Amine-functionalization of the Nanotitanate ETS-2
Brenden Tanchuk, James A. Sawada, Steven M. Kuznicki*
Department of Chemical and Materials Engineering, University of Alberta, Edmonton, Alberta, T6G 2V4, Canada

*Corresponding author: Email: steve.kuznicki@ualberta.ca; Telephone: 1.780.492.8819; Facsimile: 1.780.492.8958
ABSTRACT
     A series of non-porous, amine-functionalized sodium titanates was prepared and the thermal and adsorptive behaviour of the samples were characterized. Engelhard Titanosilicate 2 (ETS-2) was chosen as a substrate for its high surface area (~ 300 m2/g), native surface hydroxyl concentration, and lack of microporosity; eliminating the risk of fouling the adsorbent under certain process conditions. Aminosilanes containing a single (N1), two (N2), and three (N3) amine groups were chemically grafted to the surface of the substrate and the adsorption capacity for CO2 measured through TG-MS desorption, volumetric adsorption, and gravimetric adsorption/desorption cycling. The N3 sample displayed complete monolayer coverage and was capable of adsorbing five times as much atmospheric CO2 as the N1 sample. Testing under anhydrous conditions only engages the primary amine on the tether and the data consistently suggests a correlation between amine utilization and the proportion of monolayer coverage for these adsorbents.
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INTRODUCTION

     Since the 1990s attention has focused on the increasing emission of carbon dioxide worldwide and on how this is affecting global temperatures and climate. The production of carbon dioxide is increasing at a rate of ~500 million tones per year.1
 Many studies have been carried out that have investigated technological solutions to this issue. One proposed solution which has garnered attention in the past decade is the concept of post combustion capture (PCC) of carbon dioxide combined with sequestration. A PCC system uses a separation process to remove and concentrate carbon dioxide from a flue gas stream. The concentrated carbon dioxide is then compressed and permanently sequestered.
     Despite being a mature technology, liquid amine scrubbers are an imperfect solution for PCC. The cost and complexity of liquid amine systems and the environmental concerns surrounding amine volatilization have driven a materials development effort whose goals have been to replace liquid contractors with packed-bed towers containing dry adsorbents found in temperature swing adsorption (TSA) and pressure swing adsorption (PSA) systems.
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 The work has been directed to maintain the high specificity of the amine functionality toward dilute CO2 in the presence of water vapour while simultaneously taking advantage of the process simplification offered by columns filled with beaded adsorbents.
     Conventional molecular sieves
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 and associated materials such as activated carbons,9,10
 silica gel,11,12
 and activated alumina13,14
 can have appealing CO2 capacity per gram of adsorbent but their sensitivity to water precludes them from being considered for streams containing high levels of humidity. In the case of zeolite molecular sieves, any measurable amount of moisture will progressively poison the sieve over time while amorphous adsorbents such as silica gel and activated alumina are inefficient as, being effective desiccants, favor water over CO2. Conventional activated carbons have a balance of properties which would seem to make them ideal for CO2 capture from air but such materials suffer from capillary condensation when the relative humidity in the stream exceeds about 40-50% RH at which point the pore space floods with water which must be rejected before CO2 can be adsorbed. The implementation hurdles associated with conventional adsorbents have directed efforts toward pairing the chemical specificity and water tolerance of the amine chemistry with a porous, solid support that can be formed into macroscopic particles and packed into a column.

     One avenue of investigation seeks to immobilize the amine by using a solid adsorbent as a vessel to hold an amine fluid.15,16
  Such schemes pair a chemically stable micro or mesoporous solid with an amine fluid matched to the steric considerations and the pore volume of the adsorbent. The adsorptive force within the pores exerted on the amine reduces its vapour pressure compared to the neat liquid. The vapour pressure of the amine, while lower than the bulk liquid, is finite and amine vapour will leach into the regeneration stripping stream. These cyclic losses reduce the capacity of the bed over time and, unlike bulk liquid systems where additional amine may be added to replace losses, a packed bed column cannot be easily replenished to increase capacity.

     Another method for immobilizing the amine is to chemically graft an amine functionality to the surface of a solid. Such schemes eliminate the vapour losses associated with physically adsorbed amines by covalently bonding the organic chain to the surface of the material. Traditional amine fluids such as MEA and DEA lack the chemical functionality to graft them to the surface of a solid and thus surrogate materials have been identified. Trimethoxyaminosilanes have both a chemical function that will interact and bond the substrate and a nitrogen site that is active toward CO2 adsorption. In this work, the species grafted on the surface of the solid will be referred to as a tether and differs in chemical composition from the parent chemical because the methoxy moieties are lost during the condensation reaction.
     Previous work has identified chemically stable, siliceous materials such as SBA-15 and silica gel as substrates for the tethers.


17-21

 Such amorphous metal oxides are well-suited for chemical grafting as, unlike crystalline materials, all of the surface-exposed atoms terminate in hydroxyl groups. This allows a high density of tethers to be exposed along the pore walls. Work has also been done exploring amine functionalization of zeolitic materials including FAU/EMT,22
 ITQ-6,23
 and MFI.24
 To date, all previous materials studied have been porous substrates due to the enhanced surface area and tether loading that comes with such materials. A risk lies with porous materials, however, because pore systems can concentrate non-target gases and vapours. This characteristic makes porous materials prone to process upset when exposed to very high humidity, mist, or a slug of liquid that moves through the system. 

     This work focuses on functionalizing the surface of Engelhard Titanosilicate 2 (ETS-2), a sodium nanotitanate. Engelhard Titanosilicate 2 (ETS-2) first described in a 1989 patent25
 is somewhat misnamed. ETS-2 is a form of sodium titanate which, through the addition of silica to the synthesis hydrogel, forms nanometer sized particles whose surfaces are covered in sodium titanate, an effective ion-exchanger. The small size of these nanotitanate particles gives them a high surface area (~300 m2/g) with no porosity, meaning that these adsorbents will resist fouling conditions capable of deactivating porous materials. The surface of ETS-2 also contains a high concentration of free hydroxyl groups, making ETS-2 an attractive support for aminosilane grafting and the lack of porosity places eliminates restrictions on the size of amine tethers which can be grafted to the surface of the substrate.

     In this study, a series of aminosilanes was grafted to as-synthesized ETS-2. Aminosilanes containing one, two, and three amine groups were grafted to the surface of ETS-2. The thermal stability of the tethers was assessed using TG-MS under both inert and oxidizing atmospheres. The TG-MS data was also used to assess the capacity of the various samples toward trace amounts of CO2 in humid air. The adsorption capacities of the grafted amines were assessed using pure gas CO2 isotherms collected at 30, 50, and 70 °C using a static volumetric adsorption system. Gravimetric adsorption cycling experiments under dry CO2 were carried out to assess each materials approach to cyclic steady state.

EXPERIMENTAL

     The ETS-2 samples used were synthesized hydrothermally using a previously published procedure.25
 1.0 g samples of ETS-2 were combined with 28 mmol of aminosilane in a round bottomed flask. Figure 1 shows a schematic of the grafting reaction. Approximately 75 mL of toluene was added and the mixture was heated under reflux using a heating mantle for six hours. Following this reflux, the samples were filtered and washed with toluene and then washed with deionized water. The samples were then dried in an oven at 80°C before being transferred to tightly capped glass vials.

     Aminosilane reagents were reacted with samples of ETS-2, grafting the organic functions to the substrate using a siloxane bond. The aminosilane molecules used in this study were (3-Aminopropyl)trimethoxysilane (Sigma Aldrich), [3-(2-Aminoethylamino) propyl]trimethoxysilane (Sigma Aldrich), and N 1-(3-Trimethoxysilylpropyl) diethylenetriamine (Sigma Aldrich). These molecules are referred to further as N1, N2, and N3 respectively, in reference to the number of amine groups present in the molecule and the resulting grafted samples are designated N1-ETS-2, N2-ETS-2, and N3-ETS-3 respectively.

TG-MS
     The TG-MS plots were collected using a TA Instruments Q500 TGA coupled to a Pfeiffer Omnistar QMA 200 residual gas analyzer. TG scans were run using a balance purge rate of 40 ml/min N2 and a sample purge rate of 150 mL/min. The sample purge gas was selected from N2 or dry, compressed air depending on the sequence being run. Samples were loaded on platinum pans and heated at a rate of 10 °/min from ambient to 600 °C. 

     The mass spectrometer was configured with a stainless steel capillary heated to 200 °C and connected to the TGA by means of a stainless steel adapter and a ¼” branch T-fitting. The capillary was positioned at the center of the tee close to the furnace exhaust to sample the evolved gases. The exhaust end of the T-fitting was connected to a 6 m length of ¼” OD tubing that prevented back-diffusion of atmospheric components and led to a fume hood exhaust. Experiments were run in MID mode with fragments at m/z= 15, 18, and 44 tracked over time. These fragments were found to be the most diagnostic signals associated with the decomposition of the tethers. To start data collection, the two instruments were manually synchronized and an uncertainty of a few tenths of a degree for the starting temperature can be expected between the TG and MS plots.

Static volumetric adsorption
     CO2 isotherms were collected on a Micromeritics ASAP 2020C surface area and porosity analyzer. Isotherms were collected using the chemisorption function and the sample furnace. Samples (~ 250 mg) were packed into quartz u-tubes containing a 1 cm plug of quartz wool in the bottom. Samples were activated in-situ under a flow of N2 (~ 200 mL/min) using a ramp rate of 10 °/min and were held under flow at 200 °C for 15 minutes. The N2 flow was then stopped and the sample evacuated for 60 minutes at 200 °C. Samples were cooled, under vacuum (0.3 Pa), to their analysis temperature and isotherms were collected in fixed dosing mode with an equilibration delay of 5 seconds. Some replicate experiments were carried and it was found that the adsorption capacities were fully reproducible which suggests that the tethers are entirely stable at 200 °C under hard vacuum.

Adsorption/desorption cycles
     Adsorption/desorption cycles were collected by sequencing a series of activation and adsorption steps. The same TA Instruments Q500 instrumentation was used as for the TG-MS experiments. To achieve equal volumetric flow rates for N2 and CO2 the TG instrument setpoints were determined using an Agilent ADM 1000 volumetric flow meter connected to the exhaust of the furnace. This step was necessary as the TG instruments flow controllers were not calibrated for CO2 and if the same setpoint was used for both gases then the measured flows differed substantially. Careful matching of the flow rates is important because a large difference in flow rate will change the force on the sample pan and an artificial weight change will be registered when the instrument switches from one gas to another. The tuned analysis protocol was tried on a sample of ground quartz wool and it was determined that, after the flow rates were properly matched, the switching event did not cause a measurable deflection in the baseline signal.

     The flow values in brackets correspond to the instrument setpoint values. Samples were equilibrated at 40 °C and then heated at 20 °/min to 150 °C under N2 (40 mL balance purge, 118 mL/min sample purge). An isothermal dwell of 20 min at 150 °C was followed by a cooling step to 70 °C. After an isothermal dwell of 5 min at 70 °C, the sample purge gas was switched to CO2 (200 mL/min) and the sample equilibrated for 20 min. The CO2 was desorbed by switching the sample gas back to N2 and heating the sample to 150 °C under the same conditions as previous. A total of 20 of these sequences was carried out for each sample.
Results and Discussion
Air TG-MS
     To quantify the amount of grafted material on ETS-2, samples were calcined in air to completely remove the organic material from the surface of the nanotitanate. The MS plots were used to indicate the onset of decomposition of the tether which was unique for each adsorbent.
     Figure 2 a) shows the decomposition, in air, of N3-ETS-2. The signal at m/z=15 was used to determine the onset of decomposition because the fragment specific toward the aminosilane decomposition and is unaffected by water or any of the components in air. The obvious spike in the MS plot and corresponding step change in the TG plot is characteristic of a combustion event as neither of these features were evident in subsequent scans under a N2 atmosphere. 

     The quantification of the number of moles of tether per gram of substrate required a number of influences to be taken into account. The TG experiment will only combust the organic fraction of the tether and the silicon atom will be left behind on the substrate. This influences both the calculation of the mass of the tether and the mass of the substrate. Another complication is that the substrate will continue to sinter and evolve water as the temperature is increased and so the total mass loss is a combination of combusted material and water loss from the substrate. 

     To calculate the weight loss due to the combustion of the tether, the onset of combustion was determined for each sample from the TG-MS plots. The onset temperatures and onset weights for the adsorbents were taken at 275 °C for N1-ETS-2, 200 °C for N2-ETS-2, and 190 °C for N3-ETS-2. The total weight loss between the onset temperature and 600 °C was calculated for each sample from their respective TG plots. As mentioned above, the total weight loss is a combination of the removal of the combustible portion of the aminosilane tether as well as water lost from the substrate.
     The weight loss due to water between the various onset temperatures and 600 °C was calculated using a TG plot for raw ETS-2. While it might be considered that the grafting procedure would remove surface hydroxyls that would condense at higher temperatures, the MS signal at m/z=18 for the tethered samples shows continual emission of water from the solid as the material is heated. The rise, at elevated temperatures, in the intensity of the signal at m/z=18 was confirmed in subsequent experiments run under dry N2 which confirmed that the solid is dehydrating at elevated temperatures. The fraction of water lost between the various onset temperatures and 600 °C for raw ETS-2 was calculated from the TG plot and then scaled to the individual grafted samples’ weight at each of their onset temperatures. Water loss accounted for about 10% of the total mass loss for the grafted samples and thus should be factored out to prevent this effect from skewing the calculations of amine loading. The net loss, used for all subsequent analyses, was calculated by subtracting the weight loss due to water from the total mass lost for each adsorbents unique temperature range.
     The various formula weights used in the assessment of the mass loading of the tethers were arrived at by factoring in only the chemical groups relevant to the calculation. The molecular weight of the aminosilane tether was calculated by subtracting the three methoxy groups on the original trimethoxyaminosilane reagent because these groups should be lost as methanol during the grafting process. The aminosilane tether is thus the CHN chain including a single silicon atom. Any oxygen associated with the grafting would have come from the substrate and are therefore not accounted for in the calculation of the tether formula weight. The molecular weight of the combustible tether is simply the formula weight of the aminosilane tether less the silicon atom. 
     The moles of combustible tether were converted to moles of aminosilane tether by scaling the moles of amine chain lost in the TG experiment back to aminosilane by way of their respective formula weights. To determine the weight ratio of aminosilane on the substrate the mass of silicon remaining on the calcined sample must first be subtracted from the residual mass of the sample. This was accomplished by calculating the number of grams of silicon present in the same number of moles of combustible tether. The contribution of the silicon to the substrate mass at 600 °C is significant, being on the order of 5 to 6% of the total sample mass.
The values provided in Table 1 provide the sequence of values used in the calculations. The term “AS” refers to the aminosilane tether, including the silicon atom. The weight ratio of the aminosilane is the ratio of the mass of aminosilane vs the mass of the bare substrate. The weight fraction is defined as the mass of the aminosilane over the total sample weight (including the tether). The weight ratio scales linearly with the formula weight of the aminosilane though the correlation coefficient suggests that the loading of the amine on each sample is not equivalent for all samples.
     Using the measured surface area of the substrate and the aminosilane molecular cross section (5 x 1018 molecules/m2)26
 the aminosilane weight ratio can be calculated at monolayer coverage. Table 2 gives the values used in the calculations and the expected tether weight ratios at monolayer coverage for ETS-2. The calculated aminosilane weight ratio at monolayer coverage is higher than the measured values for the N1 and N2 samples but quite close to the measured value in the case of the N3 sample. The same molecular cross sectional area can be used to calculate the surface area of the substrate covered by the measured amount of grafted material. The data in Table 2 shows that there is an increasing trend in the calculated degree of surface coverage moving from the N1 sample to the N3 sample. Comparing the measured surface area data with the calculated surface coverage it can be determined that the N1 sample is likely 60% covered, the N2 sample 80% covered, and the N3 sample is completely covered with aminosilane tethers. Steric arguments cannot explain why the larger aminosilane provides a higher surface coverage so it is assumed that further synthesis optimization should allow all samples to converge on 100% surface coverage.


N2 TG-MS
     TG-MS scans were run under N2 to determine the onset decomposition temperature for the tethers in a non-oxidizing atmosphere. All of the MS scans showed an interesting and unexpected feature at low temperature at m/z=44. The magnitude of the signals and trends between samples were similarly seen in the air TG-MS data when that signal was examined. Further analysis was done on the N2 TG-MS data to eliminate the influence of any contamination present in the air stream. Figure 2 b) shows the N2 TG-MS plot for N3-ETS-2 with the corresponding MS signals at m/z=15 and 44. The TG plot for raw ETS-2 is overlaid for reference.
     The difference in the two TG plots is evident in that the N3-ETS-2 sample contains two transitions absent in the substrate. The signal at m/z=15 indicates that the weight loss above 300 °C is due to the decomposition of the tether. This result also demonstrates the enhanced thermal stability of the grafted samples under anoxic conditions since the onset decomposition temperature is shifted from 200 °C to 300°C. The thermal stability of the amine tethers in both air and N2 appears sufficient for long -term process stability. The regeneration temperature for CO2 desorption in a packed bed system is expected to not exceed 200 °C as this is the temperature at which the amine reboilers are maintained to flash off the adsorbed CO2. To be competitive, a packed bed system should work within the conventional temperature envelope for amine systems and thus regeneration temperatures in excess of 200 °C are not considered.
     The low-temperature TG transition centered on about 100 °C is assigned to CO2 desorption from the material. This assignment can be made unambiguously because there is no sign of pyrolysis of the tethers at low temperature (evidenced by the signal at m/z=15) and the analysis system (under N2) has non-detectable levels of CO2 and hydrocarbons that appear at m/z=44. The CO2 adsorption on the samples was entirely voluntary as the samples were not pre-treated or pre-conditioned in any way prior to analysis. The observation of CO2 on the adsorbents suggests the performance of these materials will be unaffected by moisture since the moisture concentration in the lab, while not monitored, is expected to be at least an order of magnitude greater than the ~ 400 ppm of CO2 present.
      The adsorption capacity of the various materials can be assessed by integrating the signal at m/z=44. To maintain a fair comparison, all of the plots were reduced to a common baseline to prevent run-to-run baseline offset from influencing the analysis. The MS traces at m/z=44 were integrated between 30 and 200 °C and these integrated ion currents represent the mass of CO2 adsorbed on the solid. The upper limit of 200 °C was chosen because this was identified as the highest common temperature at which there was no evidence of tether decomposition and at which the majority of the CO2 had been desorbed from the sample. Figure 2 c) shows the overlay of the MS scans at m/z=44 for the N1, N2, and N3 samples that have been adjusted by subtracting each samples initial CO2 ion current from their respective raw signal values.
      The amount of CO2 (in arbitrary units) can be standardized by the moles of aminosilane in each sample. Table 3 shows the sequence of values used in the calculations. The aminosilane weight fractions calculated from the air TG-MS data can be applied to the sample weights taken from the N2 TG-MS plots at 200 °C and the moles of aminosilane can subsequently be calculated for each sample. Dividing the integrated CO2 signal by the corresponding molar quantity of aminosilane yields a standardized quantity that factors out the varying sample weights used in the experiments.
     The relative performance of the adsorbents can be gauged by normalizing the standardized values against the N1 sample. Table 3 shows the trend in the normalized value for relative CO2 capacity and it is evident that the N3 material has significantly higher capacity compared to the other two samples. This result was unanticipated since the N3 tether is predominantly secondary amines which aren’t as reactive as primary amines. The humidity present in ambient air will, however, allow the secondary amines to participate in CO2 adsorption and causing the CO2 capacity to scale linearly with the number of amine groups on the tether. The non-linear behaviour of the trend can be explained by taking into account the degree of monolayer coverage for each sample. The 2:1 stoichiometry for CO2 adsorption in amine systems requires the CO2 to interact with two amine groups. It is considered that the higher degree of surface coverage and the higher density of nitrogen groups lends the N3 sample a significant advantage compared to the two other samples with lower surface coverage. The presence of a second peak, at higher temperature, in the trace for the N3 sample in Figure 2 c), establishes the greater adsorption strength for the N3 sample as none of the other sample show similar behaviour though, chemically, the tethers are all comparable. The differences between the samples suggest that the adsorptive performance of grafted, non-porous adsorbents is significantly affected by the degree of surface coverage of the tether.

Adsorption isotherms
     The CO2 isotherms at 30 °C for the three amine samples are shown in Figure 3. There is little differentiation between samples at 30 °C though the N1 material has a marginally higher capacity. This could be expected given that the N1 material is comprised entirely of primary amine groups which are more reactive toward CO2 compared to secondary and tertiary amines18
. Kinetic influences could also contribute to this trend because the activation barrier for the reaction of the CO2 with the amines is not expected to be overcome easily at 30 °C.27,28
 Kinetic effects can be expected since the equilibration delay used in the analyses is typical of small molecule adsorption on molecular sieves and will be biased against a slow approach to equilibrium. It should also be considered that all of the adsorption experiments presented are run under rigorously anhydrous conditions and thus the amines cannot take advantage of moisture acting as a promoter to form carbamate ions.
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 The presence of a promoter could change the adsorption characteristics and/or rates compared to the data presented.
     At 50 °C the CO2 isotherms (Figure 4) begin to show a trend with respect to the number of amines on the tether and at 70 °C (Figure 5) there is a clear differentiation between the various samples. Figure 6 also includes the CO2 isotherm for the raw ETS-2 substrate. The ETS-2 substrate demonstrates an affinity for CO2 and the isotherm is well described by the Toth equation suggesting strong physisorption. Isotherms for the substrate were collected at 30, 50, and 70 °C and the isosteric heat of adsorption calculated for CO2 on raw Na-ETS-2 exceeds 30 kJ/mol at loadings less than 0.6 mmol/g and exceeds 40 kJ/mol at loadings below 0.3 mmol/g. At low partial pressures, however, the adsorption characteristics of the tethered samples is obviously directed by the chemistry of the tether because the CO2 isotherm for the substrate lacks the rectangularity seen in the tethered samples. The progressive increase in capacity with CO2 partial pressure for the tethered samples could be due to the gas interacting with the substrate because the specificity of the amine-CO2 interaction does not predict a rise in capacity with increasing partial pressure. 

     At 70 °C kinetic effects should be minimized due to the greater amount of thermal energy in the gas molecules and, at this temperature, it is reasonable to assume that activation barriers are largely overcome. The comparison of the adsorption capacity of the adsorbents used the 70 °C isotherms because it was felt that these isotherms were the least influenced by equilibrium effects. A similar analysis that was done using the N2 TG-MS data can be done using adsorption data at 70 °C. The capacity at 50 kPa was selected as the point of comparison because this represents a likely upper limit in the partial pressure of CO2 that might be encountered in a flue gas cleanup process. The central pressure in the isotherm also limits the bias due to the contribution from the substrate to the overall capacity of the sample. The adsorption data at 50 kPa in mmol/g was converted to express the capacity of the adsorbent as moles of CO2 adsorbed per mole of aminosilane. The same aminosilane weight fractions and formula weights used in analysis of the N2 TG-MS data were used in the analysis of the volumetric adsorption data.
     Table 4 shows the values used in the calculations and the results of the comparison. When the moles of CO2 adsorbed are standardized against the number of moles of aminosilane, it becomes apparent that the adsorptive capacity for all of the samples is roughly equivalent. A slight upward trend from the N1 to the N3 sample can be noted but the increase does not scale with the number of amines on the chain. Normalizing these ratios against the N1 sample it becomes clear that the secondary amines are not likely involved in CO2 adsorption under the experimental conditions. 

     This result is reasonable as it is known that only primary amines have a facile reaction with CO2 in the absence of water vapour and the activation condition for the samples effectively excluded all water vapour from the system. The slight increase in the normalized ratio between the N1 and N3 samples could be due to the primary amines having a marginally higher degree of efficiency on the N3 sample due to the higher degree of surface coverage. While the trend between the samples suggests a shift in amine efficiency, the magnitude of the difference should be considered semi-quantitative until the combined uncertainty of all measurement systems coupled with the sample-to-sample variability can be established. The N2 TG-MS data showed a clear enhancement in CO2 capacity for the N3 sample while the volumetric adsorption data indicates the performance of all tethers is comparable once the number of moles of tether on each adsorbent is accounted for. The contrast between the relative efficiencies of the adsorbents between data sets confirms the importance of water as a promoter in these materials. 
Adsorption Cycling
     Adsorptive cycling experiments were performed to examine the approach of the adsorbents to cyclic steady state under non-equilibrium conditions. The CO2 capacity for the adsorbents isn’t quantified using this data because of the uncertainty attached to the partial pressure CO2 used in the experiment. It can be assumed that the purge gas is mixed with the balance gas to create a stream that is perfect a blend of the two but the mixing dynamics in the instrument are not known and this assumption may not be reliable. The instrument operation, however, is expected to be consistent for each cycle and each sample. As such, the trends seen in the data are considered quantitative while the CO2 uptake values are semi-quantitative. 

     An example of the adsorption cycling for the N3-ETS-2 sample is shown in Figure 7 where it can be seen that the sample does not equilibrate with CO2 within time allotted. This result is common for all of the tethered samples and could be due to the anhydrous condition of the test which favours the primary amine on the tether or it could be due to system dynamics where the atmosphere within the instrument is not equilibrated within the given 20 minute period. Rather than invest in additional equilibration time, it was elected to run additional cycles to map the approach of the samples to cyclic steady-state. 

     The weight change for each cycle was measured from the plateau at 70 °C under N2 (just before the sample purge gas was switched to CO2) until the end of the 20 minute isothermal delay used for CO2 adsorption. To confirm the stability of the measurement the amount of CO2 adsorbed and desorbed for each cycle was measured. The amount of mass gained during CO2 adsorption was equal to the amount lost during regeneration within a hundredth of a milligram which is well within the uncertainty of the measurement.

    The mass change during CO2 adsorption was standardized using the moles of aminosilane present on the sample. The moles of aminosilane on each sample were calculated by applying the respective weight fraction for each tether to the sample mass measured before the final adsorption step. The same analysis was done using the sample mass measured before the first CO2 adsorption and the results are indistinguishable. From Figure 7 it is apparent that the three samples initially have roughly the same CO2 loading per mole of aminosilane. This was expected since the CO2 isotherm data demonstrated that the adsorption capacity of the three samples, under dry conditions, should be roughly equivalent when the adsorption capacity is standardized by the number of moles of amine on the support. As additional cycles are run the samples begin to distinguish themselves in their approach to steady state. While the N1 sample shows a relatively steep downward trend the N3 sample appears to be trending to steady state toward the end of the 20 cycles. The N2 sample displays behaviour somewhere between the other two samples; dropping capacity as a function of cycle time yet not at the same rate as the N1 sample. 

     The gradual loss in capacity is not likely due to the degradation of the tethers as all previous experiments have demonstrated that the tethers are thermally stable toward the selected regeneration temperature. Likewise, the substrate is not expected to be contributing to this behaviour since a sample of Na-ETS-2 was analyzed using the same protocol and the sample reached cyclic steady state within 10 cycles and displayed a loss of less than a percent over the span of cycles (Figure 8). It is probable that the cycle chosen, combined with the experimental conditions, are preventing the samples from equilibrating within the given cycle and that 20 cycles may not be sufficient to achieve cyclic steady state under anhydrous conditions. 

    It is not clear why the downward trend in capacity is not associated with any gain, or loss, in sample mass. It was measured that each cycle is completely reversible and that the activated sample mass does not fluctuate from cycle to cycle. The cyclic losses are thus not apparently due to accumulation of CO2 on the solid nor are they due to the cumulative loss of some necessary component from the sample. It is proposed that the adsorption of CO2 on such composite adsorbents under the test conditions is not well enough understood to provide a clear mechanism to explain the measured behaviour. It is anticipated, however, that the same tests run under humid conditions should provide the conditions necessary for the amines, and particularly the secondary amines, to behave in a manner which mirrors the accepted mechanisms for CO2 adsorption. 

     The degree of aminosilane surface coverage could influence the rate at which the samples can adsorb CO2. The closer proximity of the tethers in the N3 sample should provide a more uniform adsorption field and the close packing of the tethers should facilitate the stoichiometry needed for carbamate formation. In the N1 and N2 samples, the tethers should be further apart, on average, which should create a barrier to reaction. A sensitivity to the degree of monolayer coverage is reasonable for these samples since ETS-2 cannot take advantage of pore amplification effects where the pore system of the substrate can locally concentrate components and thus facilitate reaction with the amine functions on the tether.
CONCLUSIONS
     The first series of non-porous, amine-grafted nanotitanates was prepared using a range of aminosilanes containing up to three amine groups on the chain. The N3-ETS-2 sample was shown through TG-MS to have five times the capacity of the N1 sample for removing trace-levels of CO2 from ambient air. The adsorption results demonstrated that anhydrous adsorption conditions favour the primary amines and that the benefits of having multiple amine groups on the tether are not measurable under such test conditions. The non-porous nanotitanates are considered to be sensitive to the degree of aminosilane monolayer coverage and that enhanced capacity and adsorption rates can be realized when the aminosilane density approaches monolayer coverage of the substrate. This behaviour may be unique to high surface area, non-porous substrates because they cannot take advantage of pore amplification effects where the pore system of the substrate can locally concentrate gases or vapour and thus facilitate reaction with the amine. 
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Table 1. Values used in the calculation of the mass of aminosilane on ETS-2.
	
	FW with Si
	FW without Si
	Onset Wt*
	600°C Wt
	Water Loss
	Net Loss
	Si-adjusted Net Loss
	Aminosilane
	Aminosilane
	Wt Ratio
	Wt Fraction

	
	g/mol
	g/mol
	mg
	Mg
	mg
	mg
	Mg
	Mol


	G
	
	

	N1
	86.17
	58.09
	40.21
	35.06
	0.68
	4.47
	6.63
	5.19E-05
	4.47E-03
	12.50%
	11.10%

	N2
	129.24
	101.16
	38.70
	29.80
	1.25
	7.64
	9.76
	5.91E-05
	7.64E-03
	24.60%
	19.80%

	N3
	172.31
	144.23
	35.58
	23.65
	1.14
	10.79
	12.90
	6.26E-05
	1.08E-02
	43.60%
	30.30%

	*The weight at which tether decomposition begins


Table 2. Values used in the calculation of the weight ratio and surface area coverage of the tethers.
	
	Measured Surface Area
	Estimated at Monolayer Coverage
	Measured AS Wt Ratio
	Calculated Surface Area

	Sample
	m2/g
	AS Weight Ratio g/g
	g/g
	m2/g

	N1
	290
	20.74%
	12.51%
	175

	N2
	290
	31.11%
	24.61%
	229

	N3
	300*
	42.91%
	43.55%
	304

	*Sample N3 was prepared using a different batch of base material having a slightly different surface area


Table 3. Values used in the calculation of the amount of CO2 adsorbed per mole of aminosilane.
	
	FW (g/mol)
	Wt fraction AS (%)
	Onset sample mass* (mg)
	Aminosilane (mg)
	Aminosilane (mmol)
	Integrated CO2
 Intensity (arb.units)
	CO2/mmol AS
	Normalized Ratio

	N1
	86.17
	11.12
	25.04
	2.78
	3.23E-02
	4.55E-11
	1.41E-09
	1.00

	N2
	129.24
	19.75
	31.85
	6.29
	4.87E-02
	9.18E-11
	1.89E-09
	1.34

	N3
	172.31
	30.34
	24.17
	7.33
	4.26E-02
	3.56E-10
	8.37E-09
	5.95

	*Sample mass when tether decomposition begins


Table 4. Values used in the normalization of 70 °C volumetric adsorption data.

	
	FW AS
	Weight Fraction 
AS (%)
	CO2 Capacity

at 50 kPa (mmol/g)
	mol CO2/g AS
	mol/mol (CO2/AS)
	normalized

	N1
	86.17
	11.10
	0.87
	7.82E-03
	0.67
	1.00

	N2
	129.24
	19.80
	1.04
	5.27E-03
	0.68
	1.01

	N3
	172.31
	30.30
	1.30
	4.29E-03
	0.74
	1.10


Figure Captions:
Figure 1. Schematic of grafting reaction of (3-aminopropyl)trimethoxysilane to ETS-2 surface.
Figure 2. (a) TG-MS plot for the calcination of N3-ETS-2 in air (b) TG-MS plots for N3-ETS-2 under N2 with the TG plot of ETS-2 shown for reference (c) MS plots at m/z=44 for N1-, N2-, and N3-ETS-2 heated under N2.
Figure 3. CO2 adsorption at 30 °C for aminosilane grafted ETS-2.
Figure 4. CO2 adsorption at 50 °C for aminosilane grafted ETS-2.
Figure 5. CO2 adsorption at 70 °C for aminosilane grafted ETS-2.
Figure 6. TG plot for CO2 adsorption/desorption cycling on N3-ETS-2.
Figure 7. Cyclic CO2 capacity for aminosilane grafted ETS-2.
Figure 8. Gravimetric uptake of CO2 for grafted and ungrafted ETS-2.
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[image: image6.png]1.4

T

NH
-~ o

—=N3
—te=N2

e
[S]

(8/1oww) Suipeoq

0.4

=-==N1

0.2

60 80 100 120
Pressure (kPa)

40

20





Figure 4
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Figure 5
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Figure 6
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Figure 7
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