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

membrane which reduces mass transfer
23-25

 and ii) feed cooling which results in the need for 

additional heating between membrane stages.
26

  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.
22

  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)
27

 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).
28-30

  This 

effect has been exploited in biomedical therapeutics including non-invasive photothermal tumor 

cell ablation
31-33

 or targeted release of encapsulated materials,
34

 local protein or RNA 

unfolding,
35

 nanoscale substrate modification,
36

 nanomaterials modification,
37-39

 and improved 

performance of catalytic systems.
40-42

   

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 
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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
-2

 h
-1

) 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
2
>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 Å 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.
59

  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.
22

  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: 
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where Ji is the molar flux of i (equal to j from eq 2.1 divided by molecular weight), Di is the 

diffusivity of i in the membrane, l is the length of the membrane, and ci,0,(m) and ci,l(m) 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.
60

 

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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Figure 2.2. Values of laser power extinction fraction (532 nm) for AuNCMs from three 

different batches at four different values of gold content. Each AuNCM is pictured in 

the inset. Extinction fractions of the glass substrate and bare PDMS were measured 

independently and have been factored out of the values in the figure  – therefore a 0.0% 

Au membrane has an extinction fraction of zero on this scale.  
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Figure 2.4. Average membrane surface temperature with time for the  0.0, 0.1, 0.4, and 0.6% Au 

membranes irradiated with 0, 250, 500, and 750 mW laser power during butanol pervaporation 

experiments.  Regions (a), (b), and (c) in the 0.6% graph indicate dynamic thermal regions that 

are illustrated in Figure 2.5.  
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Figure 2.5. Average temperature of  a 0.6% AuNCM with time during the three dynamic 

thermal regions of the plasmonic pervaporation experiments (750 mW laser irradiation): 

(a) when the pump is turned on (diamonds), (b) when the laser is turned on and the 

thermal mass of the membrane dominates (squares), and (c) region after turning on the 

laser in which the thermal mass of butanol and the cell wall dominate (triangles).  

Regions (a), (b), and (c) correspond to those indicated in  Figure 2.4.  
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Figure 2.6. The average steady state temperature change during butanol pervaporation 

for membranes of different Au content as a function of incident laser power.  Error bars 

show one standard deviation of 300 measurements taken over the period of 5 h.  
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Figure 2.8. (a) Flux of butanol as a function of incident laser power.  Error bars 

represent one standard deviation of 15 flux readings taken over a 5 h period. (b) The 

fractional increase in flux as a function of incident laser power.  Lines in (b) represent 

least squares regressions of the data.   

(a) 

(b) 
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data set to be made by manipulating its input value to achieve a SS ∆T 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, AuNCM 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.
43

  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%),
58

 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
79

 and the absorption of 

light by metals (the stainless steel) is generally shown to increase with increasing temperature.
58

  

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
44, 74

 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 

(Qfin) 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
-2

 K
-1

. Since the values are so small, an underestimation of only several W m
-2

 K
-1

 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 is 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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Figure 3.4. Membrane assembly (membrane and stainless steel mesh) laser absorbance 

fractions for the four membranes at three levels of incident laser power.  Representation 

of the cumulative uncertainty inherent to these values is not shown here, but is 

discussed at length in Chapter 3.   
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Figure 3.5. Energy consumed by vaporization of butanol permeate on two different 

bases: i) 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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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.,
72

 to  
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where A is the spectral extinction, Qext is the extinguished laser power, and I is the incident laser 

power.  For this calculation, the transduction efficiency,T, 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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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: i) 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.
92, 95, 96

  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 

  
%100% 

AuA

AuAuAuNP

mN

MWVNc
C  (4.5) 

where C% is the conversion percentage, V is the total solution volume (2.2 mL), NAu is the 

number of Au atoms per AuNP calculated using the average diameter and the bulk density of Au 

(19.3 g/mL), MWAu is the molecular weight of Au, and mAu 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 C% 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 C% 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).  C% 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 C% 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.
97

  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
98
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where IT/I is the transmittance fraction of light at wavelength, λ, Φp is the volume fraction of 

particles in the polymer, l is the thickness of the composite material (membrane thickness), r is 

the particle radius, np is the refractive index of the particles, and nm is the refractive index of the 

polymer.  Simulations were run using this relation at a wavelength of 532 nm for each 

concentration of AuNCM 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 



 

75 

of 0.91 (>90% of light unaffected).  The same conditions for the 0.75% AuNCM yield 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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Figure 4.1. Unadjusted (a) and laser extinction adjusted (b) UV-vis spectra of 12 

AuNCMs (three batches at the 4 concentrations shown).  Solid, dashed, and dotted lines 

indicate batch 1, 2, and 3, respectively.   
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Figure 4.2. Localized surface plasmon wavelength (a) and average AuNP diameter (b) 

for the 12 AuNCMs (three batches at the 4 concentrations shown).   
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Figure 4.3. Values of estimated laser power consumption (excludes scattered laser light) 

fraction for Au-NCMs from three different batches at four different values of gold 

content.  
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Figure 4.4. Estimated concentration of AuNPs (a) of the average diameters given in 

Figure 4.2 and percent conversion of added Au to AuNPs of this type (b).   
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Figure 4.5. Increasing opaqueness of AuNCMs with increasing Au content indicat ing 

increasing concentration of large particles.   
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Figure 4.6. Simulations of transmittance fraction of 532 nm light due to particle 

scattering for four concentrations of AuNCM for particle diameters from 0 -700 nm and 

for 0-100% conversion of total Au content to particles of that size.   
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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 AuNCMs.  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).
99

  Currently, work is being performed to estimate the transduction 

efficiencies and thermal conductivities exhibited by these materials.
100

  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. 

5.2.4 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
88

 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 AuNCM 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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