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Chapter 1: Characteristics of Hydrogen Storage by Spillover on Pt-doped 

Carbon and Catalyst-Bridged Metal Organic Framework 

Introduction 

Hydrogen spillover can be defined as the dissociative chemisorption of hydrogen on metal 

nanoparticles and subsequent migration of hydrogen atoms onto adjacent surfaces of a 

receptor via spillover and surface diffusion.1-3 Evidence of atomic hydrogen spillover was first 

observed indirectly during studies of ethylene hydrogenation via heterogeneous catalysis.4  

Khoobiar reported room temperature formation of tungsten bronze upon exposure of the 

metal oxide to H2 in the presence of alumina supported Pt.5 The extensive work of Boudart and 

coworkers confirmed the effect with results obtained from hydrogen reduction of transition 

metal oxides mixed with Pt black6 and studies of hydrogen uptake by transition metals on 

carbon supports.7 Room temperature spillover for carbon supported Pt has been reported with 

evidence drawn from H2 uptake and benzene hydrogenation experiments.8 Recent studies have 

provided the direct evidence of atomic hydrogen spillover from Pt to carbon9,10, from Pt to 

glass11, and from Au nanoparticles to TiO2 at room temperatures.12  

To induce hydrogen spillover, two methods are commonly applied. One is direct doping of 

dissociation sources on the adsorbent. By using this method, various dissociation metals (Pt, Pd, 

Ru and Ni) have been successfully doped on the carbon and MOF supports, and enhanced 

storage capacities have been observed on the doped samples.13-30 The other method is building 

bridges between the dissociation source and the adsorbent. Since the early discovery of the 

hydrogen spillover phenomenon, the enhancement effects of “bridges” were also observed.  

The known bridge molecules included water31-33 and polynuclear aromatic hydrocarbons (e.g., 

perylene).34  Although the bridging effects are not well understood, they have been exploited in 

the development of sorbents for hydrogen storage at ambient temperature,35-37 and significant 

enhancements have been reported on the bridged-MOFs.35-39  To date, over 30 different groups 

worldwide have reported in the literature significant enhancements in hydrogen storage by 
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spillover. Recently, there have been questions raised recently about the reproducibility of these 

results. While these results were obtained at a time before I was aware of the questioning it is 

important to point out that the hydrogen storage capacity is not relevant to whether or not 

spillover is occurring at room temperature. This work attempts to identify the question of how 

hydrogen spillover is occurring at room temperature, if it is occurring at all. Hydrogen 

adsorption measurements are used to compare larger adsorption for observed TPD peaks with 

larger adsorption, however this is supporting information and is likely not statistically 

significant. 

Additionally I characterize the adsorption sites of Pt/C using temperature programmed 

desorption (TPD).  Extensive research in the catalysis field has been devoted to understanding 

the dissociation of hydrogen using Pt and subsequent spillover.40,41 Theoretical studies have 

recently identified steps, edges and the high energy Pt(110) surface as being the ideal locations 

for hydrogen dissociation.40-43  These have been shown to have faster rates and predicted 

bonding energies lower than the activation energy of the rate-limiting step for spillover, as 

determined earlier.44  Further studies have shown that the growth of Pt nanoparticles 

corresponds directly with the growth of (111) and (100) faces and loss of higher energy sites, 

which is to be avoided.45 All of these studies can potentially lead to significant reductions in 

amount of platinum needed to perform fuel cell oxidation of hydrogen and potentially reduce 

the energy lost in fuel cell operation by serving as a secondary step between hydrogen release 

from hydrides and then use in the oxidation reaction. This work then significantly increases our 

understanding of this mechanism for the role of ultimately helping our understanding of 

hydrogen spillover at room temperature. 

Experimental Section 

Synthesis of Pt/AX-21.The superactivated carbon AX-21 (BET surface area = 2880 m2/g) was 

obtained from Anderson Development Company. AX-21 was dried by degassing in vacuo at 393 

K for 12 h before doping. There are a number of techniques for metal doping; the most 

common, the incipient wetness method, is used in this work.  

Typically, the synthesis of 6 wt % Pt/AX-21 includes the following steps: (1) 200 mg of well-

dried AX-21 carbon was dispersed in 20 mL of acetone and was stirred for 0.5 h in a 125 mL 
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Erlenmeyer flask at room temperature. A 2 mL acetone solution containing 26 mg H2PtCl6 

(Aldrich, 99.9%) was added drop wise to the above solution (very slowly, over at least 10 min); 

(2) The Erlenmeyer flask containing the slurry was subjected to ultrasonication (100 W, 42 kHz) 

at room temperature for 1 h and was then magnetically stirred at room temperature for 24 h;  

(3) After being dried in an oven at 323 K overnight to evaporate most of the acetone solvent, 

the impregnated carbon sample was transferred to a quartz boat and placed in a horizontal 

quartz tube. The sample was further dried in He flow at 393 K for 2 h to remove the residual 

acetone and also the moisture adsorbed on the sample. The He flow was then switched to H2 

and the temperature was increased to 573 K at a heating rate of 1 K /min and held at 573 K for 

2 h; (4) After slowly cooling to room temperature in H
2
, the sample was purged with flowing He 

(for sample “passivation”) for at least 5 h and was stored under He atmosphere before further 

measurements; (5) Prior to measurements, the sample was degassed in vacuum at 623 K for 12 

h.  The resulting Pt/AX-21 sample had a BET surface area of 2518 m2/g, and uniformly dispersed 

Pt nanoparticles with 1-3 nm diameters.  

The effects on spillover of commonly encountered deviations in sample preparation and 

measurements were studied in this work. These included: 

1. Investigating the effects of the rate of drop wise addition of the H2PtCl6  solution into 

the AX-21/acetone slurry, during step (1), by adding the H2PtCl6 solution to the slurry of AX-21 

with three different rates (1 min, 5 min, 10 min). 

2. Investigating the passivation effects of He in step (4), after H2 reduction at 573 K for 5 

hours, by adjusting lengths of time (0, 0.5 and 5 hours) the sample was passivated in He flow at 

20 cm3/min. 

3. Investigating the Pt particle size effects, by treating the as-synthesized Pt/AX-21 in He 

flow at 873 K for 60 hours to induce sintering of Pt particles to enlarge their sizes.  

Synthesis of IRMOF-8. IRMOF-8 was synthesized according to the method of Huang et al.46 

(1) Zn(NO3)2x6H2O (1.19 g, 4 mmol, freshly opened) and 2,6-naphtalenedicarboxylic acid (0.43 g, 

2 mmol, purchased from Aldrich) were dissolved in 40 ml of dimethylformamide (DMF) during 

vigorous stirring at room temperature; (2) Three drops of H2O2 aqueous solution (30 wt %) were 

added to the solution. Triethylamine (2.3 ml) was slowly added drop wise to the above solution 
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under vigorous agitation for 1 h; (3) The white product was collected by repeated filtering, and 

three thorough washings with DMF. The sample was degassed first at room temperature for 6 

h, then heated to 453 K at a heating rate of 1 K/min and held at that temperature for 12 h, all 

under vacuum.  

Preparation of Bridged Samples. (1) IRMOF-8 (200 mg), 5 wt % Pt/AC catalyst (25 mg), and 

sucrose (33.2 mg) were ground together with mortar and pestle for 1 h (to induce thorough 

mixing). (2) This mixture was transferred to a quartz boat that was placed in a tubular reactor. 

The mixture was heated in flowing helium (100 mL/min) at a heating rate of 1 K/min  to 473 K 

and held at this temperature for 3 h (above the melting point of sucrose at 459 K). It is noted 

that the sample was piled in the quartz boat – not as a thin layer. (3) Subsequently the 

temperature was increased at 1 K /min to 523 K and held at 523 K for 12 h. The material was 

cooled to room temperature at 1 K /min in flowing helium. (4) The samples were stored in 

vacuum before being moved into the sample holder for high-pressure measurements. (5) Prior 

to measurements, the samples were degassed in vacuum at 473 K for 24 h.  

Temperature Programmed Desorption (TPD). Initially a sample was degassed at 623 K for 8-

48 hours until the pressure in the system was lower than 10-6 torr and contaminants (other 

than water and hydrogen) totaled less than 10-9 torr partial pressure; verified using a mass 

spectrometer.  The sample was then cooled to either 298 K or 77 K and dosed with an equal 

mixture of D2 and H2.  Exposure pressure was varied from 150 torr to 16 atm which 

encompasses the range of predominate adsorption by the metal particles to predominate 

adsorption by the carbon support.  After a predetermined amount of time ranging from 30 

seconds to 40 minutes the sample was quenched in liquid nitrogen.  The system was then 

slowly degassed until the pressure in the system was lower than 10-6 torr and hydrogen levels 

were at background.  Heating was then performed at 10 K/min from 77 K to 573 K, while the 

mass spectrometer analyzed m/z ratios from 1-6.  Additionally experiments were done to 

reproduce and verify more accurately the results of Lachawiec and Yang47 published earlier by 

following the same TPD procedure stated therein. 

Isotopic Hydrogen Equilibrium. In order to differentiate hydrogen dissociation from 

adsorption, the equilibrium conversion was taken as a function of time over a sample exposed 
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to an equal mix of H2 and D2 at 16 atm.  This high pressure was chosen due to the slow nature 

of adsorption (~40 minutes) and the slow dissociation that was easily measurable.  The Pt/AX21 

was degassed for 8 hours at 623 K before being exposed at 298 K to a mixture of hydrogen and 

deuterium that had equilibrated for 2 hours.  The sample was then quenched in liquid N2 at 77 

K and the gas was sampled using a mass spectrometer.  H2, HD and D2 were measured as a 

function of their concentration over time and their ratios gave the fraction of equilibration of 

the reaction, Keq is ~3.5.  Samples of the Pt/AX21 sample cooled to 77K prior to exposure, blank 

stainless steel tube, and degassed AX21 were measured as well.   

Results and Discussion 

Spillover on Pt-doped Carbon. In previous work36, this group has shown that the storage 

capacity of AX-21 at room temperature and 10 MPa was enhanced to 1.2 wt % by doping with 

nanosized Pt metals (~ 2 nm). This represents an enhancement factor of 2. During the 

optimization of the storage capacity of Pt-doped AX-21, the following factors were investigated.  

Catalyst Size Effect. In the synthesis procedure, the H2PtCl6 was dissolved in an acetone 

solution and then added to the slurry of AX-21 (see experimental section). It was found that the 

addition rate of H2PtCl6 into the slurry of AX-21 directly affected the dispersion of Pt metal on 

AX-21 and in turn the measured storage capacity of the doped sample. Figure 1 shows the 

hydrogen isotherms of three samples of Pt/AX-21 prepared by adding H2PtCl6 solution to AX-21 

with three different rates, (1 min, 5 min, and 10 min).  The storage capacities of Pt/AX-21 were 

affected by the addition or mixing rates of H2PtCl6 solution to AX-21 and ranged from no 

spillover observation (1 min) to full enhancement (10 min), which has a storage capacity of ~1.2 

wt % at 10 MPa and 298 K. TEM results (see supporting information) showed the distribution of 

Pt metals was not even and particle sizes as large as 20 nm could be seen when the Pt solution 

was added to AX-21 quickly.  Aggregates of over 120 nm were also shown to be prevalent. The 

particle size was reduced to 3 nm when the addition rate of Pt solution to AX-21 was decreased 

and aggregates diminished substantially. The slowest addition rate resulted in Pt particles as 

small as 1 nm (Figure 2) with extremely rare aggregation sites. These results indicated that slow 

addition rates favor the doping of Pt with small sizes and even dispersion. The slow addition of 

H2PtCl6 enables the carbon particles to have an even chance to interact and adsorb the Pt 
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precursor ions, thus leading to a high dispersion. The hydrogen storage capacities of the three 

samples indicate that uniform dispersion and small Pt particle size enhance spillover. Personal 

review of this data showed that the enhancement was due to an increase in helium 

displacement volume. In addition, three replicates of Pt/AX-21 samples prepared by Lifeng 

Wang had storage capacities that varied between a reported 1.14-1.23 wt %, showing the 

reproducibility of this method. Personal experience has shown that the instruments are not 

capable of this level of accuracy and most likely these values were exaggerated. 

To isolate the Pt size effects on the storage capacity, a Pt/AX-21 sample with a measured 

storage capacity of 1.2 wt % was treated in helium atmosphere at 873 K to sinter the Pt 

nanoparticles. As shown in Figure 3, after sintering at 873 K for 60 h, the storage capacity of the 

Pt/AX-21 was reduced to 0.8 wt %. The treatment at 873 K resulted in severe sintering of Pt 

particles and the sizes of Pt particles range from several to tens of nanometers (Figure 4).  

These results indicate that the smaller Pt size shows a correlation to hydrogen storage capacity; 

however this is still outside statistical significance. If this is not coincidental, then the most 

obvious cause would be through effective utilization of the heavy Pt.  Since radius linearly 

decreases the mass to surface area ratio, larger particles will be increasingly less effective, 

taking up more mass than needed.  Another previously published work47 shows that there is a 

limited area of influence for each particle due to diffusion resistance and lack of diffusion 

pathways.  Thus particles with lower uneven dispersion do not affect the entire carbon support, 

and full spillover enhancement is not realized.   

It is noted that these observations are also in agreement with previous studies. Tsao et al. 

found that impregnated Pt nanoparticles of ~1-2 nm in activated carbon can effectively 

enhance the hydrogen spillover effect and an enhancement factor of 3 was achieved.20 

Arenillas and coworkers measured the hydrogen adsorption on carbon nanospheres doped with 

different loadings of Ni and found that the storage capacity of doped carbon was enhanced by a 

factor of 1.4 to 2.3 when compared with the undoped carbon.21 Carbon doped with 5 wt % Ni 

had the best nickel distribution and the highest storage capacity.20  Catalyst size effects were 

also observed on Pd-doped carbon nanofibers. Sandi et al. reported that the storage capacity of 

Pd-doped carbon nanofibers was 4 times larger than the un-doped carbon and attributed the 
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enhancement to smaller Pd particle and the high Pd surface area.21 Significant enhancement in 

hydrogen storage at room temperature was also observed on templated carbon after doping 

homogeneously with nanoparticles of Pd (2 nm in size).49 

Ultrasound Effects. Ultrasound treatment was applied to optimize the Pt/AX-21. The main 

phenomena responsible for ultrasound actions are cavitations and acoustic streaming, although 

this phenomenon is not well understood. During the impregnation of metal particles, 

ultrasound helps to create more intimate contacts between the particles and the substrate.50 

During sonication of the impregnation slurry, a polyethylene bag is suggested.47 The 

polyethylene bag possibly decreases the sonic wave attenuation that occurs when using 

laboratory glassware. 

Passivation. After H2 reduction at 573 K for 2 hours, the sample is “passivated” in flowing He 

for 5 hours.  Upon exposure of the sample to the ambient air, a sample not passivated reacts 

vigorously, marked by sparks/glowing, which degrade the sample.  Hydrogen isotherms showed 

equivalent storage capacity for non-passivated samples as AX-21.  Helium flow time results 

were inconsistent with some samples completely passivated at 1 hour and others requiring 5 

hours.  The only trend observed was the visual cue of sparking and glowing, which occurred and 

sintered the sample, or did not occur and the sample showed an even dispersion.   Isotherms 

for these samples are presented in the supporting information. 

Sample Pretreatment. Prior to isotherm measurements, the Pt/AX-21 samples are reduced 

in H2 at 573 K.  Evacuation at 623 K (for 12 hours) was found to be adequate in our work.  This is 

potentially due to full cleaning of the platinum and carbon surface, however residual pressure 

of the sample could not be measured. Pretreatment at 573 K may not be adequate (as in Stadie 

et al.). 51 

All the factors above are crucial for achieving high platinum dispersions and therefore 

potentially spillover. The missteps and pitfalls in sample preparation and treatment will lead to 

diminished or no spillover effects. These missteps have all been identified from members of our 

laboratory, which I have learned over time not to commit.  In the published literature, a case in 

point is the recent work of Stadie et al.51 They used overly concentrated Pt precursor solution 

combined with overly rapid mixing of the solution with the carbon slurry. This led to poor metal 
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dispersion in the sample (large Pt particle sizes and the very low isotherm knee below 1 atm 

pressure, shown in their Fig. 4 inset).  As shown in this work, their use of excessive amounts of 

metal (12 wt %), short passivation times in flowing helium, and the low pretreatment degassing 

temperature (573 K) all diminished dispersion and any observable effects. These significant 

deviations in processes should account for their observation of essentially no spillover effects; 

as would be expected as this has happened by mistake in our laboratory. In addition, the work 

performed by Stadie et al.51 had relatively large dead volumes (total volume of 50-80 mL 

compared with ~12mL in systems used in this work) and high leak rates (compared to the 

systems used in this work).  All issues contribute to decreased measurement sensitivities and 

potentially increased errors that also could account for the significant differences in reported 

spillover results.  In experiments it is best to halve the sample and measure it again to verify 

there were no leaks or other instrumental errors. I have been assured this has happened in our 

laboratory, and for the data provided by Lifeng Wang. 

Spillover Observation. The interest in TPD spectra comes from the distinct peaks in 

temperature that different adsorption sites show.48,52,53 The behavior of the peaks during 

different adsorption and desorption conditions also makes them unique from other peaks as 

well as providing details on their order and activation energy.48,52,53 When the surface coverage 

of a given site increases, the peak will shift lower in temperature if the order is greater than 

one.48  If the order is one then it will stay at the same location.48 On complex mixes the peaks 

from TPD spectra can be compared with published TPD spectra, which gives a relatively good 

indication of what adsorption sites are prevalent.  In the case of crystalline metals this data can 

be used to determine which faces or edges are prevalent.48,52,53 In this wok, the TPD results 

show four distinct peaks between 120 K and 573 K, at least one of which appears hidden under 

any conditions (a blank of the AX-21 shows no peaks from 120 K - 573 K).  While these peaks 

could be due to small variations in heating rate, the temperature profile, taken independently 

of the temperature controller, indicated a smooth heating rate and repeat tests confirmed that 

these peaks are reproducible under specific sets of conditions. 

We attempted to initially isolate the Pt metal peaks by varying the adsorption temperature.  

At 77 K no spillover is known to occur,9,10 thus the peaks I observed were assigned to Pt.  With 
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the increase in temperature I see the growth of the first spillover (carbon based) peak shown in 

Figure 5.  At 298 K a secondary spillover (carbon based) peak can be observed at a much higher 

temperature.  Comparing the Pt peaks with literature48,52,53 the initial conclusion is that the 

peaks correspond to the (110) face but with some uncertainty (it is also important to note that 

the (110) face has similar TPD peak temperatures and behaviors as edges and steps).  43 On a Pt 

(110) surface there are two known adsorption sites β1 and β2.48  The β1 site is of higher order 

kinetics and the β2 site is of first order kinetics (seen by the shift in the β1 peak over surface 

concentration change).48  These characteristics are indicated in this wok as well.  From Figure 5 

the β1 appears to move to lower temperatures as the coverage increases, indicating a higher 

order rate and β2 appears stable, indicating a first order rate.  Additional verification can be 

shown in Figure 6 by using a varying exposure of hydrogen pressure.  At 150 torr little spillover 

is seen.  The β2 peak shows no shift in position while the β1 lowers in temperature slightly with 

increasing pressure showing possible higher order kinetics. Unfortunately this system used 

much higher hydrogen exposure conditions than previous woks48 and I cannot verify that the 

peaks are not already saturated at this point. However, I show that there are two Pt peaks that 

are at the same temperature and have similar characteristics as those from the (110) face.  

Most importantly, there are clear peaks for Pt adsorption different than carbon and that these 

peaks are similar to highly uncoordinated Pt, rather than stable low-energy surfaces.  These 

uncoordinated sites are assumed to come from the small Pt nanoparticles that have them in 

significantly higher fractions than larger nanoparticles. 

At this point, the β2 and carbon peaks are still somewhat indistinguishable.  To make sure the 

β2 and carbon peaks are in fact different, Figure 7 shows the effects of varying H2 exposure 

time.  While the β1 peak is obscured throughout, the rise of the C peaks independent of the β2 

peak is clear, thus confirming the existence of all four independent peaks.  Since the peaks 

called β1 and β2 align more closely with previously reported data for (110) than the (111),  52,53 

(100) 53 or partially oxygenated variants52,53 it appears the (110) face is the only active face for 

these nanoparticles.  The possible explanations for the phenomena include masking of faces by 

binding to carbon, evolving gasses from the carbon or possibly significantly higher absorbance 

of hydrogen on the uncoordinated sites.  However, TEM in Figure 2 shows the prevalence of the 
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(111) face and also in a slightly higher amount. Under these conditions almost full saturation of 

all Pt surfaces occurs.48,52-55  Thus I assume there is an underlying cause for the lack of 

observation of (111) and (100) surface peaks that I are unable to explain. 

In order to provide more definite evidence of reverse spillover previously proposed by this 

group41 I reproduced our previous study using a sequential D2/H2 dosing experiment.  The 

species were again found to desorb in the reverse order, with the inclusion of HD in between as 

shown in Figure 8. The formation of HD and presence in the second carbon peak shows that D2 

also spilt over and mixed with the adsorbed H2, and clearly indicates that these adsorbents 

have catalytically activated adsorption sites.  The reverse dosing procedure (D2 then H2) was not 

done but was published earlier.47 

The carbon peaks observed are characterized by their isotopic susceptibility and 

independence from the Pt peaks as shown in Figure 5.  Figure 5 also shows they do not occur 

for low temperature adsorption corresponding to trends previously observed by spillover.9,47 

The observation reported here closely aligns with other forms of direct observation of 

spillover.10  Mitchell observed a very slow diffusion limited step that can take days to fully 

saturate the carbon support.10  Published simulations show that H2 dissociation and subsequent 

spillover from the Pt to the carbon occur quickly and the hopping from one adsorption site to 

another is the rate limiting step.54    Other simulations show a strong preference for hydrogen 

dissociation at higher energy sites (edges, steps and (110) faces)  40-43, which correlates with 

what is observed here.   

Catalysis of Hydrogen Isotopic Equilibrium vs. Adsorption. The time dependent 

measurement of the dissociation recombination reaction on Pt/C was measured and found to 

proceed very fast at the conditions stated above.  This was compared to total uptake rates and 

was found that the rate of hydrogen dissociation and recombination (HDR) was equivalent to 

the rate for adsorption equilibrium (Li et al. 44) as shown in Figure 9.  However adsorption 

requires only 0.5% of the gas in the sample cell to reach completion while the HDR requires 

mixing with all the gas.  Since the HDR step interacted with the equivalent amount as needed 

by adsorption in only a few minutes I observe that hydrogen dissociation is most likely not the 

rate limiting step.  
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Spillover on Catalyst-bridged MOF. Hydrogen spillover to MOFs can be achieved by building 

nanosized carbon bridges to a H2 dissociation catalyst (Pt/C), or by direct doping of a 

dissociation metal. Spillover enhancement has also been seen by embedding nanoparticles of 

Pd (~2 nm) in MIL-100(Al) and Redox-Active MOFs and Pt on MOF-5.28-30 By using these 

methods, enhanced storage capacities on MOFs via spillover have been observed near room 

temperature. However, it is noted that consistency of spillover storage on the bridged MOF 

samples is very difficult to achieve due to the empirical nature of bridge building. As shown in 

Figure 10, the storage capacity of the bridged IRMOF-8 varies from sample to sample, which is 

due to the different particle connectivities among each sample, and how thoroughly the 

catalyst and MOF particles are mixed (see 3.2.2.). The key factors in sample preparation that 

affect storage capacity are discussed below.  

The theoretical saturation spillover storage capacities for different MOFs and COF-1 were 

calculated by Ganz and coworkers55 using accurate ab initio quantum chemistry calculations 

(details given by Ganz and coworkers55). Their results show the theoretical capacities of 4.5wt% 

for IRMOF-1, 5.7 wt% for IRMOF-15 and IRMOF-16 (while IRMOF-8 was not included in their 

calculations).  These results indicate that there is room for further optimization in sample 

synthesis. 

MOF Quality and Particle Sizes. During our experiment, it is found that the starting zinc 

nitrate material affected the MOF quality. As shown in Figure 11, by using a freshly opened zinc 

nitrate, the surface area of IRMOF-8 was 620 m2/g. By using the zinc nitrate after being opened 

for 1 month, the surface area of IRMOF-8 was reduced to 320 m2/g. This was possibly due to 

the partial hydrolysis of zinc nitrate, the moisture of which could destroy the MOF structure.  

Huang et al.46 also observed that the zinc nitrate shelved for a long time resulted in nonporous 

unknown phase. 

For connecting the catalyst (Pt/C) and MOF, compatibility of particles sizes is important.  

Lifeng Wang synthesized the IRMOF-8 by using the direct mixing method (with H2O2 addition) 

as reported by Huang et al. 46 Triethylamine was used to deprotonate the acid to initiate fast 

polymerization. The fast polymerization resulted in the generation of a large amount of crystal 

nuclei in a short time. It was observed that the white product of IRMOF-8 appeared within 10 
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minutes after adding the triethylamine. These crystal nuclei grew into MOF particles of 100-200 

nm in size, which is comparable to the size of the catalyst particles. (The MOF prepared without 

H2O2 addition would in fact yield a different material with smaller particle sizes.) It is noted and 

preferred that this size is much smaller than the large crystals (mm size) that were formed 

slowly by the solvothermal method (Rosi et al). 56 It is believed the significant spillover effect 

would not be observed if the large MOF crystals were used as extrapolated from the previous 

study with MOF-17757. This is logical since the nanosized MOF has more external surface area 

and more contacts with the dissociation source.  Also, grinding the large particles of MOFs into 

small particles is a successful method that increases the external surface area of MOFs. 

Another, ball-mill, is a particularly good method to achieve this, but was difficult to reproduce. 

However, successful bridging results by ball-mill have been reported by Liu group and Tsao 

group.37-39 It is noted that the external surface area of nanosized MOFs (100 nm) is 108 times 

that of micrometer sized MOFs (1 mm). This has a limit though, as very small particles are also 

not desired, with large differences in the particle sizes, the smaller particles tend to 

agglomerate leading to poor mixing. 

Uniform Mixing and Optimized MOF/Catalyst/Sucrose Ratio. Uniform mixing of the three 

components Pt/C, sucrose and MOF is necessary for spillover of hydrogen and in turn enhanced 

storage capacity. This step was necessary to produce evenly distributed carbon precursors 

between the Pt/AC and MOF particles. Lifeng Wang used a mortar and pestle to thoroughly mix 

and form intimate contacts between the three-components. The ideal situation is where all the 

individual Pt/C and MOF particles are “bridged” with sucrose. Distribution differences between 

the three constituents after mixing may result in different connectivities between the particles 

and would account for some of the irreproducibility in the storage capacity results (as shown in 

Figure 10). According to lab experience, gentle mixing actions are preferred, while strong 

grinding actions lead to partial collapse of the MOF structure (observed by lowered BET surface 

area). Powered sucrose rather than crystalline sucrose is suggested before the mixing step.  

While Lifeng Wang was not able to perform this step under an inert atmosphere, it is suggested 

to do so.  Continual degradation of samples is seen during this exposure to moisture.  
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The optimized ratio for MOF/Pt catalyst/Sucrose, as given previously,35 was 8:1:1.33.   Here, 

the catalyst was 5wt% Pt/AC. This ratio seemed to yield the highest spillover enhancements.  

Melting and Carbonization of Sucros. To encourage the melted sucrose to spread evenly and 

to coalesce into the crevices between the particles (by minimizing surface tension), Lifeng Wang 

did not spread the mixed sample in a thin layer during carbonization. The mixture is best placed 

in deep piles. Some “carbonized sucrose” can be observed on the quartz tube if the sample 

spreads too thin and the ratio is then not as specified. 

 The thermal stability tests cited in the literature were performed by dynamic TGA/DTG 

experiments, i.e., at a constant heat rate of typically several degrees C/minute.  For example, 

IRMOF-1 was cited as being stable at 573 K from DTG data.46 In the carbonization step, constant 

heating at a fixed temperature for a long period of time (e.g. 12 hours) is needed.  Moreover, 

the carbonization process for sucrose and glucose is exothermic (e.g., 237 cal/g for glucose).  

Lab experience is that when the carbonization temperature exceeded 523 K, the IRMOF-8 or 

IRMOF-1 structures began to collapse, as the BET surface area reduced severely. 

Moisture Stability and Importance of Maintaining BET Surface Area/Pore Volume. To study 

the stability of IRMOF-8 upon H2O adsorption, the as-synthesized sample was exposed to 

indoor ambient air at room temperature, at a relative humidity of 40 %. The XRD patterns of 

the sample changed significantly after being exposed to air for 3 days (Figure 12). These results 

indicated that the framework structure of IRMOF-8 was degraded by H2O after exposure to 

ambient air, which is in agreement with previous observation.57,58 A direct immersion of the 

IRMOF-8 sample into water for 10 min resulted in the loss of the surface area. To minimize 

decomposition of MOFs, the samples were immediately evacuated and measured in the low 

and high-pressure systems.  Upon exposure to ambient air, MOFs adsorb moisture very quickly 

and some of the adsorbed water can not be desorbed by degassing at room temperature.57,58 

The adsorbed moisture quickly causes hydrolysis of the MOF sample and decreases surface 

area.  

Upon successful bridging and sample activation, the BET surface area and pore volume of the 

sample typically dropped by 10-15%.35 Larger decreases indicate collapse of microstructure 
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and/or pore blockage, and will lead to diminished hydrogen uptake.  Thus, it is important to 

measure the BET surface area and micropore volume before and after sample preparation.   

Sample Pretreatment/Activation Prior to H2 Uptake Measurement. Prior to isotherm 

measurements, the bridged sample was degassed in vacuum at 473 K for 24 h.  Higher 

temperatures are not used in order to avoid MOF structure damage. However, lab experience 

suggests temperatures significantly below 473 K are not adequate to enable spillover processes. 

Figure 13 shows the isotherms of Pt/C/IRMOF-8 after being degassed at 393 K and 473 K for 12 

hours. The Pt/C/IRMOF-8 degassed at 473 K has a higher slope than the one degassed at 393 K. 

The isotherm slope is has been used as a direct indicator for spillover. It is found now that low 

pressure isotherms are unreliable due to high variability in free space measurements, however 

activation at 473K in vacuo for 24 hours was used in this work.35 

As mentioned, by successful bridging and sample treatment/activation, Tsao et al.37 were 

able to obtain high enhancements for IRMOF-1 and IRMOF-8.  Miller et al.,38 using samples 

from Tsao et al., obtained similar results as measured by Miller’s gravimetric system.  

Interesting results on the relatively moisture-stable MIL-53(Al) and MIL-101 were obtained by 

Liu et al.39 In the work of Liu et al., the H2 uptake was increased from 0.05 wt% at 298K and 5 

MPa (due to small surface area of <290 m2/g) to 0.63wt% after successful bridging.  While for 

MIL-101, the uptake increased from 0.38wt% to 1.14wt% at 298K and 5 MPa upon bridging.  All 

of these show a strong promise for increased efforts to maximize the spillover of MOFs.  

Conclusion 

In this work, the different factors and problems associated with the synthesis and 

pretreatment of Pt-doped carbon and catalyst-bridged MOFs were studied and discussed with 

respect to their effects on hydrogen spillover.  Even minor deviations in sample preparation and 

treatment may lead to diminished spillover effects. Predominantly those relating to the 

dispersion of the platinum, which is the novel finding here. 

 For Pt-doped carbon, (1) Highly dispersed Pt nanoparticles (i.e., ~2 nm diameters) enhances 

spillover.  The Pt particle size is affected by the addition rate of H2PtCl6 solution into the AX-

21/acetone slurry, the concentration of the H2PtCl6 solution, and the treatment temperature; 

(2) On this highly dispersed Pt, Pt(110) face and high energy edges/steps correlated to higher  
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spillover capacity; (3) Ultrasonication helps to create a higher dispersion of metal particles; (4) 

Full passivation after H2 reduction is necessary to avoid degradation of the sample; (5) After 

reduction by H2 at 573 K, sample pretreatment by degassing at higher temperatures (623 K) is 

needed to clean the sample surfaces.   

For catalyst-bridged MOFs, (1) The MOFs quality and particle size are affected by the starting 

materials and the synthesis method. Nanosized MOFs are preferred because the nanosized 

MOFs have more external surface area and more contacts with the dissociation source; (2)  

Uniform mixing of the three components Pt/C, sucrose and MOF is most likley important for 

hydrogen spillover, which is affected by the sample amounts, compatibility in the particle sizes, 

and the grinding time and intensity. Batch-to-batch mixing issues must be reduced to decrease 

the large storage capacity variability presently observed with these spillover materials; (3) A 

carbonization temperature of 523 K is recommended (for IRMOF-8). Higher temperatures will 

degrade the MOF structure due to the exothermic carbonization process for sucrose or glucose; 

(4) It is crucial to minimize the exposure of MOFs to ambient air. The moisture in the air causes 

hydrolysis of the MOFs; (5) Prior to measurements and characterization, a high degassing 

temperature (473 K) is most likely necessary to fully prepare the sample. 

The characterization of the adsorption sites on the Pt/C system show four individual peaks, 

two I assign to Pt and two to carbon.  The two Pt peaks appear to be β1 and β2 for the (110) face 

and the carbon peaks most likely correspond to surface diffusion and surface recombination of 

the hydrogen atoms. The TEM images show (111) and (100) surfaces are also present but not in 

the TPD spectra and I suggest that they may be masked by other more strongly adsorbed 

species or by bonding with the carbon or groups on the carbon. This all leads me to suggest that 

increasing the surface area is not the sole contribution from smaller Pt nanoparticles, but also 

the decrease in the average coordination of the surface/edge atoms.  This makes these 

particles more effective and also more disperse.  I expect this trend to continue with other 

metal particles as well as observing the same two TPD carbon peaks without dependence on 

the choice of metal.   

Reproduction of most of the previous work with Pt/C has shown that this adsorbent is 

readily replicated and leads to interesting spillover findings on the role of Pt.  I identify more 
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evidence from this study that a diffusion step is rate limiting for adsorption, further indicating 

that spillover is occurring and is enhancing these adsorbents, however the significance of the 

capacity is unknown.   
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Figure 1.  Hydrogen isotherms on Pt/AX-21 at 298K. Various doping rates of chloroplatinic 
acid during the synthesis of Pt/AX21 and subsequent results for spillover capacity.  Elapsed 
times for addition were 10 min ( ), 5 min ( ) and 1 min ( ). Isotherms may not be 
statistically significant as noted in the appendix. 
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Figure 2.  TEM of Pt nanoparticles (on Pt/AX-21) showing even and small dispersion with 
examples of some of the nanoparticles. 
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Figure 3. Hydrogen isotherm on Pt/AX-21 before () and after () sintering at 873 K for 60 
hours. Obtained by Lifeng Wang. 
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Figure 4. TEM of Pt/AX-21 sintered at 873 K for 60 hours 
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Figure 5. TPD of Pt/AX21 with a variation of temperature of Hydrogen exposure. Increased 
signal corresponds to increased doping temperatures that were held for 40 minutes.  
Temperatures dosed were 77K, 200K and 298K.  The top spectra are of H2 ( ), middle of 
HD ( ) and bottom of D2 ( ).  The spectrum for H2 at 77K could not be obtained due 

to low signal to noise ratio. 1 and 2 refer to sites on Pt(110)42.  The separation between the 

2 and Carbon peaks is shown while the 1 becomes obscured. 
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Figure 6. TPD of Pt/AX21 with a varying pressure of Hydrogen exposure.  Increased signal 
corresponds to increased pressure (150 torr, 400 torr and 16 atm). The top spectra are of H2 (

), middle of HD ( ) and bottom of D2 ( ).  1 and 2 refer to sites on Pt(110)42, 

while the 2 is mostly obscured, the 1 is clearly shown. 
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Figure 7. TPD of Pt/AX21 with a varying exposure time. The increased signal corresponds to 
increased exposure time from 4 min to 40 min.  The top spectra are of H2 ( ), middle of HD 

( ) and bottom of D2 ( ). 1 and 2 refer to sites on Pt(110)42.  The 1 is mostly 

obscured and the 2 and Carbon peaks blend together. 
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Figure 8. TPD Deuterium tracer results by dosing H2 first followed by D2.  Results are the 
compilation of 4 experiments.  D2( ), HD( ) and H2( ) are shown to come off in 

reverse dosing order. 1 and 2 refer to sites on Pt(110)42 and are almost completely obscured. 
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Figure 9.  Rate of HD formation.  Plain AX21 ( ) and a blank ( ) are shown as a 
reference to the rate of dissociation and recombination by Pt/AX21 ( ).  A first order rate fit 
was observed ( ).  
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Figure 10. Storage capacities of various bridged IRMOF-8 samples and pure IRMOF-8 (). 
Data points from the literature are also shown for comparison: Tsao et al. (Ref. 37) and Miller 
et al. ( Ref. 38). The data point from Liu et al. ( Ref. 39) is for bridged MIL-101. See text 
for successful spillover on bridged MIL-53 and MIL-101. Obtained by Lifeng Wang. 
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Figure 11. Nitrogen isotherms at 77K of IRMOF-8 synthesized from zinc nitrate (A) freshly 
opened and (B) opened for a month. Obtained by Lifeng Wang. 
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Figure 12. XRD patterns of as synthesized IRMOF-8 and IRMOF-8 exposed to air for 3 days. 
Obtained by Lifeng Wang. 
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Figure 13. Hydrogen isotherms at 298 K for Pt/C/IRMOF-8 activated/degassed at 393 K () 
and 473 K () for 12 hours, showing severely diminished spillover by inadequate activation. 
Equilibration for each data point was reached in  <5 sec. Obtained by Lifeng Wang. 
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Chapter 2: Unique Hydrogen Adsorption Properties of Graphene  

Introduction 

    Since the first isolation of graphene from graphite,1 graphene has been synthesized by 

various routes2-5 and has shown a wide variety of fascinating properties, such as the quantum 

Hall effect at room temperature, extremely high carrier mobility, ambipolar field-effect, and 

sensitive response to single molecules.6,7 The recent theoretical calculation results indicate that 

graphene may also work as a sorbent for hydrogen storage.8-10 Various nanostructured and 

microporous carbon-based materials including carbon nanotubes (CNTs), activated carbons 

(ACs), mesoporous carbons (MCs), templated carbons (TCs), and metal organic frameworks 

(MOFs), have been studied intensively due to their light weight, high surface areas, and relative 

chemical stabilities.11-17 However, recent results showed that these carbon-based materials 

cannot store a sufficient amount of H2 required for transportation applications merely by 

physical adsorption at ambient temperature. Novel storage sorbent materials and ways to 

further enhance the storage capacities need to be explored. 

    The promising results predicted for hydrogen storage on ideal graphene have stimulated 

experimental studies.8-10 However, experimental studies have been limited to hydrogen 

adsorption on low-surface-area graphene-like materials18-20 and the hydrogenation of 

supported graphene membrane by plasma exposure or the use of a hydrogen atom beam 

source.21,22 An in-depth study of hydrogen adsorption on graphene and an understanding of the 

adsorption process are desired. In this work, Lifeng Wang studied the hydrogen adsorption 

properties of graphene with a high surface area of 2139 m2/g and compared it with the most 

studied carbon materials (for H2 storage). Among all the tested carbons, graphene showed a 

superior hydrogen storage capacity as well as displaying a uniquely slow hydrogen adsorption 

process, which cannot be statistically verified, but may be significant. I have also observed 

catalytic hydrogen dissociation on graphene for the first time and compared its similarities to 

metal doped carbons. 
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Experimental Section 

Synthesis 

    The graphene was prepared by following a published solvothermal and sonication 

procedure.4 Typically, 2 g of sodium and 5 mL of ethanol (molar ratio, 1:1) was sealed in a 

teflon-lined reactor vessel and heated at 220 ⁰C for 72 h. After that, the reactor vessel was 

cooled to room temperature and a solid solvothermal product (graphene precursor) was 

obtained. This material was then transferred to a horizontal quartz tube in He atmosphere and 

rapidly pyrolyzed at 1050 oC for 2 min. The resulting black product was washed with copious 

amounts of deionized water and sonicated in ethanol.  The final product was collected by 

filtration and dried in vacuo at 100 oC for 24 h. 

    Mesoporous carbon (MC), templated carbon 1 (TC-1), templated carbon 2 (TC-2), templated 

carbon 3 (TC-3), MOF-177 were prepared according to published procedures.23-28 The 

superactivated carbons AX-21 and Maxsorb were obtained from Anderson Development 

Company and Tokyo Zairyo Co Ltd, respectively. CNT-1 was obtained from Shenzhen Nanotech 

Port Co. The storage capacity of CNT-2 was cited from previous literature.29 6 wt % Pt-doped 

AX-21 was synthesized according to previous literature.30 

Characterization  

    Nitrogen adsorption isotherms and low-pressure H2 adsorption isotherms (0-1 atm) were 

measured by using a Micromeritics ASAP 2020 Analyzer. Nitrogen adsorption isotherms were 

measured at -196 oC. Low-pressure H2 adsorption isotherms were measured at 0, 25, and 50 oC. 

Circulating baths were used to maintain the sample at 25 or 50 oC. An ice-water filled dewar 

flask was used to maintain 0 oC, and liquid nitrogen was used for -196 oC. High-resolution 

transmission electron microscopy (HRTEM) images of the materials were obtained on a JEOL 

3011 analytical electron microscope equipped with EDX analysis operated at 300 kV. The 

elemental ratio of graphene was approximately C: 93 %; O: 6.5 %; Na: 0.5 % as analyzed by a 

Kratos Axis ultra XPS spectrometer (Supporting Figure S1).  

      Hydrogen adsorption at 25 oC and pressures greater than 0.1 MPa and up to 10 MPa was 

measured using a static volumetric technique with a specially designed Sieverts-type apparatus. 

The apparatus was previously tested and shown to be leak-free and accurate through 
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calibration by using LaNi5, AX-21 carbon, zeolites, and MOFs at 25 oC.31 Accuracy here is +/- 

0.6wt% at 100atm for a 200mg sample. As shown in lab previous work, the high pressure 

isotherms of the commercially available superactivated carbons (i.e., AX-21, GX-31, Maxsorb) 

are known and have been used as standard materials for testing of the measurements.  For a 

superactivated carbon with a BET surface area of 2800 m2/g, the isotherm at 298K should be 

slightly concave with an uptake of 0.6 wt% at 10 MPa.31 120-200 mg of sample was used for 

each high-pressure isotherm measurement. Analysis of evolved gases during TPD experiments 

was performed with an AeroVac 1200 Magnetic Sector mass spectrometer (VTI, Inc.).  

H2/D2/HD isotope equilibrium reaction and temperature programmed desorption 

    The H2/D2/HD equilibrium on graphene was measured using a slightly modified procedure 

proposed by Ishikawa et al.32 In this new procedure H2 and D2 were mixed in a 1:1 ratio at 4.3 

MPa. This mixture was allowed to equilibrate for 2 h at room temperature before being 

exposed to the sample at 1.6 MPa. The small sample cell was then closed and allowed to react 

for a given amount of time before being quenched in liquid nitrogen.  The gas in the sample cell 

was analyzed using mass spectrometer (MS) after 5 minutes from initial sample cell submersion 

in liquid nitrogen.  The mass spectrometer was set in sweep mode to analyze (m/z) peaks 1-6 in 

order to fully differentiate hydrogen, deuterium hydride and deuterium.  20 mg samples of 

graphene, AX-21, and 6 wt % Pt-doped AX-21, were subjected to this treatment for a series of 

different reaction times and compared to the results obtained using a blank sample cell.  All 

samples were degassed at 250 oC for 8 hours under vacuum, except Pt-doped AX-21, which was 

degassed at 350 oC and an annealed graphene degassed at 550 oC. A reaction rate constant was 

also obtained for the blank cell, which was made of stainless steel.  

    Temperature programmed desorption (TPD) was performed on the samples once all physi-

sorbed hydrogen was removed (20 min) and the m/z 2 peak had fallen to baseline.  Heating at 

10 oC/min (1 oC/min) was performed while analyzing (m/z) peaks 1-6 in order to determine 

total hydrogen species desorbed.   

Results and Discussion 

    The published solvothermal and sonication procedure4 was selected because the production 

of graphene can be in gram-quantities, which is beneficial for achieving accurate storage 
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measurements and for use in further applications. The TEM image of the products (Figure 14) 

clearly shows the wrinkled graphene sheets and overlap between different sheets, which are in 

agreement with previous literature. A N2 isotherm at 77K on graphene showed an increase at a 

low relative pressure and a hysteresis loop at relative pressures from 0.4-0.95 MPa (Supporting 

Figure S2). The graphene had a BET surface area of 2139 m2/g, which was less than the 2630 

m2/g for ideal single-layer graphene. This indicates some partial overlap of graphene sheets 

rather than completely separated single-layer graphene.  

    Hydrogen storage on graphene was investigated at 25 ⁰C and up to 10 MPa. As shown in 

Figure 15, graphene exhibited a surprisingly high storage capacity of 0.90 wt %. The hydrogen 

storages of a series of carbon materials including CNT, AC, MC, TC and MOF were measured to 

compare with graphene. In Figure 16, there is a clear relationship between the storage capacity 

and the BET surface area for all other tested carbons (with surface areas ranging from 810-3840 

m2/g.), as expected for physical adsorption. This correlation is in agreement with previous 

reports.11,13 However, the storage capacity of graphene was well above the correlation. The 

capacity of 0.90 wt % for graphene was the highest compared with all the other carbons (0.62 

wt % for AX-21, 0.72 wt % for Maxsorb, 0.66 wt % for MOF-177, and 0.82 wt % for TC-3, etc.). 

Considering the correlation between the capacity and surface area and extrapolating, a carbon 

with a BET surface area of 2139 m2/g should have a capacity of 0.56 wt % at 10 MPa. This 

showed that the storage capacity on graphene was higher by 60 %. The reversibility was 

assessed by measuring the desorption branch down to 1 atm. It can be seen from Figure 15 that 

the desorption branch nearly coincided with the adsorption branch although there appeared to 

be slight hysteresis. The next two adsorption branches were in agreement with the first 

adsorption branch indicating no observable loss in adsorption sites during adsorption-

desorption cycles at 25 oC (Figure 17).  

    In order to evaluate the interactions between graphene and H2, the isosteric heats of 

adsorption were calculated from the adsorption isotherms at different temperatures by using 

the Clausius-Clapeyron equation (Figure 18). The hydrogen adsorption isotherms were 

measured at 0, 25 and 50 oC and the heat of adsorption values were determined using the slope 

of a plot of ln (P) vs (1/T). The heats of adsorption were ~12 kJ/mol at low surface coverage and 
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leveled off to ~8 kJ/mol at higher surface coverages. The high values of heat of adsorption at 

low surface coverage can be attributed to the adsorption of H2 on the more energetic sites on 

graphene. Defect sites and edge sites (i.e., armchair and zigzag edge sites) are strong sites for 

adsorption. The heat of adsorption (~8 kJ/mol) on graphene at high coverages is clearly higher 

than that of H2 on microporous carbons such as activated carbon (~5 kJ/mol).33  

    To understand the high capacity of graphene and the adsorption mechanism, Lifeng Wang 

studied the adsorption kinetics on graphene and compared it with other carbons (super-

activated carbons AX-21 and Maxsorb, templated carbon, and CNTs). The kinetics of uptake 

were studied by increasing the pressure in steps and following the fractional completion versus 

time during each step. Figure 19 shows the adsorption kinetics of hydrogen on graphene and 

other carbons at ~ 6 MPa final pressure and 25 oC. It is seen that the adsorption rates on 

graphene were clearly slower than on all other carbons. For all other carbons, the adsorption 

was completed within 10 min. While for graphene, the completion for total uptake took ~ 25 

min. This indicates a unique hydrogen uptake process that occurs on graphene. A detailed 

comparison of adsorption kinetics on graphene and AX-21 carbon at various pressures was 

carried out further. As shown in Figure 20, the adsorption on AX-21 at all pressures was 

completed within 10 min. For graphene, the completion time ranged from 12 to more than 30 

min, and the kinetics became slower with the increase in pressure. The difference between 

graphene and AX-21 is more clearly shown by comparing their fractional uptake completion 

during individual pressure steps (Figure 21). Within 0.5 min, over 90 % completion was 

accomplished on AX-21 while the remaining 10 % was completed in less than 10 min (these 

discrepancies from instant adsorption are also observed in a blank tube and are caused by 

expansive cooling and reheating in the apparatus as well as pressure gauge response time). This 

can be understood because the fast adsorption of H2 on AX-21 was via van der Waals 

interactions. In 0.5 min, the adsorption on graphene had completion fractions of 76 % at 2.0 

MPa, 53 % at 6.3 MPa and 33 % at 7.9 MPa. The slower adsorption rates on graphene 

compared with AX-21 and other carbons indicate that a chemical process may be involved in 

addition to physical adsorption.  
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    Previous theoretical studies showed that the edge sites or structural vacancies on graphene 

could dissociate H2 into H atoms.34-37 Despite their activities, free edge sites (zigzag and 

armchair sites) and their joint corner sites could be stable enough to remain free (i.e. not 

hydrogenated) at ambient temperature.38,39 In order to gain further insight into the activities of 

graphene, the H2/D2/HD isotope equilibrium reaction was employed (as explained in section 

2.3.). The reaction H2 + D2  2HD (Keq ~ 3.5) was measured as a function of completion vs. time 

at RT and a correction was added to the time at RT to account for the cooling process. In Figure 

22 a first order rate is shown for both the graphene and Pt-doped AX-21 dissociation rates. 

Given the highly increased dissociation rates compared with AX-21 and the blank cell it is clear 

that graphene and Pt-doped carbon have similar hydrogen dissociation capabilities. It is also 

clear that there is an additional hydrogen dissociation mechanism for graphene that was not 

observed by Ishikawa et al. for graphite.32 To my knowledge, this is the first time this highly 

increased catalytic activity for graphene (as compared to all other carbons) has been observed 

experimentally. Graphene sample was provided by Lifeng Wang. 

    To gain insight into possible binding sites and the relation between adsorption and hydrogen 

dissociation, I also measured temperature programmed desorption (TPD) spectra for graphene 

(as explained in section 2.3.).  These spectra were taken after time at RT of 0.5 min, 1.5 min and 

2 h. As shown in Figure 23, TPD for time at RT of 2 h adsorption shows a clear peak with isotopic 

effects above RT (hydrogen comes out in higher concentration than is present in the system). At 

only 1.5 min at RT this peak disappears and a new peak (assumed to be hidden) becomes 

apparent at lower temperature. At 0.5 min at RT only the peaks due to physically adsorbed 

species seem to be present.  Previous work on hydrogen spillover suggests that reverse 

spillover and surface recombination of H/D will be the two probable methods for hydrogen 

desorption.41 I have assigned the peak at higher temperatures to surface recombination due to 

isotopic effects (i.e. the lightest species are in greatest concentration). A blank TPD and plain 

AX-21 showed no peaks except the typical rise in hydrogen when approaching the degas 

temperature (starting around 200 oC) and the physical adsorbed hydrogen during initial heating 

for AX-21.  TPD for AX-21 is provided (Supporting Figure S3).    
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    The recombination and subsequent desorption is inherently measured in the H2/D2/HD 

experiment showing that the bond formed between these most active graphene dissociation 

sites and hydrogen is very weak. Further the reaction rate shown here for dissociation (Figure 

22) is faster than the completion rate for hydrogen uptake. This shows that the sites 

responsible for hydrogen dissociation are not the only sites increasing the hydrogen storage. A 

degas temperature of 823 K also shows that effective sites are stable at high temperatures.  

Theoretical and experimental studies suggest that a functional on the graphene (the zig-zag 

edge) is the most reactive site and would be capable of dissociating hydrogen.36,38 This may be 

able to explain the difference between adsorption and the hydrogen dissociation rates.  Other 

studies suggesting direct dissociation on the basal plane may be able to explain the slow 

adsorption rates as an alternative to a possible spillover mechanism.42
 The lack of studies on 

other functional groups indicate they should not be ruled out, including the possibility of 

sodium implanted into the carbon lattice or as a salt with carboxylic groups on the edges.  

However, further experiments are warranted for understanding the hydrogen adsorption sites 

present on graphene, and the effect of oxygen and sodium. 

Conclusions 

    In summary, hydrogen catalytic properties of graphene have been studied and compared 

with a diverse collection of carbon materials. Graphene shows a unique hydrogen dissociation 

process that could potentially lead to increased storage capacity. The dissociation of hydrogen 

on graphene has been observed experimentally for the first time.  I have also shown that the 

hydrogen dissociation rate is significantly faster than the adsorption rate as observed by Lifeng 

Wang.  This leads me to conclude that the most active sites for dissociation are not the only 

sites where the enhanced adsorption occurs.  The slow adsorption rates and TPD results show 

adsorption mechanism differences in graphene compared to activated carbon and demonstrate 

the unique hydrogen catalytic capabilities of graphene. 
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Figure captions 

 

Figure 14. TEM image of graphene. Obtained by Lifeng Wang. 

 

Figure 15. High-pressure hydrogen isotherms on graphene at 25 oC: adsorption () and 
desorption ().Obtained by Lifeng Wang. 
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Figure 16. Relationship between the BET surface area of carbons and their storage capacities at 
25 oC and 10 MPa. Obtained by Lifeng Wang. 

 

Figure 17. Three consecutive hydrogen adsorption isotherms on graphene in 3 adsorption-
desorption cycles at 25 oC. Obtained by Lifeng Wang. 
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Figure 18. Hydrogen isotherms on graphene at 0 oC (), 25 oC (), 50 oC (); Heats of 
adsorption (inset). Obtained by Lifeng Wang. 
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Figure 19. Fractional completion for hydrogen uptake at 25 oC on AX-21 (), Maxsorb (), CNT 
(), templated carbon () and graphene () at ~ 6 MPa end pressure. Obtained by Lifeng 
Wang. 
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Figure 20. Adsorption fraction at 25 oC on graphene (A) and AX-21 carbon (B) during each 
pressure ramp step at final pressures of: ~2 MPa (), 6.2 MPa () and 7.9 MPa (). Obtained 
by Lifeng Wang. 
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Figure 21. Fraction completion for adsorption on graphene (A) and AX-21 carbon (B) during 
each pressure ramp step at final pressures of 2, ~6.2 and ~7.9 MPa. Blue (left) column: Fraction 
completed within 0.5 min; Red (right) column: fraction completed after 0.5 min. Obtained by 
Lifeng Wang. 
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Figure 22. H2 + D2  2HD reaction rates at 25 oC.  Graphene () (time at RT and extrapolated to 

account for cooling time), AX-21 (), Graphene after pre-treatment at 550 oC (), Pt/AX-21 

(), blank cell () and fit assuming reversible 1st order reaction rate(). 
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Figure 23. The TPD spectra for graphene are shown for 2 h (top), 1.5 min (middle) and 0.5 min 

(bottom) exposure time to a H2/D2 mix at 25 oC and 1.6 MPa.  H2 (), D2 () and HD () are 
shown for all spectra.  Evolution of two different peaks can be seen (one possibly corresponding 
to reverse spillover and the other possibly to surface recombination of H atoms).  High 
concentrations of physically adsorbed hydrogen are due to quenching while under high 
pressure. 
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Chapter 3: Effects of catalyst size on the hydrogen storage on Pt-doped IRMOF-8 

Introduction 

Storage is one of the key issues for the realization of fuel-cell powered vehicles using 

hydrogen as the energy carrier (1). Among candidate hydrogen storage adsorbents, metal-

organic frameworks (MOFs), a class of porous materials constructed by coordinate bonds 

between multidentate ligands and metal atoms or small metal-containing clusters, have 

attracted increasing attentions due to their lightweight, high surface area and porosities, and 

adjustable structures (2-7). Significant storages on MOFs with high surface area have been 

reported. For example, MOF-177 with a high Langmuir surface area of 5640 m2/g can store the 

highest 7.5 wt % H2 at 77 K and 7 MPa (8,9). The storage capacities of fully activated MIL-101 

(Langmuir surface area 5900 m2/g) at 77 K are 3.75 wt % at 2 MPa and 6.1 wt % at 8 MPa 

(10,11). It is noted that, these significant storage capacities on MOFs were achieved at 77 K. 

When the temperature was room temperature, the storage capacities were much lower. This 

can be understood that the hydrogen adsorption on MOFs is mostly due to weak van der Waals 

interactions. However, for practical application, high storage capacity at room temperature is 

desired.  

To improve the hydrogen storage on adsorbents at room temperature, one effective way is 

using hydrogen dissociation followed by spillover.  Presently, more than 100 papers published 

by ~ 40 groups have reported enhancements in hydrogen adsorption by spillover at ambient 

temperatures demonstrating this technique (12). Hydrogen spillover can be defined as the 

dissociative chemisorption of hydrogen on metal nanoparticles, and subsequent migration of 

hydrogen atoms onto adjacent surfaces of a receptor via spillover and surface diffusion (13-18). 

Evidence of atomic hydrogen spillover was first observed during studies of ethylene 

hydrogenation (19) and later observed in the reduction of transition metal oxide with Pt 

catalyst and hydrogen uptake on transition metals supported on carbon by Khoobiar and 

Boudart (13,20,21). Direct evidence of spillover of atomic hydrogen from Pt to carbon (22,23), 

from Pt to glass (24) and from Au to TiO2 (25) at room temperature has been recently reported. 
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Theoretical studies have illustrated the facile pathway for spillover from a Pt particle onto a 

graphene basal plane is via physisorption of H atoms (26,27) and thermodynamically spillover 

can occur from both the free-standing metal clusters and from the receptor-supported metal 

clusters (28,29). The spillover storage capacities for different MOFs and COF-1 have been 

calculated by Ganz and coworkers (30).  

Hydrogen spillover on MOFs can be induced by building carbon bridges between the 

dissociation source (Pt/AC catalyst) and MOFs (31-36), catalyst encapsulation (37) or direct 

doping of dissociation metals (Pt, Pd, Ni) on MOFs (38-41). The factors that affect hydrogen 

spillover on MOFs by bridge building have been discussed (42). It is suggested that the ideal 

situation for hydrogen spillover on bridged-MOFs is where all the individual catalyst and MOF 

receptor particles were “bridged”. Direct doping of dissociation metals on MOFs was recently 

developed. Enhanced hydrogen storages at room temperature have been observed on Pd-

doped MIL-100 (38), Pd-doped Redox-active MOF (39), Pt-doped MOF-177 (40) and Ni-doped 

MIL-101 (41). It is known that direct doping resulted in the dispersion of metal particles on 

MOFs, and physical and energy barriers for transfer of hydrogen atoms from one material to 

another exist during spillover. Thus the dispersion and the particle size of the metal on MOFs 

will affect the spillover and thereby the hydrogen storage on MOFs. To our knowledge, the 

studies of catalyst dispersion and particle size effects on hydrogen storage on MOFs have not 

been reported. In this work, Lifeng Wang synthesized a series of Pt-doped IRMOF-8 samples 

through the metal organic chemical vapor deposition and I studied the Pt dispersion and 

particle size effects on the hydrogen spillover mechanism. 

Experimental Methods 

Synthesis 

 (1) Synthesis of IRMOF-8: Typically, 1.19 g of Zn(NO3)2·6H2O (freshly opened) and 0.43 g of 

2,6-naphtalenedicarboxylic acid were dissolved in 40 mL of diethylformamide (DEF) during 

vigorous stirring at room temperature (Yaghi and Tsao 43,44). The DEF solution was heated to 

393 K for 20 hours and then cooled to room temperature. The white product was collected by 

filtering and four thorough washings with DMF (DEF?). The product was exchanged by CHCl3 4 

times, and then degassed at 423 K for 12 h.  
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 (2) Synthesis of Pt-doped IRMOF-8 via chemical vapor deposition (CVD). Pt was doped on 

IRMOF-8 by chemical vapor deposition of a volatile platinum precursor 

(Trimethyl)methylcyclopentadienyl platinum (IV). The MOF crystals were ground for 0.5 hr 

before CVD. The grounded MOFs and platinum precursor were placed in a tube separated by a 

glass frit and degassed to a vacuum of < 10 µmHg at 273 K. After that, the degassing was 

stopped and the temperature was increased to 303 K and kept at 303 K for 1 hr. The vacuum of 

this system was renewed each hour for 6 cycles then stayed for another 6 hrs. During this 

procedure, an off-white composite was yielded and designated as Pt/IRMOF-8-1. For Pt/IRMOF-

8-2 sample, the temperature was kept at 308 K and the vacuum was renewed each hour for 4 

cycles then stayed for another 8 h. For Pt/IRMOF-8-3 sample, the temperature was kept at 318 

K and the vacuum was renewed for 1 cycle then stayed 11 hrs. These three samples were 

reduced in a hydrogen atmosphere at 423 K overnight, and then purged with flowing helium. 

Characterization 

Powder X-ray diffraction (XRD) data were recorded on a Rigaku Miniflex diffractometer at 30 

kV, 15 mA for Cu K ( = 0.1543 nm) radiation, with a step size of 0.02 in 2. X-ray 

photoelectron spectroscopy was recorded on a Kratos Axis ultra XPS spectrometer.  Nitrogen 

adsorption and low-pressure H2 adsorption isotherms (0-1 atm) were measured with a standard 

static volumetric technique (Micromeritics ASAP 2020). Hydrogen adsorption at 298 K and 

pressures greater than 0.1 MPa and up to 10 MPa was measured using a static volumetric 

technique with a specially designed Sieverts-type apparatus. The apparatus was previously 

tested and proven to be accurate through calibration by using LaNi5, AX-21, zeolites, and MOFs 

at 298 K (45). Accuracy is determined here to be 0.6wt% at 100atm for a 200mg sample. 120-

200 mg of sample was used for each high-pressure isotherm measurement in this study.  

Temperature Programmed Desorption (TPD) was used to identify high energy binding.  A 

100mg sample was dosed with hydrogen for a period of time and cooled to 77K under pressure.  

Excess gas was vacuumed off and the sample was heated at a constant rate while the evolved 

gas was monitored with a mass spectrometer (MS). 

Results and Discussion 
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Powder X-ray diffraction patterns of IRMOF-8 and Pt/IRMOF-8 samples are shown in Figure 

24. The plain IRMOF-8 (Fig. 1D) shows typical peaks at 2 = 6.3, in good agreement with 

previous reports (shall I put reference here?). After doping with Pt, the XRD patterns of 

Pt/IRMOF-8-1, Pt/IRMOF-8-2 and Pt/IRMOF-8-3 samples all exhibit the same peaks as those of 

plain IRMOF-8 although the peak intensity slightly decreases. This indicates that the 

microstructure of IRMOF-8 was retained after the doping treatments. Furthermore, the 

Pt/IRMOF-8 samples all show two peaks at ca. 40 (111) and 46  (200) characteristic of the 

metallic platinum metal. These results confirm that Pt metals have been successfully doped on 

IRMOF-8 by applying the CVD method. It is noted that the peaks corresponding to Pt became 

narrower from Pt/IRMOF-8-1 to Pt/IRMOF-8-2 and Pt/IRMOF-8-3. This indicates the Pt size 

increased with the order of Pt/IRMOF-8-1, Pt/IRMOF-8-2 and Pt/IRMOF-8-3. 

Nitrogen adsorption was further employed to evaluate the porosity of plain IRMOF-8 and the 

doped samples. As shown in Figure 25, the isotherms of IRMOF-8 and Pt/IRMOF-8 samples all 

exhibit the typical s curve, thus revealing the presence of microporosity in the samples. The BET 

surface area and pore volume of plain IRMOF-8 are 1430 m2/g and 0.69 cm3/g, respectively.  

These textural properties are in agreement with previous report.36,37 After doping Pt on IRMOF-

8, the BET surface areas and pore volumes of Pt/IRMOF-8-1, Pt/IRMOF-8-2 and Pt/IRMOF-8-3 

samples were reduced to 1175, 1071, 1014 m2/g, 0.59, 0.53 and 0.55 cm3/g, respectively. The 

BET surface area and pore volume of Pt/IRMOF-8-1, Pt/IRMOF-8-2 and Pt/IRMOF-8-3 are lower 

than that of plain IRMOF-8. This is most likely due to the increased weight and micropore 

blocking caused by the doped Pt particles.  

High-pressure hydrogen isotherms at 298 K for plain IRMOF-8, Pt/IRMOF-8-1, Pt/IRMOF-8-2 

and Pt/IRMOF-8-3 samples are presented in Figure 26.  As shown in Figure 26, IRMOF-8 has a 

hydrogen storage capacity of ~0.44 wt% at 298 K and 10 MPa. After doping Pt on IRMOF-8, the 

hydrogen uptakes on Pt/IRMOF-8-1, Pt/IRMOF-8-2 and Pt/IRMOF-8-3 at 10 MPa were 

enhanced to 0.85, 0.67 and 0.49 wt %, respectively.  It can be seen that all the Pt/IRMOF-8 

samples exhibit higher hydrogen adsorption capacities than the plain IRMOF-8 sample up to 10 

MPa. The enhanced hydrogen storage capacity should not be attributed to the differences in 

surface area because the Pt/IRMOF-8 samples have lower surface areas than that of plain 
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IRMOF-8, as evident from nitrogen adsorption results. The enhancement of hydrogen storage is 

due to the spillover of atomic hydrogen from Pt particle to IRMOF-8. The Ru, Pt, Pd and Ni 

metals are known as hydrogen dissociation sources, and the enhanced hydrogen storage on 

various supports by doping these metals have been well observed (shall I put references here?).  

It is noted that, in our case, the hydrogen storage capacities follow the order of Pt/IRMOF-8-1 

> Pt/IRMOF-8-2 > Pt/IRMOF-8-3. The maximum hydrogen uptake reached 0.85 wt % at 10 MPa 

on Pt/IRMOF-8-1. The reversibility on Pt/IRMOF-8-1 was also evaluated by measuring the 

desorption branch down to 1 atm. It can be seen the desorption branch nearly followed the 

adsorption branch, although there appeared to be a slight hysteresis. After evacuation to a 

pressure of 1 Pa for 12 h at 298 K, and total desorption occurred. The second adsorption 

isotherm was nearly in agreement with the first adsorption isotherm. In comparison with plain 

IRMOF-8, it is remarkable that the hydrogen adsorption amount of Pt/IRMOF-8-1 has been 

enhanced by a factor of 1.9. However, the enhancement factors are only 1.5 for Pt/IRMOF-8-2 

and 1.1 for Pt/IRMOF-8-3.  

The variation in the storage capacities of Pt/IRMOF-8 samples indicates the difference existing 

in the samples. The Pt/IRMOF-8 samples were characterized by TEM and chemisorption 

analysis. TEM images of Pt/IRMOF-8-1, Pt/IRMOF-8-2 and Pt/IRMOF-8-3 samples are shown in 

Figure 27.  For each sample, the black spots of Pt particles can be observed on the surface of 

IRMOF-8. These results further confirm Pt has been successfully doped on MOF support. The Pt 

particle size of Pt/IRMOF-8-1 and Pt/IRMOF-8-2 is smaller than that of Pt/IRMOF-8-3. As TEM 

only gives limited information of the Pt dispersion on the whole sample, hydrogen 

chemisorption was further used. It is known that the Benson–Boudart method is a good 

assessment for the dispersion of metals on supports. From the adsorbed amount of hydrogen 

extrapolated to zero pressure, the dispersion of Pt metal on IRMOF-8 can be calculated. Figure 

28 shows the H2 adsorption isotherms on Pt/IRMOF-8-1, Pt/IRMOF-8-2, and Pt/IRMOF-8-3 at 

298 K. It is obvious that the dispersion of Pt on MOF follows the order of Pt/IRMOF-8-1 > 

Pt/IRMOF-8-2 > Pt/IRMOF-8-3. These results indicate high dispersion and small size of Pt 

particles facilitate spillover on MOFs and in turn the storage capacity. This is in agreement with 

the XRD and TEM results. It is noted that the effects on spillover storage on MOF also agree 
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with the previous studies on carbon receptors. Tsao et al. impregnated activated carbon with Pt 

particles of ~1-2 nm and achieved an enhancement factor of 3 (46). Arenillas et al. measured 

the hydrogen adsorption on carbon nanospheres doped with different loadings of Ni and found 

that the storage capacity of doped carbon was enhanced by a factor of 1.4 to 2.3 (47). The 

highest storage capacity was obtained on Ni-doped carbon nanophere with the best Ni 

distribution and smaller Ni particle (5 nm). Tsai group found the uniformly distributed Ni 

nanoparticles (2.3 nm) tripled the hydrogen uptake on CNTs (48). Back et al. reported the 

hydrogen uptake on Pd-doped carbon nanofibers was 4 times larger than that on the un-doped 

carbon and attributed the enhancement to the smaller Pd particle (49). By considering the 

carbon nature of the linker of MOFs, it is reasonable to observe the similar effects of Pt size and 

dispersion on the storage capacity of MOF sample. Lab previous studies (50) showed that there 

is a limited area of influence for each particle due to diffusion resistance and lack of diffusion 

pathways. Thus particles with lower uneven dispersion can not affect the entire MOF support, 

and result in the dismissed spillover enhancement. The high dispersion and small size of Pt 

particles contribute to increased contacts with the MOF receptor 

It is noted that the size of the doped metal is affected by many factors, including the type of 

metal, the doping/addition rate and loading amount of the metal precursor, and the treatment 

temperature and metal reduction method. In our case, for doping Pt via CVD method, the lower 

temperature provided a lower Pt precursor vapor concentration and more vacuum and doping 

cycles are favorable for the uniform interactions between precursor and MOFs. The highest 

doping temperature and only one vacuum and doping cycle resulted in the largest Pt size. This 

is similar to the effects of addition rate and concentration of H2PtCl6 on Pt dispersion on AX-21. 

However, further optimizing the doping conditions is still needed for a significant enhancement. 

The TPD spectra detailed in Figure 29 show the spillover of hydrogen as previously observed 

on other metal doped supports[50,51], and additionally on our other work on templated 

carbon[49],  activated carbon [41] and graphene (which does not need a metal dissociation 

source) [52].  In this figure, I show that if hydrogen is dosed then followed by dosing deuterium, 

then deuterium is desorbed first followed by hydrogen.  I also took the time to reverse the 

procedure and show that this is independent of isotope.   

javascript:void(0);
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One of the interesting features of the spectra in Figure 29 is the presence of a physically 

adsorbed peak at 135K (present on plain IRMOF-8 as shown in supporting figure ?) which seems 

to have a knee at 181K.  I examined this further in Figure 30, where I lowered the dosing 

pressure to 25 torr and exposed only deuterium for 5 min (the figure shows both CVD doped 

IRMOF-8 and plain IRMOF-8).  This illuminated 3 separate peaks.  The first at 135K (the one 

responsible for the knee in Figure 29), saturates at very low pressure, indicating strong 

chemisorption and is not present on plain IRMOF-8.  I infer this is also a binding site on the 

doped platinum.  The second peak at 165K also saturates at very low pressure and is also not 

present on plain IRMOF-8.  I can conclude that this peak is not spillover and is therefore a 

binding site on the doped platinum.  The third and last peak seen at 200K decreases with dosing 

pressure and is also present on plain IRMOF-8, this is most likely the hydrogen adsorption site 

corresponding to the ZnO center of the IRMOF-8 structure.    The interesting tail observed on 

the platinum doped sample is also of interest again.  When a difference is taken, Figure 30 (C) 

shows the appearance of more platinum peaks.   

We then compare these platinum peaks across single crystal spectra for platinum.  TPD 

spectra from the (111)[53], (100)[54] and (110)[55] faces show that the most likely 

configuration is the (111) and (110) faces.  Information gained from spectra of the (210) and 

(211) faces[56] show that while these are not responsible for the observed peaks, stepping and 

edging creates very different binding sites, that may contribute to the other partially obscured 

peaks.  From the TEM observations, I can see that the particles (which are ~2nm) have the 

characteristics observed in our last paper [41], of containing both (111) and (110) faces.  Here 

however, the lattice constant of IRMOF-8 does not match with the (111) surface, leaving it 

exposed.  Building off our previous publication, I can start to see that unsaturated platinum 

surfaces (edges, corners, defects, etc.) are present in successful spillover adsorbents[41] and 

from other papers I can see that they are not present in unsuccessful spillover adsorbents[57].  

While the dispersion of the metal still influences the storage capacity based purely on more 

efficient metal utilization and greater area of influence, the unsaturated sites are necessary to 

perform the spillover.  This should align well with previous criticisms that observe the binding 
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energy from a single hydrogen atom on planar platinum is very strong, and supporting 

observations that smaller platinum is necessary to see any spillover amount[58].  

Conclusions 

In this work, a series of Pt-doped IRMOF-8 samples have been prepared via metal organic 

chemical vapor deposition. The catalyst size (Pt) was affected by the doping temperatures and 

doping cycles. The hydrogen storage studies showed the storage capacities via hydrogen 

spillover on Pt-doped IRMOF-8 samples have been enhanced by a factor 1.1 – 1.9 when 

compared to undoped IRMOF-8. Unfortunately, these results are statistical insignificant.  

What is significant is the TPD results can confirm the existence of reverse spillover on the 

doped IRMOF-8.  The comparison to other platinum surfaces from platinum isolated TPD peaks 

shows that smaller particles are necessary to create higher energy sites which are needed to 

perform spillover.   This supports information originally uncovered by Konvalinka and Scholten 

on Pd/Carbon[51]. This contribution to the understanding of spillover is critical however and 

where applicable to hydrogen storage is irrelevant. 
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Figure 24. XRD patterns of Pt/IRMOF-8-1 (A), Pt/IRMOF-8-2 (B), Pt/IRMOF-8-3 (C) and pure 
IRMOF-8 (D). Obtained by Lifeng Wang. 
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Figure 25. Nitrogen isotherms of Pt/IRMOF-8-1 (), Pt/IRMOF-8-2 (), Pt/IRMOF-8-3 () and 
pure IRMOF-8 ().Obtained by Lifeng Wang. 
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Figure 26. High-pressure hydrogen isotherms at 298 K for plain IRMOF-8 (), Pt/IRMOF-8-1 
(), Pt/IRMOF-8-2 () and Pt/IRMOF-8-3 () samples. Stars * mean desorption. Obtained by 
Lifeng Wang. 
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A)  

B)  

C)  

Figure 27. TEM images of Pt/IRMOF-8-1 (A), Pt/IRMOF-8-2 (B) and Pt/IRMOF-8-3 (C). Obtained 
by Lifeng Wang. 
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Figure 28. Hydrogen isotherms of Pt/IRMOF-8-1 (), Pt/IRMOF-8-2 () and Pt/IRMOF-8-3 
().Obtained by Lifeng Wang. 
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Figure 29. The TPD spectra for Pt/IRMOF-8. (A) H2 was dosed for 1 hr at 298 K and 300 torr.  D2 
was subsequently dosed without evacuation but left ~22 torr of H2 and 300 torr D2 for 30 min at 
298 K. (B) D2 was dosed for 24 hr at 298 K and 300 torr.  H2 was subsequently dosed without 

evacuation but left ~22 torr of D2 and 400 torr H2 for 15 min at 298 K.  H2 (), D2 () and HD 

() are shown for all spectra.  
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Figure 30. The TPD spectra for Pt/IRMOF-8 and IRMOF-8 at low pressure. D2 was dosed for 5 
min at 298 K and 25 torr, then quenched, evacuated and heated at a rate of 10K/min (A) 
Pt/IRMOF-8, (B) IRMOF-8, (C) Difference between A and B (showing only Pt contributions).  The 
peaks are labeled corresponding to Pt binding sites derived from reference sources[53-56].  
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Chapter 4: Atmospheric CO2 Capture and Simultaneous Concentration using Zeolites 

and Amine Grafted SBA-15 

Introduction 

CO2 capture from the atmosphere (“air capture”) and sequestration has recently gained 

interest as a true carbon negative alternative.1  To this end, it is important to be able to 

concentrate the captured CO2 into >90% concentration that is suitable for underground 

storage.  While carbon capture at concentrated streams (e.g., from power plants) is desirable, 

in the case of emission from the transportation sector (which accounts for 23% of total CO2 

emission), this is infeasible.2   Additionally, proposals have been presented where atmospheric 

CO2 could be used to generate hydrocarbon fuels that would allow continuing use of the 

transportation infrastructure.3     

Atmospheric CO2 capture for air purification has been reported by numerous other groups.  

The methods fall into three categories.  The first are amine based adsorbents.4-6  These come 

from an extension of flue gas capture,7-14 where the amine adsorption rates are relatively fast.10  

These same adsorbents demonstrate adsorption half times that are almost two orders of 

magnitude slower under atmospheric conditions.4  The pseudo-diffusion time constants (D/R2) 

necessary for adsorber design have not been reported.  Here I address this issue and give both 

the heat of adsorption and pseudo-diffusion time constants.  I take into account pore blocking 

effects10 from amine grafted groups by grafting only the smallest amount of amine necessary 

for accurate measurements. 

The second category of adsorbents are zeolites, which have long been considered for 

atmospheric CO2 removal15 as well as flue gas conditions.16-28 Initially the view of CO2 was as a 

contaminant in pressure swing adsorption processes (PSA) and pre-purification has been 

studied for almost all common zeolites.15 Based on Nitrogen adsorption trends, high cation 

content zeolites hold the most promise.14  These would be low silica types of zeolite X.  Previous 

information on low-silica type X zeolite is not available for CO2 contaminant removal. The 



69 
 

previously most studied zeolite has been NaX.  Thus, I will use the benchmarks from NaX as a 

comparison.   

The third group would be capture by caustic solution spraying.23-28 This method has been 

particularly well developed recently, with an emphasis on industrialization.  Drawbacks of 

applying this solution are  the need for both water and sodium hydroxide.  The largest benefit is 

the cost which at $53/ton CO2 captured is a good price target.29 However, the authors did not 

include the air compression cost, which is $150 per psi increase for a ton of CO2 passed 

(assuimg an energy cost of $0.06/(kW h)).30   For adsorbents this cost will be the most critical, 

as it eliminates pressure swing adsorption (PSA)31 for atmospheric CO2 capture. 

Zeolites have been known to have reduced capacity under moist conditions.14  Here I will 

employ the use of a guard bed,32 using a desiccant or potassium substituted zeolite type A (3A). 

This would be feasible in relatively dry environments which would enable the use of a small 

fraction of the total bed for water removal.   

One prominent set of adsorbents not tested are metal organic frameworks (MOFs)33-36.  These 

along with other zeolites37,38, may be able to retain fast rates while reducing water sensitivity 

(shown as a major issue later) and are good candidates for future study. 

Additionally, in an ideal case, temperature swing adsorption (TSA) would be sufficient for CO2 

purification.39  I will show that due to co-adsorption of N2 and CO2, single cycle-TSA, without a 

purge, is not sufficient to meet the carbon capture and storage (CCS) target for zeolites where a 

CO2 desorption product of >90% is desired for underground storage.  I will show a vacuum 

degas of the pores is ideal.40 This is due to the low partial pressure of the adsorbate of interest 

(CO2), which ensures minimal loss.  This is also helped by the higher partial pressures of 

competing adsobates (N2 and O2) and nearly linear isotherms, which allows their quick, almost 

complete removal.  Previously, a combined temperature vacuum swing adsorption (TVSA) has 

been proposed and optimized previously for flue gas concentration41. To our knowledge this is 

the first time TVSA has been proposed for atmospheric capture. 

  Materials and Methods 

Ion exchanged zeolites.  Ion exchange was performed according to Hutson et al.14 250 mg of 

Na-LSX or NaX or NaY zeolite was added to 50 mL water and heated with stirring.  2 mmol of 
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Na/K/Li/Ca hydroxide was added, followed by 5 mol of Na/K/Li chloride or calcium nitrate.  The 

solution was heated to 90 °C and stirred for 2 hours, then decanted.  This was repeated 8 times.  

The solution was rinsed with DI water and decanted 5 times to ensure removal of the chloride 

solution.  Surface area was compared to the starting material to test for retained crystalline 

structure.  XRD patterns of LSX prepared zeolites are presented in the supporting information, 

also showing retained crystallinity.  

SBA-15.  Meoporous silica SBA-15 was prepared using the procedure reported by Zhao et al.42  

Four grams of Pluronic 123 was added to 144 mL of 1.7 M HCl at 40 °C and stirred until 

dissolved.  8 g of TEOS was then added and stirred for 2h.  The sample was filtered then 

calcined at 385 °C for 4h. 

SBA-15 grafted with amine.  SBA-15 was grafted with low amounts of 3-

aminopropyltrimethoxysilane to ensure no pore blocking and accurate maximum rate 

determination.4  A procedure similar to Hicks et al.43 was followed. 400 mg of SBA-15 was 

dissolved in 20 mL of anhydrous toluene while stirring and placed under nitrogen protection.  

200 mg of 3-aminopropyltrimethoxysilane was then added to the solution.  The solution was 

stirred for 12 hours, then filtered and washed with toluene.  The sample was then dried under 

vacuum at 100°C. A yield of 1 mmol/g amine loading was achieved, determined through weight 

loss analysis during decomposition on a thermogravimetric analyzer (TGA).  

Pellets. Commercial grade pellets were obtained for Li-LSX and NaX.  Ion exchange was 

performed for K-LSX as described above, except stirring was replaced with vigorous swirling. 

Information for this procedure is discussed more thoroughly in the supporting information.  

Pellets for SBA-15 were made using a compression pressure of 200 atm (20 MPa) which 

provided a low loss in capacity.44 

Sample Preparation.  Degas conditions were 400 °C for LiLSX, 385 °C for NaLSX, 350 °C for 

KLSX14 and 120 °C for amine-grafted SBA-15, and were evacuated until a final pressure of 

1.3×10-8 atm was achieved.  All thermal conditions are of both the wall and the bed.   Heating 

was carefully performed from the interior wall.  The extreme importance of heating throughout 

these experiments is discussed more thoroughly in the supporting information.  



71 
 

Equilibrium Isotherms. Pure component isotherms and the BET surface areas were obtained 

using a Micromeritics ASAP 2020 sorptometer (which is a Sievert’s volumetric technique).  For 

the CO2 isotherms, pressure ranged from 3×10-6 atm to 1 atm.   

The isosteric heats of adsorption were calculated from the temperature dependence of the 

isotherms by using the Clausius-Clapeyron equation.  Specifically by using multiple isotherms at 

different temperatures and evaluating the slope of ln(P) versus (1/T) for the same adsorption 

amount for the different isotherms.  Zero loading heats of adsorption were obtained by fitting 

Langmuir, Fruendlich and Toth isotherms and are discussed later. 

Rates of adsorption were calculated using the same instrument. A pressure step from 6.5×10 -6 

atm to 4.6×10-5 atm (or, 0.005 Torr to 0.035 Torr) was selected.  This corresponds to the rate of 

uptake for only the amine adsorption of CO2 in the amine grafted SBA-15 (which was 

determined by background subtraction with pure SBA-15 and is shown in the supporting 

information).  This was done such that the rates could be compared for the same pressure 

increase step for all sorbents. Additionally this pressure step was shown to have good 

agreement with the TGA analysis described below.  It was noted that as loading increased, the 

rate of adsorption for amines slowed slightly (~10%). Further discussion of the rate 

measurement procedure is available in the supporting information. 

Thermogravimetric Analysis (TGA). Total equilibrium adsorption amounts as well as 

adsorption rates were measured using a Shimadzu TGA-50 analyzer, under dry and wet 

conditions, for both atmospheric air and pure CO2.  The rate of adsorption was taken as a 

pressure step from 0 to 4×10-4 atm CO2 for both wet (R.H. 80%) and dry conditions, using a 

balance of N2.  The rate obtained for dry CO2 for amine grafted SBA-15 was identical to that 

obtained using the sorptometer.  I assume that this indicates that this method provides 

accurate rate information under these conditions, as well as wet conditions.  This point is 

further discussed in the supporting information. 

Fixed-Bed Adsorber Breakthrough Curves. Breakthrough curves were measured using a 

vertical, fixed bed with ambient air feed in a down-flow manner.  The outlet CO2 concentration 

was continually monitored with a Vaisala GMP220 probe.  Additionally there was a pressure 

gauge located at the bed feed and a flow meter controlling the bed feed.  Beds were set at 3 
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inches (7.62 cm) in height, and ¼” (0.64 cm) 

 diameter.  Void factions were measured via helium displacement (assisted by the 

Micromeritics 2020) and had total void fractions of 85±3% for amine-grafted SBA-15 and 70±3% 

for zeolites.  Beds were contained by using a small piece of quartz wool and a pinch in the glass 

neck, instead of a frit. 

 For measuring the breakthrough curves, fixed beds were prepared for all sorbents.  

Preparation of a fixed bed of amine-grafted SBA-15 presented a problem because it was in the 

form of fine powder.  Compaction into pellets reduces adsorption and capacity significantly in 

order to form stable pellets.40 Additionally, pellets are not ideal, adding another 35% fraction to 

void spaces.  Thus, a new technique for forming an amine-grafted SBA-15 bed was employed.  

This consisted of dispersing the synthesized powder in toluene and then drying (by heating to 

40 °C) until a slurry 20% larger in volume than the packed powder was obtained.  The slurry was 

then injected into the bed column and allowed to dry (by heating to 60 °C) with a constant 1.14 

atm (13.8 kPa) pressure applied to the bed by flowing air.  This allowed the formation of a 

meso-crystalline structure able to withstand a 1.7 atm (25 psi) pressure drop per inch, but with 

a lower flow resistance (0.013 atm / 0.2 psi drop vs. 0.09 atm / 1.3 psi drop for pellets), lower 

total void fraction (75±3% vs. 85±3%) and marginally better breakthrough performance 

(possibly due to lower void fraction, and better macro-pore diffusion).  Further comparison and 

analysis is available in the supporting information.  This new bed design for silicas was used for 

all subsequent tests. 

Desorption from TSA and Combined VSA/TSA.  Commercial adsorption processes are 

operated via TSA or PSA/VSA.32  Combined TSA and VSA/PSA are also used in industry. These 

processes are tested in this work to study the feasibility of producing desorption products with 

over 90% CO2 concentration that is suitable for permanent storage.  

Desorption gas concentrations were measured using a mass spectrometer (Vacuum 

Technology, Inc. Magnetic Sector MS50) and compared to standards of known CO2/air 

concentrations.  All measurements were taken on a dry basis.  Temperature swing desorption 

was done by heating a saturated bed (dry conditions for zeolites and RH of 80% for amine) with 
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one end closed and sampling the evolved gas while the temperature was rapidly increased 

(~500 °C/min) from room temperature.   

For combined vacuum and temperature swing adsorption, the saturated breakthrough bed 

was used.  Connection to a pressure gauge and valves caused an additional 25% increase in void 

space, which decreased the CO2 concentration of the desorption products.  Thus, the results 

reported here represent lower limits.  Vacuum swing or a quick vacuum degas was done first.  

In the first step, each bed was evacuated to 0.01 atm absolute pressure (while sampling) in 

order to clear voids and remove adsorbed nitrogen.  Vacuum was then stopped and the 

previous TSA process was performed, except the gas was not sampled until the pressure was 

over 1 atm and the temperature needed varied from 80-260 °C for tested adsorbents.  In both 

steps, the feed end of the bed was closed during degassing and TSA heating desorption.  An 

optional third degas step was added, where the vacuum was resumed until 0.01 atm and the 

temperature was held constant.  The vacuumed gas at this step could be used as well. I want to 

emphasize that it is impossible to tell which parameters will be ideal.  Adjustments to 

temperature and vacuum rates, as well as the times which step two and/or step three are 

operated are dependent on the specific economics of the implementation.  Additionally, 

heating done with a hot purge gas will be highly dependent on having a vacuum recovery.  

Results and Discussion 

Pure-Component Isotherms. Pure component equilibrium capacities of sorbents of interest 

are shown in Table 1, Figure 31 and Figure 32.  All others are available in the supporting 

information.  A comparison with previously published data for NaX15, shows that capacities are 

similar to previously published data.  The data for Li-LSX also shows that I are reporting the 

highest capacity for a zeolite at atmospheric conditions published thus far.  The previously 

observed trend for zeolite X holds for low silica type X as well.45  That is, zero loading heat of 

adsorption for cations follows Li&Ca>Na>K.  This is further examined in the supporting 

information.    

The isosteric heats of adsorption of CO2 and N2 for sorbents of interest are also shown in 

Table 1. The other sorbents are presented in the supporting information.  The heats of 

adsorption for CO2 are much higher than that of N2, mainly due to the larger quadrupole 
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moment of CO2, as discussed in the supporting information.  The effect of the cation size, and 

the effect of cation charge, are both manifested in the differences in the heats of adsorption.  

The isosteric heats of adsorption of CO2 at zero loading were predicted using Langmuir (fitted 

from 0 - 1.4×10-3 atm), Freundlich and Toth46 isotherms.  They were not predicted using 

extrapolated data since it is clear that the isotherms are non-linear at the lowest adsorption 

pressure recorded.  This means saturation effects are present and must be accounted for (this 

eliminates Henry’s constant fitting as well).  The isosteric heats of adsorption were also 

predicted purely theoretically as described in the supporting information.  Langmuir fitting gave 

the values closest to what would be expected theoretically and are reported in Table 1.  The 

Toth and Freundlich isotherms both fit well over the entire pressure range. The Toth isotherm 

proved a slightly better fit, as found for CO2 on other zeolites46. Fitted parameters are available 

in the supporting information.   

Adsorption Rates.  The adsorption uptake rate is an important parameter that determines 

the fixed-bed adsorption performance.32  For CO2 adsorption on zeolites and carbons, pore 

diffusion is the rate limiting step, and the uptake rate can be conveniently expressed by a 

diffusion time constant (D/R2, where D is pore diffusivity and R is the particle radius).  For CO2 

adsorption on amine-grafted silicas, the uptake rate is limited by a chemical reaction between 

CO2 and the primary amine group(s).8,33  Under dry conditions, one CO2 reacts with two amine 

groups to form a zwitterion carbamate; whereas two CO2  and two H2O react with two amine 

groups to form two bicarbonates under wet conditions.  For practical purposes (i.e., for 

prediction of breakthrough curves and for comparison with other sorbents such as zeolites),  I 

expressed the uptake (reaction) rates of CO2 on amine-grafted silica by a pseudo diffusion time 

constant D/R2.  Experimentally, the values of D/R2 can be determined from the uptake rates 

(i.e., amount adsorbed vs. time upon a step change in gas-phase concentration).  To this end, 

the following diffusion equation is solved: 

                                          (3) 

                                                   (4)      
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Where r denotes the radial distance from the center of the spherical particle and C is the 

concentration at radial distance r and time t.  The diffusion equation is solved for a step change 

in the surface concentration (at r = R), and the short time approximation for < 0.3 is 

given by: 

                                                         (5) 

Where and represent the total adsorbed amounts of CO2 at time t and at equilibrium, 

respectively.51 

The diffusion time constants were determined for CO2 on all sorbents from uptake rates by 

using either the Micromeritics sorptometer (for zeolites, carbons and dry amine-grafted SBA-

15) or TGA (for amine-grafted silica, both dry and wet conditions).  They are shown in Table 1 

and in Figure 33.  This is the first time the diffusion time constant is published for amine at 

atmospheric concentrations of CO2.  It is seen that the uptake rates are significantly higher on 

zeolites than amine-grafted SBA-15, approximately 2 orders of magnitude higher.  For amine-

grafted SBA-15, the uptake rates are lower under wet conditions than dry conditions.  The 

values of the diffusion time constants for LSX zeolites were typical of diffusion of CO2 in type X 

zeolites15.  Additionally, the results for LSX followed the trend previously observed for zeolite 

Y49.   

CO2/N2 Selectivity.  The selectivity ratio for actual performance conditions (the result of CO2 

adsorption divided by N2 adsorption from Table 2) shows that single step temperature swing 

adsorption will not produce high purity (>90%) CO2 for zeolites (since high amounts of N2 would 

adsorb, and bed dilution would occur).   For amines, single step TSA could be possible, if 

sufficient CO2 adsorption occurred (>1 mmol/g). Many variations of these adsorbents are 

known that could meet this challenge.9-13 It should be noted that these selectivity ratios were 

based on pure-component isotherms for N2.  Under mixed gases, both gases will compete and 

adsorb less, but the component that adsorbs more strongly (i.e., CO2) will be favored.  

Additionally, the binder could be modified to adsorb CO2 and not only N2 using a novel alkaline 

treatment.51  

Fixed-Bed Breakthrough Curves.  Based on the information from the isotherms, the zeolite 

sorbent with the highest CO2 capacity (Li-LSX), and the highest CO2/N2 selectivity (K-LSX) were 
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selected for breakthrough experiments.  Additionally, the widely used commercial zeolite NaX 

was selected for comparison.  Breakthrough performance was also studied for the amine-

grafted silica, SBA-15.  Feed gas-hourly space velocities (GHSV) at > 1000 hr-1 were used for all 

sorbent beds.  The results for dry conditions are summarized in Figure 34.   These were 

compared with previously published results for NaX15 and found to match closely.  No published 

data for zeolite LSX or dry amine conditions is available at this time for comparison.  

The sharpness of the fixed-bed breakthrough curves is determined by the adsorption rates, 

or, D/R2; high D/R2 yields sharp breakthrough while low D/R2 leads to dispersed breakthrough.32  

This is clearly seen in Figure 34. All three zeolites showed sharp breakthrough curves due to 

their large D/R2, while a highly dispersed breakthrough curve for amine-grafted SBA-15 led to 

premature CO2 breakthrough.  Much lower GHSVs are needed for the amine-grafted SBA-15 

bed to yield clean breakthrough curves (1500 hr-1 for amine grafted SBA-15 vs. 63000 hr-1 for 

LiLSX).  

The dependence of the breakthrough capacity on the feed space velocity is demonstrated in 

Figure 34, for dry air on Li-LSX.  As the feed space velocity was increased to very high values, the 

CO2 capacity remained and sharp breakthrough curves were preserved.  At all GHSV tested, the 

bed capacity at the breakthrough point was approximately 0.82 mmol/g (Figure 34), compared 

to the pure-component capacity of 1.34 mmol/g (Table 1).  The pure-component capacity was 

measured on a powder while the bed breakthrough capacity was measured on pellets that 

contained approximately 15% binder with no CO2 capacity. This comparison shows rather 

effective use of the Li-LSX in a fixed bed adsorber.   The drop in the capacity for CO2 compared 

with the pure component isotherm capacity was also due to competing adsorption with 

nitrogen.  Table 2 shows the adsorption capacity for the breakthrough experiment with 

ambient air feed, for both wet and dry conditions.  

For amine-grafted silica, the performance during breakthrough tests was poor, taking 

significantly longer to saturate than zeolites under dry conditions, and also being significantly 

slower still under wet conditions (shown in (dry conditions) Figure 34 and Figure 35 (wet 

conditions)).  As shown below, the desorption half-cycle requires only minutes to complete.  

Thus, for a commercial duel-bed, tandem-operation for cyclic processes, the cycle time is 
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determined by the (longer) adsorption breakthrough time.  The size of the bed depends directly 

on the sorbent productivity (i.e., kg CO2 produced per kg sorbent per hour) which depends on 

both the equilibrium adsorbed amount and the uptake rate.32 The results above illustrate that 

the uptake rate (e.g., as expressed by D/R2) is as important as the equilibrium adsorbed amount 

in determining the cyclic process performance.   

Moisture Effect. In dry conditions the zeolites performed exceptionally well, but with water 

almost all adsorption capacity was lost (96%) at a relative humidity (RH) of 80%.  This has been 

observed previously on other zeolites21 and also for N2 uptake on LSX.14  Total CO2 adsorption 

was negligible when measured by breakthrough and gravimetric methods (shown in Table 2 

and Figure 35).  Regeneration of the beds after complete water saturation was studied for Li-

LSX and K-LSX.  I found that dry air (dried using a potassium substituted zeolite type A 

adsorbent (3A)) operating capacity could be reached with a regeneration temperature of 400 °C 

for Li-LSX and 320 °C for K-LSX while using a dry air purge.  

Desorption CO2 Product Purity.  As mentioned, temperature-swing and pressure/vacuum-

swing adsorption processes are used commercially in large scales.  For TSA, many modes of 

operations are being used, usually involving the use of a purge gas.32 Most recently, it was 

proposed to use steam purge for desorption for power plant CCS.52 In this work, it is intended 

to demonstrate the feasibility of concentrating CO2 in the desorption product to over 90% 

purity.  Thus, a simple TSA and a simple combined TSA/VSA cycle was adopted while no purge 

was used, previously considered for flue gas applications.41  In TSA, the bed temperature was 

quickly raised (within two minutes) to various values (as high as 280oC).  In TSA/VSA, the feed 

end of the bed was closed.  Then the pressure was decreased until 0.01atm (to degas the voids) 

and the TSA process was done at 240 °C for LiLSX, 180 °C for KLSX and 80 °C for amine grafted 

SBA-15.  An optional vacuum step while the bed was still heated was tested as well.  These 

temperatures were chosen in order to release 50% of the adsorbed CO2 at 1 atm.    

Optimization would be an economic consideration, especially since it was found that the high 

purity concentration remained under lower temperatures, but the pressure did not exceed 1 

atm.  The concentration of CO2 in the effluent gas was monitored by a mass spectrometer.   
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Three sorbents were used in the desorption study: Li-LSX, K-LSX and amine-grafted SBA-15.  

By simple TSA, none of these sorbents could produce a desorption product that could reach 

90% CO2 concentration (as discussed earlier, amines have the potential to do this with higher 

amine loadings).  Li-LSX, as expected, showed the best result for TSA.  The highest purity was 

obtained for Li-LSX - 63% at 280 °C, for K-LSX - 56% at 220 °C and for Amine-grafted SBA-15 - 

18% at 120 °C for RH 80% and 9% at 120 °C for dry conditions. Measurements were done with 

and without a purge gas (dry air) where the purge flow was 10 mL/min, however maximum 

concentration did not decrease and the effect of the purge on the desorption concentration can 

be seen in the supporting information (SI)Figure 314, which also shows the entire desorption 

temperature and concentration profile.  Process diagrams and steps are also shown in the 

supporting information. 

For the combined TVSA cycle, concentration of the captured gas started at the minimum (93% 

for Li-LSX, 94% for K-LSX and 98% for Amine-grafted SBA-15) and gradually rose to 99% purity.  

This process is shown in Figure 36 for the desorption half-cycle in the TVSA process for Li-LSX 

(using optional desorption step 3).   Final purities for these cycles are shown in Figure 37.  

Fractional removal of CO2 (i.e. not using a final evacuation step) will cause an increase in exit 

concentration of CO2 during the adsorption process.  This can be approximated by the 

observation that time required to saturate the bed remained nearly constant, no matter the 

amount of CO2 removed.  This is shown more clearly in the supporting information.  Process 

diagrams are also shown in the supporting information for clarity. 

It is interesting to note that during TSA cycles, I found that a cooling time was not required for 

zeolites as the air passed during adsorption cooled the bed more rapidly than it saturated with 

CO2.  This is a key consideration for TSA implementation since it is often the time limiting step 

during any TSA process47 and increases bed utilization dramatically.  Additionally, I provide a 

basic energy analysis for this process in the supporting information, and note that with green 

electricity this would be a carbon negative process. 

Acknowledgement. I would like to extend our thanks to Praxair, Inc. for providing the Li-LSX 

pellets and K/Na-LSX powder. 
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  Li-LSX Na-LSX K-LSX Ca-LSX NaX NaY CaY 

Amine-
grafted 
SBA-15 

CO2 Capacity 395ppm 
(mmol/g) 1.34 0.87 0.67 0.76 0.41 0.08 0.14 0.14 

N2 Capacity 0.8atm  
(mmol/g) 0.84 0.36 0.22 0.94 0.28 0.24 0.22 0.042 

CO2 heat of 
adsorption 395ppm (-
kJ/mol) 51 45 43 39 40 30 46 65 

CO2 heat of 
adsorption zero 
loading (-kJ/mol) 63 55 48 60 56 45 47 65 

N2 heat of adsorption 
0.8 atm       (-kJ/mol) 22 15 12 25 14 13 21 20 

D/R2 Dry (1x10-2/s) 2.2 N/A 1.6 N/A 2.4 N/A N/A 0.043 

D/R2 Wet (1x10-2/s) N/A N/A N/A N/A N/A N/A N/A 0.014 

Table 1.  Table showing isotherm values (pure component) for measured materials and diffusion 
time constants (D/R2) for CO2 in powders (units of s-1) at 25 oC.  RH of 0% for dry and 80% for 
wet for promising adsorbents .  (Wet adsorption was done using a gravimetric technique. Dry 
adsorption was done using a gravimetric technique and a sorptometer). On zeolites adsorption 
was too fast to use a gravimetric technique and not possible with the sorptometer. Error for 
heat of adsorption at 395ppm is ±2kJ/mol, for zero loading it is ±4kJ/mol. 
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  Li-LSX K-LSX NaX 

Amine-
grafted 
SBA-15 

CO2 Capacity 395ppm 
in air  (mmol/g) 0.82 0.25 0.32 0.09 

CO2 Capacity 395ppm 
in wet air  (mmol/g) 0.01 0.03 0 0.13 

N2 Capacity 0.8atm  
(mmol/g) 0.85 0.24 0.30 0.042 

Table 2.  Table showing measured capacities for pellets of the corresponding material (using 
15% binder for zeolites).  
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Figure 31.  Low pressure pure component CO2 isotherms at 25oC on representative adsorbents 
studied.  Zeolites have the largest capacity at 400ppm and amine-grafted SBA-15 has the 
highest heat of adsorption.  
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Figure 32.  Pure component N2 isotherms at 25oC on representative adsorbents.  Zeolites have 
the largest capacity and amine-grafted silica the lowest.   
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Figure 33.  Adsorption rates for zeolites Li-LSX, K-LSX, NaX and Amine-grafted SBA-15 under dry 
conditions using pure CO2, upon a step change in CO2 pressure from 6.5×10-6 atm to 4.6×10-5 
atm (or, 0.005 Torr to 0.035 Torr), at 25 oC. The gas was dosed at 0.2 s. 
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Figure 34.  CO2 breakthrough curves for ambient air feed with 395 ppm CO2, at 1atm, 25ºC and 
RH 0.0% for gas-hourly space velocities above 5000 1/h. (CO2 capacity at the breakthrough 
point for Li-LSX was 0.82 mmol/g  for all space velocities) 
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Figure 35.  CO2 breakthrough curves for ambient air with 395 ppm CO2, at 1 atm, 25 ºC and RH 
80%. 
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Figure 36.  Desorption half-cycle for the combined temperature and vacuum swing process on Li-
LSX.  The bed was degassed to 0.01 atm and isolated.  Then the bed was heated to 80 °C and 
allowed to vent when the pressure exceeded 1 atm.  Degassing was reinitiated when the 
pressure dropped below 1 atm.    



91 
 

 

Figure 37. Desorption purity for CO2 on a dry basis from the three most promising 
adsorbents/absorbents for single step TSA and a combined VSA/TSA process. Relative to the 
DOE target of 90% purity. 1  For TSA, the bed temperature was raised quickly from 25 oC to 280 
oC (for Li-LSX), 180 oC (for K-LSX) and 120 oC (for Amine-grafted SBA-15).  For combined VSA/TSA, 
the bed was degassed from 1 atm to 0.01 atm then isolated and the temperature was increased 
from 25 oC to 240 oC (for Li-LSX), 220 oC (for K-LSX) and 120 oC (for Amine-grafted SBA-15).  The 
value shown is the lowest concentration obtained during this procedure, during the CO2 
recovery stage.   
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Chapter 5: CO2 Capture from Atmosphere and Flue Gas Using Fixed Beds of Amine 

Grafted SBA15 and High Silica Type X Zeolite 

Introduction 

Atmospheric carbon dioxide capture and mitigation is gaining traction as a new last approach 

towards global carbon dioxide mitigation and also as a carbon source for renewable fuel 

production.1 Additionally, transportation has been long targeted as a major source of carbon 

dioxide emissions. Recently Sherman et al. 2 and also Zeman et al.3 proposed that instead of 

increasing the carbon load during production of fuel efficient vehicles that atmospheric capture 

could pose as a less intrusive method and potentially more efficient/less costly. This issue has 

been addressed with possible technologies such as hydroxide solution scrubbing4,5 and amine 

based solid adsorbents.6,7,8 Hydroxide solution scrubbing inherently operates best in high 

moisture environments where the loss of water is minimal. However, there is a shortage of land 

if this is to be the only method removing even a tenth of the CO2 produced by transportation. 

This leaves room for amines, which function well in moderate humidity areas and zeolites 

which function better in low humidity areas. 9 

In an effort to address this idea we analyzed a series of commercially available adsorbents and 

evaluated their performance based on adsorption breakthrough curves and desorption carbon 

dioxide concentrations. Additionally, we optimized complete adsorption cycles for zeolites of 

interest and measured all known parameters that would have an impact on adsorption cycle 

performance. Our interest now focuses on modeling the previous results with a much wider 

variety of parameters.  

Others have addressed the modeling aspect for flue gas capture using amines10,11,12 and flue gas 

capture using zeolites.13,14,15 The novelty here is the combination with atmospheric carbon 

dioxide removal primarily with amines, which have only recently been modeled by Kulkarni and 
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Sholl.a Zeolites for atmospheric removal are well studied and the traditional models fit 

well.16,17,18 These will be used as the basis for our atmospheric breakthrough modeling.  

Breakthrough data was analyzed from our previous article9 and new data was taken to evaluate 

the performance of the adsorbents in flue gas conditions. This provides a reference for the 

data/models to be evaluated against and also serves to strike a very distinct difference between 

the two problems. Additionally the modeling will raise a discrepancy between wet and dry 

conditions which will call into question a capacity difference between the two. Previously 

Huang et al as well as others found that moisture doubled the capacity of carbon dioxide 

adsorption on amine systems. This finding has been reported on some amine systems and not 

reported on others. Contradictions have been presented by Sayari and coworkers, Song and 

coworkers and Jones and coworkers who report a 0, 10 and 20 wt% increase in carbon dioxide 

storage capacity under wet conditions. Our work here presents the issue as a question of rates 

of adsorption and equilibration times used by the different groups which were limited by their 

measurement method. 

Methods 

Ion exchanged zeolites.  Ion exchange was performed according to Hutson et al. 19 250 mg of 

Na-LSX or was added to 50 mL water and heated with stirring.  2 mmol of Li hydroxide was 

added, followed by 5 mol of Li chloride.  The solution was heated to 90 °C and stirred for 2 

hours, then decanted.  This was repeated 8 times.  The solution was rinsed with DI water and 

decanted 5 times to ensure removal of the chloride solution.  Surface area was compared to the 

starting material to test for retained crystalline structure.  XRD patterns of prepared LSX 

zeolites are presented in the supporting information, also showing retained crystallinity.  

SBA-15.  Meoporous silica SBA-15 was prepared using the procedure reported by Zhao et al. 20  

Four grams of Pluronic 123 was added to 144 mL of 1.7 M HCl at 40 °C and stirred until 

dissolved.  8 g of TEOS was then added and stirred for 2h.  The sample was filtered then 

calcined at 385 °C for 4h or was extracted with 60 mL of ethanol (99.5%) and refluxed at 78 °C 

for 8 h. This extraction was repeated twice to remove the template. 

SBA-15 grafted with low loadings of amine.  SBA-15 was grafted with low amounts of 3-

aminopropyltrimethoxysilane to ensure no pore blocking and accurate maximum rate 
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determination.6  A procedure similar to Hicks et al.21 was followed. 400 mg of SBA-15 was 

dissolved in 20 mL of anhydrous toluene while stirring and placed under nitrogen protection.  

5mL of 3-aminopropyltrimethoxysilane was then added to the solution.  The solution was 

stirred for 12 hours, then filtered and washed repeatedly with toluene.  For high loadings the 

solution was refluxed for 12 hours at 80 °C. The sample was then dried under vacuum at 60 °C. 

A yield of 1 mmol/g amine loading was achieved, determined through weight loss analysis 

during decomposition on a thermogravimetric analyzer (TGA). Prepared by Lifeng Wang. 

Pelletization. Pellets were formed for all samples by using compaction at 20MPa.22 These discs 

were then crushed and sieved through a 30x50 mesh until sufficient material had been 

obtained. 

Sample Preparation.  Degas conditions were 400 °C for LiLSX and 120 °C for amine-grafted SBA-

15. Samples were evacuated until a final pressure of 1.3×10-8 atm was achieved.  All thermal 

conditions are of both the wall and the bed.   Heating was carefully performed from the interior 

wall.  The extreme importance of heating throughout these experiments is discussed more 

thoroughly in the supporting information. 

Equilibrium Isotherms and Rates of Adsorption. Pure component isotherms and the BET 

surface areas were obtained using a Micromeritics ASAP 2020 sorptometer (which is a Sievert’s 

volumetric technique).  For the CO2 isotherms, pressure ranged from 3×10-6 atm to 1 atm.   

Rates of adsorption were calculated using the same instrument. A pressure step from 6.5×10 -6 

atm to 4.6×10-5 atm (or, 0.005 Torr to 0.035 Torr) was selected for atmospheric capture rates.  

A pressure step from 0.08 atm to 0.1 atm was selected for flue gas capture rates.  This 

corresponds to the rate of uptake for only the amine adsorption of CO2 in the amine grafted 

SBA-15 (which was determined by background subtraction with pure SBA-15 and is shown in 

the supporting information).  This was done such that the rates could be compared for the 

same pressure increase step for all sorbents. Additionally this pressure step was shown to have 

good agreement with the TGA analysis described below.  It was noted that as loading increased, 

the rate of adsorption for amines slowed slightly (~10%). Further discussion of the rate 

measurement procedure is available in the supporting information. 
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Thermogravimetric Analysis (TGA). Total equilibrium adsorption amounts as well as adsorption 

rates were measured using a Shimadzu TGA-50 analyzer, under dry and wet conditions, for both 

atmospheric air and pure CO2.  The rate of adsorption was taken as a pressure step from 0 to 

4×10-4 atm CO2 at 25 °C or 1 atm CO2 at 85 °C for both wet (R.H. 80%) and dry conditions, using 

a balance of N2.  The rate obtained for dry CO2 for amine grafted SBA-15 at low pressure was 

identical to that obtained using the sorptometer.  We assume that this indicates that this 

method provides accurate rate information under these conditions, as well as wet conditions.  

Time accuracy is approximately 0.01h. Weight accuracy is approximately 0.01wt%. 

Atmospheric Air Fixed-Bed Adsorber Breakthrough Curves. Breakthrough curves were 

measured using a vertical, fixed bed with ambient air feed in a down-flow manner.  The outlet 

CO2 concentration was continually monitored with a Vaisala GMP220 probe.  Additionally there 

was a pressure gauge located at the bed feed and a flow meter controlling the bed feed.  Beds 

were set at 3“ (7.62 cm) in height, and ¼” (0.64 cm) diameter.  Void factions were measured via 

helium displacement (assisted by the Micromeritics 2020) and had total void fractions of 

70±3%.  Beds were contained by using a small piece of quartz wool and a pinch in the glass 

neck, instead of a frit. 

Flue Gas Fixed-Bed Adsorber Breakthrough Curves. Breakthrough curves were measured using 

a vertical, fixed bed with a mixture of N2 and CO2 in a down-flow manner. The concentration 

was controlled using two flow meters in parallel and the pressure was carefully controlled from 

the cylinder using two regulators in series.  The outlet CO2 concentration was continually 

monitored with a Vaisala GMT221 probe.  Additionally there was a pressure gauge located at 

the bed feed and a flow meter controlling the bed feed.  Beds were set at 3“ (7.62 cm) in 

height, and ¼” (0.64 cm) diameter.  Void factions were assumed based on spherical bead 

packing.  Beds were contained by using a small piece of quartz wool. Data from Lifeng Wang. 

Modeling. Mathematical models were used from previous sources for the breakthrough 

performance of the adsorbents tested. For atmospheric conditions we assume the bed is 

isothermal. This is supported by the fact that the air flow rates in the system and thus heat 

capacity of the air itself, is more than 100 times the heating effects from the adsorption of the 

minute amount of carbon dioxide present. This isothermal assumption allows us to use purely 
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mathematical methods in order to determine the breakthrough performance and in turn derive 

performance equations for each of the parameters. We also assume isothermal performance 

for the flue gas conditions. This was a carefully considered assumption based on the isothermal 

results for 5 °C increases in temperature above room temperature (taken from data obtained 

by Jones and co-workers10). We concluded that the potential increase in temperature would 

not have a significant effect on the breakthrough performance, which we discuss later. Final 

analysis of all the parameters was then done to determine relative importance and applicable 

optimization techniques for the adsorbents. 

Rosen Model. The Rosen model comes from the derivation of surface film diffusion resistance 

followed by intra-particle diffusion resistance.23 The pellets are assumed to be uniform and 

constant in size. This model assumes a linear isotherm, which doesn’t account for self 

sharpening breakthrough curves when the isotherm is of favorable type. The solution of Rosen 

model is given by: 24 

   (1) 

     (2) 

     (3) 

     (4) 

      (5) 

C

C
0

1

2

1 erf

3 U

2 V

1

2
1 5 

5 V









1

2





















































U

2 D
e

 t
L

u












R
p

2

V

3 D
e

 K L

u R
p

2




1 











u
v



D
i

2









2



1















D
e

K

k R
p





97 
 

Where De is the effective diffusivity (cm2/s), Rp is the radius of the crystal (cm), L is the length of 

the bed (cm), ε is the void fraction in the bed (unitless), K is the Henry’s law constant which is 

unit less for the liquid systems and used as a unit less fitting parameter here, u is the gas flow 

velocity (cm/s), v is the gas flow rate (cm3/s) and k is the mass transfer coefficient (cm/s). The 

Rosen model was implemented in Excel. 

The breakthrough capacity was taken from an average of the curves measured. The length of 

the bed was measured, as was the radius of the crystal (using TEM and XRD observation). The 

crystal diffusion was assumed to be the rate limiting step since the fit was significantly more 

accurate than the pore diffusion limitation assumption. This can be assumed since the diffusion 

resistance of gas inside the micron sized pores of the pellet would be significantly less than 

diffusion resistance of liquid as Rosen studied. The gas is most likely able to flow through the 

large channel pellet as part of the flow pathway through the bed, thus little diffusion resistance 

would be present. The effective diffusivity was taken from measurements on the sorptometer. 

The void fraction was calculated from the total bed voids without the measured inter-crystal 

voids, or assumed to be the same based on spherical packing. The mass transfer coefficient 

used CO2 in air was 0.016 m/s.25 

Thomas Model. The Thomas model is based on the assumption of a Langmuir isotherm, which 

accounts for the self sharpening nature of the isotherm, but this effect is primarily disregarded 

due to the assumption of a rate constant associated with adsorption.26 This is particularly well 

suited to the adsorption of CO2 on amine adsorbents due to the chemical reaction that takes 

place during adsorption. Diffusion effects are also accounted for in the case that this influences 

the kinetics. The solution to the Thomas model is given by: 27 
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       (9) 

      (10) 

Where I0 is the modified Bessel function of the zeroeth order, k1 and k2 are kinetic constants 

with units cm3/(mmol*s) and 1/s respectively, a is sample capacity (mol/g), V is the volumetric 

flow rate (cm3/s), m is the void volume of the sample per unit mass (cm3/g), x is the mass of the 

sample (g), y is given by V*t-m*x, and t is time (s). The Thomas model was implemented in 

MathCad. 

Hybridization of the models was done empirically through multiplication of the results. This was 

necessary for amine grafted adsorbents when it was apparent that two adsorption mechanisms 

were occurring simultaneously to give the full capacity of the adsorbent. The overall model 

would be explained by saying that the fraction of CO2 that is not captured by one mechanism is 

captured at the same rate by the other (this assumes a linear isotherm which we have already 

assumed). 

Dual Adsorption Mechanism. Two mechanisms for adsorption of carbon dioxide on amines 

have been proposed.28 The first is the zwitterion mechanism as follows: 

R-NH2 + CO2 -> R-NH-COOH    (11) 

R-NH-COOH + R-NH2 -> R-NH-COO- + R-NH3
+  (12) 

The second mechanism is the base catalyzed mechanism as follows: 

R-NH2 + H2O + CO2 -> R-N(+)H3-CO3H(-)   (13) 

While both mechanisms have been studied for aqueous amine solutions, little work has been 

done on amine grafted systems. The differences would primarily express themselves as the 

interaction between amines which are now immobilized, and formation of carbonate which 

now must remain on the surface of the silica, rather than being stabilized in solution.  

Results  

The isotherms, volumetric rates of adsorption and TGA rates of adsorption are given in the 

supporting information and previously explained. The breakthrough curves for atmospheric 

capture are shown in Figure . In this figure, we show the results for LiLSX at dry conditions 

under varying flow rates. The breakthrough curves appear to sharpen as the flow rate increases 
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and all exhibit relatively sharp curves, taking less than one tenth of the saturation time and 

accounting for less than one twentieth of break through capacity. This figure also shows the 

break through capacities for low loading amine grafted SBA15. These curves show the 

adsorption capacity of amines is mostly during the breakthrough (at similar flow rates) and thus 

the breakthrough capacity is relatively very low. At lower flow rates the breakthrough begins to 

sharpen, but not to that of LiLSX. It is also shown here that the capacity for amines is higher in 

wet conditions. 

In Figure 39, the Rosen model is plotted for LiLSX at the conditions measured. The 

breakthrough capacity is taken from an average of the curves measured. The length of the bed 

was measured (3”), as was the radius of the crystal (2 micron). The effective diffusivity was 

taken from measurements on the sorptometer (1.3*10-8 cm2/s). The void fraction was 

calculated from the total bed voids (0.7) without the intra-crystal voids (0.25). The mass 

transfer coefficient was taken from Perry’s for CO2 in air (0.016 m/s).25 The Rosen model was 

able to predict the concentration and time of the breakthrough to within 10%, which is within 

the error of the breakthrough curves. This demonstrates the accuracy of the model and verifies 

the assumptions made. While there are more complex methods to model the breakthrough 

capacity, this model works well due to the isothermal conditions and close fitting of the 

isotherm to Henry’s law. 

The Rosen model was also applied to low loading amine grafted SBA15 at atmospheric 

conditions and shown in Figure 40. The same parameters were used except the effective 

diffusivity (8*10-11 cm2/s) and the radius of the crystal (4 micron). The model was not able to 

accurately predict the breakthrough curves to greater than 30% of their value. This suggests 

that while the model expected much sharper breakthrough curves, a mechanism other than 

diffusion is most likely slowing adsorption. In this case we know that amines react in two 

pathways as stated earlier. The indication here is that those reactions are slower than the rate 

of diffusion. For this reason, the Thomas model was chosen and tested. The capacities were 

matched to the equilibrium measurements, with the ratio of the reaction coefficients (k1/k2) set 

to the breakthrough capacity. Then the reaction constants were fit to the breakthrough curves 

providing only one extra degree of freedom over the Rosen model. The results show a 
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significantly more accurate fit, potentially due to the extra fitting parameter, but more likely 

due to the accurate accounting of the rate of reaction. When we examine the reaction rates 

that were fit to this curve, we can observe that k2 at 0.024 1/s fits the inverse of the adsorption 

halftime measured on the sorptometer. Essentially we can solve the Thomas model using only 

the same fitting parameters as used for the Rosen model, all of which are measured 

independently, except the breakthrough capacity. 

In Figure 41, the breakthrough curves for LSX and amine grafted SBA15 are presented. In dry 

conditions LSX preserves about 85% of its isothermal equilibrium capacity and amine grafted 

SBA15 only 35%. In wet conditions the capacity of amine grafted SBA15 rose to 60% of 

equilibrium capacity. It is also noted that the increase in capacity came at a much slower rate as 

identified by spreading of breakthrough curve. Additionally this curve is not symmetrical.  

For the LSX curves, the Rosen model was fit as explained earlier with a crystal size of 2 micron, 

effective diffusivity of 1.3*10-8 cm2/s, bed voids of 0.35 and mass transfer coefficient of 0.016 

m/s. This is shown in Figure 42. The model again fits within 10% of the measurement; however 

there are two interesting phenomena that the model is most likely not taking into account. The 

first is the self sharpening of the bed due to the very favorable adsorption isotherm of this 

material. This causes the initial part of the breakthrough to sharpen with increasing bed length 

and which is ignored by the model (the assumption of a linear isotherm). The second is the tail 

end of the breakthrough curve. While typically this is not as important to model accurately, 

typically process cycle ending once breakthrough starts, some work has been done by Jones 

and co-workers10 detailing the significance of the non-isothermal state of the bed and the role 

it has in explaining this tail. Unfortunately, the measurements here are not of the accuracy 

necessary to fit parameters and the bed temperature was not measured. Their model was 

shown to accurately account for this effect in their systems during adiabatic adsorption and 

could explain the observation here. 

43 shows the results for the Rosen and Thomas model for the amine system in flue gas 

conditions. With high loading amine SBA15 under wet conditions we see the breakdown of 

both models with the lack of accurate prediction of this breakthrough curve. Due to the 

indications that the sorptometer could provide accurate information for the k2 reaction 
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constant, we measured this and found a k2 of 0.42 1/s. Using the TGA we measured the 

adsorption rate for a moisture saturated (at 80% R.H.) sample and found a k2 of 0.024 1/s. Using 

these values and the others previously determined, we were able to fit the models only to the 

breakthrough capacity. We show that both models fit within 30% of the breakthrough curve for 

all conditions, with the Rosen model more accurate for the dry conditions and the Thomas 

model more accurate for the wet conditions. Again the Rosen model does not accurately fit the 

tail of the breakthrough curve however the explanation may lie in the dissection of the dual 

reaction pathways for adsorption.  

For the amine sample in wet conditions we find that the capacity is increased and that this 

increase in capacity more closely fits a model that takes into account rates of reaction. If we 

assume that this means the adsorption pathway that includes moisture is slower than the 

pathway for two amines, we can find that the amine in wet conditions is most accurately 

modeled by the combination of the Thomas and the Rosen model. The Rosen model was fitted 

to predict the dry breakthrough capacity and the Thomas model to encompass the entire 

capacity. By multiplication of the two normalized breakthrough concentrations we can 

construct a dual site breakthrough curve. This is demonstrated in the third graph of Figure . The 

slower rate of adsorption for the water-amine reaction can also explain the results obtained for 

the low loaded amine. Since the loading of amine is very low, the most likely method of 

adsorption even in dry conditions is through the base catalyzed pathway with this interaction 

facilitated by the surface silanol groups. This would lead to no observable difference between 

the adsorption rates of wet and dry conditions and matches our findings.  

Additional evidence to support this theory comes from the measured rates of adsorption using 

the TGA and sorptometer. In dry conditions on both instruments the adsorption is very rapid 

and plateaus within a couple minutes but at roughly ½ of the capacity of wet conditions for the 

same time. This is shown clearly in Figure  for the TGA measurement. Over the course of 4 

hours, additional adsorption leads to full equilibrium capacity. If this sample is then exposed to 

moisture, the weight gain is consistent with the water capacity of the silica support. If both 

carbon dioxide and water are exposed to the sample at the same time, even at the same flow 

rate adsorption is slowed, however the adsorption capacity at 10 minutes is almost double that 
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of dry carbon dioxide and approximately equal to that of dry carbon dioxide after 4 hours of 

adsorption. 

The rate of adsorption in the TGA in the presence of moisture exactly mirrors the breakthrough 

results of the wet breakthrough performance. Both are slow leading to longer adsorption times 

and more exaggerated breakthrough curves. The faster rate for dry CO2 mirrors the dry 

breakthrough performance, which shows rapid adsorption for the first minute which leads to a 

sharp breakthrough curve (the slow rate of adsorption is not distinguishable by our 

breakthrough apparatus). Since the match is the same, we can use the TGA to extract more 

information on the desorption performance of the adsorbents. Figure  shows desorption time 

as a function of saturation time, meaning that we start desorption after exposing the sample to 

the adsorption phase for (2min, 1h, and 12h). What we can see put very simply is fast on means 

fast off.  We expect working capacity of the adsorbent will be most likely dictated by this faster 

adsorption mechanism. Since simple observation shows we can run a cycle with the faster 

mechanism more than 1000 times during a cycle for the slower mechanism. Therefore the first 

adsorption mechanism will dictate total adsorbent performance due faster adsorption and 

faster desorption. The second adsorption mechanism will most likely be parasitic capacity. It 

becomes imperative then that if neighboring amines (the zwitterion mechanism) are 

responsible for the faster rate. We can predict that if we fully utilize all amine capacity by only 

grafting geminal or vicinal amines, we can double the working capacity. 

Further rate desorption information for wet amine systems shows that the desorption rate is 

slower when moisture is present, which matches slower adsorption rates. At this point most of 

the discussion is speculative since we cannot distinguish the adsorbed phase and if left in moist 

helium long enough the sample desorbs all species, contrary to what we found for adsorption 

of moisture in helium which saturated at 4wt%. Neither of these can be explained at this time. 

However for completeness this information is shown in Figure  which shows the desorption rate 

for moist conditions under different total loadings of moist CO2 (we assume CO2 is the 

dominate species). Since the rate does not change with loading amount, we assume that only 

one mechanism is present for adsorption under moist conditions. This mechanism would need 

to result in an adsorbed state that is significantly lower in total energy than in dry conditions, 
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since the rate of adsorption in moist conditions is noticeably slower than in dry. This can also 

show that the moist mechanism and dry mechanism are competing mechanisms. Under wet 

conditions it may be that only the moist mechanism is observed and there is a considerable loss 

in adsorption and desorption rate for amines, versus the well reported dry conditions. Figure  

also shows the special case where CO2 with moisture is momentarily switched to pure CO2 at 

which point the adsorption rate spikes. The gas is then switched back to CO 2 with moisture and 

the adsorption rate slows, again potentially showing competing adsorption. 

Overall we can try to explain previous experiments with these findings. Since we know that 

rates of adsorption may change due to diffusion resistances; we can simply say that we see an 

increase in the rate of adsorption of carbon dioxide with moisture for capacities above half of 

the equilibrium capacity in dry conditions. Thus if one does not wait long enough to saturate 

the adsorbent with pure carbon dioxide, moisture would give the impression of an increase in 

capacity, which may have been what others reported. 

There are three potential issues with these experiments. The first is that we are assuming 

moisture does not leak into the TGA system from the ambient atmosphere. This is carefully 

validated by experiments in the supporting information showing that over the course of 20 

hours, at the same flow rate used here, less than 1wt% water is adsorbed onto zeolite Li-LSX. Li-

LSX is known to have one of the strongest binding energies for water of adsorbents and far 

stronger than amines and silica.  The second assumption is that carbon dioxide binds to amines 

more strongly than moisture. While this has been previously demonstrated, we take the case 

where the adsorbent is exposed to moisture, then to carbon dioxide. As can be seen in Figure , 

the increase in total adsorption due to moisture is a small fraction of total adsorption of CO2. 

For the opposite case, a sample saturated with moisture sees a large increase in total 

adsorption capacity. The third assumption is that for adsorption of moisture in helium, the 

helium mixture contains no carbon dioxide leaked in from the atmosphere. We tested this using 

the Vaisala low partial pressure CO2 probe to measure the CO2 concentration of this stream. We 

found that initial CO2 levels were around 200ppm but quickly reduced to 2ppm over 10 

seconds. Still this may be sufficient to enable the adsorption of moisture for the adsorbent 

which otherwise would not happen, further work on this would be encouraged. 
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Conclusion 

We have now accurately modeled the breakthrough curves for CO2 on amines and zeolites in 

atmospheric conditions and dry low temperature flue gas conditions. The models illuminated 

the difference in adsorption rates for amines in dry conditions and amines in wet conditions. 

This gives rise to the possible explanation that adsorption due to the base catalyzed mechanism 

is slower than through the zwitterion mechanism, and may explain previous discrepancies in 

adsorption rate measurements and total capacity measurements in humid conditions. We have 

also shown favorable desorption of CO2 to occur only for the faster zwitterion mechanism. 

In summary, for the dry conditions (we assume the zwitterion pathway) it would appear that 

the adsorption rate is still very rapid, but not diffusion limited under the most favorable 

conditions. This still supports the observations by Song and co-workers for dry amine based 

systems.29 For the slower rate, it is very evident now that it is a reaction step that is rate 

limiting. The total amount of adsorption due to both steps also correlates with amine loading 

amount. For wet systems improvement is observed in the rate of adsorption but not in total 

capacity. This matches what others have observed ranging from no noticeable increase in 

capacity, to a doubling of capacity if we take into account the time previous experiments 

waited for equilibrium capacity.21,29,30  

Finally, if the need arose to further derive breakthrough data without measuring the actual 

performance, we have found that the Dual Process Langmuir model accurately predicted the 

breakthrough capacity of the adsorbents measured here (this is demonstrated in the supporting 

information). This is detailed by Ritter and co-workers,31 and can be joined with information in 

our previous work to fully solve all breakthrough curves for the adsorbents measured (LiLSX, 

NaLSX, KLSX, CaLSX, NaX, NaY, Amine-SBA15, activated carbon AX-21, activated carbon 

Maxsorb). 
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Figure 38 Breakthrough curves for atmospheric capture, for LiLSX (top) and low loading 

amine grafted SBA-15 (bottom). Conditions were 420ppm CO2 in air dried by passing through 

a 3A bed that had been regenerated at 315°C for 8 hours in flowing air. For wet conditions 

R.H. was then set to 80%. 2.8g of LiLSX was used and 3.2g of amine sorbent was used.  
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Figure 39 Rosen model fit for LSX at dry atmospheric conditions. The model was fit to the 

average breakthrough capacity of the isotherms and all other parameters were found 

through other measurements, not related to the breakthrough curves. Discrepancy between 

3200mL/min and all other flow rates could potentially be caused by the need to use a 

different flow meter in order to obtain the high flow rate. 
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Figure 40 Modeling fit for Amine at atmospheric conditions (Rosen and Thomas). The Rosen 

model was fit to the breakthrough capacity of each measurement separately since they were 

at different conditions (wet vs dry) and had previously known different capacities. The faster 

rates for dry conditions were not observed here, possibly due to the low amine loading content 

and therefore lack of the zwitterion adsorption pathway. It is assumed then that adsorption in 

dry conditions was due to amine interaction with a surface silanol group.   
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Figure 41 Breakthrough curves for flue gas conditions, obtained for K/Na (2:1) LSX and 

Amine grafted SBA15. Conditions were set at 25°C, 13% CO2 and the balance N2. For wet 

conditions R.H. was 80%. 0.55g of LSX was used and 0.3g of Amine grafted SBA15 was used. 

Obtained by Lifeng Wang.  
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Figure 42 Rosen model fit for LSX at dry flue gas conditions. The model was fit to the average 

breakthrough capacity of the isotherms and all other parameters were found through 

independent measurements. 
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Figure 43 Modeling fit for Amine at flue gas. The models were fit to the average breakthrough 

capacity of the isotherms for dry conditions and separately for the wet condition. For the 

Rosen model, all other parameters were found through other measurements, not related to 

the breakthrough curves. For the Thomas model, k1/k2 was fit to the capacity and k1 was 

changed to account for dry vs. wet conditions. Models displayed are for dry condition fits for 

all except the last graph which shows the fit of the Thomas model to wet conditions.  
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Figure 44 Rate of adsorption data for CO2, H2O in He and H2O in CO2 at 1atm. R.H. at 70% at 

20 °C. Time accuracy is approximately 0.01h. Wt% accuracy is approximately 0.01wt%. Low 

moisture ability to retard CO2 adsorption shows that CO2 adsorption is likely reaction limited 

rather than diffusion limited. 
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Figure 45 Adsorption rates for for dry CO2 at 1 atm on a TGA for high capacity amine grafted 

SBA-15. The orange lines show the adsorption rate of amines over time. The black lines show 

the desorption rate from amines as changing with respect to total saturation. Time accuracy 

is approximately 0.01h. Wt% accuracy is approximately 0.01wt%. 
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Figure 46 Adsorption rates for moist CO2 at 1 atm on a TGA for high capacity amine grafted 

SBA-15. The orange lines show the adsorption rate of amines over time. The dashed orange 

line is for H2O in CO2 and the dotted orange lines show the difference when a switch from H2O 

in CO2 to pure CO2 and back was introduced. The black lines show the desorption rate of 

amines as a function of total saturation. Dotted black lines for desorption indicate H2O in He 

and the solid black line is for dry He only. Time accuracy is approximately 0.01h. Wt% 

accuracy is approximately 0.01wt%. Clean sample weight was obtained after long desorption 

times under moist conditions and cannot be explained at this time. 
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Appendix A (Supporting Information for Chapter 1) 

 

 

Figure 47. TEM of 6wt% Pt/AX21 using a Pt precursor addition time greater than 10 min.  
 

 
Figure 48. TEM of 6wt% Pt/AX21 using a Pt precursor addition time greater than 10 min.  
However, even the best samples have large aggregates. 
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Figure 49. TEM of 6wt% Pt/AX21 using a Pt precursor addition time of 5 min.  
Larger nanoparticles are more present. 
 
 

 
Figure 50. TEM of 6wt% Pt/AX21 using a Pt precursor addition time of 5 min.  
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Figure 51. TEM of 6wt% Pt/AX21 using a Pt precursor addition time of 5 min. Even 5-min dosing 
time resulted in some very large aggregates but in a much lower amount than the fastest 
dosing rate.  
 
 

 
Figure 52. TEM of 6wt% Pt/AX21 using a Pt precursor addition time of 1 min. Fast addition of 
the Pt precursor lead to Pt aggregates on most particles and no Pt on others. However, 2-nm 
particles can still be found.  
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Figure 53. TEM of 6wt% Pt/AX21 using a Pt precursor addition time of 1 min. large aggregates 
are everywhere while many carbon particles are without Pt. 
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Figure 54.  Adsorption/desorption isotherms for a bridged-IRMOF-8 sample.  Hysteresis is 
shown that is known to correspond to spillover enhanced adsorbents. Obtained by Lifeng 
Wang. 

  



121 
 

 

Figure 55.  TEM of 6wt% Pt/AX-21 that was not fully passivated before exposure to air.  Particle 
sintering can be clearly seen. 
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Figure 56.  Passivation effect isotherms for 6wt% Pt/AX-21.  () fully passivated and () not 
passivated, clearly showing the loss of storage potential when the sample is not fully 
passivated. Obtained by Lifeng Wang. 

For isotherms obtained by Lifeng Wang, it is demonstrated the same instrument used for 
measurements shows no statistically significant difference between metal doped materials and 
plain materials, but at a time approximately 4 years after these isotherms were obtained. 
Additionally plain materials were shown to measure significantly higher adsorption capacity 
than they are known to have. The cause was determined to be moisture presence in the helium 
source which had been in operation since 2001. The effects of moisture are already known to 
be significant for hydrogen adsorption and could potentially be just as significant for helium 
adsorption.  
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Appendix B (Supporting Information for Chapter 2) 

 

 
Figure 57.  The XPS spectra of graphene. Obtained by Lifeng Wang. 
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Figure 58.  Nitrogen isotherm of graphene at -196 oC. Obtained by Lifeng Wang. 
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Figure 59. The TPD spectra are shown for H2 desorption from AX-21 carbon on three separate 
runs.  Dosing was done with only H2 for 40 min at 25 oC at 1.6 MPa. 
 

Additionally isotherms measured have the same issue as previously discussed, that none of the 
isotherms taken from the instrument in question are statistically significant, however the 
original raw data is not available and cannot be fully analyzed to test for significance.  
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Appendix C (Supporting Information for Chapter 3) 

 

Additionally isotherms measured have the same issue as previously discussed, that none of the 
isotherms taken from the instrument in question are statistically significant, however the 
original raw data is not available and cannot be fully analyzed to test for significance.  
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Appendix D (Supporting Information for Chapter 4) 

Materials and Methods 

Reagents and Material Sources. NaY was obtained from STREM Chemicals. NaX was obtained 

from Sigma Aldrich. NaX pellets were obtained from UOP. Na/K LSX was obtained from Praxair. 

Li-LSX pellets (~1/40” diameter) were obtained from Praxair. Maxsorb was obtained from 

Kansai Coke and Chemicals.  AX-21 was obtained from Anderson Development Co.   LiCl, LiOH, 

NaOH, NaCl, KOH, KCl, CaOH2, Ca(NO3)2  were all obtained from sigma aldrich as reagent grade.   

 Low silica type X zeolite had a silica to alumina ratio of 1, for X this was 1.2 and for Y this 

was 5.1. 

 Atmospheric air was compressed directly from outside to a pressure of 125 psi.  Dry 

grade air obtained from Cryogenic Gases Inc. was used when needed, containing less than 1 

ppm CO2.  Wet air was prepared via a single pass through a water bubbler and was humidified 

to 80% RH. 

 

Instruments. Isothermal adsorption was measured using a Micromeritics ASAP 2020.  Thermo-

gravimetric analysis was done using a Shimadzu TGA-50.  Breakthrough was done using a 

Vaisala GMP 220 with a range setting of 0-1000 ppm, a bed of 3” in length and a pressure gauge 

with a range from 0-45 psia.  Desorption was measured using a Vacuum Technology 

Incorporated Magnetic Sector Mass Spectrometer.  

 

Adsorption Rates Background.  For the rates measured on the Micromeritics ASAP 2020, both 

the frit and trans-seal were removed before measurements.  While this is not critical for 

analysis (as shown in SI Figure 1), it eliminates all doubt as to the rate determination of the 

zeolites, and lowers response time from 2 s to less than 200 ms (limited by the pressure gauge 

response time ~100 ms).  This response was determined to be the same across the pressure 

range 0-0.2 atm. 
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Ion-Exchange of Zeolites.  Ion-exchange for zeolites is the primary method for synthesis of 

single cation zeolites.  The exchange takes place in solution where the starting ions are driven 

out due to higher concentrations of the new species.  This equilibrium data is presented by 

Sherry.SI1 Once the ions are exchanged, they penetrate the structure of the zeolite during 

calcination/water removal.  This occurs at 200 °C for sodium and 300 °C for cesium (most 

difficult cation to exchanged in the D6R cage) SI1 as demonstrated by Norby et al.SI2  XRD spectra 

demonstrating preserved crystalline structure of LSX zeolites is presented in SI Figures 2-4, and 

a short comparison of shifted peaks demonstrating full cation exchange in SI Figure 5.  All 

others were verified using surface area measurements. 

 

Slurry Bed Preparation.  The slurry method for the bed preparation for amine grafted SBA-15 

was tested against the pellet method for breakthrough sharpness.  The results are shown in SI 

Figure 6.  Pressure drop for a flow rate of 5600/h was decreased from 1.3 psi to 0.2 psi.  These 

clearly indicate that not only does the method provide optimal micro-pore exposure; it also 

decreases macro-pore diffusion resistance.   Stability testing was also performed.  The pressure 

was cycled from 1 psi to 24 psi 5 times and held at each pressure for 5 minutes.  A plot of 

pressure vs. space velocity is shown in SI Figure 7 and clearly demonstrates the stability of this 

novel bed at these conditions.  Images were taken of the bed which appears somewhat like 

swiss-cheese macroscopically and like a woven fiberglass bed at 300x magnification (SI Figure 

8). 

 

Isotherm Fitted Parameters.  Shown in SI Table 2 and SI Table 3.  

Freundlich equation32: 
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Toth equation46: 

 

TGA Analysis.  For the determination of CO2 uptake on amines in wet conditions, I refer to 

other work published on the mechanism for adsorption. SI3  Amines are known to adsorb 

through a reaction via two pathways.   In dry conditions this is a single step, primary reaction.  

In wet conditions water adsorption follows second .  In wet conditions, the capacity is only 

doubled when the second pathway is followed.  This leads to adsorption slowing due to a more 

complex route.  Thus, wet conditions must be slower or as fast as dry conditions.  Variance of 

this reaction rate has been found for primary, secondary and tertiary amines.  Here I use only 

unhindered primary amines.  Additionally, the support only affects diffusion resistance which is 

not significant until high amine loading is achieved.SI3        

 

Adsorption/Breakthrough Apparatus.  Shown in SI Figure 9. Heating was observed for 

desorption at a rate of ~500 °C /min.  For bed pretreatment, the heating rate was lowered to 5 

°C /min. The heating wire used was 0.37mm nickel chromium wire (obtained from Omega 

Engineering Inc), wrapped on the inside of the quartz tube, with a spacing of ~3mm. The 

thermocouple was in an isolated jacket, which ran through the radial center of the bed and 

contacted the heating wire in the middle of length of the bed.  Quartz fiberglass was used as 

insulation at the top and bottom of the bed, to ensure isothermal conditions of ±3 °C  

throughout.  If the temperature of the bed is not constant, produced CO2 will be adsorbed in 

the cooler portion of the bed.  This will result in less than expected CO2 production above 1 

atm and increase the need for a final vacuum step. 

 

TVSA Cycle  Shown in SI Figures 10-13 
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Results and Discussion 

Pure Component Isotherms.  Zeolites showed the highest capacity for CO2 and N2 except below 

2x10-4 atm.  For zeolites, the adsorption capacities increased with decreasing cation diameter 

and increasing charge of the cation.  Lower ratios of silica to alumina were shown to increase 

capacities as well.  The cause is the increase in the number of exposed cations.   The number of 

cations exposed for faujasite (i.e., types X and Y zeolites) starts at cation counts of around ~60 

per unit cell (alumina to silica ratio of 4).32  For reference, the zeolite X used in this study had a 

ratio of 1.2 (cation count of 86), the LSX had a ratio of 1.0 (cation count of 96) and the zeolite 

type Y had a ratio of 5.1 (cation count of 56).   There are six cation sites typically populated SI, 

SI’, SII, SII’, SIII and SIII’ (listed in order of increasing cation charge).  Among these cation sites, 

only cations located at sites SII, SIII and SIII’ are exposed (for adsorption, SI, SI’ and SII’ are never 

exposed).  These are the cations with the largest positive charge, which is exponentially 

proportional to heat of adsorption.  Nitrogen and CO2 adsorb based on van der Waals forces, 

induced dipole moments (i.e., interaction between electric field and induced dipole) and 

quadrupole moments (i.e., interaction between field gradient and quadrupole).  However, the 

ratio of the quadrupole interaction energy for nitrogen is only half the total interaction energy, 

while for CO2, it accounts for almost two thirds.32   Equation 1 shows the quadrupole interaction 

energy, 32 and equation 2 shows the induced dipole interaction energy. 32   

       (1) 

Where Q is the linear quadrupole moment of the adsorbate (-1.5 esu for N2 and -4.3 esu for 

CO2), q is the electronic charge of the ion, r is the distance between the centers of the 

interacting pair, θ is the angle between the field and the quadrupole moment and ε0 is hte 

permittivity of a vacuum. 



131 
 

     (2)  

Where α is the polarizability (1.74 x 1024 cm3/molec. for N2 on Na-LSX and 2.91 x 1024 

cm3/molec.  for CO2 on Na-LSX), q is the electronic charge of the ion, r is the distance between 

the centers of the interacting pair and ε0 is the permittivity of a vacuum. 

 From this I can predict that nitrogen binding will increase proportionally more rapidly 

with smaller cations and higher charges than CO2.  This is also what is observed and shown in 

Table 1. Unfortunately, further prediction is complicated by the change in occupied cation sites 

when different cations are used, even for constant Si/Al ratios. The heats of adsorption for 

nitrogen were as expected, almost exactly what is predicted near zero loading.  The heats of 

adsorption for CO2 are also close to expected at zero loading but were forced to be fitted using 

a Langmuir isotherm, which contributes significant error (±5 kJ/mol).  At atmospheric 

concentrations of CO2 , saturation effects are already observed, especially for calcium, which 

lowered the heat of adsorption observed at 395ppm substantially (Table 1).   

  Pure silica (SBA-15) was shown to have negligible adsorption capacities for both CO2 and 

nitrogen, being relatively inert and non-polar.  Heats of adsorption were nearly the same for 

both (Table 1).  When grafted with amine, adsorption of CO2 was increased greatly and nitrogen 

was unaffected.  Low-concentration CO2 adsorption was exceptionally high (on a per site basis), 

making this the most selective adsorbent studied even with the low concentrations of amine 

(Table 1, Figure 1 and Figure 2).  Heat of adsorption for CO2 on amine was found to be higher 

than all other tested adsorbents.     

 The two activated carbons had very low adsorption amounts of CO2 over the entire 

isotherm.  The only trend observed was that increasing the surface area directly increased the 

capacity for both CO2 and nitrogen.  However, CO2 selectivity remained extremely low and 

capturing CO2 from the atmosphere would be infeasible.  Only results for the activated carbon 

Maxsorb are shown in SI Table 1. 
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Desorption Product Purity.  The effect of TVSA desorption conditions on the second 

adsorption cycle are shown in SI Figure 14. The full desorption profile for TSA (with and without 

a purge) performed with Li-LSX is shown in SI Figure 15. 

 

Cyclic Energy Balance. A basic ideal energy balance is provided for comparison to other 

technologies.   

For CO2, I assume an ideal gas below 1 atm partial pressure.  An isentropic compressor was 

assumed for the adsorption process.  A polytropic compressor was assumed for degas and for 

CO2 recompression.  A motor efficiency of 0.92 was assumed.  For heating, I assume no heat 

loss to the environment.  I assume a 1” thick bed.  I assume all adsorbed CO2 is captured. 

 

Using data presented for pressure drop vs. space velocity, I assume a 7% pressure drop.  I 

assume an atmospheric concentration of CO2 of 384ppm: 

 4.2 kW*hr/kg CO2 

For air drying, I assume a 3A adsorbent requiring heat to 240 °C, and 20% weight capacity for 

moisture at 7% R.H.: 

   170 W*hr/kg CO2 

For degas: 

 7.8 W*hr/kg CO2 

For heating, I assume only CO2 adsorbed (heat of adsorption and heat capacity) and the bed 

itself need to be accounted for: 

2.1 kW*hr/kg CO2 

For CO2 recompression, I assume all CO2 adsorbed is recompressed from 0.1 atm to 1 atm: 
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130 W*hr/kg CO2 

Total energy requirement: 6.6 kW*hr/kg CO2 
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  Maxsorb SBA15 Amine 

CO2 Capacity 395ppm 
(mmol/g) 0.002 0 0.14 

N2 Capacity 0.8atm  
(mmol/g) 0.55 0.042 0 

CO2 heat of adsorption 
390ppm (-kJ/mol) 5 6 65 

CO2 heat of adsorption 
zero loading (-kJ/mol) 5 6 65 

N2 heat of adsorption 0.8 
atm (-kJ/mol) 15 19 N/A 

Table 3. Table showing isotherm values for measured materials. 

 

Adsorbent Temperature 
Freundlich 
t 

Freundlich 
k Toth a Toth b Toth n 

Amine 
grafted SBA-
15 273 0.963646 0.0013617 0.0017686 0.0010311 0.0652835 

Ca-LSX 273 2.20584 1.58202 0.796543 0.170586 0.375494 

Ca-Y 273 1.83775 0.211026 0.106017 0.135995 0.315187 

K-LSX 273 1.06512 0.0178343 0.0137277 0.001109 0.69498 

Li-LSX 273 1.55781 0.0884891 0.0253487 0.0128294 0.69069 

Na-LSX 273 1.09825 0.0092234 0.0062441 0.0011876 0.746314 

Na-LSX 273 1.09027 0.028438 0.0200653 0.001252 0.741707 

Na-Y 273 1.0753 0.0166507 0.0121977 0.0012747 0.681236 

SBA-15 273 1.02883 0.004475 0.0039745 0.0010376 0.541728 

Li-LSX 298 1.35294 0.171966 0.0586348 0.0029782 0.841225 
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Amine 
grafted SBA-
15 298 0.940261 0.0009034 0.0013769 0.0009919 0.0751448 

Ca-LSX 298 1.9172 0.789013 0.320905 0.0975 0.433382 

Ca-Y 298 1.59169 0.085792 0.0509997 0.112575 0.286511 

K-LSX 298 0.998004 0.0098367 0.0103294 0.0009981 0.464486 

Maxsorb 298 1.15027 0.0351844 0.0216321 0.0102005 0.433382 

Na-LSX 298 1.04657 0.0128082 0.0109464 0.0011385 0.69069 

Na-LSX 298 1.07072 0.014008 0.0105141 0.0011241 0.6996 

NaX 298 1.08254 0.0034817 0.0024738 0.0011241 0.716688 

Na-Y 298 1.0617 0.0102518 0.0086347 0.0066916 0.390044 

SBA-15 298 0.953593 0.0024535 0.0034062 0.0009773 0.0633164 

Li-LSX 373 0.983095 0.0009507 0.0010825 0.001018 0.0836445 

Amine 
grafted SBA-
15 373 0.947639 0.0002661 0.0003849 0.0010376 0.0704375 

Ca-LSX 373 1.29059 0.0483821 0.0431042 0.0825125 0.22321 

Ca-Y 373 1.13385 0.0038015 0.0022954 0.00179 0.746314 

K-LSX 373 1.59917 0.036117 0.0229345 0.125203 0.253647 

Na-LSX 373     0.0059247 0.0033843 0.45056 

Na-Y 373 1.01279 0.002595 0.0024357 0.0012889 0.144955 

SBA-15 373     0.0007348 0.0009454 0.0240902 

  

Table 4. Table showing fitted parameters for pure component N2 isotherms. Some isotherms 
could not converge to parameter fitting and have been excluded. 
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Adsorbent Temperature 
Freundlich 
t 

Freundlich 
k Toth a Toth b Toth n 

Amine 
grafted SBA-
15 273 3.57784 5.42567 2.19117 0.263199 0.396355 

Ca-LSX 273 5.29097 40.0029 34.0775 0.454807 0.569631 

Ca-Y 273 3.11896 6.85425 1.57884 0.176013 0.366828 

K-LSX 273 6.58173 41.6311 43.1337 0.570491 0.681236 

Li-LSX 273 6.67714 10.0477 11.8471 0.630687 0.6636 

Na-LSX 273 4.34296 24.8281 28.3018 0.481352 0.534198 

NaX 273 4.89173 34.4757 19.0165 0.332209 0.548416 

Na-Y 273 3.08275 14.5596 7.67441 0.228096 0.4864 

SBA-15 273 1.18705 0.0880468 0.0905699 0.0644 0.156513 

Amine 
grafted SBA-
15 298 3.36916 3.73853 1.82955 0.284342 0.375465 

AX-21 298 1.31674 0.267544 0.332838 0.11758 0.176404 

Ca-LSX 298 4.43523 27.9845 21.5805 0.396583 0.5056 

Ca-Y 298 2.98177 4.24607 1.72285 0.226653 0.379724 

K-LSX 298 5.39479 6.63213 9.54817 0.637841 0.60102 

Li-LSX 298 5.74564 40.3101 32.8394 0.464038 0.58968 

Maxsorb 298 1.23567 0.230687 0.100043 0.0015437 0.868725 

Na-LSX 298 4.13203 20.0831 27.1856 0.522428 0.495444 

Na-LSX 298 4.08516 19.9272 28.1815 0.535005 0.480816 

NaX 298 3.74992 20.7038 18.5017 0.364952 0.53088 

NaX 298 3.90964 10.8949 9.02479 0.36053 0.530712 

NaX 298 3.73139 9.43088 4.91257 0.260029 0.527395 
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NaX 298 4.55528 12.7579 8.80907 0.371531 0.51516 

NaX 298 4.28563 4.49331 3.36325 0.371531 0.51824 

Na-Y 298 2.65472 9.19613 1.60793 0.0370944 0.751216 

SBA-15 298 1.17306 0.0816044 0.109393 0.0774131 0.141967 

SBA-15 298 1.16601 0.0649399 0.0877103 0.0751216 0.138253 

Amine 
grafted SBA-
15 343 2.31259 0.755191 0.405658 0.203424 0.337559 

Ca-LSX 373 3.06524 8.01795 3.67303 0.230683 0.427392 

Ca-Y 373 2.58965 1.38423 0.704908 0.215006 0.381995 

K-LSX 373 2.71487 6.15061 3.13338 0.203426 0.450558 

Li-LSX 373 2.79516 1.3608 0.697438 0.215006 0.442042 

Na-LSX 373 2.5019 3.09609 1.46504 0.201917 0.366828 

NaX 373 2.43764 2.21776 0.928164 0.169574 0.40448 

Na-Y 373 1.42282 0.360448 0.111317 0.0083115 0.67298 

 

Table 5. Table showing fitted parameters for pure component CO2 isotherms. Some isotherms 
could not converge to parameter fitting and have been excluded. 
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Figure 60: Effect of frit and trans-seal of measurement of rates of adsorption on zeolite Li-LSX. 
*Li-LSX without the frit and the trans-seal was not immersed in a water bath.  However, this still 
clearly shows that the frit and trans-seal do not slow adsorption. 

 

Figure 61. XRD spectra of Li-LSX taken at scan of 1°/min. 
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Figure 62. XRD spectra of Na-LSX taken at scan of 1°/min. 

 

  

Figure 63. XRD spectra of K-LSX taken at scan of 1°/min. 
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Figure 64. XRD spectra comparison of Li-LSX, Na-LSX and K-LSX. 

  

Figure 65. Showing the break-through performance of the novel slurry bed preparation method 
vs. pellets compacted at 200 atm (20 MPa). 
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Figure 66. Showing the stability of the novel slurry bed preparation method for silica. 
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Figure 67. 300x magnification of the slurry bed. 

 



143 
 

M/S

Compressor

3A Bed

Humidifier

Adsorber Bed

CO2 Probe

Heating Coils

Pressure Release 
(1 atm)Vacuum Pump

Pressure 
Gauge

Adsorber Bed Apparatus

-Valves

  

Figure 68. Showing the adsorption and desorption cycle apparatus.  Heating coils were on the 
inside of the adsorber bed as discussed earlier. 
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Figure 69. Step one of the TVSA cycle, showing the adsorption step.  
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Figure 70. Step two of the TVSA cycle, showing the first desorption step. This consists of drawing 
down the pressure in the adsorber bed to 0.01 atm at room temperature. 
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Figure 71. Step three of the TVSA cycle, showing the second desorption step. This consists of 
heating the bed to 160 °C, and waiting for all gas to naturally release at 1 atm. 
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Figure 72. Optional step four of the TVSA cycle, showing the potential third desorption step. This 
consists of keeping the bed at 160 °C, and drawing down the gas to 0.01 atm.  Drawn out gas 

can be recompressed. 
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Figure 73.  Breakthrough curves at GHSV of 7500/h for Li-LSX showing the effect of the optional 
fourth step in the TVSA process. 
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Figure 74: Desorption half-cycle using a single step temperature swing to 240 °C for Li-LSX. 
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