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Abstract 
 

Oil spills in marine environments often damage marine and coastal life if not 

remediated rapidly and efficiently. In spite of the strict enforcement of environmental 

legislations (i.e., Oil Pollution Act 1990) following the Exxon Valdez oil spill (June 1989; 

the second biggest oil spill in U.S. history), the Macondo well blowout disaster (April 

2010) released 18 times more oil. Strikingly, the response methods used to contain and 

capture spilled oil after both accidents were nearly identical, note that more than two 

decades separate Exxon Valdez (1989) and Macondo well (2010) accidents.  

The goal of this dissertation was to investigate new advanced materials 

(mechanically strong aerogel composite blankets-Cabot® Thermal Wrap™ (TW) and 

Aspen Aerogels® Spaceloft® (SL)), and their applications for oil capture and recovery to 

overcome the current material limitations in oil spill response methods. First, uptake of 

different solvents and oils were studied to answer the following question: do these 

blanket aerogel composites have competitive oil uptake compared to state-of-the-art oil 

sorbents (i.e., polyurethane foam-PUF)? In addition to their competitive mechanical 

strength (766, 380, 92 kPa for Spaceloft, Thermal Wrap, and PUF, respectively), our 

results showed that aerogel composites have three critical advantages over PUF: rapid 

(3-5 min.) and high (more than two times of PUF’s uptake) oil uptake, reusability (over 
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10 cycles), and oil recoverability (up to 60%) via mechanical extraction. Chemical-

specific sorption experiments showed that the dominant uptake mechanism of aerogels 

is adsorption to the internal surface, with some contribution of absorption into the pore 

space.  

Second, we investigated the potential environmental impacts (energy and 

chemical burdens) associated with manufacturing, use, and disposal of SL aerogel and 

PUF to remove the oil (i.e., 1 m3 oil) from a location (i.e., Macondo well). Different use 

(single and multiple use) and end of life (landfill, incinerator, and waste-to-energy) 

scenarios were assessed, and our results demonstrated that multiple use, and waste-to-

energy choices minimize the energy and material use of SL aerogel. Nevertheless, using 

SL once and disposing via landfill still offers environmental and cost savings benefits 

relative to PUF, and so these benefits are preserved irrespective of the oil-spill-response 

operator choices.  

To inform future aerogel manufacture, we investigated the different laboratory-

scale aerogel fabrication technologies (rapid supercritical extraction (RSCE), CO2 

supercritical extraction (CSCE), alcohol supercritical extraction (ASCE)). Our results 

from anticipatory LCA for laboratory-scaled aerogel fabrication demonstrated that RSCE 

method offers lower cumulative energy and ecotoxicity impacts compared to 

conventional aerogel fabrication methods (CSCE and ASCE).  
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The final objective of this study was to investigate different surface coating 

techniques to enhance oil recovery by modifying the existing aerogel surface chemistries 

to develop chemically responsive materials (switchable hydrophobicity in response to a  

CO2 stimulus). Our results showed that studied surface coating methods (drop casting, 

dip coating, and physical vapor deposition) were partially successful to modify surface 

with CO2 switchable chemical (tributylpentanamidine), likely because of the 

heterogeneous fiber structure of the aerogel blankets. A possible solution to these non-

uniform coatings would be to include switchable chemical as a precursor during the gel 

preparation to chemically attach the switchable chemical to the pores of the aerogel.   

Taken as a whole, the implications of this work are that mechanical deployment 

and recovery of aerogel composite blankets is a viable oil spill response strategy that can 

be deployed today. This will ultimately enable better oil uptake without the uptake of 

water, potential reuse of the collected oil, reduced material and energy burdens 

compared to competitive sorbents (e.g., PUF), and reduced occupational exposure to 

oiled sorbents. In addition, sorbent blankets and booms could be deployed in coastal 

and open-ocean settings, respectively, which was previously impossible.  
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Chapter 1: 
 

 

Introduction: Aerogels and Oil Spill Response 
 

 

1.1 Improving Oil Spill Response with Advanced Materials  

 

Oil spills and their catastrophic impacts on the ecosystems have been continuing 

to be a major environmental concern.1,2 Spills can result from a variety of possible 

sources such as tanker accidents, natural oil seeps, vessel operations, industrial and 

urban discharges, and offshore oil exploration and production.3 Some of the recent 

notable accidents are: the Refugio oil spill (May, 2015- Santa Barbara County, California) 

where 2,500 barrels of diluted bitumen were leaked due to a corroded pipeline, the 

Macondo well oil spill (April, 2010- Gulf of Mexico), where 4.9 million barrels of light 

Louisiana crude oil were released due to a ruptured well and failure of a blowout 

preventer, the Kalamazoo River oil spill (July, 2010- Kalamazoo River, Michigan), where 

27,000 barrels of heavy oil contaminated the Kalamazoo River due to the ruptured 
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pipeline, and famously the Exxon Valdez oil spill (March, 1989- Gulf of Alaska), where 

260,000 barrels of light crude oil were spilled due to a navigational error. Despite 

important progress in reducing the number of oil spills in marine environment through 

technological and regulatory action (e.g., the International Convention for the Prevention of 

Pollution of the Sea by oil (OILPOL, 1954), International Convention for the Protection of 

Pollution from Ships (MARPOL, 1973) and US Oil Pollution Act (1990)) the risk for oil spills 

remains.4  

In spite of decades of advanced material development, oil spill responses were 

strikingly similar in recent spills, and spills which happened more than 20 years ago 

(e.g., Refugio oil spill (2015), Macondo well blowout (2010), Exxon Valdez (1989), and 

Ixtoc I well blowout (1979)). Ideally, mechanical oil containment and recovery methods 

(e.g., containment booms, skimmer vessels, and oil sorbents) are the only response 

options that enable energy recovery while removing oil from the environment. 

However, current oil containment and recovery technologies are inadequate and 

encompass a range of shortcomings. Containment booms are the primary tools used to 

achieve two main goals: (1) to prevent oil from spreading through biologically sensitive 

beaches or marshes and (2) to divert oil to specific locations for oil recovery with a 

skimmer.3 However, during the Macondo well blowout response, containment booms 

showed limited capability because of harsh weather conditions such as strong water 
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currents  (> 1 knot or 0.5 m/s) and high wave heights (2-4 feet) (Figure 1.1).5 This also 

affected skimmer oil recovery operations, because skimmers can only recover oil from 

thick oil slick (i.e., oil layer thickness should be greater than 2 mm).3 Further, the relative 

proportions of oil and water that are inherently skimmed with oil influence the ultimate 

usefulness of recovered oil product.6 Removing water from the recovered oil is often as 

challenging as the initial recovery, and this may require using additional approaches 

such as centrifugation, filtration, or gravitational settling. Overall, the success of 

skimmer applications depends on the type and thickness of the oil spill, the amount of 

debris in the water, and the location and weather conditions.7 For example, during the 

Macondo well oil spill, skimmers and burning oil at the surface were able to recover 

only 15-20 % of spilled oil.8,9 In situ burning has similar operational challenges, because 

this approach requires using fire resistant booms, which are problematically bulky.10 As 

a result of challenges associated with mechanical oil capture and recovery technologies, 

and because in situ remediation techniques were favored by the operators, chemical 

dispersants were the main response tool during Macondo well blowout (Figure 1.1). 
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Figure 1.1. Offshore oil spill response tools. Adapted from T. Nedwed.11 The 
red dashed line encloses the mechanical recovery applications. 

 

Additional mechanical oil spill response tools such as sorbent booms and sorbent 

pads (polypropylene pads and polyurethane foams) can only be used in “low-energy” 

(e.g., zero-to-low wind and waves) coastal environments due to their limited durability 

(i.e., low mechanical strength).12,13 Further current sorbents have two major drawbacks: 

storage and disposal after their use. Since sorbents are bulky, storage and transport can 

cause logistical and cost problems.14 After use sorbents end up in landfills, and can not 

be incinerated for energy and recovery due to the high water uptake causing displaced 
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contamination and high volume of solid waste.15 For example, in the case of Macondo 

well blowout (i.e., the Deepwater Horizon disaster in April 2010), the oil response efforts 

generated 89, 200 tons of solid waste, and 1, 193, 084 barrels (BBLs) of liquid waste by 

November 28, 2010, which were then discarded to specific landfill sites.16 Note that this 

material is not treated as hazardous waste because it is classified as exploration and 

production (E&P) waste that is exempt from the Resource Conservation and Recovery 

Act (RCRA) hazardous waste requirements. 

With these considerations and limitations in mind, I first hypothesized that using 

mechanically durable, hydrophobic aerogel composites (Cabot® Thermal Wrap™ (TW) 

and Aspen Aerogels® Spaceloft™ (SL)), could rapidly remove oil and show high uptake 

capacity and selectivity towards oil, offering improved oil spill response. Since these 

aerogel blankets possess durable mechanical structure, oil could also be reclaimed by 

mechanical extraction. This new response approach using mechanically durable aerogels 

would provide the first rapid, efficient, and selective oil remediation and recovery 

process. Furthermore, aerogel blankets can be autofactured in a continuous fabric 

geometry and spread on a spill, or rolled out as protective barriers in coastal 

environments, and subsequently reclaimed with minimal human intervention (see 

Chapter 2).  
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As with any new materials and its applications, it is important to determine the 

potential environmental impacts prior to widespread use to prevent future unintended 

consequences. A related hypothesis is that the blanket aerogel (i.e., Aspen Aerogels® 

Spaceloft™) is environmentally sustainable across the life cycle impacts compared to 

currently available oil sorbents (i.e., polyurethane foam (PUF)). These blanket aerogels 

with selective oil removal advantage (i.e., negligible water uptake) could then be 

disposed at waste-to-energy (WTE) facilities. This provides an alternative to landfill and 

incinerator, and thus minimizes the overall environmental impact across the life cycle as 

compared to current oil sorbents. This hypothesis was examined through a life cycle 

model (retrospective LCA) that includes different use (single use, multiple uses) and 

end-of-life options (landfill, WTE, and incinerator) for SL aerogel and state-of-the-art oil 

sorbent (i.e., polyurethane foam (PUF)). Additionally, anticipatory LCA was performed 

for different aerogel fabrication methods such as carbon dioxide (CO2) supercritical 

extraction (CSCE), alcohol supercritical extraction (ASCE), and rapid supercritical 

extraction (RSCE) to inform the sustainable design of next generation aerogels (see 

Chapter 3).  

Effective oil recovery from saturated porous oil sorbents could bring economic 

and environmentally improved oil spill responses. Aerogel blankets possess mechanical 

durability and flexibility, and oil could be extracted via mechanical compression. Since it 
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is difficult to remove all sorbed oil from TW and SL aerogel blankets’ porous network, I 

hypothesized that oil recovery from aerogel pores would be enhanced through “tuned” 

aerogel surfaces (i.e., switch from hydrophobic for oil uptake to hydrophilic for 

enhanced oil recovery under chemical stimulus, such as exposure to CO2). This 

hypothesis was tested by coating aerogel surface with CO2 switchable chemical (i.e., 

tributylpentanamidine) by using different coating techniques (e.g., drop cast coating, dip 

coating, and physical vapor deposition), and this will provide insight for an effective 

and simple way for switchable surface preparation (see Chapter 4). 

 

1.2 Background 

1.2.1 Aerogels 

Aerogels are sol-gel derived, open-celled (i.e., gas within the aerogel boundaries 

is not contained inside of solid pockets), highly porous (90-99%), lightweight, and 

mesoporous (2-50 nm in diameter pores) solid materials with some of the highest surface 

area per mass (ranging from 250 to 2500 m2/g) of all known materials.17 As a result of 

these features, aerogels have been used in a wide range of industrial and scientific 

applications, including thermal insulation, heat storage, catalytic support, energy 

absorption, architectural day lightning, insulation for oil and gas pipelines, coating 

formulations, outdoor gear and apparel, and personal care products.18–20 Some recent 
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studies focused on modification of aerogel chemical compositions to increase their 

mechanical strength, flexibility, stability in water, hydrophobicity, and conductivity.21–23 

These studies provided new opportunities environmental applications such as chemical 

sensor fabrication24, removal of miscible and immiscible organic solvents from water25, 

toxic organic compounds26 and different kinds of oil.27  

The term “aerogel” does not represent a specific substance, but rather refers to a 

geometry. Aerogels can be composed of a variety of chemical compounds such as silica, 

alumina, titania, zirconia, almost any transition metal oxides, organic polymers (e.g., 

resorcinol-formaldehyde, phenol-formaldehyde, and polystyrenes), and carbon 

nanotubes.28–33 

1.2.2 Structure and fabrication of aerogels 

Aerogels are composed of solid nanoporous structures that are formed from gel 

by excluding the liquid component of gel. This gel is composed of interconnected 

colloidal particles (1-1000 nm in diameter) that extend through the volume of the liquid 

medium.34 The formation and aggregation of these particles are controlled by the sol-gel 

process. The connected colloidal particles provide the rigidity, and the liquid part fills 

the gel’s volume, ultimately influencing the gel density.35  

When a wet gel dries by evaporation, capillary forces applied by the evaporation 

of liquid increase with decreasing liquid volume.36 As drying proceeds, surface tension 
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increases, and the silica network becomes increasingly stiffer (i.e., deformed silica 

network). With higher surface tension, the tension in the gel cracks the silica skeleton. 

This low-porosity material is called “xerogel”, which generally shows less than 10% of 

the porosity of the original gel.17 Modifying the surface of the gel with a hydrophobic 

precursor prior to evaporation can prevent the pore collapse and forms an “ambigel” 

(i.e., “ambient pressure drying”; 60-70% porosity).37 In contrast, aerogels are commonly 

manufactured by supercritically extracting the liquid from a gel.38 Supercritical drying 

eliminates capillary stresses by slowly heating and pressuring the liquid to reach its 

critical point, thereby transforming the liquid into a supercritical fluid. The supercritical 

fluid exerts no surface tension, behaves like a gas, and expands to fill the volume of 

storage. Gentle depressurization of the system easily removes this fluid to form intact 

aerogel (80-99% porosity).39,40  

(a)	 (b)	

 
Figure 1.2. Image of damaged and intact silica monolith aerogel. (a) Fast 

depressurization forms cracks in silica monolith aerogel.  (b) Monolithic silica aerogels 
fabricated by RSCE method.   
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Supercritical extraction can be performed at high temperature (250-300 °C) and 

pressure, resulting in direct extraction of the alcohol solvent used in the medium. This 

method is called alcohol supercritical extraction (ASCE). Alternatively, after direct 

extraction of the alcohol solvent using liquid carbon dioxide, the extraction can be 

performed at lower temperature (31 °C), albeit a high pressure. This method is called 

CO2 supercritical extraction (CSCE).41 In addition to these two conventional methods, 

rapid supercritical extraction (RSCE) is a new aerogel fabrication method.42 This method 

uses a hydraulic hot press without requirement of aging step to rapid (3-8 h with RSCE, 

day(s) or week(s) with CSCE or ASCE) and automated aerogel fabrication.43   

Aerogels are typically produced through the sol-gel process. Mixing specific 

chemical precursors results in the formation of colloidal particles in three dimensional 

polymer networks.44 Two main reactions occur to form sol particles: hydrolysis and 

condensation.45 For example, to prepare the silica gels, the hydrolysis reactions happen 

between water and a silica-precursor (tetramethoxysilane-TMOS is the common silica 

precursor) in the presence of an acid (e.g., hydrochloric acid, oxalic acid, and nitric acid) 

or a base (e.g., ammonium hydroxide) catalyst.38,46 Then, polycondensation reactions 

occur between hydrolyzed silica species. These reactions form a wet gel that consists of a 

porous SiO2 solid matrix, and pores filled with the solvent by products of the reaction (in 

this silica aerogel case methanol and water). 
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Figure 1.3. The schematic of sol gel reactions for aerogel manufacturing     

(hydrolysis, condensation reactions, and silica network formation). Note: molecular 
geometries are not optimized here. 

 

1.2.3 Blanket fiber aerogel composites  

Aerogels can be different forms such as blankets, particles, blocks, and 

monoliths. The global market for aerogels was $171.7 million in 2013, $186.7 million in 

2014, was estimated to be approximately $213.6 in 2015, and expected to reach $612.4 

million by 2020.47 With advanced fabrication technologies, the production cost of 

aerogels is expected to be reduced from $4000 to $1500 per cubic meter.48  
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Remarkably, blanket aerogels were the largest percentage (93%) of the total 

manufactured aerogels by weight in 2012.47 TW and SL blanket aerogels have been 

commercialized for 15 years by publicly owned companies and are readily available in 

industrial scales. Currently, blanket aerogels are used mainly for insulation applications, 

including apparel, building, and industrial insulation,17 but they are never used for oil 

spill removal and recovery. SL is manufactured by casting silica sol onto a fibrous 

batting (glassfiber and polyester fibers) and then drying this wet composite under 

supercritical conditions. In contrast, TW is fabricated by including granules of aerogel 

inside a polyester blankets; i.e., aerogel granules sandwiched between layers of 

polyester blankets. 

 

 

Figure 1.4. Aspen Aerogels® Spaceloft™ manufacturing process. (Process 
schematic by Stephen Harasim, Aspen Aerogels Inc.) 
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1.3. Thesis Overview 

Crude oil and the refined crude oil products play an essential role in current 

modern society. Petroleum consumption in the U.S. was approximately 2200 million 

liters per day in 2014; 35% of total U.S. energy consumption in 2014.49 However, 30-40% 

was exported, and oil extraction, refining, and transportation create a risk for 

environmental release. For example, oil mostly enters marine environments from 

anthropogenic sources; where approximately 70% of oil is introduced to world’s oceans 

and 85% of oil enters North American waters via accidental oil spills, leaks and spills 

due to the oil refining, handling and transport of crude.50 Additionally, crude oil enters 

marine environments from natural hydrocarbon seeps at a global estimated rate of 

approximately 700 million liters per year, with 177 million liters in North America alone. 

Note that this amount (700 million liters every year) is equivalent 18 spills of the Exxon 

Valdez accident of 1989 (the second biggest oil spill in U.S. history) or approximately the 

same amount as the Macondo well disaster of 2010 (i.e., Deepwater Horizon oil spill; 795 

million liters) the largest disaster in U.S. history.50  

Accidental and natural releases of oil are not only a loss of the energy resource, 

but also contaminate the marine environment and ecosystem.51 Effective and rapid oil 

remediation and recovery with new materials and their associated practical technologies 

are essential to: (1) capture natural or accidental spilled oil, (2) protect the biologically 
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sensitive shorelines, and (3) minimize the human intervention during oil spill response. I 

hypothesized that hydrophobic aerogel fabric composites (TW and SL) could provide 

higher oil uptake compared to current oil sorbents. First, I investigated the oil uptake of 

TW and SL aerogels to determine whether those aerogels could able to show competitive 

uptake compared to current state-of-the-art sorbents (e.g., PUF and PP). Next, I 

experimentally tested reusability with a mechanical press and determined oil uptake 

change with reuse of aerogels (Chapter 2). Since environmentally sustainable solutions 

are essential for environmental engineers and scientists, the emergent question was: are 

these new advanced materials (TW and SL) also environmentally sustainable across the 

life cycle compared to conventional sorbent materials? I performed two different LCAs 

(retrospective and anticipatory LCA) to understand the environmental impact of aerogel 

applications (Chapter 3). Oil recovery using environmentally friendly and practical 

technologies is essential to achieve an effective cleanup with a minimum amount of 

materials and will provide a sustainable and economically viable solution. I 

hypothesized that modifying existing aerogel chemistry with switchable chemical to 

develop stimulus-responsive oil sorbents could enhance the oil recovery (Chapter 4). We 

aimed to use CO2-switchable chemical to form CO2-responsive surface because CO2 is 

benign, inexpensive, and does not accumulate in the system. 
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Results from this work have been and/or will be shared with related government 

(e.g., EPA, NOAA, and USCG), and private oil response organizations to suggest an 

alternative oil response option. This alternative technology sought to provide three main 

advantages: (1) rapid, efficient, and selective oil removal (i.e., without water uptake), (2) 

the possibility of oil recovery through mechanical extraction, (3) an environmentally 

sustainable and economically feasible response option (i.e., less waste, less overall 

energy consumption, and cost-efficient response). 
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Chapter 2 
 

Flexible, Mechanically Durable Aerogel Composites for 
Oil Capture and Recovery 

  

This chapter is adapted from “ Flexible, Mechanically Durable Aerogel 

Composites for Oil Capture and Recovery” by Karatum, O., Steiner III, S.A., Griffin, J. S., 

Shi, W., Plata D. L. ACS Appl. Mater. Interfaces, 2016, 8 (1), pp. 215–224. Reprinted 

(adapted) with permission from 10.1021/acsami.5b08439.  Content is slightly modified 

from original version to reflect thesis formatting, and the chapter contains additional 

materials. Copyright © 2015 American Chemical Society. 

2.1. Abstract 

More than 30 years separate the two largest oil spills in North American history 

(the Ixtoc I and Macondo well blowouts), yet the responses to both disasters were nearly 

identical in spite of advanced material innovation during the same time period. Novel, 

mechanically durable sorbents could enable (a) sorbent use in open ocean, (b) automated 

deployment to minimize workforce exposure to toxic chemicals, and (c) mechanical 

recovery of spilled oils. Here, we explore the use of mechanically durable, low-density 

(0.1-0.2 g/cm3), highly porous (85-99% porosity), hydrophobic (water contact angles 
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>120°), flexible aerogel composite blankets as sorbent materials for automated oil 

capture and recovery: Cabot® Thermal Wrap™ (TW) and Aspen Aerogels® Spaceloft® 

(SL). Uptake of crude oils (Iraq and Sweet Bryan Mound oils) was 8.0 ± 0.1 and 6.5 ± 0.3 

g/g for SL and 14.0 ± 0.1 and 12.2 ± 0.1 g/g for TW, respectively, nearly twice as high as 

similar polyurethane- and polypropylene-based devices. Compound-specific uptake 

experiments and discrimination against water uptake suggested an adsorption-

influenced sorption mechanism. Consistent with that mechanism, chemical extraction oil 

recoveries were 95 ± 2 (SL) and 90 ± 2 % (TW), but this is an undesirable extraction route 

in decentralized oil clean up efforts. In contrast, mechanical extraction routes are 

favorable, and a modest compression pressure (95 kPa) yielded 44.7 ± 0.5 % initially to 

42.0 ± 0.4 % over 10 reuse cycles for SL and initially 55.0 ± 0.1 % for TW, degrading to 

30.0 ± 0.2 % by the end of 10 cycles. The mechanical integrity of SL deteriorated 

substantially (800 ± 200 to 80 ± 30 kPa), whereas TW was more robust (380 ± 80 to 700 ± 

100 kPa) over 10 uptake-and-compression extraction cycles. 

 

2.2. Introduction 

Increasing energy demand, due in part to the growing global population, has led 

to continuous rise in global consumption of crude oil.49 In association with this demand, 

more than 7.3 million barrels of oil enter the natural aquatic environments from 
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municipal and industrial sources, marine transport, natural oil seeps, and accidents.52 

The largest oil spill in U.S. history, the Macondo Blowout disaster (April 2010), released 

approximately 4.9 million barrels of Southern Louisiana crude oil into Gulf of Mexico.53 

The second largest oil spill in the Gulf of Mexico, the Ixtoc I well blowout (3 million 

barrels), occurred in June 1979, and in spite of over 30 years separating the two and 

enormous material innovation during that time, the responses to the disasters were 

strikingly similar (See Appendix A- Table A1 for detail). Commonly, physical (e.g., 

containment booms, skimmers, and sorbents), chemical (e.g., dispersion, in situ burning 

and solidifiers), and biological (e.g., biostimulation, natural attenuation, and 

bioaugmentation) methods are applied for the removal of oil from surface or shore. 

Containment booms are the most frequently used piece of equipment for preventing 

spilled oil from spreading, especially into biologically sensitive areas and coastal 

regions.3 However, oil booms are known to be unstable due to both the lack of robust 

construction materials54 and the challenge of maintaining a perfectly intact or vertical 

physical barrier during high currents and winds. This allows oil to flow over and 

underneath the boom, ultimately impacting sediments and shore. Intense oil 

contamination in some parts of Louisiana marshes caused death of ecologically valuable 

plants.55 Industrial recovery responses favor the use of skimmers (i.e., skimmer barrels), 

but these can only be deployed close to vessel and have optimal performance when the 
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surface oil layer is thick.3,10 Skimmers cannot be applied in deep sea (i.e., for well 

blowouts) or in conjunction with dispersants, as dispersants thin and break up the oil 

layer to promote potential aerobic biodegradation. Sorbent pads are used frequently to 

remove remaining oils from shore and at sea, but these never remove oil 

comprehensively, and they require manual deployment and recovery in current 

configurations.  

The most commonly used industrial sorbent materials are polypropylene (PP) 

and polyurethane foams (PUF)56,57, as they are affordable, lightweight, and readily 

deployable. However, they suffer from being fairly non-specific sorbents, taking up 

water along with oil. This has several consequences, including reduced oil uptake 

capacity and eliminating the possibility of economically competitive oil recapture. In 

particular, if oil reclamation is sought, additional approaches such as centrifugation, 

filtration, or gravitational settling must be used to remove the water.58 More often, PP 

and PUF are discarded without oil recovery and ultimately incinerated. Some have 

proposed the use of waste materials, such as human hair59 and old PUF furniture as 

sorbents, but these have clear disadvantages with respect to a readily available material 

supply as well as challenges in systematic mechanical recovery (i.e., scooping oiled hair 

out of the ocean is not straightforward). Ideally, sorbents should be reusable, provide 

efficient and specific recovery of oil, require little human intervention for deployment 
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and retrieval, and have some mechanical integrity. In particular, mechanically durable 

sorbents would open up a world of previous unrealized applications, such as (a) booms 

able to withstand ocean towing forces, (b) automatically deployed and recovered 

sorbents (i.e., using robots that skim the ocean surface or deploy and recover sorbent 

mats in coastal areas), (c) sorbent use in high wind and waves, and ultimately, (d) all of 

these could be followed by mechanical recovery of the collected oil.  

Considering the achievements in materials science over the past several decades, 

advanced composite materials could meet these needs. For example, aerogels are sol-gel-

derived, highly porous, lightweight solid materials with some of the highest surface 

areas per mass of all known materials.33 Recent advances in aerogel fabrication and 

functionalization (i.e., moving beyond classic silica aerogels) are enabling multiple 

tunable properties, including mechanical strength, flexibility, stability in water, 

hydrophobicity, and conductivity. These have given rise to a variety of environmental 

applications, such as removal of miscible and/or immiscible organic solvents in 

water60,61, volatile organic compound (VOC) vapors62, toxic organic compounds63, and 

oil.64,65 For example, perfluoroalkylated (i.e., -CF2 and -CF3 groups) hydrophobic aerogels 

remove oil masses up to 14 times their dry weights when in powder form.64 While silica 

aerogels exhibit efficient removal of target chemicals, their brittle, fragile, and non-

elastic characteristics limit their practical applications.66,67 Some cellulose aerogels exhibit 
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enhanced physical integrity and have been demonstrated for oil extraction, but 

degraded after a single mechanical extraction (i.e., squeezing for oil recovery), and their 

sorption capacity significantly diminished during the second cycle.68 Carbon aerogels 

with fibrous morphologies (i.e., cylindrical shaped and made of carbon; approximately 5 

μm in diameter) manufactured from different carbon sources such as cotton fiber and 

bacterial cellulose had similar, albeit slightly improved, mechanical recycle performance. 

Distillation and combustion recharge approaches were also tested for these materials;69 

however, these “extraction” methods are energy consumptive and present clear 

flammability hazards as compared to mechanical compression recovery approaches. As 

a result, the large-scale applications of these latter methods are limited.  

Thus, while sorbents themselves are a mature technology, there is a need for 

enhanced sorbent materials that (a) have a continuous geometry to protect sensitive 

areas when booms cannot; (b) are mechanically durable, enabling ocean towing, 

automated deployment with minimal human intervention, and mechanical extraction to 

recover oil; and (c) provide a cost-efficient material that has a high selectivity for oil and 

discrimination against water uptake. To meet these important needs, we evaluate the 

use of two hydrophobic, lightweight, and mechanically durable flexible aerogel fabrics 

for oil spill removal and recovery: Cabot Thermal Wrap (TW) and Aspen Aerogels 

Spaceloft (SL). Currently, these materials are used primarily for insulation applications, 
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including apparel, building, and industrial insulation, and no commercial applications 

rely on their unique surface chemistry. Thus, the use of TW and SL as mechanically 

robust oil sorbents presents a truly novel application of the materials and a 

transformative approach to oil remediation and recovery. 

 

2.3. Experimental Approach 

2.3.1. Materials  

Thermal Wrap™ (TW) (6.0-mm thickness, Cabot Corporation, Boston, MA) and 

Spaceloft® (SL) (10-mm thickness, Aspen Aerogels, Northborough, MA) are flexible 

fiber-reinforced silica aerogel composite blankets. Both materials utilize hydrophobic 

trimethylsilylated silica aerogel. The trimethylsilyl functionalization imparts 

hydrophobicity and aqueous stability to the silica aerogel that is natively absent. 

Thermal Wrap is a composite of trimethylsilylated silica aerogel particles with 

bicomponent polyester fibers that binds the particles into a low-dust flexible blanket. 

Spaceloft is a composite of a lofty fibrous batting of polyester and glass fibers infiltrated 

with trimethylsilylated silica aerogel and magnesium hydroxide. Both products are 

commercially available and produced on large scales.  

All solvents (dichloromethane (DCM), methanol, acetone and hexanes) were GC-

grade (EMD Chemicals). Seawater was prepared in accordance with ASTM D1141-98 
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using sea salt from Lake Products LLC (Florissant, MO). Briefly, this method involves 

with dissolving 41.9 g of commercially produced sea salt in 1 L of water. Iraq and Sweet 

Bryan Mound (SBM) crude oils were obtained from ONTA, Inc. (Ontario Canada).  

A competing material, PUF, which is used in the majority of oil spill responses in 

near-shore applications, was purchased from Foam Factory, Inc. and tested alongside 

the TW and SL aerogel composites.  

 

2.3.2. Material characterization  

To characterize the morphology of the aerogel composites, we coated test 

swatches with a 25 nm chromium layer via a Denton chromium sputtering machine and 

imaged by a Hitachi scanning electron microscope (SEM) SU-70.  Surface area 

measurements were performed using a TriStar II 3020 porosimeter (Micromeritics) with 

N2 as an adsorbing gas. Surface area was derived from the adsorption isotherm using 

Brunauer, Emmett, and Teller (BET) theory. Pore size distribution was derived from the 

desorption isotherm using Barret—Joyner—Halenda (BJH) theory. Skeletal density of 

the materials was determined using an AccuPyc II helium pycnometer with 10 purges 

and 200 measurements for each sample, using a 10-mL sample chamber. Then, porosity 

was determined by taking a sample of known volume, subtracting the skeletal volume, 

and expressing the pore volume as a percentage of total volume.  
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2.3.3. Contact angle measurements  

Water contact angles were measured via the sessile drop method using a Kruss 

DSA-20 instrument and an average of 10 different spot measurements. Due to the 

fibrous nature of the material, the baseline determinations were made using the tangent 

of the bottom of the water droplet, which approximated an average through the opaque 

surface of the aerogel composite mat (see Appendix A- Figure A1 for example).  

 

2.3.4. Sorption capacity experiments   

In the absence of water, preweighed TW and SL aerogel swatches (20 x 20 x 6 

mm and 20 x 20 x 10 mm, respectively) were completely immersed in a solvent or oil 

inside an open, precombusted glass beaker using a precombusted Pasteur pipet to 

submerge the aerogel gently. After each 2 min immersion interval over a 30 min 

duration, aerogels were removed and weighed. This experiment was performed in 

triplicate and sorption capacity was calculated as follows:  

Sorption Capacity (g/g) = 
M f −M0

M0       

 
Sorption Capacity (mL oil / mL aerogel pore space) =

M f −Mo

Mo

×
ρa
ρs
×

1
Φ

 

where Mo is initial dry absorbent (aerogel) weight, Mf is weight of sorbent samples at the 

end of tests, ρs is the density of fluid (i.e., solvent or oil), ρa is the bulk density of the 
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aerogel, V is the volume,  and  Φ is the porosity of aerogels. Note that porosity (92 ± 0.1% 

for TW, 86 ± 0.1% for SL) is applied for the calculation of sorption capacity based on the 

volume. 

To test the effect of seawater on the sorption capacity of TW and SL aerogels, 50 

mL of artificial seawater was added to each beaker along with a sufficient amount of oil. 

In this case, aerogels were allowed to float on the surface of the seawater as they would 

normally for 30 s. Note, oil uptake was rapid and seemed to stabilize after 30 s based on 

an optical observation of the darkness of the remaining oil slick. Then, the beaker was 

mixed to simulate a turbulent environment. The final mass of aerogel was measured 

after 15 min of uptake and performed in triplicate. Blanks (i.e., aerogels in seawater 

without any added oils) were measured in triplicate also.  

 

2.3.5. Recovery and reusability  

 In order to assess the potential for oil recovery from aerogel sorbent fabrics, we 

compared chemical and mechanical extraction approaches. The former is considered 

typically to be robust and efficient (i.e., high recovery), but is not amenable for field 

deployment. In contrast, mechanical extraction can have highly variable recoveries, but 

is inherently field amenable.  
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2.3.6. Chemical extraction  

Aerogel samples were spiked with four perdeuterated recovery standards (2-

methylnaphthalene-d10, anthracene-d10, p-terphenyl-d14, benzo[e]pyrene-d12, and 

recoveries ranged from 60% to 95%, respectively). Accelerated solvent extraction (ASE 

Thermo Dionex) at high pressure and temperature (1000 psi, 100°C) eroded the aerogel 

structure to a point at which fine particles could not be well separated from the oil 

extract, and so gentler Soxhlet extraction was employed at 60 °C for 24 hr in a 90:10 

mixture of dichloromethane:methanol (DCM:MeOH).70 Extracts were concentrated by 

rotary evaporation and spiked with six perdeuterated injection standards (naphthalene-

d8, acenanaphthalene-d10, phenanthrene-d10, chrysene-d12, perylene-d12, 

dibenz[a,h]anthracene-d14). Diesel range organic compounds and target polycyclic 

aromatic hydrocarbons (PAHs) were analyzed by using an Agilent 7890 gas 

chromatograph (GC) equipped with an Agilent 5975 quadrupole mass spectrometer 

(MS) and an HP-5 column (30 m x 0.32 mm ID x 0.25 μm film thickness). Compound 

identities were confirmed using mass spectral library searches (National Institute of 

Standards and Technology (NIST) Library) and retention times from standard 

compounds. 

The total dry lipid content of each extract (i.e., the total lipid extract (TLE)) was 

determined gravimetrically by transferring 50-250 µL aliquots into a pre-weighed 
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aluminum dish and allowing them to dry until a constant weight was observed. Note 

that the TLE of the neat oil prior to any extraction or recovery was 75% and 70% w/w for 

Iraq Oil and SBM Oil, respectively.  

2.3.7. Mechanical extraction  

Using a Palmgren drill press vise device with 95 kPa of pressure, oil-saturated 

aerogels were compressed while suspended over a precombusted, preweighed 

aluminum pan for 30-60 s, until no further oil extruded from the compressed aerogel. 

The resultant oil was weighed immediately, and this process was repeated for 10 cycles. 

Oil recovery was calculated via TLE mass. 

2.3.8. Tensile Strength Testing   

Material samples for tensile strength testing were cut from bulk blanket material 

into pieces 25 x 150 mm as specified in the cut strip test (applicable to non-woven 

fabrics) described in ASTM D5035.71 Initially, each material was measured in replicate 

(n=6 for SL, 5 for TW, and 3 for PUF) to determine the relative standard deviation of the 

tensile strength for a given material, reflecting both analytical variability and material 

heterogeneity. To probe the changes in the tensile strength as a result of oil uptake and 

extraction, individual samples were then placed in a saltwater bath with ~10 g soybean 

oil for 10 min. (See Appendix A-Table A2 for justification of choice of soybean oil as a 

surrogate for crude oil in these experiments). After uptake, the sample was placed 
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between two stainless steel plates to which a load of 10 kN was applied for 60 s to expel 

the sorbed oil. This process was repeated until the desired cycle number was reached. 

Sample dimensions were measured before loading the sample into an Instron 3366, held 

by side-action screw type grips set 75 mm apart. Tensile load was applied to the sample 

at a constant rate of extension (50 mm/s; lower than the 300 mm/s specified in ASTM 

D5035) until the material failed. Finally, stress was calculated from the maximum load 

sustained by the sample and the pre-test dimensions. 

2.4. Results and Discussion  

2.4.1. Aerogel characterization  

Materials with water contact angles (WCA) greater than 90° and 120-130° are 

defined as hydrophobic and highly hydrophobic, respectively.72 The WCAs of the TW 

and SL aerogels were 127 ± 6° and 130 ± 9° (Figure 2.1, Table 2.1), respectively, 

classifying them as highly hydrophobic. For comparison, other hydrophobic aerogels 

whose oil sorbing capacities have been interrogated include Cabot Nanogel® (note that 

Cabot Nanogel® is the previous trade name, and the closest product currently available 

is Cabot Lumira® LA1000) (WCA 130°), the base material for TW, and a 

superhydrophobic silica aerogel prepared with methyltrimethoxysilane (MTMS; WCA 

162°); TW and SL are within the range of competitive hydrophobicity for these other 

materials.73,74 As a reference, traditional TMOS-derived (tetramethoxysilane) aerogels 
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have WCAs of ca. 90-98° 38,43,75, but are not mechanically strong and not always stable in 

seawater. Thus, they are not candidates for oil sorption from seawater. 

By visual inspection, the hydrophobic nature of the aerogels employed here is 

clear: a water droplet was stable on the surface of TW and SL (Figure 2.1) and retained 

its spherical shape. In contrast, light crude oil (i.e., Iraq Oil) was rapidly absorbed by 

both TW and SL. The rapid sorption of the oil droplet is consistent with the favorable 

Gibbs free energy of sorption, given by Young’s equation:  

ΔG = −γ l (cosθ −1)  

where l indicates the liquid phase, γ for the surface tension for that liquid (72.75 and 28 

mN/m, for water and oil, respectively), and θ for the contact angle.76 For water, ΔG was 

greater than zero, implying higher surface energies impeding collapse of the liquid 

bubble into the material surface. In the case of oil, the contact angle is close to zero, and 

the rapid diffusion of oil into the aerogel occurred because the surface energy of aerogel 

in contact with oil is negative and favored under these conditions. Similarly, one can 

calculate the work of immersion77 from  

Wi = γ
l (cosθ )  

where positive Wi corresponds to a spontaneous immersion process. For oil, contact 

angles of zero indicate spontaneous immersion of the solid aerogel in the liquid oil. In 
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contrast, for water, the work of immersion is negative and immersion of the solid 

aerogel in water is non-spontaneous and disfavored.  

 

Figure 2.1. Optical interrogation of aerogel fabrics’ gross and fine structure. 
Image of a dyed-green water droplet and Iraq oil on the surface of  (a) TW (6 mm 
thick) and (d) SL (10 mm thick). Insets are images from the WCA measurements. Note 
that the TW used is thinner than SL. SEM images of the surfaces of  (b and c) TW and (e 
and f) SL, where aerogel particles are visible on the fibers in the high-resolution images 
(c and f).  

 

Macroscopically and microscopically, the structures of TW and SL appear to be 

similar (Figure 2.1, Table 2.1). In particular, the skeletal densities, internal surface areas, 

and porosities of the two materials are similar. They differ with respect to both bulk 

density  (0.12 and 0.24 g/mL  for TW and SL, respectively) and mechanical strength (380 

± 80 and 800 ± 200  kPa tensile strength for TW and SL, respectively). In addition, there 

are differences in the manufacture of each material that could give rise to unique 
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mechanical extraction and chemical uptake performance. SL is made by infiltrating a 

fibrous batting (fiber glass and polyester fibers) with wet gel and then supercritically 

drying the whole composite. In contrast, TW is made by mixing polyester fibers with 

silica aerogel particles and heating the mixture until an outer “skin” flows and adheres 

the aerogel particles to one another and to the fibers. Note that the melting temperature 

of the outer skin is distinct from the internal components of TW. As a result of 

compositional differences between TW and SL, we postulated they could exhibit 

separate uptake ability towards solvents, oils, and water with time and reuse cycles. 

 

Table 2.1. Physical characteristics of blanket aerogels and a comparative oil sorbent 
 Thermal Wrap  (TW)       Spaceloft (SL) PUF 

Skeletal density (g/mL) 1.56 ± 0.01 1.73 ± 0.02 - 
Bulk density (g/mL) 0.12 0.24 0.0278 

Bulk density after oil 
uptake (g/mL) 

0.37 ± 0.08 0.63 ± 0.08 0.12 ± 0.03 

Porosity (%) 92.0 ± 0.1 86.0 ± 0.1 - 
BET SA (m2/g) 407 528 - 

Tensile Strength (kPa) 
380 ± 83 

(n=5) 

766 ± 244 
(n=6) 

92±7 
(n=3) 

Water contact angle (o)        127 ± 6 130 ± 9 6476 

Composition 
PE fiber, 

Methylsilylated silica 

 
Glass fiber, PE fiber with 
trimethylsilylated silica 

Polyur.79 

Manufacturing 
Method 

 
Hydrophobic silica 

attached to fibers with 
heating 

 
Supercritically drying    

a whole composite 
 

Controlled 
expansion79 

n: number of replicates, PE: Polyester, Polyur.: polyurethane, PUF: Polyurethane foam, a common oil 
sorbent shown for comparison. Unless otherwise noted, all measurements were collected as part of this 
study.  
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2.4.2. Solvent and oil uptake capacities  

All tested organic solvents and oils reached equilibrium in very short time (< 6 

min) (Figure 2.2), which is encouraging for real world deployment and recovery 

schemes. In contrast, deionized water (DI) and seawater took longer to reach their 

maximum uptake capacity, likely due to the hydrophobicity and pore structure of the 

aerogel discouraging water uptake. Note that TW exhibited an odd and yet unexplained 

behavior with DI water, where an uptake event occurred, reproducibly, after 15 min. 

This may be due to the presence of polyester fibers in TW, as these fibers could draw 

moisture in to the aerogel.  

On a mass basis, the highest sorption capacity was observed for DCM compared 

to the studied organic solvents and oils (TW, 16.0 ± 0.2 g/g; SL, 10.0 ± 0.6 g/g; Figure 2.2). 

This is a consequence of the relatively high density of DCM (1.33 g/cm3), in addition to 

its sorption affinity for the aerogel (i.e., more hydrophobic materials such as hexane or 

oils might be expected to have the highest uptake on a molar basis, but DCM’s 

proportionately higher density gives it a high uptake on a mass basis). The second 

highest sorption capacity was observed for oils (Iraq and SBM), irrespective of the two 

different environments tested (i.e., oil-seawater and only oil): 14.0 ± 0.1 g/g and 8.0 ± 0.1 

g/g for TW and SL, respectively, in oil mixed with seawater and 12.0 ± 0.1 g/g, 7.0 ± 0.1 

g/g (for TW and SL, respectively) without competing with seawater. Thus, seawater 
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minimally affected the Iraq oil sorption capacity and both TW and SL have high oil 

selectivity and discriminate against water uptake. 

 

 

 

Figure 2.2. Uptake kinetics of TW and SL aerogels. (a) TW and (b) SL mass 
changes were determined over 30 minutes. Error bars show standard deviations on 

triplicate measurements. Invisible error bars are smaller than the symbol. S.B.M. Oil is 
Sweet Bryan Mound Oil, DCM is dichloromethane, MeOH is methanol, and DI is 

deionized water. 
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Here, oil sorption capacities of TW and SL are similar to or slightly higher than 

the previously studied new and commercial sorbents for light crude oil sorption such as 

polypropylene pads (7 g/g), polyester pads (9 g/g), peat moss (3 g/g), vegetable fiber (4 

g/g), treated perlite (4 g/g), clay (0.5-6 g/g), cellulose (10 g/g) and silica (<0.1 g/g) 

aerogels.76,80 When TW and SL oil uptake capacities exceed these, they would have a 

material advantage in cleanup and recovery event, as less sorbent would be needed to 

remediate a given mass of oil. 

For our tested organic solvents and oils, TW showed better sorption capacity on 

a mass basis compared to SL (Figure 2.3a). This is a consequence of the inherent 

structure of the aerogels: for the same 2D aerogel area swatch, SL was thicker (10 vs. 6 

mm) and 4 times heavier. With respect to total oil, the SL and TW swatches were able to 

absorb roughly the same amount of total oil. Correcting for the disparate masses of the 

two swatches yielded similar volume-based sorption capacities (TW: 1.3 ± 0.1 mL/mL, 

SL: 1.6 ± 0.2 mL/mL) (Figure 2.3b). 
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Figure 2.3. Sorption capacities of TW and SL on a (a) mass basis and (b) 
volume basis. Error bars give standard deviations on triplicate measures. (DI: 

deionized; I.: Iraq, Sw: Seawater; S.B.M.: Sweet Bryan Mound; DCM: dichloromethane).  

 

2.4.3. Compound-specific uptake  

In order to determine if there were differences in sorption capacity over a range 

of sorbates, we tested the uptake of a small suite of polycyclic aromatic hydrocarbons 

(PAHs) by TW and SL aerogels (Figure 2.4). The primary goal was to determine if TW 

and SL had unique chemical surface or internal surface area accessibility by comparing 

the sorption of individual compounds between the two sorbates. In other words, 

compound-specific uptake experiments could reveal either (a) the importance of internal 
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surface chemistry on the uptake of the PAHs, indicating a chemically-mediated, 

adsorption process, or (b) the importance of pore volume or pore access, indicating a 

physically-dominated, absorption process. Last, high and rapid removal of PAHs is 

desirable since these compounds can be potent cell mutagens.81  

 

 

Figure 2.4. Chemical-specific sorption capacities of TW and SL, normalized to 
the PAH content of the oil on (a) a mass- and (b) surface area-basis. Error bars 

represent standard errors of the means of triplicate measures. Naph: Naphthalene, Fluo: 
Fluorene, Phen: Phenanthrene, Chry: Chrysene. 
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For the tested aromatic hydrocarbons, TW showed better uptake efficiency on a 

mass basis compared to SL (Figure 2.4a), similar to what was observed for organic 

solvents and oils (Figure 2.3a). Furthermore, TW also showed better sorption capacity on 

an internal surface area basis compared to SL (Figure 2.4b). Upon first inspection, this 

seems to suggest that the internal surface of TW is more accessible compared to SL, and 

that differences between them with respect to selected aromatic hydrocarbons uptake 

were likely due to available pore space differences between the two (92 ± 0.1% for TW, 

86 ± 0.1% for SL). However, the differences in surface-area-normalized uptake efficiency 

are disproportionate to the respective porosities. That is, TW had a 5-fold superior 

sorption compared to SL on a surface-area-normalized basis, as compared to only a 

slight difference in porosities. Thus, we postulate that the differences are due to either 

surface loadings of the chemically active aerogel on the internal fiber surfaces or 

differences in the fibers themselves. Visual inspection shows that there are few 

differences in the size and distribution of the fibers themselves, as well as the 

distribution of the aerogel particles on those fibers (see Figure 2.1), when comparing the 

TW and SL materials. However, recall that the fibers making up those composites are 

chemically distinct: SL is made of both polyester and glass fibers, whereas TW is strictly 

polyester. Thus, the higher relative polyester content could account for the enhanced 

sorptivity of hydrophobic PAHs. This supports an uptake mechanism that is influenced 
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by chemically mediated adsorption (The composite’s ability to discriminate against 

water uptake, detailed below, also supports this uptake mechanism).  

If absorption were principally responsible for the oil uptake from seawater (i.e., 

sponge-like, bulk fluid uptake without chemical discrimination), then the amount of 

PAH in the aerogel composite could be calculated knowing the pore volume of the 

composite and the PAH content of the original oil. This exercise indicates that the PAH 

content of the aerogel extracts cannot be explained by bulk oil uptake alone: only 50 or 

25% of the anticipated PAHs are accounted for in TW and SL, respectively (Appendix A-

Figure A3). This can only be explained by a mechanism that discriminates against PAH 

uptake relative to other bulk oil components (or poor extraction recovery, which was not 

the case; 60-95% recovery of internal standards). Further work would be needed to 

demonstrate the relative sorptivity of individual PAHs to the hydrophobic surface 

moieties of the aerogel composite (i.e., the trimethylsilyl groups) and the underlying 

fiber on equilibrium time scales (e.g., greater than 1wk.). Note that fiber content of TW is 

pure polyester, whereas SL contains both polyester and glassfiber, and the higher PAH 

uptake in TW relative to SL would be expected for an adsorption-dominated uptake 

mechanism.  
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2.4.4. Recovery 

The Macondo well disaster (April 2010) released 4.9 million barrels of oil into the 

Gulf of Mexico.82 With the use of proper sorbent technologies, spilled crude could be 

captured for reuse if the oil could be adequately extracted while simultaneously being 

separated from the water. Here, we examined oil recovery via two extraction routes: 

chemical and mechanical.  

Unsurprisingly for an adsorption-influenced uptake mechanism, chemical 

extraction had enhanced recovery relative to mechanical extraction (see Appendix A-

Figure A4). Explicitly, mechanical extraction of Iraq oil from TW and SL yielded 68.0 ± 

1.1 % from TW and 52.5 ± 1.9 %, respectively, whereas chemical extraction yielded 90.0 ± 

2.0 and 95.0 ± 2.0 %. SBM oil behaved similarly (66 ± 1.6 and 58 ± 2.0 % for TW and SL 

via mechanical extraction and 77 ± 2.0 and 88 ± 1.6 % for TW and SL via chemical 

extraction, respectively). SL always gave higher oil recoveries via traditional chemical 

extraction, but lower recoveries via mechanical press. The former could be a reflection of 

SL’s lower chemical sorptivity (noted in the compound-specific uptake experiments, 

above), while the latter could result from the fact that SL is thicker and more difficult to 

compress with the same amount of force. Follow-up investigations should examine the 

influence of compression force on oil bulk oil recovery; briefly, the compression strength 

of SL is very high (8 psi at 10% strain) and one of the unique characteristics of SL that 
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allows it to be used in high-compressive-strength applications. Note that dual extraction 

routes, such as mechanical and then chemical extraction in series (removing both 

adsorbed and absorbed material), have been applied and resulted in better recovery for 

hydrophobic sponges.83  

While these results demonstrate that much higher oil recoveries are possible with 

solvent extraction, chemical extraction is a slow, expensive method that consumes large 

amounts of solvent and requires a good deal of capital equipment. In short, it is neither 

environmentally desirable nor field amenable. In contrast, the mechanical extraction 

route is promising for practical applications, and it shows distinct advantages over other 

previously studied oil extraction methods, such as distillation, combustion, and ozone 

treatment.63,69,83–86 The latter methods are comparatively less safe and do not enable oil 

reuse directly (i.e., shipment to a refinery without the need for oil-water separation). 

Furthermore, mechanical compression is a versatile strategy that can be applied in a 

number of settings and geometries and can be executed remotely or using robots, which 

will not only reduce occupational exposure during oil cleanup but also expand the area 

that could be accessed via a finite work crew.  

2.4.5. Reusability  

We evaluated the ability to reuse aerogel blankets via repeated uptake and 

recovery cycles (Figure 2.5) in comparison to a leading sorbent used in response to oil 
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spills, PUF. Interestingly, the sorption capacity of TW started higher (12.6 ± 0.1 g/g) and 

then capacity decreased (10.3 ± 0.2 g/g) rapidly after 10 cycles, whereas sorption capacity 

of SL (5.8 ± 0.4 g/g) remained constant even after 10 cycles. Note that PUF has 

apparently competitive oil uptake, but this mass reflects a large amount of water uptake 

(see Appendix A-Figure A5 for water uptake measurements), and PUF’s actual oil 

uptake is less than half of its apparent value. 

 

Figure 2.5. Reusability of TW, SL, and PUF. (a) Iraq oil sorption capacity and 
(b) recovery change with cycle number. Note that uptake masses include both water 
and oil uptake, where *PUFs take up much more water than TW and SL (4.8 ± 0.7 g 

seawater g-1 for PUF, whereas seawater uptake was only 1.1 ± 0.3 g g-1 for TW, 0.24 ± 0.04 
g g-1 for SL).  Error bars show standard deviations from mean of triplicate measurements 
(for TW and SL; PUF are individual measurements), and invisible error bars are smaller 
than the symbol. (Note: adjusted sorption capacity figure that accounts the oil remained 

inside aerogel in each cycle appears in Appendix A- Figure A8 of this thesis) 
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For each cycle of mechanical pressing, the recovered oil (%) from TW showed a 

behavior similar to the changes in sorption capacity, where the proportionate recovery 

progressively decreased from 55.0 ± 0.1 to 30.0 ± 0.2 % at the end of 10 cycles (i.e., not 

only was less oil taken up on each cycle, but mechanically-extracted oil also decreased 

proportionately after each cycle). The recovery from SL did not degrade and was slightly 

better at the end of 10 cycles (44.7 ± 0.5 % initially to 42.0 ± 0.4 % after 10 cycles). Thus, 

SL performed better over time with respect to recovery, even though initial sorption 

capacity and recovery were lower than that for TW. These differences may indicate both 

the chemical and porous structure are changing with cycle number in TW to a greater 

extent than for SL. In other words, TW’s uptake decreased, and this could be due to both 

reduced pore capacity (i.e., reduced absorption) and reduced functional chemical 

surface area (i.e., reduced adsorption) after repeated use cycles (see Appendix A- Figure 

A6 for SEM image showing modified aerogel surface in TW after the 10th uptake cycle 

using a surrogate soybean oil). PUF recovery included a large amount of water 

(Appendix A-Figure A5) and gave apparently high mechanical recovery (reflecting the 

dominance of the apparent uptake mechanisms: absorption into compressible pore 

space). 
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Figure 2.6. Tensile strength of aerogel composities and a competing sorbent 
(PUF). Error bars for cycles 1-10 were calculated from a relative standard deviation 
(RSD) measurement at zero cycles (i.e., the native material).  These RSDs were calculated 
from multiple measurements and reflect both analytical variability as well as material 
heterogeneity (n=6, 5, and 3 for SL, TW, and PUF, respectively).    

One primary advantage of the aerogel composite blankets as oil sorbents over 

other sorbents, such as PUF, is their relatively high mechanical strength (Figure 2.6), 

which enables a host of previously inaccessible applications in oil spill remediation (e.g., 

automated deployment and recovery, oil recovery via mechanical extraction, and open-

ocean towing). To evaluate the mechanical integrity of the aerogels through repeated oil 

uptake and mechanical extraction cycles, we evaluated the tensile strength of the 

materials after several uptake cycles. Note that SL’s strength was initially highest (800 ± 

200 kPa), but exhibited a great deal of heterogeneity (i.e., each swatch tested gave a 

variable tensile strength reading), and degraded to near-PUF weakness by the seventh 

cycle (80 ± 30 kPa). In contrast, TW’s strength seemed to improve with reuse (going from 
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380 ± 80 to 700 ± 100 kPa by the end of 10 cycles). This likely reflects the distinct 

fabrication methods for the two materials, wherein TW’s aerogel particles are thermally 

treated to form a network around the polymer fibers and SL’s aerogel particles are 

simply associated with the fibers following supercritical extraction (Note that the 

mechanical durability of the materials might be more robust when the material is intact 

in a real-world deployment; i.e., when it has not been cut into small geometries required 

for standard tensile strength tests in the lab). Irrespective of the mechanism of 

durability, TW outperformed SL with respect to both mechanical robustness and higher 

uptake capacity (albeit with slightly reduced mechanical recovery; Figure 2.5).  

Others have assessed oil recovery over repeated mechanical extraction cycles and 

found similar or worse recoveries for materials made from natural sorbents, sea 

sponges, and novel aerogels (A comparison of oil sorbent technologies is given in the 

Appendix A-Table A4).69,87–95 For example, Nguyen et al.68 found that the sorption 

capacity of a cellulose aerogel (surface-modified with water-repellent spray) decreased 

from 18.4 g/g to 0.96 g/g after the first usage. The authors suggested that this was due to 

the destruction of pores. The two most likely reasons for structural change with 

mechanical pressure could be related to coating material and method used to modify 

cellulose aerogel surface. In contrast to the Nguyen et al. findings, Chin et al. 

investigated a cellulose aerogel surface-modified with TiO2 (using atomic layer 
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deposition) and found steady high sorption capacity (i.e., 28 g/g in 10 min.) with reuse.96 

Our findings for oil sorption capacity are lower than the some reported cellulose 

aerogels; however, fast oil sorption of TW and SL (<6 min) and mechanical strength are 

still advantages compared to the cellulose aerogels. In addition, blanket fiber aerogels 

have been commercialized for 15 years (by publicly owned companies) and are readily 

available for deployment, whereas cellulose and carbon based aerogels would require 

manufacturing research development as well as capital investment and scale up prior to 

use in a spill response.97 

The ability to reuse collected oil will not only offset the cleanup cost and 

eliminate the possible side effects of the cleanup methods (e.g., secondary oil 

contamination after deployment, the amount of solid and liquid waste, and human and 

ecological exposure), but also could be used to collect and extract oil efficiently from 

passively leaking seeps across the globe (e.g., in Santa Barbara and the Gulf of Mexico in 

particular). 

 

2.4.6. Blanket aerogels vs. Polyurethane foam  

Polyurethane foam (PUF) and polypropylene (PP) are the two most common 

sorbents used in response to oil spills, and the Macondo well blowout (i.e., the 

Deepwater Horizon disaster in April 2010) in particular. The spill’s remediation efforts 
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generated 89,200 tons of solid waste and 1,193,084 barrels (BBLs) of liquid waste (as of 

November 28, 2010).16,95 In many cases, waste materials (i.e., PUF and PP pads, as well as 

sorbent booms) cannot be recycled or reprocessed, and they end up in landfill sites or 

incinerators. This is largely a consequence of (a) convenience and (b) the large water 

uptake by PUF and PP preventing economically and practically viable oil recovery from 

the materials. Clearly, there is a need for environmentally friendly cleanup technologies 

to minimize the amount of waste by weight and volume in addition to having the 

ancillary benefit of potential oil reuse. To compare to the conventional sorbent (i.e., 

PUF), we subjected it to the same battery of oil uptake and extraction tests as for TW and 

SL. The sorption capacity of PUF started low (5.6 g/g) and then increased (7.6 g/g after 2 

cycles) and remained constant after 10 cycles. However, this included a large uptake of 

seawater (4.8 ± 0.7 g/g for PUF, whereas seawater uptake was only 1.1 ± 0.3 g/g for TW, 

0.24 ± 0.04 g/g for SL). As a result, PUF is not a viable candidate for oil recovery 

applications, where the need to separate oil and water precludes the industrial 

practicality of utilizing reclaimed oil. Furthermore, it lacks the mechanical strength of 

TW and SL aerogels, which would limit any application that requires the material to 

undergo ocean towing forces or heavy seas and surf.  

Using these reuse and uptake characteristics, one can calculate the mass of PUF 

versus TW or SL that would be required to cleanup a large volume of spilled oil. For a 
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1000-ton spill (e.g., the Thai Oil Spill of 2013 in the Gulf of Thailand), approximately 166 

tons of PUF, 16 tons of TW, or 38 tons of SL would be needed to remediate the same 

volume of oil. Overall, TW and SL have the advantages of lower material demand, 

higher oil selectivity over seawater, and excellent recyclability compared to conventional 

sorbents (i.e., PUF or PP). 

2.4.7. Cost comparison  

For a 1000-ton light crude oil spill, one can calculate the net cost to deploy TW or 

SL or the conventionally deployed PUF sorbent in comparison to the potential value of 

the recovered oil. Assuming TW and SL can be reused for 10 cycles, we calculated the 

mass and volume requirements for each material: 166 tons or 6184 m3 of PUF, 16 tons or 

133 m3 of TW, and 38 tons or 158 m3 of SL. The initial cost of these materials, when 

purchased in bulk, would be $240, $4,000 $3,000 per m3 totaling $1,480,470, $538,210, and 

$482,320 in material costs for PUF, TW, and SL, respectively. Note that the high cost of 

PUF is driven by its inability to be reused. Due to its high water uptake, oil-soaked PUF 

is typically discarded with a disposal cost (neglected here). In contrast, aerogel fabrics 

can discriminate against water and selectively uptake oil, making them viable materials 

for oil recovery. From a 1000-ton spill, approximately 400 tons or 250 tons of oil could be 

recovered (TW and SL, respectively). Using the price of Louisiana light crude oil of 

$53.37 per barrel (July 22, 2015), this translates to $156,000 (TW) and $97,800 (SL) 
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potential revenue dollars associated with the recovered oil. Taken as a whole, 

deployment of PUF technologies for oil remediation of a 1000-ton spill would cost at 

least $1,480,000, whereas TW and SL would have reduced a net cost of $381,730 and 

$384,530, respectively, due to returns on recovered product. Thus, the advanced aerogel 

composites are advantageous when compared to the state-of-the-art sorbent on both a 

cost and performance basis.  

2.5. Conclusions and Potentially Transformative Applications 

Overall, TW and SL aerogel blankets show promise as transformative advanced 

materials for oil remediation by providing the first mechanically durable sorbents. In 

particular, we demonstrate that these aerogel composites possess three important 

desirable properties: fast oil sorption (3-5 min), reusability (demonstrated over 10 cycles 

with preserved tensile strength for TW; 380-700 kPa), and recoverability (up to 60 % via 

mechanical extraction). The dominant mechanism for oil uptake by the aerogel 

composites was adsorption to the internal surfaces, with some contribution of 

absorption into the pore spaces, and this was supported by four main lines of evidence: 

(1) compound-specific sorption capacities are disparate for TW and SL on a surface-area 

normalized basis, consistent with unique surface chemistries of the two materials, (2) 

compound-specific sorption capacities reflect a lower-than-expected uptake if pore 

volume were primarily responsible for uptake, (3) differences in pore volume between 
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TW and SL could not account for differential sorption of bulk solvents or aromatic 

hydrocarbons, and (4) both TW and SL strongly discriminate against water uptake, 

unlike materials in which water-wicking or bulk fluid absorption mechanisms dominate 

(e.g., as in PUF). Ultimately, we showed that the sorption capacities of TW and SL (14 

and 8 goil/gsorbent, respectively) were twice as high as the most commonly deployed oil 

sorbents, such as PP and PUFs. Furthermore, our results demonstrated persistent 

mechanical durability for TW over 10 reuse cycles, and all other sorbents currently used 

and those under development (e.g., graphene foams) lack the mechanical durability that 

is critical to novel oil remediation applications. In particular, we envision: (a) protective 

barriers in coastal environments that could be autonomously deployed and recovered, 

reducing human exposure to the oil, (b) continuous ocean surface “vacuuming” via 

remote vehicle on the sea surface, (c) sorbent booms able to withstand ocean towing 

forces (current sorbent boom applications are only used near shore, without towing), (d) 

passive collection and recovery of naturally seeped oil in the open ocean, which 

represents a significant source of fresh oil globally (i.e., 20-25 tons of oil daily released 

off the coast of Santa Barbara, California)98, and (e) mechanical recovery of spilled oil, 

offering both economic and environmental advantages, such as reduced liquid and solid 

waste from remediation efforts, as well as preserved global oil resources through 

enhanced recovery. 



 

 50 

Chapter 3: 
 

Life Cycle Assessment of Aerogel Manufacture on Small 
and Large Scales: Weighing the Use of Advanced 

Materials in Oil Spill Remediation 

 

 
This work was performed in collaboration with Prof. Mary K. Carroll, Prof. Ann 

M. Anderson and Dr. Md Mainul H. Bhuiya from Union College in the Department of 

Chemistry. The writing and data presented in this chapter are the work of O. Karatum, 

principally.  

 

3.1. Abstract 

Recent studies demonstrated that advanced aerogel composites (Aspen 

Aerogels® Spaceloft® (SL)) have the potential to transform oil remediation efforts via 

high oil uptake capacity and selectivity, excellent reusability, and high mechanical 

strength. However, it is not clear if the energy and chemical burdens associated with 

production of those materials offer a net benefit to the environment. Here, life cycle 

assessment (LCA) from raw materials to end-of-life was performed for SL and weighed 

against the competing state-of-the-art oil sorbent, polyurethane foam (PUF). The model 
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included alternative use and disposal scenarios, such as single or multiple uses, and 

landfill, incinerator, and waste-to-energy (WTE) approaches. Results showed that the 

ideal case for SL application is comprised of multiple use and WTE incineration (68% 

reduction in material use, approximately 7 x 103 MJ energy recovery from WTE), but SL 

offered energy and materials savings even when used once and disposed of via 

traditional means (i.e., landfill). In addition to evaluating these already-scaled processes, 

we performed an anticipatory LCA for laboratory-scaled aerogel fabrication that might 

inform the sustainable design of next generation aerogels. In particular, the model 

compared rapid supercritical extraction (RSCE) with two conventional supercritical 

extraction methods, CO2 and alcohol supercritical extraction (CSCE and ASCE, 

respectively) for silica aerogel monoliths. Our results showed that RSCE yielded a 

cumulative energy savings of more than 76 x 103 MJ and 100 x 103 MJ for 1m3 compared 

with ASCE and CSCE, respectively. Additionally, midpoint impact assessment showed 

aerogel manufacturing via RSCE had lower ecotoxicity impact than ASCE and CSCE 

(0.73, 1.3, and 4.1 CTUe for manufacturing 1 mL silica aerogel monolith via RSCE, ASCE 

and CSCE, respectively). 
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3.2. Introduction  

Recent oil spills (e.g., the Refugio oil spill (May 2015), Kalamazoo river oil spill 

(July 2010), and the Macondo well oil spill (April 2010)) have attracted interest to new 

materials for effective, rapid oil remediation.99 However, commonly deployed industrial 

oil sorbent materials, such as polyurethane foam (PUF) and polypropylene (PP) fibers, 

have been largely unchanged over the past 30 years and have limitations such as low oil 

uptake efficiency, poor reusability, low mechanical strength, and environmental 

incompatibility.100 Novel sorbent materials should exhibit high oil uptake capacity and 

selectivity, excellent reusability, and cost effectiveness. Further, an ideal sorbent should 

be manufactured in a way that does not result in more environmental damage than it 

was originally intended to offset.   

Previously, we demonstrated the use of advanced composite blanket aerogels 

(Aspen Aerogels® Spaceloft® (SL) and Cabot® Thermal Wrap™ (TW)) for oil remediation 

and recovery. These commercially-available materials offered: (1) higher oil uptake 

efficiency than PUF or PP devices, (2) excellent reusability, and (3) high oil recovery (40-

60%) with mechanical press applications.101 With these advantages in mind, the 

emergent question arises: are these new materials also environmentally sustainable 

across the life cycle compared to conventional sorbent materials (i.e., PUF)? While the 

reusable aerogel sorbents are intuitively advantageous from an environmental 
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perspective, in practice, oiled sorbents are discarded following a single use. For example, 

PUF and PP are routinely landfilled due to their high water uptake, which prevents 

incineration for energy recovery80,102, and largely due to convenience. In contrast, SL and 

TW aerogel blankets have a high mechanical integrity that enables autonomous 

deployment and recovery, ultimately facilitating reuse. Furthermore, SL and TW 

discriminate against water uptake, so they can be readily incinerated in waste-to-energy 

(WTE) combustion. The existence of distinct utilization and disposal scenarios for these 

competing technologies necessitates a rigorous evaluation to determine if advanced 

composite materials can offer a true environmental advantage over traditional sorbents.  

Life cycle assessment (LCA) is recognized as a systematic modeling tool that 

quantifies the environmental impact of products, processes, and technologies, typically 

in some type of tradeoff analysis. In particular, LCA identifies the process stages with 

the highest contribution or impact to the overall system103–105 so that engineered 

measures can be purposefully designed to reduce those impacts at the appropriate life 

cycle stage. Additionally, LCA of prognostic scenarios (i.e., Anticipatory LCA) is a 

useful design tool to minimize or evaluate tradeoffs of various environmental endpoints 

in product or process engineering.106,107 That is, anticipatory LCA can be used to 

determine best practices or technologies a priori, which is rare in oil spill response crisis 

situations where decisions must be made quickly.   
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Here, we conducted a LCA of the scaled, commercial fabrication approaches for 

PUF and SL aerogel composite blankets in order to determine if and how the materials 

should be deployed in response to an oil spill. In addition, we evaluated the laboratory 

scale synthesis of silica aerogel monoliths in an anticipatory LCA approach. In 

particular, we evaluated several fabrication approaches, such as carbon dioxide 

supercritical extraction (CSCE), alcohol supercritical extraction (ASCE), and rapid 

supercritical extraction (RSCE). While untreated silica aerogels are not compatible with 

seawater and generally cannot be used for oil extraction directly108, we sought to 

quantitatively evaluate these synthetic routes, as they are critical to the development of 

all novel aerogels. For example, future aerogel composite blankets used for oil 

remediation may one day be made with some stimulus-switchable hydrophobicity (i.e., 

hydrophobic during oil uptake and hydrophilic during recovery under the influence of 

some chemical, light, or electrical signal). Inevitably, the primary aerogel particle 

production will (and currently does) require some supercritical drying step, and 

anticipatory LCA data will be critical to selecting the production path that minimizes the 

environmental impact of the process and product.  

 

 

 



 

 55 

Methylsylated silica 
Polyester 
Fibrous glass 
Calcium silicate 
Synthetic graphite

Materials Gel prep.

Batting

CSCE

Emissions

Use

Product Reuse

Incinerator

Emissions

Product disposalMaterial Production Product Manufacture

Emissions Emissions
Electric Power  

Generation

Product Use

WTE

Landfill

 

Figure 3.1. Scope and system boundary of life cycle assessment of Spaceloft 
aerogels. The solid line boundary indicates processes included in the life cycle 

assessment model. The dashed lines enclose the individual LCA steps. Green arrows 
show resource flows, and blue arrows demonstrate the different process options for the 

product use and product disposal stages. Red arrows represent emission flows. Gel 
prep.=Gel preparation, CSCE=CO2 supercritical extraction, CO2=carbon dioxide, 

WTE=waste-to-energy 

 

3.3. Methods 

3.3.1. Goal and scope  

 The goals of this LCA study are (1) to evaluate the environmental impacts of the 

SL aerogel composite through different use and end-of-life scenarios as compared to a 

competitive sorbent, PUF, and (2) to identify aerogel fabrication methods at the 

laboratory scale that indicate the most potentially sustainable system for industrial-scale 

production of novel aerogels. For this analysis, the system is divided into four different 

process steps: material production, product manufacture, product use, and product 

disposal (Figure 3.1). Within these, the product use and disposal steps have a number of 
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options, such as single or multiple use and landfill, incinerator, and WTE options for 

end-of-life. As a basis for comparison, we have defined the functional unit as the mass of 

aerogel needed for cleaning 1 m3 light crude oil (i.e., all units are per 1 m3 spilled light 

crude oil, which should enable a straightforward estimation of total impact following a 

spill of known volume). To calculate transportation impacts, the Macondo Prospect 

(Mississippi Canyon Block 252, 28°44.20′ N, 88° 23.23′ W) off the coast of Louisiana was 

chosen as a spill site to emulate the site of the biggest oil spill in U.S. history (Macondo 

Well Disaster). The transportation accounts for the impacts associated with 

transportation of the PUF and SL aerogel composite after fabrication, and they are scaled 

per mass. This is modeled based on an aerogel manufacturing location in Rhode Island 

(RI) and a use stage destination off the coast of Louisiana. This results in allocation of 

2414 km (1500 mile) to trucking, and 80 km (50 mile) to ocean shipping for both 

materials. This LCA incorporates all material, and energy inputs into the fabrication, but 

it does not include labor, capital machinery of aerogel manufacturing, and applications. 

The model is presented using operational data of manufacturing companies from peer 

reviewed published literature.79,109,110  

The data for manufacturing parameters of monolithic silica aerogels were 

directly measured during bench-scale fabrication with RSCE, as in Gauthier et al., 

Carroll et al. and Anderson et al.43,45,75; the CSCE and ASCE manufacturing inventory 
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were compiled from Dowson et al.111 Silica aerogel manufacturing was considered from 

precursor mixture or gel formation through aging and supercritical drying to determine 

the relative contribution of each manufacturing stage. Note that RSCE does not require 

solvent exchanges (i.e., the aging step). Each stage was evaluated for energy demand 

and greenhouse gas (GHG) emission (as CO2 equivalents). A reference volume of 1 m3 of 

monolithic silica aerogel was used for comparison among different manufacturing 

technologies (CSCE, ASCE, and RSCE). The life cycle inventory (LCI) data for ecotoxicity 

were then compiled using the U.S. EPA’s tool for the Reduction and Assessment of 

Chemical and Other Environmental Impacts (TRACI) assessment method.  

 

3.3.2. LCA stages of life 

Raw Materials. The main raw materials of SL aerogel composite include 

hydrophobic silica particles, polyester, and glass fibers (Appendix B- Table B1- 

Composition of SL). This flexible aerogel fabric composite is commercially available in 

different thicknesses (5 mm and 10 mm) and is categorized as a reinforced flexible 

aerogel.17 Briefly, the polyester-glass fiber mixture enhances mechanical durability and 

controls the porosity, whereas the hydrophobic silica particles provide the 

hydrophobicity. 
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Product Manufacture. SL aerogel composites are manufactured by adding fibers 

or a fibrous matrix to a precursor mixture (e.g., tetraethoxysilane (TEOS), 

tetramethoxysilane (TMOS), and tetra-n-propoxysilane mixtures) that forms the gel, 

after which the gel is dried supercritically. The majority of current aerogel fabrication 

approaches require solvent exchange or chemical aging steps. SL fabrication relies on 

CSCE  (Aspen Aerogels®); monolithic silica aerogel manufacturing can be done via 

CSCE, ASCE, and RSCE from an LCA perspective. Dowson et al.111’s analysis of CSCE 

and ASCE was used for comparison to our novel RSCE analysis. 

Product Use. Two alternative scenarios of future oil spill response applications 

with SL aerogels were evaluated: (1) single use and (2) multiple use of the same material. 

Previous studies showed that conventional sorbents, such as PUF and PP, are not 

reusable due to high water uptake. In addition, they can rapidly become saturated and 

sink7,112, so reuse is limited. In contrast, the high mechanical strength and preference for 

oil-only uptake allow aerogels to be reused at least 10 times without a significant 

sacrifice in performance.101 Thus, in our assessments, we assume PUFs are not reused 

ever and SL aerogels can be (1) used once for parity (or assuming that responders choose 

to dispose of the materials after a single use for convenience) or (2) reused at least 10 

times for a more realistic comparison.   
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Product Disposal. In general, end-of-life options for fibrous materials include 

landfill or incineration. The present study evaluates the three disposal options: landfill, 

incinerator (without energy recovery), WTE (energy recovery with controlled 

combustion technology). The polyester fiber (20% of the SL content) and the remaining 

oil inside the aerogel (60% of spilled oil after mechanical oil recovery) were considered 

in the energy recovery calculation from WTE facilities. Note that we also assumed that 

the efficiency of heat recovery from the combustion process for electricity generation is 

35%.79 Here, we note that oiled materials associated with oil spill responses are not 

considered “hazardous waste” due to an oil production and exploration exemption.113  

 

3.4. Results and Discussion 

Here, we present a dual analysis to address the environmental impact of aerogel 

manufacture at differing scales. First, we compare the energy and CO2 profiles from 

industrial-scaled aerogel fabrication processes, using oil remediation as an example, 

with the most competitive commercial sorbent used in those scenarios (PUF). Second, 

we evaluate several laboratory-scale silica aerogel fabrication processes (e.g., RSCE, 

ASCE, and CSCE) to inform the sustainable design of future advanced aerogel 

composites that could be used to improve oil response technologies or other applications 

yet unimagined. 
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3.4.1. Industrial-scale aerogel composite synthesis: The case of oil 
remediation 

Oil remediation using advanced composite technologies runs the risk of causing 

more environmental damage than it prevents if those advanced materials are made 

using energy or materials consumptive strategies compared to traditional polymer 

sorbents. However, when considering the total embodied energy burden, using SL as an 

oil sorbent is environmentally advantageous when compared to PUF irrespective of the 

number of times used or disposal method (Figure 3.2).  Unsurprisingly, when SL is 

reused 10 times compared to PUFs necessary disposal after first use, there is lower 

energy consumption for the same volume of remediated oil (6 x 103 and 2 x 103 MJ per 

m3 of oil remediation for single and multiple use-landfill disposal of SL, respectively, 

and 16 x 103 MJ per m3 oil remediation for single use- landfill disposal of PUF). This is 

driven primarily by the high embodied energy in the petrochemical-derived polyol 

precursor and toxic isocyanates needed for PUF synthesis, which accounts for 75 % of 

the total embodied energy of the materials, which is itself 80 % of the total energy of 

PUF fabrication.114 Due to these disadvantages in material stage of PUF, “Designing 

Greener Chemistry (2015)” award was given to the company (Hybrid Coating 

Technology, Inc.) for their propose to replace energy intensive current raw materials 

with renewable raw materials (i.e., vegetable oil), and fabrication of PUF without using 

isocyanate. For SL, the only energy intensive raw material is the polyester, which is 
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approximately 30 wt.% of material and is responsible for 64 % of the material energy 

requirements.  
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Figure 3.2. Energy requirements of various oil spill response materials under 
various use and end-of-life scenarios. Note that invisible colors represent very small 
contributions to the total energy budget of process, and numeric data in Appendix B-

Table B6. Single U. and Multiple U. (U=Use), Mater.=materials, Manuf.=manufacturing, 
Transport.=transportation, Disp.=disposal, PUF=polyurethane foam, SL=Spaceloft, 

WTE=waste-to-energy 

 

The next most energy-consumptive stage of both PUF and SL manufacture is the 

manufacturing itself, which again is higher for PUF (3.8 x 103 MJ/m3 oil) than for SL (1.9 x 

103 MJ/m3 and 0.6 x 103 MJ/m3 oil for single and multiple use case, respectively). Casting 

silica gel onto a fibrous batting before supercritical drying is the highest energy impact 
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process for aerogel (65 % of the total manufacturing energy).109 The CO2 used during 

supercritical drying of SL is a recycled waste product from ethanol and ammonia 

production plants, and this reduces the energy associated with manufacturing aerogel 

from CSCE.109 In contrast, polymer molding for PUF has the highest energy impact 

process (70% of the total manufacturing energy).79  

The transportation and disposal phases make negligible contributions (except in 

the WTE disposal scenario) compared to the total life cycle energy demands, indicating 

that the energy advantages of SL are robust to deployment use and disposal choices 

made by spill response teams. Explicitly, the transportation costs are small relative to the 

manufacturing energy (2 and 1 % of total energy for SL and PUF, respectively), but are 

five times lower for SL than for PUF under a reuse scenario (Appendix B-Table B6). This 

is driven by the large difference in the amount of required material (152 kg of PUF vs. 32 

kg of SL required for a 1 m3 oil spill). In the single use scenario, the transportation energy 

for PUF (170 MJ/m3 oil) is comparable to for SL (120 MJ/m3 oil) (107 kg SL vs. 152 kg of 

PUF for 1m3 oil cleanup based on Karatum et al.101). Note that PUF and SL are both 

lightweight, low density materials (0.03 g/mL of PUF, 0.2 g/mL of SL), so the volume 

requirements in a large oil spill response are significant.   

Following a clean up event, sorbent is typically disposed after a single use and 

goes directly to landfill. While disposal makes a small contribution to the total energy 
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budget, the choice of disposal method does impact the net energy requirements. The 

energy costs associated with landfilling or incinerating oiled sorbent materials are small 

(2%, 280 MJ for PUF; 3%, 60 MJ for SL, in the case of incinerating, landfill cost were 

omitted), and landfills and incinerators were the main disposal approaches for sorbents 

(e.g., PUF and PP) used in response to the oil spills.115 PUF and PP sorbent materials 

cannot be used in WTE facilities due to their high water content, which can reduce the 

combustion process efficiency (i.e., to lower than 35%).79 In contrast, SL is highly 

discriminating against water uptake101, and it can be incinerated readily for energy 

recovery. Recalling that SL is largely combustible polyester (20 % according to the MSDS 

(Aspen Aerogel Inc. ), presumably by weight), some silica in particle form (45 % by 

weight), and will have an assumed oil content of up to 60% of its mass, we find that 

disposal of SL in WTE reactors could actually generate 7.9 x 103 MJ/m3 oil in single and 

multiuse scenarios. In other words, incinerating the product will more than pay for the 

energy used to fabricate the material.  

Of course, all incineration comes with some CO2 cost, and it is important to note 

that the net GHG input for SL aerogel (multiuse, WTE; 1700 kg CO2/m3 oil) is more than 

two times higher than the emissions from PUF (single use, landfill; 700 kg CO2/m3 

landfill) (Figure 3.3). Under the more traditional use and landfill disposal scenarios, SL 

outcompetes PUF by 230 and 500 kg CO2/m3 oil in the case of single and multiuse, 
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respectively. However, the previous studies on the performance of WTE facilities 

showed that GHG emission (tons CO2 equivalent/MW h) from current WTE facilities is 

at least 2 times lower than the emissions from landfill or incinerators in the U.S.116–118 

Here, our model excludes the currently available technologies for CO2 control (e.g., dry 

scrubbers, activated carbon injection, and fabric filter baghouses).   
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Figure 3.3. CO2  emissions from SL aerogel and PUF in various use and end-of-
life scenarious. Aerogel single use, aerogel multiple use, and three different waste 

disposal scenarios (landfill, incinerator, WTE) illustrated in the figure. Single U. and 
Multiple U. (U=Use), Mater.=materials, Manuf.=manufacturing, 

Transport.=transportation, Disp.=disposal, PUF=polyurethane foam, SL=Spaceloft, 
WTE=waste-to-energy. Life time CO2 and methane emissions from landfill were not 

considered; nor were emission controls (e.g., CO2 capture and sequestration) possible at 
incineration and WTE facilities.  
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For overall energy demand and GHG emission, SL aerogel showed better 

performance (i.e., lower energy demand and CO2 emission) compared to PUF for all 

cases, except GHG emission from WTE disposal option (Figure 3.3). WTE in the U.S. is 

generally performed as controlled direct combustion of solid waste, where the produced 

steam is used to run a steam turbine and electric generator.119 Although there are only 87 

WTE facilities in the U.S., they collectively contribute to 14% of the U.S. nonhydro 

renewable electricity generation (EIA 2014). These facilities reduce the life cycle impact 

on the environment (in terms of energy consumption and net GHG emissions). Clean 

Air Act (CAA) regulations require that all WTE facilities meet EPA emission standards. 

With landfill or incinerator (i.e., without energy recovery), SL requires about two times 

less energy and emits two times less CO2 compared to PUF (5.8 and 1.8 GJ/m3 oil, 467 

and 144 kg CO2/m3 oil for single and multiuse (landfill) for SL, respectively, and 16.8 

GJ/m3 oil and 700 kg CO2/m3 oil for PUF). While landfilling is the most commonly used 

disposal option for PUF and a likely disposal route for SL in an emergency response, 

landfills are an undesirable disposal route for several reasons: (1) limited available land 

and (2) potential methane leaks from these landfills. Note that 60-85% of landfills have 

methane leakage problem120, and the global warming potential of methane is 21 times 

higher than that of CO2. Ultimately, WTE facilities with controlled emission would offer 

a better solid waste management strategy than landfilling. 
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3.4.2. Lab-scale silica monolithic aerogel manufacturing: Towards 
sustainable design in future advanced composites 

Considering that aerogel composites for oil remediation are not yet an 

established technology, we presume that many chemical modifications could be 

incorporated to improve the materials used in the oil response. In particular, one can 

postulate that chemical modification of the aerogel surface to include an exposed 

ambipolar substance that switches polarity121–123 in response to some chemical stimulus 

(e.g., light, pH, or electrical current) could be used to improve the mechanical extraction 

of oil. That is, during oil uptake the aerogel surface chemistry could be primarily non-

polar, whereas the aerogel could be switched to a polar functionality during 

compression for enhanced mechanical recovery of the oil. This development of a 

switchable solid material would be an achievement in and of itself, but would first rely 

on the development or modification of existing laboratory scale aerogel fabrication 

technologies. In order to guide the sustainable development of those technologies, we 

conducted an anticipatory life cycle assessment124 of the competing laboratory scale 

aerogel synthetic approaches.   

The methods detailed here produce silica aerogel monoliths, which we note are 

distinct in behavior and composition from the advanced aerogel composites (which rely 

on silica particles) described in the previous section. Also note that supercritical drying 

is essential for all aerogel manufacturing to prevent shrinking, pore-space collapse, and 
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possible fracture due to the capillary tension (Note that ambient pressure techniques 

exist for granular or powdered aerogels).17,36,125 These investigated methods were CO2-

supercritical extraction (CSCE, a low temperature process), alcohol supercritical 

extraction (ASCE, a high temperature process utilizing methanol or ethanol), and rapid 

supercritical extraction (RSCE) (Figure 3.4). The two former conventional methods 

require an aging step, during which solvent exchange occurs over the course of hours or 

days, and the overall aerogel fabrication process (gelation, solvent exchange, and 

extraction) requires 4-5 days.46 As the name implies, RSCE is much faster (4-15 h) 

comparatively.75,126 For example, we produced small (8.9 x 8.9 cm2) and large (14 x 14 

cm2) aerogels in 4 and 6 h, respectively (see Appendix B-Figure B1 for thermal program). 
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Figure 3.4. Schematic representation of monolithic silica aerogel fabrication 
strategies. (a) CO2 Supercritical Extraction (CSCE), (b) Alcohol Supercritical Extraction 
(ASCE), (c) Rapid Supercritical Extraction (RSCE). Note that ASCE and CSCE require a 

solvent exchange, aging step. 

 

The embodied energy of the distinct aerogel manufacturing approaches are 

comparable, ranging from 1.5 to 3.4 x 105 MJ/ m3 (Figure 3.5a). However, RSCE for large-

area monolith production provides a measurable energy savings compared to CSCE and 

ASCE (55% and 34%, respectively). This is a result of the chemically intensive aging step, 

which requires both novel material (Figure 3.5c) and energetic inputs. Note that, on a 

solvent basis, RSCE has very small requirements compared to both ASCE and CSCE 
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(Figure 3.5c; and see Appendix B-Table B2). In addition, CSCE requires more energy 

intensive tools (e.g., chiller) to keep CO2 at its supercritical temperature111, and this 

increases the energy consumption of that process. While always more competitive than 

CSCE, RSCE’s advantage is not preserved at smaller mold sizes compared to ASCE. The 

ASCE method showed lower overall energy demand than the small size aerogel 

manufacturing via RSCE (2.3 x 105 and 2.7 x 105 MJ/ m3, respectively). The higher 

proportional energy consumption at lower mold sizes reflects the generic nonlinear 

advantage of scaling any technology. In this case, the higher energy consumption is 

related to a smaller hydraulic plate size, which has a higher heat loss than its large-area-

mold counterpart. This has clear implications for the scalability of RSCE, where larger 

molds have improved energy advantages through decreasing heat loss. Even without 

the associated “economies of scale”, aerogel manufacturing via RSCE has the lowest 

energy demand per unit volume compared to ASCE and CSCE.111 

Since the greenhouse gas (GHG) emissions (kg CO2) of the processes are all 

dominated by energy consumption, the GHG emissions scale almost directly with the 

energy consumption. Thus, aerogel fabrication via renewable energy sources could be 

functionally decoupled from CO2 emission, even in the case of CSCE, which relies on 

direct use of CO2. While RSCE emits proportionately less CO2 during the gel preparation 

process (Figure 3.5b) and no CO2 during aging (there is no RSCE aging step), it 
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functionally makes up for this savings due to a higher CO2 burden associated with the 

energy demand during drying.  

 

Figure 3.5. Energy, CO2, and materials burdens for aerogel fabrication 
technologies. (a) Energy  (b) CO2, (c) Solvent use (L Methanol/m3 aerogel). CSCE=CO2 

Supercritical Extraction, ASCE= Alcohol Supercritical Extraction, RSCE-SM= Rapid 
Supercritical Extraction. SM and LG refer to the size of the aerogel monolith (8.9 x 8.9 

cm2 and 14 x 14 cm2, respectively).  Values for ASCE and CSCE are derived from 
Dowson et al. 2012, whereas RSCE values were calculated and/or determined 

experimentally as part of this work.   
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Comparing the stages of manufacture for ecotoxicity impact, we find that 

ecotoxicity is driven by the gel preparation step, responsible for 30-100% of the 

ecotoxicity in all aerogel fabrication approaches. The gel preparation step of RSCE is the 

only one that requires material input, and thus, impact associated with ecotoxicity is 

only observed at gel preparation in RSCE. In contrast, CSCE and ASCE require the use 

of chemicals during aging and supercritical drying step, and so, ecotoxicity impact 

varied depending on the chemical and its amount used in aging and supercritical drying 

stages (more detailed information in Appendix B- Table B3- B4). For example, the total 

ecotoxicity impacts associated with materials in CSCE and ASCE methods are 4.1 and 

1.3 CTUe for 1 ml of aerogel monolith, whereas materials impact for small size (8.9 x 8.9 

cm2) and large size (14 x 14 cm2) aerogel manufacturing via RSCE (0.73 CTUe / mL for 

small and large size aerogel monolith) are lower than the impact from CSCE and ASCE 

methods. Two likely reasons for high ecotoxicity material impacts for CSCE and ASCE 

are: (1) higher amount of chemical use, and (2) hydrophobic precursor (e.g., 

methyltrimethoxysilane and hexamethydisilazane) uses. Notably, the materials-

dominated ecotoxicity for aerogel production stands in contrast to other advanced 

materials (e.g., carbon nanotubes fabrication via chemical vapor deposition (CVD); 100 

x103 CTUe), wherein the energy demand dominates ecotoxicity due to metal emissions 

associated with energy production (e.g., mercury, chromium VI, and barium).127  
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The ecotoxicity impact associated with energy varied between different drying 

technologies (Figure 3.6). Supercritical drying requires high temperature and pressure 

for methanol (e.g., 239.5 oC and 79.7 atm), used in the ASCE and RSCE methods, and low 

temperature with high pressure for CO2 (e.g., 31.1oC and 72.7 atm), used in CSCE. Even 

though CO2 has a low critical temperature advantage, additional tools, such as a chiller, 

are necessary to keep CO2 at critical temperature during solvent extraction, and this 

increases the ecotoxicity impact associated with energy use for CSCE. Thus, CSCE has a 

higher energy-derived ecotoxicity contribution as compared to ASCE (0.24 versus 0.08 

CTUe per mL aerogel monolith), which is approximately equivalent to the large-size 

RSCE-derived monolith (0.07 CTUe per mL aerogel monolith).  

 

Figure 3.6. Monolithic silica aerogel manufacturing process contributions to 
ecotoxicity. CTUe=Comparative toxicity units for ecosystem (CTUe), CSCE=CO2 

Supercritical Extraction, ASCE= Alcohol Supercritical Extraction, RSCE-SM= Rapid 
Supercritical Extraction-Small, LG=Large, SCD: Supercritical Drying, Gel prep. =Gel 

preparation (i.e., precursor mixture preparation). 
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While there are subtle differences in the manufacturing and energy impacts 

associated with various aerogel fabrication strategies, aerogels fabricated by RSCE, 

CSCE, and ASCE have comparable features (low bulk and skeletal density, high surface 

area, mesaporous structure).75 Some of the main advantages of RSCE are: (i) short 

fabrication time (4-15h), (ii) one-step process, (iii) less chemical waste due to the lack of 

solvent exchange step, and (iv) more automated, reliable method, (v) safer (the solvent 

volume under high temperature and pressure is less than the solvent volume used in 

autoclave for ASCE) compared to conventional CSCE or ASCE. Energy demands for 

RSCE are competitive and advantageous in large-area formats, and these could be 

improved further at scale. Also, renewable energy sources would eliminate the CO2 

burden associated with aerogel manufacture in all fabrication approaches. This, coupled 

with the lower material demand of the RSCE process, makes RSCE the desirable route 

for scalable synthesis of silica aerogels. Thus, the development of novel oil sorbents 

should be pursued via RSCE if material, ecotoxicity, energy, and GHG minimization is 

sought. Here we note that future process and design improvements are brought to scale 

will likely result in a lower energy demand, and CO2 emission for small or large size 

aerogel manufacturing via RSCE, as well as ASCE and CSCE, but early design 

optimization guided by anticipatory LCA can help propagate environmental benefits to 

the industrial scale. 
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3.5. Conclusions 

Our study demonstrated that Aspen Aerogels® Spaceloft® (SL) aerogels could be 

produced, used as a sorbent in response to oil spills, and disposed of with a net energy 

and GHG emission benefit compared to conventional sorbent (i.e., PUF) applications for 

removal of the same volume of spilled oil. Moreover, we evaluated both materials for a 

set of future scenario options (i.e., single or multiple use for product use, landfill, 

incinerator, and WTE for product disposal), finding that SL’s advantage is preserved 

whether a single or multiple use scenario is adopted in practice, with WTE disposal 

strategies offering the minimum total energy impact. Life cycle impact comparison of SL 

and PUF demonstrated that these blanket aerogels have three main advantages over the 

traditional PUF sorbents: (i) less solid waste generation (less material requirement), (ii) 

less energy demand in both scenarios (single use and multiple uses), (iii) energy 

recovery possibility from remained oil inside the aerogel, and polyester fibers of used 

aerogels (i.e., WTE facilities). Furthermore, SL is already produced at scale and is cost 

competitive with PUF deployment (remediation of 1000-ton oil spill would cost 

$1,480,470 and $384,530 for PUF and SL, respectively).101 Finally, because SL is 

mechanically robust, it can be deployed and recovered by machines rather than humans, 

and this ultimately limits occupational exposure during spill responses.  

To provide guidelines for the continued development of this technology, we 
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performed anticipatory LCA to investigate the fabrication of monolithic silica aerogels 

using a RSCE, ASCE, and CSCE methods. It is important to note that the type of 

supercritical extraction (CSCE, ASCE or RSCE) affects not just overall chemical 

consumption and fabrication time but also environmental ecotoxicity of overall process. 

Our results demonstrated that RSCE method offers shorter fabrication time (6-8 h), and 

less chemical waste per volume due to the lack of aging step and a lower associated 

ecotoxicity. Overall, the RSCE method has promise for automation and scale-up, and 

environmentally benign design strategies should build on RSCE, so that those already-

realized benefits can be propagated to large-scale aerogel, and aerogel composite 

manufacture.       
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Chapter 4: 

 

Switchable Aerogel Surfaces for Oil Spill Applications 

 

 

4.1. Abstract 

Advanced materials with surfaces that have controllable wettability have great 

potential for the treatment of oil-contaminated water. As discussed in previous chapters, 

aerogel blankets (Cabot® Thermal Wrap™ (TW) and Aspen Aerogels® Spaceloft® (SL)) 

with high oil absorption capacity, high selectivity and efficiency, excellent reusability, 

low cost and environmentally sustainable fabrication advantages, are desirable for oil 

capture and recovery applications. Our study101, which focuses on aerogel oil uptake and 

recovery, indicated that high oil recovery (>60%) from internal surfaces and pores of 

aerogel blankets using mechanical extraction is challenging. Here, we explore the 

possibility of developing smart aerogel surfaces that integrate commercially available 

aerogel blankets with a CO2-responsive chemical (tributylpentanamidine), exhibiting 

switchable hydrophobic and hydrophilic behavior in response to exposure to CO2 and 

N2. Aerogel surfaces were modified with a switchable chemical through a various 
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coating techniques such as drop casting, dip coating, and physical vapor deposition. The 

prepared aerogels showed higher hydrophobicity compared to undoped aerogels; 

however, the switchability was mostly unsuccessful as the hydrophobicity was 

insensitive to partial pressure of CO2 (40-106 ppm) and humidity (700-10 000 ppm). 

 

4.2. Introduction 

Advanced materials with high mechanical strength, oil absorption capacity, and 

reusability suitable for oil recovery applications are generally unavailable.128 Current 

technologies to contain and recover oil from water surfaces include insitu burning, oil 

containment booms, and oil sorbent materials.7 Among these technologies, skimming is 

the only technology that can offer oil recovery after removal.  

In spite of the advances in material science and engineering capabilities over the 

past few decades, various skimmers (e.g., mop, belt, brush, disc, and drum) still have 

application limitations including slow oil collection (i.e., longer recovery operation 

time), high cost, and low recovery when oil layer is thin.10 Compared to skimmers, the 

use of oil sorbents has been considered a better approach for efficient oil capture and 

recovery due to the possibility of selective and rapid oil removal in a short time when 

used with an automation technology.129 However, current sorbent materials do not 

remove oil comprehensively. As an example, polypropylene pads and polyurethane 
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foams were two common oil sorbents that are used during previous clean up response 

operations (e.g., the Macondo well blowout and Exxon Valdez oil spill) due to their 

availability, low weight, and low cost. However, these sorbents have three main 

limitations: (1) they remove water along with oil (i.e., low separation efficiency), (2) they 

are not reusable, and (3) they show poor recoverability (i.e., oil recovery).130 

Additionally, they sometimes caused secondary contamination as a result of oil leakage 

from sorbent booms or pads during temporary storage before disposal or transportation 

to disposal sites.81 

Therefore, the development of advanced functional materials that have 

controllable water wettability is necessary to obtain high separation efficiency and high 

selectivity for oil (i.e., discriminate against water uptake). Recently, stimuli-responsive 

(i.e., switchable) materials (e.g., aerogels, foams, and membranes) have drawn particular 

attention for use in oil/water separations.22,122,131–134 For example, several research groups 

have synthesized pH-responsive block copolymers (e.g., poly(2-vinylpyridine-b-

polydimethylsiloxane) and poly(2-vinylpyridine-b-polyhexadecylacrylate)) for use in 

coating polymers onto polyurethane sponges and fibers for oil spill cleanup 

applications.135 Surface-modified sponges have been shown to remove oil from water at 

pH 6.5, and changing the environment from neutral to acidic (pH 2) turns the material 

hydrophilic, releasing oil from the sponge. The pH-responsive approach allows easy and 
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effective control of oil/water separation, but repeated switching cycles require addition 

of acids and bases into the solution in each cycle, resulting in salt accumulation that may 

obstruct the switchable property. Additionally, the complex surface functionalization 

(i.e., grafting with copolymer) and cost of block copolymer are two other limitations for 

pH-responsive materials’ practical applications. Kwon et al. fabricated electric-field-

responsive membranes, and these membranes could keep the oil/water emulsion above 

the membrane without external voltage.136 After applying a 1.1 kV voltage, the 

membrane turns hydrophilic, and the water can pass through the membrane while 

hexadecane is retained above the membrane. This new generation of membranes could 

offer a solution for oil/water separation, but these membranes require a very high 

voltage (up to 2 kV) for efficient separation. Tian et al. fabricated a photo-responsive 

nano-rod like ZnO mesh, and this mesh switched from hydrophobic to hydrophilic in 

the presence of UV. Keeping the mesh in a dark environment for seven days returned it 

to its initial hydrophobic state137. However, this method needs special UV sources to 

trigger switchability, and also requires a long time to switch back to its original 

hydrophobic form (i.e., is kinetically hindered), where oil/water separation and oil spill 

response generally requires rapid response.   

Carbon dioxide (CO2) as a nontoxic, inexpensive, and effective trigger for 

switching functional properties of solvents, surfactants, and membranes holds promise 
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for different applications. Several research groups fabricated membranes with specific 

block polymers that contain CO2 responsive amine groups (poly(N,N-

dimethylaminoethyl methacrylate) (PDMAE-MA), poly(N,N-diethylaminoethyl 

methacrylate) (PDEAE- MA), and polymethylmethacrylate-b- poly(N-

isopropylacrylamide) (PMMA-b-PNIPAAm)) and shown coated membranes switch 

from hydrophobic to hydrophilic by purging the aqueous solution with CO2, and back 

by feeding N2 for 15 min.138,139 However, synthesis of these block copolymers and their 

coating techniques are more complex. Jessop’s group has demonstrated that solvents, 

owing to long-chain alkyl amidine compounds, can be reversibly switched from non-

polar (or low-polar) to polar (or higher polarity) by addition and removal of CO2. 140 The 

introduction of CO2 into aqueous media leads to protonation of the amidine groups, 

converting it into a cationic amidinium bicarbonate, and this reaction is reversible by 

introduction of Ar or N2. 

In our previous work101, we investigated the use of two commercially-available, 

hydrophobic, flexible, durable aerogel composite blankets (Cabot® Thermal Wrap™ 

(TW) and Aspen Aerogels® Spaceloft® (SL)) for oil capture and recovery applications. 

These aerogel fabrics showed higher oil uptake in very short time (less than 6 min) 

compared to the state-of-the-art oil sorbent (i.e., polyurethane foam).101 Additionally, TW 

and SL aerogel fabrics also showed exceptional reusability (i.e., at least 10 cycles) via 
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mechanical compression. Although the mechanical extraction method is more 

environmentally and economically desirable compared to the solvent extraction 

approach, we could achieve only 40 % oil recovery with moderate compression force (38 

N). Thus, the motivation for the present study was to investigate the possibility of CO2-

switchable aerogel surfaces to recover the oil remaining after mechanical compression. 

We hypothesized that this surface functionalization would enhance oil recovery by 

changing the surface from hydrophobic to hydrophilic in the presence of CO2. To 

investigate this hypothesis, we first explored the development of CO2-switchable aerogel 

surfaces with three different coating techniques: drop-cast, dip coating, and physical 

vapor deposition (PVD). 

4.3. Experimental Methods 

Materials. Aerogel composite blankets (Thermal Wrap (TW)- 6 mm thickness, 

and Spaceloft (SL)- 10 mm thickness) were obtained from Aerogel Technologies, LLC 

(BuyAerogel.com). These were characterized as described in Karatum et al.101 and 

physical characteristics are outlined in Chapter 2 (Table 2.1, p.31). 

Instrumentation. SEM images of aerogel blanket composites were obtained from 

a Hitachi SU-70 (SEM). 1HNMR and 13C NMR spectra were collected at 300 K on an 

Agilent DD2 400 B spectrometer operating at 400.3 and 100.7 MHz, respectively. 

Molecular weight confirmation was performed by atmospheric pressure chemical 
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ionization mass spectrometry (APCI-MS). XPS spectra were obtained from a Kratos Axis 

Ultra DLD X-Ray photoelectron spectrometer using a monochromatic A1 Kα source 

operating at 150 W. Survey and high resolution C1s, O1s, Si 2p, N1s were acquired at 80 

and 20 eV pass energy, respectively. Water contact angles were measured with the 

sessile drop method using a Kruss DSA-20 instrument. Images from the PVD method 

were captured directly and were analyzed using the National Institutes of Health (NIH) 

image software Image j. Water vapor was monitored using a dew point hygrometer. 

Chemicals. Dibutylamine, butylamine, diethylether, valeroyl chloride, and 

dimethyl sulfate were purchased from Sigma-Aldrich. All chemicals were used as 

received without further purification. CO2 (Airgas, 99.9%), N2 (Airgas, 99.998%), and dry 

air (290 ppm CO2, measured via Extech EA80 Easy View indoor air quality meter) were 

used as received. Tributylpentanamidine was synthesized. The synthesis and 

characterization of tributylpentanamidine are described in Appendix C- Figure C1-C4. 

Physicochemical properties of the tributylpentanamidine are outlined in Table 4.1. 

Table 4.1. Predicted physicochemical properties of tributylpentanamidine 

Compound Structure 
Densitya 
(g/cm3) 

Boiling Pointa 
(°C ) 

Log Kowb 

tributylpentanamidine 
 

N N

 

0.8±0.1 g/cm3 
 

367.5±9.0 °C 
 

6.1 

aPredicted values from from ACD/ Labs Percapta Platform-PhysChem Module 
bPredicted octanol-water coefficients (Kow) from Jessop et al.123 

 



 

 83 

Approach for switchable (hydrophobic-hydrophilic) surface. Three different 

coating techniques (drop-casting, dip-coating (“immersion”), and PVD) were used to 

modify existing aerogel chemistries to develop CO2 responsive surfaces. 

Drop-casting. Switchable chemical solution (10 wt. %) in dichloromethane 

(DCM) was added dropwise onto the aerogel blankets. The coated aerogels were dried 

in a vacuum oven (70 °C) overnight. 

Dip coating. Aerogel samples were immersed into a DCM solution of a 

switchable chemical with a concentration of 10 wt. % for six minutes; afterwards, coated 

aerogel samples were dried in a vacuum oven at 70 °C overnight. 

Physical vapor deposition (PVD).  A PVD system, shown in Figure 4.1, was used 

for deposition of the switchable chemical. A custom-built glass bubbler (13 mm OD x 60 

mm long) was filled part-way with switchable chemical (300-500 μL), heated with a 

heavy insulated heating tape (BriskHeat part number BIH051020L, 13 mm diameter x 

610 mm length) with an embedded type-K thermocouple wire. N2 gas was used as a 

carrier gas (60 sccm), and it bubbled as the switchable chemical was heated to 200 °C. 

Once the heater set points had been reached; the vapor of the switchable chemical 

impinged on the aerogel blanket for 10-30 min., and then sample was allowed to dry in a 

vent hood overnight.   
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AEROGEL

Switchable chemical synthesis 

Drop casting Dip coating Physical Vapor Deposition (PVD)

Vacuum oven 70  C - 8 h

MFC	

Controller	

Effluent	

Aerogel sample	
hygrometer	

Type-K thermocouple	

Glass tube	
13 mm OD x 90 mm long	Bubbler	

13 mm OD x 60 mm long	

N2	

Heavy insulated 	
heating tape	

 

Figure 4.1. Schematic representation of drop casting, dip coating and physical vapor 
deposition methods. 

 

4.4. Results and Discussion  

4.4.1. Synthesis of switchable chemical 

The CO2-switchable hydrophilicity solvents were originally been developed by 

the Jessop group, who investigated different amidines and guanidines for their 

switchability features.123,141,142 According to this study123, only tributylpentanamidine (i.e., 

TBPA) over 9 different tested amidines and guanidines (see Appendix C- Figure C5 for 

chemical structures of chemicals) switched to water-soluble bicarbonate salts in the 
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presence of pure CO2 and water (Figure 4.2), and this reaction was reversible by 

bubbling air (CO2 content unreported) through the solution at room temperature for 5 h 

or at 80 °C for 60 min.  

R NR2

NR

CO2 H2O
R NR2

NHR

HCO3

N N

N, N, N-tributylpentanamidine

9 8

6
7

1 3

2 4
13

12

11

10

1716

1514

5

 

Figure 4.2. Switchability mechanism reported by Jessop et al.123 In the presences 
of CO2 and water (i.e., protonation by carbonic acid), amidines turn into water soluble 

bicarbonate salts.   

 

Here, we synthesized tributylpentanamidine and verified the successful 

synthesis with 1H NMR and 13C NMR (Figure 4.3). Additionally, we found that the 

molecular weight of switchable chemical was consistent with the calculated molecular 

weight and Jessop et al. study findings (within the sensitivity of our and their MS (+/- 1 

amu) (Appendix C-Figure C6)123.  
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Figure 4.3. (a) 13C NMR and (b) 1H NMR spectra of tributylpentanamidine 

 

4.4.2. Preparation and characterization of CO2-switchable surfaces 

Aerogel composite fabrics (TW and SL) with their high porosities (90-99%) and 

high surface areas (400-550 m2/g) are ideal materials for surface functionalization.17,143 

Here, we chose to use a previously studied CO2 switchable compound (i.e., 

tributylpentanamidine) as a coating agent for aerogel fabrics. After we synthesized the 

chemical, we coated aerogel blankets via different techniques (drop casting, dip coating, 

and physical vapor deposition) to find an efficient strategy to prepare switchable 

surfaces in one step.  

The high porosity and surface area of TW and SL are critical for high oil uptake 

and subsequent recovery with mechanical compression. The SEM images of aerogel 
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blankets indicated that surface morphologies (size of the silica aerogel particles and their 

distribution, as well as the fiber content) were similar before and after coating with the 

switchable chemical (Figure 4.4).  

TW	 TW-dropcast	 TW-imeersion	

SL-dropcast	

SL	

SL	

SL-immersion	SL-dropcast	

10 µm	 10 µm	 10 µm	

1 µm	 1 µm	 1 µm	

(b) (c) 

(d) (e) (f) 

(a) 

 

Figure 4.4. SEM images of (a) plain TW aerogel blanket, (b) TW aerogel 
blanket after drop-casting of 10 wt. % of switchable chemical in DCM, (c) TW aerogel 

blanket after dip coating with 10 wt. % switchable chemical in DCM, (d) plain SL 
aerogel blanket, (e) SL aerogel blanket after drop-casting of 10 wt. % of switchable 
chemical in DCM, (f) SL aerogel blanket after dip coating with 10 wt. % switchable 

chemical in DCM 

4.4.3. Evaluating switchability 

Contact angle determination of water on modified aerogel blankets in air and 

under a partial pressure of CO2 was the first attempt to identify whether the aerogel 

surfaces were responsive. The contact angle of the water droplet placed on a switchable 

chemical-coated TW aerogel blankets was 140°, higher than that of plain TW aerogel 

blanket (127°)101, indicating a higher hydrophobicity after application of the switchable 
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chemical coating. Upon introducing CO2 directly to the surface (10 minutes), the aerogel 

blanket turned hydrophilic. After removing CO2 by introducing N2 for an hour, the 

surface shifted close to the original hydrophobic state (WCA: 130°), verifying that the 

switch is almost completely reversible (Figure 4.5).  Water Contact Angle Measurements 

(a) In the absence of CO2 

Plain	aerogel	 Surface	modified	aerogel	
(drop	cas5ng)	

Plain	aerogel	

100 ms 200 ms 

(b) In the presence of CO2 

WCA:127° WCA:140° 

(c) In the presence of N2 

Plain aerogel 

WCA:130° 

5/20/16	
12	

 
Figure 4.5. Wetting behavior of water on the TW aerogel blanket.  (a) Water 

behavior of the surfaces before CO2 treatment. Left: Image of water droplet on the 
plain aerogel blanket. Right: Image of water droplet on the aerogel blanket surface after 

drop-casting with switchable chemical. (b) Water behavior of the aerogel blanket 
surfaces after CO2 treatment. Left: Image of water droplet on the plain aerogel blanket. 

Middle: Water droplet behavior after CO2 treatment within 100 ms. Right: Water droplet 
behavior after CO2 treatment within 200 ms. (c) Water behavior of the aerogel blanket 
surfaces after N2 treatment. Left: Image of water droplet on the plain aerogel blanket. 

Right: A water droplet behavior after N2 treatment. Insets water contact angles (WCA)  
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Deposition of switchable chemical with the drop casting and dip coating 

methods did not give reproducible results for any samples. For example, three different 

samples were prepared by using switchable chemical from the same batch and drop 

casting on to the aerogel blankets (Figure 4.6.). The water droplet remained in the same 

shape for more than one hour (80 min) for the first sample (labeled as 1 in Figure 4.6). 

However, some of the water droplets disappeared (shown with arrows) at different 

times, where three water droplets were added onto the second and third aerogel 

samples. This indicates that switchable chemical coating was not uniformly distributed 

on the aerogel blanket surface or that the aerogel surface itself was heterogeneous. 

100% CO2, drop cast coating	

6/21/16	
21	

45 min later	30 min later	

60 min later	80 min later	

1 2 3

 

Figure 4.6. The number of water droplets (%) adsorbed by different aerogel 
blanket samples (left). Images of TW aerogel blankets (right) showing a water droplet 
adsorbed by only sample 2 and 3, not by sample 1. Experimental conditions: 100% CO2, 

humidity (700 ppm), and max time 80 min.  
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The next set of experiments focused on experimental design and methods to 

provide uniform coatings on the aerogel blankets. PVD is a common method used to 

deposit thin layers of material. This method consists of three main steps: (1) vaporization 

of the chemical, (2) transportation of the chemical vapor to the target surface, (3) 

condensation of the chemical onto the surface. Note, our PVD process is a thermal 

evaporation process rather than a plasma assisted physical vapor deposition method 

(i.e., sputtering) (Figure 4.7). 

Bubbler 	

Effluent	

Temperature 
controller	

Heat tape	

Mass Flow 
Controller	

Inlet	

Aerogel 
sample 
(inside)	

Aerogel	
TBPA	

 

Figure 4.7. Image of thermal evaporation PVD set up (top), inset image of 
aerogel sample location (bottom left), image of bubbler (bottom right). TBPA: 

tetrabutylpentanamidine (i.e., switchable chemical) 
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Here, deposition of TBPA onto aerogel blankets with thermal evaporation PVD 

was explored in effort to obtain better coating than with the drop casting or dip coating 

methods. Different process conditions (e.g., coating time, and temperature) were tested 

to identify suitable conditions for deposition. Even though successful deposition of 

switchable chemical onto aerogel blankets was achieved, only one sample showed 

switchable behavior in the presence of CO2 and water vapor for 10 min. (CO2 = 290 ppm, 

5500 ppm humidity) (Figure 4.8. (a)). Following the same experimental conditions as the 

one that gave positive result, several other samples did not show switchability as a 

function of CO2 partial pressure (50-106 ppm) (Figure 4.8(b)).  

 

 

Figure 4.8. Water contact angle (WCA) measurements of the surface-coated TW 
aerogels. PVD coating method. (a) Successful (b) Failed experiments. Experimental 
conditions: t (coating time), temperature (heater set temperature for evaporation of 

switchable chemical), n (number of sample tested). Humidity range: 8000-10 000 ppm. 
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The deposition of TBPA is confirmed by X-ray photoelectron spectroscopy 

(Figure 4.9). TBPA coated surface spectra have N 1s peaks at 399 eV that is absent in the 

spectra of plain aerogel. High-resolution spectra of N 1s from different spots of coated 

aerogel blanket (Appendix C-Figure C8 blanket aerogel image after coating) showed 

different peak shape (i.e., spectra from yellow parts has broader peak shape compared to 

other spots). Additionally, their atomic concentration (%) distribution on white and 

yellow part of surface was slightly different.  
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Figure 4.9 XPS spectra of the aerogel blankets before (a) and after (b) coating 
with TBPA, N 1s high-resolution spectra from white spots of surface (c), N 1s high-

resolution spectra from yellow spots of surface (d). 
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Overall, 16 samples were tested for PVD and 17 for drop casting, but only two 

samples from drop casting and one sample from PVD method successfully switched 

from hydrophobic to hydrophilic in the presence of CO2 and water vapor. For dip 

coating, 11 samples were tested, but only two of them showed switchability feature 

(Figure 4.10), a slightly better performance rate (%) than PVD or drop casting (11.7, 6.25, 

18% for drop casting, PVD and dip coating, respectively.)  

 

 

Figure 4.10. Summary of switchable aerogel blanket data after coating with 
switchable chemical (i.e., tributylpentanamidine) via PVD, drop casting and dip 

coating methods. Humidity range: 700-10 000 ppm, CO2 : 40-106 ppm  

 

4.5. Conclusions, Recommendations, and Future Work 

Surface coating of a selected switchable chemical (i.e., TBPA) onto aerogel 

composite blankets using different methods including drop casting, dip coating, and 

PVD was partially successful within the limited set of process conditions. Uniform and 
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strong attachment of the switchable chemical onto aerogel surfaces appeared to be 

problematic. The most likely reasons are: (1) the heterogeneous fiber structure of the 

aerogel blankets, which is comprised of not only pure silica aerogel particles but also a 

mixture of polyester and/or fiberglass (see Appendix A- Table A3, tensile strength tests 

data for plain material, and this also supports the theory of heterogeneous surface), (2) 

substantial parts of uncoated the aerogel blankets remained after coating (Appendix C-

Figure C8). An alternative approach to these problematic coating techniques would be to 

include TBPA as a precursor during the gel preparation to trap it in the pores of the 

aerogel with better coverage that capillarity-driven wetting. Note that, in order to enable 

chemical attachment of switchable chemical to aerogel surface some chemical 

modification of TBPA may be required (e.g., using the butyldiamine instead of 

butylamine to include nucleophilic amine groups that could be attached via specialty 

silane precursors, such as isocyantopropyltriethoxysilane to the silica skeleton). Further 

investigation to make aerogel by including the switchable chemicals may be merited, 

although would require more substantial involvement of the sol-gel chemistry.  
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Chapter 5: 

 

Design and Technology Ideas – 

Enhanced Mechanical Oil Recovery and Shoreline 
Protection Using Blanket Aerogels 

 

 

5.1. Current Oil Recovery Applications and Associated 
Challenges  

 

Rapid oil removal and recovery are the next steps after containment in oil spill 

response operations. Effective oil removal and recovery using current response tools 

(e.g., skimmers, sorbents, and in-situ burning) relies on three main factors: the type of 

spilled oil (e.g., heavy crude or light crude), the amount, and the spill conditions (e.g., 

temperature, wind, and weather conditions that affect wave height and current 

directions).81 Among the response tools, containment boom helps to control the spread 

of oil, concentrates and maintains an even oil thickness so that skimmers can be used to 

recover oil from apex (i.e., the highest oil accumulated part of the boom).144 The 

important limitation of containment boom applications is that the current in the apex of 
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the boom should not exceed 0.5 m/s (about 1 knot). This defined as critical velocity, 

which is the speed of current flowing perpendicular to the boom.145 If the currents 

exceed the critical velocity, this causes boom failures, such as structural failure, 

splashover, and submergence.81 In addition, if there are a strong current and wave, 

towing forces can be really high, and this might easily destroy a boom or tear a towline. 

With the presence of these oil containment booms limitations in the case of Ixtoc I (June, 

1979) and Macondo (April, 2010) well oil spills, corralled oil in the apex was not thick 

enough (oil thickness < 2 mm) for effective skimmer application.54 Thus, the skimmers 

were only able to recover 5 and 10% of spilled oil from Ixtoc I and Macondo well spills, 

respectively.9 In addition to the thickness of the oil slick, the type of oil spilled, extend of 

oil weathering, emulsification of the oil, and weather conditions (waves < 1 m and 

current speed < 1 knot for effective skimming) affect skimmer’s recovery efficiency (i.e., 

percent of oil recovered out of the total oil and water recovered).81 If skimmer removes 

water along with oil, this reduces the overall efficiency of recovery operations. The 

previous studies demonstrated that the average recovery efficiency of current skimmers 

in wave conditions is 33%.9 Removing water from the recovered oil can be as 

challenging as the initial recovery and requires using additional approaches such as 

centrifugation, filtration, or gravitational settling.58  
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Sorbents (e.g., polyurethane foam and polypropylene pads) are generally used 

after primary response tools (e.g., containment booms, skimmers, and dispersants) to 

remove remaining oils from shore and at sea, but these never remove oil 

comprehensively, and they require manual deployment and recovery.146 Additionally, 

they take up water along with oil. For example, polyurethane foams formed by the 

reaction of di- or poly- functional hydroxyl (polyol) or amino containing compounds 

with di-/poly-isocyanates. As a result of ether-, ester-, carbamate, and amide- groups in 

selected precursors, polyurethane foams have hydrophilic moieties absorb not only oil 

but also water.147 Water separation efforts will increase the response operation costs; 

thus, sorbents are generally discarded to landfill sites without oil recovery.81 Different oil 

recovery approaches such as mechanical, thermal (i.e. burning), or chemical treatments 

showed that these techniques could damage the current oil sorbent material structure, 

resulting in decreasing of performance in subsequent use. There is a need for advanced 

sorbent materials that are mechanically robust and flexible that provide high oil 

recovery with minimized environmental impact.  

5.2. Mechanical Oil Recovery Device for Applications of Blanket 
Aerogels  

As discussed in Chapter 2, aerogel blanket composites could offer three major 

advantages over competitive sorbents (i.e., polyurethane foams or polypropylene): (1) 



 

 98 

rapid oil sorption (3-5 min), (2) reusability (at least 10 cycles), (3) oil recoverability (up to 

60%) with mechanical extraction.101 With the advantage of mechanical strength and 

flexibility, aerogel blankets could enable effective sorbent use in offshore and onshore oil 

spill response applications, and this could be followed by mechanical extraction of the 

removed oil (Figure 5.1). Aerogel can be manufactured in a continuous fabric geometry 

and spread on the spill. During application, hydrophobic blanket aerogel will 

preferentially absorb and retain oil, rejecting water. After deployment, the aerogel 

blankets could be fed through squeezer, where rollers compress the blanket aerogels and 

squeeze out any oil therein (Figure 5.1). This could be automated, minimizing human 

intervention during oil spill response. No other sorbents such as polypropylene and 

polyurethane foam offer this advantage; they are not mechanically durable, and they 

require additional technologies to separate water.  
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aerogel aerogel

recovered oil
   

 

               

      Figure 5.1. Design of device for oil spill remediation and recovery (top left), 
light crude oil (Iraq oil) recovery experiment set up in laboratory (top right), Thermal 
Wrap aerogels (lower left) and Spaceloft aerogel (lower right) after the compression, 

showing their unchanged gross physical structure.  

 

5.3. Current Onshore Oil Removal Applications 

Sorbents booms are generally used to contain and remove oil before reaching the 

shoreline. The use of booms offshore is not practical for three main reasons: (1) current 

sorbent booms cannot withstand towing force (i.e., low tensile strength polypropylene 

or polyurethane foam), and this results in breakage, with the subsequent release of 

sorbent material and contained oil to water, (2) waves and turbulence environment 
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causes to rapid saturation of the sorbent boom by water, requiring additional supports 

to prevent them from sinking, 81 (3) they cause additional contamination during storage 

due to their bulky structure (Figure 5.2). 

The uptake water along with oil results in decreased oil uptake capacity81; thus, 

large quantities of sorbents must be stored for cleanup operations. Overall, these 

limitations in current sorbents causes logistical problems associated with storage space 

and cost effective transportation of sorbents to spill site.80 Further oil sorbents create an 

opportunity for worker exposure to oil, and leaked oil-water mixtures give rise to 

slipping hazards (often on a moving sea-going vessel). In addition, disposal of used 

sorbents is challenging. General disposal route for used sorbents is landfill, but 

landfilling is the least desirable route compare to waste-to-energy or incinerator because 

of the limitation in available land and potential methane leaks from landfills (more 

details in Chapter 3).120,148 There is a need for reusable advanced materials with their 

practical technologies to minimize the human intervention and generated waste. 
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��)LJXUH����7KH�ODUJH�VFDOH�XVH�RI�VRUEHQW�WR�UHFRYHU�RLO�RQ�
D� KDUG� VDQG� EHDFK�� 7KH� XVH� RI� VRUEHQW�PDWHULDO� VKRXOG�
EH� DSSURSULDWH� WR� WKH� VFDOH� RI� FRQWDPLQDWLRQ�� EULQJ� DQ�
DSSUHFLDEOH�EHQH¿W�WR�WKH�UHVSRQVH�DQG�QRW�XQGXO\�DGG�WR�
WKH�ZDVWH�UHTXLULQJ�GLVSRVDO�

��)LJXUH�����2UJDQLF�SDUWLFXODWH�VRUEHQW�PDWHULDO�VXFK�DV�SHDW�
RU�EDUN�PD\�EH�DSSOLHG�RQ�URFN\�VKRUHV�RI�LPSRUWDQFH�WR�
ZLOGOLIH��H�J��SHQJXLQV�DQG�VHDOV���WR�PLQLPLVH�FRQWDPLQDWLRQ�
WR�IXU�DQG�IHDWKHUV�DV�WKH\�FRPH�DVKRUH�

be considered when selecting the most appropriate product. 
'HVSLWH�WKH�KLJK�FRVW�RI�V\QWKHWLF�SURGXFWV��WKH\�DUH�RIWHQ�
many times more effective and, in some instances, they 
can be reused.
 

Availability, storage and transportation
The performance of synthetic sorbents makes their use 
attractive but they may not always be immediately available 
at the site of the spill. While organic and inorganic sorbents 
PD\�EH�OHVV�HI¿FLHQW��WKH\�PD\�RIIHU�D�SUDJPDWLF�DOWHUQDWLYH�
as they are often more widely available. However, the 
requirement for a number of organic products to be pre-
treated before they can be used effectively as sorbents may 
limit their availability in an emergency response.
 
Sorbents are bulky by nature (Figure 8) and, in large amounts, 
WKH�VSDFH�UHTXLUHG� IRU�VWRUDJH�FDQ�EH�VLJQL¿FDQW��:KHUH�
storage space is limited and large quantities of sorbents are 
required, storage may only be possible outside. If this is the 
case, protection from sunlight will be necessary to prevent 
degradation by UV light, especially in the case of synthetic 
sorbents. Storage of organic sorbents should take account 
of the potential for deterioration in damp conditions and 
damage as a result of mildew, rodents or insects.
 
As with storage, transportation of large volumes of sorbents 
can invoke logistical problems, both from the warehouse to 
a distribution centre in the general vicinity of the spill and 
IURP�WKHUH�LQWR�WKH�¿HOG�ZKHUH�WKH�VRUEHQWV�DUH�WR�EH�XVHG��
,Q�SDUWLFXODU��À\LQJ�SODQH�ORDGV�RI�VRUEHQWV�WR�D�VSLOO�VLWH�LV�
unlikely to be cost-effective.
 

Use of sorbents on or near the 
shoreline
 
Sorbents can play a number of useful roles in nearshore 
and onshore clean-up operations. However, the use of large 
quantities of sorbents should be avoided where possible 
to minimise secondary problems associated with disposal 

(Figure 9). Consequently, the large-scale use of sorbents 
on shorelines should be restricted to those situations where 
other techniques are not likely to be effective or feasible. Oil 
on hard sand beaches, for example, can usually be recovered 
without the extensive use of sorbents by workers equipped 
with shovels or through the use of trenches. On the other 
hand, in circumstances where oil is held against a shoreline, 
inaccessible other than on foot, and where skimmers and 
SXPSV�FDQQRW�EH�GHSOR\HG��LW�LV�YHU\�GLI¿FXOW�WR�KDQGOH�ÀXLG�
oil without the aid of sorbents. Nevertheless, many of the 
concerns relating to availability, transportation and storage 
of sorbents, both before and after use, still apply.
 
Anchored close to shore, sorbent boom can be used 
effectively to catch run-off from shore washing operations, 
for example during high pressure washing of oiled rocks 
�VHH�IURQW�FRYHU���RU�LQ�WKH�LQWHUWLGDO�]RQH�WR�FROOHFW�UHÀRDWHG�
remobilised oil. Sometimes referred to as ‘passive cleaning’, 
sorbent and snare booms can be very effective in trapping 
oil mobilised on successive tides from highly sensitive 
areas, particularly saltmarshes and mangroves, where other 
response techniques may cause unacceptable additional 
damage. Similarly, the technique may be used to recover 
oil released from rock armour and rip- rap over successive 
WLGHV��7KH�¿QH�PHVK�QHWWLQJ�PDWHULDO�XVHG�DV�GXVW�VFUHHQ�IRU�
scaffolding works has also been used in this way successfully 
to capture viscous oil released from shorelines comprising 
boulders, cobbles and coarse sand. One end of the netting 
is secured on the shore while the other is free to move in 
the sea. Provided environmental conditions are suitable, 
in particular the water velocity through the boom is not too 
high, snare boom can also be effective when strung across 
LQGXVWULDO�ZDWHU�LQWDNHV�WR�KHOS�OLPLW�WKH�LQJUHVVLRQ�RI�ÀRDWLQJ�
high viscosity oil (Figure 7). 
 
In general, the use of sorbents in conjunction with shoreline 
ZDVKLQJ� WHFKQLTXHV�GXULQJ� WKH�¿QDO�SKDVH�RI�D�FOHDQ�XS�
operation is preferable to sorbents being used directly 
for wiping rocks since this latter technique results in large 
amounts of material requiring disposal. Nevertheless, 
sorbents can be useful for the removal of small amounts 

                          

10   USE OF SORBENT MATERIALS IN OIL SPILL RESPONSE

5	Figure 16: Recovered sorbent snare hung on a pole to allow 
oil to run into a container, thereby minimising the amount 
of free oil in the waste.

5	Figure 15: Used sorbent piled in a temporary storage site. 
Compression will cause recovered oil to be squeezed from the 
boom and care is needed to avoid secondary contamination. 

5	Figure 14: Oil leaching from a recovered sorbent boom is 
a source of secondary contamination.

 Storage, transport and disposal 
of used sorbents
 

Temporary storage and transport of 
oiled material
Once recovered, sorbent used at sea will need to be stored 
both on-board any collection vessel and then on the shore 
prior to final disposal. As saturated sorbent, particularly 
boom, is compressed through the weight of further material 
placed on top, adsorbed oil may leach out. On-board storage 
should, therefore, be enclosed to ensure leachate does not 
contaminate decks or gangways rendering them unsafe, or 
flow overboard causing recontamination. Oiled sorbent also 
needs to be unloaded with care to minimise contamination 
of quays and jetties (Figure 14). 
 
Oiled debris and material, including sorbents, landed ashore 
and collected from the shoreline will usually require temporary 
storage while the logistics of transport and disposal are 
organised. In a large spill, the amount of material collected 
may exceed the capacity of available treatment or disposal 
facilities in the local area. The excessive use of sorbent 
materials exacerbates this problem (Figure 15) necessitating 
a larger temporary storage site which in many parts of the 
world would need to be licensed. Prior to transport, as 
much free oil as possible is usually removed (Figure 16) 
and, ideally, sorbents are compressed to minimise bulk 
and optimise transport logistics. Oil and water released as 
a result of compressing the sorbents must be recovered 
and temporary storage sites should be bunded to prevent 
the escape of leachate. 
 

Disposal routes
The disposal options available for oiled sorbent materials are 
relatively limited when compared with those for recovered 
fluid oils. Even small amounts of sorbent material present in 
the waste stream can preclude disposal by certain routes, 
for example, as a feedstock in refineries. 
 

Reuse
In theory, some types of sorbent can be reused if the oil can 
be extracted. This can be achieved either by compression 
using a mangle or wringer (as in rope mop skimmer systems), 
by centrifuge or by solvent extraction. Compression is 
generally the more practical option and is feasible for some 
synthetic products. However, the number of reuse cycles 
that can be endured before the sorbent material becomes 
unusable due to tearing, crushing or general deterioration 
should be considered.
 
Other factors to consider with the reuse of sorbents are 
contamination of the waste oil stream from particles of 
sorbent detached during compression, the rate of decrease 
in adsorption capacity and the percentage of oil that can 
be removed with reasonable levels of manpower and 
equipment. Nevertheless, some sorbents exhibit an increase 
in sorption capability upon repeated reuse, particularly for 
more viscous oils. 

 

Figure 5.2. Image of polypropylene sheet applications on sand beach (left), 
showing that human exposure to the oil. Image of used sorbent booms in temporary 

storage site (right), showing that contained oil can leak from the boom (Photo by ITOPF) 
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5.3.1. Aerogel Blanket Use as a Protective Barrier in Coastal 
Environment 

Aerogel blankets used for beach sand protection were investigated using an 

aquarium tank filled with seawater (seawater prepared following the same procedure in 

Chapter 2-Experimental Methods), vegetable oil (200 mL) colored with crude oil, beach 

sand, and 8-mm Spaceloft aerogel blanket. Due to the lightweight of the aerogel blanket, 

small stones were used to keep the aerogel submerged. This laboratory-scale experiment 

demonstrated that SL successfully protected the beach sand. According to images from 

video, oil movement through aerogel was fast in the beginning (1 mm every 10 second 

during first 30 seconds), and then oil started move bidirectionally (vertical and 

horizontal). As a result, oil movement along the thickness was slower for the rest of the 

experiment (almost 0.5 mm in every 10 seconds until 4.30 min). At the end of 

experiment, the back image of SL aerogel (face towards to beach sand) shows that some 

oil actually passed through the aerogel but was retained (i.e., we did not observe any oil 

on the sand). SL aerogel may provide an effective protection of beach sand. After 

deployment, blanket aerogel can squeeze between rollers to recover the contained oil. 

Further, aerogel use not only minimizes the oil spill response cost with the advantage of 

selective oil recovery, but also requires less workforce onsite (i.e., 1 or 2 people to deploy 

the roller device versus 10s or 100s people to deploy and collect polypropylene or 

polyurethane pads).  
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Figure 5.3. Spaceloft aerogel blanket investigation for beach sand protection. 
(a) Image of experimental set up, (b) image of oil transport through aerogel after 30 

seconds, (c) image of oil movement through aerogel after 4.30 min., (d) after 
experiment (5 min.) beach sand condition, (e) Spaceloft aerogel condition after 

deployment, (f) mechanical oil recovery device. 

 

5.4. Conclusions and Recommendations 

The device for oil recovery from aerogel blanket composites has been designed 

and recovery application has been tested via laboratory scale mechanical drill vise press. 

Blanket aerogels showed 40-60% light crude oil (Iraq oil) recovery via mechanical 

compression (press duration and force are 1 minutes and 38 N, respectively).101 
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Additionally, aerogels’ protective barrier applications for shoreline protection have been 

tested in aquarium tank in laboratory. We demonstrated that aerogel blanket prevented 

oil spreading through beach sand (note that 150 mL oil used in 38 L fish tank). In the 

beginning, oil rapidly penetrated through the aerogel pores and surface, and then oil 

slowly dispersed vertically and horizontally through aerogel without contacting with 

beach sand.  

It will be beneficial to test oil recovery device using aerogel blankets in larger 

scale at Ohmsett, National Oil Spill Response Test Facility. Without cutting small test 

swatches, intact material might affect oil removal and recovery. Additionally, 

investigations of oil recovery performance in different environments such as oil-water 

emulsion in the presence of surfactants (e.g., CorexitTM) thick and thin oil slick could 

provide useful information to understand limitations. In the case of using aerogel 

blankets for shoreline protection, different amount of oils and their transportation 

through aerogel blankets should be evaluated. Wave effect on aerogel stability during 

shoreline protection also should be evaluated, and this can be tested using a wave 

generator in water tank. Finally, different thickness of aerogel blankets and their 

application in different shorelines (sand beach, marshes, and pebble-cobble shorelines) 

should be studied. 
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Chapter 6: 

 

 

Conclusions and Recommendations  

 

6.1. Conclusions 

This research demonstrated successful application of novel advanced materials 

(i.e., Cabot
 
Thermal Wrap (TW) and Aspen Aerogels

  
Spaceloft

 
(SL)) for efficient and 

rapid oil capture and recovery technologies. These commercially available, mechanically 

durable aerogel fabric composites were investigated for the first time for oil spill 

remediation and were found to overcome long-standing limitations in onshore and 

offshore oil response applications. The study’s main objectives were: (1) investigate the 

oil uptake rate and efficiencies of aerogel blanket composites with different crude oils 

(Chapter 2); (2) determine energy and chemical burdens associated with fabricating 

aerogel blankets (Chapter 3); and (3) fabricate a CO2 switchable aerogel surface to 

enhance oil recovery (Chapter 4).  

This chapter summarizes the thesis contributions made in the course of this 

study and the recommendations for the future use of aerogels for oil spill remediation 

and recovery. 
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6.2. Summary of Thesis Contributions 

 

Rapid and Efficient Oil Uptake with Blanket Aerogels 

This study investigated aerogel blankets as transformative advanced materials 

for oil spill remediation and recovery. We compared the uptake performance of these 

aerogels with the uptake of current oil sorbents (e.g., polypropylene pads and 

polyurethane foams) and conclusively demonstrated crude oil uptake by aerogels is 

rapid (3-5 min.), selective for oils (i.e., discriminates against water), and efficient (14 and 

8 goil / gsorbent for TW and SL, respectively).101 Mass-based oil uptake of TW and SL aerogel 

blankets was nearly twice as high as similar PP and PUF devices.  

 

Reusability and Oil Recoverability via Mechanical Extraction Route 

Mechanical extraction evaluations indicated that TW and SL aerogel blankets are 

reusable throughout 10 cycles of mechanical pressing.101 Interestingly, the types of 

blanket aerogels exhibited different oil uptake performance: TW showed decreasing oil 

uptake and recovery after 10 cycles of mechanical compression, whereas SL performance 

remained nearly constant after 10 uptake and recovery cycles.  

Oil Uptake via Adsorption rather than Absorption 

This work demonstrated adsorption is the main phenomena for oil uptake by 
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TW and SL aerogel blankets. This was verified by first determining compound-specific 

sorption of TW and SL aerogels and then comparing specific sorption capacities with 

available pore volume uptake. In addition, the adsorption mechanism in TW and SL 

aerogels selectively removed oil, whereas PUF removed bulk fluid (i.e., water and oil 

together), indicating absorption was the dominant mechanism, note that adsorption also 

plays some role, as it does in any porous material.   

 

Lower Cost Oil Spill Response with Aerogels 

This study demonstrated TW and SL could have lower net cost of spill response 

compared to PUF when removing the same amount of oil (e.g., 1000 ton light crude oil). 

Two factors contribute the lower cost: (1) higher uptake (overall oil uptake (10 reuse-

cycles) for TW and SL is: 60 and 26 g/g, respectively. For PUF, oil uptake is 6 g/g, note 

that PUF is not reusable) and ability to reuse aerogel blankets reduce the amount of 

material needed and (2) possible oil recoverability due to the selective oil removal (i.e., 

negligible water uptake with oil). The calculation assumed that recovered oil is a 

revenue source. Even when it is not considered as a revenue source, the cost is 

competitive (For cleaning 1000-ton light crude oil, material cost is $1,480,470, $538,210, 

and $482,320 for PUF, TW, and SL, respectively.)  
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End of Life Disposal Considerations for Sustainable Oil Spill 
Response  

A detailed life cycle assessment (LCA) model incorporating raw materials 

through end-of-life for SL aerogel and PUF was performed. Investigation energy and 

chemical burdens associated with producing SL and PUF helped us to understand the 

preferred use condition and disposal route for each material. Our LCA model included 

two use (single- and multiple-) and three disposal scenarios (landfill, incinerator and 

waste-to-energy (WTE)). The ideal case for SL aerogel was multiple-use and WTE 

disposal: the WTE disposal offset the energy consumed during manufacturing, use, and 

transportation (68% reduction in material use, approximately 7 x103 MJ energy recovery 

from WTE). Although the CO2 emission (kg CO2/m3 oil) from multiple-use and WTE 

approach was higher than the emissions from single use and landfill disposal of PUF, 

the EPA characterized landfill disposal as the least environmentally favored disposal 

option.149 In addition, PUF fabrication requires materials such as petrochemical derived 

polyol and isocyanates during fabrication that increase overall energy consumption 

during PUF. As such, SL was the preferred alternative for sustainable oil spill response.   

 

 

 



 

 108 

New Aerogel Fabrication Method for Sustainable aerogel synthesis 

Anticipatory LCA for new rapid supercritical extraction (RSCE) and existing CO2 

and alcohol supercritical extraction (CSCE and ASCE) silica aerogel monolith 

laboratory-scale fabrication approaches were performed to guide future sustainable 

development of new aerogels. We found that the aging step in CSCE and ASCE 

methods, which involves hours or days of solvent exchange, not only extends overall 

fabrication time (2-3 days) but also increases chemical use and waste. In contrast to these 

conventional methods, RSCE does not require aging step (less chemical waste and use), 

resulting in lower chemical use and waste, faster aerogel fabrication (4-15 h), and lower 

overall energy for RSCE-large and CO2 burdens of aerogel fabrication (1.5 x 105, 2.3 x 105, 

2.73 x 105, 3.4 x 105 MJ energy / m3 aerogel fabrication via RSCE-LG , ASCE, RSCE-SM 

(small area; 8.9 x 8.9 cm2), and CSCE, respectively). Overall, large area aerogel 

fabrication via RSCE is competitive and advantageous compared to conventional CSCE 

or ASCE.  

 

New Smart (i.e., Stimuli Responsive) Aerogels for Oil Spill Applications 

Developing a stimuli-responsive aerogel requires applying a switchable coating 

to its surface. After successfully synthesizing a CO2-responsive chemical, three different 

techniques (drop casting, dip coating, and physical vapor deposition) for coating aerogel 

surfaces with a synthesized CO2 switchable chemical (tributylpentanamidine; TBPA) 
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were evaluated to find the most promising approach. Initially, all three methods showed 

aerogel surfaces that switched from hydrophobic to hydrophilic in the presence of CO2 

(290 ppm, 10 min) and reversed back to the original hydrophobic condition in the 

presence of N2 (50 min). However, the switchable surface results were not repeatable. In 

probing experimental conditions (e.g., humidity, CO2, time, and coating technique) to 

plan future investigations, it appeared that non-uniform distribution of switchable 

chemical in the coating was the main contributor to inconsistent switchability. 

Additionally, including switchable chemical as a precursor in gel formation and 

fabricating a new aerogel could be subject of other future investigations. Overall, this 

study showed that a CO2 -switchable aerogel surface is possible with common coating 

techniques, but further work to understand the interaction between the switchable 

chemical and aerogel surface chemistry is required and is underway.  

New Mechanical Oil Recovery Device  

A new mechanical oil recovery device was designed that accommodates the 

emerging needs of efficient oil capture and reduces the workforce required to deploy the 

technology. In this design, aerogel blankets roll onto the spill and compress between 

wringers as they roll back. Because aerogels are lightweight and continuous, this device 

could be installed by 2 people, as compared to 10s-100s of people needed for current 

sorbent practice.  
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Shoreline or Sand Protection with Aerogel Blankets 

After mimicking an oil spill in a laboratory scale aquarium, beach sand that is 

covered with aerogel blankets remained intact. Oil transport in aerogel blankets was fast 

in the beginning, and then the transport rate slowed and became bidirectional. Further 

larger scale experiments with different types of oils will be useful for future onsite real 

spill applications.  

 

6.3. Recommendations for Future Work 

 

Development of Aerogel Fabric Technologies for Recovery of Natural 
Seeped Oil 

Natural oil seeps are the largest source of oil contaminations into the oceans (46% 

of annual discharge).50 The availability, mechanical durability, high oil uptake and 

selectivity advantages provided by aerogel blankets make them a promising material for 

removing oil from seeps. The seeped oil could then be recovered with mechanical 

compression. It would also be interesting to develop a temperature or pH responsive 

fiber composite aerogels that are hydrophobic under water to remove seeped oil and 

become hydrophilic in air or acidic pH environment to remove oil from the material.  

 



 

 111 

Treatment of Bilge Water Using Aerogel Fabric Composites 

Bilge water is an oily wastewater that is stored in bilge area, the lowest part of 

the ship (i.e., the bilge). This water generally includes oil from leaky fuel lines and oil 

spills, freshwater from heat exchangers and boilers, and other cleaning fluids and 

lubricants from pumps and valves. According to MARPOL (1973/1978), oil concentration 

in bilge water should be less than 15 ppm (mg/ L) to directly discharge to water.150 The 

volume of bilge water depends on ship size but is generally 0.5-50 m3/d. For industrial 

applications, it is highly desirable to have an advanced oil sorbent and technology to 

passively absorb oil and keep oil concentration lower than 15 ppm in bilge water tanks. 

Aerogel fabrics could be an efficient and cost-effective alternative to oil-water 

separators, which often have engineering problems in the presence of particles or failed 

detector, and they discharge oily water even when oil concentration is higher than 15 

ppm. Aerogel could be placed inside the bilge water collection tank. Since the device is 

lightweight, it will not contribute significantly to the mass-mile transport energy 

requirements.  

 

Wave and Water Current Effect on Oil Uptake of Aerogel Fabric 
Composites 

Wave height and water current speed are two major criteria that limit the sorbent 

use in offshore applications. The effect of wave height on oil uptake and containment by 
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aerogel fabric composites needs to be studied. This can be tested by using a wave 

generator in an aquarium tank and similar experiments to those discussed in Chapter 5 

for shoreline protection demonstration.  

Mechanical Recovery with Aerogel Blanket Composites 

This research is the first that focuses on the mechanically durable oil sorbents 

(i.e., aerogel composite blankets) and their applications to solve material limitation in 

current oil spill remediation and recovery approaches. I have shown that mechanically 

durable aerogel fabrics offer three main advantages: rapid and efficient oil uptake, 

reusability, and oil recoverability with mechanical extraction. Oil recovery device (p.99, 

Figure 5.1) and its efficiency should be tested for different thickness of oil removal from 

surface water.  
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Appendix A: 

 

Supporting Information for Chapter 2 
 

This Supporting Information is adapted from “ Flexible, Mechanically Durable 

Aerogel Composites for Oil Capture and Recovery” by Karatum, O., Steiner III, S.A., 

Griffin, J. S., Shi, W., Plata D. L. ACS Appl. Mater. Interfaces, 2016, 8 (1), pp. 215–224. 

Reprinted (adapted) with permission from 10.1021/acsami.5b08439.  Content is slightly 

different from original version to reflect thesis formatting, and Supporting Information 

contains additional materials. Copyright © 2015 American Chemical Society  
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A1. Response Methods in Two Biggest Oil Spills that Affected 
U.S. Coasts 

Table A1. Response methods in two biggest oil spills that affected U.S. coasts. 
Data gathered from Jernelöv and Linden, Dave and Ghaly.10,54 

General Information/ 
Technology deployed 

Ixtoc I well blowout Macondo well blowout 

Date June 1979 April 2010 

Well depth 50 m (160 ft) 3000 m (10000 ft) 

Reason Blowout preventer 
failure Blowout preventer failure 

Spilled oil  130 M Ga 210 M Ga 

Dispersant Corexit 9527 Corexit 9527-9500 

Oil booms Yes, ineffective Yes, ineffective 

Skimmer Yes, ineffective Yes, ineffective 

Sorbents Yes, ineffective Yes, ineffective 

Worker exposure Yes Yes 

Contamination of coastal 
zones 

Yes Yes 

 

A2. Contact Angle Analysis 
 (a)

          

 (b)

 

Figure A1. Water contact angle (WCA) measurements. WCA’s were measured 
for Thermal Wrap (TW, left) and Spaceloft  (SL, right) using an average of 10 

measurements of the angle between the tangent lines noted above. 
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A3. Physical Properties Comparison of Soybean Oil and Iraq Oil 

 

Table A2. Some physical properties of soybean oil and Iraq oil (light crude oil) 

 Kinematic Viscosity  
(mm2/s) 

Density  
(g/mL)  

Pour point 
(°C) 

Iraq oil (light crude) 15 (10 °C) 0.89 -15  

Soybean oil151  107 (10 °C) 0.91-0.92151 -12 to -16 

 

Note that soybean oil was chosen as a surrogate for Iraq crude oil due to its 

similar physical properties.  While the viscosity is apparently much higher for soybean 

oil than Iraq crude oil, the soybean oil’s viscosity is actually much closer than other 

readily available, non-toxic oils suitable for this type of testing (e.g., Canola oil has a 

kinematic viscosity of 128 mm2/s, whereas the synthetic motor oils have viscosities that 

range between 291 and 659 mm2/ s). 152  
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A4. Mechanical Characteristics of TW, SL and PUF 

Table A3. Mechanical strength tests of TW, SL and PUF with crude oil and 
soybean oil 

 Plain Material  
Max Stress (kPa) 

Max Stress (kPa) after 
1st Cycle (oil: crude)  

Max Stress (kPa) after 
1st Cycle (oil: soybean) 

Spaceloft (SL) 800 ± 200 (25%) 300 ± 100 260 ± 80 

Thermal Wrap 
(TW) 

380 ± 80 (21 %) 500 ± 100 600 ± 100 

Polyurethane 
foam (PUF) 

92 ± 7 44 ± 3 56 ± 4 

 

A5. Comparison of sorbent materials for oil remediation 
application 

In recent years, next generation sorbents such as carbon-based aerogels, carbon 

nanotube (CNT) foam, and graphene aerogels have been developed and have some 

outstanding features such as high porosity, large surface to volume ratio, and high 

hydrophobicity.56,153,154 However, complicated synthetic processes still limit CNT foam 

and graphene aerogel large-scale manufacturing, and thus, they are not viable 

candidates for oil remediation today. Selective oil removal has been achieved using silica 

aerogels doped with perfluoralkyl (i.e., CF3) groups; however, their brittle, fragile and 

non-elastic characteristics limit realistic applications for oil spill remediation.64  

Here, we show that TW and SL aerogels have higher oil selectivity and uptake 

efficiency than the previously studied some sorbents, such as human hair (8.1 ± 0.1 g/g), 

polypropylene pads (7 g/g), vegetable fiber (4 g/g) and silica aerogel (< 0.1 g/g).59,80 At 
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first inspection, it seems hydrophobic silica aerogels have higher oil uptake than SL 

aerogels, but these hydrophobic silica aerogels were tested in a powder or granular 

form. Thus, the apparent uptake is higher due to the larger accessible surface area (i.e., 

the uptake may not be as high if the silica aerogel were tested in a continuous device 

geometry). In addition, the powdered or granular sorbents can not be deployed in any 

scenario that seeks to be (a) towed through the ocean, (b) laid out to provide a protective 

barrier in coastal settings, or (c) that should be recovered easily, and all of these factors 

limit their real applications in response to oil disasters.64 Last, although the oil uptake 

efficiency of TW and SL (14.0 ± 0.1 and 8.0 ± 0.1 g/g, respectively) aerogels was lower 

than some next generation sorbents, such as CNT foam and graphene aerogels (50-480 

g/g), TW and SL aerogels have the advantage of already-scaled manufacturing (i.e., they 

are available for deployment today), excellent reusability, high mechanical strength for 

ocean towing and automated deployment applications, and low cost for oil spill 

remediation.68,146,153,154 
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Table A4. Comparison of sorbent materials for oil remediation application 

Material Oil uptake(g/ g) Advantages Disadvantages 

PU-g-PS56 42 ± 3 High oil sorption* 
Complicated 
preparation 

PDMS 
sponge72 

< 10 Reusable 
Low uptake 

efficiency for crude 
oils 

Human hair59 8.1 ± 0.1 Low-cost 
Not practical for real 

applications 

Butyl rubber90 7.6 Reusable 
Complicated 

procedure for sample 
preparation 

Electrospun 
fibers155 

7.13 Fast uptake rate Low uptake 
efficiency for diesel  

CF3-silica 
aerogels64 

14 Low water uptake 
Powder form, 

difficult to collect 
after deployment 

Cellulose 
aerogels68 

18.4 Biodegradable Not reusable 

Nano-cellulose 
aerogels 146 30 

Abundant raw 
material 

Not durable for 
mechanical 

compression 

Carbon 
aerogels69 50 

Environmentally 
friendly raw 

material 

Not usable with 
mechanical press 

CNT 
sponges153 143 

High oil sorption 
and reusable 

Expensive and 
complicated 
preparation 

Graphene 
framework154 

480 Excellent sorption 
capacity 

Not reusable, high 
cost 

 
Thermal Wrap 

(This study) 
14 ± 0.1 

Competitive 
uptake, huge scale 

availability 

Decrease uptake with 
cycle 

Spaceloft  
(This study) 

8 ± 0.1 
Reusable, high oil 

recovery with 
mechanical press 

Lower uptake than 
CNT or graphene 

sponge  
PU-g-PS: Polyurethane grafted with polystyrene, * Includes water uptake of 26 ± 1 % 
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Other, non-sorbent methods for oil remediation are detailed elsewhere, 81,100 but 

briefly include:  

(a) Augmented or natural bioremediation, where microorganisms biologically 

degrade oil compounds. In general, linear chemicals are more readily 

biodegraded than branched compounds, which are easier to biodegrade than 

aromatic species.  

(b) Application of surfactants (such as Corexit) to reduce oil particle size and 

enhance biodegradation. 

(c) In situ burning, where surface oil slicks are ignited and converted to CO2 and 

other combustion by products. The aim is to reduce the toxicity of the spilled 

material to aquatic organisms by transforming the oil chemically.  

(d) Skimming the oil using skimmers (i.e., barrels with slits cut in the sides) 

designed to fractionate oil from the water. These are generally preferred by 

industry, but they only function with a sufficiently thick oil layer, and they tend 

to always collect some fraction of water and require oil-water separation (e.g., via 

centrifugation).  

(e) Containment booms to reduce the spread of oil slicks and/or enhance thickness 

of the oil layer for improved skimmer performance.  
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A5. Polyaromatic hydrocarbons (PAHs) in the Iraq Oil 

 

Figure A2. PAHs distribution in Iraq oil. Error bars give standard deviations on 
triplicate measurements. 

A6. The Comparison of PAHs uptake with TW and SL aerogels 

         

Figure A3. Selected PAHs uptake from the pores of  TW and SL (left), 
remained PAHs in water (right) (Naph: Naphthalene, Fluo: Fluorene, Phen: 

Phenanthrene, Chry: Chrysene). Error bars represent standard errors of the means of 
triplicate measures. The figure (right) did not appear in original manuscript published 

by ACS Applied Materials & Interfaces 
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A7. Oil Recovery (%) from Oil-Saturated TW and SL with 
Mechanical Press and Chemical Treatment 

TW SL

 

Figure A4. Oil recovery (%) from oil-saturated TW (gray bars) and SL (black 
bars) aerogels with mechanical press and chemical treatment (I.: Iraq, S.B.M: Sweet 

Bryan Mound). Error bars give the standard deviation of triplicate measures. 

 

A8. The Comparison of Water Uptake Capacities of TW, SL and 
PUF 

The water uptake results obtained during the uptake and extraction experiments 

of TW, SL and PUF with another crude oil (Abhu Dhabi oil) in order to show water 

uptake tendency of materials. Briefly, after each cycle, recovered extracts from TW, SL 

and PUF were collected, and then they were centrifuged for 10 minutes at 13000 rpm. 

After 10 minutes of centrifugation, water amount in each centrifuge tube was quantified 

using a glass syringe. 
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Figure A5. Water uptake of TW, SL and PUF over 10 uptake and mechanical 
extraction cycles. Error bars represent standard deviations on triplicate measurements.  

 

A9. TW Blanket Aerogels after Mechanical Pressing 

 

Figure A6. SEM images of TW aerogel after the 10th uptake cycle using a 
surrogate soybean oil. It is clear that morphology of the aerogel particles on the surface 

of the fiber have changed (compare to Figure 2.1-p.32, Chapter 2), perhaps due to a 
collapse in the aerogel pore network due to capillary stress associated with oil 

impingement.  
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A10. The Performance of Blanket Composite Aerogels towards 
Demulsification of Surfactant-free Oil-in-Water Emulsions 

 

Figure A7. Photographs demonstrating the aerogel composite’s ability to 
demulsify a surfactant-free oil-in-water mixture. Top row: a top view (left) and side 

view (center) of an oil-in-water emulsion; a native aerogel swatch (right).  Bottom row: 
the top view at 1 min after an aerogel was introduced (left), side view after 5 minutes 

(center), and finally, the aerogel post-extraction (right). 
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A11. Adjusted Sorption Capacity (Note: this figure did not 
appear in or with the original manuscript published by ACS 
Applied Materials & Interfaces) 

 

Figure A8. Sorption capacity and recovery (%) of Thermal Wrap (TW) blanket 
aerogel and Spaceloft (SL) blanket aerogel. *Sorption capacity (g/g) is calculated after 
accounting the oil remaining inside the aerogel in each cycle. Recovered mass (g/g) was 
divided by the uptake mass (g/g) and multiplied by one-hundred to give Recovery (%) 

in each cycle.  
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Appendix B: 

 

Supporting Information for Chapter 3 
 

This work was performed in collaboration with Prof. Mary K. Carroll, Prof. Ann 

M. Anderson and Dr. Md Mainul H. Bhuiya from Union College in the Department of 

Chemistry. The writing and data presented in this chapter are the work of O. Karatum, 

principally.  

 

B1. Composition of Aspen Aerogels® Spaceloft (SL) 

Table B1. Composition of Aspen Aerogels® Spaceloft (SL) 

Ingredients Percent 

methylsilylated silica 40-50 

polyester or PET 10-20 

fibrous glass 10-20 

calcium silicate 5-10 

synthetic graphite 0-5 

Data compiled from material safety data sheet (MSDS) of SL aerogel156 
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B2. Consumables During of Monolithic Silica Aerogel 
Manufacturing via CSCE, ASCE and RSCE 

Table B2. Input Chemicals, Gasses, and Energy During Fabrication of 
Monolithic Silica Aerogel Manufacturing (Process stages: 1) gel preparation, 2) aging, 

3) supercritical drying) 

Chemical inputs Mass (g) Process stage

TMOS 16.6 1

HMDS 30.8 2
MeOH 1042.6 1,2,3

Ammonia 0.06 1

Water 8.1 1

Gas Inputs

CO2 4538 3

Total Energy Input 

Enegy (kWh) 3.2
medium voltage, 
consumer mix, 
at grid / UK 

(a)CSCE (b) ASCE

(c) RSCE-SM (d) RSCE-LG

Chemical inputs Mass (g) Process stage

TMOS 14.6 1

MTMS 1.3 1
MeOH 533.6 1,2,3

Ammonia 0.01 1

Water 8.0 1

Gas Inputs

Nitrogen 0.06 3

Total Energy Input 

Enegy (kWh) 0.97
medium voltage, 
consumer mix, 
at grid / UK 

Chemical inputs Mass (g) Process stage

TMOS 23.7 1

MeOH 59.2 1

Ammonia 0.6 1

Water 10 1

Total Energy Input 

t

Enegy (kWh) 6.3
medium voltage, 
consumer mix, 
at grid / US

Chemical inputs Mass (g) Process stage

TMOS 57.2 1

MeOH 141.4 1

Ammonia 1.5 1

Water 25 1

Total Energy Input 

t

Enegy (kWh) 7.9
medium voltage, 
consumer mix, 
at grid / US

 
 

Note that CSCE, and ASCE inventory data compiled from Dowson et al. 2012.111 

This study used 1-L capacity autoclave and 40 mL precursor mixture. For RSCE, total 

volume of precursor mixture is 108 mL and 261 mL for small and large mold size, 

respectively. Due to this difference, energy consumption in our study appeared to be 
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higher than Dowson et al. study but per unit volume, large size aerogel manufacturing 

via RSCE has the lowest energy demand compared to Dowson et al. study.111  

 

B3. Image of used hot press to fabricate monolithic silica 
aerogel and processing conditions 
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Figure B1. (a) Image of hot press, (b) hot press processing parameters for small 
size (3.5″ x 3.5″ or 8.9 x 8.9 cm) monolithic silica aerogel fabrication, including 

temperature, pressure, and energy consumption (MJ /m3 aerogel). 
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B4. Water use during manufacturing small and large size 
monolithic silica aerogel 
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Figure B2. Water consumption from different size (small- 8.9 x 8.9 cm2, and 
large- 14 x 14 cm2) monolithic silica aerogel manufacturing via RSCE method (i.e., 

using hot press for supercritical extraction). Error bars show standard deviations on 
quadruplicate measurements.  

B5. SL aerogel and PUF fabrication steps 

 
Figure B3. Process steps of Aspen Aerogels® Spaceloft® (SL), and Dow 

Chemicals® Polyurethane foam fabrications. 
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B6. Environmental performance (MJ energy) of SL aerogel and 
PUF sorbents 

Table B3. Environmental performance of SL aerogel and PUF 

To clean 1 m3 oil 
Single Use Multiple Use 

    SL    PUF          SL 

Required amount (kg) 107 152 33 

Materials (MJ) 3800 12878 1169 

Manufacturing (MJ) 1970 3793 606 

Transportation (MJ) 120 171 37 

Disposal (Landfill) (MJ) 0 0 0 

Disposal (Incinerator) (MJ) 194 0 59 

Disposal (WTE) (MJ) -7933 0 -7920 

Note: Energy recovery is assumed only from WTE (waste-to-energy) facilities and for 
aerogel. Due to the high water uptake (as shown in Figure A5, Appendix A), PUF 
assumed only ended up in landfill after single use. 
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B7. Environmental performance (kg CO2 emitted) of SL aerogel 
and PUF sorbents 

 

Table B4. CO2 emissions from SL aerogel and PUF 

To clean 1 m3 oil 
Single Use Multiple Use 

    SL    PUF          SL 

Required amount (kg) 107 152 33 

Materials (kg CO2) 346 386 106 

Manufacturing (kg CO2) 112 301 35 

Transportation (kg CO2) 8 12 3 

Disposal (Landfill) (kg CO2) 0 0 0 

Disposal (Incinerator) (kg CO2) 1625 0 1567 

Disposal (WTE) (kg CO2) 1625 0 1567 
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Appendix C: 

 

Supporting Information for Chapter 4 

 

C1. Switchable chemical (tributylpentanamidine) synthesis 

 

General Reaction Conditions 

All chemicals were obtained from Sigma Aldrich and were used as received without 

further purification. NMR spectroscopy was performed using Agilent DD2 400 B 

spectrometer at 400.3 and 100.7 MHz spectrometers.  

Synthesis of N, N-dibutylpentanamide  

N,N- dibutylpentanamide is synthesized to use as a precursor to make 

tributylpentanamidine. N,N- dibutylpentanamide is formed from the reaction of N, N-

dibutylamine (37 mL, 0.22 mol) and valeroyl chloride (12 mL, 0.099 mol). Detailed 

synthesis steps were shown in Figure C1, and also detailed description of procedure can 

be found in Jessop et al. 123 
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Figure C1. Schematic demonstration of dibutylpentanamide synthesis. 

 

Synthesis of N, N, N-tributylpentanamidine 

Synthesis consists of two parts: (a) o-methylation of N, N-dibutylpentanamide by 

dimethylsulfate, (b) tributylpentanamidine formation: the product (from a) reacts with 

butylamine to form final target compound. Detailed description of synthesis can be 

found Jessop et al.123  

(a) O-methylation of N, N-dibutylpentanamide: N, N-dibutylpentanamide was 

methylated with dimethylsulfate (Equation 1). 
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Bu2N

O

Bu

MeOS(O)2OMe

Bu2NH Bu

O
OS(O)2OMe

Bu2NH Bu

O
OS(O)2OMe

BuNH2

Bu2N

NBu

Bu

	

Synthesis steps were outlined step by step in Figure C2.  

 

Figure C2. Synthesis steps for o-methylation of dibutylpentanamide.  

 

The 1H NMR and 13C NMR (Figure C3) further verified the successful synthesis 

of the N, N-dibutylpentanamide, that are used in final product (tributylpentanamidine) 

synthesis.  

(1) 
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1 0 2 3 4 5 6 7 

Chemical shift  (ppm)	

Chloroform-d	

1H NMR (400 MHz, Chloroform-d) δ 3.3 (m, 2H), 3.22 (m, 2H), 2.29 
(m, 2H), 1.63 (p, 2H), 1.51 (dq, 4H), 1.34 (ddt, 6H), 0.94 (m, 9H) 	

N,N-dibutylpentanamide		
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13C NMR (101 MHz, Chloroform-d) δ 172.56, 47.68, 45.54, 32.80, 31.26, 
29.91, 27.60, 22.55, 20.21, 20.05, 13.84, 13.80, 13.74.	
	

Chemical shift  (ppm)	

N,N-dibutylpentanamide		
	

 
Figure C3. 1H (top) and 13C (bottom) NMR spectra of N, N-dibutylpentanamide. 
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(b) Tributylpentanamidine (final product) formation: The product from the 

first step reacts with butylamine to form the desired final product (Equation 2), 

tributylpentanamidine, note that 1H and 13C NMR spectra of final product were 

presented in Chapter 4.  

Bu2N

O

Bu

MeOS(O)2OMe

Bu2NH Bu

O
OS(O)2OMe

Bu2NH Bu

O
OS(O)2OMe

BuNH2

Bu2N

NBu

Bu

 

The synthesis steps were outlined below: 

 
 

Starting mass 
(g) 

Step 1 
(Dibutylpentanamide synthesis) 

Step 2 
(tributylpentanamidine synthesis) 

1x 97 20 
3x* 95-97 10-20 

            *3x represents the scaled synthesis (i.e., the starting mass of chemicals x3 ). Yields range for 
triplicate synthesis were reported.  

Figure C4. Schematic demonstration of synthesis of N, N-tributylpentanamidine. 

(2) 
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Figure C5. Chemical structure of tested amidines and guanidines in Jessop et 
al. study.123 (green and blue solid lines represent different amidines and guanidines, 

respectively.) 
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Molecular weight of switchable chemical (tributylpentanamidine) was consistent with 

Jessop et al. study123 and calculated mass: APCI-MS (m/z): [M+] calc. C17H36N2, 269.3, 

found 268.9. 

 

  Confirmation with APCI-MS (+ ion mode): obs. 268.9 
 
 

268.9	

m/z 

Counts	

269.3 (calculated ion (+) mass) 
269.2 (Jessop et al. 2010) 

N N

 

Figure C6. Mass spectra of synthesized tributylpentanamidine. 
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C2. A comparison of the 1H NMR spectra of switchable chemical 
(tributylpentanamidine) before and after physical vapor 
deposition  

1 0 2 4 6 3 5 
Chemical shift  (ppm)	

(a) 	

(b) 	

7 

Residue	
chemical	
and	
original	
final	
product	

 

Figure C7. (a) 1H NMR spectra of remained chemical in bubbler after 
tributylpentanamidine heated to 220 °C for evaporation (PVD method), (b) 1H NMR 

spectra of tributylpentanamidine before PVD.  
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C3. Image of Thermal Wrap (TW) blanket aerogel surface after 
dip coating 

 

 

 

Figure C8. Image of TW aerogel after dip coating surface with switchable 
chemical (i.e., tributylpentanamidine). Deposits were observed as color change 

(yellow) to some parts of aerogel surface. 
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C4. XPS data for plain and surface coated aerogel blanket 

Table C1. XPS integration report for plain aerogel blanket 

Peak Position(eV) Raw Area (cps eV) Atomic conc.(%) Mass conc. (%) 
Si 2p 104.083 1872.2 7.84 15.64 
O 1s 532.783 13096.7 20.21 22.97 
C 1s 285.883 15340.3 71.94 61.38 
N 1s 400.283 1.2 0 0 

 

Table C2. XPS integration report for TBPA coated aerogel blanket (white spot) 

Peak Position(eV) Raw Area (cps eV) Atomic conc.(%) Mass conc. (%) 
Si 2p 104.236 2127.6 7.84 15.69 
O 1s 532.536 13607.1 18.47 21.06 
C 1s 284.736 17597.1 72.61 62.16 
N 1s 400.436 468.2 1.09 1.08 

TBPA: tributylpentanamidine (CO2 switchable chemical) 

 

Table C3. XPS integration report for TBPA coated aerogel blanket (yellow spot) 

Peak Position(eV) Raw Area (cps eV) Atomic conc.(%) Mass conc. (%) 
Si 2p 103.808 2387.0 11.30 21.59 
O 1s 534.108 12136.4 21.15 23.03 
C 1s 285.208 12516.8 66.35 54.23 
N 1s 400.808 403.5 1.20 1.15 

TBPA: tributylpentanamidine (CO2 switchable chemical) 
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