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DISCLAIMER 

This report was prepared as an account of work sponsored by an agency of the 
United States Government.  Neither the United States Government nor any agency 
thereof, nor any of their employees, makes any warranty, express of implied, or 
assumes any legal liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process disclosed, or represents 
that its use would not infringe privately owned rights.  Reference herein to any specific 
commercial product, process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, recommendation, or 
favoring by the United States Government or any agency thereof.  The views and 
opinions of authors expressed herein do not necessarily state or reflect those of the 
United States Government or any agency thereof. 
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ABSTRACT 
 
 
The goal of this proposed work is to develop and optimize the synthesis of mesoporous 
nanoparticle materials that are able to selectively sequester fatty acids from hexane 
extracts from algae, and to catalyze their transformation, as well as waste oils, into 
biodiesel.  The project involves studies of the interactions between the functionalized 
MSN surface and the sequestering molecules. We investigate the mechanisms of 
selective extraction of fatty acids and conversion of triglycerides and fatty acids into 
biodiesel by the produced nanoparticles. This knowledge is used to further improve the 
properties of the mesoporous nanoparticle materials for both tasks. Furthermore, we 
investigate the strategies for scaling the synthesis of the catalytic nanomaterials up from 
the current pilot plant scale to industrial level, such that the biodiesel obtained with this 
technology can successfully compete with food crop-based biodiesel and petroleum 
diesel.  

 
 
 
Keywords:  nanocatalysts, biodiesel, fatty acids, mesoporous materials, heterogeneous 
catalysis, material characterization, solid-state NMR, mass spectrometry 
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EXECUTIVE SUMMARY 

 
 

The objective is to develop a process that will selectively sequester fatty acids 
from hexane extracts from algae and to catalyze their transformation to biodiesel.  This 
effort involved close collaboration between scientists at Iowa State University, Ames 
Laboratory, and scientists and engineers at Catilin, which became AlbemarleCatilin 
during the reporting period.   

This investigation was divided into two phases. Phase 1 was the synthesis and 
characterization of mesoporous silica nanoparticles (MSN) and mesoporous carbon 
nanoparticles (MCN) followed by quantifying the capture and sequestration of free fatty 
acids from mixed hydrocarbon solutions. Phase 2 was the continued characterization 
and improvement of MSN-based heterogeneous catalysts for conversion of nonfood 
feedstocks to biodiesel, and their implementation by Catilin, Inc. into pilot plant scale 
operation. 

This report is a summary of the work and the final results that we achieved. 
Complete results of our studies have been submitted in quarterly reports and can be 
found in the appendices in forms of published papers, a thesis chapter and intellectual 
property disclosure.  
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SCHEMES, FIGURES, AND TABLES 
 
Figure 1. TEM images of ordered mesoporous a) MSN and b) MCN samples. 

Figure 2. The effect of functionalization on the capacity for FFA sequestration. 

Figure 3. Quantitative solid-state 29Si NMR spectra of a) MSN functionalized with ionic 
liquid by co-condensation and b) MSN functionalized with ionic liquid by 
grafting. T2 and T3 sites represent Si atoms directly bound to carbon. 

Figure 4. 29Si solid-state NMR spectra of MSNs functionalized with 
aminopropyltrimethoxysilane for (a) 6 hours and (b) 12 hours at reflux 
temperature in methanol. 

Figure 5. MALDI mass spectrum of simulated algae oil solution with a known 
concentration of 200 mM for each fatty acid and the internal standard, C19. 

Figure 6. Orbitrap MS spectra of algal crude oils ionized with ESI, APCI, APPI, and 
MALDI. Most ions are detected as protonated, except potatiation of TAG and 
DAG in ESI.  Chlorophyll a is detected as [chlorophyll a-Mg2++2H]+ (ChlA) or 
as an oxidation product, [chlorophyll a+O-Mg2++2H]+ (ChlA*). Sterols are 
detected with a water-loss, [M-H2O+H]+, labeled as C, E, and St for 
cholesterol, ergosterol, and stigmasterol, respectively. Squalene and α-
tocopherol are labeled as Sq and T, respectively, and chlorophyll a 
fragments are labeled as ChlAF.  α-tocopherol is detected as a protonated 
ion in APCI, [M+H]+, and as a radical ion in APPI, M+•. 

Figure 7. Scanning electron micrograph (a) and transmission electron micrograph (b) 
of nonfunctionalized LPMSN. 

Figure 8. SEM images of SA-SBA-15 (a) and SA-LPMSN (b).  Scale bar = 2 µm and 3 
µm, respectively. 

Figure 9. Kinetic studies of the esterification reaction catalyzed by SA-LPMSN-100C 
(black) and SA-SBA15 (red). 

Figure 10. X-ray diffraction (XRD) spectra of mesoporous calcia silicate catalysts for 
transesterification reactions: MCS-1 – 1.0 g CaO, MCS-2 – 0.5 g CaO, and 
MCS-3 – 0.25 g CaO.  

Table 1. Semi-quantitative comparison of each algal lipid after various nanoparticle 
treatment  

Table 2. Quantification of surface acid sites on a series of MCS catalytic materials via 
ammonia TPD analysis. 
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RESULTS OF WORK PERFORMED 
 

 
Heterogeneous catalysts have been developed for the conversion of non-food source 
feedstocks to biodiesel.  The specific objectives of this project were to develop an array 
of porous heterogeneous catalysts to selectively adsorb free fatty acids (FFAs), and to 
efficiently catalyze their conversion into biodiesel.  To this end, we have made 
significant research progress on two major tasks: (1) identify the most favorable surface 
functional group and pore size of mesoporous nanoparticle material for optimal 
sequestration of FFAs, and (2) determine optimal catalyst properties and reaction 
conditions for the conversion of nonfood feedstocks to biodiesel.  In this final report, we 
describe the research challenges and progress in the synthesis of mesoporous silica 
and carbon based nanomaterials, along with efficiency and selectivity results toward 
sequestration of FFAs.  The synthetic effort is accompanied by extensive material 
characterizations. We are gratified with the accomplishments of this project, and believe 
that our results will provide a solid foundation for the future development of 
heterogeneous catalysts for the conversion of nonfood-based feedstocks to biodiesel 
and for addressing the challenges that come with commercialization of this process.  
Appendices 1-4 include three publications, a thesis chapter (to be published); an 
intellectual property disclosure resulting from this project has not been included in this 
report.  
 
1. Material development 

 
1.1. Synthesis and characterization of mesoporous materials for selective 

sequestration of free fatty acids (FFAs). 
 

We began our research activities by optimizing the synthesis of mesoporous silica 
nanoparticle (MSN) materials for the selective sequestration of FFAs.  The detailed 
synthesis of the FFA sequestering MSN can be found in the paper referenced in 
Appendix 1.  Utilizing the high surface area, tunable pore size, and ability to 
functionalize the MSN surface, we synthesized a series of these materials by varying 
the synthesis conditions and additives to optimize the capture and sequestration of 
FFAs. Once the synthesis of MSNs is well established and understood, these 
parameters can be varied with relative ease to yield the desired product.  
 
Synthesis of mesoporous silica nanoparticle (MSN) materials: 

Typically, 480 ml aqueous solution of cetyltrimethylammonium bromide (CTAB, 2.0 g, 
5.5 mmol), NaOH (7.0 mL x 2.0 M, 14.0 mmol) was heated to 80 oC and the hydrolysis 
of tetraethylorthosilicate (TEOS, 10.0 mL, 44.8 mmol) occurred over 2 h at 80 oC.  After 
the hydrolysis of TEOS, the white solid was filtrated and dried under vacuum overnight. 
This MSN material was either calcined at 600 oC for 5 h (when no organic surface 
functional groups were incorporated) or heated in an acidic methanol solution (when 
surface organic moieties were included) to remove the pore templating surfactant.   We 
performed a complete material characterization of each MSN material using 
transmission electron microscopy (TEM), scanning electron microscopy (SEM), low 
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angle powder X-ray diffraction (XRD), and nitrogen sorption analysis prior to and, in 
most cases, after testing the sequestration capacity of the individual MSN. All these 
analytical techniques were available in Dr. Victor Lin/Dr. Brian Trewyn laboratory. 
Surface functional groups are incorporated into the MSN materials by two methods: 1) 
post-synthesis grafting and 2) in situ co-condensation. Incorporation of the organic 
moieties onto the surface of MSN via post synthesis grafting involves refluxing the 
functional group (i.e. 3-aminopropyltrimethoxysilane) in toluene with a suspension of 
MSN for 12 h. Functionalization via co-condensation involves mixing the functional 
group with the silica monomer (TEOS) during the hydrolysis and condensation step at 
80 oC (Figure 1a).  Additionally, various synthetic conditions can be adjusted to control 
the particle morphology, pore size, and specific surface area; the detailed synthetic 
method reported here is a common procedure for MSN. 

Synthesis of mesoporous carbon nanoparticle (MCN) materials: 

Mesoporous carbon nanoparticle (MCN) materials were synthesized using a 
mesoporous aluminosilicate hard-template procedure.  The MSN was converted to 
mesoporous aluminosilicate by adding a solution of AlCl3 to the material.  Specifically, 
the calcined MSN was mixed with distilled water to form silanol groups on the surface of 
the material, and then completely dried at 150 oC.  The dried sample was suspended in 
an ethanol solution of anhydrous AlCl3 (Si/Al = 20).  The ethanol solvent was removed 
under reduced pressure.  The dried sample was calcined at 550 oC to produce the final 
mesoporous aluminosilicate template. 
Ordered MCN materials were prepared using furfuryl alcohol as the carbon source.  
Mesoporous aluminosilicate nanoparticles (1 g) were infiltrated with 0.91 mL of furfuryl 
alcohol by an impregnation method.  The mixture was kept under vacuum at 35 ºC for 1 
h. The mixture was 
heated for 6 h at 100 ºC 
for polymerization of 
furfuryl alcohol and 
partially carbonized at 
350 ºC for 3 h under 
vacuum.  After cooling 
to room temperature, 
the sample was 
charged with an 
additional 0.58 mL of 
furfuryl alcohol, and 
repeated freeze-
vacuum-thaw and 
polymerization.  Further 
carbonization was accomplished by heating to 900 ºC under vacuum conditions. The 
pure MCN product (Figure 1b) was collected by removing the aluminosilicate template 
via treatment with HF (10 wt% HF in EtOH/H2O solution). 

  

Figure 1. TEM images of ordered mesoporous a) MSN and 

b) MCN samples.  
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Through the sequestration studies, we determined that silica was superior to carbon as 
our core material for the synthesis of the mesoporous nanoparticle materials.  

Characterization and optimization of pore size and surface functionalization of 
MSN: 

The effect of MSN Pore Size on FFA Sequestration: 

Initially, two MSN materials with different pore sizes were synthesized and tested to 
determine the dependence of FFA sequestration on pore diameter. Mesoporous silica 
nanoparticle materials with a pore diameter of 2.5-nm (MSN-2.5) were synthesized 
following the synthesis procedure described above and MSNs with 10-nm pores (MSN-
10) were synthesized by using the procedure reported in Appendix 1. The FFA 
sequestration capacity of MSN-2.5 and MSN-10 were 0.40 and 0.65 mmol FFA g-1, 
respectively. Since MSN-10 was shown to sequester 63% more FFAs, it was chosen as 
the base material for continued studies.  

Optimizing surface functional group for FFA sequestration via MSN-10: 

In another series of experiments, we used the post-synthesis grafting method to 
incorporate eight different functional groups into the MSNs with 10 nm pores (MSN-10), 
and analyzed their capacity for FFA capture and sequestration. The functional groups 
included:  N-(2-
aminoethyl)3-
aminopropyl (AEP), 
aminopropyl (AP), 
benzenesulfonic acid, β-
cyclodextrin, hexadecyl, 
nonfunctional, ionic 
liquid (PMImCl) and 
thiol. The GC-MS 
results (see Figure 2) 
show that the AP 
(aminopropyl) functional 
group was most efficient 
for sequestering the 
FFAs. Indeed, under the 
conditions used in our 
measurements, nearly 
98% of the FFA in the 
simulated solution was 
adsorbed by the MSN-
10 functionalized with this amine. Based on the findings of this study, we selected the 
AP functional group on MSN-10 to target the removal of FFAs from biofuel feedstocks. 

The characterizations of the functionalized MSNs were carried out using powder X-ray 
diffraction, TEM, SEM, nitrogen adsorption/desorption and TGA analysis. In addition, we 
used extensive solid-state NMR characterization, in the laboratory of Dr. Marek Pruski.  
Without going into specifics, we have determined, through 13C and 29Si solid-state NMR, 
that the desired functional groups were indeed bound to the surface, and that the 

Figure 2.  The effect of functionalization on the capacity 
for FFA sequestration. 
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efficiency of surface functionalization strongly depends on the method of synthesis 
(grafting vs co-condensation, see Figure 3). These results demonstrated the advantage 
of post-synthesis grafting approach, which was consequently used in further studies.  

 

 

Co‐condensed HMIBr_29Si

100 50 0 -50 -100 -150 -200 -250 -300

Q2

Q3

Q4

The linker concentration 

was determined to be .085 

mmol

T2 and T3 sites

Grafted HMIBr_29Si

100 50 0 -50 -100 -150 -200 -250 -300

Q4

Q3

Q2
T3

T2

The concentration of 

linker was calculated to 

be  0.921 mmol

 
Figure 3. Quantitative solid-state 29Si NMR spectra of a) MSN functionalized with ionic 
liquid by co-condensation and b) MSN functionalized with ionic liquid by grafting. T2 and 
T3 sites represent Si atoms directly bound to carbon.  

To further improve the materials’ performance, Dr. Pruski’s group analyzed the 
efficiency of functionalization by solid-state NMR. The integration of 29Si NMR 
resonances representing the carbon-bound T-sites in a series of samples indicated that 
12-hour reaction times yielded optimal coverage of grafted AP functional groups (Figure 
4). In addition to investigating the reaction times, and after consultations with our 
industrial partner, we also examined different reaction solvents, specifically toluene, 
ethanol, and methanol. We determined that as the reflexing temperature of the solvent 
increased, so did the amount of the MSN-bound functional groups (i.e. toluene resulted 
in the greatest amount of MSN-bound functional groups).   

 

Figures 1-4 exemplify the synthesis and characterization strategies used in our quest to 
maximize fatty acid uptake and sequestration. More detailed descriptions of results that 
resulted from these efforts can be found in the papers referenced in the appendices. As 
part of this investigation, we carried out fundamental solid-state NMR investigations of 
the conformations of MSN-bound functional groups in the presence of solvents. This 

0.085 mmol/g 

organosilanes 

0.921 mmol/g 

organosilanes 

a)      b) 

Figure 4.  29Si solid-state NMR spectra of MSNs functionalized with 
aminopropyltrimethoxysilane for (a) 6 hours and (b) 12 hours at reflux 
temperature in methanol. 

(a) (b) 

T-sites T-sites 



DE-FG26-0NT08854 

Final Progress Report  10 

study, which is detailed in Appendix 2, recently led to the discovery of a very efficient 
catalyst for the esterification reaction.  

Mass spectrometry analysis of algal oil and sequestered bioproducts: 

The synthesis, characterization and optimization of MSNs were followed by quantitative 
studies of FFA sequestration. Dr. Young-Jin Lee’s research group analyzed the algae 
oils by MALDI-MS, initially using their previously established GC-MS protocol. Figure 5, 
below, illustrates some of the initial results from MALDI-MS of simulated algal oil after 
adsorption, sequestration, and subsequent removal from nonfunctionalized MSN to 

determine the feasibility of FFA quantification. A C19 fatty acid was incorporated as an 
internal standard because algae do not produce this fatty acid.  We discovered that all 
fatty acids of interest in the algae oil have similar ionization efficiencies; however, in the 
standard MALDI mode the vapor pressure of the FFAs caused inconsistencies with 
quantification. Due to these results achieved early in this study, Dr. Lee’s group was 
able to develop protocols for high-throughput assay of naturally produced molecules 
from microalgae.  

High-throughput assay for monitoring non-volatile lipids of algal oil:  

Although the GC-MS based method has been well-proven in many applications and is 
being used in hundreds of laboratories, this approach has a few limitations for other 
compounds in that 1) it needs multiple sample preparation steps that may affect 
quantification reliability, 2) the derivatization step, to make them volatile and protected 
from reaction with column stationary phase, is often problematic, 3) some non-volatile 
major compounds, such as TAG (triacylglycerides), could not be analyzed with GC-MS, 
and 4) the whole process takes too long, not appropriate for the high-throughput 
analysis.  In this regard, the Lee group has developed a high-throughput assay for non-
volatile compound analysis using high-resolution mass spectrometry, which will be more 
suitable for algae extracts. 

Internal 

standard 

Figure 5.  MALDI mass spectrum of simulated algae oil solution with a 
known concentration of 200 mM for each fatty acid and the internal 

standard, C19. 
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Table 1. Semi-quantitative comparison of each algal lipid after various nanoparticle 
treatment. 
 

 
Control AP-MSN-3  AP-MSN-5  AP-MSN-10  MSN-10 

TAG 100 (8.2) 103 (13.5) 106 (12.7) 117 (14.3) 122 (11.9) 

DAG 100 (8.6) 28 (12.0) 79 (14.2) 59 (13.7) 35 (14.3) 

Cholesterol 100 (8.0) 75 (10.0) 96 (11.8) 100 (16.5) 94 (11.7) 

Ergosterol 100 (3.3) 58 (14.5) 88 (14.7) 85 (15.6) 74 (13.5) 

Stigmasterol 100 (2.9) 84 (4.4) 102 (13.1) 101 (3.1) 93 (4.8) 

Squalene 100 (72.6) 56 (55.8) 79 (35.6) 70 (43.1) 74 (33.4) 

a-tocopherol 100 (4.0) 89 (13.2) 94 (12.9) 106 (11.7) 111 (22.5) 

Chlorophyll A 100 (2.5) 18 (27.3) 85 (11.2) 85 (8.0) 22 (22.5) 
 

Note: TAG and DAG are sum of ion intensities of all TAG and DAG compounds; relative quantification 

was made in normalization to the corresponding ion signals in the control; standard deviation is given in 

parenthesis. 

 

 

Figure 6. Orbitrap MS spectra of 

algal crude oils ionized with ESI, 
APCI, APPI, and MALDI. Most 

ions are detected as protonated, 

except potatiation of TAG and 
DAG in ESI.  Chlorophyll a is 

detected as [chlorophyll a-

Mg2++2H]+ (ChlA) or as an 
oxidation product, [chlorophyll 

a+O-Mg2++2H]+ (ChlA*). Sterols 

are detected with a water-loss, 

[M-H2O+H]+, labeled as C, E, and 
St for cholesterol, ergosterol, and 

stigmasterol, respectively. 

Squalene and α-tocopherol are 
labeled as Sq and T, respectively, 

and chlorophyll a fragments are 

labeled as ChlAF.  α-tocopherol is 

detected as a protonated ion in 
APCI, [M+H]+, and as a radical 

ion in APPI, M+. 
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An initial step of this study is to find the most appropriate ionization method.  As shown 
in Figure 6 obtained for algal crude oils from Solarix, electrospray ionization (ESI) 
ionizes only polar compounds, i.e., TAG, DAG, and chlorophyll a.  In MALDI, chlorophyll 
suppresses most of the compounds including TAG.  However, APPI and APCI could 
effectively ionize most of the lipids of interest, including TAG, DAG, chlorophyll a, 
sterols, and terpenes.  Between the two, APCI was chosen because of the better 
sensitivity, especially for squalene.  When APCI was used with orbitrap high-resolution 
mass spectrometer, total of 48 lipid species (32 TAG, 10 DAG, 3 sterols, squalene, α-
tocopherol, chlorophyll a) could be characterized in less than one-minute of data 
acquisition time.  This assay could also be successfully demonstrated in application to 
mesoporous nanoparticle treatment of algal crude oils, enabling to study its effect on 
sequestration of various lipid species (Table 1). Further details can be found in the 
recently published paper on these MS advances (Appendix 3).  
 
Synthesis, characterization, and catalytic esterification activity of LPMSNs 
functionalized with sulfonic acid: 

Another important aspect of this study, in addition to the development of FFA 
sequestration nanotechnology, was to investigate novel heterogeneous catalysts for 
biodiesel applications. As part of this effort, we developed an original method for the co-
condensed synthesis of MSNs with high surface area, large pore size (9-12 nm), and 
uniform morphology. The synthesis utilized a triblock copolymer as the pore templating 
agent, dissolved in a low pH aqueous acid solution along with tetramethylorthosilicate 
(TMOS), followed by surface functionalization with e.g., thiol groups. The full description 
of synthesis and characterization can be found in Appendix 4. The SEM and TEM 
micrographs of the nonfunctional large-pore MSN (LPMSN) are shown in Figure 7.  

Once we demonstrated the ability to control the morphology of the nonfunctional 
LPMSNs, we focused on functionalizing the surface with organic acids for potential 
applications in esterification. Figure 8 shows the SEM images of previously published 

(a) (b) 

Figure 7.  Scanning electron micrograph (a) and transmission electron 
micrograph (b) of nonfunctionalized LPMSN. 
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porous heterogeneous sulfonic acid catalysts (SA-SBA-15, (a)) and the sulfonic acid 
catalysts synthesized in our 
laboratory (SA-LPMSN-100, 
(b)). All characterization data 
and results can be found in 
Appendix 4. We tested the 
catalytic activity of SA-
LPMSN for esterification of 
FFA to fatty acid methyl ester 
(FAME) and compared it to 
the catalytic esterification of 
SA-SBA-15. As can be seen 
in Figure 9, the catalyst we 
developed outperformed its 
predecessor.  This project 
also involved extensive 
characterization of the 
surface bound functional 
groups by solid-state NMR. 
The description of solid-state 
NMR analyses can be found in Appendices 2 and 4. 

Characterization of Catilin’s heterogeneous mesoporous calcia silicate (MCS) 
biodiesel catalyst: 

Although the characterization of MCS materials was advanced upon submitting the 
original research proposal, one important property of these catalysts was investigated 
as part of this grant. We set out to correlate the quantity of acid sites on the surface of 
MCS with the measured activity for conversion of triacylglycerides to FAMEs (biodiesel). 
We anticipated that measuring the concentration of acid sites could afford quick and 
reliable screening of the best transesterification/esterification catalysts. Utilizing a newly 

(a) (b) 

Figure 8.  SEM images of SA-SBA-15 (a) and SA-LPMSN (b).  Scale bar = 
2 µm and 3 µm, respectively. 

Figure 9.  Kinetic studies of the esterification 
reaction catalyzed by SA-LPMSN-100 °C (black) 
and SA-SBA-15 (red). 
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acquired chemisorption analyzer, we used gaseous ammonia to quantify the number of 
acid sites on the surface. In addition to quantifying the surface acid sites, we were able 
to measure the relative acid strength. In Table 2, the measured surface acid sites are 
reported. Each sample is unique by the amount of CaO that is added to the synthesis of 
the catalyst; specifically, MCS-1 used 1 g of CaO, MCS-2 used 0.5 g of CaO, and MCS-
3 used 0.25 g CaO. In addition to quantifying the number and strength of the surface 
acid sites, we studied the chemical nature of the MCS transesterification catalysts. We  

Calcined MCS-3 

Calcined MCS-2 

Calcined MCS-1 

Figure 10. X-ray diffraction (XRD) spectra of mesoporous calcia silicate catalysts 
for transesterification reactions: MCS-1 – 1.0 g CaO, MCS-2 – 0.5 g CaO, and 
MCS-3 – 0.25 g CaO.  
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have made several low and high angle X-
ray diffraction (XRD) measurements of 
three different catalysts synthesized with 
different amounts of Ca (Figure 10). The 
XRD analysis revealed the presence of 
calcite (calcium carbonate) in the catalysts 
with decreased amounts of calcium. 
Development of surface chemisorption 
analysis for these catalysts has yet to 
come to fruition but we have made 
progress in understanding their surface chemistry.  

 
Development, commercialization and pilot plant maturation of heterogeneous 
catalyst by Catilin: 

At the onset of this project, Catilin was a small company with approximately eight 
employees working at a pilot-scale biodiesel plant with a 1 million gallon per year 
capacity at the Biomass Energy Conversion (BECON) facility of the Iowa Energy 
Center, Nevada, Iowa. This pilot plant was converted from an existing traditional 
homogeneous base catalyzed transesterification plant to one that utilizes a 
heterogeneous mesoporous calcia silicate catalyst, first in a batch mode and then as a 
continuous flow plant. The conversion from batch to continuous flow operation took the 
better part of the first year of this study. Following the successful demonstration of new 
technology, Catilin spent a significant amount of effort searching for biodiesel producers 
that utilize homogeneous catalysts to convert their systems to Catilin’s heterogeneous 
technology. In the beginning, Catilin produced MCS catalyst in 0.5 kg batches with the 
goal of developing methods to produce catalyst in batches of at least 5 kg. 
Subsequently, Catilin identified and implemented another catalyst, proprietarily named 
T300, which is an inexpensive byproduct of an existing industry and had higher activity 
and much lower capital cost than MCS. Because of this development, Catilin shifted 
their focus toward understanding the properties of T300. The partnership with Catilin 
was highly valuable to us, as we developed our sequestration nanotechnology, 
especially in identifying potential areas of cost reduction for large-scale production of 
the most promising MSN materials. Shortly after the sudden death of Dr. Victor Lin 
(Catilin founder), the managing group and coowner of Catilin, Mohr Davidow Ventures, 
began the search for opportunities of merging Catilin with an existing corporation to 
continue further development and commercialization of the catalyst. Nearly a year after 
the passing of Dr. Lin and extensive rearrangement of the technical and management 
personnel, Catilin was acquired by Albemarle Corp. to form Albemarle Catilin. 
Albemarle Catilin continues to operate the pilot plant in Nevada, IA, while actively 
pursuing customers for their proprietary catalyst technology. The local employment 
grew to over 20 employees in the four years from the inception of this study.  

  

Table 2. Quantification of surface acid 
sites on a series of MCS catalytic 
materials via ammonia TPD analysis. 

Sample Surface acid sites (もmol g
-1

) 

MCS-1 142.0 
MCS-2 325.1 
MCS-3 321.0 
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Conclusions: 

As a result of this project we gained considerable knowledge about the design, 
synthesis, and characterization of MSN materials for sequestration and catalytic 
transformation of extracts from algae into biodiesel. This investigation has resulted in 
three peer-reviewed publications, one thesis chapter (to be published), and one 
intellectual property document. This final report summarizes the results of synergistic 
collaboration between several research groups at the Ames Laboratory, Iowa State 
University, and Catilin, Inc. Specifically, material synthesis and characterization were 
carried out by the Victor Lin/Brian Trewyn research group, while Marek Pruski’s solid-
state NMR research provided atomic-level understanding of the structure and 
functioning of these materials. Dr. Lee’s group made significant advances in analyzing 
these oils by MS techniques, by overcoming severe limitations of the previously 
established GC-MS methods. Finally, having an industrial partner in this study gave us 
invaluable guidance for the synthesis of most useful materials at the lowest cost and in 
a safe manner. The strong collaborative relationships, specifically among the groups at 
ISU and Ames Laboratory developed during this study will continue to serve us well in 
the future. 
In summary, we determined that optimal performance in sequestration was achieved in 
MSN materials with 10 nm pore diameter, functionalized with primary amines via a post-
synthesis grafting method. The best method to identify the chemically different 
molecules produced by algae utilizes various mass spectrometry techniques strongly 
dependent on physical properties of the individual molecules. Finally, our industrial 
partner identified a commercially available product that showed improved 
heterogeneous transesterification activity over the original MCS type catalyst.  
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PRODUCTS AND TECHNOLOGY TRANSFER ACTIVITIES 

Publications (including Conference Papers) 

 
1. Justin S. Valenstein, Kapil Kandel, Forrest Melcher, Igor I. Slowing, Victor S.-Y. 

Lin, and Brian G. Trewyn, “Functional Mesoporous Silica Nanoparticles for the 
Selective Sequestration of Free Fatty Acids from Microalgal Oil”, ACS Appl. 
Mater. Interfaces, 2012, 4, 1003-1009. (Appendix 1) 

2. Kanmi Mao, Takeshi Kobayashi, Jerzy W. Wiench, Hung-Ting Chen, Chih-
Hsiang Tsai, Victor S.-Y. Lin, and Marek Pruski, “Conformations of Silica-Bound 
(Pentafluorophenyl)propyl Groups Determined by Solid-State NMR Spectroscopy 
and Theoretical Calculations”, J. Am. Chem. Soc., 2010, 132, 12452-12457. 
(Appendix 2) 

3. Young Jin Lee , Rachael C. Leverence, Erica A. Smith, Justin S. Valenstein, 
Kapil Kandel, and Brian G. Trewyn, “High-Throughput Analysis of Algal Crude 
Oils Using High Resolution Mass Spectrometry”, Lipids, 2013, DOI 
10.1007/s11745-013-3757-7. (Appendix 3) 

4. Wei Huang, Chih-Hsiang Tsai, Takeshi Kobayashi, Marek Pruski, Hung-Ting 
Chen,* Brain G. Trewyn,* and Victor S.-Y. Lin, “Organic functionalized 
mesoporous silica nanoparticles with large pore diameters as efficient 
heterogeneous catalysts”, Wei Huang’s Ph.D. thesis chapter, to be published. 
(Appendix 4) 

 

Products/Deliverables 

Intellectual Property Disclosure to the Office of Intellectual Property and Technology 
Transfer and the Iowa State University Research Foundation submitted on “Magnetic 
Mesoporous Material for the Accumulation and Removal of Microalgae Cells from 
Concentrated and Dilute Microalgae Cultures.” 
 

REFERENCES 

See references in Appendix 1. 
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