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ABSTRACT
Chlorinated organic compounds, especially those classified as dense non-aqueous phase
liquids (DNAPLs), are a significant challenge in the remediation of legacy industrial sites. These
compounds form insoluble pools that can persist for many years, contaminating the groundwater
flowing through that region. Existing methods of treating DNAPL contamination require years to
fully remove the pool and rely on expensive engineered systems, including pump-and-treat,
barrier, and injection well methods.1–3 We seek to design a method of attacking DNAPLs in-situ
that is simple, rapid, and cost efficient. Herein, we discuss two approaches of delivering an
oxidizing agent to DNAPL pools using microcapsules as the method of transport. The first uses a
biocompatible and biodegradable polymer, poly(lactic-co-glycolic acid) (PLGA), to create a shell
around silica particles. We successfully conjugated PLGA to silica particles, but were unable to
obtain a uniform shell. The second method uses solid calcium peroxide as the scaffold to layer a
polyanion to improve transport of the particles through soil. We were able to modify the size of
the CaO2 particles rather easily through ball milling, and addition of the polyanion was
straightforward. However, the CaO2 particles were fully dissolved by the volume of eluent
necessary in the study. To allow effective transport, the solubility of the peroxide particles must
be reduced.
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Chapter 1
Background and literature review

Introduction
Chlorinated organic compounds are commonly used in many solvents, degreasers, paint
strippers, and other chemicals frequently found at industrial sites. When improperly disposed of,
these chemicals can enter the groundwater.4 Even at low concentrations, such solvents have been
identified as a health risk, and found to cause cancer, organ damage (liver and kidney in
particular), and other significant health risks.5 Chlorinated organic compounds have been found
in wells in most industrialized countries, including the US, the UK, Italy, and the Netherlands.4
Many of these chlorinated compounds are classified as dense non-aqueous phase liquids
(DNAPLs). These compounds are both insoluble in and denser than water. A DNAPL released
into the ground will spread primarily downward, moving easily through coarse-grained layers of
the vadose zone until the plume reaches a layer of finer grained earth. Then, DNAPLs are
trapped within this layer of fine grains as capillary action drives the movement of the DNAPL
from the coarse grained soil layer to the smaller pores of the fine grains.6,7 Groundwater flowing
through these layers is easily saturated with DNAPLs, carrying sufficient concentration to incur
environmental and health risks without removing any significant amount of the DNAPL.
Consequently, the DNAPL trapped in the fine grained layers of the vadose zone will remain for
years, contaminating all water flowing through it.1,7
The two most common existing methods of treating DNAPL contamination are pumpand-treat and barrier containment. Pump-and-treat methods extract the contaminated water from
the water table, remove the dissolved DNAPLs, and return the water to dissolve additional
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DNAPLs from the vadose zone. This method requires a long-term, ongoing commitment to treat
the entire contaminated region.1 Barrier methods construct a wall around the contaminated area of
the water table.

Such barriers can either simply block the flow of DNAPLs from the

contaminated region8 or contain a reactive species such as permanganate that attacks the DNAPL
passing through the barrier.9 However, both types of barrier also require a long commitment to
fully treat the DNAPL pool and the reactive barrier in particular requires regular maintenance,
including replacement. If the barrier is not regularly maintained, paths through it can foul,
causing the contaminated water to divert around the barrier and escape into uncontaminated areas
without treatment.1,10,11
There have been several attempts to develop methods of attacking these contaminants insitu to accelerate the remediation process. These methods have struggled with delivering the
reagent to the DNAPL pool in sufficient quantity.12,13 A new approach to this problem has been
under development by the Mallouk lab since 2000. This method seeks to attack the DNAPL layer
in-situ using negatively charged microparticles to facilitate transport of iron to the DNAPL
pool.14 This technique has since been refined both in our group (especially focused on the use of
anionic carbon supports)14–16 and many others using various techniques to synthesize these
particles. Most commonly, iron nanoparticles were wrapped with a polymer that maintains
particle dispersion,14,15,17–24 but microemulsions,25,26 and silica particles27 have also been
investigated as viable methods of iron delivery.
Additionally, work by groups led by Lowry22 and Zhan28 suggested that the delivery
methods could be designed such that the microparticles preferentially reside in the water-organic
interface present between these chlorinated contaminants and groundwater. Bishop et. al. applied
this concept to a transport study that found particles coated with a hydrophobic, anionic polymer
would preferentially adhere to DNAPL-coated sand particles over sand uncontaminated with the
DNAPL.11
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The ability to attack certain subsurface water contaminants with reducing agents
suggested the possibility of designing a complementary process with oxidants. Potassium
permanganate and ozone are common oxidizing agents, however, each presents its own
difficulties.12

Potassium permanganate is a powerful and widely applicable oxidizing agent

(frequently used in reactive barriers and other existing treatment methods), but often forms
insoluble manganese oxide (MnO2) on reaction with chlorinated compounds. This only increases
the difficulty of removing the DNAPL, as the MnO2 blocks further permanganate from reacting
with the remaining DNAPL.13

Ozone, while useful in attacking aromatic compounds, is

impractical for underground application because of its short lifetime; it is very difficult to deliver
reactive ozone to an aquifer.12 However, Fenton chemistry is a third alterative, and is a natural
extension of our group’s previous work in iron nanoparticle delivery.
By combining a peroxide delivery system with the previously designed carbon-supported
iron(0) nanoparticles, we hope to create a new alternative for creating Fenton’s reagent in-situ. In
Fenton chemistry, iron(II) is oxidized to iron(III) through reaction with a peroxide, forming a
hydroxide radical in the process.29 These radicals can attack carbon-halogen bonds in a wide
range of compounds,30,31 converting hazardous chlorinated organics and DNAPLs into less toxic
and more easily removed light organic compounds. Current methods of pursuing in-situ Fenton
chemistry often rely on a number of wells drilled to the water table through which a solution of
iron and hydrogen peroxide is injected.2,3 A series of test runs in Georgia begun between 1998
and 2001 suggested that Fenton’s reagent reduced the concentration of simple chlorinated organic
compounds (di- and tri- chlorinated ethene) by a factor of 700 or better to below detectable levels
in the area immediately surrounding its injection, although secondary effects appeared to increase
the concentration of certain chlorinated compounds at wells more distant from the site of
injection.3 However, these methods require substantial infrastructure to effectively deliver the
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solution. Further, as with many hydraulic delivery methods, this system is vulnerable to clogging
caused by precipitation of insoluble products, such as iron(III) hydroxide.12
In developing a method to easily transport a peroxide compound to underground
contaminants, we wished to take advantage of our previous work on soil transport and
hydrophobic compound targeting of polyanion-coated microparticles. To begin, we focused on a
search of literature methods to encapsulate hydrogen peroxide as a simple oxidizing agent in a
microcapsule with a rate of diffusion such that the hydrogen peroxide would remain inside the
capsule during transport, but could still diffuse into the target environment within a reasonable
timescale.

Literature Review
Initially, our search focused on methods that would allow the encapsulation of hydrogen
peroxide. To begin, a review of microencapsulation methods by Vrignaud, Benoit, and Saulnier32
was considered.

This review approached the challenge of microencapsulation from the

perspective of the pharmaceutical industry. Many of these methods produced microcapsules
through emulsion methods; briefly, these methods create an emulsion (often through
ultrasonication) whose dispersed phase forms nucleation sites for the microcapsule shell. The
monomers that form the polymer shell are dispersed in the continuous phase and polymerize
around the nucleation sites. Several other studies33–35 utilized this emulsion method to design
various types of microcapsules. One in particular by Baier et. al.36 was of special interest because
of its use of an inverse emulsion; that is, water acts as the dispersed phase and an oil acts as the
continuous phase.

This would be ideal for the encapsulation of hydrogen peroxide, which

because of its water solubility would be retained in the dispersed phase and automatically
encapsulated as the polymer shell formed.
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One concern with these methods was the small size of hydrogen peroxide. Most of these
methods were designed to encapsulate large, high molecular weight molecules, consistent with
their intended use to encapsulate pharmaceutical compounds. Further research found a study by
Ng et. al. that described the microencapsulation of hydrophilic low molecular weight compounds,
which used hydrogen peroxide as an example compound.37 This group used a double emulsion
water/oil/water technique with poly(lactide-co-glycolide) (PLGA) as the capsule polymer.
Unfortunately, the capsules generated by this method ranged in size from tens to hundreds of µm.
This is a much larger diameter and much broader range of particle sizes than is desirable for our
purpose (previous work has shown that particles approximately 1 µm in diameter were ideal for
transport). We also investigated a number of other inverse emulsion microencapsulation
methods,38–46 but most were too difficult to produce large numbers of microcapsules38 or yielded
microcapsules smaller than desired.40,45
Although the size distribution of the microcapsules synthesized by Ng, et. al. was too
varied for our purposes, their choice of polymer refined our search to methods also applicable to
PLGA microcapsules. PLGA was an ideal choice because of its retention of hydrogen peroxide.
Ng, et. al. found that the concentration of dissolved oxygen in a solution containing their
microcapsules was elevated for at least five hours after the addition of the microcapsules,
suggesting that the hydrogen peroxide remained reactive and was delivered over this time
period.37 PLGA has also been investigated as a polymer of choice in drug delivery systems
because of its good biocompatibility.37–39,47–49 This made PLGA ideal for our application, as it
significantly reduces the environmental and health concerns of introducing these microcapsules
into the water table.
With this in mind, we sought a different method of controlling the size of the
microcapsules. Silica particles could be used as a core about which a microcapsule shell could be
constructed, and the particle size could be well controlled through the Stober synthesis method.50
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Once the polymer shell has been synthesized, the silica core could be removed by dissolution
with HF.51,52
A literature search for methods to synthesize PLGA microcapsules around silica cores
yielded very few results. An article by Wang et. al.52 suggested that cross linking polymer chains
was an essential step in the synthesis of capsules around silica cores. With this information, we
began to look for methods of cross linking PLGA. Two methods were found, one cross linking a
poly(vinyl alcohol) (PVA) layer,53 another using chitosan.54

Chitosan was removed from

consideration because the electrostatic nature of its bonding implied that relatively polar
hydrogen peroxide compounds would be highly permeable to a chitosan cross linked PLGA
capsule. The PVA method was retained for consideration.
Additional research was done on polymers similar in structure to PLGA that might serve
to encapsulate a peroxide compound, while remaining easily cross linked. One method was found
that

described

cross

linking

of

poly(methacrylic

acid)

with

disulfide

links

and

poly(vinylpyrrolidone) (PVPON).55 However, because peroxides are used to oxidize the thiol
bridges in this method, there was concern that encapsulated hydrogen peroxide might react with
the PVPON disulfide bridges, and this method was rejected.
While our literature search was not exhaustive, it was becoming clear that no preexisting
method of encapsulation was wholly suited to our needs. It was now that we began to investigate
a means of conjugating PLGA to silica particles. A key source in this process was Yoo et. al.,47
which described a process of activating the carbonyl groups in PLGA for reaction with amines.
Because silica particles can easily be functionalized with amine groups, this would allow simple
conjugation of PLGA to the silica particle. Two methods of functionalizing a silica particle with
amine groups were investigated,56,57 and the method by Jaroniec et. al.57 was found to be simpler.
By combining the methods found in Jaroniec57 and Yoo,47 we expected the conjugation of PLGA
to a silica particle would work well. Yet because of the information in Wang et. al.52 we also
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searched for a method that would allow cross linking of the polymers to increase the shell
strength. Zhou et. al.49 had found that poly(acrylic acid) (PAA) and poly(ethylenamine) (PEI)
would readily form a bilayer on PLGA particles, and that these polymers could be cross linked
through a condensation reaction between amino and carboxylic groups. Together, these three
methods47,49,57 seemed to provide a preliminary scheme for the creation of PLGA microcapsules.
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Chapter 2
Synthesis of poly(lactic-co-glycolic acid) microcapsules

Introduction
The initial plan to synthesize peroxide-containing microcapsules centered on the use of
silica particles as templates to build a polymer shell around. As stated before, PLGA was chosen
as the polymer because of its biodegradability, biocompatibility, and intermediate permeability to
hydrogen peroxide.37–39 Once the PLGA shell was constructed on the silica particle, it would be
cross linked using poly(acrylic acid) (PAA) and poly(ethylenamine) (PEI) to afford it more
structural strength. The silica core could then be etched out using hydrofluoric acid (HF) and
PLGA/PAA/PEI shell could be further coated with polyanions if necessary to improve the
transport of the particles through the soil, as described in Bishop et. al.11

Materials and Methods
Silica particles 1 µm in diameter were previously prepared by Neal Abrams58 or
purchased from Alfa Aesar. Poly(lactic-co-glycolic acid) (PLGA) with average molecular weight
of 50-75 kDa and a lactide-glycolide ratio of 85:15 was purchased from Sigma Aldrich and stored
at 2 °C. (3-aminopropyl)triethoxysilane was purchased from Sigma Aldrich and stored under
vacuum. P-nitrophenyl chloroformate was purchased from Acros and stored at 2 °C.
Silica particles were functionalized with surface amine groups through the method
described by Jaroniec, et. al.57 500 mg of 1 µm diameter non-porous silica and 50 mL of
anhydrous toluene were sonicated for 1 hr and mixed thoroughly.

4.8 mL of (3-
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aminopropyl)triethoxysilane was added, and the mixture heated to reflux while stirring for 18 h.
The suspension was cooled to room temperature and centrifuged. The supernatant toluene was
removed, and 20-25 mL of fresh toluene added to each 50 mL centrifuge tube. The silica was
suspended in the fresh toluene, sonicated for 15 min, and centrifuged. The supernatant was
removed, and this suspension-sonication-centrifugation cycle repeated with deionized water and
acetonitrile to wash the silica. The silica was blown dry with air, then heated to 100 °C overnight
to dry.
A ninhydrin test for the presence of amines on the silica particles was carried out.59 100
mg of amine-functionalized silica (Si-NH2) was suspended in 2 mL of ethanol with 30 min of
sonication. 0.7% w/v of ninhydrin in ethanol was prepared and 0.5 mL of this solution added to
the Si-NH2. After sonication for 10 min, the solution had a purple-blue color, indicating the
qualitative presence of amines.
Gold nanoparticles (Au NPs), provided by Megan Strayer, were used to tag aminefunctionalized silica for TEM imaging. The number of amine groups in the sample was estimated
by assuming the maximum number of amine groups was present and each amine group required
0.6 nm2 of surface area.60 Full details of this calculation are shown in Equation 1. Two samples
were prepared, the first with the number of Au NPs equal to that of the calculated amine groups,
and the second with the number of Au NPs equal to three times the calculated number of amine
groups. To prepare these, the solution of Au NPs was estimated as 1 µM and the necessary
volume of solution was centrifuged with the excess supernatant decanted to reduce the amount of
solvent present. The remaining solution of Au NPs was added to a sample of Si-NH2, sonicated
for 15 min and shaken for 30 min. This was allowed to evaporate for 1.5 h, then placed on a hot
place to evaporate the remaining solvent (this took 1 h). The remaining solid was taken up in
minimal ethanol and cast on a TEM grid.

10
PLGA was activated for conjugation to Si-NH2 by the method developed by Yoo et. al.47
A Schlenk flask was purged with N2 and immersed in an ice bath while 1 g PLGA was dissolved
in 10 mL dichloromethane (CH2Cl2).

80 mg of p-nitrophenyl chloroformate and 48 µL of

pyridine were then added. The N2 flow was stopped and the flask stoppered and removed from
the ice bath. The flask warmed to room temperature, and the reaction stirred for 3 h. The mixture
was then diluted 2-3x with additional CH2Cl2 and transferred to a sep funnel. It was washed with
2×50 mL 0.1% hydrochloric acid (HCl) and 2×50 mL saturated aqueous sodium chloride (NaCl).
The activated PLGA was manually removed from both aqueous and organic fractions as it
became a visible phase; additional PLGA was manually scraped from the walls of the sep funnel.
Si-NH2 and activated PLGA were conjugated by the method described in Yoo et. al.47
190 mg of previously activated PLGA was dissolved in dimethylformamide (DMF). To this, 106
mg of Si-NH2 were added. 2 drops of triethylamine were added, and the flask was sealed with a
septum. N2 line and vent needles were inserted through the septum. These were removed after
2.5 h, and the reaction continued stirring for another 10 h. Diethyl ether was then chilled in an
iced bath for 1.5 h and added to the flask. The mixture was then centrifuged for 15 min and the
supernatant decanted; the remaining silica was redissolved in minimal acetone for transfer to a
glass vial. The acetone was blown off, and the silica dried at 80 °C overnight.
Additional silica particles were synthesized by three different methods. The first was
based on a method published by G. Büchel et. al.61 74 mL of ethanol, 10 mL deionized water,
and 3.5 mL of 28 wt% ammonium hydroxide (NH4OH) were combined and heated to
approximately 37 °C. 6 mL of tetraethylsilane was then added, after which the solution rapidly
became a milky white, and the mixture was stirred for 1 h. The solvent was removed by rotary
evaporation, heating the mixture with a 70 °C bath. The silica remaining was then dried at 100
°C overnight, then calcined in a tube furnace; the temperature was ramped from 25 °C to 550 °C
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over 9 h, then held at 550 °C for 6 h. 1.5001 g of silica was obtained, and TEM of the particles
showed their average radius was 354 nm with a standard deviation of 28 nm.
A second trial followed the method described in Seibel’s thesis.62 89 mL of deionized
water and 500 mL of methanol were combined, then 50 mL of 20 wt% NH4OH added. After
stirring approximately 10 min, 2 mL tetraethoxysilane was added, followed by 10 mL of TEOS
30 min later. This was stirred for approximately 15 h. The solvent was removed by rotary
evaporation follow by centrifugation. After 45 min of centrifugation the solution was still very
cloudy, although no further silica seemed to be collecting. The supernatant was decanted, and the
silica dried at 100 °C overnight, then calcined by heating with a 2.5 °C/min ramp to 550 °C and
10 h hold. TEM imaging showed a combination of very small particles and large unknown
structures.
A final method was based on work by S. Gu. et. al.63 53 mL of ethanol, 5.4 mL of 28
wt% NH4OH, 7 mL deionized water, and 1 g of the approximately 350 nm diameter silica
prepared above were combined and stirred for several minutes. 9.47 mL of tetraethoxysilane was
then added and the mixture stirred while heated to between 40 and 50 °C. This was stirred for 1
h. The silica had partially settled out, so it was recovered by centrifugation followed by rotary
evaporation. The silica was dried at 100 °C overnight, then calcined by heating with a 2.5 °C/min
ramp to 550 °C and 10 h hold. The process was repeated, using the product of the first reaction
as the seed particles in the second. TEM images were used to evaluate the size distribution; each
fully visible particle was measured along three axes and all measurement averaged. The result
was an average particle size of 460. nm with a standard deviation of 88 nm. The second
generation had an average diameter of 461 nm with a standard deviation of 151 nm – this will be
discussed below.
TEM images were taken using a JEOL JEM 1200 EXII transmission electron microscope
with an 80 kV accelerating voltage. TEM grids were carbon film on 200 mesh copper grids
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purchased from Electron Microscopy Sciences; samples were always cast on the copper side of
the grid. UV spectra were acquired using a Varian Carys 6000i UV-Vis-NIR Spectrophotometer.
X-ray diffraction was carried out with a PANalytical Empryean X-ray Diffractometer.

Results of amine functionalization

Two methods were examined for the functionalization of silica particles with amine
groups, one developed by Kallury et. al.56 and another by Jaroniec et. al.57 Ninhydrin tests of
particles resulting from the Kallury method showed only very faint blue tint or no color in
solution at all. UV/Vis absorbance also failed to yield the diagnostic peak at 588 nm. The
Jaroniec method yielded better results. Particles prepared by this method yielded a reasonably
intense blue-purple colored solution.

A UV/Vis spectrum of these particles showed broad

absorbance from 650-400 nm, this might have been due to scattering by the silica particles and
could have covered the diagnostic 588 nm peak. Small angle x-ray diffraction (XRD) was also
carried out on the sample; M. Manzano et. al. showed that there should be a sharp shoulder at 2θ
= 2.5° for a mesoporous silica particle functionalized with amine groups. This was not observed
with our sample.
To definitively confirm the presence of amine functional groups on the silica, gold
nanoparticles (Au NPs) were used to mark the amine groups for TEM. The number of amine
groups per in the sample was estimated by the following conversion (Equation 1):
Equation 1: The estimation of the number of amine groups attached to a silica particle.
3

" 10 7 nm %
1
1 particle
3.142 !10 6 nm 2 1 amine group
sample mass !
!
!
!
!
2.6 g/cm 3 $# cm '& 5.2 !108 nm 3
particle
0.6 nm 2
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where 2.6 g/cm3 is the density of silica, 5.2 × 108 nm3 is the volume of a 1 µm diameter particle,
3.142 × 106 nm2 is the surface area of a 1 µm particle, and 0.6 nm2 is the approximate surface area
of a surface amine group given in Westcott et. al.60
The initial results are pictured in Figure 1a below, in which the Au NPs are visible as
smaller spheres attached to the main silica particle. To ensure that the number of Au NPs
exceeded the number of amine groups present, a second test triple the amount of Au NPs added to
the same amount of silica particles. This is shown in Figure 1b.

A statistical counting of

nanoparticles was carried out. This was done manually, but in general most nanoparticles were
separate and easily visible. If two overlapped, they were counted separately if the curvature
showed a distinct, sharp change. The count was then averaged over the number of silica particles
included within each test. After tripling the concentration of Au NPs, the average count increased
from 14.38 Au NPs per silica particle to 71.75 Au NPs per silica particle on average, thus
indicating that our calculations of the number of amine groups had been too low by at least a
factor of three. Unmodified silica particles were also tagged with Au NPs, and the TEM images
are shown below in Figure 1c. These unmodified silica particle had very few visible Au NPs
attached. This provides the clearest demonstration of all previous tests that the silica particles
were successfully functionalized with surface amine groups.

(a)

(b)

(c)

Figure 1: Silica particles tagged with Au NPs. (b) used 3x the number of NPs as (a). (c) is a control test with
silica unmodified with amine groups.
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Results of PLGA conjugation to Si-NH2
Conjugation of PLGA to silica particles was carried out under three conditions. First,
PLGA activated by reaction with p-nitrophenol chloroformate was conjugated to Si-NH2 in a
ratio of 2 to 1 PLGA to silica by mass. Second, we attempted to conjugate unactivated PLGA to
unmodified silica, to verify that the PLGA would not simply layer to the silica with no
modification.

Finally, the ratio of PGLA to Si-NH2 was increased eightfold to attempt to

overcome the uneven distribution of PLGA to the silica surface.
The initial conjugation of PLGA to Si-NH2 succeeded in attaching polymer to the silica
particles. Unfortunately, as shown in Figure 2, the distribution of PLGA across the silica particle
was not uniform. Instead, the polymer seemed to conjugate in distinct clumps, forming clear
bulges on the silica particles yet otherwise leaving the particles relatively bare. This was not
desirable for two reasons; first, this suggested that some silica particles were not receiving any
PLGA coating and therefore the amount of PLGA added was insufficient; second, the PLGA
bulges might interfere in the particles’ transport through the soil by creating irregular shapes. It is
possible that the visibly unmodified silica particles had actually received a thin polymer coating
not visible on TEM. Although we do not believe this to be the case due to the tendency of the
PLGA to conjugate in large clumps, this would be worth confirming in the future.

15

Figure 2: Two silica particles conjugated with 2:1 ratio of PLGA to silica.

Next a comparison test with unactivated PLGA and unmodified silica particles was
carried out, in order to verify that PLGA would not adhere to the silica particles in the absence of
these modifications. TEM images appeared to show some conjugation of PLGA in this case, as
seen in Figure 3a. Comparison with bare silica particles (no amine modification or PLGA
conjugation) seen in Figure 3b shows that some of the smaller protrusions evident on the silica
particles are present before the addition of PLGA. The third image in Figure 3a does seem to
show possible attachment of PLGA to the silica surface, although the lightness of the
hemispheres visible protruding from the silica particle implies that these are thinner than in the
original 2:1 PLGA to silica test.
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(a)

(b)
Figure 3: (a) The result of combining unmodified silica and unactivated PLGA. (b) Bare silica particles for
comparison.

It was decided to try increasing the PLGA to silica mass ratio to test whether that would
make a difference in the coverage of silica particles. Ideally, this increase would not only create
better coverage of the silica particles with PLGA, but also even out the polymer distribution by
providing enough PLGA to uniformly cover all particles.
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(a)

(b)

(c)
Figure 4: TEM images of the results of the 8:1 mass ratio of PLGA to silica trial.

The PLGA to silica ratio was increased to 8:1 by mass for the next experiment. This did
increase the amount of PLGA conjugated to the silica, but did not create a more even distribution.
Indeed, much more angular protrusions were present on these silica particles than were evident in
the original 2:1 by mass trial. TEM images of these polymer formations are shown in Figure 4a.
This 8:1 trial also showed greater bridging of silica particles, such as seen in Figure 4b. This was
occasionally seen with the original 2:1 trial, but less frequently. This implies that this bridging is
due to conjugation of a polymer chain or chains to multiple silica particles. Additionally, more
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free-floating structures were observed such as seen in Figure 4c. We believe currently that these
structures are agglomerations of PLGA that did not successfully conjugate to a silica particle, but
have no clear evidence of their composition at this time.

Synthesis of additional silica particles
When our original supply of 1 µm diameter silica particles was consumed, we decided to
attempt to synthesize additional particles. If successful, this would allow us better control of
particle size, if it would be desirable to alter that in the future. Three methods were examined.
The first method, devised by Büchel et. al.61 yielded silica particles of fairly uniform size,
but with an average diameter of only 350 nm, seen in Figure 5. These were too small for our
needs and no immediately apparent method of increasing the diameter was available. While
developing the carbon-supported nanoiron, our group had previously designed a method of
synthesizing larger diameter silica particles, although they noted that this method yielded
inconsistent particle sizes among different batches.62 Our attempt resulted in the production of
very small particles, smaller than those yielded by Büchel et. al. Given the dilute nature of this
solution compared to Büchel et. al., it seems unsurprising that nucleation of new, small particles
would occur more frequently that agglomeration, leading to the high number of small particles
rather than the hoped for smaller number of large particles.
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Figure 5: TEM images of silica prepared using the Buchel et. al. method.

A final method by Gu et. al.63 was explored. The benefit of this method was that it
allowed for particle growth by seeding each batch with existing silica particles, around which
additional silica could agglomerate.

This reaction could be repeated several times with

successively larger seed particles until the product reached the desired size. The first generation
used silica produced from Büchel et. al.’s method as the seed material; the final particle size was
reasonably uniform with an average diameter of 460. nm (compared to 350 nm for the seed
material). The standard deviation was larger (88 nm), most likely due to unequal particle growth.
The results are shown in Figure 6.

Figure 6: First generation silica prepared using Gu et. al.'s method.

The second generation then used particles from the first as seed material. Here, the
average particle diameter was 461 nm with a standard deviation of 151 nm. Visual examination
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of the TEM images makes clear what occurred. A few particles grew substantially, perhaps as the
result of several smaller particles combining into one. The largest particle observed was nearly
1000 nm across, the next largest one was 707 nm in diameter; both are shown in Figure 7.
Excluding these two particles, the remaining particles have an average diameter of 413 nm, and
the standard deviation drops to only 20 nm. Most likely, the concentration of seed particles was
too low, causing nucleation of new particles to occur preferentially over particle growth. We
believe that given time, the correct ratio of seed particles to new silica material could be
optimized for each new generation, allowing synthesis of a wide range of particle sizes.
However, in the interests of time, this was abandoned in favor of commercially prepared silica.

Figure 7: Second generation silica prepared by the method in Gu et. al.

Other methods to achieve uniform coverage
Two other methods might yield more uniform coverage of PLGA on the silica particles.
The first would create several bilayers of poly(4-styrenesulfonate) (PSS) and poly(allylamine
hydrochloride) (PAH) on the silica particles. The thought was that this would create a more
uniform distribution of amines from the PAH as the bilayers covered greater and greater areas of
the surface of the silica particles as consecutive layers built up. Some preliminary experiments on
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this method were carried out, including layering PSS and PAH onto silica particles via
electrostatic attraction.

However, the addition of PSS and PAH was never confirmed.

A

ninhydrin test was carried out on a sample with two PSS/PAH bilayers. It was believed that the
ninhydrin would react with the amine groups from the PAH. This test only yielded a very weak
purple hued solution, and it is possible that this was a false positive from the amine groups added
to the surface of the silica before the addition of the PSS/PAH bilayers.
A more definitive test had been devised in which several samples of equal mass of silica
would be modified with increasing numbers of bilayers; that is, one sample would have a single
bilayer, another sample would have two bilayers and so on. In each case, the outermost layer of
PAH would be modified with fluorescein, a UV active molecule.

The thought was that

successive bilayers would achieve greater coverage of the silica particles, and therefore increase
the UV absorption at the active wavelength of fluorescein at 488 nm for the same starting mass of
silica. This absorbance increase was expected to reach an asymptote as complete coverage of the
silica particle was obtained. This set of experiments was never carried out, as the calcium
peroxide method discussed in Chapter 3 seemed more promising.
A second possibility is to reduce the average molecular weight of the PLGA. It is hoped
that with smaller polymers, the distribution over silica particles would be more uniform. Lower
molecular weight PLGA could either be purchased or prepared by hydrolysis. A small hydrolysis
experiment was carried out using the method described by Tu and Lee.64 The resulting molecular
weight of this PLGA was analyzed by NMR. The peak at 5.2 ppm is assigned to the lactide CH
group, and the complex multiplet centered on 4.8 ppm is assigned to the glycolide CH2 group.65
The multiplet at 4.1 ppm is believed to correspond to an end group of hydrolyzed PLGA; this can
take either the form of a carboxylic acid or an ester.66 The method used to calculate the average
mass of a polymer is shown in Equation 2. If a carboxylic acid end group is assumed, then the
average polymer chain mass is 900.2 Da per chain; if it is ester terminated, then the average chain

22
mass is 2701 Da. The actual chain mass is most likely between these two values, but this still
implies that the hydrolysis was successful in reducing the average chain mass from 50-75 kDa.
Future work would include confirming the new polymer chain mass through methods such as gel
chromatography that are better suited to this function. It should be noted that only 6.1 mg of
PLGA was recovered from the hydrolysis reaction, giving only 1.28% yield.
Equation 2: Calculation of PLGA chain mass after hydrolysis. I represents the integral of the subscript peak, n
is 1 for carboxylic acid terminated polymer and 3 for ester terminated.
'1

I 4.1 peak
I 4.1 peak
$
$
!I
$!
!I
$!
+ ( 58.04 Da ) # 4.8 peak & #
( 72.07 Da ) # 5.1 peak & #
&
" 1 H % " n term. group H %
" 2 H's % " n term. group H &%
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Work on both methods was paused while we moved toward the use of calcium peroxide
as both oxidant and template for polymer addition, which will be described in Chapter 3. If it is
desired in the future to resume work on these PLGA microcapsules, we recommend first
purchasing low average chain mass PLGA (<10,000 Da per chain) and investigating its
conjugation to Si-NH2 as a first step.
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Chapter 3
Modification and transport of calcium peroxide

Introduction
As work on the PLGA microcapsules progressed, we came to realize that starting with a
solid peroxide compound would simplify our synthesis. Rather than begin with a silica particle as
a template for the capsule that would have to be later removed by etching, we could directly layer
a polyanion on particles of a solid peroxide such as calcium peroxide (CaO2). While CaO2 is only
sparingly soluble in water (Ksp = 1.5 × 10-8),67 the soluble fraction has a significant impact during
transport of the calcium particles due to the large volume of eluent. Thus the challenge in this
method is designing a method that retains CaO2 as particles during transport

Materials and methods
Calcium peroxide was ordered from Sigma Aldrich and stored at room temperature. The
container was sealed with parafilm. Sodium poly(acrylic acid) (Na-PAA or PAA) was obtained
from Toda Kogyo Corporation with a molecular weight of 5000-8000 Da.
During manual grinding, calcium peroxide (CaO2) was ground for 30 min using a mortar
and pestle, with samples taken every 10 min for comparison. The particle size was compared
using both optical and scanning electron microscopy.
As a trial scale for ball milling, 0.5 g of CaO2 that had been previously ground using a
mortar and pestle for 15 min was placed in a 125 mL high density Nalgene bottle with 4.41 g of
yttria stabilized zirconia (YSZ) milling media (this was a 9:1 media-to-CaO2 mass ratio).
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Approximately 30 mL of deionized water was added to the Nalgene bottle just before milling.
The sample was ball milled for 27 h. The CaO2 was then filtered through 450 nm filter paper and
the filtered solid dried in vacuum overnight. SEM of the CaO2 was take before and after ball
milling for comparison; the final particle size range was 0.2 – 1.5 µm.
A larger batch of CaO2 was ball milled without prior hand grinding. A 125 mL high
density Nalgene bottle was filled 1/3rd with CaO2 and 1/3rd with YSZ media. Deionized water
was added until the CaO2 and YSZ media were fully covered. This was ball milled for 27 h. The
mixture was passed through a No. 40 (425 µm) sieve in order to remove the YSZ media; the
media was rinsed with deionized water until clean. The suspension of CaO2 was then centrifuged
at 4000 rpm for 15 min. The supernatant was decanted and the remaining solid dried for 48 h
under vacuum, followed by an additional 24 h under vacuum while heating to approximately 35
°C.
Poly(acrylate) (PAA) was layered on the CaO2 through the method adapted from
Hydutsky et. al.68 CaO2 was suspended in deionized water at approximately 10 mg/mL. Sodium
poly(acrylate) was added at various concentrations from 0.1 mg/mL to 100 mg/mL. The 10
mg/mL solution of PAA was later tested for pH with colorpHast pH paper. This was stirred for 1
h, then centrifuged to remove the supernatant. The CaO2 was then redissolved in fresh deionized
water, briefly sonicated, and recentrifuged. This was done three times to wash the CaO2. If the
dry peroxide was needed, it was dried in a vacuum oven at 35 °C overnight.
The zeta potential of the CaO2-PAA particles was measured using a Brookhaven
Instruments ZetaPALS. For each sample, five runs were conducted with ten cycles per run. The
Smoluchowski model was used to determine the zeta potential from the electrophoretic mobility.
Transport studies were carried out using sand columns. A plug of glass wool was
inserted in the bottom of each column, then 19 inches (48 cm) of deionized water was added
followed by the same height of sand. The sand had been passed through a No. 60 mesh to obtain
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particle sizes less than 250 µm, confirmed by optical microscopy. The flow rate of each column
was measured by recording the time necessary for 50 mL of water to pass through the column. 5
mg/mL solutions of bare CaO2 and CaO2 coated with 10 mg/mL PAA were made up and 2 mL of
each introduced into the top of the columns. This was allowed to pass below the top layer of sand
before 250 mL of deionized water was added to each column. The columns were allowed to run
continuously until eight 25 mL fractions had been collected. The fractions were analyzed for
calcium(II) concentration using a Varian SpectrAA 220 flame atomic absorption spectrometer
using an air-acetylene flame. Excitation was provided by hollow cathode lamps, and the signal
was optimized by adjusting the lamp alignment and path length through the flame. The signal
was standardized between 5 and 30 ppm Ca2+ by measuring the response of the detector to 5, 10,
20, and 30 ppm standard solutions.

Ground and Ball Milled Calcium Peroxide
The first goal of this study was to reduce the particle size of the CaO2 to our desired
range on approximately 0.5-1.5 µm. SEM of the original CaO2 showed that its particle size range
varied from 0.5 – 32 µm, as seen in Figure 8a. Fortunately, the particles are soft and easy to
break up. The first effort used a mortar and pestle to manually break up the CaO2 particles. This
was reasonably successful; the average particle size ended up very near 1 µm, but the standard
deviation was almost 0.9 µm, shown in Figure 8b. The difficulty that arose from the use of a
mortar and pestle was uniformly grinding the entire sample, as it tended to ride up the side of the
pestle.
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(a)

(b)

Figure 8: SEM images of CaO2 before grinding (a) and after (b). Image obtained by Camden Henderson.

Ball milling presented an ideal solution. The constant rotation should expose the entire
sample to essentially the same forces, and should therefore yield a more uniform particle size.
First, a small sample was milled using CaO2 that had been previously hand ground. This had
very little effect, the average size still remained 1.1 µm with a standard deviation of 1.0 µm.
After filtering, most of the particles were within or very nearly within the desired sized range of
0.5 – 1.5 µm.
Even simpler would be to directly ball mill the CaO2 without pre-grinding by hand. This
had a very interesting outcome – while the average size was a little larger (2.3 µm vs. 1.1 µm for
hand ground then ball milled), the standard deviation decreased (0.7 µm vs. 1.0 µm). Visually,
these sample also appears much more uniform in size. It should be possible to refine and
optimize the duration of ball milling, amount of milling media vs. amount of CaO2, etc. to retain
this lower size distribution while further reducing the size of the particles.
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(a)

(b)
Figure 9: SEM images of ball milled CaO2. The sample in (a) was pre-ground by hand with a 9:1 milling media
to CaO2 ratio by mass. (b) was not pre ground and had equal volumes of CaO2 and milling media. Images
obtained by Camden Henderson.

Zeta Potential Measurements
As was done with the carbon supported nanoiron, the CaO2 particles were to be coated
with a polyanion (polyacrylate, abbreviated PAA, specifically) in order to facilitate its transport
through negatively charged soil.68 Because of the higher solubility of CaO2 in acid, the pH of a
10 mg/mL solution of PAA was tested. It was found to have a pH of 9, indicating a percent
ionization of approximately 95%.69 This should allow it to act as a basic buffer, maintaining a
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low solubility for CaO2. In order to confirm the adsorption of a layer of PAA on the CaO2
particles, the zeta potential of coated and uncoated CaO2 was measured.
Two types of zeta potential measurements were carried out. In the first, the samples were
collected by vigorously shaking a mixture of CaO2 and water, allowing this to settle for 5 min,
and drawing off a portion of the supernatant. In most cases, this was too concentrated for a
successful zeta potential measurement and thus had to be diluted. Consequently, not all samples
in the first group were measured at the same concentration. CaO2 coated with four different
concentrations of PAA, 0.1 mg/mL, 1 mg/mL, 10 mg/mL, and 100 mg/mL, was measured.
Interestingly, all four samples showed similar zeta potentials between -17 and -20 mV. This
suggested that perhaps even the lowest concentration of PAA was sufficient to entirely cover the
CaO2. To be sure, the experiment was repeated with controlled concentration.
In this second experiment, uncoated CaO2, CaO2 coated with a 0.1 mg/mL PAA solution,
and CaO2 coated with a 100 mg/mL PAA solution were all prepared at approximately 0.40
mg/mL of CaO2 in each sample. This eliminated concentration as a variable. The results were
fairly clear: the uncoated CaO2 had an average zeta potential of -10 mV, while the 0.1 mg/mL and
100 mg/mL PAA samples had zeta potentials of -19 mV and -17 mV respectively. There were
two relevant conclusions. First, both PAA coated samples were 8-10 mV more negative than the
uncoated CaO2, which strongly supports the conclusion that the negatively charged PAA had
successfully added. Second, no sample in either collection of tests had a zeta potential much
more negative than -20 mV. This implies that even at low concentrations of PAA, there is
sufficient polymer to fully coat all CaO2 present. If this were not true, we would expect to see the
zeta potential steadily decrease as the concentration of PAA increased.
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Transport Study
The objective of the transport study was to compare the diffusion of CaO2 particles
through a model soil system to determine if the addition of PAA to the CaO2 particles improved
their transport. Bare and PAA-coated CaO2 particles were eluted through approximately 48 cm
of sand in glass columns using DI water. The sand had been passed through a No. 60 mesh to
achieve more uniform size distribution, and optical microscopy was used to confirm the size of
the sand grains. This was found to be between 90 and 300 µm in diameter with the diameter of
most particle’ near 120 µm, as seen in Figure 10.

Figure 10: Optical microscope images of the 60 mesh sand. The width of the frame is 1.28 mm.

Before beginning the transport study, the flow rates of the two columns were measured
by timing how long was necessary to collect equal volumes of water. The column used to test
bare CaO2 transport eluted 50 mL of water in 27 min; the column used to test PAA-coated CaO2
took 38 min. The slower eluting column was slightly longer (48.9 cm vs. 48.1 cm), but this
difference seems insufficient to explain the full discrepancy in flow rates. Our hypothesis is that
the PAA-CaO2 column was somehow more tightly packed, despite careful efforts to pack each
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column in the same manner. It is also possible that the PAA-CaO2 column contain a larger
percentage of small sand grains. In future experiments, this should be corrected for by adjusting
the stopcocks on the columns to regulate the flow rate.
Each column was then eluted with 250 mL of DI water, and the eluent collected in
fractions of primarily 25-35 mL. After eight such fractions, no CaO2 particles were visible in any
fractions. Therefore, either no particles eluted during the test or all the CaO2 originally present
dissolved. To test this, the ratio of CaO2 to water used in the transport study was recreated
separately by dissolving 8 mg of CaO2 in 200 mL of water and sonicating it for 30 min. After
being allowed to settle for another 30 min, no CaO2 was visible. The solubility quotient, Q =
[Ca2+][HO2-][OH-] (assuming all concentrations were equal to the concentration of CaO2 and the
pH fixed at 9 by the presence of the PAA) was calculated for this solution as 3.1 × 10-11, three
orders of magnitude smaller than the Ksp of 1.5 × 10-8.67 Thus it is reasonable to expect that the
CaO2 used in the transport study had completely dissolved.

Figure 11: The change in Ca2+ concentration vs. fraction number (left) and total eluted volume (right).

To determine if all the CaO2 had eluted as dissolved ions, Ca2+ concentration in each
fraction was measured by atomic absorption spectroscopy. The results are shown by both fraction
number and total volume eluted in Figure 11. It should be noted that the concentration of Ca2+
detected in nearly every fraction was below the standardized linear response range of 5-30 ppm,
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and thus cannot be considered a quantitative measurement of Ca2+ concentration. However, it is
worthwhile to consider the qualitative change in the spectrometer response.
If we consider the periods in which the concentration of Ca2+ has a negative value as
indicating no detectable Ca2+, then an interesting pattern is observed. Both columns show an
initial peak of Ca2+ that clears within the first ~75 mL. An increase in Ca2+ concentration is seen
after the elution of 143 mL of bare CaO2, more than 100 mL before a similar increase is noted for
PAA-coated CaO2. This is expected if the CaO2 exists solely as dissolved ions as the PAA
coating would have no effect. Instead the difference is due primarily to the difference in flow
rates.
A key uncertainty that remains in the AA measurements is the possibility of matrix
effects resulting from other ions in the sample from elution through the sand column. If AA is
used as a measurement technique in the future, standards should be prepared using water passed
through a sand column.

This will correlate the response of the instrument to known

concentrations of Ca2+ in the same matrix as the fractions tested. It also might be informative to
compare the response of these standards against those prepared with DI water to determine if a
matrix effect is present.
Finally, we wished to determine whether all the dissolved CaO2 had eluted from the
column. In practice, the best approach would be to calculate the total amount of Ca2+ in each
fraction from the fraction volume and measured concentration. Again however, the concentration
of Ca2+ was both outside of the standardized range and at lower concentrations than the
instrument could measure reliably, so measurements of the Ca2+ concentration cannot be
considered quantitative. Knowing this, let us consider the implications if these values were true.
We assumed any negative values imply no Ca2+ is present and sum the masses of Ca2+ dissolved
in each fraction. This calculation shows that 0.4 mg of Ca2+ from bare CaO2 and 0.3 mg from
PAA-coated CaO2 successfully passed through the column. This is less than 7% of the 5.6 mg of
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calcium present from 10 mg of CaO2. Even if we assume each fraction had a minimum
concentration of 5 ppm (the lowest reliable measurement) the total Ca2+ eluted only reaches
approximately 25% of the total Ca2+ present in the column. The low amount of Ca2+ recovered
implies that the bulk of the peroxide is being retained in the column; because the particles are
dissolving rapidly, the PAA coating cannot facilitate transport.

Future Work
The process for layering PAA on to CaO2 particles seems well established, and ball
milling as been shown as an effective method to reduce CaO2 particle size uniformly. However,
the most pressing need is to develop a means of further reducing the solubility of CaO2 in water.
Although CaO2 is sparingly soluble in water, its Ksp is sufficiently large that under conditions like
those of the transport study, full dissolution of the CaO2 particles is relatively easy. Using other,
less soluble peroxides (such as magnesium peroxide) would be the most straightforward
approach. Alternatively, it may be possible to inhibit the dissolution of CaO2 by forming a low
permeability barrier at the CaO2-water interface, possibly as a polymer shell. It is important that
efforts be taken to reduce the solubility whatever peroxide compound is chosen, because any
deployment scenario will require these particles to remain undissolved while being carried
through tens of meters of earth with a large volume of eluent.
Once this problem is resolved, the transport study must be repeated with better control of
the flow rate, longer columns, and greater eluent volume. Collected fractions containing intact
microparticles should be noticeably turbid, but better methods need to be applied to quantification
of the peroxide concentration.

Possible methods include dissolved oxygen monitoring or a

colorimetric assay for calcium.

If the solubilization of the solid peroxide particles during

transport can be addressed in the transport study, the behavior of these particles in a more
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complete model system should be addressed. This should include: matching common soil pH,
evaluating its impact on soil bacteria, confirming the targeting of hydrophobic contaminants seen
with iron nanoparticles,11 and proving the effectiveness of combined peroxide and iron
nanoparticle at generating Fenton’s reagent.
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Chapter 4
Appendices

Appendix A
Zeta Potential Measurements

Uncontrolled concentration
0.1 mg/mL PAA

35
1 mg/mL PAA

10 mg/mL PAA
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100 mg/mL PAA
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Controlled Concentration
Bare CaO2

38
0.1 mg/mL PAA

100 mg/mL PAA
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Appendix B
NMR Spectra
1

H NMR of PLGA after hydrolysis

40
1H NMR of PLGA after hydrolysis, zoomed in and with integral trails
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Appendix C
Atomic Absorption Data

Spectrometer response for Ca2+ standards:
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Linear fit for all 6 standards:

Linear fit from 5-30 ppm:
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Spectrometer response and calculated Ca2+ concentration for fractions by number

Spectrometer response and calculated Ca2+ concentration for fractions by volume
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