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Zero-valent iron nanoparticles (nZVI) have been successfully entrapped in biopolymer, calcium (Ca)-
alginate beads. The study has demonstrated the potential use of this technique in environmental
remediation using nitrate as a model contaminant. Ca-alginate beads show promise as an entrapment
medium for nZVI for possible use in groundwater remediation. Based on scanning electron microscopy
images it can be inferred that the alginate gel cluster acts as a bridge that binds the nZVI parti-
cles together. Kinetic experiments with 100, 60, and 20mg NOs;~-NL-! indicate that 50-73% nitrate-N
removal was achieved with entrapped nZVI as compared to 55-73% with bare nZVI over a 2-h period.
The controls ran simultaneously show little NOs;~-N removal. Statistical analysis indicates that there
was no significant difference between the reaction rates of bare and entrapped nZVI. The authors have
shown for the first time that nZVI can be effectively entrapped in Ca-alginate beads and no significant
decrease in the reactivity of nZVI toward the model contaminant (nitrate here) was observed after the
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1. Introduction

In recent years, zero-valent iron (Fe°) nanoparticles (nzVI)
have been used for the removal of various groundwater contam-
inants including chlorinated compounds [1,2], pesticides [3-5],
heavy metals [6,7], and explosives [8,9] in water. Advantages
of nZVI over other zero-valent iron (ZVI) such as microparti-
cles (mZVI) and iron filings include higher reactive surface area
(25-54m?2 g1 for nZVI [5,10,11] and 1 m? g~for mzVI [5]), faster
and more complete reactions, and injectability into the aquifer
[12-14].

Because of smaller particle size and relatively higher dispersibil-
ity (as compared to other ZVI materials), nZVI becomes mobile
in the aquifer [12,13,15]. Further, if present in higher concen-
tration, nZVI tend to agglomerate due to magnetic and van der
Waals forces and form larger particles that settle into aquifer
media pores. Agglomerated particles have decreased specific sur-
face and hence lose the very advantage individual nZVI has. The
higher mobility, agglomeration, and oxidation by non-target com-
pounds in groundwater remain as major challenges for nZVI use for
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groundwater remediation [16]. To overcome these problems, this
paper presents work done to entrap nZVI in a porous polymeric
hydrogel.

Entrapment within calcium (Ca)-alginate beads is one of the
most common methods for immobilizing living cells in food and
beverage industries [17,18]. Ca-alginate hydrogels and microbeads
are also used for drug delivery [19]. In addition, Ca-alginate
entrapped bacterial and fungal cells have been used to remediation
heavy metals [20-22] and nitrogen [23,24]. Alginate entrapped sur-
factants [25], activated carbon [26], and metal hydroxides (Fe3* and
Ni2*) [27] have been used to recover/treat aqueous copper, organ-
ics, and arsenic, respectively. Immobilization of cells in Ca-alginate
is a simple and cost effective technique [23]. Porosity in Ca-alginate
allows solutes to diffuse into the beads and come in contact with
the entrapped cells [28]. Moreover, alginate is nontoxic, biodegrad-
able, and nonimmunogenic, and produces thermally irreversible
and water insoluble gels [29,30].

The objective of this paper is to demonstrate that iron
nanoparticles can be effectively entrapped in a biopolymer matrix
(alginate) without significant reduction in their reactivity. nZVI
have been entrapped within alginate beads to reduce their mobil-
ity/sedimentation in the aquifer. Effectiveness of the entrapped
nanoparticles in contaminant remediation was examined with
nitrate as the test contaminant.
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2. Materials and methods
2.1. Chemicals

Iron(Il) sulfate heptahydrate (FeSO4-7H,0, 99%, Alfa Aesar),
sodium borohydride (NaBH4, 98%, Aldrich), calcium chloride
(CaCly, ACS grade, BDH), sodium alginate (production grade,
PFALTZ&BAUER), methanol (production grade, BDH), and ethanol
(ACS grade, Mallinckrodt Chemicals) were used as received.

2.2. Synthesis of nZVI and entrapment of nZVI

Nanoparticles were synthesized by borohydride reduction of fer-
rous iron [5,11,31]. The method for cell entrapment in alginate [32]
was modified for nZVI. One gram of sodium alginate was dissolved
in 50 mL deoxygenated deionized water (DDW) at room temper-
ature (22 +2°C). The alginate-water mixture was stirred until
complete dissolution was achieved (~20-30 min) and left at room
temperature for ~30 min to allow the air/gas bubbles generated due
to mixing to escape (to ensure that the alginate beads did not float
in the aqueous solution). The alginate solution (2%, w/v) was gently
mixed with 1g of nZVI. The mixture was promptly dropped into a
3.5% (v/v) deoxygenated aqueous solution of CaCl, at room tem-
perature using a peristaltic pump (Masterflex, Cole Parmer, 0.5 mm
ID tubing, 2.5mLmin~! flow rate). As soon as the alginate drops
came in contact with the CaCl, solution, Ca-alginate gel beads were
formed. To ensure that almost all nZVI were entrapped the alginate
solution and nZVI mixture was continuously stirred with a glass
rod. The leftover nZVI (in the beaker and the pump tubing) was
accounted for by measuring them after washing them with deoxy-
genated water [33]. The average amount leftover (not entrapped)
was found to be 0.0019¢g (out of total 1g) which corresponds to
an error of 0.19%. The gel beads were retained in the deoxygenated
CaClj solution for ~9 h for hardening and then washed with DDW.
A minimum of 6 h hardening ensures that the beads allow optimal
diffusion of substrates into and out of them [32,34].

2.3. Nitrate degradation kinetics experiments

Batch nitrate degradation experiments were performed in
anaerobic reactors made of 500 mL commercial grade polyethylene
terephthalate bottles fitted with sleeve type silicone septum seal.
Initial concentrations of 20, 60, and 100 mg NO3~-NL-! (in 450 mL
DDW) were tried. The initial concentrations were kept higher than
the maximum contaminant level (MCL) of NO3~-N (10 mgL-!). Ca-
alginate entrapped nZVI (1.0g) were added to each reactor. The
reactors were rotated end-over-end at 28 rpm in a custom made
shaker. Aliquots were withdrawn periodically (at 0, 15, 30, 45, 60,
90, 120, 240, 480, 720, 960, 1200, and 1440 min) and analyzed for
nitrate. The samples were collected using a syringe fitted with a
needle. The needle was inserted through the silicon septum and
withdrawn after sample collection. This sample collection tech-
nique ensured that the reactor remained anaerobic. The collected
samples were filtered using a syringe filter (0.02 p.m) which effec-
tively retained all nZVI (35 nm diameter). Controls with nitrate in
DDW but no nZVI were run. Similar experiments were conducted
with bare nZVI. All experiments were conducted in triplicates.

2.4. nZVI characterization and analytical methods

nZVI particle size was analyzed through transmission elec-
tron microscopy (TEM, JEOL JEM-100CX II). Scanning electron
microscopy with X-ray microanalysis (SEM/EDX, JEOL JSM-6300)
and TEM were used to observe bare nZVI and Ca-alginate entrapped
nZVI surface morphology [24]. The specific surface area of bare nZVI
was measured with a micromeritics analyzer (ASAP 2000, GA) using

Brunauer-Emmett-Teller (BET) gas adsorption with N,. The con-
centration of NO3~-N was measured using a nitrate electrode with
reference to a Ag/AgCl electrode (SympHony, VWR) [33].

3. Results and discussion
3.1. Characteristics of bare nZVI

Analysis of TEM images (not shown) indicates that nZVI particle
size ranges from 10 to 100 nm with an average size of 35 nm (Fig. 1).
TEM image shows clusters of agglomerated nZVI. This agglomera-
tion limits the availability of surface area on the particle and hence
available reactive surface area for contaminant degradation [35].
A higher magnification TEM image shows a ~2.5 nm of oxide shell
around the nZVI core. Similar nZVI core/shell geometry and the shell
forms have been reported earlier [5,11,15,36,37].

3.2. Characteristics of entrapped nZVI

SEM (Fig. 2b-d) and TEM (Fig. 2e and f) images are used to qual-
itatively understand the morphology inside the alginate beads. The
dispersibility and location of nZVI inside the alginate bead are also
investigated from these images. One of the images (Fig. 2d) shows
heterogeneity of pore size in the alginate beads because crosslink-
ing between CaZ* and alginate is not uniform throughout the bead.
In some parts, Ca-alginate formed densely and entrapped more
nanoparticles. In higher density areas there is a possibility of nZVI
agglomeration and hence reduction in their reactive surface area.
The higher magnification TEM images (Fig. 2e and f) confirm high
agglomeration of nZVI in parts of the beads. Further, SEM analy-
sis revealed that the bead surface has undulations, folds, and pores
(also reported by Benerjee et al. [38]). Benerjee et al. [38] reported
the pore size in similar alginate beads to be 3.17-5.07 nm. Reported
small pore size ensures retention of nZVI (diameter >10 nm) within
the alginate beads.

3.3. Nitrate degradation studies

Experiments were conducted to compare the effectiveness of
bare nZVI and entrapped nZVlin nitrate removal at three initial con-
centrations without any pH adjustment (Fig. 3a-c). With bare nZVI,
the NO3;~-N concentration decreased from 100, 60, and 20 mgL~!
to 27 mgL-1 (73% reduction), 23 mgL-! (62%), and 9mgL-! (55%),
respectively, over a 2-h period. Though the batch studies were
continued for 24 h, this paper reports the results for the initial

40

30

20

Observed, %

0-10 10-20 20-30 30-40 40-50 50-60 70-80 80-90 90-100
Particle Dimaeter, nm

Fig. 1. Particle size distribution of synthesized nZVI. The particle size varied between
10 and 100 nm with an average value of 35 nm.
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Fig. 2. (a) An alginate bead with entrapped nZVI, (b) SEM image of alginate bead. The section was taken through the center of the bead, (c) SEM image of alginate bead surface
after nZVI entrapment, (d) higher magnification of SEM image (b) bead interior with entrapped nZV], (e) TEM image of Ca-alginate bead section shown in (d). Agglomer-
ation/concentration of nZVI can be observed. Non-uniform crosslinking within the Ca-alginate bead had led to cluster formation and high agglomeration/concentration of
nZVI, (f) blow-up image of the circled area in (e). Nanoparticles are agglomerated/concentrated more in certain area rather than being uniformly distributed throughout the

bead.

2-h period only as the degradation curve leveled off beyond that
time and no significant NO3;~-N reduction was observed appar-
ently because of nZVI mass limitation. The slightly lower or similar
NO3;~-N reductions were observed with entrapped nZVI than with
bare nZVI for the same initial concentrations and the same reac-
tion time. The initial NO3~-N of 100, 60, and 20mgL~! reduced
to 27mgL-! (73%), 26 mgL-! (57%), and 10mgL-! (50%), respec-
tively, with entrapped nZVI. Nitrate degradation by bare nZVI and
entrapped nZVI followed first-order reaction for all concentrations.
The first two data points (0 and 15 min) were not used in reaction
rate calculations as there was also an absorption (by alginate) com-
ponent involved. The reaction rate constants (k) and the coefficient
of determination (R?) of the fit are summarized in Table 1.

For entrapped nZVI, a marked drop in nitrate concentration dur-
ing the first 15 min was observed as also in the control (Ca-alginate
beads only). This initial drop in nitrate in the entrapped systems is a
physical phenomenon. The initial drop in nitrate can be attributed
to sorption into the Ca-alginate beads due to the NO3~-N gradient
that existed between the aqueous solution and the beads. Similar

substrate sorption by Ca-alginate beads has been reported by Hill
and Khan [24] and Thompson [5].

NO3~-Nreduction by entrapped nZVIwas observed to be slightly
lower compared to bare nZVI in some cases (Fig. 3a—c). However,
two-way analysis of variance test on the reaction rate data indicates
that there is no significant difference between the reaction rates of
bare nZVI and entrapped nZVI (o = 0.05 < p-value = 0.142). Complete

Table 1

First-order rate constants for NO; ~-N reduction.

Iron type Initial NO3~-N Reaction rate constant R?

concentration (mgL-") (h~1)

Bare nZVI 100 0.6547 0.9994
60 0.4769 0.9966
20 0.3990 0.9964

Entrapped nZVI 100 0.6465 0.9988
60 0.4268 0.9986
20 0.3716 0.9912
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Fig. 3. (a) Reduction of NO3;~-N by bare nZVI and Ca-alginate entrapped nZVI over
time. Initial NO3~-N concentration was 100 mgL~". (b) reduction of NO3~-N by bare
nZVI and Ca-alginate entrapped nZVI over time. Initial NO3~-N concentration was
60mgL-1,(c)reduction of NO;~-N by bare nZVI and Ca-alginate entrapped nZVI over
time. Initial NO3~-N concentration was 20 mgL-". The vertical error bars indicate
+standard deviations. The straight lines joining the data points are for ease of reading
only and do not represent trend lines. (-O- Bare nZVI, -a- entrapped nZVI, -H-
control, —4- blank).

nitrate degradation was not achieved either with bare or entrapped
nZVI probably because nZVI dose used in the experiments was low.
More experiments were not conducted with higher nZVI dose since
this study focused on the entrapment of nZVI in alginate beads and
the effectiveness of entrapped nZVI relative to bare nanoparticles.

The authors expected some reduction in nitrate degradation rate
due to the presence of alginate coating on the nZVI and hence dif-
fusion limitations. It is apparent from the results that there was
no solute diffusion limitation. Nitrate diffusion in alginate beads is
non-Fickian in nature and depends on the concentration of alginate
and extent of crosslinking of calcium ion [34]. The alginate beads
used in this experiment were gelled for more than 6 h. Therefore,
they should have reached the optimal nitrate diffusion character-
istics [32] and should not restrict substrate (nitrate here) diffusion
through them [34].

The results clearly indicate that the reactivity of entrapped
nZVI was comparable to bare nZVI. Reduced mobility of iron
nanoparticles can be achieved through entrapment in Ca-alginate.
With further improvement in dispersibility of the nZVI within the
beads, the alginate entrapment technique may possibly offer a
way to effectively use nZVI in many groundwater remediation sit-
uations. Iron nanoparticles are known to degrade a broad range
of contaminants including chlorinated compounds, heavy metals,
pesticides, and explosives [1-9] and alginate beads are known
to allow diffusion of a wide range of compounds [39-41]. Four
chlorinated methanes, six chlorinated benzenes, two pesticides,
five organic dyes, four heavy metals, three trihalomethanes, six
chlorinated ethenes, three polychlorinated hydrocarbons, four inor-
ganic anions, TNT, and NDMA are reported to be remediated (or
transformed) by nZVI [14]. Recently Thompson [5] demonstrated
treatability of high concentration alachlor with nZVI. Further,
LaGrega et al. [42] lists 22 organic and 16 inorganic contami-
nants treatable with ZVI. The combined alginate-nZVI system is,
therefore, expected to be effective for a similar wide range of con-
taminants. The entrapped nZVI will have the advantage of being
stationary in the aquifer under dynamic groundwater conditions
as compared to the bare particles.

4. Conclusions

The results from this study indicate that nZVI entrapment in a
biopolymer may increase their overall efficacy of for groundwa-
ter remediation. The authors have shown for the first time that
nZVI can be effectively entrapped in Ca-alginate beads and reactiv-
ity of entrapped nZVI toward a model contaminant (nitrate here)
was comparable to that of bare nZVI. The reduction in nitrate con-
centration using bare nZVI and entrapped nZVI were 55-73% and
50-73%, respectively, over a 2-h period. Ca-alginate can be used as
the entrapment medium for nZVI to make the nanoparticles rel-
atively stationary in aqueous media (e.g., groundwater). Thus, the
mobility and settlement problems associated with bare nZVI can
be overcome and alginate entrapped nZVI can be effectively used
in permeable reactive barriers for groundwater remediation.
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