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Assessment of aged biodegradable
polymer-coated nano-zero-valent iron
for degradation of hexahydro-1,3,
5-trinitro-1,3,5-triazine (RDX)

Ru Xiao and Mahmoud Wazne*

Abstract

BACKGROUND: This study reports on the effects of aging on suspension behavior of biodegradable polymer-coated nano-zero-
valent iron (nZVI) and its degradation rates of hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX) under reductive conditions. The
polymers investigated included guar gum, potato starch, alginic acid (AA), and carboxymethyl cellulose (CMC). Polymer coating
was used to mitigate nZVI delivery hindrance for in situ treatment of RDX-contaminated groundwater.

RESULTS: The RDX degradation rates by bare nZVI and starch-coated nZVI suspensions were least affected by aging although
these suspensions exhibited the least favorable dispersion behavior. CMC, AA, and guar gum coating improved nZVI rates of
degradation of RDX but these rates decreased upon aging. The best suspension stability upon aging was achieved by CMC and
AA. Guar gum with loadings rates one order of magnitude lower than that of CMC and AA achieved good iron stabilization but
significantly higher RDX degradation rates.

CONCLUSION: It is demonstrated that both migration and reactivity of polymer-stabilized nZVI should be explicitly evaluated
over a long period before application in the field. Guar gum coated nZVI appeared best suited for in situ application because it
maintained good suspension stability, with RDX degradation rates least affected by aging compared with the other polymers
tested.
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INTRODUCTION

the N-NO, functional groups to produce N-nitroso derivatives

Hexahydro-1,3,5-trinitro-1,3,5-triazine (CAS Reg. No. 121-82-4),
commonly known as RDX or cyclonite is extensively used in military
munitions formulations. According to US EPA, RDX was assigned
to weight-of-evidence Group C, possible human carcinogen,
exerting its primary toxic effect on the central nervous system
(CNS).! RDX can enter the aquatic environment through industrial
wastewater discharge or leaching from contaminated soils in the
manufacturing areas or conflict theaters.

Several treatment processes including heated alkaline hydrol-
ysis, ozonation, ultraviolet irradiation, photodegradation, and
biodegradation have shown high RDX removal rates in aque-
ous solutions (first-order constant is about 107" s~' and 1072 s7');
however, many of these technologies face limitations especially
for in situ application.?? Nano-zero-valent iron (nZVI) exhibits high
reactivity towards organics and heavy metals and has a great po-
tential for ex situ and in situ treatment of RDX.*~% Compared with
the techniques mentioned above, nZVI is potentially an easier
material to handle and apply.”® RDX is reportedly degraded by
ZVI via two routes. The first route involves denitration of RDX to
produce intermediates like methylenedinitramine (MEDINA), MNX
hexahydro-1-nitroso-,3,5-dinitro-1,3,5-triazine), DNX (hexahydro-
1,3-dinitroso-5-nitro-1,3,5-triazine), and TNX (hexahydro-1,3,5-
trinitroso-1,3,5-triazine). The second route involves reduction of

(MNX, DNX, and TNX).” Upon complete degradation of RDX,
the formed products include NO;, Ny, NH3, N,O, HCOO™ and
CH20.10,11

In situ treatment of RDX-contaminated groundwater is hindered
by effective delivery of nZVI suspension to the contaminated
plumes due to its rapid aggregation and deposition in the
subsurface. Investigations of iron suspension stability and mobility
have been carried out using anionic copolymer,’? anionic
carbon''* and block polymer.”> The simple electrostatic or
long-ranged steric repulsion forces required to maintain stable
suspensions are often achieved by high molecular weight
polymers.'? Polymer coating also improves the efficiency of
the iron nanoparticles by controlling the crystal growth and
formation of a greater number of reactive sites. The formation
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of larger reactive sites in combination with smaller size particles
thereafter, improves the iron metal contact with contaminant
jons.’

Ideally, modified nZVI nanoparticles should be inexpensive,
simple to use, and have no adverse impact on the environment.
Our choice of surface modifiers was mindful of the implications
that rest beyond the simple engineering requirement for iron
nanoparticle stabilization. The objective of this study was to assess
the application of inexpensive, commercially available polymers
for use as stabilizing agents and surface modifiers for iron
nanoparticles. To achieve these aims, economic biodegradable
polymers like alginic acid (AA), guar gum,'® carboxymethyl
cellulose (CMC),>° and potato starch'” were assessed for their
effectiveness for nZVI stabilization and RDX reduction.

These polymers are widely used as emulsion stabilizers and
thickeners in the food and drug industry due to their high
viscosity. In the environmental field, carboxymethyl cellulose
(CMQ) is a cellulose derivative with carboxymethyl groups bound
to some of the hydroxyl groups of the glucopyranose monomers
that make up the cellulose backbone. CMC molecules, often
used in the form of a sodium salt, are on average shorter
than cellulose, have high cold water solubility, and are mainly
used to control viscosity without gelling in foods.'® Alginate is
an unbranched block copolymer polysaccharide that comprises
1,4-linked &-D-mannuronic acid and R-L-guluronic acid residues.
Guar gum is known for its extraordinary rheological properties
attributed to the galactomannan structure having galactose
and mannose in the molar ratio 1: 2. Guar gum does not
have functional groups susceptible to changes in pH and ionic
strength and therefore it is regarded as a strong potential
coating material to modify the surface of nZVIL.'®' Starch is
made up of two fractions: amylose made up of essentially a-(1/4)
D-glucopyranosyl units, and amylopectin made up of a large
number of short chains.?® It is reported to form complexes
with Fe ions resulting in smaller nZVI particle size during
synthesis.?!

Freshly polymer-modified nZVI were reported to have high
efficiency in removing RDX in aqueous media.”?2~2* However, to
the best of our knowledge, the long-term assessment of modified
iron nanoparticle reactivity and suspension stability upon aging
is lacking. In this study, freshly prepared nZVI and stabilized nZVI
were preserved under anoxic conditions up to 4 weeks. The aged
samples were used in RDX degradation tests and suspension
stability experiments.

MATERIALS AND METHODS

Chemicals

Hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX) was synthesized and
supplied by the US Army TACOM/ARDEC (Picatinny, Arsenal, NJ).
It had an Octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX)
content of 10% (w/w) as a production related impurity. Ferrous
sulfate (FeSO4 - 4H,0) was obtained from Fisher Scientific
(Pittsburgh, PA). Alginic acid sodium salt (MW = 12 000-80 000g
mol~"), guar gum (MW = 220000g mol~'), water soluble
starch (MW = 342.3g mol™") and carboxymethyl cellulose
sodium salt (CMC MW = 250000 g mol~") were obtained from
Sigma-Aldrich (St Louis, MO). Sodium borohydride (NaBH,) was
obtained from Acros Organics (Geel, Belgium). Nitrogen gas
(N,) was obtained from Welding Supply Co. Inc. (NJ). Teflon
syringe filters (0.2 um) was purchased from Fisher Scientific
(Pittsburgh, PA).

Preparation of iron nanoparticles

The synthesis of nanoscale iron particles was conducted using the
aqueous phase reduction method. In brief, the preparation was
carried out in a 1000 mL beaker attached to a nitrogen gas tube.
In a typical preparation, 40 mL freshly prepared stock solution of
ferrous sulfate hexahydrate (FeSO4 - 4H,0) was added to 400 mL
of deionized water, resulting in the desired concentration of
iron solution. The mixture was then sparged with N, for 30 min
to remove dissolved oxygen (DO). nZVI was synthesized by the
addition of 40 mL NaBH,4 aqueous solution dropwise to the FeSO4
aqueous solution at a rate of 0.0667 mL s~'. The mixture was
vigorously stirred by a vertical propeller in a nitrogen atmosphere.
The final ZVI concentration was 0.2gL~". After titration, the
reactor was continuously sparged with nitrogen gas for 10 min
to remove any residual hydrogen gas. Then, the Fe nanoparticle
suspension was distributed into sample vials and stored in a
glove box (LABCONCO) filled with nitrogen gas for later use in
RDX degradation experiments, suspension stability experiments,
or Zeta potential measurements.

The polymer coated nZVI was synthesized by titrating the
borohydride solution into a beaker containing the ferrous sulfate
solution pre-mixed with the designated polymer. Prior to titrating
the borohydride into the polymer-ferrous mixture, the pure
polymer solutions were individually homogenized overnight using
magnetic stirrers.

Batch experiments

In this study, two polymer concentrations were used at 1% and
0.1%, except for guar gum where only one concentration at
0.1% was used due to difficulties with the synthesis and the
HPLC analysis at high guar polymer concentration. Polymer
concentrations are reported based on initial polymer weight
percent added. Bare or modified nZVI solutions were prepared
and introduced to 45mL clear glass vials with teflon septum caps.
Bottles were capped and covered with aluminum foil to eliminate
photodegradation of RDX. The degradation experiments were
initiated by injecting 0.45 mL of RDX stock solution (4 g L~! RDX in
acetonitrile) into the nanoparticle suspensions vials, which were
stored under oxygen-free conditions, resulting in an initial RDX
concentration of about 40 mg L~". The prepared glass vials were
then placed on an end-over-end rotator for set mixing intervals
(10, 20, 30, 50, 80, 120, and 180 min) at room temperature of 25 °C.
At each sampling time, 1 mL sub-samples were withdrawn and
purged with oxygen for 1 min to stop the reaction. Samples were
then centrifuged and filtered through 0.2 um teflon filters before
HPLC analysis. Control experiments indicated that the oxygen
purging step had no effects on RDX content. All experiments were
run in duplicate.

Transmission electron microscopy

An aliquot of 0.2gL~" bare iron and polymer modified iron
nanoparticles suspension were subjected to TEM analysis using
Phillips CM20 FEG STEM equipped with a Gatan 776 ENFINA
spectrometer and an Emispec control and acquisition system.
The TEM images were taken using a carbon support copper film
substrate 400 mesh (Electron Microscopy Sciences, Hatfield, PA).
One drop of the nanoparticle suspension was placed on the
substrate in a dust-free environment for 5 min. As soon as the
nanoparticles were attached to the substrate, a piece of filter
paper was placed at the edge of the carbon substrate in touch
with the suspension draining the remaining solution.

wileyonlinelibrary.com/jctb

(© 2012 Society of Chemical Industry

J Chem Technol Biotechnol 2013; 88:711-718



Polymer-coated nano-zero-valent iron for degradation of RDX

@)
SCli

WWW.S0Ci.org

Zeta potential measurements

The zeta potential of the iron suspensions was measured
using a Nano Zetasizer (Malvern, Worcestershire, UK). Briefly,
1mL of the suspension was introduced into a disposable
capillary cuvette (Sarstedt, Germany) to conduct the ¢-potential
measurement. All DLS measurements were conducted at 25 °C.
The Helmholtz—Smoluchowski relationship was used by the DTS
Nano software to convert the measured electrophoretic mobilities
to ¢-potential.

UV-VIS measurements

The UV-VIS spectra of various iron-polymer combinations were
monitored using a Diode Array Spectrophotometer (hp Hewlett
Packard 8452A). The UV-VIS spectra of pure ferrous sulfate solution
(0.2 g L=")and pure polymer solution (1%) were prepared and used
as controls. A ferrous sulfate—polymer solution was prepared by
mixing 1% of polymer with ferrous sulfate solution to attain a Fe?*
final concentration of 0.2 g L~'. The ferrous - polymer solution was
also used as control. 1 mL of the above control samples and various
fresh and aged iron suspensions were filtered and examined
by the spectrophotometer. The solution and suspensions were
filtered using 0.2 um syringe filters and were then scanned by the
hp spectrophotometer within the wavelength range 190 nm to
800 nm.

Analytical

RDX was quantified by a high performance liquid chromatography
(HPLCQ) instrument (Varian 920 Liquid Chromatograph) using an
Adsorbosphere C18 10 um 4.6 x 250 mm column with pre-filter
and guard column (Alltech Adsorbosphere C185 um). The HPLC
instrument is equipped with a photodiode array (PDA) detector.
The mobile phase comprised of water and methanol at 1: 1, using
an elution time of 10 min. The flow rate was kept constant at
1 mL min~" and the spectrophotometric detection was obtained
at 254 nm. The retention time of RDX was 5.5 min.

RESULTS AND DISCUSSION

Particle characterization

Representative TEM images of fresh and aged bare iron nanopar-
ticles, starch, guar, alginate and CMC modified nZVI particles are
shown in Fig. 1. The fresh bare iron nanoparticles appear round
and aggregated with wide particle size distribution ranging ap-
proximately between 70 nm and 350 nm. No significant change
was observed upon aging of the iron sample under anoxic condi-
tions after 4 weeks. The fresh starch coated nZVI particles appear
round with particle size of about 50 nm. The fine size distribution
of the starch coated particles is most likely due to the formation
of weak Fe?* —starch complexes during synthesis, which hindered
iron particle growth.?! The particle size distribution appears close
to the size distribution reported for starched iron particles rang-
ing between 4 nm and 60 nm."” Some of the starch coated iron
particles appear enclosed in a thick film of polymer forming
clusters. Upon aging, the starch coated nZVI particles appear en-
closed in larger clusters with some dispersed single particles. It
is very difficult to determine the particles size of the iron par-
ticles enclosed in the clusters, but the size of singular particles
appears similar to the ones in the fresh suspensions. Conversely,
the fresh CMC coated nZVI particles appear very well dispersed
with particle size in the order of few nanometers enmeshed in

Bare nZVI-1

1% Starch-nZVI-1 -

Figure 1. TEM image of bare nZVI and polymer-modified nZVI. 1 and 2
column represents fresh and 4 weeks aged sample. Iron concentration
02gL™".

a homogeneous and continuous thin polymer film. These mea-
surements were in agreement with those found in the literature.
For example, Ghinwa Naja reported an average diameter size of
15 £ 4 nm when using CMC to coat reactive nano-iron parti-
cles (RNIP, nZVI with a Fe® core and Fe;04 outer shell).? There
was no significant change in particle size of the CMC coated
nZVI particles upon aging for 4 weeks, but the particles appear
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enclosed in clusters of approximate size 20—30 nm. These clusters
are not homogeneously dispersed within a polymer film as was
the case for the fresh CMC coated iron particles. The alginate
coated nZVI particles showed similar size distribution to the CMC
coated ones. This is probably due to the presence of carboxy-
late functional groups in both polymers, which are reported to
complex Fe?* hindering the crystal growth during synthesis and
resulting in very small nanosized iron particles.? Even though
the fresh alginate coated nZVI particles formed few clusters, the
frequency and size of the clusters increased upon aging. Finally,
the fresh guar gum coated iron particles appear enclosed in a
very thick film of polymer with particle size of the order of a few
nanometers. The particles appear enclosed in clusters less than
100 nm in diameter. It seems that upon aging for 4 weeks, the
guar gum coated iron particles were enclosed in larger clusters
than the fresh ones. The cluster size appears to increase from ap-
proximately 50— 100 nm to approximately 100—-200 nm. The large
clusters formed upon aging for most polymer-coated nZVI parti-
cles may reduce the available surface area resulting in decreased
reactivity.

Zeta potential results

Polymer induced particle stabilization usually includes steric
stabilization and/or electrostatic repulsion for regular and aged
samples. The unmodified nZVI registered negative zeta potential
values around pH 7. This could be attributed to the formation of an
hydroxylated FeO iron oxide layer (Table 1) as reported by Zhang
et al.?’ The surface charge of the iron particles became significantly
more negative upon coating with CMC or AA. This decrease is most
likely due to the negatively charged carboxylate groups present
in these two polymers. The CMC-nZVI and alginate-nZVI retained
high negative surface charge over a 4-week period, indicating that
CMC and alginate remained adsorbed to the nZVI surface and
interface. The significant decrease in surface charge indicated that
the electrostatic effect may play an important role in inhibiting
aggregation, and thus reducing the adhesion coefficient between
the iron nanoparticles.'® The carboxylate groups in CMC with a
pKa ~ 4.3 are expected to be fully dissociated at pH above 7.28
Similar behavior is expected for alginate. It is worth noting that
alginate showed stronger positive correlation between polymer
concentration and zeta potential values than CMC at similar pH

values (Table 1). The 1% CMC-nZVI demonstrated zeta potential
of —66.7 mV whereas the 0.1%CMC-nZVI registered zeta potential
of —46.9 mV compared with 1%alginate-nZVI with zeta potential
of —118.5 mV and 0.1% alginate—nZVI with —52.1 mV.

The starch-coated nZVI exhibited slight negative surface charge
with values greaterthan those measured for the bare nZVI at similar
aging times and pH values. This may indicate a lack or scarcity
of negatively charged surface functional groups. Similarly, guar
modified iron nanoparticles appear to be neutrally charged with
slight negative zeta potential values. The relative stability of the
surface charge for the starch coated nZVI and guar gum coated
nZVI also indicated that these polymers remained adsorbed to
the iron nanoparticles. The stabilization mechanism of the starch
coated nZVI and guar gum nZVI is expected to be due to steric
hinderance because of the particle neutral surface charge.'®

Suspension behavior of iron nanoparticles upon aging

Pictures of suspensions of the bare and modified iron nanoparticles
were documented up to 4 weeks (Fig. 2). These pictures serve as
a visual aid to assess the stabilization efficiency of the various
polymers. There are two interesting changes to monitor in these
pictures: sedimentation evolution and sample color transition.
First, the bare and starch-coated nZVI nanoparticles showed
similar sedimentation behavior and no color change. The iron
nanoparticles for both samples settled within minutes after
synthesis. The 1% polymer-nZVI (except starch—nZVI) samples
demonstrated a high degree of dispersion and kept the nzZVI
stabilized for at least 2 weeks. Suspension stability was consistent
with others reported in the literature; for example, sand column
tests indicated stable CMC modified nZVI suspension even after
8 months of aging.?’ For the 0.1% polymer—nZVI samples, guar
gum indicated the best stabilization behavior. A small amount
of guar—-nZVI was still suspended up to 4 weeks whereas other
polymer-coated nZVI| settled to the bottom of the vials after
2 weeks. Second, all the nZVI samples except for the bare and
starch-coated nZVI experienced color transition within a 4-week
aging period. Bare-nzZVI and starch—-nZVI were initially dark
black then cleared due to the rapid aggregation and deposition.
AA-nZVI, CMC-nZVI and guar-nZVI samples initially exhibited
jet black like color and then transitioned to different colors upon
aging. There was no oxygen contamination because the vials were

Table 1.
concentration 0.2 g L™

Summary of pH value and zeta potential of nonstablized nZVI and polymer-stabilized nZVI samples within 4 weeks of evaluation. Iron

nZVi 0.1%guar—nZzZVI 0.1%starch—nzVI 1%starch—nzVi
pH & (mv) pH & (mv) pH & (mv) pH & (mv)
Fresh 6.72 —17.4+4.6 7.93 —0.6 £ 0.1 7.19 —8.4+0.5 74 —45+0.2
Week1 7.19 —153+1.3 7.97 —0.5+0.1 7.07 —-12.9+1.2 7.34 —4.8+0.5
Week2 6.95 —-16.2+1.1 7.86 —-1.7+0.6 7.34 —-10.2+29 7.6 —-109+1.4
Week4 7.19 —154+1.4 7.89 —1.2+0.1 7.02 —74+£1.2 7.73 —6.3+£0.7

0.19%CMC-nZVI 1%CMC-nzVI

0.1%Alginate-nZVI 1%Alginate-nZVI

pH &(mV) pH &(mvV) pH &(mV) pH &(mV)
Fresh 7.96 —46.9+ 1.4 8.19 —66.7 +3.3 8.03 —52.1+2.5 8.2 —118.5+3.3
Week1 8.27 —41.9+0.8 8.5 —67.9+1.8 8.26 —51.4+29 8.3 —103.14+13.2
Week2 8.35 —473+1.3 8.26 —68.8+4.6 8.25 —55.7+3.6 7.87 —103.8+16.1
Week4 7.79 —43.1+1.0 8.34 —59.0+£3.2 8.2 —58.440.5 8.13 —113.84+7.3
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Week 1 Week 2 Week 4

Fresh

(a)
Bare nZVI

(©)
0.1%Starch-nZVI

(e)
0.1%Alginate-nZVI1

(g
0.1%CMC- nZVI

Fresh Week 1 Week 2 Week 4

(b)
0.1%Guar- nZVI

(Y]
1%Starch- nZVI

®
1%Alginate- nZVI1

(h)
1%CMC- nZV1

Figure 2. Suspension pictures taken at 0min, 1week, 2weeks and 4 weeks. Iron concentration 0.2gL~" and no pH control: (a)bare nzVvi,
(b) 0.1%guar-nZzVI, (c) 0.1%starch-nZVI, (d) 1%starch—nZVI, (e) 0.1%alginate—nZVI, (f) 1%alginate-nZzVI, (g) 0.1%CMC-nZVI, (h) 1%CMC-nZVI.
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Figure 3. Absorption spectra of (a) polymer solution, ferrous solution and a solution containing polymer and ferrous (0.2 g L™" Fe); (b) aged sample
comparison. Polymer concentration at 1% (except 0.1% guar gum) and Fe® concentrationat 0.2 gL™".

sealed and stored in a nitrogen glove box. Moreover, no color
change was detected for the bare nZVI vials, which served as
control. The color change of the CMC-nZVI sample from jet black
to brown could be caused by complexation reactions between
carboxylates and released ferrous.?% Similarly, the AA-nZVI color
change to green could indicate complexation reaction between
AA and released ferrous. A similar but lighter color transition was
observed for the 0.1%CMC-nZVI and 0.1%AA-nZVI samples. The
0.1% guar—nZVI displayed a dark black color at the early age and
the particles gradually settled down thereafter.

UV-VIS measurements

UV-VIS measurements were taken for select iron suspension sam-
ples to assess iron-complex formation upon aging. Electrostatic
attraction can stimulate chelating reactions between ferrous ions
and negative polyelectrolytes. A monodente chelating interac-
tion has been reported between the carboxylate group and the
Fe nanoparticle?® color change from clear to yellow observed in
our experiments upon addition of the ferrous solution to CMC
or alginate solutions. The results (Fig. 3(A)) indicate that the op-
tical density of CMC-Fe(ll) and AA-Fe(ll) increased significantly
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Figure 4. Degradation of RDX using bare iron and polymer-modified iron nanoparticles. All the tests were conducted with fresh, 1 week, 2 weeks and
4 weeks aged samples. Measurements were taken at 0, 10 min, 20 min, 30 min, 50 min, 80 min, 120 min and 180 min.

Table 2. Summary of estimated first-order kinetics rate constant (k1, min~') of nonstablized nZVI and polymer-stabilized nZVI samples within

0.1%starch—nzVI

1%starch—nZVI

0.0655 £ 0.0185
0.0814 £ 0.0096
0.1301 £0.0133
0.0536 + 0.0041

0.0947 £ 0.0030
0.0946 +0.0102

0.079 4 0.0043
0.0556 + 0.0030

0.1%Alginate—nzVI

1%Alginate—nzVI

0.0126 £0.0012
0.0006 £ 0.0015
0.003 4 0.0008

0.1329 £0.0131
0.0355 £ 0.0054
0.0142 £0.0015

4 weeks evaluation. Iron concentration 0.2 g L=’

nZVi 0.1%guar-nzVI
Fresh 0.0611 + 0.0035
Week1 0.0516 + 0.0034 0.1123 £ 0.0267
Week2 0.0502 + 0.0028 0.0315 £ 0.0069
Week4 0.0613 £ 0.0046 0.0187 £ 0.0023

0.1%CMC-nzVI 1%CMC-nZVI

Fresh
Week1 0.0332 £ 0.0053 0.1455 £ 0.0229
Week2 0.0156 £ 0.0022 0.0227 £ 0.0029
Week4 0.0089 £ 0.0011 0.0231 £ 0.0237

compared with CMC, AA, or the ferrous solution spectra. A new
shoulder appeared around wave number 340 nm indicating the
presence of a CMC or alginate ferrous complex.° It is worth not-
ing here that the intensity of the complex around wave number
340 nm increased upon aging (Fig. 3(B)) indicating an increase
in the concentration of the Fe(ll)-polymer complex. The aged
0.1%guar-nZVI sample did not exhibit an increase in the absorp-
tion probably due to weak complex formation.3'

Degradation of RDX

Figure 4 shows time-concentration profiles for RDX degradation
by nZVI. A pseudo-first-order reaction model was used to fit the
RDX degradation data according to Equation (1):

dc
—— =kC

ar M

where C is the concentration of RDX (mg L), t is time (min),
and k; (min~") is the pseudo-first-order reaction rate. The RDX
concentrations reached constant values within 80 min of contact
with nZVI, hence, the first five sampling points were used to
calculate the first-order constants k; (Table 2). In the presence of
CMC, alginate and guar, the rate of RDX degradation by freshly

modified nZVI (day 1) was rapid with complete removal of RDX
achieved in less than 10 min, so the reaction rate values (k;) for
these experiments were not obtained.

It appears that the RDX degradation rates with bare nZVI and
starch coated nZVI remained virtually constant with aging. The
rates in our experiment appear on the same order of magnitude
as those reported in the literature. For example, a k; value of
0.019min~! was reported for iron nanoparticles,® a value of
0.016 min~',23 and 0.095 min—'%2 were reported, compared with
an average k; value of 0.0611 min~" in this study.

Even though starch has shown poor stabilization efficiency for
iron suspension, the fresh 1% starch—nZVI has shown a higher
RDX degradation rate constant than the bare one. This could be
attributed to the smaller iron particle size. Although the starch-
coated particles formed clusters and deposited on the bottom
of the vials, the particle size of the iron particles within the gel
network remained small as shown in the TEM image (Fig. 1). The
gel clusters oraggregates most likely broke up upon mixing during
the RDX degradation experiments.

The optimization of the molar ratio of polymer to nZVI was
not the focus of our experiment. However, the higher polymer
loading (1%) polymer-coated nZVI exhibited larger reaction rates
than the lower polymer loading ones (0.1%). Fresh 1% CMC-nZVI
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Figure 5. Schematic diagram of polymer conformation change with aging.

and 1% AA-nZVI produced the highest RDX degradation rate
constant (0.13 min~") whereas 0.1% CMC-nZVIand 0.1%AA-nZIV
attained rates approximately one order of magnitude lower. The
0.1%AA-nZVI attained a rate constant 3 times larger than the
one attained by 0.1%CMC for all aging periods. The 4-week
aged 1%CMC-nZVI and 1%AA-nZVI samples achieved a 65%
RDX removal efficiency. The enhanced degradation rates at the
higher polymer loading could be attributed to the formation of
smaller iron particle size as reported by He et al.?® They observed
a significant decrease in iron particle size when the CMC/Fe ratio
was increased.32 Similarly, He et al.33 reported faster TCE reduction
rates by CMC-coated nZVI as CMC/Fe ratios increased.

Significant reduction in degradation rates was observed for
the CMC and alginate coated iron nanoparticles upon aging. The
decrease in degradation rates could be due to the formation of
polymer-coated iron clusters, as shown in the TEM analyses. The
formation of these clusters may obscure part of the iron surface
thus reducing the number of available reactive sites. Upon aging,
elemental iron can react with water releasing ferrous ions which
potentially can complex with the negatively charged carboxylate
groups of CMC and AA. The polymer—Fe?" complexation can
initiate bridging between various polymer-coated iron particles
resulting in large clusters (Fig. 5).

Another possible mechanism contributing to the reactivity
decrease includes polymer conformation change upon aging.Fora
highly concentrated polymer—nZVI suspension, the adsorption of
polyelectrolytes to iron nanoparticles depends on the mass of the
polyelectrolytes, the surface charge of solids and polyelectrolytes,
the ionic strength, and temperature.3* For constant ionic strength,
polymer concentration, and temperature, surface charge has a
dominant effect on polymer conformation at the iron surface.
In this hypothesis, the released Fe?* may adsorb to the iron
surface hence attracting negative polymer chains (Fig.5). The
attracted chains tend to lay flat on the surface of the iron particles
to neutralize the surface charge, similar to the train-loop-trail
conformation model suggested by Scheutjens-Fleer.3* Henrica
etal3 reported that the amount of adsorbed polyelectrolytes
varies linearly with the surface charge. Increasing the surface
charge density leads to an increase in the adsorbed polymer
to compensate for surface charge. Henrica etal® verified the
flat polymer conformation hypothesis using the volume fraction
profile change of the polyelectrolytes. Theoretical calculations by
Bohmer et al. showed that the adsorption of weak polyacid as a
function of pH, showed that 80% of the polymer segments occur
in trains at pH 8, indicating that highly charged polyelectrolytes
lie essentially flat on the surface.3® These conditions are similar to

those in our aged CMC-nZVI (CMC pK, = 4.3) and alginate—nZzVI
n (pKgs = 2.95 for carboxyl groups of alginic acid) systems, which
support the flat polymer conformation hypothesis. Additional
examples of the flat conformation of polyelectrolytes have been
reported in the literature.3”38

The polymer conformation change could lead to blocking of the
reactive sites at the Fe® surface, resulting in a reactivity decrease of
the polymer-coated nZVI1."23° Even though the surface charge of
the polymer-coated particle did not increase (more positive) upon
aging contradicting the charge reversal hypothesis upon ferrous
iron release, this concern could be discounted because of the high
polymer density used in our study and the presence of excess
adsorbed polymer at the iron surface. The lack of charge reversal
was reported in other studies for CMC-nZVI and bare nZVI after
16 weeks aging.?’

The 0.1% guar—nZVI exhibited RDX removal efficiency higher
than the 1%CMC-modified nZVI and 1%AA-coated nZVI for similar
aging periods. After aging for 1 month, the 0.1% guar-coated nZVI
achieved 80% RDX degradation rate whereas the 1% CMC-nZVI
and 1% alginate—nZVI samples achieved 65% RDX removal rates.
Conversely, the 0.1% CMC-nZVI and 0.1% alginate—nZVI samples
achieved 50% and 20% RDX removal rates, respectively. The
higher RDX degradation efficiency achieved by the guar-coated
nZVI could be due to the weaker guar-Fe®" interaction than
the CMC-Fe?* or AA-Fe?" interaction as there is only one lone
electron pair from the oxygen atom in the guar hydroxyl group
which could bind to Fe?*.

CONCLUSIONS

Particle characterization, RDX degradation, and suspension sta-
bility experiments were used to assess the long-term dispersion
of CMC-, alginate-, guar- and starch-coated nZVI, and the relative
RDX degradation rates. Polymer modification resulted in smaller
iron particle size and a potential gain in surface area. Hence,
polymer-stabilized nZVI could achieve higher reactivity. However,
upon aging, some of the reactive sites may be blocked resulting
in reduced RDX diffusion rates to the particle surface. Site block-
age is most likely caused by cluster formation and polyelectrolyte
conformation change. An RDX degradation rate of 100% was
achieved by the aged bare nZVI and starch-coated nZVI although
these suspensions exhibited the least favorable dispersion behav-
ior. Conversely, the aged CMC and AA samples achieved the best
nZVI suspension stabilization but significantly lower RDX degra-
dation rates at longer aging periods. Guar gum loading at one
order of magnitude lower than CMC and AA achieved better RDX
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degradation rates than both of these polymers, and maintained
good dispersion at the same time. Guar gum is less subject to
pH effects or interaction with ions encountered in the subsurface,
which could result in reduced reaction efficiency. Based on the re-
sults of this study, guar gum, which is an economic biodegradable
polymer, is highly suitable for in situ remediation. It is also demon-
strated that, both migration and reactivity of polymer-stabilized
nZVI should be explicitly evaluated over a long period before
application in the field.
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