





Chlorophenol and Phenol (99.9%) were purchased from Fisher. Compressed nitrogen and hydrogen
(99.99% and 99.9%, respectively) were purchased from AirGas.

Creation of viral template Pd nanoparticle catalysts

Preparation of Gold Chips

Pre-cut gold chips (approx. 7 um in width, 25 um in length) were cleaned using a sequence of
acetone, isopropanol, then methanol (20 min. each, shaking). The chips were rinsed after each solvent
wash with ultrapure water. After the final rinse, the chips were dried using compressed nitrogen. A
plasma etcher was used to clean the chips, one at a time, before the introduction of TMV1cys. The
container was evacuated to 20 millibar followed by plasma etching at full power for 3 minutes.

Self-Assembly of TMV1cys scaffolds and metallization

TMV1cys solutions (100 pug/mL) were prepared using 2x SSC buffer and 1mg/mL TMV1cys stock.
Chips were placed in 300 uL of solution overnight immediately after plasma etching. After self-assembly,
the chips were washed with ultrapure water and dried with compressed nitrogen. For palladium
metallization, chips are placed in approximately 1 mL of 5.0 mM Na,PdCl, in 0.15 M NaPH,0, for 20
minutes. After reaction, the chips are removed, washed with ultrapure water, and dried with
compressed nitrogen. Figure 1 illustrates the process.

Figure 1: Preparation of TMV1cys - Pd catalysts
Demonstration of catalytic activity for chlorophenol hydrodechlorination

Reaction Conditions

10 mL flasks with septum caps were charged with 6 mL of 200 ppm 2-Chlorophenol and one
catalyst chip, shown in figure 2. Flasks were stirred with a magnetic stirrer at approximately 200 rpm
and maintained at room temperature. Hydrogen gas was sparged into the reactor using a needle at
around 20 mL/min. Liquid samples of 100 uL were taken every 1 hour and refridgerated at 4°C until
HPLC analysis. The reaction which occurred is shown in equation 1:

CeHsClO + Hy — C4Hg0 + HCI (1)



Figure 2: Hydrodechlorination reactor. The two needles in each flask are to allow for hydrogen flow in and out of the flask
(green and yellow, respectively).

HPLC Analysis

Samples were analyzed by HPLC using a C18 column and a mobile phase of 70% water, 30%
acetonitrile (1 mL/min). UV detection was carried out at 275 nm, and spectrums were integrated to find
peak area. Standard solutions of 2-chlorophenol and phenol were prepared, with concentrations ranging
from 300 ppm to 25 ppm (2-chlorophenol) and 200 ppm to 10 ppm (phenol).

Calculation of Percent Removal and Apparent Rate Constants
2-Chlorophenol removal was calculated by using a standard curve to determine concentrations,
followed by using equation 2 to calculate the time dependent percent removal of 2-chlorophenol.

_ (2¢p© - 20p(®))

%Removal(t) = 20p(0) %X 100%(2)

Time dependent concentrations of phenol production were calculated from a phenol standard curve.
First-order air stripping kinetics were determined for all three controls and the TMV-Pd catalysts. For
samples without phenol production, equation 3 describes the rate of removal of 2-chlorophenol.

dCep

dt = kair CCp ®A3)

This differential equation was solved and linearized to develop an equation for the air stripping rate
constant, k,;, shown in equation 4.



In <Ccp ®

Ccp(0)> = kairt(4)

The k,,constant was determine from the slope of the line of experimental data. For samples which
produced chlorophenol, it was not possible to use the same approach, since chlorophenol was depleted
both by air stripping and by reaction with the catalyst. Equation 5 describes the rate of removal of
chlorophenol in these systems.

dCe,
dt

= kairCcp ®+ ernCcp(t)(S)

Where k,;is the first order rate constant for the air stripping component and k,,, is the first order rate
for the catalytic reaction. Solving this differential equation yields equation 6, the time-dependent
concentration profile of 2-chlorophenol.

Ccp ®) = Ccp (V) e_(kair+ern)t(6)

However, because it is impossible to separate the rate of air stripping from the rate of reaction from the
2-chlorophenol data alone, k,,, must be determined from the phenol concentration data. From equation
1, the rate of production of phenol is equal to the rate of reaction of 2-chlorophenol, expressed in
equation 7.

dCpp,
dt

= Krxn Cep ®)

Substituting equation 6 into equation 7 and solving yields equation 8, the time dependent concentration
profile of phenol.

CCP (0)krxn _ Ccp (O)erne_(kair"'ern)t
kair + Kixn Kair + Kpon,

Con(0) = (8)
Using MATLAB, it was possible to fit parameters for k,,and k., to the experimental data to find
appropriate values for each rate constant.

Catalyst Deactivation Study
Catalysts were studied for possible deactivation by analysis with atomic force microscopy (AFM)
to determine surface topology. Scans were performed at 3um and 1um square sizes.

Air Stripping Trials
Reaction conditions were mimicked without the presence of a catalyst chip for solutions of 2-
chlorophenol and phenol. Concentrations were measured every hour using an HPLC.

Temperature Stability Study

The TMV1cys chips, both metallized and non-metallized, were subjected to temperatures of
80°C, 110°C, and 140°C for 1 hour. AFM scans were performed before and after to determine if high
temperatures disfigured the catalysts.



Results

Catalyst Preparation

Catalysts were prepared by self-assembling TMV1cys on cleaning gold chips, followed by
subsequent metallization with palladium. AFM images show the changes in surface topology in each
step, shown in figure 3. In the first image, only a smooth gold surface is seen, with slight indentations
occurring on the surface. In figure 2, TMVs are scattered on top of the gold, binding to the gold surface
and to each other through sulfhydryl bonds. In the third image, the catalyst is complete, with palladium
nanoparticles covering the surface of the chip.Of particular note is how the metal particles bind
preferentially to the TMVs in the rightmost picture, showing the affinity of the palladium nanoparticles
to nucleate on the cysteine residues. Figure 4 shows a three dimensional plot of the TMV1cys-Pd
catalyst, showing the roughness of the surface. This roughness is an important benefit, as it greatly

increases the available surface area of the chip.
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Figure 3: Changes in surface topology in catalyst preparation
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Figure 4: AFM 3d surface map of the TMV1cys catalyst chip.



Demonstration of Catalytic Activity

Catalysts were added to flasks containing 200ppm 2-chlorophenol and a constant hydrogen
sparge to determine their effectiveness. Samples taken every hour were analyzed using HPLC, with
optical detection at 275 nm. An example chromatogram for the TMV1cys-Pd chip is shown in figure 5.
The results show the peaks at each time point. The initial peak is an injection disturbance, and is
constant across all samples. The next peak is phenol, and increases with time. The last (rightmost) peak
is 2-chlorophenol, and diminishes with time. These results establish qualitatively the effectiveness of the
TMV1cys-Pd catalyst.
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Figure 5: Chromatograms for TMV1cys-Pd sample. Peaks (from left to right): injection, phenol, 2-chlorophenol.

Percent Removal and Reaction Rate Analysis

Standard curves for 2-chlorophenol and phenol stock solutions were prepared by integrating the
peak area for known concentrations. Comparison of peak integrations for other samples to these values
allowed for quantitative analysis on the reaction kinetics. The results for 2-chlorophenol removal
(calculated using equation 2) are shown in figure 6, along with the phenol concentrations at each time
point. The chips studied are Au (plain gold chip), TMV (TMV1cys on gold chip, no palladium), Au — Pd
(palladium deposited on gold chip, no TMV), and TMV Pd (TMV1cys with palladium nanoparticles).
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Figure 6: 2-chlorophenol removal and phenol concentration for catalyst and control chips.

The results show that all samples demonstrated a high and similar level of 2-chlorophenol
removal. This result is likely due to air stripping of 2-chlorophenol, a volatile compound, by the gaseous
hydrogen feed. However, phenol is only seen in chips containing palladium. In addition, the phenol
production is slightly higher (although likely within experimental error) in the Au — Pd sample than in
TMV Pd. This result indicates there is little advantage in this experiment of the TMV scaffold. However,
its beneficial to separate the air stripping kinetics from the reaction taking place, so the controls and
catalyst chip can be more accurately compared. To do this, equations 4 and 8 are fit to the experimental
data to determine values for k,;,the air stripping first order rate constant, and k., the first order
reaction rate constant. Plots illustrating the calculation of these rate constants are shown in figure 7 and

8.
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Figure 7: k;, calculations for Au and TMV
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Figure 8(a,b): Left (a) and Right (b), nlinfit for Au— Pd and TMV - Pd (respectively) phenol production to determine k,,, and

Kair-

Values for k., and k,,, are tabulated in table 1 below. The results show that the k,, is only
present in samples with palladium, showing that palladium is essential to the hydrodechlorination
reaction. In addition, the values for k, are smaller for samples with palladium, implying that the
presence of palladium inhibits the air-stripping of 2-chlorophenol. This effect is likely caused by surface
absorption of the reactants on the palladium nanoparticles. If this is indeed the case, the lower air-
stripping coefficient for Au - Pd and Au than equivalent TMV samples may suggest that, after palladium,
the 2-chlorophenol binds better to gold than TMV. This is also a reasonable explanation, as although the
chemisorption potential of gold is typically fairly low due to its filled 5d orbital, it likely has a higher
potential for binding 2-chlorophenol than the proteinaceousTMV capsule. Unfortunately, due to lack of
available data, similar air stripping of the phenol was unable to be investigated. This is likely a significant

factor and may have altered the calculated constants in table 1.



Table 1: Tabulation of first order rate constants k,;. and k,,,

Sample Kair Ken
Au 0.7101 0
TMV 1.141 0
Au-Pd 0.5114 0.2346
TMV - Pd 0.6348 0.2326

Catalyst Deactivation

TMV-Pd samples were imaged using AFM before and after reaction to determine the extent of
deactivation. The results are shown in figure 9. The results show very little change in the surface
topology of the catalysts before and after reaction. These results mean that the activity of the catalysts
is hopefully not altered appreciably from only one run, which is essential in industrial applications.
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Figure 9: Deactivation of TMV1cys - Pd catalysts

Temperature Stability Study

TMV1cys — Pd and TMVilcys catalyst chips were exposed to 80°C, 110°C, and 140°C
temperatures for one hour to determine if high temperatures eliminated catalytic activity. AFM images
before and after the temperature study are shown in figure 10. The images show that there is very little
difference in surface topology before and after heating, even at temperatures up to 140°C. These results
indicate that the catalyst likely retains its catalytic activity, even at high temperatures. This is a good
indication for industrial applicability and ability for TMV1cys — Pd to be used for additional reactions
which require nanoscale palladium catalysts, even at elevated temperatures.
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Figure 10: Temperature Study - TMV1cys and TMV1cys - Pd chips before and after heating at the designated temperature



Air Stripping Trials

Vials were loaded with solutions of chlorophenol and phenol under constant hydrogen sparge to
verify if air stripping occurred without the presence of a catalyst chip. Figure 1 shows that over time, the
concentrations of 2-chlorophenol decrease significantly, while those of phenol do not. These
observations are supported by vapor pressure values of phenol and 2-chlorophenol, found in their
respective MSDS’s. Phenol which has a vapor pressure of 0.357 mmHg (20°C) is much less volatile than
2-chlorophenol, with a vapor pressure of 2.2 mmHg (20°C). Errors with the HPLC prevented some data
points with the phenol sample from yielding results. HPLC results also indicated the presence of trace
levels of phenol in the 2-chlorophenol sample, perhaps evidence of hydrodechlorination. These results
indicate that 2-chlorophenol is removed from solution more readily than phenol, implying the above
rate analysis is justified.
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Figure 11: Air Stripping for 2-Chlorophenol and Phenol samples. Time points with significant noise were not displayed.

Discussion

The catalytic activity of the viral template nanoparticles discussed in this study may have a
profound impact on the treatment of wastewater contaminated with chlorinated hydrocarbons.
Because current methods often use prohibitively expensive levels of palladium, maximizing the activity
and stability of the catalyst is essential. The results discussed above constitute a preliminary study of the
palladium catalyzed reaction and help point to where further investigation is needed. Primarily, a more
fundamental understanding of the rate law associated with the reaction is needed. This could be
determined by running additional experiments, such as varying the mixing rate to determine if the
reaction is diffusion limited, varying the concentration of 2-chlorophenol and hydrogen to synthesize an
appropriate rate law, and varying the reaction temperature to determine the activation energy and pre-
exponential constant of the rate constant. In addition, deactivation kinetics must be determined by re-
using the same chip multiple times to determine successive reaction rates. In order to more reliably
separate the reaction kinetics from air stripping, aqueous hydrogen donors such as sodium formate
should be used. This substitution will also allow for a more fine-tuned control of hydrogen concentration
during rate studies. Finally, the amount of palladium on the catalyst chip must be reliably determined in



order to compare this method of preparation to the many other alternatives presented in the
introduction. TMV1cys — Pdcatalysts potentially possess a very high activity per gram of Pd ratio,
although further studies are needed to properly understand the reaction kinetics.



Bibliography

2-chlorophenol: MSDS. Oxford University, March 15, 2005. http://msds.chem.ox.ac.uk/CH/2-
chlorophenol.html

Agency for Toxic Substances and Disease Registry."Case Studies in Environmental Medicine (CSEM):
Trichloroethylene Toxicity, Where is Trichloroethylene Found?" Retrieved December 12,
2009http://www.atsdr.cdc.gov/csem/tce/tcewhere_found.html

Atkins, P., Overton, T., Rourke, J., Weller, M., & Armstrong, F. Inorganic Chemistry (Fourth ed.). Saku
Printing House, Delhi 110062: Oxford University Press.

Chen, J. X., Zhou, J. J., Wang, R. J., & Zhang, J. Y. (2009). Preparation, Characterization, and Performance
of HMS-Supported Ni Catalysts for Hydrodechlorination of Chorobenzene. [Article]. Industrial &
Engineering Chemistry Research, 48(8), 3802-3811. doi: 10.1021/ie801792h

chlorophenol. (2009). In Encyclopaedia Britannica. Retrieved December 12, 2009, from Encyclopadia

Britannica Online: http://www.britannica.com/EBchecked/topic/113713/chlorophenol

Davie, M. G., Cheng, H. F., Hopkins, G. D., Lebron, C. A., & Reinhard, M. (2008). Implementing
Heterogeneous Catalytic Dechlorination Technology for Remediating TCE-Contaminated
Groundwater. [Article]. Environmental Science & Technology, 42(23), 8908-8915. doi:
10.1021/es8014919

Gomez, M., Matafonova, G., Gomez, J. L., Batoev, V., & Christofi, N. (2009). Comparison of alternative
treatments for 4-chlorophenol removal from aqueous solutions: Use of free and immobilized
soybean peroxidase and KrCl excilamp. [Article]. Journal of Hazardous Materials, 169(1-3), 46-
51. doi: 10.1016/j.jhazmat.2009.03.059

Hara, T., Kaneta, T., Mori, K., Mitsudome, T., Mizugaki, T., Ebitani, K., et al. (2007). Magnetically
recoverable heterogeneous catalyst: Palladium nanocluster supported on hydroxyapatite-
encapsulated [gamma]-Fe203 nanocrystallites for highly efficient dehalogenation with
molecular hydrogen. Green Chemistry, 9(11), 1246-1251.

Levine, M. D., & Gresham, C. |. Toxicity, Hydrocarbons Retrieved December 12, 2009, from
http://emedicine.medscape.com/article/821143-overview

Miyake, Y., Sakoda, A., Yamanashi, H., Kaneda, H., & Suzuki, M. (2003). Activated carbon adsorption of
trichloroethylene (TCE) vapor stripped from TCE-contaminated water. [Article]. Water Research,
37(8), 1852-1858. doi: 10.1016/s0043-1354(02)00564-x

Nutt, M. O., Heck, K. N., Alvarez, P., & Wong, M. S. (2006). Improved Pd-on-Au bimetallic nanoparticle
catalysts for aqueous-phase trichloroethene hydrodechlorination. [Article]. Applied Catalysis B-
Environmental, 69(1-2), 115-125. doi: 10.1016/j.apcatb.2006.06.005

Phenol; MSDS. Georgia Gulf, August 2007, Plaguemine, LA.
http://www.sciencelab.com/msds.php?msds|d=9926463

Solomons, T. W. G., & Fryhle, C. B. Organic Chemistry (Ninth ed.): John Wiley & Sons, Inc.



http://msds.chem.ox.ac.uk/CH/2-chlorophenol.html�
http://msds.chem.ox.ac.uk/CH/2-chlorophenol.html�
http://www.britannica.com/EBchecked/topic/113713/chlorophenol�

