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ABSTRACT

Pesticide contaminatmof groundwater is a major concern in agricultural areas.
Of the many remediation technologies developed in the last decadejafambiron is
among the most studied. Nanoscale z&ent iron (nZVI), with its unique properties
and high surface areanhances many of the advantages of traditional iron remediation.
Unfortunately, studies comprehensively examining the utility of iron nanoparticles for
pesticide remediation are lacking. The intent of this work is to survey the effectiveness
of iron naroparticles for several common chlorinated pesticides and to comprehensively
study the reaction kinetics.Specifically, this study examined the effectiveness of iron
nanoparticles for the treatment of the herbicides alachlor, atrazine, dicamba and picloram.

Iron nanoparticles were synthesized by the borohydride reduction method and
characterized using transmission electron microscopsgyXdiffraction and Brunauer
EmmettTeller (BET) specific surface area analysis. The resulting particles had an
average mmeter of 35 nm and a,MBET specific surface area of 25°m*. Of the
compounds studied, only alachlor degraded in the presence of nZVI.

The surface area normalized pseudo -frster rate constankd) for alachlor
dechlorination by nZVI was fountb be 38.5 x 18 L h™* m? (R* = 0.999). The primary
reaction byproduct was identified as dechlorinated alachlbne effect ofionic strength
was also examined. The results suggested that ndytit be a viable option for both
site remediation and o volume, high concentration pesticide waste treatment.
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BACKGROUND

Remediation with Zerevalent Iron

The zerevalent iron remediation process is generally a-élextron redox
reaction. The standard electrode potential of the-zalent iron/ferrous iron system is
-0.44 V (Milazzo et al., 1978). A number of environmentally relevant compounds, most
notably chlorinated aliphatic compounds, are sufficiently oxidized to vyield a
thermodynamically favorable oxidatigeduction reaction with zergalent iron (Johnson
et al., 1996).Matheson and Tratnyek (1994) have identified the following reaction:

FE€ A Fef' + 26 1)
RX+26+H A RH+ X (2)

The advantages of iron metal for remediation include its-towicity, and
economy. Lakscale studies on iron (in the forof filings or microscale powder) have
been successful in treating chlorinated ethanes (Orth and Gillham, 1996; Hara et al.,
2005), chlorinated methanes (Matheson and Tratnyek, 1994), arsenic (Luepin et al.,
2005). Traditional zerwalent iron (nomano)has been employed in hundreds of sites,
usually in the form of permeable barriers (Rock et al., 1998). Numerous detailed
performance evaluations of permeable barriease proven the technology effective
(Phillips et al., 2000; Morrison, et al., 2001; W et al., 2005).

Nanoscale Zerevalent Iron

Weber (1996) showed that zeralent iron redox reactions are surface mediated.
Thus, reaction rates can be improved by increasing the available iron surface area.
Nanoscale zergalent iron (nZVI) can dastically improve reaction rates, compared to
microscale zerwalent iron, due to its high specific surface area (Zhang, 2003). Most
iron nanopatrticles used for environmental remediation have diameters in the range of 20
800 nm (Li et al., 2006). Iron naparticles have specific surface areas on the order of
20-30 nfg? (zZhang, 2003) compared to about < 3gthfor traditional iron (Sigma
Aldrich, 2007). There is still significant debate as to whether the enhanced reaction rates
are mainly due only to sface area (Nurmi et al., 2005) or if there are some other
properties intrinsic only to iron nanoparticles. Liu et al. (2)Q&osit that borohydride
synthesized (a wet chemistry method that is very-vesikarched) iron nanoparticles
have the unique prepty to activate bl promoting hydrodehalogenation and
hydrogenation. While a wide variety of nZVI synthesis techniques (Li et al., 2006 list
four physical methods and seven chemical methods all producing, sometimes wide,
differences in physical propersig this work will focus exclusively on borohydride
synthesized particles.

Perhaps more important than nZVI enhanced reactivity is its potential to be
directly injected into the subsurface. This potential has not yet been fully realized for
nZVI (Quinn etal., 2005; Saleh et al., 2008) due to its limited mobility in the subsurface.
Nanoscale iron subsurface mobility is limited by partsdéd grain attachment and
particleparticle agglomeration (Saleh et al., 2007). To increase subsurface mobility
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nZVI1 is mixed with surfactants (Saleh et al., 2008) or, more frequently, coated with
polymers (Saleh et al., 2B0Hydutsky et al., 2007; Krajangpan et al., 2008).

While there has been very limited study on pesticide degradation by bimetallic
(Pd-Fe) iron nanoarticles (Joo and Zhao, 2007), no work has yet been reported on
pesticide degradation in anoxic condition in the presence of only nZVI.

Alachlor, Atrazine, Dicamba and Picloram

The pesticidecompounds tested in this study were selected on the biasis o
extensive review of the Beeductive dechlorination literature. The four compounds
selected(Table 1) alachlor, atrazine, dicamba and picloram, have been shown by
previous researchers to be susceptible tb reductive dechlorination (Eykholt and
Davenport, 1998; Ghauch and Suptil, 2000; Dombeck et al., 2001; Ghauch, 2001; Gibb et
al., 2004 No comprehensive kinetic studies have been conducted on the above
compounds with iron nanoparticles.

DESCRIPTION OF THE STATE OR REGIONAL WAT ER
PROBLEM INVEST IGATED

Sixty percent of Nort h Dakas tharddenkigopul at i
water source (Radig, 1997) In rural areas, 97% of the population depends on
groundwatefRadig,2006. Protection of this resource is of vital interest to the pedple o
North Dakota.

Modern agricultural practice has prevented Heglel nonpoint source
contamination of ground water (Koplin 1998While vigilance must be maintained on
nortpoint source contamination, a more immediate problem is the point source
contanination of groundwater at agricultural chemical retail outlets and pesticide storage,
mixing, and loading facilities on farms. North Dakota water quality officials cite the
release of the herbicides used to control leafy spurge, such asbdicat theseetail
outlets (Bartelson, 2006) In Minnesota, the most common pesticide contamination
scenario is the accidental release of corn herbicides at agratwhemical retail outlets
(Villas-Horn, 2006) The development of new pesticide spill remediatiechnologies
can potentially abate these issues.

SCOPE AND OBJECTIVES

The broad objective of this research is to determine the efficacy oivakmat
iron (F€) nanoparticles (nZV1) for remediation of a spectrum of widely used pesticides.
Further, theeaction kinetics will be quantified and modeled.

The specific objectives of this research are as follows:

(a) Determine if nzZVI is effective in treating atrazine, alachlor, dicamba and
picloram.
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(b) If applicable, quantify the reaction kinetics of pesticide degradation by nZVI.

(c) Determine tle effect, if any, of ionic strength on reaction kinetics of pesticide
degradation by nZVI.

(d) Develop a simple, biocompatible subsurface delivery vehicle for the nZVI.

MATERIALS AND METHOD S

Chemicals

All materials were used as received. Chemicals wéseed at room temperature
(22+2°C) except pesticide standards (stored18°C) and pesticide stock solutions
(stored at 4°C). Pesticide stock solutions were replaced every month

Iron Nanoparticle Synthesis

Nanoscale zergalent iron particles were syrgbized by borohydride reduction
of ferrous iron, which was modified slightly from a method by Liu et al. (200Bhe
reaction scheme for the synthesis is as follows:

2 F€" + BH,+ 3H,0 A 2Fé| + H,BOs + 4H" + 2H, (3)

An aqueous solution of NaBH(98%, Aldrich) was added drepise to a
Fe(SQ) A JOH99%, Alfa Aesar) methanol/water solution resulting in a suspercs
iron particleghat was subsequently vacuum filtered and washed with copious amounts of
ethanol to remove any excess borohydridehe Tron was then dried using alternating
exposures to nitrogen gas and vacuum at 120°C using standard Schlenk procedures.
After thoroughly drying the iron, air was allowed to slowly bleed into the Schlenk flask
over a period of approximately 12 h to paase the iron. The resulting black clusters of
iron were ground, yilding fine nZVI powder The nZVI was stored in a nitrogen
environment in a glovebox (Innovation Technology Inc.) for later use.

Iron Nanoparticle Characterization

TEM Analysis

Partide morphology was characterized by transmission electron microscopy
(TEM, JEOL JEM100CX II). A concentrated nZVI sample was prepared in ethanol,
sonicated, and placed on a Fornfvapated 300 mesh copper grid for analysis at an
accelerating voltage of 8&V. Some sample oxidation during preparation was
unavoidable.



XRD Analysis

X-ray diffraction (XRD) analysis of nZVI was performed on ailips X'Pert
MPD wi t h -r&wsournsdd Satmple was ground, dispersed in hexane set on a glass
slide and analyzed upon evaporation of the hexane. Some sample oxidation during
preparation was unavoidable. Analysis was carried out at 40 kV and 30 mA sGdn
range from 20e to 80e.

BET Specific Surface Area Analysis

BrunauerEmmettTeller (BET) specific surface area of nZVI was determined by
N, gas absorption (Micromeritics, ASAP 2000). BET analysis was conducted at the
University of Oklahoma (Noram, OK) following standard procedures (ASTM, 2004).
Particles were analyzed with no further preparation. The surface area of microscale ZVI
(m2V1) used in this study was supplied by the manufacturer.

nZVI-alginate Synthesis

The intent of this experient was to determine if entrapping nZVI in an alginate
matrix will significantly reduce the alachlor reaction rate. The primary objective of this
entrapment was a simple and inexpensive permeable reactive barrier technology. A
method for entrapping celléAsku et al., 1998) in alginate was modified for nzZVI
entrapment. One gram of sodium alginate was dissolved in 50 mL of deionizied,
deoxygenated (Nsparged) water. Great care was taken to minimize the introduction of
oxygen into the solution while beirggirred. The resulting viscous gel was then set aside
for 30 minutes to allow any air bubbles to escape. A measured amount (1.0 g) of nZVI
was then gently added into the gel which was kept stirred. The-algWiate mixture
was then dropped into a 3.58w/v) deoxygenated Cagkolution using a peristaltic
pump. The alginateaZVI immediately formed spherical beads upon contact with the
CaCb solution Beads were immersed in the CaGblution for 9 hrs to facilitate
hardening and ensure optimal diffusicharacteristics (Garbayo et al., 2002).

Batch Study 1: Alachlor and Atrazine Degradation by nZVI

Batch studies examining the reaction kinetics of alachlor and atrazine with nZVI
were conducted. Trials were conducted in 500 mL polyethylene tereqhtbatdes with
fluoropolymer resircoated silicone septum screw caps.

Vials were covered with aluminum foil to prevent possible photodegradation
(Bahena and Martznez, 2006) . Deioni zed
pipetted into the bottles ansbiked with an alachlor (99.2%, Chem Service) stock
solution (1.0 mg mt in methanol) at varying levels to yield 40 mg L* pesticide
solutions. The pesticide solution was then sparged with nitrogen gas (ultra high purity
grade, ChemGas) to deoxygemdhe solution. Samples were not withdrawn prior to
sparging, thus the effects of volitization were not considered in analysis. Initial pH (pH
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a 8.0)0was not adjusted and trials were not buffered. A measured amount (1.60 g) of

nZVI was placed in each vial and the headspace was purged with nitrogen gas. After

brief sonication to break any iron aggregates, trial, blank and control vialplaessl on

a custom built rotary shaker (28 rpm). Aliquots (2 mL) were periodically (0, 3, 6, 12, 24,

48 and 72 h) withdrawn by syringe and passe:(
(Whatman, Anatop 10). Samples were stored at 4°C and analyzledh W8 h of

collection. All trials in this batch study were conducted at room temperature (22+2°C)

and run in triplicate unless otherwise specified. Control for this batch study was provided

by a trial with identical conditions, excepting the additibiran.

Batch Study 2: Alachlor Degradation by mzZVI

Parallel comparison trials were conducted under identical conditions to Batch
Study 1, replacing nZVI with 200 g of microscale zgadent powder (99.9%, Aldrich).
This mass was selected on the badimonrigorous trials to determine an appropriate
mZVI mass that yielded kinetics similar to that observed in the nZVI trials. All trials in
this batch study were conducted at room temperature (22+2°C) and run in triplicate
unless otherwise specified.

Batch Study 3: Alachlor Degradation Under Different lonic Strengths

A set of four trials was conducted to evaluate the effect of solution ionic strength
on alachlor degradation kinetics. An alachlor solution (20 rifyy Wwas prepared as
previously desdbed for Batch Study 1. The ionic strength of the solutions was adjusted
to 10 mM (trials 1 and 2) and 100 mM (trials 3 and 4) with the addition of calcium
chloride (Cad in trials 1 and 3) and sodium chloride (NaCl in trials 2 and 4).
Experiments werecarried out sacrificially in 20 mL borosilicate glass vials with
fluoropolymer resin/silicone lined septum screw caps (EP Scientific Products). Vials
were agitated in a custom built rotary shaker (28 rpm) at room temperature and samples
were withdrawn, stred and analyzed as described earlier. All trials in this batch study
were conducted at room temperature (22+2°C) and run in triplicate unless otherwise
specified.

Batch Study 4: Mixed Pesticide Degradation in Alginat&VI| System

A batch test examing the performance of nZVI entrapped in alginate beads was
performed on a pesticide mixture solution containing alachlor, dicamba and picloram.
Batch studies were carried out in a similar manner as in Batch Study 1. Each 500 mL
polyethylene terephthakatbottle contained 400 mL of deoxygenated, deionized water
spiked with alachlor, dicamba (99%, Chem Service), and picloram (99%, Chem Service)
methanol solutions (all 2.5 g™ resulting in final concentrations of D mg L* for
each pesticide. The ahgtenZVI beads (1.0 g, by Fe weight) were then placed in the
bottles. Control and alginatdank (no Fe) trials were also performed. Samples were
withdrawn at 0, 3, 6, 12, 24, 48, 72, 120 hrs. All trials in this batch study were conducted
at room temprature (22+2°C) and run in triplicate unless otherwise specified. Controls
and blanks for this batch study were provided by trials with identical conditions,



excepting the inclusion of alginatZVIl and excepting the inclusion of nZVI into the
alginate natrix, respectively.

Analytical Methods
HPLC Method

Aqueous alachlor concentration was analyzed by reverse phase HPLC (1100
Series, Agilent Technologies) using al8 column (ZORBAX RXC 1 8 , 5 em, 4.6 X
mm, Agilent Technologies) and diode array detector. The mobile phase consisted of
40:60 water to aceitrile at a flow rate of 1.0 mL mih Detection was achieved at 222
nm with a retention time of 8.10 min.

The HPLC method was modified as follows for dicamba and picloram analysis.

The mobile phase consisted of 60:40 0.4% triethanolamine (TEA) im (pdde= 7.5) to

ACN. Picloram and dicamba peaks eluted at 2.36 and 3.33 minutes, respectively. The
mobile phase for atrazine analysis was modified to 60:40 water:ACN. Atrazine was
detected at 8.76 minutes.

GC-MS Method

By-products of pesticide demplation by nZVI were identified using G@S
(6890 Plus, HP; 5973 MSD, HP) equipped with a fused silica capillary columi3%ZB
30.0 m x 250 em x 0.25 &m, Phenomenex) . Aq
with 1 mL dichloromethane. Extracts were inggtin the splittess mode with the inlet
maintained at 250°C. Oven conditions were as follows: 50°C (hold 1 min) and increase
20°C min' to 280°C (hold 10.5 min). The carrier gas (He) flow rate was maintained at
1.0 mL min®.

lon Chromatoqgraphy Method

Chloride ion concentration was determined by ion chromatography (IC) analysis
(DX-120, Dionex) with an lonPac AS14 anion exchange column (4 x 250 mm, Dionex)
and a conductivity detector. The eluent consisted of 3.5 mMC®aand 1.0 mM
NaHCGQ; at a flow rae of 1.16 mL mift.

RESULTS AND DISCUSSION

Iron Nanoparticle Characterization
Particle morphology and size were determined by THNWyures 1 and 2).

Average particle diameter was determined to be approximately 3%-igord3). Past
studies have repted similar average particle diameters-B80nm Li et al., 2006). A
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thin (25 nm) oxide shell Kigure 2) was formed during particle passivation. This
core/shell geometry has been reported earlier (Nurmi et al., 2005; Li et al., 2006). Again,
this isin agreement with earlier shell thickness reports of3243rm (Nurmi et al., 2005),

BET surface area was found to be Z%Q‘ﬁ? This value is in agreement with
others who used similar nZVI synthesis techniques (28 mPonder et al., 2000 and 36
m® g?, Liu et al., 2008). The observed BET specific surface area is also quite close to
the theoretical specific surface area of 22 gil, assuming spherical nzVI particle
geometry:

6
SSA pL 4)
where
SSA = specific surface areaigr)
} = bulk density of iron (7.87 x £@ m®)
d = average particle diameter (35 X°1)

The close agreement between the theoretical spherical SSA and BET determined SSA
confirms the spherical particle geometry observed in TEM imaging and suggests a
relatively smooth surface. XRD spectrum is presented in FigureOnly F€ was
detected.

Figure 1. TEM image of iron nanopatrticle cluster. The circled area is magnifie
Figure2.
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