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ABSTRACT

Butanol derived from biological feedstocks has significant potential as a liquid fuel
source, but the separation methods used in its production can be prohibitively expensive and are
therefore currently the subject of extensive research. Pervaporation is a promising membrane
process that is effective in butanol separations, but involves a large energy demand. This study
examines the possibility of increasing flux and energy efficiency in pervaporation via plasmonic
heating of gold nanoparticle-functionalized, polymer nanocomposite membranes (AUNCMS) in
lieu of conventional feed heating. An economic analysis demonstrated that plasmonic
pervaporation could achieve significant reductions in energy usage and utility cost in butanol
production. A novel plasmonic pervaporation system was constructed to evaluate the process
experimentally. The system included uniform laser excitation and infrared thermal analysis of
the membrane surface, as well as automated operation. AuNCMSs, fabricated by reduction of
tetrachloroauric acid by the polymer crosslinker, demonstrated stable temperature increases and
flux enhancements (>100%) that increased with gold content and incident laser power.

A thermal model was developed to describe heat transfer in the system and enable
calculation of membrane laser absorption efficiencies and quantification of energy loss modes.
An economic investigation of the system performance was conducted by coupling the thermal
model with an empirical model for flux prediction. The analysis showed that the current system
performance was not sufficient to reduce the energy demand/utility cost versus conventional feed
heating due to: i) heat loss to the feed and ii) low laser absorption efficiencies. The latter effect
was significantly more detrimental economically and, if improved, could result in a 7-fold

increase in energy efficiency.



A spectroscopic analysis method was developed to approximate AuNCM physical and
optical properties to provide insights into why AuNCM absorption was low. The results
indicated that only a small fraction of added Au was effectively being converted to desirable,
light-absorbing nanoparticles. Evidence suggested that the remaining Au formed large, light-
scattering particles, reducing the absorption efficiency of the AuNCMs. The analysis
demonstrated that optimization of fabrication methods could potentially improve absorption
efficiencies to near 100%, making plasmonic pervaporation economically superior to

conventional methods.
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CHAPTER 1

INTRODUCTION TO PLASMONIC PERVAPORATION

1.1 MOTIVATION OF THE PRESENT WORK

Reduction of society’s dependence on fossil fuels remains one of the most pressing issues
facing scientists and engineers today. Considerable research is being done to increase the
viability of alternative energy sources such as wind, solar, and biofuels. In recent years, butanol
derived from biological sources, including bacterial fermentation of cellulosic feedstocks and
algae, has become increasingly popular as a potential liquid fuel source. Butanol boasts many
significant advantages relative to other biofuels. Most notably, butanol has the ability to be used
directly in unmodified gasoline engines, either pure or blended with gasoline in any
concentration, and it is not highly corrosive and can therefore be transported using the current
infrastructure. Additionally, it has a higher energy density and lower vapor pressure than ethanol

— the most widely used biofuel." >

These benefits make butanol highly attractive as part of the
eventual solution to society’s energy needs.

Since butanol is produced in a dilute aqueous solution, separation comprises a large part
of the production costs. In general, the economy of scale for chemical production favors large,
centralized operations, but for some biofuel feedstocks like those used for butanol production,

the cost of material transport can dominate and shift the economic balance toward smaller,

localized facilities. At these small scales, the economic feasibility of conventional distillation



falls and alternative separation techniques become more advantageous.” Additionally, since
butanol is produced in dilute solution, distillation is a particularly energy-intensive since butanol
has a higher boiling point than water. Researchers have projected that a pure distillation
approach to separating butanol from a conventional fermentation broth has an energy demand of
50%" to >100%" of the energy content of butanol. An internal economic analysis performed by
Dr. Jamie Hestekin’s research group demonstrated the utility cost associated with this distillation
can account for as much as 75% of the total operating cost of production. Thus, efficient
alternative butanol separation methods must be employed to make it economically competitive
with fossil fuels. One method that has recently garnered considerable attention is pervaporation.
Pervaporation is a membrane process that utilizes differences in vapor pressure as a
driving force for separation. Components are vaporized across the membrane at different rates
according to both their respective vapor pressures and their permeability in the membrane.
Pervaporation is an effective and environmentally friendly® means of overcoming azeotropes and

separating dilute solutions. For these reasons, butanol has found wide-ranging applications in

10, 11 12, 13

petroleum refining,”” organic-organic separations, alcohol dehydration, and the removal

of dilute organics from aqueous solutions such as those resulting from the production of

. 14-2
biofuels.!*?°

It is utilized both as a stand-alone process and also in hybrid distillation-
pervaporation processes as a finishing step to reduce energy demand.'” ' Even though
pervaporation is currently the subject of extensive research efforts, there is still significant room
for technological improvement.* >

The energy requirements of pervaporation can be substantial since the process is run at

elevated temperatures, the desired component is typically dilute, and the permeate must be

vaporized for the separation to occur. This vaporization induces two effects that reduce the



efficiency of the process: i) a thermal gradient from the feed to the permeate side of the

. 232
membrane which reduces mass transfer’> >

and ii) feed cooling which results in the need for
additional heating between membrane stages.”® The latter effect significantly increases the
process cost and is the subject of many investigations on reducing the energy demand of the
process. Other significant issues with current pervaporation technology include low production
rate (flux) and loss of efficiency due to concentration polarization in the separation of dilute
organics from aqueous solutions.”> This study examines a possible means of addressing each of
these issues by delivering energy to the membrane itself.
1.2 PLASMONIC HEATING IN GOLD NANOPARTICLES

Gold nanoparticles (AuNP) have generated wide interest due to their ability to undergo
thermoplasmonic heating induced by electromagnetic energy. Thermoplasmonic heating occurs
when incident light at resonant frequencies is absorbed by the NP causing collective oscillations
of conduction electrons on the NP surface. This resonant electron oscillation is known as
localized surface plasmon resonance (LSPR)*’ and as it decays, the excited electrons couple with
phonons (i.e. crystal lattice vibrations) in the NP causing an increase in thermal energy which is
then transferred to the NP environment by phonon-phonon coupling (see Figure 1.1).>*?° This
effect has been exploited in biomedical therapeutics including non-invasive photothermal tumor

31-33

cell ablation or targeted release of encapsulated materials,”* local protein or RNA

37-39

unfolding,3 > nanoscale substrate modiﬁca‘tion,3 ® nanomaterials modification, and improved

performance of catalytic systems.*"*
NP composition, size, morphology, and dielectric environment all affect the fraction of

incident light that is transmitted, scattered, or absorbed. The fraction of extinguished light

(scattered plus absorbed light) that is absorbed and converted to heat is defined as the



transduction e’fﬁciency.43 For AuNPs under certain conditions (size, refractive index, etc.), the
transduction efficiency approaches 100% meaning that virtually all extinguished light is
absorbed and converted to heat.**> Thus, AuNPs are highly efficient at capturing light and, with
their incorporation in certain systems, can be used to efficiently transduce light to thermal energy
in a target region while the remaining elements of the system are relatively unaffected.*
1.3 HYPOTHESIS

The hypothesis guiding this work was that the targeted input of energy via plasmonic
heating of AuNP-functionalized, polymer nanocomposite membranes (AuNCM) will increase
flux and energy efficiency in the pervaporation of butanol. Direct heating of the membrane in
this manner would eliminate the need to heat the entire feedstock as well as the need to reheat the
retentate between membrane stages since the heat of vaporization for the permeate would be
provided in the membrane. In practice, this could be achieved by highly efficient LED excitation
of the AuNP by an optical fiber/diffuser within the membrane module. This process would
benefit both a purely pervaporative separation as well as the integrated pervaporation-distillation
approaches discussed above wherein necessary heat makeup between pervaporation modules
causes both significant operating and capital costs."
1.4 POTENTIAL FOR ECONOMIC IMPACT

Two competing factors will determine the cost savings of the proposed process: 1) the
reduction in capital and utility costs due to increased flux and decreased energy demand and 2)
the increased costs associated with adding gold (Au) to the membrane and using electrical (LED)
heating as opposed to steam. An initial analysis of energy demand and utility cost reduction was
performed to estimate the savings that could be achieved from plasmonic pervaporation. The

analysis used a basis of a butanol fermentation from which butanol would be removed
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continuously by pervaporation before recycle of the broth to the fermenter. The energy
requirements include: 1) latent heat needed to vaporize permeate, 2) energy needed to heat
material to the pervaporation utility temperature, and 3) energy to cool retentate for recycle to the
fermenter. Pervaporation occurs at a selectivity of 45 and total flux of 518 g/m” h at 70 °C."
Energy is consumed in the system by steam heating the broth from the fermentation operating
temperature of 37 °C to 70 °C to feed the pervaporation system at a feed rate of 1440 mL/min
and cooling of retentate with cooling water from 70 °C to 37 °C (minus the energy lost from
evaporation) to recycle to the fermentor.”® ** Plasmonic heating of the membrane was assumed
to eliminate the need for steam heating and water cooling. This would occur as an increase of
membrane temperature from laser irradiation to achieve an equivalent flux, but with no loss of
energy by any mechanism other than vaporization.

The result is a reduction in energy use and utility cost by factors up to 12.2- and 5.7-fold,
respectively (see Figure 1.2). These reduction factors increase in proportion to the efficiency of
converting electricity to monochromatic light. This scenario assumes an ideal system in which
there is 100% absorption of incident light and no loss of heat to the feed. It is provided as the
limiting case for the system described above. The utility cost reduction factor at a large scale is
less than the energy reduction factor because cooling water and steam are cheaper at a large scale
than electricity. Consideration of the capacity for reduction of energy demand and utility cost
combined with the fact that energy cost accounts for a large percentage of the production cost of
biobutanol provides a strong basis of support for the potential cost savings of plasmonic
pervaporation.

1.5 SIGNIFICANT ADVANCES OF THE PRESENT WORK



A considerable amount of research and development is required to make plasmonic

pervaporation a viable process. The significant advances made in this study are listed below:

1.

A plasmonic pervaporation system was developed that enabled uniform laser excitation of
the membrane, thermal analysis of the entire membrane surface, and automated operation
and data capture.

AuNCMs were fabricated in varying concentration and utilized in the plasmonic
pervaporation system, demonstrating flux enhancements up to 117% that increased
according to Au content and incident laser power.

The thermal behavior of the AuNCMs in operation was described using a continuum heat
transfer model to quantify the modes of energy loss from the system and the AuNCM
absorption efficiencies.

The heat transfer model was coupled with an empirical relation to predict flux based on Au
content and incident laser power to estimate realization of the economic impact predicted
above.

A method was developed to estimate AuNCM properties (concentration, gold utilization,

etc.) based on laser extinction, spectral analysis, Beer-Lambert’s law, and Mie theory.

Each of these advances will be discussed in detail in the following chapters. The final chapter

will summarize the findings of this study and suggest areas of focus for future work.
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Figure 1.1. Illustration of thermoplasmonic heating in AuNPs on silica substrates.
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CHAPTER 2

PLASMONIC PERVAPORATION

2.1 SIGNIFICANCE OF THE PRESENT WORK

This chapter details the design, operation, and performance of the plasmonic
pervaporation system. The purpose of plasmonic pervaporation is to reduce the energy demand
of pervaporation by direct heating of the AuNP-functionalized membrane to provide the requisite
heat of vaporization to the permeate and eliminate the need to heat the entire feedstock. High
flux is maintained by increasing the temperature of the membrane itself. The majority of the
current research in pervaporation energy demand reduction is focused on preventing or
recapturing heat lost due to vaporization of the permeate. This is typically facilitated by
complicated membrane module designs that heat the feed while it is in the module. Some
approaches have focused on capturing energy from the distillate vapor stream — in a hybrid
distillation-pervaporation system — by funneling it through a “heat integrated” pervaporation

47, 4
module.*” 8

A commercially available shell and tube type pervaporation membrane module
offered by Sultzer Chemtech enables isothermal operation by thermal fluid heating (steam or oil)
of the feed within the module itself.'”” Another method, termed “thermo pervap,” attempts to
recapture the heat of vaporization by condensation of the permeate from thermal contact with

incoming feed at a lower temperature. The feed still requires additional heating before exposure

to the membrane.”  While these approaches have demonstrated success in reducing energy



demand, they only serve to prevent or recapture feed thermal losses and are not designed to
increase flux, reduce base thermal energy demand, or break the thermal gradient that develops

23, 24 - -
3-24 Plasmonic pervaporation addresses

across the membrane reducing mass transfer efficiency.
each of these limitations.

Microwave heating has been shown to increase CO, permeabilities and diffusion
coefficients when applied to a membrane system,”*> but it has limited viability for the current
application due to its tendency to heat water (and butanol to a lesser extent) combined with its
inability to target the membrane. Additionally, direct local heating of membranes using resistive
electrical heating has previously been studied to reduce energy demand and improve flux and
selectivity in membrane separations. Boddeker et al. demonstrated that both flux and selectivity
could be increased in the pervaporation of high-boiling compounds by using a conductive steel
mesh as both an internal membrane support and resistive heater. The moderate improvements
were attributed to a reversal of the thermal gradient between the feed and permeate sides of the
membrane.”> In a similar system, resistive heating of a silicone rubber coated aluminum
membrane was used to allow isothermal operation in crossflow, ethanol/water pervaporation
modules at low flowrates.” However, these methods result in sacrificing a substantial amount of
expensive membrane area by incorporation of the large scale metal structures, potential contact
issues between the metal and polymer, and nonuniform membrane heating. These issues can all
be overcome by using nanoscale media excited by electromagnetic fields.

The use of AuNPs in filtration to increase flux is not without precedent. Vanherck et al.
have recently (2011) begun investigating the flux and selectivity effects of incorporating laser
heated AuNPs in cellulose acetate (CA) and polyimide (PI) nanofiltration membranes. It was

demonstrated that this technique increased the single component flux of ethanol substantially
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more than that of water under the same conditions in CA membranes — which the authors
concluded demonstrates an increase in flux without a reduction in selectivity — and that flux
could be increased without affecting solute rejection in dense PI membranes.”* >> However, the
work performed and the conclusions made had several limitations: thermal analysis of the
membrane in operation was not possible, measured fluxes were of single components and the
lack of reduced selectivity was attributed to heat transfer effects that would not be present in
mixtures, porous (pressure driven) rather than dense membranes were used and thus the driving
force is not affected, quantitative modeling of the effects was not performed, conclusions
regarding the energy demand were not fully explored, and a beneficial application was not
identified. The plasmonic pervaporation system enables each of these limitations to be addressed
and utilizes plasmonic heating where there is large economic advantage in terms of energy
demand.
2.2 PLASMONIC PERVAPORATION SYSTEM
2.2.1 Laser Pervaporation Cell and Experimental Setup

The entire experimental plasmonic pervaporation system setup, a detailed schematic of
the laser pervaporation cell, and an image of the cell in operation are shown in Figure 2.1. The
custom laser pervaporation cell forms the heart of the plasmonic pervaporation system. The cell
i1s comprised of two custom glass tubes (feed and permeate) and the membrane assembly. The
feed tube is fitted with a quartz window opposite the membrane for laser introduction and two
graduated pipettes that function as level indicators and enable continuous flux measurement. A
thermocouple was affixed to the outside of the feed tube 1.7 cm away from the membrane to
record the feed temperature at that point. The permeate tube is fitted with a vacuum port and a

germanium window located opposite the membrane. The germanium window is highly
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transparent to infrared (IR) radiation and allows the temperature of the entire membrane surface
(7178 individual points) to be evaluated using an IR camera (ICI 7320 P-Series, Infrared
Cameras Inc., Beaumont, TX). The active membrane area is circular with a 15 mm diameter

giving an area for each thermal node of ~2.5x10 mm?

. Sandwiched between the permeate and
feed tubes is the membrane assembly which includes two polydimethylsiloxane (PDMS) gaskets,
the AuNCM, and a stainless steel mesh that provides mechanical support as well as additional
laser absorption. The membrane assembly is held between the feed and permeate tubes by an
aluminum clamp/stand (seen in the image). A continuous wave, 532 nm diode laser (MXL-H-
532, CNI, Changchun, China) was used to heat the membrane. A power meter (PM310D,
Thorlabs, Newton, NJ) was used to measure incident laser power before and after each run to
ensure consistency.

The laser pervaporation cell was enclosed in a plexiglass box to minimize convection
currents. A small amount of air was continually drawn through the box to prevent butanol
buildup in the ambient environment. A vacuum pump (DV-4E, JB Industries Inc., Aurora, IL)
was used to evacuate the permeate side and permeate was condensed and captured using a cold
trap (dry ice and isopropyl alcohol). Permeate pressure was controlled using a vacuum regulator
(EW-07061-30, Cole-Parmer, Vernon Hills, IL) and continuous measurements were taken using
an absolute capacitance manometer (722B-100, MKS Instruments, Andover, MA), a data
acquisition card, and LabVIEW Signal Express (National Instruments, Austin, TX).

2.2.2 Automated Operation and Data Capture
The system was designed to enable automated operation and data collection. Permeate

pressure and membrane thermal images were recorded continuously using data acquisition

software. Permeate pressure was set and maintained between 1.8 and 2.2 torr for all experiments
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using the vacuum regulator. Feed level changes, as well as ambient condition readings
(temperature and humidity) and the feed temperature, were collected by taking intermittent
images (every 20 min) using a webcam and image acquisition software. Small styrofoam balls
were placed in the graduated level indicators to increase visibility of the liquid level. The images
were analyzed with a Matlab script to calculate flux rates using a measured conversion factor of
281.33 pixels/mL volume change. This equates to a level of discretization of 4.89 x 10 kg m™
h™ for 20-min readings; however, Matlab enabled evaluation of partial image pixels (<0.1 pixel)
and therefore the maximum level of discretization was significantly higher. The flux was

calculated as

j= apAp
A, At

(2.1)
where j is the pure butanol mass flux, p is the density of butanol, « is the conversion factor from
change in liquid level position to volume change, Ap is the change of liquid level position in the
level indicator (in pixels), 4,, is the active membrane area, and At is the time period over which
the liquid level change occurred (20 min).
2.2.3 Gold-PDMS Membranes

In order to achieve the most efficient use of incident light within the plasmonic
pervaporation system and realize the maximum economic impact, the nanocomposite membranes
utilized in the pervaporation system must: 1) be highly concentrated with AuNPs that absorb at
the excitation wavelength, 2) utilize facile, reproducible fabrication methods, and 3) be as cost-

effective as possible. A brief description of the AuNCMs used in this work is provided here, and

a full characterization with regard to these criteria is the subject of Chapter 4.
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Briefly, the AuNCMs were fabricated by mixing tetrachloroauric acid (TCA) in varying
concentrations in uncured PDMS to promote Au reduction to AuNPs facilitated by the silicon-
hydride active sites in the PDMS crosslinker.”® The solution was then spincoated on a glass slide
and cured at 150 °C to form dense AuNCMs with thicknesses between 74 and 79 microns.
Detailed fabrication methods and operational parameters are included in a manuscript currently
in preparation to be submitted for publication.’”” The AuNCMs were prepared in four
concentrations (0.1, 0.4, 0.6, and 0.75% Au by mass) and three batches were made at each
concentration. The resulting laser extinction capability, measured using the power meter as
incident power minus transmitted power, of each AuNCM from each batch is shown in Figure
2.2. The extinction measurements were taken with the AuUNCMs attached to glass substrates, but
the extinction fractions of the glass (0.08) and bare PDMS (0.07) were measured independently
and have been factored out of the values in the figure — therefore, on this scale, a 0.0% Au
membrane would have an extinction fraction of zero. Images of the AuUNCMSs are shown in the
Figure 2.2 inset. Laser extinction increased logarithmically as a function of total Au content in
the AuUNCM. Of particular note is the low variance in the relative extinction between batches at
the same concentration. The standard deviations of the extinction fraction values across batches
are 0.013, 0.021, 0.015, and 0.010 for 0.1, 0.4, 0.6, and 0.75% Au, corresponding to only 8.95,
4.72, 2.67, and 1.54% of the mean extinction fraction values, respectively. Thus, it is evident
that highly consistent laser extinction fraction values can be obtained by this method. This result
is compelling given the ease and rapidity of the fabrication technique, and it supports the
conclusion that even higher levels of reproducibility could be achieved with further optimization.

Pervaporation experiments were performed with one AuNCM from each of the three

lower concentrations and one bare PDMS membrane (0.0, 0.1, 0.4, and 0.6%). The 0.75%
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AuNCM did not fully cure, most likely due to overconsumption of crosslinker by the reduction
of Au, and was not suitable for use in the plasmonic pervaporation system. Each membrane was
tested at four levels of incident laser power: 0, 250, 500, and 750 mW for >10 h to ensure steady
state (SS) operation was reached. All analysis of SS operation data discussed below was taken
from the time period spanning 5-10 hours following pump startup.
2.3 PERVAPORATION PERFORMANCE
2.3.1 Thermal Behavior in Operation

Laser irradiation of the AuNCMs during operation of the plasmonic pervaporation system
resulted in stable increases in membrane temperature that rose according to membrane Au
content and incident laser power. The laser spot was expanded to irradiate the entire surface of
the membranes; however, the membranes developed a nonuniform thermal profile during
operation. The profile likely developed due to an uneven power distribution in the laser spot and
radial heat transfer from the membrane. To illustrate the variation in the thermal profile, Figure
2.3 shows box and whisker plots of membrane spatial thermal distributions averaged over the 5-
10 h period of the pervaporation experiments for the four membranes (0.0, 0.1, 0.4, and 0.6%
Au) at all four levels of laser irradiation (left to right, 0, 250, 500, and 750 mW). The average
(mean) temperature for each point is also shown (red diamonds). The inset in Figure 2.3 shows a
representative spatial thermal distribution across the membrane. The membrane thermal profile
appears parabolic with the highest temperatures concentrated slightly removed from the center
(likely due to power distribution in the laser spot). The maximum temperature spread across the
membrane grows with increasing laser power for all membranes, as does the difference between
the 1* and 3™ quartiles. Although the thermal distribution widens with laser power, the mean

and median of each data set remain very closely aligned. This alignment indicates that the
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spatial temperature profile of the membrane follows a normal distribution and the average
temperature of each set can be treated as a representative value. Thus, the average temperature
will be used in all further discussion and modeling of the membrane thermal response.

It is important to note that there is a significant increase in temperature observed when
the bare PDMS membrane is used. As PDMS is highly transparent to visible light, the majority
of incident laser light absorption and conversion to heat within the membrane assembly is
facilitated by the stainless steel mesh. Stainless steel can function as an efficient absorber of
visible laser light, achieving absorbance as high as 40-65% at 527 nm depending on the type of
steel and the surface roughness.”® The total percentage of incident laser light extinguished by the
bare stainless steel membrane and mesh (measured with the power meter) was (51.2 £ 0.8)%.
The standard deviation of 0.8% represents variation across three laser powers: 100, 500, and
1000 mW. The cross-sectional area of the mesh in the laser path was estimated to be 7.41x107
m’, based on measurements with a micrometer, or 41.9% of the total membrane area. The
remaining fraction of extinguished light (of the 51.2%) may be lost due to scattering by the
PDMS.

Figure 2.4 shows the average membrane surface temperature with time for each
membrane at 0, 250, 500, and 750 mW of laser irradiation during the entire 10 h butanol
pervaporation experiments. The data has been shifted slightly in time to align the point at which
the laser is turned on for each run (2 h). At least 2 h of data is captured before turning on the
laser to ensure SS behavior is reached and an accurate SS temperature change (SS AT) can be
measured. As the figure demonstrates, the thermal behavior of the membranes in the SS regions
is highly stable throughout the course of the pervaporation runs, with and without laser

irradiation. The output power of the laser can vary with time and there is no way to measure this
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occurrence throughout the experiments. However, the stability of the data sets suggests that no
significant variation in laser power occurred. Average SS ATs and flux values reported below
were calculated from the 5-10 h region of each run.

The regions indicated by (a), (b), and (c) in the 0.6% graph in Figure 2.4 represent the
three dynamic thermal regions that occur in the data sets. These dynamic regions are shown in
detail for the 0.6% AuNCM at 750 mW laser power in Figure 2.5. There is an initial drop in
temperature of ~1 °C that occurred when the vacuum pump is first turned on (Figure 2.5 (a))
followed by a slow rise back to a stable operating temperature. Since the membranes were
exposed to butanol for a period of time before beginning the experiments, this rapid cooling most
likely occurs from a high initial flux of butanol that is reduced as the membrane approaches a SS
concentration profile. Expansion of gas in the permeate tube may also contribute to this initial
cooling. Figure 2.5 (b) and (c) are directly adjacent in time, but are shown on two different time
scales to illustrate the two distinct dynamic regions that occur following the addition of laser
irradiation (at t=2 h). There is an initial logarithmic rise in membrane temperature and an
apparent stabilization after ~2 min when the data is viewed on a small timescale (Figure 2.5 (b)).
It is evident from Figure 2.5 (c), however, that there is a secondary logarithmic rise in
temperature that can be seen when the subsequent data is viewed on an expanded timescale. This
temperature rise stabilizes ~1 h after laser irradiation begins.

This result suggests that there are two separate heat transfer time constants (ratio of
thermal mass to heat transfer rate, discussed in Chapter 3) associated with this system that
control the dynamic response to laser irradiation. The time constants are represented by two
different thermal masses: 1) the membrane/stainless steel mesh and 2) the butanol and cell walls

adjacent the membrane. The thermal mass of the latter would greatly exceed that of the former
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resulting in a much slower rise to a SS AT as is observed in the data. The respective time
constants dominate at different times because of the time needed for the temperature change of
the membrane to penetrate into the stagnant butanol. The gradual penetration of heat into the
butanol may actually result in a dynamically growing thermal mass and thus an even slower
approach to SS.

Figure 2.6 shows the final SS AT for each membrane during pervaporation as a function
of incident laser power. Each value represents the difference in membrane temperature between
a 1h period leading up to turning on the laser and a 1 h period beginning 1 h after the laser is
turned on (when SS is reached). The error bars show one standard deviation in 60 measurements
over the 1 h period. The data show that the average SS AT increases as a function of Au content
and exhibits a linear response to increasing laser power. Although SS AT increases linearly, the
increases are typically less than proportional to the amount of additional incident laser power —
i.e., the SS AT per W incident laser power decreases for each membrane at higher powers.
Several factors exist that could contribute to this result (e.g., transduction efficiency, heat transfer
parameters, etc.). This will be discussed in detail in the thermal modeling section of Chapter 3.
There is a large increase in SS AT when AuNCM Au content is increased from 0.1% to 0.4%, but
only a very small increase from 0.4% to 0.6%, despite a 50% increase in added Au and a
significantly larger laser extinction fraction (Figure 2.2). This result suggests that, at higher
concentrations, Au is not being used as efficiently to create additional 532 nm light-absorbing
AuNPs. This observation will be examined in detail in Chapter 4.

2.3.2 Flux Enhancement
Laser irradiation of AuNCMs in the plasmonic pervaporation system resulted in stable,

linear flux enhancements up to 117% that increased according to membrane Au content and laser
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power. The butanol fluxes as a function of time for all membranes and values of incident laser
power for the entire duration of the pervaporation experiments are shown in Figure 2.7. The data
have been smoothed (boxcar 3) and shifted in time such that the laser is turned on at t=0 h for all
data sets. After the laser is turned on, there is a 1-1.5 h dynamic region before a steady flux is
reached, corresponding to the dynamic regions outlined in Figure 2.5 (b) and (c). There is a
large amount of variability in the beginning fluxes of the membranes when the experiments
begin caused by differences in the initial saturation state of the membranes. As the experiment
proceeds, all the data sets approach a similar flux (~0.25 kg m™ h™") before the laser is turned on
at t=2 h. As the figure shows, each data set demonstrates very stable performance throughout the
operating period following the transition region. The flux increased for each set according to the
Au content of the membrane and the incident laser power.

The average flux for each data set over the 5-10 h period of the pervaporation
experiments is shown in Figure 2.8 (a). Error bars represent one standard deviation of 15 flux
readings taken over 5 h (no smoothing). The variation in fluxes at 0 mW stem from minor
differences in ambient conditions and small variances in membrane permeance (discussed in the
following section). The flux for each membrane increases with increasing laser power. The rate
of increase depends on the amount of Au content in the membrane. This effect is illustrated in
Figure 2.8 (b) as the fractional increase in flux as a function of laser power relative to the same
membrane under no irradiation. The lines in Figure 2.8 (b) show linear regressions of each data
set. Flux enhancement is highly linear (R*>0.99) over this range of temperatures for each
membrane with slopes that rise according to Au content. The increase in slope slows
logarithmically for the more highly concentrated AuNCMs indicating again that Au is being

utilized less efficiently as more is added. The fluxes enhancement ranges from 16.9-47.6% for
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the 0.0% membrane to 39.5-116.6% for the 0.6% membrane. This result demonstrates that the
addition of plasmon-heated AuNPs to pervaporation membranes enables significantly higher flux
enhancement from laser irradiation and that this enhancement increases according to the amount
of added Au. These enhancements are accomplished with only moderate increases in feed
temperature that fall quickly with increasing distance from the membrane (discussed in Chapter
3) which indicates partial realization of the hypothesized energy reduction.

2.3.3 Solution Diffusion Model

Examination of the fluxes and enhancements in Figure 2.8 (a) and (b) reveals two
interesting observations: 1) flux of the 0.1% AuNCM at 0 mW is smaller than the 0.0%
membrane despite a higher operating temperature and 2) the flux and enhancement are
consistently larger in the 0.6% AuNCM than the 0.4% despite negligible differences in operating
temperature (Figure 2.6). Both observations can be explained by investigation of the permeance
of each membrane. To evaluate the membrane permeance, the effects of the driving force and
permeance on butanol flux must be uncoupled. The in situ membrane thermal analysis offered
by the plasmonic pervaporation system facilitated the direct determination of the AuNCM
permeance using the solution diffusion (SD) model for membrane transport.

Membranes with pore sizes on the order of 5 A or less are typically not described using
the conventional pore model of membrane transport. At this point, pore size is on the order of
the thermal motion of the polymer chains that compose the membrane and permeation is no
longer pressure driven. Rather, it becomes a diffusive process controlled by the motion of the
polymer chains.”® Mass transport in membranes of this type is governed by three fundamental
processes: 1) solution of molecules on the feed side of the membrane, 2) diffusion of molecules

through the membrane, and 3) desorption of molecules on the permeate side of the membrane.
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The SD model is most often used to describe this process.”” There are three key assumptions
implicit in the SD model:

1. The fluid on each side of the membrane is in equilibrium with the membrane material at
the membrane/fluid interface. Thus, the component chemical potentials are equal in the
membrane and fluid phases at each interface and there is a continuous gradient between
them.

2. Absorption and desorption occur much faster than diffusion through the membrane and
can therefore be neglected.

3. Pressure throughout the membrane is assumed to be equal to the feed pressure and
therefore transport is governed solely by the concentration gradient across the membrane.

These assumptions result in a Fick’s law diffusive flux:

dc; i
Ji =D, W = _(Ci,o(m) - Ci,é’(m)) (2.2)

where J; is the molar flux of i (equal to j from eq 2.1 divided by molecular weight), D; is the

diffusivity of i in the membrane, [ is the length of the membrane, and c; gy and ¢; g are the

concentrations of i in the membrane on the feed side and permeate side, respectively. Since
component concentrations in the membrane phase are difficult to obtain, they must be
determined in terms of fluid phase concentration by setting the respective chemical potentials
equal (assumption 1 above) and solving. From this point, the SD model can be applied to a
variety of membrane operations (e.g., reverse osmosis, gas separations) including
pervaporation.®

The pervaporative flux of a component, i, according to the SD model and written in terms

of fluid phase concentrations (partial pressure for the vapor phase) is
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Ji = %(KiLCi,O - K¢ pi,l) (2.3)

where K*; and K are the liquid and gas phase sorption coefficients, respectively, representing
the ratio of component i'’s activity coefficients in either the liquid and gas phase to that in the

membrane phase, ¢; is the concentration in the feed, and p; ¢ is the partial vapor pressure of 7 in

the permeate. The sorption coefficients are for different phases and differ slightly in definition;
thus K*; is dimensionless and K has units of concentration divided by pressure. The full
derivation of these parameters is given by Wijmans®

The different sorption coefficients make this form of the SD model unwieldy from a
practical standpoint. This difficulty is overcome by considering a hypothetical vapor in
equilibrium with the feed liquid. Equating the chemical potential of these two phases enables

redefining the liquid phase concentration in terms of partial vapor pressure

KiG
Cio = K_uL Pio (2.4)

where p; is the partial vapor pressure i in the hypothetical vapor phase in equilibrium with the
feed liquid. Substituting eq 2.4 into 2.3 and rearrangement yields

J; = Di?i (pi,o - pi,/) (2.5)

The product, DK, is referred to as the gas phase permeability coefficient, P%. When the

permeability is weighted by the membrane length, it becomes the membrane permeance, P, :

_ _G ) _G

P = R _DikK (2.6)
1 1

It is important to note that the equilibrium interaction of a sorbed vapor in the liquid phase with

the partial pressure of the vapor is given by Henry’s law:
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Pio = HiCio 2.7
where H; is the Henry’s law coefficient in units of pressure divided by concentration. From eq

2.4, it follows that

Hi =—& (2.8)

and eq 2.5 can be returned to a concentration-based driving force as®

Ji = Pi(ci,OHi - pi,() (2.9)
2.3.4 AuNCM Permeance
Rearrangement of eq 2.5 allows the gas phase permeance of the AuNCMs to be

calculated using experimental flux and driving force data:

J

R=
pi,O - pi,l,’

(2.10)

In the single component system used in this work, p; and p; ¢ are equal to the saturation vapor

pressure of butanol at the membrane temperature and the total permeate pressure, respectively.
The permeance of each AuNCM at each level of laser power was computed according to eq 2.10
by calculating the saturation vapor pressure from the measured membrane temperature during
operation.

At 0 mW laser irradiation, the permeance of each membrane was 1.07, 0.93, 1.07, and 1.09
mol h™' m-? torr’! for the 0.0, 0.1, 0.4, and 0.6% membranes, respectively. Remarkably, the
membranes demonstrate very consistent base (no irradiation) permeance values. The 0.1%
AuNCM varies more and appears to be an outlier in this regard, but still only varies from the
average of the remaining three membranes by <14%. The lower value of permeance explains the

first observation made in the beginning of section 2.3.3 — that the flux of the 0.1% AuNCM is
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lower at 0 mW than the 0.0% membrane despite a slightly higher operating temperature.
Eventually, the 0.1% flux is enhanced beyond that of the 0.0% as incident radiation is increased
due to increased heat generation from the presence of the AuNPs.

The second observation from section 2.3.3 can be explained by evaluating how the
permeance values for each membrane change as a function of temperature. Although little
variation is seen in the 0 mW permeance values of the membranes, as temperature is increased
(increased laser irradiation), the values vary widely. Figure 2.9 shows the fractional change in
permeance for each membrane as a function of temperature change. The permeance falls linearly
with increasing temperature for each membrane, but the rate at which it falls decreases with
increasing Au content. The 0.6% AuNCM appears to exhibit higher flux values and
enhancements than the 0.4% AuNCM at similar SS ATs (i.e., driving forces) because it maintains
a higher permeance at elevated temperatures. A pervaporation activation energy analysis is
typically used to decipher how temperature changes affect membrane permeance.®’ This
analysis, as well as a hypothesized explanation for the mitigation in permeance reduction with
increasing Au content, is given in Chapter 3.

2.4 CONCLUSIONS

For the first time, a plasmonic pervaporation system was designed and constructed. The
system enabled uniform laser membrane excitation, full thermal analysis of membrane surface
temperature during operation, and automated operation and data capture (flux, membrane and
feed temperature, permeate pressure, and ambient conditions). Novel AuNP-functionalized
PDMS membranes were fabricated in varying concentrations (0.0, 0.1, 0.4, and 0.6% Au by
mass) and were tested for performance in the plasmonic pervaporation system against a bare

PDMS membrane at four levels of laser irradiation (0, 250, 500, and 750 mW). Laser irradiation
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resulted in stable enhancement of butanol fluxes up to 117% that increased according to both Au
content in the membrane and laser power. The membrane thermal analysis offered by the system
enabled calculation of membrane permeance using the solution diffusion model. It was observed
that the permeance of each membrane fell with increasing temperature, but the reduction rate (as

a function of temperature) decreased with increasing Au content.
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Figure 2.1. Schematic of the experimental plasmonic pervaporation system and the laser
excited pervaporation cell. Image shows plasmonic pervaporation cell during
operation.
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Regions (a), (b), and (c) correspond to those indicated in Figure 2.4.
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CHAPTER 3

MODELING PLASMONIC PERVAPORATION

3.1 SIGNIFICANCE OF THE PRESENT WORK

In order to achieve the highest economic impact in plasmonic pervaporation, it is
necessary to identify the means by which the laser energy input is consumed. The ideal case
discussed in Chapter 1 assumed 100% of the laser energy was absorbed by the membrane and
that it all was consumed by evaporating permeate. The purpose of this chapter is to quantify the
thermal behavior of the plasmonic pervaporation system at steady state and to evaluate the extent
to which the ideal case is realized in this system. In the first section, a previously demonstrated
model for plasmonic heating is adapted to describe the thermal behavior of the AuNCMs in
operation. In the second section, a pervaporation activation energy analysis is used to develop an
empirical model that accurately describes the experimental data and can be used to estimate flux
enhancement at temperatures beyond those measured experimentally. In the final section, these
two models are coupled to predict the performance of the plasmonic pervaporation system under
conditions matching those used in the preliminary economic analysis to evaluate its realization.

Considerable experimental and computational work has been done to measure and predict
the thermal and optical behavior of AuNPs under high-power, pulsed laser irradiation with large

62-68

temperature increases in aqueous solutions as well as in live cells.” " In Roper’s lab in

particular, as well as some others, thermal behavior of aqueous AuNP/media and solid-state
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AuNP/substrate systems as a whole have been examined under relatively low steady state
temperature increases by continuous wave excitation.* " However, as no other system of this
type has been developed, quantitative description of thermal energy transfer has not been
performed.
3.2 THERMOPLASMONIC MODELING
3.2.1 Capillary Thermal Model

The model to describe the plasmonic pervaporation thermal behavior was adapted from a

previously developed model for plasmonic heating in open, fluid-filled AuNP-plated silica

44,72 45,74

capillaries. The model was given by

d_T_ Q| _ZQo,i _mAHv,f
dt > mC,;+(m, —mt)C,
i

3.1)

where the left hand side equals the changes in the uniform temperature of the system, 7, as a
function of time, . The terms in the numerator on the right hand side represent, respectively,
energy input from the laser, O power losses due to conventional heat transfer modes, i.e.
conduction, convection, and/or radiation, contained in the sum XQy; and power lost by
evaporative cooling, mAH,;, which is the evaporation rate, m, multiplied by the heat of
vaporization of the fluid, AH,x The terms in the denominator represent the dynamic thermal
capacity of the system in which 2m;C,; is the sum of the masses of system components (e.g., the
capillary) multiplied by their respective specific heat capacities, C,j, myis the initial fluid mass,
and C, s the specific heat capacity of the fluid. This energy balance is illustrated in Figure 3.1.
The surface temperature of the small capillary was considered uniform due to its short internal
thermal equilibration time, resulting from high conductivity of Au and silica, relative to

equilibration with its external environment.”® This allows neglecting internal thermal resistances
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in the energy balance and linear summation of power losses by convection, conduction, and/or
radiation from a “black box™ — illustrated by the dotted line in Figure 3.1— which has constant
energy input via incident light.*

The energy input term, (), is the thermal energy transduced from the absorbed laser
power and results from crystal lattice excitation (phonon) that occurs as optically-induced

plasmons on the AuNP surfaces decay. This term was previously defined by Roper et al.” as

Q =1@1-10"%)n, (3.2)
where [ is the incident laser power, 4, is the measured AuNP spectral absorbance at the
wavelength of excitation, 4, and 77, is the transduction efficiency. The value, 77, represents the
fraction of absorbed laser power that is transduced to thermal energy. Measurement of
transmitted laser light through the capillary during experimentation enables Q; to be conveniently
redefined as

Q =(I=1:)n; (3.3)
where /7 is the measured transmitted laser power.
The term 2Qy; in eq 3.1 sums external thermal transfer modes not related to mass

transfer: conduction, Q.,ng; convection, Q.,v; and radiation, Q,,,. Conduction is given by

k
Qcond = TAt(T _Tamb) (34)

where k is the thermal conductivity of the surface, 4. is the contact area perpendicular to
conduction, L is the characteristic length for conduction to the environment, and 7,,,; is the

ambient temperature. Power loss by convection is given by

Qconv = hconvAs (T _Tamb) (35)
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where A, 1S the heat transfer coefficient for convection and A4, is the surface area of the sample

cell exposed to air. Radiation power loss is given by
Quaa = Ao (T* =Ty) (3.6)
where € is the emissivity of AuNPs and ¢ is the Stefan-Boltzmann constant.
The mass transfer rate of liquid from the capillary to the ambient environment is given by
m=A: MW,k AC, (3.7
where A is the area available for evaporation, MW, is the molecular weight of the liquid, k. is the
mass transfer coefficient, and ACy is the difference in liquid concentration between the liquid

boundary and the environment. The mass transfer coefficient, k., was given by

NA
° AC,

(3.8)

where N, is the experimentally determined average molar flux of the liquid from the substrate

surface. Substitution of Eq 2.8 into Eq 2.7 gives an alternate definition of the mass transfer rate:
m=A.MW N, (3.9)

The model was tested experimentally using a AuNP-silica nanocomposite capillary

757 The model was shown to

fabricated by electroless plating and thermal annealing technique
accurately predict the dynamic and steady state thermal behavior of the capillary over a defined
range of conditions including evaporation of organic and aqueous liquids.*> " Although, it was
developed to describe the capillary system shown in Figure 3.1, the generality it possesses
enables its extension to any system that conforms to the constraints discussed herein — i.e.,
linearly additive heat transfer modes to and from a defined system (black box) at a uniform

temperature. The following section discusses extension of this model to the plasmonic

pervaporation system.
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3.2.2 Plasmonic Pervaporation Model

For the plasmonic pervaporation system, the system was defined as the AuNCM and
stainless steel mesh. The system has a single heat input from the laser and all heat output occurs
axially into either the feed or permeate tube. A schematic illustrating heat transfer to and from
the membrane/mesh system is given in Figure 3.2. On the permeate side, four modes of heat loss
are identified. They include: 1) temperature rise of the permeate (it was assumed to evaporate at
the temperature of the membrane), 2) heat of vaporization from permeate, 3) heat of isothermal
expansion from atmospheric pressure to permeate pressure (previously demonstrated to be
significant**), and 4) radiation from the membrane/mesh surface. Conduction and convection are
taken to be negligible on the permeate side due to the low pressure (2 torr). On the feed side,
heat transfer is taken to occur only by conduction into the feed liquid. Conduction into the feed
liquid is difficult to determine because the characteristic length (eq 3.4) is not readily definable.
However, at steady state, all heat transferred to the feed liquid will be transferred to the
environment via convention and conduction from the feed tube walls. Because of the geometry
of the system (heat conduction from a hot surface through a long, cylindrical tube), heat transfer
from the feed tube walls is estimated using a relation for an infinite fin. In the following section,
the assumptions and possible sources of uncertainty associated with this approach are discussed.

This approach yields the following relation for membrane/mesh temperature as a function

of time:

dT _ QI _inn _Qrad _m(cp,f (T _Tamb)+AHv,f +qexp)

dt Sm,cC,, (3.10)
i

where O is the power input from the laser, Oy, is the power loss from the feed tube (defined

below), O,.q 1s the power loss due to radiation to the permeate side (defined by eq 3.6). The
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power loss from evaporation of butanol permeate is calculated by the product of the mass
evaporation rate, m, and the sum of i) the product of the heat capacity of butanol and the
temperature change, ii) the heat of vaporization, AH, s, and iii) the heat generation per mass of
isothermally expanded material, g.,. The thermal mass (denominator) of the plasmonic
pervaporation system is convoluted by the multiple time constants discussed in Chapter 2. Thus,
in this study, only steady state operation was investigated because the thermal mass has no
bearing on the steady state behavior, only the time it takes to reach it. In order to predict the
transient behavior of the system, the transient penetration of heat into the feed liquid could be
modeled using a semi-infinite medium relation, but that analysis is beyond the scope of this
work.

The rate of heat transfer from an infinite fin is given by’’

inn = hfin pkfin Afin (Tb _Tamb) (3.11)

where /j, is the heat transfer coefficient (combining effects of convection and radiation), p is the
perimeter of the fin, kg, is the thermal conductivity of the fin, 4, is the cross-sectional area of
the fin, and 7} is the temperature of the fin base, taken to be the membrane temperature. The
area for radiation in eq 3.10 was assumed to be the exposed area of the membrane plus 80% of
the surface area of the stainless steel since the feed-facing side of the mesh is in contact with the
membrane. This parameter is difficult to identify, but a variation in its value from 60-100% only
has an effect of ~£2% on overall heat transfer from the system. The heat generated per mass due

to isothermal expansion of an ideal gas was defined as’®

P
Oer =—RT |n(32] (3.12)

1
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where R is the gas constant and P; and P, are the pressures on the feed and permeate sides,
respectively.
3.2.3 Accuracy of Infinite Fin Approach

Use of the 1-dimensional infinite fin model to calculate power loss through the feed
liquid introduces several potentially significant uncertainties due to certain assumptions that have
been made. These assumptions include: 1) a uniform butanol temperature across the radius of
the fin and 2) free convection-dominated fin heat loss. The first assumption is expected to result
in some uncertainty because the base temperature, 73, in the model is assigned to be the average
membrane temperature taken to be uniform throughout the membrane. Since the measured
membrane temperatures were nonuniform with a substantial distribution (Figure 2.3), using this
assumption could overestimate fin heat transfer because actual temperatures changes less sharply
than model fin temperatures toward the perimeter. The second assumption may also introduce
uncertainty in the approach since radiation can, at times, dominate heat transfer in free
convection environments.”’ Below, evidence is provided to support the use of this approach as a
first approximation despite these potential uncertainty.

To evaluate the accuracy of the infinite fin approach, the steady state exterior temperature
of the feed tube for each data set, measured by the thermocouple (Figure 2.1), was compared to
temperatures calculated for the same position using the infinite fin model. This comparison
assumes there is a negligible temperature drop across the glass to where temperature is being
measured by the thermocouple. This assumption should introduce little uncertainty as the
thermal conductivity of the glass is nearly an order of magnitude larger than that of butanol and
the glass is thin (~3 mm). The thermal profile as a function of distance away from the base is
given by’’
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hfinp
k. A

fin Yfin

T(X):Tamb + (Tb _Tamb)exp —X (312)

where T(x) is the fin temperature at distance x (x=0 at fin base). For the predicted temperatures,
the average membrane temperature was used for 73, x was 1.7 cm, &y, was calculated for each
data set (because it depends on SS AT) using a free convection model for cylindrical tubes using
ambient conditions,77 p and A4, were measured, and kj;, was taken as an average of the thermal
conductivities of glass and butanol (weighted by their fractional contributions to the A4.).

The calculated and measured temperatures are shown in Figure 3.3. There is excellent
agreement between the calculated and measured temperatures for each data set, excluding the
0.1% AuNCM. The temperatures vary considerably more for this membrane than for the others.
Because all data was taken under the same conditions, the large difference is most likely a result
of experimental error. There were times during experimentation when the thermocouple was
detached from the feed tube and had to be reattached. It is possible that incorrect placement of
the thermocouple could account for the temperature differences. The alignment of the remaining
data sets is extraordinary. Measurement of additional thermal points along the cell may offer
improved confidence in the thermal model.

3.2.4 Model Results

In general, the thermal model can provide a means of estimating both the average SS AT of
the membrane and the power loss due to each mode of heat transfer according to three input
parameters: the incident laser power, the laser absorbance fraction (product of extinguished laser
light and transduction efficiency), and the experimentally measured (steady state) mass flux. In
this work, the laser absorbance fraction of the membranes was unknown, but the SS AT were
measured experimentally. This allowed an estimation of the laser absorbance fraction for each
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data set to be made by manipulating its input value to achieve a SS AT that agreed with the
experimental results. The resulting laser absorbance values are shown in Figure 3.4 — these
values represent the absorbance of both the AuNCM and the stainless steel mesh. As the figure
demonstrates, the laser absorbance fractions varied from a minimum of 0.066 for the 0.0%
membrane at 750 mW to a maximum of 0.167 for the 0.6% AuNCM at 250 mW and, expectedly,
the values increase consistently according to Au content of the membrane.

Several interesting observations can be made from the data in Figure 3.4. First, the
absorbance values of the AuNCMs are much lower than their extinction fractions measured with
the laser (Figure 2.2), especially for the higher Au content membranes. This difference could be
attributable to a number of factors. Primarily, AuUNCM extinction was measured under different
conditions than those experienced during operation including a smaller laser spot size and
different substrate. This prevents a direct comparison. Additionally, laser loss due to its path
through the feed tube during operation was not present during extinction fraction measurements.
Differences can also be attributed to the extinction contribution due to light scattering, rather
than absorption, in the membranes. As was previously mentioned (section 1.2), AuNPs that
absorb in the green wavelengths (532 nm) typically demonstrate transduction efficiencies near
100%. As AuNP diameter is increased, the scattering cross-section of the particles grows,
exceeding the absorption cross-section.”’ This is a possible indication that large Au particles
may be forming in the AuNCMs, resulting in an increase in scattering. This possibility is
examined more closely in the following chapter. Lastly, because the absorbance fraction of the
0.0% membrane is on the order of all the AuNCMs (due to light absorbance by the mesh), the
stainless steel mesh appears to make a large contribution to the absorbance at each laser power.

Exactly how large a contribution it makes is difficult to estimate because of the dependence of
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each absorbing element on the other — i.e., as the AuNCM absorbs more light, there is less
available to be absorbed by the mesh.

The highest value of absorption calculated for the stainless steel mesh alone (0.0% Au
content) was 9.9% at 750 mW. Based on its measured cross sectional area (41.9% of the active
membrane area) and the experimental absorption values for stainless steel reported in one study
(40-65%),”® the absorption fraction could be expected to be as high as 16.8-27.2%. This result
could possibly indicate that the heat absorbed by the membrane is being underestimated by the
model. This cannot be determined with certainty considering the absorption values in the cited
study varied considerably with steel type and the exact make of the mesh is unknown. However,
it does help to stress the convolution of model results that occurs due to the absorption by the
mesh. In future work, it would be beneficial to devise a mechanical support that is optically
inert.

Another interesting result from Figure 3.4 is that the absorbance fraction falls for each
membrane with increasing laser power. The overall drop is significant from 250-750 mW — 32.9,
26.0, 26.6, and 27.6% for the 0.0, 0.1, 0.4, and 0.6% membranes, respectively — but it appears to
slow with increasing power. This reduction in absorption could be attributed to multiple factors
including actual changes in the absorbance properties of the system and/or underestimation in the
model regarding heat transfer modes that increase nonlinearly with increasing temperature.
Review of the literature suggests the former is less likely given that only minor decreases in
AuNP extinction have been observed with >50 °C temperature increases’~ and the absorption of
light by metals (the stainless steel) is generally shown to increase with increasing temperature.”
However, the exact absorption properties of steel, particularly its continuous wave laser

absorption capacity, and how they change with increased irradiation is unknown. Also, we have
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observed that absorbance fractions of AuNP-silica nanocomposites under lower irradiation
powers** * and extinction fractions of AuNCMs under similar irradiation powers do not vary
measurably. However, the conditions of these experiments were notably different from those
experienced in the plasmonic pervaporation system and therefore cannot preclude the possibility
of actual changes in the absorbance behavior of the membranes. The location of the AuNPs in a
thermally insulating environment (low conductivity, radiation) may result in partial saturation of
the plasmon resonance capacity due to the increasing requisite time for phonon transfer. Because
a similar effect is seen with the 0.0% membrane, this effect could only partially account for the
loss in absorption efficiency.

Because the absorption values fall so much, if underestimations in one or more heat
transfer modes occurred, they would need to be significant in the overall thermal behavior of the
system. Table 3.1 gives the contributions of each heat transfer mode calculated by the model for
each data set. A majority (77-79%) of the input power is dissipated by conduction to the feed
(Osin) and vaporization of the permeate. These power losses are similar at lower temperatures,
but conduction increasingly dominates as temperature increases. Power loss from permeate
evaporation is set by the flux rate and therefore is not considered to contribute significantly to
potential underestimation. Power loss from radiation and expansion account for the vast
majority of the remaining power loss and follow a similar trend with radiation dominating as
temperature increases. Radiation from the feed side of the membrane was not considered and
could be significant depending on the infrared absorption characteristics of butanol. Thus, if
underestimations were made, they could most likely be attributed to any combination of the

remaining three modes, all of which have the potential to be nonlinear in their dependence on
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temperature (free convention heat transfer coefficient, radiation driving force, non-ideal gas
expansion).

Feed conduction in the model was determined by the fin relation and is set by the system
geometry, thermal conductivity, and the free convection heat transfer coefficient. As a function
of increasing temperature change, the free convection heat transfer coefficient increases in a
logarithmic-type profile — quickly at first but slowing as the temperature change grows. This
profile is similar to that which would be required to induce the slowing loss in absorption
efficiency as mentioned above. The coefficients calculated in the model are on the order of 5 W
m? K. Since the values are so small, an underestimation of only several W m™ K could
account for significant differences in the calculated power loss to the feed. Measurement of
additional thermal points along the length of the feed cell would reduce uncertainty in the feed
heat loss prediction in future experiments.

Although there is the possibility of uncertainty in the thermal model, it provides a useful
approximation of how effectively the input energy is being consumed as well as indicating how it
may be improved. In the ideal case for plasmonic pervaporation, all laser energy is absorbed by
the membrane and used explicitly for the evaporation of additional permeate. In reality, laser
absorption is limited by the absorbance fraction of the membrane and some heat will be lost by
alternate mechanisms. The blue diamonds in Figure 3.5 show the percentage of incident light
that 1s consumed by the vaporization of butanol for each membrane at 250, 500, and 750 mW
laser irradiation (left to right). For all membranes, each value falls below 7%, due mostly to the
low absorbance fraction. The red squares show the same data on the basis of absorbed light
rather than incident light. These values show that if 100% absorption was achieved in the

AuNCMs, >40% of the energy could be channeled to vaporization of the permeate. The
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percentages fall with increasing laser power due to the combined effects of increased conduction
to the feed and decreased absorption fraction.

The thermal model shows that these two factors, heat loss to feed and absorption
efficiency, will exhibit the largest control over energy efficiency in the plasmonic pervaporation
process. Improvement in either factor would increase the overall economic impact. However,
the results in Figure 3.5 suggest that a much larger impact is possible by focusing on the
improvement of AuNCM light absorption. Independently reducing heat loss to the feed to 0% or
alternatively increasing AuNCM absorption efficiency to 100% result in 1.6- to 3-fold or 6.4- to
12-fold reductions in energy demand, respectively. In the following section, an empirical model
is developed that can be used in conjunction with this thermal analysis to predict the economic
impact of this process based on the initial analysis given in section 1.4.

3.3 PERVAPORATION MODELING

The economic impact analysis used a basis of a system with a 37 °C feed heated to 70 °C
for pervaporation. Based on the study used for the basis,'” flux was enhanced by a factor of 4.9
due to the increase in temperature. In order to estimate the economic effect of plasmonic heating
on the same basis, we must be able to estimate the energy input required to achieve an equivalent
flux enhancement. The effect on flux of increased driving force is readily calculated from the
vapor pressure as a function of temperature, but the effects of membrane permeance must be
modeled empirically using an activation energy analysis of the experimental fluxes. This
analysis also provides insights into why the permeance of the AuNCMs fell with increasing

temperature at rates that decreased according to Au content as was shown in Figure 2.9.
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3.3.1 Activation Energy Analysis
Membrane permeance is dependent on both the diffusivity and sorption coefficients of
components in the membrane phase (eq 2.6). Temperature dependence of both these parameters

can be expressed as an Arrhenius-type relationship:®'

-E
D, =D, exp( RTDj (3.13)
—AH
K =K exp[ T Sj (3.14)

where D; and K¢ ;0 are preexponential factors, Ep is the activation energy of diffusion, and AHj
is the enthalpy of dissolution of the permeant in the membrane. Substitution of eqs 3.13 and 3.14

into eq 2.6 gives

— DK —(Ep +AH,)) — (-E
p _ 0o o D sJ|=P e P 3.15

where Fois the preexponential factor for permeance and Ep is the activation energy for

permeability characterizing the combined temperature dependence of sorption and diffusivity.
Because temperature affects both the driving force (vapor pressure difference) and the
permeance, the thermal dependence of the permeance should be evaluated independently.

Substitution of eq 3.15 into eq 2.10 gives

J — (-E
—! =P exp[ Pj 3.16
Pio — Pi, ° RT ( )

The parameters P, and Ep can then be determined by taking the natural log of each side and

plotting In(J/Ap) vs. T"" where In P, will be the y-intercept and Ep will be the negative of the
slope (after multiplying by R) of a linear regression of the data points.*’
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This process was performed for all the membranes at the four levels of laser power. The
resulting plots (not shown) were linear with R? values of 0.92, 0.94, 0.99, and 0.93 for the 0.0,
0.1, 0.4, and 0.6% membranes, respectively. The permeation activation energy, Ep, was
exothermic for all membranes and the magnitude of energy release increased linearly according

to Au content. Values varied from -22.7 kJ mol™ for the 0.0% membrane to -5.7 kJ mol™ for the
0.6% AuNCM. The preexponential factor, m , increased exponentially with Au content from a

value of 10”7 kmol m™ h™' torr’ for the 0.0% membrane to 1.38x10™ kmol m™? h™ torr for the
0.6% AuNCM. The next section will discuss what these values indicate with regard to
membrane performance and structure; section 3.3.3 will discuss how these values are used to
predict the flux of the membranes at higher levels of excitation for the economic analysis.
3.3.2 Perspectives on AuNCM Permeance

Calculated values of permeance decreased with increasing temperature for all the
membranes, regardless of Au content (Figure 2.9). As discussed above, E, is the sum of the
activation energy of diffusion, Ep, and the enthalpy of solution, AHs. Typically, the solution
process is exothermic and AHs has a value less than zero. When the negative value of AHj
dominates over the positive Ep, the permeance of a material will decrease with increasing
temperature.®’ It appears this is the case with the AuNCMs. As the Au content of the
membranes is increased, however, the negative effect of increasing temperature on the
permeance of butanol is partially mitigated. This effect is demonstrated mathematically by the
(linearly) decreasing exothermic release of E, as a function of total Au content. The smaller
magnitudes of Ep with increasing Au content mean that the butanol solubility in the membrane is
not reduced as much with increasing temperature. Thus, the rate of butanol sorption will be

relatively higher in membranes with higher Au content at equivalent elevated temperatures.
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The increased sorption rate of the more highly Au concentrated membranes most likely
occurs due to increased membrane swelling, defined as the weight fraction of penetrant (butanol)
inside the membrane relative to the weight fraction of the dry membrane material.*® Additional
penetrant in the membrane corresponds to increased mobility of the polymer chains and thus
significantly easier permeation through the membrane®' since diffusivities can increase orders of
magnitude as a result of swelling.*” A polymer’s susceptibility to swelling is directly tied to its
elastic modulus. As the modulus is increased (more rigid polymer), the degree to which the
membrane will swell under the same conditions is decreased.** % In the AuNCMs, introduction
of the AuNPs results in two competing effects on the modulus of the composite polymer: i) an
increase due to the inclusion of nanoscale particles and ii) a decrease due to the consumption of
available crosslinker.

Inclusion of inorganic fillers (e.g.,carbon nanotubes) has been shown to substantially
increase the mechanical properties of PDMS.* Recently, this effect has been demonstrated with
in situ reduction of metal salts (silver and gold) in PDMS to form nanocomposites like those
examined here.* * The nanoparticles were shown to interface well with the PDMS matrix and
served to improve mechanical load transfer within the nanocomposite, resulting in a higher
modulus.*® Formation of the AuNPs in the AuNCM:s then can reasonably be expected to increase
the elastic modulus to a certain extent and, consequently, prevent swelling. However, the elastic
modulus of PDMS decreases strongly as the degree of crosslinking is reduced® ** % because of
the increased mobility of the polymer chains.*> Deuschle et al. and Stafie et al. demonstrated
experimentally that PDMS swelling increases significantly in organic solutions when the

. . . 2
available crosslinker is reduced.*
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As discussed above, it was evident from experimental observations that the AuNCMs
were not curing as well when Au content was continually increased, indicating a possible
reduction in the degree of crosslinking that resulted from consumption of active crosslinker sites
by the ionic Au. The performance of the AuNCMs in this study suggests that the reduction in the
membranes’ elastic modulus due to reduced crosslinking dominates relative to any increase
resulting from inclusion of the AuNPs. Thus, it appears that the diminished decrease in
permeance as a function of increasing temperature stems from increased swelling in the highly
Au concentrated, but poorly crosslinked, AuNCMs. It should be noted that repeated swelling
cycles could detrimentally affect the AuNP/polymer interface, leading to poorer thermal contact
or nanoscale defects in the polymer structure. No measurable effects of this type were observed
in this study, but attention should be given to this possibility in future work.

3.3.3 Flux Prediction
Within the range of experimental observation, Ep and m demonstrated linear and

exponential dependence, respectively, on the total Au content of the membrane — as mentioned in
section 3.3.1. These relationships enable functions to be defined that predict their values based

on Au mass %:
E, = A(Au%)+ A, (3.17)
P, =B, exp[B,(Au%)] (3.18)
where A4;, A>, B;, and B, are fitting constants defined by the linear (R?=.81) and exponential
(R>=0.83) regressions. Eq 3.17 and 3.18 can then be substituted into eq 3.16 to give a single

empirical relation for flux based on Au mass %, temperature (saturation vapor pressure), and

permeate pressure. The results of the relation, as well as the experimentally measured fluxes, are
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shown in 3.3.3. The simulated fluxes exhibit excellent agreement with the 0.4% and 0.6%
AuNCMs with a maximum error <3%. Agreement is worse for the 0.0% and 0.1% membranes
due to the difference in the 0.1% permeance at 0 mW discussed in section 2.3.4. However, the
error for all data points is <8% with one exception (9.6%). Flux values do not vary widely at
low temperatures and the simulations fall closely together. As temperature is raised, divergence
among the fluxes at similar temperatures grows large and the relative accuracy of the empirical
relation increases.

3.4 COUPLED MODEL FOR ECONOMIC ANALYSIS

The empirical relation for flux and the thermal model (eq 3.10) were coupled together by

setting

m=J,A, MW, (3.19)
where 4,, is the active area of the membrane, MW; is the molecular weight of 7, and J; is the flux
of i according to eqs 3.16, 3.17, and 3.18. This coupling created a single model that estimated
membrane SS AT, flux, and energy efficiencies with only three input parameters: incident laser
power, absorbance fraction, and membrane Au content. Using this model, realization of the
economic impact prediction given in section 1.4 could be estimated.

The predicted impact was based on experimental data' and involved raising the feed
temperature from 37 °C to 70 °C for pervaporation, resulting in flux increase by a factor of 4.9.
Selectivity was shown not to vary significantly with temperature, so a constant selectivity of 45
was assumed. For the model predictions, all the same conditions were assumed. For each
simulation, laser power was raised to achieve a starting temperature of 37 °C (feed temperature)
to establish a baseline flux, and it was then adjusted to achieve the flux enhancement factor of

4.9. The resulting energy usage percentages were recorded and input into the economic model.
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Thus for simulated plasmonic pervaporation, the utility usage included: i) energy (electricity)
needed for permeate vaporization divided by the efficiency predicted by the coupled thermal
model and ii) the cooling water (equal on an energy basis) to remove the percentage of heat lost
to the feed.

The results are shown in Figure 3.7. Like the results given in Figure 3.5, this analysis
was performed both assuming (Figure 3.7 (a)) 100% absorption by of laser light by the
membranes (laser power = power absorbed) and (Figure 3.7 (b)) assuming the actual, calculated
membrane laser absorbance (taken, for each membrane, as the average of the three values in
Figure 3.4). Lines in the figure show the original predictions from Figure 1.2. The shaded
regions outline the results calculated from the coupled thermal model — the top and bottom of
each region correspond to the 0.6% and 0.0% membranes, respectively. Energy and operating
cost reduction are indicated by the blue and red shaded regions, respectively. Areas of the
shaded region that fall below the dotted line at a reduction factor of one require more energy or
utility cost than the conventional method of feed heating. The model shows that, if the
membranes absorbed 100% of the incident laser light (laser power = Q; in eq 3.10) energy usage
and utility cost of the process could be reduced by maximum factors of 6.42 and 2.73,
respectively, with the 0.6% membrane. Although, when the calculated absorbance is used, these
figures fall to 0.91 and 0.39 for the energy usage and utility cost, respectively, indicating that
plasmonic pervaporation will require slightly more energy and cost more than double to operate.

As was previously discussed, the two main losses of energy efficiency in this process are
heat loss to the feed and low light absorption in the membranes. The latter is ignored in Figure
3.7 (a) and it can be seen that the control of energy losses to the feed (and other mechanisms)

offers ~2-fold enhancement of the economic impact. However, increasing membrane absorbance
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has the potential to increase the economic impact of the process by 7-fold (bringing it to the
levels shown in Figure 3.7 (a)). Thus, significantly more potential for improvement exists in
optimizing the AuNCMs to achieve as much absorption as possible. In the next chapter, a novel
spectroscopic approach is used as a first estimate of the physical characteristics of the AuNCMs
to investigate why they do not absorb as much light as was expected.
3.5 CONCLUSIONS

The work outlined in this chapter attempted to simulate and understand the
experimentally observed plasmonic pervaporation results. A thermal model was proposed to
describe the transfer of thermal energy in the plasmonic pervaporation process by a variety of
heat transfer modes. Loss of heat to the feed by conduction was shown to align well with an
infinite fin model for cooling. The model enabled the absorption fractions of each membrane to
be calculated and the resulting values were much smaller than the extinction values given in
Chapter 2. An activation energy analysis of the experimental flux data provided an empirical
model for predicting membrane permeance as a function of Au content. The mitigated negative
thermal dependence of membrane permeance with increased Au content was attributed to
increased swelling resulting from overconsumption of crosslinker. The two models were coupled
to identify the energy and utility cost savings that were possible with the plasmonic
pervaporation process. The process required more energy and was more costly due mainly to
low absorption but offered a potential 7-fold enhancement in energy and cost efficiency with
improved membrane fabrication. Additional improvements (2-fold) were shown to be possible

through reduction of energy loss to the feed.
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Figure 3.1. Diagram of heat transfer in an open, silica capillary plated with AuNPs.
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Figure 3.2. Schematic of heat transfer from the laser heated AuNCM in the plasmonic

pervaporation system.
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Figure 3.3. Comparison of feed cell temperatures measured experimentally and

calculated using infinite fin model for each membrane at 250, 500, and 750 mW laser
irradiation (left to right).
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Figure 3.5. Energy consumed by vaporization of butanol permeate on two different
bases: 1) as a percentage of the incident light and ii) as a percentage of the absorbed
light (incident light multiplied by the absorbance fractions in Figure 3.4) at 250, 500,
and 750 mW laser irradiation (left to right).
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Table 3.1. Thermoplasmonic model results for each pervaporation data set. All values

are in units of mW.

Membrane L;;ii%‘:)lxer 0 Ofin | mAH oy | Qraa | mMC,AT | Mqexy,
250 24.65 | 935 9.77 2.69 0.07 2.78

0.0% Au 500 36.60 | 17.44 | 11.08 | 4.78 0.13 3.17
750 49.65 | 26.48 | 1239 | 7.01 0.22 3.55

250 28.03 | 12.30 | 9.47 3.47 0.08 2.70

0.1% Au 500 4585 | 2496 | 1092 | 6.66 0.18 3.13
750 6225 | 36.19 | 1272 | 9.39 0.29 3.66

250 39.20 | 18.54 | 12.00 | 5.07 0.15 3.44

0.4% Au 500 59.15 | 31.41 | 14.87 | 829 0.30 4.28
750 86.33 | 49.81 | 18.00 | 12.75 | 0.56 5.21

250 41.83 | 1952 | 13.09 | 5.29 0.17 3.75

0.6% Au 500 68.20 | 36.75 | 1672 | 9.52 0.39 481
750 90.90 | 50.95 | 2043 | 12.96 | 0.65 5.91

62



CHAPTER 4

INITIAL CHARACTERIZATION OF NANOCOMPOSITE MEMBRANES

4.1 SIGNIFICANCE OF THE PRESENT WORK

In the previous chapters it was shown that plasmonic heating of AuNP-functionalized
pervaporation membranes can significantly and stably enhance the flux of butanol; yet, for the
system studied, the low levels of light absorption by the membranes reduces the economic
impact of the process beyond feasibility. In this chapter, physical properties of the AuNCMs
(e.g., AuNP size, concentration, etc.) are investigated to ascertain the cause of the low absorption
and identify potential for improvements. It is estimated that only a small fraction (<25%) of the
added Au is being reduced to the desired, green light-absorbing AuNPs. Evidence is then
provided to suggest that this result may stem from the formation of much larger Au particles that
are not plasmon-active at the desired wavelength, but increase the overall light scattering in the
polymer matrix, reducing the absorption efficiency.

Several methods of analysis were attempted to determine the physical properties of the
AuNCMSs. Scanning electron microscopy (SEM, Philips XL40) was performed on the surfaces
of the membranes at 5 keV using the backscattering electron detector. Qualitative evidence of
the presence of AuNPs (30-80 nm) on the order of the desired diameter was obtained, but
charging due to the non-conducting PDMS and the fact that the vast majority of particles were

within the polymer matrix, rather than on the surface, prevented accurate evaluation of AuNP
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properties. Silver paint was used on the samples to mitigate charging, but was not found to be
effective. X-ray photoelectron spectroscopy was performed in unscanned mode (150 eV) on the
cross-section of the most concentrated AuNCM (0.6%), but no peak for Au appeared in the
spectra. This could have resulted from diffuse AuNP dispersal as well as possible particle
removal as the sample was cleaved.

Additionally, attempts were made to remove the AuNPs from the matrix for SEM
analysis by dissolving the polymer in sulfuric acid and depositing the solution onto a silica
substrate. Multiple lower acid concentrations were tried, but only undiluted (95-98%) acid was
capable of dissolving the PDMS. Following dissolution of the polymer, the particles were
centrifuged and resuspended in water. A drop of the solution was dried on a glass slide and
examined in the SEM. The particles observed in the SEM were typically much larger than
expected based on plasmonic response suggesting aggregation had occurred during the
removal/deposition process due to the lack of a stabilizing agent. Also, many particles were
contained in what appeared to be large agglomerations of polymer. These results prevented
accurate analysis of AuNP properties using this approach.

Other investigations of nanocomposite materials such as those examined here have relied

4 . . .
>4 86.88. 89 (TEM) and, in some cases, X-ray diffraction®’

upon transmission electron microscopy
for quantitative analysis of AuNP size and, to the author’s knowledge, have not attempted to
analyze final AuNP concentration in the polymer matrix. TEM analysis is not sufficient to
describe the large-scale (15 mm diameter) AuNCMs used here because it is both destructive to
the samples and only reasonably capable of investigating extremely small areas within the

nanocomposite — on the order of tens to hundreds of square microns. In contrast, UV-vis spectral

analysis of the AuNCMs offers the benefits of both not harming the material and investigating
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the entire active area. Some researchers have claimed that spectral techniques are only sufficient
for qualitative analysis of similar materials (i.e., indication of the presence of NPs),” but it has
been well established that UV-vis spectroscopy in conjunction with Mie theory and Beer-
Lambert’s law can be used to accurately evaluate both average AuNP size and concentration in

liquid AuNP composites.”" *

The discussion that follows is an adaptation and extension of these
spectral techniques to the solid-state nanocomposites fabricated in this study.

The use of spectroscopic methods to quantify properties of materials of this type is
unprecedented, and the methods carry several convoluting factors that could affect the accuracy
of the approach. A list of underlying assumptions and potential limitations follows:

1. Defining a common baseline for spectral analysis was difficult because the AuUNCMs vary

in transparency with Au content, so the raw spectra had to be adjusted.

2. Spectral methods (e.g., Beer-Lambert’s law) used were adapted from those used for liquid

analysis, not solid nanocomposites such as those in this study.

3. Mie theory (used for AuNP diameter and optical cross-sections) was developed for

spherical particles, thus the AuNPs are assumed to be spherical.

4. LSPR peak contributions are assumed to come only from AuNPs at the average diameter.
Efforts were made to identify and discuss possible implications of each difficulty, and literature
references are provided to support assumptions where possible. In spite of these considerations,
this analysis provides important insights into how Au is consumed in the membranes, and how it

might be improved

4.2 UV-VIS SPECTROSCOPIC ANALYSIS
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4.2.1 Spectral Adjustment

The raw UV-vis spectra of the 12 AuNCMs, taken with a custom spectral system, are
shown in Figure 4.1 (a). As is evident from the figure, there appears to be no common baseline
between the samples, even though all were taken under the same conditions and with the same
reference (blank glass slide). The variation in baseline most likely results from the loss of
transparency associated with increased formation of macroscale agglomerates within the
nanocomposite (discussed below). Although the shape of the curves is meaningful and can
indicate some information (e.g., average AuNP size), inconsistency in the spectral baseline
makes quantitative analysis impossible since meaningful absolute extinction values cannot be
extracted. However, the laser extinction fractions given in Figure 2.2 provide an absolute
measurement of wavelength-specific (532 nm) extinction by the membranes. These laser
extinction fractions can be converted to spectral extinction values at 532 nm by rearrangement of

eq 3.2, given by Roper et al.,” to

A - |og[1_%j @1

where A, is the spectral extinction, Q,,, is the extinguished laser power, and [/ is the incident laser
power. For this calculation, the transduction efficiency, 77, is neglected because no distinction is
made between absorbed and scattered light.

Once these spectral values are obtained, they provide an anchor for baseline (y-axis)
adjustment of the raw spectra shown in Figure 4.1 (a) which, in effect, normalizes the spectra by
providing a meaningful common baseline. The adjustment was performed by subtracting the raw
spectral extinction value at 532 nm from the entire spectrum and then adding back the spectral
extinction value converted from laser extinction fraction (using eq 4.1) in the same way. The
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adjusted spectra are given in Figure 4.1 (b). The resulting agreement of spectra for AuNCMs
with the same Au content indicates that this normalization is an effective method for baseline
correction of these nanocomposite materials and suggests that the adjusted spectra may be used
for estimation of material properties. Some of the adjusted spectra fall below zero at longer
wavelengths because bare PDMS was not included in the spectral reference, but was accounted
for in the laser extinction fraction measurements. The adjusted spectra only show extinction due
to the presence of the particles.
4.2.2 Spectral Results

The spectra show impressive similarity in peak location, breadth, and amplitude among
the AuNCMs from different batches at the same Au content, providing additional evidence of the
reproducibility that is possible with this method. Figure 4.2 (a) shows the LSPR peak locations
for each membrane. The LSPR location seems to increase linearly with increasing Au content,
with 0.6% occurring as the only exception. On average there is a rise in the LSPR wavelength of
16.4 nm/Au%. The peak locations at equivalent Au content are very closely grouped with the
exception of singular outliers for the 0.1% and 0.6% groups. The standard deviation for the
0.4% and 0.75% groups are less than 1 nm (0.7 nm for both). Even with consideration of the
outlying points, the standard deviations for the 0.1% and 0.6% groups are quite small at 2.0 nm
and 3.3 nm, respectively.  The largest divergences among spectral characteristics of the
AuNCMs occur at wavelengths much larger than the LSPR wavelength, likely due to differences
in the size and concentration of larger, aggregate particles.

If the AuNPs are assumed to be spherical in shape (supported by TEM analysis by
others®), Mie theory can be used in conjunction with the LSPR locations to determine the

average diameter of the AuNPs.”' For this analysis, the refractive index of the polymer
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nanocomposite was assumed to be that of the polymer itself (1.43). Previous studies have shown
that inclusion of certain inorganic filler particles in polymer matrices can either significantly
raise (e.g., PbS particles) or lower (AuNPs) the refractive index. However, these changes
resulted at 10- to 100-fold greater particle concentrations.”” Simulations were run for the LSPR
locations given in Figure 4.2 (a) and the resulting averages AuNP diameters are given Figure 4.2
(b). Since the diameter is only dependent on the refractive index (constant) and the LSPR
location, the simulated AuNP diameters follow the same trend. There is an average increase in
diameter with increasing Au content (~30 nm/Au%) and good agreement among diameters at the
same concentration. The 0.4% and 0.75% samples have a very small standard deviation (1.3 nm
for both) and the 0.1% and 0.6% AuNCMs have somewhat larger standard deviations (5.1 nm
and 7.0 nm, respectively) due to the outlying points.

In addition to particle diameter, Mie theory can be used to calculate, on a spectral basis,
the fraction of extinguished light that is absorbed (transduced to thermal energy) rather than
scattered by evaluating the ratio of absorption coefficient to extinction coefficient, C,py/Cey. This
ratio can be used with the measured overall laser power extinction fraction values shown in
Figure 2.2 (Q.x/I from eq 4.1) and further manipulation of eq 3.2 to directly calculate the

transduction efficiency for each AuNCM:

Qabs _ Qabs/l _ 1_10{( abscm}AA} (42)

Tk Ql Qul

where 77 1s the transduction efficiency defined as the ratio of absorbed (consumed) laser power,
Oups, to total extinguished laser power, Q. .. This value should be as high as possible as scattered
laser light results in a net energy loss in the plasmonic pervaporation process. Figure 4.3 shows

the fraction of incident laser light that is predicted to be absorbed by the particles, (Q../I)nr.
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An important result of this analysis is that the absorption fraction of the 0.6% Au
membrane is <5% smaller than that of the 0.75% (0.52 vs. 0.54, respectively) even though the
overall extinction fraction at 0.75% was 14.1% higher. This difference results from the samples’
relative average diameter and the fact that the ratio, C,/C.y, decreases rapidly as AuNP size
increases. The 0.75% samples have an average diameter of 545 nm with an average transduction
efficiency of 0.88 compared to 533 nm and 0.96 for the 0.6% sample. It appears that Au content
of 0.75% represents not only a curability limit (discussed above), but also may act as an
absorption limit due to increasing AuNP diameter. These results suggest that 50-55% laser
absorption is the maximum light-to-heat conversion efficiency achievable by AuNCMs of this
thickness without altering the fabrication method. Possible means of improving this efficiency
are discussed later.

The absorption values in Figure 4.3 should correspond (though not agree due to
convolution by the steel mesh) to the absorption efficiencies (Figure 3.4) calculated in the
previous chapter. The average (over the three laser powers) calculated absorption efficiencies for
the 0.1, 0.4, and 0.6% AuNCMs were 0.096, 0.130, and 0.142 compared to values from the
spectral analysis of 0.075, 0.376, and 0.520, respectively. There is close agreement for the 0.1%
AuNCM (not accounting for absorption by the mesh), but differences increase substantially with
increasing Au content. The reason for the increasing disparity between values estimated from the
two methods is most likely an increase in the formation of large, scattering particles in the
polymer matrix. This conclusion, with supporting evidence, will be discussed below.

4.3 ESTIMATION OF AUNP CONCENTRATION
Beer-Lambert’s law enables the calculation of the concentration of an absorbing element

in a solution using spectral analysis. It is given as 4, =glc, where A is spectral extinction, ¢ is
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the wavelength-dependent molar extinction coefficient of the absorbing element, { is the path

length of light through the sample (membrane thickness), and ¢ is the molar concentration. It
was demonstrated by Liu er al. that this relation could be used to accurately determine the
concentration of AuNPs in solution. Furthermore, they developed a double logarithmic relation
for calculation of the molar extinction coefficient of AuNPs in solution as a function of particle
diameter. The relation was given as

Ing, =k,InD+a, (4.3)

where k, and a, are experimentally-determined constants and D is the particle diameter. The
relation is specific to a wavelength of 506 nm and was shown to be independent of solution and
capping ligand (i.e., refractive index-independent).”* The adjusted spectra in Figure 4.1 (b) can
be combined with Beer-Lambert’s law and eq 4.3 to estimate AuNP concentration (NP mL™) in

the AuNCMs using the following equation:

ASOGNA
10°eplk,InD+a, )¢

4.4)

Camnp =

where c4,np 1S the AuNP concentration in NP mL'l, Asps 1S the extinction at 506 nm taken from

the adjusted spectra, N, is Avogadro’s number, / 0’ is a conversion factor from L to mL, and {is

the thickness of each AuNCM (74-79 um). There are three important assumptions inherent to
this calculation: i) Beer-Lambert’s law holds true for solid-state nanocomposite materials,™ i)
the laser extinction-adjusted spectral extinction values are accurate, and 1ii) all extinction at 506
nm is directly attributable to AuNPs at the average diameter of each AuNCM.

The calculated AuNP concentrations are given for each membrane in Figure 4.4 (a). The
resulting AuNP concentrations are remarkably consistent within each sample set. The largest

variation occurs in the 0.6% set, although the respective concentrations are well within the same
70



order of magnitude, varying by <4-fold. The divergence in the concentrations of the two
outlying points results from their smaller average diameters compared to the remaining point in
the set. As a percentage of the average concentration, the standard deviation of the 0.1% set is
slightly less than that of the 0.6% set — 50.0% and 52.5%, respectively. Relative concentrations
in the 0.4% and 0.75% sample sets are significantly more closely aligned with standard
deviations of 14.4% and 5.7% of the average concentration, respectively. This level of
consistency is impressive given the facile methods used to produce the AuNCMs.
4.3.1 Insights into AuNP Growth

Interestingly, excluding the two outlying points at 0.6%, there is excellent agreement
among the AuNP concentrations across sample sets at different levels of Au content, with a
maximum difference of only 5-fold between the smallest and largest concentrations. Growth of
AuNPs in solution is widely described as involving two steps: 1) particle nucleation involving the
coalescence of Au atoms into small nuclei and ii) particle growth involving both addition of Au
atoms to existing nuclei and the coalescence of small particles.”” *> * Further investigation of
AuNCM fabrication would be required to draw firm conclusions regarding the exact growth
mechanism involved, but analysis of the data in Figure 4.4 (a) provides an initial perspective.
The consistency among different levels of Au content suggests that the AuNP growth mechanism
followed in all the AuNCMs is similar, regardless of the total Au content (over the range of
examined concentrations). In other words, a comparable number of nucleation sites appear to
form in each membrane and any additional Au content is primarily funneled toward growth of
existing particles rather than formation of additional nucleation sites. This conclusion is further

evidenced by the general upward trend of AuNP diameter as Au content is increased.
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4.3.2 Gold Utilization
Knowledge of the AuNP concentration and their average diameter enables the
approximation of the percentage of added Au that is converted to 532-nm extinguishing AuNPs.

This percentage is calculated as

VN , MW
C% — CAuNP Au Au 100% (45)

AmAu

where Co; is the conversion percentage, V is the total solution volume (2.2 mL), Ny, is the
number of Au atoms per AuNP calculated using the average diameter and the bulk density of Au
(19.3 g/mL), MW, is the molecular weight of Au, and my, is the total mass of Au added to the
solution (2.2-16.5 mg). The conversion percentages for all AuNCMs are given in Figure 4.4 (b).
There is again a high level of consistency among the different batches at each level of Au
content. The average values of Co; for the 0.1, 0.4, 0.6, and 0.75% samples are 15.6, 22.9, 28.0,
and 20.8% with standard deviations of only 2.4, 1.3, 2.9, and 0.9%, respectively. At 0.6%, the
agreement of Co; is much stronger than it is for concentration among the three batches, which
results from the smaller diameters of the two outlying points from Figure 4.4 (a). Cy; does not
seem to follow a trend with increasing Au content, but rather, all the values fall within a small
window of variation. The average Co; for all twelve AuNCMs is 21.8% with a standard deviation
of only 5.0%. This result suggests that, on average for all samples, less than 25% of the added
Au is being effectively used for formation of AuNPs that are plasmon-resonant at the excitation
wavelength of 532 nm.

This analysis provides several important insights regarding these materials. First, the
consistency in conversion percent provides further evidence that the AuNCMs are following a

highly similar growth mechanism that is stable across a wide range of Au contents. From a
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practical standpoint, it is important that such a small amount of added Au is producing the
desired plasmonic AuNPs. This observation suggests that optimization of fabrication methods
could produce AuNCMs with significantly higher (>4-fold) laser absorption capabilities. Lastly,
if it is assumed that no Au is left in ionic form, it follows that the majority of the Au content is
forming larger, undesirable particles. Evidence and discussion of this conclusion is provided in
the following section.
4.4 EVIDENCE OF THE PRESENCE OF LARGE PARTICLES

There are two indications of increasing formation of large particles with increases in total
Au content. The first is the consistency of conversion percent for all the AuNCMs. Since a
comparable fraction of Au content at each level is being used to form the larger, undesirable
particles, the concentration of these particles will increase with total Au content. The second
indication of increased large particles is reduced transparency in the membranes. Light
scattering in polymer nanocomposites containing random dispersions of primarily small particles
(absorbing) occurs at low levels and is virtually absent when compared to similar materials
containing equivalent volume fractions of larger particles (scattering). Therefore, composites
containing small particles are transparent and, as particle size increases, the composite material
will become increasingly opaque. The opacity will also increase as a function of particle
aggregation.”” Figure 4.5 shows digital images of lines viewed through AuNCMs at each
concentration under the same conditions. It is apparent from the figure that the AuNCMs
become increasingly opaque — indicating increasing concentration of light-scattering large
particles — in addition to becoming deeper in color — indicating increasing concentration of light-
absorbing small particles. This could explain why, although 0.6% AuNCMs appear to absorb

significantly more light than the 0.4% AuNCMs (Chapter 2), their thermal behavior under
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operation is essentially equivalent. To the naked eye, the 0.6% AuNCM appears a deeper reddish
color, indicating a higher concentration of plasmonic AuNPs. However, the reduced
transparency of the polymer matrix would cause more light scattering, resulting in a
proportionally decreasing fraction of light reaching AuNPs located at increasing depths. Thus, a
larger concentration of plasmonic AuNPs may not necessarily result in a proportionally higher
thermal response under the same level of laser irradiation.

The loss of intensity at a specific wavelength due to the presence of large particles can
be estimated using the equation”®
2

I | 320 tx'ring (np/nm)2—1
T 2 (n,/n, f +2

(4.6)

where [7/] is the transmittance fraction of light at wavelength, 4, @, is the volume fraction of

particles in the polymer, {is the thickness of the composite material (membrane thickness), 7 is

the particle radius, n, is the refractive index of the particles, and #,, is the refractive index of the
polymer. Simulations were run using this relation at a wavelength of 532 nm for each
concentration of AuUNCM assuming particle diameters from 0-700 nm and 0-100% conversion of
total Au content to particles of that size (converted to volume fraction for use in eq 4.6). The
results for the four concentrations of AuNCMs are shown in Figure 4.6. This relation does not
predict plasmonic activity and thus, is only provided for qualitative evidence.

The transmittance fraction falls sharply (increased scattering) both as particle size
increases and as a higher percentage of Au is transformed to particles of a particular size. As
would be expected, the effects are more extreme at higher Au content. For example, for 0.1%

AuNCMs, 80% conversion of Au content to 200 nm particles results in a transmittance fraction
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of 0.91 (>90% of light unaffected). The same conditions for the 0.75% AuNCM vyield a
transmittance fraction of only 0.49. These theoretical results are entirely consistent with the
conclusions drawn from the images in Figure 4.5 and the data in Figure 4.4 (b). It was
demonstrated a comparable percentage (~78% on average) of added Au was converted to
undesirable, large particles for all membranes. Since a larger mass of Au is available to form
large particles at higher levels of Au content, the resulting particles will form with larger
diameters and/or in higher concentration. Both phenomena induce lower transmittance fractions
as was predicted in Figure 4.6 and higher levels of nanocomposite opacity as was experimentally
observed in Figure 4.5.

This observation has the potential to reduce the accuracy of the AuNP concentrations
given in Figure 4.4 (a). If a high concentration of larger particles is present in the AuNCMs, they
could be contributing to the total extinction at 532 nm. The degree to which the accuracy of the
concentrations is affected depends on both the size distribution of the large particles and the total
Au content of the material. For example, a transmittance fraction of 0.9 at 532 nm is still
achieved (meaning a small effect on total extinction at 532 nm) with 78% conversion of the
added Au to 205, 127, 113, and 106 nm particles for 0.1, 0.4, 0.6, and 0.75% AuNCMs,
respectively. Thus, calculation of concentration most likely decreases in accuracy as Au content
increases. This effect could account for the increasing differences between the predicted
absorbance values and those calculated from the thermal model. However, the presence of large
particles would most likely cause an overestimation of the calculated AuNP concentrations and,
by extension, the total conversion percentage of Au to desirable AuNPs. This result would imply
an even larger increase in plasmonic activity at 532 nm is possible by further refinement of

fabrication methods.
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4.5 CONCLUSIONS

This chapter provided a novel spectroscopic method for estimating Au utilization in the
AuNCMs. Twelve AuNCMs formed by reduction of TCA in different concentrations were
analyzed. AuNCMs made in different batches with equivalent Au content demonstrated highly
similar properties indicating a high level of reproducibility in the fabrication method. The
spectral analysis was used to estimate AuNP concentration and the percentage of added Au that
was converted to 532 nm-resonant AuNPs. The analysis concluded that <25% of Au was
converted to desirable AuNPs for all levels of Au content indicating significant (>4-fold)
potential for increased plasmonic response with refinement of fabrication methods. Evidence of
large particle formation was provided and evaluated against theoretical predictions. The large
particles appear to be the root of poor Au utilization and low laser absorption in the AuNCMs.
Preventing large particle formation by optimizing fabrication methods could result in significant
increases in AuNCM absorption efficiency. Some suggestions on how this may be achieved are

given in the final chapter.
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CHAPTER 5

CONCLUDING REMARKS

The ability to carefully and precisely introduce thermal energy into a process via
plasmonic heating is a powerful tool. The purpose of this project was to demonstrate that
plasmonic heating of gold nanoparticle-functionalized, polymer nanocomposite membranes
(AuNCMs) in a pervaporation system could increase flux and lower energy demand in the
process to reduce the production cost of biobutanol. Experimental investigation showed
plasmonic membrane heating effectively increased butanol flux with controlled energy loss to
undesired mechanisms (feed heating, etc.). AuNCM absorption efficiencies in the system were
too low to achieve the predicted economic impact of the process; however, analysis of the
AuNCM physical and optical properties indicated that significant improvements are possible by
optimization of fabrication techniques. These improvements have the potential to make
plasmonic pervaporation economically superior to conventional methods.

The sections that follow summarize the findings of this study, discuss areas of ongoing
work, and suggest future areas of focus.
5.1 SUMMARY OF FINDINGS
5.1.1 Plasmonic Pervaporation System and Performance

Pervaporation flux enhancements of >100% were demonstrated using electromagnetic

excitation of AuUNCMs. Enhancements were measured in a plasmonic pervaporation system that
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was designed and constructed to allow uniform laser excitation and complete thermal analysis of
the membrane, as well as automated operation and data capture (flux, membrane and feed
temperature, permeate pressure, and ambient conditions). AuNCMs were fabricated in varying
concentrations by reduction of tetrachloroauric acid to gold nanoparticles in
polydimethylsiloxane facilitated by active sites in the polymer crosslinker. The AuNCMs
reached laser extinction percentages of >50% depending on Au content. Stable increases in
average membrane temperature (up to ~8 °C) and flux enhancements (up to ~117%) were
achieved and increased as a function of both total Au content and incident laser power.
Membrane thermal analysis allowed the permeance of each AuNCM to be evaluated as a
function of membrane temperature change. The permeance of each membrane fell as a function
of temperature change at a rate that decreased with increasing Au content.
5.1.2 Thermal Modeling

A thermal model was developed to calculate the absorption efficiencies of the membrane
assemblies in operation and quantify how energy in transferred within the plasmonic
pervaporation system. The model treated the membrane and support mesh as a single system
with one power input (the laser) and multiple power outputs. Power lost to the feed by
conduction was shown to align well with an infinite fin model. Calculated absorption of incident
laser light fell well below laser extinction percentages measured outside the system. Thermal
analysis of heat transfer mechanisms showed that conduction to the feed was the largest mode of
energy loss in the system, accounting for 38% to 58% of total heat loss depending on conditions.
The amount of input energy consumed by permeate vaporization varied from 20% to 40% and
generally decreased with increasing laser absorption. Other important modes of heat transfer

included radiation from the AuNCM/mesh and heat of isothermal expansion of the permeate.
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Energy losses to the feed and to radiative transfer should be minimized to increase the efficiency
of the process.
5.1.3 Pervaporation Modeling and Economic Analysis

The dependence of membrane permeance on temperature and Au content were
characterized using an activation energy analysis of the experimental flux data. The analysis
provided the development of an empirical model for predicting membrane permeance. The
mitigated negative thermal dependence of membrane permeance with increased Au content was
attributed to increased swelling resulting from overconsumption of crosslinker. The empirical
model for permeance was coupled with the thermal model to evaluate the energy and utility cost
savings that were possible with the plasmonic pervaporation process and how they compared to
the initial predictions. The analysis showed plasmonic pervaporation required more energy and
was more costly than conventional feed heating due to the low laser absorption in the
membranes. However, the analysis showed the potential for 7-fold enhancement in energy and
cost efficiency with improved membrane fabrication and up to 2-fold enhancements from
reduction of energy loss to the feed.
5.1.4 AuNCM Characterization

Finally, the physical and optical properties of the AuNCMs were estimated using a novel
spectroscopic approach to evaluate the reason for the low laser absorption efficiencies. Twelve
AuNCMs formed by reduction of TCA in four different concentrations were analyzed. AuNCMs
with equivalent Au content demonstrated very similar properties indicating a high level of
reproducibility in the fabrication method. The spectral analysis showed that, on average, <25%
of added Au was converted to desirable AuNPs for all levels of Au content. This result indicated

that >4-fold potential exists for increased plasmonic response with refinement of fabrication
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methods. Evidence of large particle formation was provided and identified as the most likely
reason for the low absorption efficiencies and a possible means of reducing the accuracy of the
spectral analysis. The improvement of fabrication methods to reduce large particle formation
and increase light absorption was demonstrated to be largest source of potential improvement in
the process of plasmonic pervaporation.
5.2 ONGOING AND FUTURE WORK
The sections below discuss work currently being performed as well as suggested research

areas to improve upon the current state of plasmonic pervaporation. Some alternative
applications are also suggested.
5.2.1 Improvements in Current System

There are several possible system and experimental modifications that were discussed
that could reduce uncertainty in the thermal model. First, incorporation of a mechanical
membrane support that is optically inert will offer improved negative control experiments and
deconvolute determination of the AuNCM efficiencies. A rigid, plastic mesh support may
accomplish this goal. Secondly, the measurement of additional thermal points along the length
of the feed tube would provide a more direct indication of the thermal profile and the associated
heat loss. Also, if radial heat transfer is significant in the membrane, thermal insulation of the
membrane assembly may allow a more uniform membrane thermal profile to be established.
5.2.2 Investigation of Selectivity

Plasmonic pervaporation results in this study were for butanol alone, but the effects of
AuNP inclusion, crosslinker consumption, and plasmonic heating of the AuNCMs on membrane
selectivity will be extremely important. Currently, we are beginning experiments similar to those

herein, but with pure water rather than butanol. The relative behavior of the two components
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will provide and initial indication of selectivities that may be attained in the plasmonic
pervaporation system. Using multiple components simultaneously in the stagnant pervaporation
cell would result in dynamically evolving concentration gradients in the feed due to the lack of
mixing. Eventually, the cell could be redesigned to allow flow across the membrane from a
mixed vessel to enable direct determination of selectivity.
5.2.3 AuNCM Thermal Properties

We have recently characterized the spectral properties and thermal behavior of AuNP-
functionalized polymer nanocomposite films fabricated by different methods (TCA reduction and
pre-formed AuNP dispersion).” Currently, work is being performed to estimate the transduction

efficiencies and thermal conductivities exhibited by these materials.'®

The analysis will
examine how these properties change with increasing Au content and with different fabrication
methods. The results will provide helpful insights into how the absorption efficiencies of the
AuNCMs may be improved.
5.24 Membrane Optimization and Characterization
The present work concluded that the greatest potential for improvement in plasmonic

pervaporation is in membranes fabrication. The analysis showed hypothetical increases in
absorption efficiency of >4-fold are possible. The focus should be on reducing the formation of
large, light-scattering particles. Some suggested approaches are:

1. Varying fabrication methods. This could include different curing temperatures/times,

staged TCA addition and mixing, or sonication™

during AuNP growth to prevent
aggregation and stimulate additional nucleation.

2. Increasing crosslinker concentration. It was mentioned previously that AuNCMs did not

cure well with >0.6% Au by mass. It may be possible to increase Au content by providing
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a higher fraction of crosslinker. This may also result in higher AuNP concentration from
the additional site for possible nucleation.
These improved methods will serve both to increase the economic impact of plasmonic
pervaporation and the accuracy of the spectral characterization method developed in this work.

It has also been suggested that alternative particle analysis techniques such as small-angle
scattering, energy-dispersive x-ray spectroscopy, and x-ray photoelectron spectroscopy could be
employedestimate AuUNCM properties. Collaboration with investigators familiar with application
of these techniques to nanoscale analysis could provide direct, in situ characterization of particle
size distribution, concentration, and interface composition
5.2.5 Additional Applications

It has been demonstrated herein that the localized introduction of energy can strongly
benefit a process in terms of productivity and energy efficiency, but this effect is not limited to
pervaporation. This same approach could be applied in alternate membrane separations, catalytic

systems, and heating in microfluidic channels.
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