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ABSTRACT
Chromium (Cr) can exist in the environment in many valence states ranging from
-2 to +6. Hexavalent chromium (Cr(VI) and trivalent chromium (Cr(III) are the most
stable forms of Cr and therefore are the most common in the environment. Cr(VI) is very
toxic and has been considered a hazardous material and danger to society for many years.
One of the main locations of Cr(VI) contamination in the environment is in groundwater
aquifers. A simulation of this system coupled with a reduction-precipitation remediation
method was utilized. In this research, n-ZVI was used in a supported silica sol-gel matrix
by itself and with additions of the reaction catalysts: cobalt-protoporphyrin complexes
(Co-PPIX) and cobalt-uroporphyrin complexes (Co-Uro).
Experimental results demonstrated that Co-Uro and Co-PPIX additions to the
supported n-ZVI system each increased the rate constants compared to the supported nZVI alone. The concentration data for the reaction kinetics was fitted as two pseudo-first
order reactions, a kfast for the initial decline and a kslow once the initial steep decline was
complete. The Co-PPIX increased the slow reaction rate constant by a factor of 2.4 from
0.0080±0.0013 min-1 to 0.0192±0.0027 min-1 when added to the supported n-ZVI at an nZVI:Co-PPIX ratio of 100:1. The addition of Co-Uro also increased the slow reaction rate
constant, although not as much as the Co-PPIX addition at the 100:1 addition rate, as it
was increased by a factor of 2.0 to 0.0161±0.0015 min-1. The Co-Uro and Co-PPIX
additions were studied across different addition rates in the supported n-ZVI system.
Addition ratios were studied as molar ratios of 1500:1, 750:1, 500:1, and 100:1 for
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n-ZVI:Catalyst concentrations inside each sol-gel. The addition rates of 1500:1 and 750:1
had negligible effects on the reaction rate constants of the reduction system, but the
addition ratios of 400:1 and 100:1 had an increased effect. The Co-Uro additions in the
1500:1, 750:1, and 400:1 addition ratios produced increases in the ks rate constants by
factors of 1.1, 1.3, and 1.5 to 0.0088±0.0008 min-1, 0.0103±0.0029 min-1, and
0.0123±0.0030 min-1. The effects for the addition rates of 1500:1 and 750:1in the systems
with Co-PPIX additions were negligible as the rate constants increased slightly or none at
all to 0.0080±0.0015 min-1 and 0.0079±0.0009 min-1. The addition rate of 400:1 for the
system with Co-PPIX additions did have a measurable effect as the rate constant
increased by a factor of 1.4 to 0.0110±0.0027 min-1. Ultimately, through the course of
this research, it was determined that the catalyst effect for Co-Uro is greater than that of
Co-PPIX at smaller ratios such as 1500:1 and 750:1, but at higher ratios such as 100:1,
the Co-PPIX acts as a stronger catalyst.
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I.

INTRODUCTION
Over the years, there have been different categories of environmental

contaminants including organics and inorganics. Some of the organic contaminants have
ranged from pesticides to polychlorinated biphenyls(PCBs) and numerous others, while
inorganics have included various metals such as Mercury(Hg), Cadmium(Cd),
Chromium(Cr), and many more. While these materials are now considered contaminants,
many of these materials were extremely useful in actual applications previously.
Pesticides were used by farmers to decrease crop loss from insects while PCBs were used
as semiconductors in electric capacitors. Metals have been used in thermometers(Hg),
batteries(Cd), and textile dyes(Cr), but until recently, many of the pollutants, both
organics and inorganics, have been used without the understanding of their potential
harm.

I.A.

Background and History of Uses of Cr
Cr has been one of the more widespread used inorganics that has become a

concern for the environment. Cr is a transition metal that can have oxidation states
ranging from -2 to +6 but is often found with oxidation states of +3 or +6 due to the
stability of their charged particle under natural environments (Schlautman and Han,
2001). Some of the main applications for Cr have been invented and implemented in the
textile, automotive, and color industries. In textiles, one of the main applications of Cr
has been in leather tanning. Trivalent chromium (Cr(III)) salts are used as primary
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ingredients in many tanning products because it accelerates the tanning process by
irreversibly cross-linking the collagen fibers on the animal skin and preventing it from
putrefaction (STR, 2007). Cr tanning also offers countless advantages over vegetable
tanning by producing a more flexible and softer leather that is often more water resistant
and ultimately, a more useful leather in the textile market (U. S. Environmental
Protection Agency, 1997). Although the chemicals used in this tanning process are Cr(III)
salts, due to oxidation or material impurities, hexavalent chromium (Cr(VI)) is also found
in many of the leather tanning liquors. Oxidation of Cr(III) to Cr(VI) has been seen at
higher rates in certain conditions including high temperature, UV exposure, and high pH
values and all of these conditions are required to be monitored during leather tanning.
Cr(VI) has become a concern in the leather tanning area of the textile industry because
Cr(VI) has been found on the processed leather, as well as, in the release of the liquors
after their treatment. The Cr(VI) remaining on the jackets, purses, or other items has
caused a variety of health effects including respiratory tract and skin irritations, while the
Cr(VI) released in the liquors has further contaminated the natural environment (STR,
2007).
Besides the textiles industry, Cr has also been used in the automotive industry for
Cr plating of various car body parts. For many years, certain bumpers and wheels on cars
have contained shiny and metallic appearances due to being Cr plated during production.
Cr plating can be carried out using cathodes, with either Cr(VI) or Cr(III) as the primary
ingredient in the plating bath, but each species of Cr offers advantages and disadvantages
in the plating process. Cr(VI) was the main ingredient used for many years because it

2

offers increased corrosion resistance and ultimately a much brighter luster. However, in
recent years, there has been a push to use Cr(III) in Cr plating. Cr(III) has been recently
implemented due to an environmental push in regulations that have controlled Cr(VI) use
but is still not widely accepted in the plating industry. In many cases with the Cr plating,
the Cr(III) bath is much safer and easier to control during the plating process, but
produces a much less enjoyable final product (Northeast Waste Management Officials’
Association, 2003). While the Cr(III) plating process may not initially release Cr(VI) into
the environment, the Cr(III) release may be extremely dangerous over time for the
environment as it oxidizes to Cr(VI).
The color industry has also incorporated many Cr compounds into different
materials to produce colors ranging across the entire visible spectrum. Cr compounds
have had many uses in the color industry including glassware and paintings. Cr mixed
with other compounds, such as ferrous oxide, are often placed in glass to give different
shades of emerald green that resemble many of the citrus soft drink or red wine bottles
used in the past (Helmenstine, 2012). In paintings, lead chromates can offer different
shades of pigment ranging from yellow to orange depending on the abundance of the
certain elements. Chrome yellow is likely the most famous Cr pigment used in paintings
by artists such as Sir Thomas Lawrence. According to Web Exhibits, 2012, chrome
yellow has been used since 1816, and is still used today in many acrylic and oil painting
circles around the world (Web Exhibits, 2012). While Cr in glassware, due to its
immobilization in the silica matrix, may not be as large of a concern for infiltration into
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the environment, chrome yellow paint contains Cr that can enter into the environment
through the simple wear of pictures.
While Cr has been input into the natural environment due to implementation and
application in the textile, automotive, and color industries, another input into the natural
environment has been through the mining industry. In the mining industry, there are
numerous elements and compounds of environmental concern. This is the case because
many elements are often deposited together, and while a mine may be trying to obtain
gold or silver ore, Cr is also often removed. One example of these cases is in the western
United States in Montana. In western Montana, the cities of Butte, Anaconda, and
Milltown along with others just west of Missoula, MT, have long suffered from heavy
metal contamination. In the late 1800s through the late 1900s, there were many large
mine sites operated by the Anaconda Minerals Company, and due to water released from
the Anaconda Smelter site, the Clark Fork River, the Milltown Reservoir, and Milltown
Aquifer were contaminated with various metals including Cr (U. S. Environmental
Protection Agency, 2012).

I.B

Environmental Chemistry of Cr
Cr acts similar to many other metals in that it has multiple oxidation states that

can be present in the environment with Cr(III) and Cr(VI) having the most abundance.
While there is a difference in oxidation state, this translates into many drastically
different physical characteristics under natural environments including solubility and
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toxicity differences. Cr is often found in the environment as chromate (CrO42-),
bichromate (HCrO4-), or dichromate (Cr2O72-) when in the form of Cr(VI) depending on
the pH of the system as shown in Figure 1-1, or as insoluble forms of chromium
hydroxide (Cr(OH)3) or mixed metal hydroxides (FeCr(OH)6 or other MCr(OH)x) when
in the form of Cr(III).
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Figure 1-1: Speciation of Cr(VI) as modeled by Visual MinteQ with a
concentration of 100μM.

CrO42-, HCrO4-, and Cr2O72- are all exceptionally soluble compounds in aqueous
solutions allowing for easy transports across large distances from the point source. Many
different species of Cr(III) exist in solution as well including Cr(OH)2+1, Cr(OH)3 (aq),
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Cr(OH)4-, Cr+3, and CrOH+2. At a pH of 7, the predominant species of Cr(III) is in the
form of Cr(OH)3 (aq) as shown in Figure 1-2 below.
1.2
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Figure 1-2: Speciation of Cr(III) as modeled by Visual MinteQ with a
concentration of 100μM.

While species containing Cr(VI) are very soluble, species of Cr(III), especially
the dominant form at pH=7, Cr(OH)3, are often extremely insoluble in aqueous solutions
as shown in the solubility curve in Figure 1-3 below.
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Figure 1-3: Solubility curve of Cr(OH)3 (aq) modeled by Visual MinteQ.

Under conditions where pH=7, Cr(OH)3 (aq) has a major decrease in solubility
and ultimately requires most of the Cr(OH)3 (aq) to precipitate out of solution. This
decrease in solubility allows for decreasing overall transport of the Cr due to precipitation
and removal from the water column (Puzon et al., 2005; Zhou et al., 2008; Schlautman
and Han, 2001; Lippard and Berg, 1994). This removal from the water column allows for
a more contained contamination plume making it more desirable to have Cr as Cr(III)
instead of Cr(VI).
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As it was desirable to contain the Cr ions as trivalent rather than hexavalent for
fate and transport reasons, it is also important due to the health effects of each compound,
either trivalent or hexavalent. Cr(VI) can induce acute health effects such as shortness of
breath or coughing and chronic effects like bronchitis or pneumonia. Cr(VI) is also
known as a human carcinogen resulting in the chances of getting cancer after contact with
Cr(VI) rapidly increasing. While exposure to Cr(VI) has many negative impacts, Cr(III)
is actually a necessary nutrient for the human body and needs to be included in the human
body’s diet (Agency for Toxic Substances and Disease Registry, 2008). Due to the
decreased health effects and toxicity, as well as, the decrease in mobility and transport,
Cr(III) is often considered a much more environmentally friendly and favorable form of
Cr.

I.C.

Importance of Cr(VI) in EPA Superfund Sites
These characteristics have also caused Cr(VI) to play a large part in many of the

EPA Superfund sites across the US. Some Superfund sites that have had Cr(VI)
contamination in groundwater and drinking water have been in the San Fernando Valley
of California and the northern portions of New Jersey (U.S. Environmental Protection
Agency, 2013; U.S. Environmental Protection Agency, 2011). There have been many
electroplating facilities in the San Fernando Valley since the 1940s. In the 1980s it was
determined that over 50% of the water supply in the San Fernando Valley Groundwater
Basin was contaminated by volatile organic compounds (VOCs) such as trichloroethylene
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(TCE) and perchloroethylene (PCE) which were used during the electroplating
processing. Upon further inspection, it was also determined that the basin contained
elevated levels of Cr(VI) and due to its toxic nature, the remediation of the basin began to
focus on remediation of the Cr(VI) (U.S. Environmental Protection Agency, 2013).
Another example of the importance of Cr(VI) to Superfund sites is with the
Garfield Groundwater Contamination site in Garfield, NJ. In 1983, over 3,600 gallons of
chromic acid(H2CrO4) were released into the aquifers directly below the E.C.
Electroplating, Inc. facility in Garfield. Although a recovery well was implemented after
the contamination, only 29% of the H2CrO4 was retrieved before the recovery well
procedure was terminated. Since then, excessively high levels of Cr(VI) have been seen
in basements of the houses downstream of the contamination location which has been
attributed to the initial spill in 1983 (U.S. Environmental Protection Agency, 2011). The
concern is ongoing for Cr(VI) contamination in the environment, especially in
groundwater, and therefore a better remediation technique is necessary to recover the
properties in the Superfund sites.
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II.

LITERATURE REVIEW

II.A.

Current Remediation Techniques
Currently there are many techniques used to remove Cr(VI) from manufacturing

plant effluents and contaminated groundwater plumes; however, two of the most
commonly used techniques are ion exchange and reduction-precipitation. While these are
the two main techniques used, each of these techniques use many different starting
materials including; D301, D314, and D354 anion-exchange resins from Guangzhou
Mingjun Chemical Co. and Lewatit MP 62 and Lewatit M 610 anion exchange resins
from Lanxess for anion exchange systems (Shi et al., 2009; Gode and Pehlivan, 2005).
Reduction-precipitation utilizes materials such as sodium dithionite, zero valent
iron(ZVI), and chlorella miniata for facilitation of the reduction reactions (Zhang, 2010;
Schlautman and Han, 2001; Han et al., 2007). Varied techniques for manufacturing plant
effluents and especially contaminated groundwater plumes can be implemented in a wide
range of ways, most notably through in-situ or pump-and-treat processes. Each treatment
technique and process offer different advantages and disadvantages; therefore, many
combinations can be implemented on a given site. Between in-situ or pump-and-treat
remediation, there are many techniques offered to facilitate cleanup of Cr contaminated
sites and waste streams.
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II.A.i.

Ion Exchange
Environmental regulations have tightened over the years on heavy metal waste

released around the world, and coupled with an increase in the production of heavy metal
waste streams, there has been an increased need for Cr(VI) removal requiring necessary
improvements to cost-effective technological advancements. One way to deal with this
dilemma has been the implementation of ion exchange resins which can target exact
elements or compounds for removal. In the case of Cr(VI), the Cr(VI) is actually
incorporated in the anionic species of HCrO4-, CrO42-, Cr2O72-, and thus requires the
usage of anion exchange resins during the ion exchange process. Ion exchange techniques
have proven to be especially productive although not as economically advantageous as
other systems (Shi et al., 2009; Gode and Pehlivan, 2005).
Ion exchange resins can be engineered to have increased affinities for certain
species including anions or cations, and D301, D314, D354, Lewatit MP 62, and Lewatit
M 610 have shown increased affinities for the anionic species of Cr(VI). Many factors
can change the effectiveness of the ion exchange technique including pH, resin dose, and
agitation time. Of the three factors, pH is considered the most important factor, especially
when implementing these materials for Cr(VI) removal in waste streams and
contaminated aquifers. These anion exchange resins are mainly effective when in the pH
range of 2-6 and optimally effective only when in the range of 3-5.5. This pH parameter
is often easily met during treatment of many industrial waste streams because often times
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the waste streams are somewhat acidic, but this parameter is somewhat harder to meet
when treating a contaminated groundwater aquifer. Groundwater is most commonly
found in a wide pH range and therefore it could not always be guaranteed that it met the
pH parameters for effectiveness or optimal effectiveness (Shi et al., 2009; Gode and
Pehlivan, 2005).
Other researchers such as Clifford, 1999 utilize different anion exchange resins
and state they are most effective in the pH range of 7-9. This effectiveness is related to
the Cr(VI) being in the form of CrO42- which contains two anions and results in increased
affinity to the resins. Along with the increased effectiveness, often times the resins
utilized in this range can allow for more regenerability and thus result in better
utilization. Ultimately the effectiveness of the ion exchange resins and their optimally
effective solution conditions are based on the underlying functional groups in the resins
(Clifford, 1999).
Ion exchange as a Cr removal technique is mainly used in manufacturing plant
effluents or nuclear power plant effluents, but it seems that it would be less effective in
groundwater removal unless coupled with pump-and-treat techniques continuing to
decrease the cost-effectiveness of this technique. Also, another disadvantage of the ion
exchange resin technique for Cr removal is that the overall effectiveness is decreased in
the presence of other heavy metals, which is nearly always the case with waste streams,
because many processes use multiple heavy metals in the same production methods. As a
whole, ion exchange seems to be more useful for waste stream treatment for the
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prevention of Cr(VI) release to the environment, but much less effective when being
utilized for contaminated groundwater remediation (Shi et al., 2009; Gode and Pehlivan,
2005).

II.A.ii.

Reduction-Precipitation
While ion exchange seems to be mainly effective only on currently produced

waste streams and much less effective on contaminated groundwater plumes, the
reduction-precipitation technique is effective in both circumstances. The reductionprecipitation is a valuable technique for removal of Cr(VI) by reducing it to Cr(III),
which then allows it to form Cr(OH)3, FeCr(OH)6, or other MeCr(OH)x precipitate solids
and ultimately fall out of solution (Pehlivan et al., 2012: Han et al., 2007; Zhang, 2010;
Schlautman and Han, 2001). Reduction can be implemented in different ways including
the use of bioreduction or implementation of a single reductant. Some reductants used in
previous research and industrial practices have been divalent or zero valent iron, ascorbic
acid, and sodium dithionite, as well as, bioreduction organisms such as chlorella miniata.
Reduction-precipitation is also a valuable tool because it can be used either by in-situ
practices or implemented with pump-and-treat systems (Han et al., 2007).
Many materials can be used for the removal of Cr, but few have been used as
much as ferrous-based(Fe(II)) materials or ZVI. ZVI and Fe(II) offer many advantages
and disadvantages over other techniques. These materials utilize a combination of
adsorption and reduction techniques making there usage desirable for Cr(VI) removal.
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ZVI and Fe(II) have multiple redox couples, but when coupled with Fe(II) and ferric iron
(Fe(III)) respectively, the standard redox potentials are -0.44V and 0.77V respectively.
Since this is lower than the standard redox potential for the Cr(VI) to Cr(III) couple of
1.33V, both Fe(II) and ZVI can act as electron donors to the Cr(VI) and Cr(III) redox
couple. Although, Fe(II) and ZVI can reduce Cr(VI) to Cr(III), it cannot reduce Cr(III) to
zero valent Cr due to a standard redox potential of -0.74V which is lower than either of
the other redox potentials of -0.44V or 0.77V (Chang, 2005; Ponder et al., 2000; Alowitz
and Scherer, 2002). The reduction of Cr(VI) to Cr(III) is sufficient though, because the
products of these reactions in aqueous systems are Cr(III) hydroxides and mixed iron and
Cr(III) hydroxides both of which exhibit very low solubility and are ultimately deemed
insoluble (Qian et al., 2008; Chang, 2005). This method is incredibly useful initially with
ZVI and Fe(II), however, over time, the reduction capacity of the ZVI decreases as the
reaction sites act as adsorption areas for the newly formed mixed iron and Cr(III)
hydroxides. As the FeCr(OH)6 form, they precipitate on the surface of the particles
ultimately covering the reaction sites and rendering the ZVI nonreactive (Ponder et al.,
2000). ZVI reduces Cr(VI) at a faster rate than Fe(II) due to a higher electron transfer
capacity of the ZVI. ZVI can occur in different materials such as filings, powder, or
nanoparticles. One of the most important characteristics of the ZVI for determining
reduction capacity and rate is surface area. While nanoparticles have the highest surface
area per gram of any of these materials, nanoparticles also agglomerate rendering some of
the reaction sites as useless. However, the surface area advantage has a higher magnitude
of an effect than the agglomeration disadvantage, thus rendering nanoparticles as the
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most useful ZVI material for the reduction of Cr(VI)(Zhang, 2010). ZVI can be used insitu by using permeable reactive barriers or used in pump-and-treat systems by using a
packed bed. Permeable reactive barriers can also be utilized in combination with
electrical fields to optimize the effectiveness of the permeable reactive barriers used
individually (Cang et al., 2009). Some of the advantages of the ZVI have only been
uncovered due to extensive research and implementation since it is one of the most
popular reductants used for Cr(VI) remediation (Estes, 2011).
Ascorbic acid and sodium dithionite are other reductants that have been
researched and implemented in Cr(VI) remediation through reduction. Both of these
reductants have not had nearly as much research conducted on them as Fe(II) and ZVI,
but they have still shown desirable characteristics. Ascorbic acid, also known as Vitamin
C, is a naturally occurring reductant with no toxicological danger for humans and
animals. Ascorbic acid is especially hard to use in Cr(VI) reduction with respect to pH
but is not overly sensitive to changes in ionic strength, temperature, or radiation (Xu et
al., 2004; Xu et al., 2005). Sodium dithionite is an extraordinarily strong reductant in
aqueous systems but can be exceedingly unstable for acidic pH conditions as it degrades
to sodium thiosulfate or sodium bisulfite. Little research has been done to determine the
effectiveness of the sodium dithionite degradation components, but during
implementation of sodium dithionite in natural conditions, sodium dithionite treatment
has proven to be useful for Cr(VI) removal with over 99% removal in less than three
years (Ludwig et al., 2007). Ascorbic acid and sodium dithionite have much less history
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as remediation materials when compared to Fe(II) or ZVI, but their implementation has
proven to be effective.
While iron(Fe) materials, ascorbic acid, and sodium dithionite have used
individual materials for the reduction of the Cr(VI), bioreduction uses actual organisms to
facilitate the reduction process. Chlorella miniata have been implemented as reducing
bacteria for Cr(VI) removal over the years and have been found to be tremendously
effective. Chlorella miniata act in a three-step process to remove Cr(VI) from the water
column by first sorbing the Cr(VI) to the surface of the organism, then reducing the
Cr(VI) to Cr(III), and storing the Cr(III) in the organism’s structure. The chlorella
miniata are enormously effective in Cr(VI) remediation where there are fairly low pH
conditions and decrease in effectiveness as pH rises into basic conditions. Chlorella
miniata are used in surface water treatment of Cr(VI), but are ineffective in subsurface
water treatment due to the requirement for sunlight for the chlorella miniata to grow and
sustain life. Chlorella miniata are more effective in Cr(VI) remediation than other algal
type organisms such as maclura pomifera, because it not only relies on sorption of the
Cr(VI) into the plant, but it also reduces the Cr(VI) to Cr(III) before storing it in the
organisms structure (Pehlivan et al., 2012; Han et al., 2007).

II.B.

Current Research and Future Technologies Implementation
While there are many Cr(VI) removal techniques currently being used and

implemented, there is still a large quantity of research being conducted on Cr(VI)
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removal from manufacturing plant effluents and groundwater aquifers. Although there is
a large quantity of research being conducted, much of the research is focused on
improving current remediation techniques rather than completely inventing new ones.
Many research studies focus on improving upon the reduction-precipitation treatment
technique, and hopefully being able to implement an effective in-situ reductionprecipitation technique to decrease the need for joint pump-and-treat usage. Some of the
advancements are thought to come from immobilizing the reductants and using catalysts
to increase the reduction rate constants, and this is where much of the research done
today is being focused.

II.B.i.

Immobilization of Reductants
One main technology of current research is the idea to immobilize reductants to

facilitate a more controlled reaction. ZVI is often used in a nanosized form(n-ZVI) and is
extremely sensitive to contact with the atmosphere. To be able to store the nanoparticles
for any length of time, the oxidation process with the atmosphere has to be hindered in
some way. One way to hinder this oxidation process is to form a matrix around the n-ZVI
which reduces the surface area that can be affected by atmospheric oxidation. By
stabilizing the n-ZVI in a matrix type system, this also reduces the agglomeration of the
particles and maximizes the total number of available reaction sites on the Fe particle.
Many stabilization systems have been researched including calcium-alginate beads and
silica sol-gels, but the silica sol-gels are showing the most potential (Zhang, 2010; Estes,
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2011). After synthesizing the sol-gels, they can be dried in different ways. Two of the
ways are at room temperature or at an exceptionally low temperature also called freeze
drying. The freeze drying technique freezes the matrix with open pores resulting in a
more accessible material for reductant purposes (Estes, 2011). Figure 2-1 shows a
transmission electron micrograph of the sol-gels with (A) and without (B) ZVI addition
as adopted from Estes, 2011. After crushing the sol-gels, it also allows for small materials
that can be injected into groundwater aquifers or plant effluents to remediate Cr(VI)
contamination by an in-situ method. By stabilizing the nanoparticle in a silica or calcium
alginate type matrix, the shelf life, remedial effectiveness, and overall usability are all
maximized producing a more efficient product.

Figure 2-1: TEM micrographs of sol-gel matrices (A) with and (B) without n-ZVI
(Adopted from Estes, 2011)
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II.B.ii.

Catalyst Addition to Experimental System
Another area that could offer much advancement in the removal of Cr(VI) from

aqueous solutions would be to implement catalysts into the reaction. Some catalysts
being researched include protoporphyrin IX (PPIX), coproporphyrin III (CPIII), and
uroporphyrin I (Uro) that are all naturally occurring metalloporphyrins whose chemical
structures are shown in Fig. 2-2 below as adopted from Romao et al., 2000.
Metalloporphyrins act as reduction catalysts by working as electron shuttles to facilitate
electron transfer between the ZVI and Cr(VI). Uro and PPIX have been shown to
increase reduction rate constants and to accelerate the reaction between ZVI and Cr(VI)
(Zhang, 2010). While this data is related to the addition of metalloporphyrins and ZVI
into the system, there have not been studies to compare both of these materials
immobilized in a single silica matrix. Further advancements are expected to come by
placing metalloporphyrins and ZVI in freeze dried sol-gels. These advancements can
speed up reactions and coupled with freeze drying for synthesis, can ultimately produce
an optimally reductive material with fast reaction times, long shelf life, and ease of use
for in-situ remediation of Cr(VI) contamination.
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Figure 2-2: Uro, CPIII, and PPIX chemical structures (adopted from Romao et al.,
2000)

II.C.

Objectives and Hypotheses of Research
This research had many purposes, but most importantly, it was to grow and build

on the previous work completed by both Estes, 2011 and Zhang, 2010. This research’s
main objectives were to answer three main questions in (1) how the reaction rate
constants are effected by the immobilization of n-ZVI in silica matrix cryogels, (2) how
effective catalyst additions of Co-PPIX and Co-Uro to silica matrix cryogels in
combination with the n-ZVI are when compared to the reaction rate constants of n-ZVI
only immobilization, (3) and finally, how the physical characteristic differences in
solubility and size between Co-Uro and Co-PPIX effect the reaction rate constants of the
reduction of Cr(VI). These questions were to be answered by utilizing the cryogel
technology developed by Estes, 2011 and coupling it with the catalyst research of Zhang,
2010.
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The reduction-precipitation technique used in this research was facilitated by one
of the following three equations. In equation 1, the reactors only contained n-ZVI and
Cr(VI), and after reaction, different amounts of FeCr(OH)6, Fe(OH)3, and Cr(OH)3 were
formed. Equations 2 and 3 used the same reactants and resulted in the same products, but
also utilized catalysts of Co-PPIX (2) and Co-Uro (3).
Fe0 + CrO42- -----------------------Fe(OH)3 + Cr(OH)3 + FeCr(OH)6

(1)

Fe0 + CrO42- -----Co-PPIX------Fe(OH)3 + Cr(OH)3 + FeCr(OH)6

(2)

Fe0 + CrO42- -----Co-Uro--------Fe(OH)3 + Cr(OH)3 + FeCr(OH)6

(3)

Due to blocking of reaction sites and requiring the Cr(VI) to travel through a path
of pores when n-ZVI is immobilized, it is expected that the reactions will be slower. This
research is used to determine the magnitude of the slowing of the regulation and to
quantify the differences between the two systems. The catalysts used are based on those
used by Zhang, 2010, but the concentrations of the catalysts in the sol-gels are also being
studied to determine the concentration effects.

21

III.

EXPERIMENTAL MATERIALS AND METHODOLOGY

III.A.

Materials
Synthesis of n-ZVI required four main chemicals. Sodium borohydride, NaBH4

(98%, J. T. Baker, Lot #K33471), and ferric chloride hexahydrate, FeCl3·6H2O (97.0102.0%, Macron Chemicals, Lot #J39595), were used as received during the actual
synthesis procedure of the particles. Hydrochloric acid, HCl (ACS Grade, BDH Aristar,
Lot #200822501), and acetone (>99%, BDH, Lot #051909B) were used as received in the
particle washing procedures. Deoxygenated distilled deionized water (DDI) was used
throughout the procedure and was obtained from a Millipore MilliQ water filtration
system. The MilliQ water had resistivity greater than 18 MΩ-cm and was degassed in 3L
batches using nitrogen bubbling through a glass frit with continuous mixing from a stir
bar for 8 hours to form DDI.
During metalloporphyrin synthesis, all chemicals were used as received.
Protoporphyrin IX (>97%, Frontier Scientific, Batch # LY04-97) or uroporphyrin I
dihydrochloride (Frontier Scientific, Batch #LY12-6268) were added to N,Ndimethylformamide, DMF (>99.8%, Sigma Aldrich, Batch #06447CH), during the
synthesis process. Cobalt(II) perchlorate hexahydrate, Co(ClO4)2*6H2O (Reagent Grade,
Alfa Aesar, Lot#K20S065) was added to the DMF during the synthesis procedure while
sodium hydroxide, NaOH (50% (w/w), Mallinckrodt Analytical Reagent, Lot
#7705KPBL) was diluted to a 20% (w/w) solution with MilliQ water and was used to
adjust the pH to dissolve the cobalt-protoporphyrin complex into solution for storage.
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Reagent alcohol, EtOH (Mallinckrodt Chemicals, Lot #E51B38) and
tetraethylorthosilicate, TEOS (98%, Acros Organics, Lot #A0250303) were used as
received during the cryogel synthesis process. Ammonium fluoride, NH4F (99.4%, J. T.
Baker, Lot# B22586) was dissolved into a 20% w/v solution using DDI before addition to
the cryogel synthesis procedure for use as a catalyst.
A standard stock solution for individual Cr(VI) batch reactors utilized a
combination of potassium chromate, K2CrO4 (ACS 99% min., Alfa Aesar, Lot
#G05S004), and 3-(N-morpholino)propanesulfonic acid, MOPS (>99%, J. T. Baker,
Lot#0000027506 and 0000027507) as received with DDI and used the 20% (w/w)
sodium hydroxide solution described above to adjust the solution pH. A standard
characterization solution incorporated, 1,5-diphenylcarbazide, DPC (99%, Alfa Aesar,
Lot #10117132), acetone ( >99%, BDH, Lot #051909B), phosphoric acid, H3PO4 (ACS
Grade, EMD, Lot #48175481), sulfuric acid, H2SO4 (ACS Grade, Mallinckrodt
Chemicals, Lot #E43003) and MilliQ water.

III.B.

Methodology

III.B.i.

Synthesis of n-ZVI
N-ZVI was developed by following a procedure put forth in the 2003 dissertation

of Hocheol Song while altering certain portions, mostly during the washing stage of the
procedure. A 50 mL solution of 3.6 M sodium borohydride (NaBH4) and a 50 mL
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solution of 1.2 M ferric chloride hexahydrate (FeCl3*6H2O) were each made in separate
125 mL Erlenmeyer flask using DDI in an anaerobic chamber (~5%H2 / 95% N2, Coy
Laboratories, Inc.). Before removal from the anaerobic chamber, a magnetic stir bar was
added to each Erlenmeyer flask, and the flasks were closed with a sleeve stopper septum.
After removal from the anaerobic chamber, the two Erlenmeyer flasks were placed on
separate Thermolyne Cimarec 2 stir plates on the bench top, and the stir plates were
continuously stirring at a setting of 10 on the stir speed dial. A double needle tubing
system, with a long needle on one end and a short needle on the other end, was run
through a Manostat cassette pump. The long needle was inserted through the sleeve
stopper septum of the 3.6 M NaBH4 solution flask and into the solution, while the short
needle was placed through the sleeve stopper of the 1.2 M FeCl3*6H2O solution and into
the headspace of the flask. A needle from a nitrogen tank was also inserted through the
sleeve stopper and into the headspace of the FeCl3*6H2O solution to ensure the flask
remained under anaerobic conditions. An outlet needle was placed through the sleeve
stopper septum to allow venting and exiting of the excess nitrogen and any hydrogen gas
formed during mixing of the two solutions. By using the Manostat cassette pump, the 3.6
M NaBH4 solution was transferred to the FeCl3*6H2O solution at a rate of 1.25 mL/min.
When the 3.6 M NaBH4 solution was completely transferred into the flask with the
FeCl3*6H2O solution, the resulting solution contained n-ZVI.
This flask was then closed by removing all of the needles penetrating the sleeve
stopper septum, and the flask was put into the anaerobic chamber for washing. This
solution was transferred into a 250 mL Erlenmeyer flask by simple pouring, and the
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original flask was rinsed with DDI three times to remove any residuals from the flask.
The waste liquid from the washing of the residuals was also placed into the 250 mL
Erlenmeyer flask to ensure complete transfer of the n-ZVI to the 250 mL Erlenmeyer
flask. This n-ZVI solution was then adjusted to a pH of 4 by using 1 M hydrochloric
acid(HCL) made with DDI. This pH adjustment was necessary to reduce the amount of
oxides on the particle surfaces, but also allowed sufficient recovery of the n-ZVI from
solution and was a step in the washing procedure adopted from Zhang, 2010. A vacuum
filtration flask was connected to an Aquatic Ecosystems, Inc. Linear Compressor L20nc
vacuum pump and by using a 0.1 μm Pall Supor-100 filter paper (Lot# T83163), and the
liquid from the n-ZVI solution was removed resulting in only the solid n-ZVI particles
remaining. These particles were then washed four times by adding 125 mL DDI and
filtering the liquid off each time. Finally, a fifth washing was performed using the same
procedure, except replacing the 125 mL DDI with 125 mL acetone to aid with drying.
After this final step in washing, the particles were placed in a sealed vial and
transported to an oven to dry at 110°C for 4 hours. The vial was under a continuous flow
of nitrogen with inlets and outlets in the vial through the headspace throughout the 4 hour
drying process. After drying, the n-ZVI was then placed back into the anaerobic chamber
and sieved through a 100 mesh sieve. Finally, the n-ZVI was placed into a sealed glass
vial and stored in the anaerobic chamber for future use. All future manipulations of the nZVI were completed in the anaerobic chamber, ensuring the n-ZVI was not exposed to
ambient conditions which could cause oxidation.

25

III.B.ii.

Metalloporphyrin Production
Cobalt-protoporphyrin complex (Co-PPIX) and cobalt-uroporphyrin complex

(Co-Uro) were produced using a procedure similar to that described by Kevin M. Smith
and J.E. Falk in the book Porphyrins and Metalloporphyrins: A New Edition Based on
the Original Volume by J.E. Falk, 1975. The Co-PPIX was produced by first adding 150
mL of DMF and a magnetic stir bar to a two-neck 250 mL round bottom flask. The round
bottom flask was then placed on a heating mantle filled with sand in the bottom and
located on top of a stir plate. The sand was placed around the flask, between it and the
mantle, to ensure uniform heating on the bottom and around the sides of the round bottom
flask. In one opening, a condensing tube was used while the second opening was closed
using a sleeve stopper septum. After completing this setup, the stir plate was turned on to
the highest setting, the water was turned on in the condensing tube, and the 150 mL
solution of DMF was allowed to begin refluxing in the heating mantle.
Once the DMF began refluxing, ~0.1 g PPIX dissolved in 5 mL DMF in a small
glass vial was transferred to the round bottom flask by syringe and needle through the
sleeve stopper. The small glass vial was then washed three times with 2 mL DMF each
time, and the washings were also transferred to the round bottom flask using the same
needle and syringe system. A 0.5 mL aliquot of the PPIX solution was taken and diluted
to 15 mL with DMF. The absorbance spectrum was measured using a Biomet 300
UV/Vis spectrophotometer from 300-800 nm referenced to cuvette of only DMF. In
another small glass vial, ~0.2 g cobalt perchlorate hexahydrate (Co(ClO4)2·6H2O) was
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dissolved in 5 mL MilliQ water and added to the DMF/PPIX solution using a syringe and
needle inserted through the sleeve stopper. This vial was also washed three times with 1
mL MilliQ water each time and the washings were transferred to the DMF/PPIX solution
using the syringe and needle. The solution containing DMF, PPIX, and Co(ClO4)2·6H2O
was refluxed for 1 hour and another 0.5 mL aliquot of this solution was taken and diluted
to 15 mL with DMF for UV-Vis characterization.
After the UV-Vis scan showed transformation by showing changing peak
locations, the refluxing DMF solution was removed and the round bottom flask was
placed in an ice bath for 15 minutes. To facilitate precipitation of the Co-PPIX, ~100 mL
chilled MilliQ water was added to the solution. The solution was then transferred to a
known weight 250 mL Erlenmeyer flask and placed in an oven at 110°C for 48 hours to
allow for complete evaporation of the solvent. The Co-PPIX was then washed twice by
adding ~30 mL of MilliQ water and allowed to evaporate in the oven at 110°C for 24
hours each time. Finally, the flask with the Co-PPIX was weighed and by subtracting the
initial weight of the flask, the weight of the Co-PPIX was determined. The Co-PPIX was
soluble in basic aqueous solutions, so therefore, a solution of MilliQ water with pH
adjusted to ~10 by 20% (w/w) NaOH was added to the Erlenmeyer flask to give a
0.001g/mL solution of dissolved Co-PPIX in MilliQ water. The solution was then
transferred to a glass vial and stored in a dark drawer for future use in sol-gels.
The Co-Uro was synthesized using the same procedure as described for the CoPPIX. The minor adjustments for Co-Uro synthesis were that ~0.02 g uroporphyrin I
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dihydrochloride was used instead of the ~0.1 g PPIX. Also, instead of the ~0.2 g
Co(ClO4)2·6H2O added in the Co-PPIX synthesis, ~0.04 g Co(ClO4)2·6H2O was added to
the Co-Uro synthesis. The UV-Vis scan for the Co-Uro synthesis showed a
transformation from Uro to Co-Uro in the shifting of peaks so the drying and washing
procedures were used the same as above. Finally, a 0.001 g/mL solution of Co-Uro was
made with MilliQ water without pH adjustment. The solution was stored in a glass vial in
a dark drawer until further use in sol-gels.

III.B.iii.

Cryogel Immobilizations

A procedure outlined in a 2011 thesis by Shanna Estes was used, with minimal
variations, for immobilization of n-ZVI and metalloporphyrins in cryogels, freeze-dried
sol-gels. Each cryogel was made in a 50 mL centrifuge tube with a mass loading of
120:140:120:1 for EtOH, TEOS, 20% (w/v) NH4F, and n-ZVI. For blank cryogel
synthesis, the EtOH and TEOS were added in the anaerobic chamber to the centrifuge
tube, at the ratio of 120:140 given above, and shaken on a vortex mixer for 2 minutes.
Then, the proper amount of 20% (w/v) NH4F solution, given by the above ratio, was
added to the EtOH/TEOS solution in the centrifuge tube and vigorously shaken by hand
for 2 minutes until gelation occurred. The centrifuge tube was then capped, removed
from the anaerobic chamber, and placed in a freezer at -20°C for 48 hours. After the solgel was frozen for 48 hours, the centrifuge tube was placed in a Virtis lyophilization flask
and uncapped. Then, the Virtis lyophilization flask was placed on a Virtis Benchtop 6K
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lyophilizer at -80°C and < 200 mTorr for 72 hours. After the 72 hour freeze-drying
period was completed, the centrifuge tube was removed from the lyophilization flask and
capped before returning to the anaerobic chamber. Once returned to the anaerobic
chamber, the centrifuge tube was uncapped, and the cryogel was crushed and sieved
through a 100 mesh screen. The blank cryogel was then stored in a new 50 mL centrifuge
tube for future use in Cr(VI) batch reactors.
Cryogel synthesis was also completed for n-ZVI alone in the cryogel. This n-ZVI
alone cryogel will be referred to as 1:0 cryogel for the remainder of this thesis. For the
1:0 cryogel synthesis, ~0.05 g n-ZVI was weighed in a 2 mL vial using an Ohaus
Analytical Plus scale on the benchtop. The n-ZVI was then added to the centrifuge tube,
in the anaerobic chamber, prior to any additions of EtOH, TEOS, or 20% NH4F. The
EtOH was used twice to wash the vial by adding ~2 mL each time and pouring into the
centrifuge tube. The amount of EtOH, TEOS, and 20% NH4F added to the cryogel varied
due to the approximation of 0.05 g n-ZVI, but the exact amounts added still met the ratio
of 120:140:120:1 for EtOH:TEOS:NH4F:n-ZVI. The EtOH used for the n-ZVI vial
washing was counted as part of the EtOH used for cryogel synthesis at the ratio
120:140:120:1 EtOH:TEOS:NH4F:n-ZVI and subtracted from the total amount of EtOH
to be added to the centrifuge tube. The remainder EtOH was added directly to the
centrifuge tube along with the TEOS, and the process above for the blank cryogel
synthesis was followed starting with the shaking for 2 minutes on the mixer. This sample
was also crushed and sieved through a 100 mesh screen after freeze-drying and stored in
a new 50 mL centrifuge tube for future use.
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Immobilization of the metalloporphyrins was also completed by placing the CoPPIX and Co-Uro in cryogels. Cryogels were made using the procedure above coupled
with specific additions of the 0.001 g/mL Co-PPIX and Co-Uro solutions. Cryogels with
n-ZVI:metalloporphyrin molar ratios of 100:1, 400:1, 750:1, and 1500:1 were prepared
with Co-Uro or Co-PPIX as the metalloporphyrin. This allowed for cryogels of 100:1P,
400:1P, 750:1P, and 1500:1P to be produced along with 100:1U, 400:1U, 750:1U, and
1500:1U. To begin the cryogel synthesis, ~0.05 g of n-ZVI was added to pre-weighed 2
mL glass vials and capped in the anaerobic chamber. The glass vials containing the nZVI were weighed using the benchtop scale and then placed back in the anaerobic
chamber. The weight of n-ZVI was determined, and prior to placement of the centrifuge
tubes into the anaerobic chamber, the proper amount of Co-PPIX or Co-Uro solution was
added. Once the proper amount of Co-PPIX or Co-Uro solution was added, the centrifuge
tubes were placed uncapped into the anaerobic chamber to allow any dissolved oxygen to
be removed during the input process into the anaerobic chamber. Once placed into the
anaerobic chamber, the n-ZVI was added to the proper centrifuge tube, and the vial was
rinsed with EtOH as stated above for the 1:0 cryogel synthesis. The same synthesis for
the 1:0 cryogel was then followed for the remainder of the synthesis procedure. Other
cryogels were made containing only metalloporphyrin and no n-ZVI to determine any
reducing capabilities of the metalloporphyrins alone. These cryogels were made as with
the blank cryogel, but along with an addition of 1.193x10-6 mol Co-PPIX or Co-Uro to
the centrifuge tube prior to beginning the production process. This concentration of CoPPIX and Co-Uro added to the sol-gels was equivalent to the Co-PPIX and Co-Uro
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addition rate in the 750:1 sol-gels so they were named 750:1P only or 750:1U only,
respectively. These cryogels followed the same procedure as the other cryogels with
metalloporphyrin additions, other than the addition of n-ZVI. All of these cryogels,
1500:1P, 750:1P, 400:1P, 100:1P, 1500:1U, 750:1U, 400:1U, 100:1U, 750:1P only, and
750:1U only, were ultimately crushed and sieved through a 100 mesh screen after freezedrying. These cryogels were stored in new centrifuge tubes in the anaerobic chamber and
saved for future use in Cr(VI) batch reactors.

III.B.iv.

Batch Testing of Cr(VI) solutions

Kinetics testing was conducted in ~200 mL batch reactors containing a standard
stock solution of 100 μM Cr(VI) using 0.05M MOPS and K2CrO4 in DDI. The standard
stock solution was also adjusted to a pH=7.00±0.02 using 20% NaOH. The MOPS has a
pKa of 7.20 which allows it to buffer the solution near pH=7 even after the addition of nZVI or sol-gels and was incorporated from methods used by Alowitz and Scherer, 2002.
Solid samples of ~0.0068 g n-ZVI or ~0.3000 g cryogels were weighed using the
benchtop scale after addition or subtraction to the vial in the anaerobic chamber. The
vials were returned to the anaerobic chamber and stored until use in a batch reactor. The
actual weights of each vial were recorded, and the amount of Cr(VI) stock solution was
varied slightly for each batch reactor to equal a 1.5 g/L cryogel loading or 0.034 g/L nZVI. The cryogels were 2.215±0.065% n-ZVI by weight after freeze-drying so these
loadings deliver the same amount of n-ZVI for each reactor. The proper amount of
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standard stock solution was added to an Erlenmeyer flask with a magnetic stir bar and
placed on a stir plate at a setting of 10.
The kinetics of the Cr(VI) reduction reaction was determined by using a Cr(VI)
colorimetric method given by Vitale et. al in 2009. For this method, a standard
characterization solution was prepared each day prior to testing. The standard
characterization solution contained 240 mL of MilliQ water, 3 mL of 5.96 g/L DPC in
acetone solution, and 120 drops from a disposable 1 mL pipette of 10% H3PO4/H2SO4
solution in MilliQ water. To an 8 mL glass vial, 4 mL of the standard characterization
solution was added for each aliquot to be taken from the batch reactor. The batch reactor
was allowed to stir for 2 minutes, and then the first 0.6 mL aliquot was taken from the
batch reactor. The 0.6 mL aliquot was filtered through a Microsolv Tech Corporation 13
mm 0.2 μm nylon syringe filter and into the vial with the standard characterization
solution. This procedure for taking an aliquot and delivering it to the standard
characterization solution was also used for aliquots taken at 1, 2, 5, 10, 20, 30, 45, and 60
minutes after n-ZVI or cryogel addition and the batch reactor under continuous mixing.
Most n-ZVI or cryogel starting materials were run in triplicates meaning 3 separate batch
reactors were used for each starting material, and the kinetics for each batch reactor were
determined.
The aliquots from the batch reactors taken at 0, 1, 2, 5, 10, 20, 30, 45, and 60
minutes were reacted with the DPC standard characterization solution and absorbance at
542 nm was measured on the Biomet 50 UV/Vis spectrophotometer. The mixtures were
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allowed to react for at least 10 minutes to ensure complete Cr(VI) complexation with the
DPC to form a bright pink color. Standards of 125 μM, 100 μM, 75 μM, 50 μM, 25 μM,
10 μM, 5 μM, and 1 μM were also each added to 4 mL standard characterization solution
in the 8 mL glass vials. These solutions were also allowed to rest for 10 minutes before
testing on the UV/Vis spectrophotometer. The absorbance of each sample was measured
in a 4 mL disposable cuvette. The absorbance readings were completed with standards
and then the aliquot samples for each batch reactor in the order of 0, 1, 2, 5, 10, 20, 30,
45, and 60 minutes. The absorbance readings were completed two more times for each
standard and sample in the same order as above to reduce any effects of drift by the
machine.
A calibration curve for the Cr(VI) concentration was then developed each day
using the absorbance readings for each of the standard solutions averaged together for
each standard concentration and then performing a linear regression. For each batch
reactor, the three readings of each aliquot sample were averaged together, and using the
equation from the calibration curve, the concentrations at each time of aliquot were
determined. The natural log of the concentrations at each time of aliquot were taken and
plotted versus the reaction time since the reactions follow pseudo-first order kinetics. It
was determined there was an initial rapid decline and then a much slower decrease for the
rest of the time period. Each section was characterized by the slope and labeled as kf or ks
for the fast or slower rate constants respectively. The slope of this line of best fit was
equivalent to the reaction rate constant in units of min-1, and the slope of each reactor was
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averaged for each solid material of n-ZVI or cryogel to determine the reaction rate
constant for that loading of that reductant or reductant system.

III.B.v.

Surface Area Characterization
The surface area characterization was completed by a fellow lab mate using the

following procedure on a Micromeritics ASAP 2010 surface analyzer and was based on a
procedure put forth by Dastgheib et. al in 2004. The sample vial and cap were weighed
using the benchtop scale while on the benchtop, and the weight was determined. The
sample vial and cap were then placed in the anaerobic chamber, and the sample was
added to the sample vial. The cap was then placed on the sample vial, and the vial was
removed from the anaerobic chamber and weighed on the benchtop scale. This weight
was also recorded, and by determining the difference between the before and after
weight, the sample weight was then recorded. Then, the sample was placed on the surface
area analyzer and degassed for 24 hours at 80°C. Next, the sample was backfilled with
hydrogen gas and reweighed to get a more accurate weight of the sample. The sample
was placed back on the surface area analyzer and was vacuumed again. Nitrogen gas was
then titrated into the system and by using the BET surface area model, a surface area
calculation was determined for each sample. The same procedure was used for each
sample tested on the surface area analyzer.
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IV.

RESULTS AND DISCUSSION

IV.A.

Materials Characterization

IV.A.i.

Metalloporphyrin UV-Vis Scanning
During synthesis of the metalloporphyrins, samples of the solutions were taken

prior to addition of cobalt (II) perchlorate hexahydrate (Co(ClO4)2·6H2O) and after 1
hour of refluxing with the Co(ClO4)2·6H2O. Prior to addition of the Co(ClO4)2·6H2O,
PPIX was added to a refluxing solution of N,N- Dimethylformamide (DMF), and this
new solution was scanned from 300-800 nm. After one hour of refluxing with
Co(ClO4)2·6H2O, this solution was scanned across the same range. These scans are
shown in Figure 4-1 along with peak labels that show the shift in peaks between PPIX
alone and Co-PPIX.
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Figure 4-1: UV-Vis scans for PPIX (blue) and Co-PPIX (red) from 300-800 nm.
When PPIX was first input into the DMF solution and dissolved, the scan from
300nm to 800nm on the Biomet 300 UV/Vis spectrophotometer contained five defined
peaks. These peaks were located at 405nm, 505nm, 539nm, 575nm, and 630nm and
match the peaks shown in previous work for PPIX (Smith, 1975). Upon input of the
Co(ClO4)2·6H2O and refluxing for one hour, many of the peaks disappeared. The peak at
405 nm was still there, but the other peaks had disappeared. A new peak appeared at 560
nm and another peak ~530 nm formed, but was less pronounced and therefore not
labeled. These shifts, disappearances, and appearances in peak amounts and locations
have been shown in previous work (Smith, 1975), to be the case when producing CoPPIX from PPIX. Thus, by using these UV-Vis scans as characterization and comparing
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them to scans from other works, it was verified that the produced material was indeed the
Co-PPIX, the material intended to be made.
The Co-Uro metalloporphyrin was characterized in much of the same fashion as
above. Once again, samples of the DMF solution were taken after addition and
dissolution of the Uro. This sample was scanned from 300-800 nm and produced a
variety of peaks at 405 nm, 498 nm, 531 nm, 568 nm, and 621 nm as shown in Figure 4-2
below. These peaks matched the peaks shown in Smith (1975) for Co-Uro synthesis.
Also, shown in Figure 4-2 is the UV-Vis scan of Co-Uro sampled after adding the
Co(ClO4)2·6H2O and refluxing for one hour. The peaks present shifted to 396 nm and
550 nm only, which was equivalent to that shown in the work by Smith in 1975. Thus by
having these UV-Vis scans match those in previous works, it was verified that the CoUro was actually produced during this synthesis.
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Figure 4-2: UV-Vis scans for Uro (blue) and Co-Uro (red) from 300-800 nm.

IV.A.ii.

Surface Area Analysis

After completion of the n-ZVI and cryogel synthesis procedures, the produced
materials were characterized using the BET isotherm model to determine their resulting
surface areas which are shown in Table 4-1. The surface area of the n-ZVI was
determined to be 21 m2/g, which was lower than the 26.93 ±3.41 m2/g that was
determined using the same production methods and characterization methods presented
by Zhang in her thesis in 2010.
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Table 4-1: Surface area results for n-ZVI and cryogels.
Sample

Surface Area (m2/g)

n-ZVI

21

1:0 cryogel

167

100:1P cg

368

100:1U cg

488

The cryogels produced much higher surface area values than the n-ZVI and were
similar to surface area values presented by Estes in 2011. The surface area values were
slightly more variable with values of 167, 368, and 488 m2/g for samples 1:0, 100:1P, and
100:1U cryogels respectively compared to Estes’ data reported in 2011 of 300.14±0.95
m2/g and 214.25±0.73 m2/g for n-ZVI only cryogel and blank cryogel respectively. The
same procedure was followed throughout each of the production methods, so no method
differences should have caused the value differences. One variation was a difference in
freezing temperature used for Estes (2011) and this research. During the freezing process
by Zhang, the materials were frozen to -80°C prior to drying on the Virtis lyophilizer, but
due to laboratory equipment constraints, the materials in this research were frozen to 20°C before drying. Any chemistry changes due to additions of Co-PPIX or Co-Uro
could have resulted in changes of the freezing standards of each material and the change
in overall surface area for the materials.
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IV.B.

Cr(VI) Reduction by n-ZVI

IV.B.i.

Direct Addition of n-ZVI
Different loadings for the n-ZVI were investigated to determine loadings that

resulted in reaction times of several minutes to an hour. These periods allowed for a
sufficient number of data points to be obtained for kinetic analysis. Originally, the batch
reactors were to be run at 0.1 g/L due to previous works being run at this loading and
giving sufficient measurable concentrations across the 0 to 60 minute time range (Zhang,
2010). Once run, it was determined this batch of n-ZVI was more reactive than that
produced in other works. Complete reduction of 100 μM Cr(VI) was reached in less than
2 minutes, an inefficient amount of time for kinetic testing, so a new loading was to be
determined. Batch reactors were then run for loading rates of 0.00 g/L, 0.02 g/L, 0.034
g/L, and 0.05 g/L to determine a suitable concentration for all batch reactor testing. The
reduction reaction of Cr(VI) by n-ZVI has been shown to follow pseudo-first order
reaction kinetics in previous literature (Ponder, 2000) and therefore was graphed as
ln[Cr(VI)] vs. time for use in kinetics determinations. It has been argued that although it
is a pseudo-first order rate constant there still appears to be two distinct linear portions of
the data when plotted. Some researchers have ignored this appearance and have
determined reaction rate constants by fitting the entire data set while others have chosen
one portion or the other (Alowitz and Scherer, 2002). Certain researchers have utilized
the data for the rapid decline and argue against using the last portion due to the tailing
effect of the data (Xu and Zhao, 2007), while others utilize only the last portion of the
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data to avoid the initial drop which is argued to be from reduction and sorption rather
than just reduction (Qian et. al, 2008). Still others (Zhang, 2010) argue that it is important
to discuss both portions of data and utilize a fast rate (kf) and slow rate (ks) portion of the
data. This final example allows for the discussion of the entire data set and the fullest
picture from the data so therefore this example was utilized during this research with a kf
and ks.
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Figure 4-3: Normalized Cr(VI) concentration data for 0.00 g/L (n=3), 0.02 g/L
(n=1), 0.034 g/L (n=3), 0.05 g/L (n=1), and 0.1 g/L (n=1).

As expected, the concentration of the 0.00 g/L n-ZVI addition or control system
remained at a constant concentration across the time frame as shown in Figure 4-3. While
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this was the case for the control system, as n-ZVI loadings increased, the reaction rate
increased rapidly. As previously stated, the loading of 0.1 g/L n-ZVI reached complete
reduction in less than 2 minutes. The loading of 0.5 g/L was also quick and became
exceptionally stagnant after ten minutes as if reduction capacity had been met for the nZVI in the system. It was also determined that the loading of 0.02 g/L n-ZVI was too low
for sufficient reduction across the 0 to 60 minute time range. Across the full 60 minutes
of reaction, the concentration of the Cr(VI) contamination only decreased to 31 μM when
using the 0.020 g/L n-ZVI loading. A loading between the slow 0.02 g/L n-ZVI and fast
0.050 g/L n-ZVI was then used at 0.034 g/L n-ZVI. This loading of 0.034 g/L n-ZVI gave
a sufficient linear range between 0 and 60 minutes to use for calculations of kinetics for
the n-ZVI and Cr(VI) reaction and was then used for all further testing. The 0.034 g/L nZVI loading was tested with individual batch reactors for 60 minutes and resulted in
fairly high reaction rate constants for both the rapid region from 0 to 5 minutes and the
slower region from 10 to 60 minutes. These reaction rate constants are shown in Table 42 below.
Table 4-2: Reaction rate constants of control and n-ZVI systems.
Control
Average

k
0±0.0006

n-ZVI
Average

kf
0.1447±0.0159

ks
0.0328±0.0144

For the case of the 0.34 g/L n-ZVI loading, the reaction rate constant for the rapid
portion of 0.1447±0.0159 min-1 was nearly 4.4 times larger than the reaction rate constant
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for the slow portion of 0.0328±0.0144 min-1. The ks values are similar to that of Zhang,
2010 where a loading of 0.1 g/L n-ZVI was used. Although a higher loading was used by
Zhang, the ks value was only increased to 0.0592±0.0022 min-1, while the kf was lower at
0.0657±0.0049 min-1. A higher kf and lower ks for my results compared to Zhang, 2010
was likely due to a different initial loading being used as is discussed in Ponder, 2000.
Also, the kf and ks of Zhang, 2010 was fitted to different time ranges that likely effected
the kf and ks reportable values. Also, it is shown in the article by Ponder in 2000 that the
reactivity of the iron varies due to a specific “cure” time and that the fresher the iron is,
the more reactive it shall be. One explanation for this is that it is due to the excessive
reactivity with oxygen and even the smallest concentrations of oxygen allow for
oxidation of the n-ZVI. Both of these reaction rate constants were very different than the
reaction rate constant in the control situation of 0.0000±0.0006. This shows an effect by
the addition of n-ZVI, as well as, a difference between the kf and ks of the n-ZVI
reduction reaction.

IV.B.ii.

Addition of Immobilized n-ZVI

After running tests to find a viable loading with enough data points in a sufficient
time frame, freeze-dried sol-gels, or cryogels were prepared with the n-ZVI. Based on the
mass of the n-ZVI input and the yield of each cryogel, it was determined that the cryogels
contained n-ZVI at a ~2.25% mass ratio. This loading of n-ZVI in the sol-gel and a
loading of 1.5 g sol-gel/L resulted in an overall n-ZVI loading of 0.034 g n-ZVI/L. The
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removal of Cr(VI) by n-ZVI was much faster in the reported time range and resulted in a
much lower final concentration of the Cr(VI) in each reactor as shown in Figure 4-4. In
fact, in the 1 hour time range for the experimental tests, the reactors with n-ZVI had a
Cr(VI) removal of over 90%, while the reactors with the 1:0 cryogel resulted in a
removal of only 45%.
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Figure 4-4: Normalized Cr(VI) concentration with n-ZVI (n=3) and 1:0 cg (n=3)
additions.

The cryogel inhibited the removal of the Cr(VI) by the n-ZVI resulting in a kf
decrease factor of nearly twelve times compared to the n-ZVI, as shown in Table 4-3.
This decrease was expected due to a decrease in viable surface area of the n-ZVI and
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decreased mass transfer to n-ZVI surfaces when immobilized in the cryogel. The cryogel
seemed to still give a viable reduction capability since the fast reaction rate constant was
still decently high at 0.0122±0.0016 min-1.
Table 4-3: Reaction rate constants for blank cg and 1:0cg systems.
Blank cg

k (min-1)
0.0000±0.0002

1:0 cg

kf (min-1)
0.0122±0.0016

ks (min-1)
0.0080±0.0013

kf decrease
11.9

ks decrease
4.1

The ks of the reaction with the 1:0 cryogel was still lower than that of the reaction
with the n-ZVI but the ks decrease factor was only 4.1 times lower instead of the kf
decrease factor of 11.9, as shown in Table 4-3. It was possible that the decrease in the
cryogel effect could be due to less blocking of the effective n-ZVI surface area if the
reduced Cr(III) precipitated on the cryogel surface rather than the n-ZVI surface. There
was no effect shown by the blank cryogel as the reaction rate constant was calculated to
be 0.0000±0.0002 min-1 for the range of 0 to 60 minutes. This was sufficiently close to
zero, and therefore, there was no reductive capacity for the blank cryogel on the Cr(VI).

IV.C.

Cr(VI) Reduction Catalyzed by Metalloporphyrin Additions
After completing the analysis of reduction rate constants between n-ZVI and the

1:0 cryogel, the next step was to investigate the effects by the addition of catalysts to the
reaction. The catalysts were added to the reactors in the hope that the reaction rate
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constants would get closer to the reaction rate constants for the reactors containing nZVI. To do this, natural porphyrins were used to prepare metalloporphyrins by
complexing cobalt with PPIX and Uro. These metalloporphyrins are large structures, but
act as catalysts for the reduction of Cr(VI) by n-ZVI by shuttling electrons between the
Cr(VI) and n-ZVI (Dror and Schlautman, 2004). It has been shown that using Co-PPIX
and Co-Uro has catalyzed the reactions between Cr(VI) and n-ZVI (Zhang, 2010). The
metalloporphyrins were incorporated into the n-ZVI cryogels at different molar ratios
compared to the n-ZVI and the results will be discussed in the following pages.

IV.C.i.

Additions of Co-PPIX to n-ZVI Immobilizations
Prior to immobilization in cryogels, Co-PPIX was added to the n-ZVI at n-

ZVI:Co-PPIX molar ratios of 1500:1, 750:1, 400:1, and 100:1. It was expected that as
more Co-PPIX was added as a reaction catalyst, the reaction rate constants would
increase and could approach the same reaction rate constant as n-ZVI. For the four ratios
tested, the kf values for the reactors with Co-PPIX additions were higher than the kf
values for the 1:0 cryogel. As shown in Figure 4-5, the kf values consistently increased as
higher concentrations of Co-PPIX were added into the system.
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Figure 4-5: Rate constants and increase factors of reactors with Co-PPIX
additions.

The reactor systems containing cryogels of 1500:1P, 750:1P, and 400:1P had kf
values increased over the 1:0 cryogel by factors of 2.6, 3.0, and 3.3 to values of
0.0316±0.0109 min-1, 0.0369±0.0104 min-1, and 0.0406±0.0046 min-1, as shown in Table
4-4. A much greater increase was seen in the reactor system with the addition of the
100:1P cryogel as the kf increased by a factor of 11.5 to 0.1408±0.0064 min-1.
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Table 4-4: Reaction rate constants for systems with Co-PPIX additions.
Reductant
1:0 cg
1500:1 P
750:1 P
400.1 P
100:1 P

kf (min-1)
0.0122±0.0016
0.0316±0.0109
0.0369±0.0104
0.0406±0.0046
0.1408±0.0064

kf increase factor
1
2.6
3.0
3.3
11.5

ks (min-1)
0.0080±0.0013
0.0080±0.0015
0.0079±0.0009
0.0110±0.0027
0.0192±0.0027

ks increase factor
1.0
1.0
1.0
1.4
2.4

The ks values followed a similar pattern for the reactors with additions of cryogels
with Co-PPIX as the rate constants consistently increased. The values of the ks rate
constants for the reactor systems with 1500:1P and 750:1P showed negligible effects as
the rate constants stayed consistent resulting in an increase factor of 1.0. The reactor
systems with Co-PPIX addition ratios of 400:1P and 100:1P showed higher effects as the
reaction rates were increased by factors of 1.4 and 2.4 over the ks value for the 1:0
cryogel.
The general trend of the reaction rate constants after the additions of Co-PPIX to
the cryogel matrix was that the rate constant of Cr(VI) reduction increased as more CoPPIX was added to the system. Another trend, shown in Figure 4-6, was that the overall
Cr(VI) concentration decreased at the end of the time range as more Co-PPIX was added.
Additionally, the addition of the Co-PPIX seemed to extend the reductive capacity of the
n-ZVI at the higher addition concentrations since the concentrations were not leveling as
much as the reaction progressed. One reason that the reductive capacity could be higher
could be related to not blocking the surface area of the n-ZVI itself. Since the Co-PPIX
acts as an electron shuttle between the Cr(VI) and the n-ZVI, it does not require the
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Cr(VI) to be as close to the n-ZVI. With this not being the case, it was not likely the
Cr(OH)3 sorbed to the n-ZVI after being reduced and precipitating.
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Figure 4-6:
Normalized concentrations of Cr(VI) in n-ZVI and Co-PPIX
Reactor Systems.

Figure 4-6 allowed a look at the actual concentration changes for these
experimental systems. By doing this, it was possible to better understand the overall
effects of the changes in reaction rate constants by looking at just how much faster the
Cr(VI) concentration was reduced by the 100:1P cryogel than by the other Co-PPIX
added cryogels. While the other cryogels seemed to be somewhat bunched together, the
100:1P cryogel was noticeably much faster likely due to the fact that it overcame the
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threshold of effectiveness and became more effective. Also, this graph illustrated that
the Cr(VI) concentrations of the 750:1P only cryogel had extremely wide error bars.
These error bars were due to differences in initial concentrations and ultimately were
unimportant for the kinetics of the reactions as the reaction rate constant was
0.0001±0.0006 min-1 for the overall reaction with the 750:1P only cryogel reactors
across the time range of 0-60 minutes.

IV.C.ii.

Additions of Co-Uro to n-ZVI Immobilizations

As with the Co-PPIX discussed above, it was expected that an addition of Co-Uro
would catalyze the reaction between the Cr(VI) and immobilized n-ZVI to result in a
quicker reduction in Cr(VI) concentration. The Co-Uro acts in much of the same way as
the Co-PPIX by being an electron shuttle between the Cr(VI) and the n-ZVI. One distinct
difference though, between the Co-PPIX and Co-Uro, is that the Co-Uro is soluble in the
pH ranges of natural waters while Co-PPIX requires much more basic conditions to be
soluble. The kf reaction rate constants for the reactor systems with each of the Co-Uro
addition ratios increased over that of the initial kf value of 0.0122±0.0016 min-1 for the
1:0 cryogel reactor systems, as shown in Figure 4-7 and Table 4-5.
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Figure 4-7: Rate constants and increase factors of reactors with Co-Uro additions.
Table 4-5: Reaction rate constants for systems with Co-Uro additions.
Reductant
1:0 cg
1500:1 U
750:1 U
400.1 U
100:1 U

kf (min-1)
0.0122±0.0016
0.0226±0.0021
0.0222±0.0079
0.0383±0.0020
0.0963±0.0082

kf increase factor
1
1.9
1.8
3.1
7.9

ks (min-1)
0.0080±0.0013
0.0088±0.0008
0.0103±0.0029
0.0123±0.0030
0.0161±0.0015

ks increase factor
1.0
1.1
1.3
1.5
2.0

The kf values increased by factors of 1.9, 1.8, 3.1, and eventually 7.9 for each of
the Co-Uro addition ratios tested of 1500:1U, 750:1U, 400:1U, and 100:1U. The kf values
for the 1500:1U and 750:1U addition ratios were insignificantly different so the slight
decrease in the kf rate constant between the 1500:1U and 750:1U was insignificant. The
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kf of the 100:1U reactor systems was increased above the kf for the 1:0 cryogel, but was
still lower by a decrease factor of 1.5 when compared to the kf of the n-ZVI reactor
systems.
The ks values followed a more expected track as they increased when the
concentrations of Co-Uro additions also increased. The ks values increased by factors of
1.1, 1.3, 1.5, and 2.0 above the ks value for the 1:0 cryogel reactor system. For the ks rate
constants of the reactors with Co-Uro additions, the rate constants never reached the rate
constant for the reactors containing n-ZVI with an increase factor of 4.1 over the 1:0
cryogel systems, but they were able to consistently catalyze the reaction rate constants.
The ks reaction rate constants progressed from 0.0080±0.0013 min-1 with no Co-Uro
additions to 0.0088±0.0008 min-1, 0.0103±0.0029 min-1, 0.0123±0.0030 min-1, and
0.0161±0.0015 min-1 for reactions with 1500:1U, 750:1U, 400:1U, and 100:1U,
respectively, as shown in Table 4-5.
While Table 4-5 examines reaction rate constants, Figure 4-8 shown below
illustrates normalized concentrations of Cr(VI) for each of the reaction systems with CoUro previously mentioned. As expected, the graph shows the concentrations were nearly
in order throughout the full time range with the final concentrations going lower as more
Co-Uro was added to the cryogels with n-ZVI. As expected, there was no reduction of
Cr(VI) when the system only contained a Co-Uro addition and no n-ZVI, but as more CoUro was added to the n-ZVI cryogels, the concentrations were reduced faster across the
full 0 to 60 minute time range. In fact, there seemed to be little difference in the
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concentration changes between 1500:1U and 1:0cryogel, but there was a steady increase
in the magnitude of the slope of the concentrations of Cr(VI) in the systems as more CoUro was added. While there may have been slight overlap between data reactor systems
for data points early in the time range, once the system was allowed to run for at least 10
minutes, the concentrations then began to arrange in the correct order, decreasing as more
Co-Uro was added to the reactor system. This graph also showed that at least one half-life
was completed during the full 60 minute time range for each of the reactor systems, while
some reactor systems nearly completed two full half-lives during this time range.
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Figure 4-8: Normalized Cr(VI) concentrations of reactor systems with n-ZVI and
Co-Uro
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IV.C.iii.

Overall Effects of Catalyst Additions

The metalloporphyrins were added to the cryogel matrix with the n-ZVI to
facilitate catalysis of the reduction of Cr(VI) by the immobilized n-ZVI. During this
addition of Co-PPIX or Co-Uro, the reaction rate constants were expected to change and
the magnitudes increase as more metalloporphyrin was added to the cryogel of the
immobilized n-ZVI. While Co-PPIX and Co-Uro are both metalloporphyrins, they also
have different chemical properties and characteristics. Size and solubility seem to be
some of the most important differences between the two metalloporphyrins as Co-Uro is
both larger and more soluble than the Co-PPIX. It was necessary to explore the
differences in the results between additions of each of the metalloporphyrins to further
understand the effects of different catalysts. The kf reaction rate constants were
compared first and are shown in Figure 4-9.
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The kf rate constants for the addition rates of 400:1, 750:1, and 1500:1 are
insignificantly different between the two metalloporphyrins of Co-PPIX and Co-Uro. The
kf rate constants appear to be slightly larger for the Co-PPIX addition systems, but with
such a small difference, they are insignificantly different. At the 100:1 addition rate, the
kf for the reactor systems with Co-PPIX additions are possibly significantly different than
that with the Co-Uro additions. The kf of the reactor systems with 100:1 Co-PPIX
additions resulted in an increase factor of 11.5 over the kf of the 1:0 cryogel reactor
systems while the Co-Uro additions at 100:1 only resulted in an increase factor of 7.9.
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The ks reaction rate constants were then used to compare the reaction rate constants
between the Co-PPIX and Co-Uro additions as shown in Figure 4-10.
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Figure 4-10: Magnitudes of ks for n-ZVI cryogels with Co-PPIX(blue) and CoUro(red).

Although the kf rate constants showed that the Co-PPIX additions resulted
in slightly higher rate constants, the ks rate constants show that the reaction systems using
the cryogels with Co-Uro additions had slightly higher ks rate constants than those with
the Co-PPIX additions for the 400:1, 750:1, and 1500:1 molar ratio reaction systems as
shown in Figure 4-10 above. While this was the case for lower addition ratios, it was not
the same once reaching the 100:1 molar ratio reaction systems where the Co-PPIX
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addition had a slightly higher ks rate constant. Ultimately, although there are small
differences between the rate constants, the differences are insignificantly different and are
very similar rate constants.
After seeing that Co-Uro and Co-PPIX in fact gave different reaction rate
constants depending on how much respective metalloporphyrin was added to the
immobilized n-ZVI matrix, it was then necessary to compare these reactor systems with
Co-Uro and Co-PPIX additions on a whole basis with the immobilized n-ZVI cryogel and
n-ZVI reactor systems as shown in Figure 4-11 below.
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Figure 4-11: Normalized Cr(VI) concentrations for reactors with 1:0 cg, 750:1U
cg, 750:1P cg, 100:1U cg, 100:1P cg, and n-ZVI.
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It could be seen that the reaction rate constants of the reactors with 750:1 and
100:1 molar ratios of n-ZVI to metalloporphyrin were in fact between the reaction rate
constants of the reactors with immobilized n-ZVI or n-ZVI. This was expected because
the catalysis of the reaction by the metalloporphyrin additions allowed for the reaction
rate constant in these reactor systems to be higher than that in the reactor system with
immobilized n-ZVI cryogel, while the reaction should never be able to reach the reaction
rate constant of the n-ZVI due to the decrease in the sheer volume of surface area of the
n-ZVI accessible by the Cr(VI) for reduction.
While comparisons between reactors with n-ZVI or immobilized n-ZVI along
with Co-PPIX or Co-Uro could be drawn by looking at reaction rate constants, another
set of comparisons could be drawn from graphs with concentration changes. A graph of
normalized Cr(VI) concentrations vs. time, Figure 4-11, was able to show how the
reactions actually compare when looking at the reactor concentrations on a standardized
basis. Using this, it could be seen that there was little difference between reactors with
1:0 cryogel and 750:1P cryogel, but the reactor with 750:1U cryogel was clearly better
than either of these. It could also be seen that the reactors with 100:1U cryogel and
100:1P cryogel were considerably better and had lower final concentrations across the
time range than the reactor with 1:0 cryogel. While the reactors with 100:1U cryogel and
100:1P cryogel were significantly better than the reactor with 1:0 cryogel, it still does not
reach the kinetics of the n-ZVI. This was expected due to the decrease in attainable
surface area of the n-ZVI, although it is important to realize that through the additions of
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Co-PPIX or Co-Uro, it is possible to attain effective reduction kinetics, even similar to
that of the n-ZVI reaction constants.
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V.

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK

V.A.

Immobilized n-ZVI and Catalysts for Cr(VI) Reduction
Many chemicals have found their way into our waterways both in surface water

and groundwater. There have also been numerous different types of chemicals, whether
organic or inorganic, that have caused contamination problems in these waters. One of
the more common chemical classes that have caused aquatic contamination has been
heavy metals such as chromium or mercury. Chromium comes in different oxidation
states, but the most stable forms are Cr(VI) and Cr(III). Cr(VI) is the most oxidized form
of elemental chromium and is actually the form that causes the most concern due to
possible health effects and carcinogenicity. One treatment technique to cure waterways
and mainly groundwater systems from Cr(VI) contamination is to reduce the Cr(VI) to
Cr(III) causing it to form Cr(OH)3, which precipitates and falls out of solution.
This reduction-precipitation process can be completed using many different
reductants, but ZVI is one of the more common reductants used. One problem with ZVI
and especially n-ZVI, is that it oxidizes rapidly in ambient conditions and can actually
spontaneously combust due to the rate of oxidation. This raises the idea of immobilizing
the n-ZVI into a silica matrix to allow for a more controlled oxidation. This research was
done to answer three main questions in (1) how the reaction rate constants differ between
reactors with n-ZVI and immobilized n-ZVI, (2) how effective adding Co-PPIX or CoUro to the matrix actually is compared to reactions using n-ZVI or immobilized n-ZVI,
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and (3) how the additions of Co-PPIX or Co-Uro effect the reaction rate constants
differently due to the insolubility of Co-PPIX and the solubility of Co-Uro.
First, the answer that was the most critical to this research was how does
immobilizing the n-ZVI change the reaction rate constants for reducing the Cr(VI) versus
using n-ZVI. This was examined by running reactors with each of the systems and it was
determined that it greatly decreases the effectiveness of the n-ZVI, yet still allows for
adequate reduction in the system. The next question to be answered was how effective
catalysts additions to the matrix in combination with the n-ZVI actually would be at
increasing the reaction rate constant and rendering it more like the reaction with the nZVI. To determine this, Co-PPIX and Co-Uro were added to the matrices with n-ZVI at
different addition rates to determine the overall effectiveness of the metalloporphyrin
additions. The additions of Co-PPIX and Co-Uro were completed at ratios of 1500:1,
750:1, 400:1 and 100:1 for n-ZVI to metalloporphyrins. The n-ZVI concentration in the
cryogel stayed the same while the metalloporphyrin concentration was what actually
changed. After doing this, it was determined that the additions of Co-PPIX and Co-Uro
do effect the reaction rate constants of the immobilized n-ZVI by increasing the reaction
rate constants for the reduction of Cr(VI), although never equaling the reduction rate
constants of Cr(VI) when using n-ZVI. Finally, a comparison of the reaction rate
constants between reactors with Co-PPIX and Co-Uro additions were necessary to
determine the effect of the solubility of the metalloporphyrins for their overall
effectiveness as a catalyst. The reaction rate constants for the Co-Uro additions were
greater than for Co-PPIX additions at addition rates of 1500:1, 750:1, and 400:1, but the
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cryogel with Co-PPIX additions at 100:1 was better than any other catalyzing and
reducing cryogel tested.

V.B.

Future Work
The concept of immobilizing these reductants and catalysts to increase the

effectiveness as a remediation tool is still in its early stages. Fortunately, this leads to
more questions that can be tested in the future through completion of future projects.
Some interesting areas to focus future projects would be to utilize different catalysts,
complete tests with different Co-Uro and Co-PPIX ratios, and also test these cryogels in
reactors with different contaminants.
While Co-Uro and Co-PPIX were used as catalysts for the reaction between nZVI and Cr(VI), there are many other catalysts that could be used. Co-Uro and Co-PPIX
are naturally occurring materials, and so are CPIII and Vitamin B12, which are two other
materials that can also catalyze this reaction coupling (Zhang, 2010). Another avenue to
consider when changing the catalysts is with the central atom of the Co-Uro or Co-PPIX.
The central atom does not have to be cobalt and can actually be any number of different
metals. In fact, iron and nickel have been used as the central atom and have actually
shown differences in their catalyzing effectiveness (Estes, 2011). While these other
catalysts have been proven effective with catalysis, these catalysts have not been
immobilized with the n-ZVI in cryogels. It would be useful to look at how the reaction
rate constants could differ if Ni-Uro, Fe-PPIX, Co-coproporphyrin, or Vitamin B12 were
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immobilized with n-ZVI, and the resulting cryogel was used for reduction of Cr(VI) in
simulated groundwater batch reactors.
Another possibility for future work would be to immobilize Co-PPIX and Co-Uro
with the n-ZVI at different ratios other than 1500:1, 750:1, 400:1, and 100:1. By using
ratios between 400:1 and 100:1, it may be possible to find the inflection point where the
addition of Co-PPIX becomes more advantageous than the Co-Uro addition for the
catalysis of Cr(VI) reduction by n-ZVI. Other ratios at higher concentrations such as
50:1, 25:1, or even 1:1 could also be tested to see how closely the reaction rate constants
of catalyzed reaction could actually compare to the reaction rate constants of the n-ZVI.
Finally, many times Cr(VI) is not the only contaminant located in contaminated
groundwater zones. Often times, Cr(VI) can be found with other contaminants including
organics and inorganics that can use reduction as a means of remediation. Some of these
other contaminants could possibly be chlorinated solvents or other heavy metals such as
hexavalent uranium (U(VI) (Kennedy, 2005; Estes, 2011). Extremely limited research
has been completed using immobilized n-ZVI as a reductant for these contaminants, and
it would be useful to complete more of this research. Other aspects of this research would
be to not only test the effectiveness of immobilized n-ZVI as a reductant for chlorinated
solvents or U(VI), but also to test the effectiveness of the cryogels containing both n-ZVI
and catalysts. Finally, instead of looking at these contaminants only in reactors by
themselves, it would be interesting to examine these contaminants together in the reactors
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to determine if there is any certain affinity by the n-ZVI or catalyst to remediate certain
contaminants first.
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VI.

Appendix

VI.A.

Data Utilized for This Research

VI.A.i.

Data to Determine Reaction Rate Constants of Systems with no
Metalloporphryin Additions
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Figure 6-1: Data from Control Reactors.
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Figure 6-2: Data for kf of n-ZVI Reactors.
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Figure 6-3: Data for ks of n-ZVI Reactors.
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Figure 6-4: Data from Blank cg Batch Reactors.
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Figure 6-5: Data for kf of 1:0 Batch Reactors.
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Figure 6-6: Data for ks of 1:0 Batch Reactors.
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Table 6-1: Summary of reaction rate constants for systems with no
metalloporphyrin additions.
Control
0-60
Run 1
0.0006
Run 2
-0.0001
Run 3
-0.0005
0±0.0006
n-ZVI
run 1
run 2
run 3
Average

0-5
0.163
0.1338
0.1374
0.1447±0.0159

Blank cg
Run 1
Run 2
Run 3
Average

0-60
-0.0003
-0.0006
-0.0004
0.0000±0.0002

1:0 cg
Run 1
Run 2
Run 3
Average

0-20
0.0107
0.0138
0.0121
0.0122±0.0016
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10-60
0.0343
0.0464
0.0177
0.0328±0.0144

30-60
0.0091
0.0066
0.0082
0.0080±0.0013

VI.A.ii.

Data to Determine Reaction Rate Constants of Systems with Co-PPIX
Additions
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Figure 6-7: Data from kf of 100:1P Batch Reactors.
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Figure 6-8: Data from ks of 100:1P Batch Reactors.
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Figure 6-9: Data from kf of 400:1P Batch Reactors.
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Figure 6-10: Data from ks of 400:1P Batch Reactors.
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Figure 6-11: Data from kf of 750:1P Batch Reactors.
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Figure 6-12: Data from ks of 750:1P Batch Reactors.
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Figure 6-13: Data from kf of 1500:1P Batch Reactors.
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Figure 6-14: Data from ks of 1500:1P Batch Reactors.
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Figure 6-15: Data for 750:1P only Batch Reactors.
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Table 6-2: Summary of reaction rate constants for systems with Co-PPIX
additions.
100:1P
0-2
5-60
Run 1
0.1364
0.0222
Run 2
0.1378
0.0171
Run 3
0.1482
0.0183
Average
0.1408±0.0064
0.0192±0.0027
400:1P
Run 1
Run 2
Run 3
Average

0-5
0.0407
0.0451
0.0359
0.0406±0.0046

10-60
0.0139
0.0086
0.0105
0.0110±0.0027

750:1P
Run 1
Run 2
Run 3
Average

0-5
0.0313
0.0489
0.0304
0.0369±0.0104

10-60
0.0089
0.0071
0.0077
0.0079±0.0009

1500:1P
Run 1
Run 2
Run 3
Average

0-2
0.0419
0.0201
0.0328
0.0316±0.0109

5-60
0.0096
0.0068
0.0075
0.0080±0.0015

750:1P only
Run 1
Run 2
Run 3
Average

0-60
0.0007
-0.0004
0
0.0001±0.0001
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VI.A.iii.

Data to Determine Reaction Rate Constants of Systems with Co-Uro
Additions
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Figure 6-16: Data from kf of 100:1U Batch Reactors.
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Figure 6-17: Data from ks of 100:1U Batch Reactors.
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Figure 6-18: Data from kf of 400:1U Batch Reactors.
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Figure 6-19: Data from ks of 400:1U Batch Reactors.
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Figure 6-20: Data from kf of 750:1U Batch Reactors.
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Figure 6-21: Data from ks of 750:1U Batch Reactors.
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Figure 6-22: Data from kf of 1500:1U Batch Reactors.
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Figure 6-23: Data from ks of 1500:1U Batch Reactors.
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Figure 6-24: Data for 750:1U only Batch Reactors.
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Table 6-3: Summary of reaction rate constants for systems with Co-Uro additions
100:1U
0-2
5-60
Run 1
0.0871
0.0144
Run 2
0.103
0.0173
Run 3
0.0987
0.0167
Average
0.0963±0.0082
0.0161±0.0015
400:1 U
Run 1
Run 2
Run 3
Average

0-5
0.0405
0.0375
0.0368
0.0383±0.0020

10-60
0.0091
0.015
0.0127
0.0123±0.0030

750:1U
Run 1
Run 2
Run 3
Average

0-10
0.0233
0.0138
0.0294
0.0222±0.0079

20-60
0.0123
0.0116
0.007
0.0103±0.0029

1500:1U
Run 1
Run 2
Run 3
Average

0-5
0.025
0.021
0.0218
0.0226±0.0021

10-60
0.0088
0.0096
0.008
0.0088±0.0008

750:1U only
Run 1
Run 2
Run 3
Average

0-60
-0.0001
-0.0001
0
-0.0001±0.0001
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VI.B. Experimental Matrices of This Work; Estes, 2011; and Zhang, 2010
Table 6-4: Experimental matrix for research in Estes, 2011.
pH

Contaminant

2.0
2.0
2.0
2.0
2.0
2.0
6.0
6.0
6.0
2.0
2.0
4.0
4.0

U(VI)
U(VI)
U(VI)
U(VI)
U(VI)
U(VI)
U(VI)
U(VI)
U(VI)
Cr(VI)
Cr(VI)
Cr(VI)
Cr(VI)

Contaminant
Concentration
10-5 M
10-5 M
10-5 M
10-5 M
10-5 M
10-5 M
10-6 M
10-6 M
10-6 M
10-4 M
10-4 M
10-4 M
10-4 M

Reductant
n-ZVI
n-ZVI
None
n-ZVI
n-ZVI
n-ZVI
n-ZVI
None
n-ZVI
n-ZVI
n-ZVI
n-ZVI
n-ZVI

Reductant
Loading
3.3g/L
0.33g/L
None
Unknown
Unknown
Unknown
3.3g/L
None
Unknown
0.5g/L
Unknown
0.5g/L
Unknown

Immobilization Immobilizer
Loading
None
None
None
None
Silica Cryogel 3.3g/L
Silica Cryogel 3.3g/L
Silica Cryogel 0.43g/L
Silica Cryogel 0.086g/L
None
None
Silica Cryogel 3.3g/L
Silica Cryogel 3.3g/L
None
None
Silica Cryogel 0.5g/L
None
None
Silica Cryogel 0.5g/L
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Catalysts

Catalyst Loading

None
None
None
None
None
None
None
None
None
None
None
None
None

None
None
None
None
None
None
None
None
None
None
None
None
None

Table 6-5: Experimental matrix for research in Zhang, 2010.
pH

Contaminant

Unknown
Unknown
8.3
10.0
7.0
7.0
7.0
7.0
8.0
7.0
7.0
7.0
8.0
8.0
7.0
7.0
7.0
7.0
7.0
6.0
7.0
7.0
7.0
7.0
6.0
7.0
7.0

Cr(VI)
Cr(VI)
Cr(VI)
Cr(VI)
Cr(VI)
Cr(VI)
Cr(VI)
Cr(VI)
Cr(VI)
Cr(VI)
Cr(VI)
Cr(VI)
Cr(VI)
Cr(VI)
Cr(VI)
Cr(VI)
Cr(VI)
Cr(VI)
Cr(VI)
Cr(VI)
Cr(VI)
Cr(VI)
Cr(VI)
Cr(VI)
Cr(VI)
Cr(VI)
Cr(VI)

Contaminant
Concentration
2.5 x 10-5 M
2.6 x 10-5 M
2.6 x 10-5 M
2.6 x 10-5 M
10-4 M
10-4 M
10-4 M
10-4 M
10-4 M
10-4 M
10-4 M
10-4 M
10-4 M
10-4 M
10-4 M
10-4 M
10-4 M
10-4 M
10-4 M
10-4 M
10-4 M
10-4 M
10-4 M
10-4 M
10-4 M
10-4 M
10-4 M

Reductant
Na2S2O4
Vitamin C
Vitamin C
Vitamin C
m-ZVI
m-ZVI
m-ZVI
m-ZVI
m-ZVI
m-ZVI
m-ZVI
m-ZVI
m-ZVI
m-ZVI
m-ZVI
m-ZVI
m-ZVI
m-ZVI
n-ZVI
n-ZVI
n-ZVI
n-ZVI
m-ZVI
n-ZVI
n-ZVI
n-ZVI
n-ZVI

Reductant
Loading
3.5 x 10-5 M
4.0 x 10-5 M
4.0 x 10-5 M
4.0 x 10-5 M
1.7 g/ L
2.5 g/ L
3.4 g/ L
5.0 g/ L
1.7 g/ L
1.7 g/ L
1.7 g/ L
1.7 g/ L
1.7 g/ L
1.7 g/ L
1.7 g/ L
1.7 g/ L
1.7 g/ L
1.7 g/ L
0.1 g/ L
0.1 g/ L
0.1 g/ L
0.1 g/ L
1.7 g/L
0.1 g/ L
0.1 g/ L
0.1 g/ L
0.1 g/ L
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Immobilization
None
None
None
None
None
None
None
None
None
None
None
None
None
None
None
None
None
None
None
None
None
None
Sol-gel
Sol-gel
Ca-Alginate
Ca-Alginate
Ca-Alginate

Immobilizer
Loading
None
None
None
None
None
None
None
None
None
None
None
None
None
None
None
None
None
None
None
None
None
None
Unknown
Unknown
Unknown
Unknown
Unknown

Catalysts
None
None
Vitamin B12
Vitamin B12
None
None
None
None
None
Vitamin B12
Vitamin B12
Vitamin B12
Vitamin B12
Vitamin B12
Proto-Co
Proto-Fe
Uro-Co
Uro-Fe
None
None
Vitamin B12
Vitamin B12
Vitamin B12
Vitamin B12
None
None
Vitamin B12

Catalyst
Loading
None
None
2.0 x 10-5 M
2.0 x 10-5 M
None
None
None
None
None
10-5 M
2.0 x 10-5 M
3.0 x 10-5 M
3.0 x 10-5 M
4.0 x 10-5 M
2.0 x 10-5 M
2.0 x 10-5 M
2.0 x 10-5 M
2.0 x 10-5 M
None
None
1.0 x 10-7 M
5.0 x 10-7 M
2.0 x 10-5 M
5.0 x 10-7 M
None
None
5.0 x 10-6 M

Table 6-6: Experimental matrix for this research.
pH

Contaminant

Reductant

Cr(VI)
Cr(VI)
Cr(VI)
Cr(VI)
Cr(VI)
Cr(VI)
Cr(VI)
Cr(VI)

Contaminant
Concentration
10-4 M
10-4 M
10-4 M
10-4 M
10-4 M
10-4 M
10-4 M
10-4 M

7.0
7.0
7.0
7.0
7.0
7.0
7.0
7.0

7.0
7.0
7.0
7.0
7.0

Immobilizatio
n
Bare
Silica Cryogel
Silica Cryogel
Silica Cryogel
Silica Cryogel
Silica Cryogel
Silica Cryogel
Silica Cryogel

Immobilize
r Loading
none
1.5g/L
1.5g/L
1.5g/L
1.5g/L
1.5g/L
1.5g/L
1.5g/L

Catalysts

n-ZVI
None
n-ZVI
n-ZVI
n-ZVI
n-ZVI
n-ZVI
None

Reductant
Loading
0.034g/L
none
0.034g/L
0.034g/L
0.034g/L
0.034g/L
0.034g/L
0.034g/L

Cr(VI)
Cr(VI)
Cr(VI)
Cr(VI)
Cr(VI)

10-4 M
10-4 M
10-4 M
10-4 M
10-4 M

n-ZVI
n-ZVI
n-ZVI
n-ZVI
None

0.034g/L
0.034g/L
0.034g/L
0.034g/L
0.034g/L

Silica Cryogel
Silica Cryogel
Silica Cryogel
Silica Cryogel
Silica Cryogel

1.5g/L
1.5g/L
1.5g/L
1.5g/L
1.5g/L

Co-Uro
Co-Uro
Co-Uro
Co-Uro
Co-Uro

84

None
None
None
Co-PPIX
Co-PPIX
Co-PPIX
Co-PPIX
Co-PPIX

Catalyst Loading (molar
basis n-ZVI:Catalysts)
None
None
None
1500:1
750:1
400:1
100:1
Same ratio of PPIX:sol-gel
as for sol-gel with 750:1
n-ZVI:Uro ratio
1500:1
750:1
400:1
100:1
Same ratio of Uro:sol-gel
as for sol-gel with 750:1
n-ZVI:Uro ratio

VII.
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