNB
and concurrent oxidative goethite growth were characterized,
and results were compared to data obtained using repetitively
dosed (multi-spike) batch reactors. Post-reaction materials
were collected from different regions (zones) as a function of
distance from the column inlet and detached goethite
particles characterized using transmission electron
microscopy (TEM). Particle size distributions for both pre-
and post-reaction goethite nanoparticles were determined
and compared, and nonparametric statistics were applied.
Results offer a new insight into the reactivity of Fe(II)
associated with goethite coated sands with NACs under
conditions more comparable to groundwater systems.

Materials and methods

Ultrapure water (18.2 MΩ cm) obtained from a MilliPore
Milli-Q Advantage A10 system was used for the preparation of
all the solutions used in synthesis, goethite-coated sand
preparation, column and batch reactors, and sample
preparation for subsequent characterization. When
deoxygenated solutions were required (batch reactors,
column experiments, and ferrozine assay), the water was
sparged with ultrapure N2 (5 h L−1) prior to adding other
reagents. Solutions prepared using HCl (BDH Aristar, 12.1 M,
36–38%) and NaOH (Fisher Scientific, 19 M, 50% w/w) were
used to adjust pH. NaHCO3 (Fisher Chemical, ACS reagent),
Fe(NO3)3 (Fisher Chemical, ACS reagent), FeCl2·4H2O (Fisher
Chemical, ACS reagent), Ottawa sand (50–60 mesh, US Silica,
Berkeley Springs, West Virginia), ferrozine [3-(2-pyridyl)-5,6-
diphenyl-1,2,4-triazine-p,p′-disulfonic acid monosodium salt
hydrate, Sigma-Aldrich 97%], NaCl (Mallinckrodt, ACS
reagent), NaBr (Fisher Scientific, ACS reagent), 4-ClNB (Acros,
99%), 4-ClAn (Acros, 98%), ammonium acetate (Sigma-
Aldrich 97%), HPLC grade acetonitrile (Sigma-Aldrich), and
ammonium hydroxide (Sigma-Aldrich 28%) were all used as
received.

Goethite synthesis

Goethite nanoparticles were synthesized using the method
described by Anschutz and Penn.42 First, a suspension of six-
line ferrihydrite was prepared by drop-wise addition of 0.48
M NaHCO3 into 0.4 M Fe(NO3)3 followed by microwave
annealing for three 40 second intervals with shaking in
between, until boiling followed by immediate plunging into
an ice bath to cool to approximately 20 °C. The resulting
suspension was dialyzed (Spectra/Por 7, 2 kD, 38 mm × 24

mm) for four days with three water exchanges per day. The
pH of the aqueous suspension of ferrihydrite was adjusted to
12 using a 5 M NaOH solution and then aged at 90 °C for 3
days, which resulted in the formation of goethite (α-FeOOH)
nanorods. The mass loading of the final aqueous suspension
was measured (23.3 mg mL−1), and the suspension was stored
at pH 4 and at 4 °C.

Particle characterization

An aliquot of the goethite suspension was allowed to air dry,
and the resulting material ground using a mortar and pestle
to produce a powder, which was analyzed using a PANalytical
X'Pert PRO X-ray diffractometer equipped with a cobalt
source (1.7909 Å) and an X'Celerator detector. The
measurement was conducted from 10–90° 2θ with an
effective dwell time of 100 s per step and step size of 0.0167°
2θ.

Particle sizes (length and width) were quantified from
calibrated images collected using an FEI Tecnai T12 TEM
operated at 120 kV. To prepare the sample, a drop of diluted
particle suspension was placed onto a Cu 200 mesh holey
carbon coated grid (SPI supplies) and allowed to air-dry.
ImageJ software was used to manually measure the lengths
and the widths of approximately 500 particles from calibrated
micrographs.43 The averages and standard deviations were
determined. The surface area of the particles was measured
by Brunauer–Emmett–Teller (BET) analysis from N2 sorption
data collected using a Quantachrome Autosorb iQ2-MP at 77
K with outgassing at 90 °C for 12 h.

Preparation of goethite-coated sand

Ottawa sand was sieved, and particles between mesh 50 and
mesh 60 were collected and soaked in 0.1 M HCl solution for
24 h. The particles were then washed several times using
ultrapure water to remove any impurities from the surface of
the sand grains. A 3 mL aliquot of the goethite suspension
(70 mg of goethite) was added to a 100 mL suspension of 50
g of the acid-washed sand in water, and the pH was adjusted
to 6.8 using 1 M HCl and 1 M NaOH solutions. The mixture
was rotated end-over-end (Glas-Col; 40 rpm) for 24 h in
screw-cap polyethylene bottles. The mixture was allowed to
settle, and the clear and colorless supernatant was discarded.
The resulting yellow goethite-coated sand was washed using
ultrapure water three times and allowed to air-dry. A small
amount of the dried goethite-coated sand was placed on
conductive carbon tape applied to an aluminum stub
(Structure Probe, Inc.), and the resulting sample was sputter-
coated with 5 nm of iridium (Leica EM, ACE 600) and then
examined using scanning electron microscopy (SEM; Hitachi
SU8230).

Fe(II) sorption isotherms

Fe(II) sorption experiments were conducted in an anaerobic
atmosphere using a NexGen system glovebox (Vacuum

Environmental Science: Nano Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
N

ov
em

be
r 

20
21

. D
ow

nl
oa

de
d 

on
 7

/3
0/

20
25

 1
2:

23
:2

5 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1en00788b


278 | Environ. Sci.: Nano, 2022, 9, 275–288 This journal is © The Royal Society of Chemistry 2022

Atmosphere Company) with 100% N2 gas. The oxygen level of
the environment in the glovebox was maintained below 1
ppm by reaction with copper catalysts and moisture was
removed by molecular sieves. Sorption of Fe(II) to the sand
and goethite-coated sand was quantified by equilibrating
materials in 35 mL serum bottles. The bottles were filled with
9.0 g of either bare or goethite-coated sand and 10 mM
deoxygenated sodium bicarbonate buffer solution. A range of
Fe(II) concentrations, from 0.0 mM to 1.0 mM, was achieved
in the bottles by spiking specific volumes of an acidified,
deoxygenated 175 mM or 4.37 mM FeCl2 stock solution. The
pH of the solution was then adjusted to 7.0 using 1 M HCl
and 1 M NaOH. After 20 hours of equilibration via rotating
end-over-end (Glas-Col; 40 rpm), samples were collected and
filtered (Acrodisc 13 mm syringe filters with 0.2 μm nylon
membranes) and the aqueous concentration of Fe(II) in the
supernatant determined using the ferrozine assay.44 The
mass sorbed was determined by difference between the
initial and final aqueous concentrations. The Langmuir
sorption model was used,

X ¼ XmaxKLC
1þ KLC

(3)

where X is amount of sorbate adsorbed per mass of sorbent
(mgFe(II) gGt

−1); C is the equilibrium sorbate concentration
(mgFe(II) L

−1); Xmax is the maximum sorption capacity (mgFe(II)
gGt

−1); and KL is a binding constant (L mgFe(II)
−1). The

Freundlich sorption model also was used (see ESI†).

Batch control experiments

To test whether dissolved species produced by dissolution of
the quartz sand grains could impact the kinetics of the
reductive degradation of 4-ClNB by Fe(II) on goethite, and
therefore comparisons between batch and column reactors,
multi-spike batch experiments were performed. HCl-washed
Ottawa sand (100 g) was soaked in 1 L of deoxygenated 10
mM NaHCO3 solution at pH 7 for one month. The
supernatant is hereafter referred to as sand-conditioned
water. Four batch reactors were prepared using 10 mM
NaHCO3 buffer prepared using either the sand-conditioned
or ultra-pure water. In each 35 mL serum bottle reactor, an
aliquot of the acidified Fe(II) stock solution (175 mM FeCl2)
was added so that the concentration of Fe(II) was 1 mM, and
the reactors were allowed to equilibrate for 21 h. Then, 5
cycles of the reaction were performed, with each cycle
initiated by injection of 4-ClNB stock solution so that the
initial concentration was 0.1 mM. Between each cycle, the
Fe(II) concentration in the aqueous phase was quantified, the
Fe(II) concentration returned to 1 mM by adding the
appropriate volume of Fe(II) stock solution, the pH adjusted
to 7.0 using 1 M HCl and 1 M NaOH solutions, and the
reactors allowed to re-equilibrate for 21 h. At the end of each
cycle, 1 mL of solution was removed and filtered (Acrodisc 13
mm syringe filters with 0.2 μm nylon membranes), and the
concentration of 4-ClNB was determined by high pressure

liquid chromatography (HPLC) and Fe(II) was quantified
using the ferrozine assay. The next cycle was started once no
detectable 4-ClNB (<0.001 mM) remained. After the fifth
spike, particles were collected. In the case of reactors
containing only goethite, the particles were simply washed.
In the case of reactors containing goethite-coated sand, the
goethite particles were separated from the sand and air dried
for TEM measurements using the procedure described below.

Column experiments

Borosilicate glass columns (Kimble FLEX-COLUMNS®) of
various lengths were fitted with polypropylene end caps and
packed with bare sand or goethite-coated sand. Two flow
adapters (Kimble, Rockwood, TN) were secured to both ends
of the column to prevent sediment migration and leaching of
the liquid phase as well as allow for adjustment of the
column length. The column internal diameter and column
length were optimized according to three experimental
parameters. First, the column internal diameter was selected
so as to avoid wall-effects45 by satisfying the condition that
DC/dP > 40, where DC is the internal column diameter and dP
is the sand particle diameter (here ∼250 μm). Second, the
minimum column length was selected so it was possible to
slice the column into three equally sized portions. To achieve
these conditions, columns with different heights and
diameters were assembled and the concentration of Fe(II) and
4-ClNB were measured in the effluent in preliminary
experiments. The third criterion was to have reaction occur
throughout the column and having both reagents present in
the effluent is necessary for this to occur. A column
assembled using a length of 3 cm and internal diameter of
2.5 cm satisfied the criteria. Flow rates of 0.5 or 1 mL min−1

were used. These flow rates are not realistic in terms of flow
rates observed in the field, but these flow rates provide a
balance between what was experimentally feasible, both in
terms of experimental time frames and ensuring that
reaction occurred throughout the length of the column, with
simulating groundwater velocities of real environmental
systems. For this initial study, we chose to emphasize
experimental practicality. Although the chosen flow rate leads
to velocities larger than typical groundwater velocity, a lower
flow rate would have led to unreasonably small column
lengths. Faster flow rates would allow use of a longer column,
but those faster rates would be even more dissimilar from
real groundwater flow rates. Further optimization of flow rate
and column height could be performed by changing the
goethite content on the sand, and that is a priority for future
studies.

The schematic of the column set up is presented in the
ESI† (Fig. S1). High-pressure piston pumps (Chrom Tech, P-
LSP10S) were used to pump solutions through the column.
Because CO2 is more soluble in water than air, assembled
columns were initially flushed with CO2 for 5 minutes to
replace air trapped in columns during the packing46 and then
saturated with a 10 mM NaCl (Mallinckrodt, ACS reagent)

Environmental Science: NanoPaper
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background solution at a flow rate of 0.5 mL min−1 outside of
the glovebox.

All tracer (NaBr) breakthrough curves were fit to the
solution of the one-dimensional advection–dispersion
equation for a step input initial condition and semi-finite
boundary conditions:47,48

C
C0

¼ 1
2
erfc

R −Tð Þffiffiffiffiffiffi
4T
Pe

r þ 1
2
exp Peð Þ erfc Rþ Tð Þffiffiffiffiffiffi

4T
Pe

r (4)

T is equal to the number of pore volumes (T = ντ/L), and ν

is the linear velocity of fluid and is equal to Q/Aε, where A is
the cross-sectional area of the column, ε is porosity, and τ is
elapsed time. The Peclet number (Pe) is defined as νL/DPe

where L is the column length and DPe is the hydrodynamic
dispersion coefficient. R is the retardation coefficient that
accounts for linear and reversible equilibrium sorption,
which is equal to one for a conservative tracer. The tracer
analysis was conducted before and after the reaction to
determine if any changes to the hydrodynamic flow in the
column occurred. A 10 mM NaCl solution was used as the
electrolyte background and was run through the column for
three pore volumes. Subsequently, a 10 mM NaBr (Fisher
Scientific, ACS reagent) solution was pumped through the
column as the conservative chemical tracer. The effluent
concentration of NaBr was measured by bromide ion selective
electrode (Cole-Parmer) and was plotted against the elapsed
time. The pore volume was identified as the point at which
C/C0 = 0.5. Finally, the hydrodynamic dispersion coefficient
and porosity of each column were calculated through non-
linear curve fitting by OriginLab (2016).

After tracer analysis, columns containing either sand or
goethite-coated sand were conditioned using 10 mM NaHCO3

(pH 7.0) as influent for three pore volumes, followed by 1
mM Fe(II) in 10 mM NaHCO3 (pH 7.0) solution for another
three pore volumes (0.5 mL min−1) leading to an effluent
Fe(II) concentration of ∼70% of influent concentration. The
introduction of the Fe(II) solution alone served to promote
formation of reactive Fe(II)-bound species, which initiate the
reaction when 0.1 mM 4-ClNB in 10 mM NaHCO3 (pH 7.0)
was subsequently fed at a rate of 0.5 mL min−1 by a different
pump along with the 1 mM Fe(II) solution for a total flow rate
of 1 mL min−1. Samples were collected at the end of the
column every 9 min using fraction collectors (BIORAD 2110),
and the reaction was quenched and stabilized by filtering
samples (Acrodisc 13 mm syringe filters with 0.2 μm nylon
membranes) and adding 50 μL 1 M of HCl solution to each
sample to lower the pH < 4 to prevent any precipitation of
iron materials.49 The aqueous Fe(II) and 4-ClNB
concentrations in the reservoir and at the column effluent
were measured using the ferrozine assay and HPLC,
respectively. Initial experiments were run for 18 pore volumes
(PV) and later experiments for 220 PV. Control experiments
(no Fe(II)) were also performed for both sand and goethite-
coated sand packed columns.

For the unsaturated column, a column pre-saturated with
a 10 mM NaCl solution was subjected to three cycles of
evacuation (4.1 CFM (7.0 m3 h−1) vacuum pump) in the
exchange chamber of the glove box. Because both ends of the
column were open to the atmosphere, some water was lost
from the column, leaving some parts of the column dry,
resulting in the unsaturated condition. For saturated
columns, the columns were not subjected to the cycles of
evacuation, thus maintaining the initial saturated condition.
Information about all of the column experiments performed
is summarized in Table S1.†

Analytical methods

The 4-ClNB and 4-ClAn concentrations were measured via
HPLC using an Agilent 1200 Infinity equipped with a Zorbax
SB-C18 (4.6 × 300 mm, 5 μm particle size column). The
mobile phase was composed of a 30 : 70 mixture of A: 12 mM
ammonium acetate (Sigma-Aldrich 97%) in 90 vol% water
and 10 vol% HPLC grade acetonitrile (Sigma-Aldrich)
adjusted to pH 7.0 with ammonium hydroxide (Sigma-Aldrich
28%), and B: acetonitrile. The flow rate was 0.7 mL min−1,
and the detection wavelength was set to 254 nm. A six-point
calibration curve with concentrations of 4-ClNB and 4-ClAn
ranging from 0 to 0.1 mM were used.

To quantify Fe(II) sorption, 0.15 mL of filtered sample was
added to 0.20 mL of 10 mM Ferrozine reagent and 2.65 mL
of ultrapure water and seven standards ranging from 0 mM
to 0.05 mM were created. The absorbance at 562 nm (UV-
1601PC, Shimadzu) was quantified for each standard and
sample, and the standard calibration curve composed of
seven points was used for determination of Fe(II)
concentrations.

Particle characterization after reaction

To evaluate whether the detachment process fundamentally
altered the particle size distribution of goethite particles
harvested from goethite-coated sand particles as compared to
the as-synthesized goethite particles, the detachment process
was conducted using unreacted goethite-coated sand. Dry
goethite-coated sand was suspended in ultrapure water, the
pH adjusted to 9.0 (using 1 M NaOH), and aged for 24 h. At
pH 9, the quartz sand grains and goethite nanoparticles have
negative charges and are expected to electrostatically repel
each other. Finally, the samples were sonicated using an
Aquasonic (150HT) bath sonicator for 5 min and the
supernatant collected. A drop of this sample was placed onto
a Cu 200 mesh holey carbon coated grid and allowed to air-
dry and then examined using TEM. Average particle size and
distribution of unreacted, detached particles were used as a
reference for comparison to particles after exposure to Fe(II)
and/or 4-ClNB.

To collect samples of solid materials from columns, the
solid matrix was removed from the column as an intact
cylinder by opening one end and pushing the flow adaptor
from the other end. The material was sliced using a thin
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plastic ruler (0.5 mm thickness) into three 1 cm zones (0–1,
1–2, and 2–3 cm from the influent end denoted as Z-1, Z-2,
and Z-3, see ESI†). For columns packed with goethite-coated
sand, each zone of material was then subjected to the
detachment process as described above.

Pairwise Kolmogorov–Smirnov (K–S) tests were used to
statistically compare particle size distributions of pre-
reaction and post-reaction particles using MATLAB
(MathWorks, 2019). This test has previously been used to
make comparisons of particles collected from Fe(II)/goethite
batch reactors under different conditions.30 This test
describes differences in both location and shape of the
empirical cumulative distribution functions of the two
samples. In the K–S test, D values describe the extent of
difference between two distributions, and the P value
indicates the probability that two data sets are statistically
similar, respectively. The null hypothesis for this test is that
two data sets are statistically indistinguishable and for the P
< 0.05 (significance level), the null hypothesis is rejected.
Details for particle size calculations and determination of
electron balances are presented in the ESI† (section S2).

Results and discussion
Materials characterization and Fe(II) sorption to goethite

The XRD pattern of the synthesized goethite matches the
goethite reference PDF 029-0713 (Fig. S2a†), and no other
crystalline phases, like ferrihydrite or hematite, were
detected. TEM characterization (Fig. S2b†) revealed that only
goethite particles, with acicular morphology, an average
length of 74 ± 25 nm, and average width of 8 ± 4 nm (n = 500
particles), were present. Smaller particles indicative of
residual ferrihydrite were not observed. A specific surface
area of 119 m2 g−1 was measured by N2 sorption BET. SEM
images of goethite-coated sand grains are consistent with

uniform coverage of goethite particles on the sand grain
surfaces (representative image shown in Fig. 1a).

The sorption isotherms of Fe(II) onto the sand and
goethite-coated sand at pH 7 are shown in Fig. 1b. The latter
material has higher Fe(II) sorption capacity, and this
difference is attributed to the difference in the structure of
iron oxide and quartz and the higher surface area of the
heterogeneous goethite-coated sand grains as compared to
bare sand grains. For the sand, a sorption plateau is clearly
reached, but it is only approached for goethite coated sand,
consistent with past work indicating increasing sorption with
increasing aqueous Fe(II).50 Thus, Freundlich isotherms for
the data in Fig. 1b are given in Fig. S3.† Overall, the extent of
sorption on the goethite-coated sand is ∼2-fold higher, on a
surface area basis (Fig. S3†) to that of Dixit et al.,50 which
could be due to differences in abundances of specific
sorption sites. Surface complexation modeling to evaluate
this is beyond the scope of this study. As previous work has
shown,32,33,51 the semi-conducting nature of iron oxides
means that sorption of Fe(II) is different from sorption onto
other mineral surfaces, with the possibility of electron
transfer between aqueous Fe(II) and structural Fe(III) followed
by bulk electron conduction and Fe(II)–Fe(III) atom exchange.
Implications of this in terms of recrystallization in the
column studies is discussed below.

Particle detachment

No statistically significant difference in the particle length
distributions of the initial particles (74 ± 25 nm) and those
attached and subsequently detached from sand (74 ± 27 nm;
D = 0.048, P = 0.605, Fig. S4†) was observed. While the
average widths are also identical (8 ± 4 nm and 8 ± 3 nm),
the distribution of widths is statistically different (D = 0.115,
P = 0.002; Fig. S4†). The histograms plotting the lengths and

Fig. 1 SEM image of goethite-coated sand grain (a) and sorption isotherms of Fe(II) (b) on bare and goethite-coated sand (GT-sand) at pH 7 in 10
mM NaHCO3 buffer. The solid lines in (b) represent fits using the Langmuir adsorption model. Errors reported with the parameters are 95%
confidence intervals, and 95% confidence bands are shown in red and blue shades.
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widths for original and detached particles (Fig. S4†) have
similar shapes, and the D values are small. Thus, we
conclude that the attachment/detachment processes do not
significantly affect the distribution of particle sizes (e.g., no
new particle fragments have been formed as a consequence
of the attachment and detachment processes). Thus, results
tracking the particle sizes of post-reaction particles after
using the detachment procedure will enable meaningful
comparisons between experiments.

Batch reactors

The presence of trace dissolved silica did not significantly
impact the reactivity of the goethite particles. Average
dimensions (Table 1) and histograms depicting the lengths
and widths (Fig. S5†) of particles collected from batch
reactors after five cycles of reaction with 4-ClNB using
carbonate buffer prepared in ultrapure water and carbonate
buffer equilibrated with quartz sand demonstrated that, in
both cases, oxidative mineral growth occurred mostly on the
particle tips, as reported previously,29,30,52 and the average
lengths increased from 74 nm to 106 nm (Table 1). Results
indicate that the presence of the underlying sand grains in
columns prepared using goethite-coated sand will not alter
solution chemistry sufficiently so as to change the relative
reactivity of the tip versus side crystal surfaces. Thus, mineral
growth observed in different column experiments below can
be attributed to the reactivity of Fe(II) with 4-ClNB and
changes in the column conditions and not to a matrix effect
caused by the presence of sand.

Control column reactors

The breakthrough curves obtained from control experiments,
which used columns packed with bare sand and goethite-
coated sand grains and fed with either Fe(II) solution or
4-ClNB solution, precluding the reaction from occurring, are
shown in Fig. S6.† The 4-ClNB and Fe(II) breakthrough curves
show deviations from those for the NaBr tracer, in which the
effluent concentration reached one-half the influent
concentration after one pore volume with a fit retardation
coefficient (R) equal to 1. The reproducibility of the column
packing/tracer data is shown in Fig. S7.† These results
indicate that Fe(II) sorbs to the mineral surface (as expected
based on Fig. 1), and the sorption of 4-ClNB is minimal.
Because recrystallization (without particle growth) can occur

under high Fe(II) conditions over tens of days32,53,54 we
evaluated whether any particle growth occurred over the time
period of our column reactors (tens of hours). A column
filled with goethite-coated sand was fed a 0.5 mM Fe(II)
solution in 10 mM sodium bicarbonate at pH 7, similar to
the condition used in reactive column experiments (see
below), after which the columns were sacrificed for
characterization. The breakthrough curve of Fe(II) shows that
after ∼10 pore volumes the concentration of Fe(II) reaches
the initial value (C/C0 ≈ 1) and indicates sorption
equilibrium and no Fe(II) consumption. After 110 pore
volumes, no change in the mass loading of total iron per
unit mass of goethite coated sand was observed (Fig. S8 and
Table S2†).

While we cannot preclude that electron transfer and atom
exchange of Fe(II) leading to recrystallization are occurring
based on these data, little to no electron transfer and atom
exchange is expected over the time frame of the column
experiment. Strehlau et al. measured the goethite particle size
distribution after 18 days of stirring in 10 mM carbonate
buffer with 1 mM Fe(II) and compared the average particle
dimensions, and their distribution, with those of the initial
particles.30 They observed no significant change in the
average particle size and size distribution under these
conditions. Additionally, results from reactive columns
shown below indicate that the goethite tip surface area
comprises the reactive surface area, indicating the mass
addition is driven by oxidative growth due to reaction with
4-ClNB.

Reactive column reactors

The rate and extent of 4-ClNB reduction by Fe(II) on the
column packed with bare sand were drastically less as
compared to the column packed with the goethite-coated
sand (Fig. S9†). This drop is attributed to reductive
degradation and concurrent oxidative mineral growth. For
the column packed with bare sand grains, the Fe(II) drops to
an average of 95% of the influent concentration after just five
pore volumes and remains at that level throughout the
experiment. The 4-ClNB concentration in the effluent,
however, shows a delayed breakthrough, at approximately
2–2.5 pore volumes as compared to the breakthrough
observed with the conservative tracer. The effluent 4-ClNB
concentration eventually equals that of the influent (at ∼15

Table 1 Results tracking particle size from batch reactors using buffer prepared with sand-conditioned, ultrapure water or ultrapure water

Sample Reactor Length (nm) Width (nm) D (length) D (width) Na

Sand-conditioned carbonate buffer Reactor 1 111 ± 38 9 ± 4 0.410 0.124 504
Reactor 2 101 ± 34 9 ± 4 0.366 0.268 506
Average 106 ± 36 9 ± 4 0.045b 0.087b 1010

Carbonate buffer Reactor 1 104 ± 32 9 ± 3 0.252 0.084 502
Reactor 2 106 ± 37 9 ± 4 0.510 0.260 502
Average 105 ± 35 9 ± 4 0.045b 0.087b 1004

a Number of particles measured. b D values are for comparison of 1 + 2 without sand to 1 + 2 with sand after reaction.
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pore volumes), demonstrating minimal reaction with sand.
In addition, a maximum in concentration (0.5 μM) of 4-ClAn,
the product of 4-ClNB reduction, was observed after five PV,
and after that, 4-ClAn was no longer detectable. Thus, for the
bare sand column, we conclude that there is initially some
reaction of 4-ClNB but that a small number of reactive sites
are exhausted early in the experiment, which, combined with
the limited adsorption of Fe(II) onto the quartz sand grains,
leads to this short-lived and minimal reactivity. In contrast,
the concentrations of Fe(II) and 4-ClNB in the effluent from
the goethite-sand column of Fig. S9† reached steady
concentrations of 60% of the influent Fe(II) and 40% of the
influent 4-ClNB concentrations, indicating continuous
degradation of the 4-ClNB with a concurrent drop in the
dissolved Fe(II) concentration.

The concentrations of 4-ClNB and 4-ClAn in the effluent
from two goethite-sand columns were then monitored over
the course of 220 PV (Fig. 2 and S10†). The 4-ClNB
concentration in the effluent increased and the concentration
of the 4-ClAn decreased, approaching a steady state condition
at ∼100 pore volumes (Fig. 2). The initial higher extent of
conversion seen in Fig. 2 and S10† (the replicate experiment)
is likely due to the fact that columns were equilibrated with
the solution of Fe(II) prior to introduction of 4-ClNB. This
means that there was initially increased reducing capacity as
compared to the later condition when both were introduced
into the column simultaneously and continuously.

Results examining the breakthrough of the NaBr (Fig. 2b)
before and after reaction for 220 PV, however, show
substantial differences. The porosity decreased slightly, from
53% to 47% while the hydrodynamic dispersion coefficient
increased by more than fourfold, from 1.07 × 10−4 cm2 s−1 to
4.58 × 10−4 cm2 s−1. This increase in the hydrodynamic
dispersion coefficient likely results from oxidative mineral
growth and is consistent with the same flow rate but altered
flow distribution or pathways through the columns. As the
oxidative mineral growth occurs, hydrodynamic properties of
the column evolve and the flow path of the solution changes.

New hydrodynamic conditions lead to changes in access to
reactive sites, and therefore, less reactivity as a result of
reduced access of reactants to reactive sites and higher
4-ClNB effluent concentrations. The overall fluctuations in
concentrations in Fig. 2a are likely due to these changes.
While the overall trend is lower conversion (which is
consistent with increased hydrodynamic dispersion
coefficient and lower porosity), the fluctuations in
concentration could be due to altered (longer or shorter) flow
paths as the minerals grow.

The mass balance (4-ClNB + 4-ClAn) is 85–115% of the
feed concentration (Fig. 2 and S10†). Deficits in mass balance
could be attributed to the formation of the hydroxylamine,
an unstable intermediate, which was not measured in this
study.21 Overall, the variability is considered as within
experimental error and/or mixing of different parcels of water
traveling over different flow paths. The quantitative analysis
of oxidative mineral growth resulting from the reduction of
4-ClNB to 4-ClAn is further discussed below with the
measurements of particle dimensions.

Unsaturated flow conditions

The extent and conversion rate of 4-ClNB to 4-ClAn, as well
as the change in porosity and hydrodynamic dispersion, in
an unsaturated column filled with goethite-coated sand
(Fig. 3) were substantially different than observed for
experiments using saturated conditions (Fig. 2 and S10†).
The concentrations of 4-ClNB initially increased with time,
reached the feed concentration after 50 PV, and then
decreased. Similar to what was observed for the columns
reacted under the saturated flow condition, the concentration
of 4-ClAn decreased when 4-ClNB increased and increased
when 4-ClNB concentrations fell. At ∼75 PV, minimal 4-ClNB
conversion to 4-ClAn was observed, which we attribute to the
channeling of flow in the column, resulting in a drastic
reduction of contact of fresh feed solution with the goethite
particles. We also see two breaks in both 4-ClNB and 4-ClAn

Fig. 2 Concentrations of 4-ClNB in both influent (feed) and effluent, 4-ClAn in effluent, and mass balance (4-ClNB + 4-ClAn) for 220 PV (a) and
tracer analysis before and after 4-ClNB reduction for 220 PV (b) 95% confidence bands are shown in blue and red shades. Prior to initiating flow of
the 4-ClNB solution, 10 mM NaHCO3 for 3 PV and then 1 mM Fe(II) in 10 mM NaHCO3 for 3 PV were fed into each column. For all experiments, the
flow rates of each Fe(II) and 4-ClNB were 0.5 mL min−1 and columns with inner diameters of 2.5 cm and heights of 3 cm were used.
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concentrations in the effluent at around 100 PV and 120 PV
(Fig. 3a). We attribute these observations to changes in the
flow path, possibly due to pore blockage resulting from
mineral oxidative growth or shifting of the packed grains. As
with the results from the column used in collecting the data
for Fig. 2, the initial high conversion of 4-ClAn (from 0 to 1.5
pore volumes) of this unsaturated column is likely due to
pre-loading the column with Fe(II). Non-uniform distribution
of oxidative growth under advective flow was observed by
Hansel et al., where the distribution of secondary
mineralization of iron oxides within the column was highly
dictated by the flow-induced Fe(II) profile under dissimilatory
iron reduction conditions.55 Thus, we hypothesize that in our
unsaturated flow system in which the distribution of
reactants (Fe(II) and 4-ClNB) were not uniform, non-uniform
mineral oxidative growth was likely and would result in flow
path changes. The tracer data support this interpretation,
showing substantial changes in the hydrodynamic properties
for the unsaturated columns with a dramatic increase in
porosity and decrease in hydrodynamic dispersion coefficient
(Fig. 3b) over the course of the experiment. The breakthrough
curves show characteristics of an unsaturated flow condition

both before and after reaction.56 The increase in porosity and
decrease in the hydrodynamic dispersion coefficient after
reaction (Fig. 3b) indicate that the column was more
saturated at the conclusion of the experiment. The (water
filled) porosity of the column increased from 25% to 40%,
and the hydrodynamic dispersion coefficient dropped two-
fold, from 2.85 × 10−3 cm2 s−1 to 1.14 × 10−3 cm2 s−1, which is
attributed to changes of flow paths in an already unsaturated
column.

Particle growth

The extent of oxidative growth of goethite particles and how
it varies as a function of position in the columns were
studied by measuring the size of goethite particles collected
from each of three 1 cm zones (Z-1, Z-2, Z-3, Fig. S1†) within
the column. The particle lengths and widths, and the fraction
of new goethite mass added to the column in each zone
(section S2, ESI†) are presented in Table 2, from both the
column run for a short period (Fig. S7,† red circles) and those
of long duration (Fig. 2 and 3). The change in particle length

Fig. 3 Concentration of 4-ClNB in both influent (feed) and effluent, 4-ClAn, and mass balance (a) and tracer analysis before and after 4-ClNB
reduction for unsaturated flow (b) 95% confidence bands are shown in blue and red shades. All the columns were conditioned with 10 mM
NaHCO3 and then 1 mM Fe(II) for 3 pore volumes each before adding 4-ClNB to the feed solution. For all experiments, the flow rates of each Fe(II)
and 4-ClNB were 0.5 mL min−1 and columns with ID: 2.5 cm and height: 3 cm were used.

Table 2 Average length and width measurements for unreacted detached, and post-reaction goethite particles under different reaction conditions

Sample Column zone (Fig. S1†) Length (nm) Width (nm) Mass addedb (%) Dc (length) Dc (width) Nd

Unreacted, detached particles — 74 ± 27a 8 ± 3 — — — 500
Saturated flow (18 PV, Fig. S7†) Z-1 87 ± 28 10 ± 5 98.5 0.213 0.203 446

Z-2 74 ± 27 8 ± 4 0 0.073 0.111 446
Z-3 75 ± 25 8 ± 3 1.5 0.066 0.285 369

Saturated flow (220 PV, Fig. 2) Z-1 134 ± 68 9 ± 3 63 0.480 0.188 505
Z-2 109 ± 51 8 ± 3 23 0.340 0.096 507
Z-3 96 ± 39 8 ± 2 14 0.266 0.053 510

Unsaturated flow (220 PV, Fig. 3) Z-1 111 ± 33 10 ± 4 75.5 0.456 0.290 502
Z-2 84 ± 39 9 ± 5 25.5 0.133 0.112 487
Z-3 77 ± 30 6 ± 3 0 0.053 0.330 502

a Errors represent one standard deviation. b Fraction of goethite mass added to each zone based on the particle dimensions determined by
TEM (section S2†). c D: K–S test parameter for the comparison of any set with detached, unreacted particles. The higher the D values are, the
greater the difference in the data distributions. d N = number of particles measured for each data set.
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is greatest at the bottom (Z-1) of the columns where the
concentrations of reagents are the largest (Fig. 4).

Comparing the particle size distributions for pre-reaction
and post-reaction particles after 18 PV (Fig. S11†) under
saturated conditions shows that the reaction primarily
occurred in zone 1, with no significant size increase observed
in zones 2 and 3, due to the short exposure to the 4-ClNB
and Fe(II). After 220 PV under saturated conditions
(Fig. 4a and b), an increase in average particle length was
observed in all three zones (P < 0.05), with the most growth
observed in the zone (Z1) closest to the influent, where
reagent concentrations, and thus reaction rate, are largest.
While the widths do significantly increase (Fig. 4b), the data
are consistent with oxidative growth primarily occurring at
the tips, thus increasing the lengths of the goethite particles.
For the unsaturated flow conditions (Fig. 4c and d), particles
at the bottom (Z-1) and middle (Z-2) of the column are longer
than the unreacted, detached goethite particles, and no
significant increase in length of goethite particles at the top
of the column was observed. As with the saturated flow
conditions, the data are consistent with oxidative growth
mainly occurring on the tips of the particles, with the
increase in length substantially greater than the increase in
width on a per mass basis. The unsaturated condition results
in a more dynamic system in which the oxidative growth is

not only a function of the reactant concentration profile
throughout the column (here different column zones) but
also a function of flow path.

In both Fig. 2 and 3, it is apparent that both 4-ClNB and
Fe(II) are present in zone 3 (both reactants are detected the
end/top of the column), but the extent of particle growth that
occurred in this zone (Table 2) is smaller than zones 1 and 2.
Decreased extent of particle growth could be due to slower
reaction rate (both the concentrations of the reactants are
lower than those in the influent) or slowing of the reaction
by changes in solution chemistry (change in pH, elevated
4-ClAn concentration).

The extent of transformation, however, is affected by the
mineral oxidative growth. Fig. 2 and 3 clearly indicate the
change in the extent of transformation of 4-ClNB to 4-ClAn.
For the saturated column the extent of the transformation
decreases over time. It can be attributed to the decreasing
porosity of the column, which reduces the contact time
between reactant and reactive sites. In addition, the reactivity
and the number of reactive sites of the newly formed solids
could be different, which could lead to the decrease in the
extent of transformation. While the increase in goethite mass
does result in more surface area, particle size
characterization demonstrates growth primarily on the
goethite crystal tips, which means that the total “tip” surface

Fig. 4 The distribution of goethite particle length and width after reaction with 4-ClNB in column reactors for 220 PV under saturated (a and b)
and unsaturated (c and d) conditions. The measurements from three zones (Z-1), middle (Z-2), and top (Z-3) are compared to the detached,
unreacted particles. All the reactors were conditioned by 10 mM NaHCO3 and fed with 1 mM Fe(II) and 0.1 mM 4-ClNB. P values show if data sets
are statistically different (for P < 0.05) and D values show how histograms are different from the one for the detached particles. Larger D values
indicate the more difference from the detached particles. For all experiments, the flow rates of Fe(II) and 4-ClNB were each 0.5 mL min−1 and
columns with ID: 2.5 cm and height: 3 cm were used. See Table 2 for average length and width data.
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area would remain relatively constant, even with drastic
increases in goethite crystal length. Furthermore, as the
goethite crystals elongate, new overlaps between goethite
could effectively reduce accessible, reactive surface area. For
the unsaturated column on the other hand, the extent of
4-ClNB transformation to 4-ClAn increases over time. Fig. 3
shows that the (water filled) porosity of the column increases
in the course of reaction, which means reactants have more
contact time with goethite particles, resulting in the higher
extent of transformation. As the unsaturated column
becomes more saturated over time, the more uniform flow
would be expected to lead to increased access of reactants to
the goethite surface, which would be expected to increase the
extent of transformation.

Phenomenological approach to the kinetics of 4-ClNB
reduction

To compare the reactivity of different column systems
towards NACs and assess potential changes in surface area/
Fe(II) on the observed extent of transformation, we used the
approach of Heijman et al.,57 in which the apparent zero-
order rate constant, kobs, was defined as:

kobs ¼
4‐ClNB½ �in − 4‐ClNB½ �out

� �
τw

(5)

where [4ClNB]in and [4-ClNB]out are the concentrations of [4-
ClNB] in the feed and in the effluent of the whole column,
respectively, and τw is the residence time (i.e., the ratio of the
pore volume over flow rate, assuming constant pore volume).
The kobs can be a function of sorbed Fe(II) and reactive
surface area. Comparing the particle size distribution before
and after the reaction showed that particles increase in
length, which means that the goethite tips comprise the
reactive area. In addition, no new phases were detected.
Thus, we conclude that the reactive surface area present
throughout the entire column experiment is constant,
assuming that the fresh tip surface has the same reactivity as
the original surface. For an ideal system, in which there is
constant exposure of reactants and reactive surface area
along a given flow path, kobs would then be a function of the
sorbed Fe(II) concentration, which is in turn related to the
equilibrium concentration of aqueous Fe(II). The kobs values
for saturated and unsaturated flow conditions columns
(columns SG-5 and SG-7, Table S1†) were plotted as a
function of time. Fe(II) in both the influent and effluent also
were plotted versus time, and kobs values were plotted versus
Fe(II) in the effluent as a surrogate for the Fe(II) concentration
sorbed on the goethite surface. As shown in Fig. S12† for the
saturated case, the Fe(II) concentration in the effluent is
relatively constant over time while the reactivity, as measured
by computing kobs, decreases over time. The observed
evolution in reactivity in the unsaturated column is quite
different than for the saturated column, with kobs decreasing
over the first 400 minutes and then increasing from 400–
1200 minutes. The evolving kobs and Fe(II) effluent

concentration in the saturated column indicate that changes
in the reactive surface area or Fe(II) adsorption are not
driving the changes in extent of transformation. Thus, it is
most likely changes in hydrodynamics are leading to the
observed changes. The interpretation of the unsaturated
column is more complex, because both the flow paths and
degree of saturation (and thus exposure to reactive surface
area) are changing overtime. The lack of relationship between
kobs and Fe(II), however, can be interpreted as the changing
flow paths having a more important role. More frequent
tracer studies that do not disrupt the reaction could test for
this possibility.

Connecting 4-ClNB reduction to mineral growth

By quantifying the total 4-ClNB consumed and 4-ClAn
produced combined with the 1 : 6 stoichiometric ratio for the
reduction of 4-ClNB by Fe(II) (eqn (1) and (2)),30 the
theoretical maximum goethite produced during the reaction
was calculated. Then, the mass of goethite produced was
calculated using the observed average particle dimensions
(see section S2†), assuming no new particles form, which is
supported by the TEM observation. These two values were
compared, and the results are shown in Fig. 5. Results show
a good agreement between new goethite mass added to the
column based on TEM observation and the predicted values
for the goethite mass added to the column based on
stoichiometry. For the column sacrificed after 18 PV, however,
a disagreement between two values is observed. This

Fig. 5 Goethite mass (normalized to initial goethite mass in the
columns) formed over the course of reactions as calculated by
conversion of 4-ClNB, production of 4-ClAn, or increase in goethite
size observed by TEM. Black symbols represent values calculated based
on 4-ClAn production (method 1, ESI†) and filled symbols with
represent values calculated based on 4-ClNB consumption (method 2,
ESI†). Symbols are for the 18 pore volume (PV) reactor (upward
triangle), 220 PV reactor (hexagons), 220 PV unsaturated reactor (right
triangle), and batch experiments with (squares) and without sand-
conditioned water (stars). Empty and filled symbols for hexagons and
stars overlapped.
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observation is attributed to the duration of the reaction not
being of long enough to have sufficient particle growth to
obtain robust results.

Another observation in Fig. 5 is the large difference
between the total 4-ClNB converted over the 220 pore
volumes under the saturated and unsaturated conditions.
Although both columns were filled with the same mass of
goethite-coated sand grains and fed with solutions of the
same concentrations and using the same flow rate, the
amount of goethite formation in the saturated column was
almost twice that formed in the unsaturated column. This is
consistent with more reactive surface area being exposed to
the Fe(II) and 4-ClNB over the course of the experiment, most
likely because of the changing flow pathway in the column.
Fig. 3 also shows that in the middle of the experiment (∼75
pore volumes) the concentration of 4-ClNB in the effluent
reaches almost the initial value, which likely means
channeling through the column, with decreased oxidative
goethite growth during this period of the experiment.

Implications

In this study, the quantitative investigation of oxidative
goethite mineral growth using conditions that are more
relevant to field settings, i.e. continuous exposure to an
oxidizing organic contaminant, 4-ClNB, and Fe(II), in the
presence of other mineral surfaces is presented. The
approach enables the recovery of goethite particles from
columns packed with goethite-coated sand grains by
exploiting electrostatic attraction and repulsion. Results
demonstrate no significant change in average particle size
nor particle size distribution because of the procedure used
to prepare the goethite-sand and to harvest goethite
nanoparticles from the goethite-sand. The results
demonstrate that the presence of dissolved silica, which is
present due to the contact between solution and exposed
quartz sand grain surfaces,58,59 did not detectably affect the
oxidative goethite growth. We also found that under
saturated flow columns, the mineral growth is mainly a
function of the extent of reaction while for the column with
unsaturated flow, the mineral growth behavior is more
complicated and appears to depend on the flow path. Finally,
results indicate that our facile attachment/detachment of
goethite particles to/from the quartz sand grains enables
quantitative characterization of oxidative growth, with growth
primarily observed on the tips versus the sides of the acicular
goethite nanocrystals. Results demonstrate the goethite
particles primarily grow longer when attached to the bare
sand grain surfaces, which is consistent with results obtained
in batch reactors using aqueous suspensions of goethite
nanoparticles. Results from the unsaturated flow condition,
which is more relevant to environmental conditions in the
vadose zone after precipitation and runoff, indicate the
importance of the evolution of flow path and particle growth.
Sampling from different zones of the column is beneficial in
the study of the kinetics of 4-ClNB reduction throughout the

column, and results will facilitate the development of
comprehensive mass transport models for the evolving
reactive system under advective flow.

Although the column dimensions and fluid flow rate in
this study are substantially higher than typical groundwater
conditions, this approach enables the study of more
complicated scenarios that may influence iron oxide
nanoparticle reactivity, including the presence of NOM and
other competing trace elements as well as model
development to assess how evolving mineralogy and
transport might influence the success of remediation
scenarios. Moreover, other experimental conditions like pH,
mixing conditions (batch, flow), and water chemistry (oxide
structure and composition, Fe(II) concentration, and
carbonate and phosphate concentration) will affect the end
product and the extent of contaminant transformation.
Studies of the dynamics of iron oxide reduction by bacteria
and formation of new material upon contaminant exposure
are also possible.
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