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Abstract 
We introduce a straightforward method for the preparation of novel starch-based ultramicroporous carbons (SCs) that demonstrate high CH4 uptake and excellent CH4/N2 selectivity. These SCs are derived from a combination of starch and 1-6 wt. % of acrylic acid, and the resulting materials are amenable to surface cation exchangeability as demonstrated by the formation of highly dispersed K+ in carbon precursors. Following activation, these SCs contain ultramicropores with narrow pore-size distributions of <0.7 nm, leading to porous carbon-rich materials that exhibit CH4 uptake values as high as 1.86 mmol/g at 100 kPa and 298 K, the highest uptake value for CH4 to date, with the IAST-predicted CH4/N2 selectivity up to 5.7. Both the potential mechanism for the formation of the narrow pores and the origin of the favorable CH4 adsorption properties are discussed and examined. This work may potentially guide future designs for carbon-rich materials with excellent gas adsorption properties.
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Introduction

Natural gas, and methane in particular (CH4), is gaining attention as a cleaner and cheaper energy carrier with a lower emission of CO2 per energy unit relative to that of other traditional fuels derived from coal and petroleum.
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 Currently, the consumption of methane gas accounts for 22% of the global energy consumption. One particular source of methane gas is coal mine gas, also referred to coal-bed gas, which is a less conventional natural gas that is stored in coal seams and generally consists of CH4 and N2, in addition to small amounts of CO2, O2, H2O, and other gases.4 During the coal mining process, these coal-bed gases are usually released, and in the most cases, the released coal-bed gases contain low concentrations of CH4 within the mixture (typically < 30%).5 It is difficult to directly utilize these gas streams as a result of the low concentrations of methane, and furthermore, direct discharge of coal-bed gases to the atmosphere would potentially have a destructive effect on climate change due to the 20-fold greater greenhouse gas effect of methane relative to that of carbon dioxide, as well as the large number of coal mine gas resources around the world.6 Therefore, the successful separation of CH4 from other coal-bed gases, such as N2, is considered to be one of the most challenging 21st century issues related to energy production and the environment.
One potential strategy for accomplishing this goal involves the selective adsorption of dilute CH4 from a stream of CH4/N2 by porous materials, which would be both economically and operationally feasible, as well as highly energy efficient. In this regard, many adsorptive materials, including metal-organic frameworks (MOFs), zeolites, and carbon-based adsorbents, have been examined for the separation of CH4/N2.
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 Specifically, MOFs comprise a new generation of porous materials that  have recently demonstrated excellent CH4 adsorption properties; for example, MOF-177,11 M3(HCOO)6 (M = Co, Ni),12 Co3(C4O4)2(OH)2,13 all exhibit high uptake values for CH4, or high CH4/N2 selectivity. However, these materials still face significant challenges before they can be considered for real applications, such as demonstrating long-term stability under exposure to these gas streams, decreasing the cost of manufacturing these materials, and synthesizing a material that exhibits both high CH4/N2 selectivity and high CH4 capacity.14,15 Zeolites, a class of microporous materials that are similar to MOFs, have also been examined for potential use in CH4 adsorption; however, their higher polarizability within these frameworks leads to enhanced interactions between the zeolite and N2 molecules, resulting in poor selectivity for CH4 when exposed to a mixed stream of CH4/N2 gas. As a result, zeolites likely cannot meet the demands necessary for commercial implementation as adsorbent materials for CH​4 capture (e.g., excellent stability, high selectivity and capacity for CH4, and low cost), which is consistent with many porous materials that have been employed in this context. 
Recently, porous carbon-based adsorbent materials have received tremendous attention and have emerged as alternative candidates that show great promise in the context of CH4 capture.
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 For example, Wang and colleagues reported the synthesis of a carbon-based adsorbent, Glu-C, derived from glucose and an activating agent, KOH, that exhibits a capacity for CH4 adsorption of 1.25 mmol/g.20 Similarly, Zhang et al. employed a mixture of cactus, glucose, and KOH to produce ultramicroporous powdery carbon CGUC-0.5-7, which demonstrate CH4 uptake values up to 1.21 mmol/g with a selectivity toward CH4/N2 of up to 5.4.21 Finally, Wang and coworkers used dry algae and KOH as an activating agent to synthesize porous carbon NAPC-2-6, which show values for CH4 uptake and CH4/N2 selectivity of about 1.3 mmol/g and 4.1, respectively, at 298 K and 100 kPa.22 Overall, these carbon-based materials demonstrate excellent CH4 adsorption properties that are comparable to those of MOFs, and perhaps more importantly, also possess inherent advantages in regards to their relatively higher stabilities and lower manufacturing costs, ultimately making carbon-based materials the more promising candidates for use in practical applications. Thus, seeking new sources for carbon-based materials, as well as developing new pore-forming technologies either with or without the use of an activating agent, have emerged as major trends in the development of novel porous carbon-based materials.23,24
In this work, we report a facile and controllable synthetic strategy for the preparation of novel starch-based carbon materials (SCs) that exhibit superior CH4 uptake and selectivity when exposed to a mixed gas stream of CH4/N2. K+ was chosen as the exchanging metal ion as potassium ion species being reported to deliver the highest activation efficiency to generate porosity as the carbon activation agent.25,26 These SCs are derived from a mixture of starch and a small quantity of acrylic acid, and after a K+ ion exchange and in situ activation under an N2 atmosphere, the resulting starch-based carbon SCs are shown to have ultramicropores with narrow pore size distributions. The adsorption properties of these materials have been characterized by isotherms, heats of adsorption, and selectivity for both CH4 and N2, and we employed a fixed bed experiment to evaluate dynamic separation performance of SCs. Additionally, we propose a mechanism for the synthesis of these materials, and we have employed density functional theory (DFT) calculations elucidate the mechanism for adsorption of CH4/N2 on SCs. Furthermore, we have discussed the effects of the structural parameters and the surface chemistry of the sample on the adsorption performance of SCs. Finally, we present a comparison of the capacity and selectivity of the as-prepared SCs to those of other previously reported CH4 adsorbents, demonstrating that these starch-based are the new state-of-the-art carbon-based materials for use in methane adsorption applications and have significant potential for commercialization.

Experimental Section

Materials
All chemicals used in this study without further purification were purchased from manufacturers. Corn starch was obtained from Shanghai Yuanye Sci-Tech Co. Ltd. Potassium hydroxide (KOH), acrylic acid (C3H4O2) and hydrochloric acid (HCl) were purchased from Guangzhou Guanghua Sci-Tech Co. Ltd. For the adsorption experiments, the gases used were CH4 (99.99%, Guangzhou Shengying), and N2 (99.99%, Guangzhou Shengying). 
Materials synthesis 
Figure 1 presents the flow chart of preparing starch-based carbon materials, SC-x. (where x represents wt. % (acrylic acid) added in starch/water mixture). This preparation method is a modified version of a previously reported synthetic method.27,28 In this method, starch was selected as carbon source and mixed with small amount of acrylic acid, and the carbon precursor SC(H+)-x was isolated following a hydrothermal reaction. Next, SC(H+)-x was modified by K+ ion exchange, producing the sample SC(K+)-x. Finally, SC(K+)-x was activated in situ in N2 atmosphere to yield SC-x.
Synthesis of carbon precursors

First, 6 g corn starch was dispersed in 60 mL deionized water in a Teflon-lined steel autoclave, and then 1, 4, and 6 wt. % acrylic acid monomer was added to the reaction mixture under vigorous stirring, respectively. The hydrothermal reaction was performed at 473 K for 14 h. After the polymerization was complete, the resulting carbonaceous materials were washed thoroughly with deionized water, followed by drying at 373 K for 8 h. Finally, the starch-based carbon precursors SC(H+)-x were obtained. 

Preparation of starch-based carbon materials SCs

After the starch-based carbon precursors, SC(H+)-x, were obtained, preparation of the starch-based carbon materials was carried out. SC(H+)-x samples were added into a potassium hydroxide solution with a fixed molar ratio of acrylic acid (CH2=CHCOOH) to potassium hydroxide (KOH) as 1 to 1.1 for the ion exchange reaction at 333 K. The mixtures were separated using centrifugal filtration, and the residual KOH aqueous solutions could be collected for use in subsequent reactions. The resulting carbon materials were washed with deionized water and ethanol several times each, yielding the K+-exchanged carbon materials, SC(K+)-x. Next, the SC(K+)-x samples were transferred to a quartz boat and placed in a tubular furnace, then heated to 1073 K under a nitrogen gas flow and maintained at the target temperature for 1.5 h. After allowing the samples to cool to room temperature, the resulting products were washed with 1M HCl then distilled water until the filtrate reached neutral in order to remove residual K+. Finally, the products were dried in an oven at 373 K for 12 h to yield the starch-based carbon adsorbents (SCs), which were labelled as SC-x.
Materials characterization and gas adsorption test

The porosity structure of the samples was characterized using a Micromeritics ASAP 2460 apparatus by means of N2 adsorption/desorption experiments at 77 K. The specific surface area of the samples was calculated using the Brunauer-Emmett-Teller (BET) equation at the relative pressure (P/P0) range of 0.05–0.2. The total pore volume was evaluated from the amount of nitrogen adsorbed at P/P0 = 0.979. Fourier-transform infrared spectroscopy (FT-IR) was conducted on a Bruker Vector33 spectrometer. Scanning electron microscopy (SEM) images were obtained with a Hitachi S-4800 instrument after depositing gold on the samples used for SEM observation. The elemental composition of SCs was determined by conducting X-ray energy-dispersive spectral (EDS) mapping to identify the elements in the samples. X-ray photoelectron spectroscopy (XPS) was performed on Thermo fisher Scientific K-Alpha+ to determine the elemental states and oxygen contents of different samples. All synthesized samples were degassed at 150 °C under vacuum for at least 6 h before each measurement.

CH4 and N2 adsorption isotherms were recorded by a standard static volumetric method on the Micrometrics 3Flex surface characterization analyzer at the temperatures of 15, 25, and 35 °C. Typically, ~100 mg of the sample was de-gassed at 150 °C under high vacuum for more than 6 h before the measurement. The dynamic breakthrough experiment was carried out on a custom-made separation apparatus with a fixed-bed adsorber, as shown in Figure S1 (Supporting Information). Conditions of the feed stream were designed to mimic the composition of raw natural gas (CH4/N2 = 0.3/0.7 volume ratio) at both ambient temperature and pressure. Detailed operation steps are shown in Section S1 in the Supporting Information.

DFT simulations
The interaction energies were calculated by DFT computational simulation. The fragment models of SCs containing different binding sites were constructed with the dangling bonds terminated by H atoms. The fragments of SCs and the adsorbates were described by universal force field (UFF) along with electrostatic potential charges calculated by the QEq method. The adsorption configuration between the SC fragments and adsorbates were optimized by Forcite module in Materials Studio, with 2×10−5 kcal/mol, 0.001 kcal/mol/Å, 0.001 GPa, 1×10−5 Å for energy, force, stress and displacement, respectively, during which SC fragments were kept rigid, while the adsorbates were relaxed. The energy was calculated for each optimized configuration, and only the configuration with minimized energy was considered. The interaction energy is defined as,
Interaction energy = Ecomplex − Efragment − Eadsorbate


(1)
Results and discussion

Characterization of SCs

Figure S2 (Supporting Information) presents the N2 adsorption-desorption isotherms of SCs at 77 K. All the samples exhibited a characteristic type I isotherm (according to the IUPAC classification), with a steeply increasing N2 adsorption capacity at relatively low pressures, indicative of the characteristic of typical microporous materials.29,30 Figure 2 shows the pore size distributions of SCs, which were calculated using the quenched-solid density functional theory (QSDFT) based on a slit-shaped pore model.
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 These starch-derived carbon materials mainly contain ultramicropores and the pore sizes of the samples basically fall into the narrow ultramicropore region (<0.7 nm).

Table S1 (Supporting Information) lists the textural parameters for each sample. The data indicates that the BET surface area (SBET) and total pore volume (Vt), as well as the micropore volume (Vm) and ultramicropore volume (V<0.8 nm) of the samples follow the order of SC-6 > SC-4 > SC-1, implying that the amount of acrylic acid used in the preparation process influences the texture of the resulting samples. Both SBET and Vt increase as the amount of acrylic acid is increased to 6 wt. %, then both values begin to decline as the amount of acrylic acid is increased further. The SC-6 sample has the largest SBET of 914.30 m2/g, Vt of 0.35 cm3/g, Vm of 0.32 cm3/g, and V<0.8 nm ranging up to 0.25 cm3/g.
Representative SEM images of the as-prepared SCs are depicted in Figures 3a-d. Figure 3a shows that the SC-0 sample is uniformly spherical in shape, and the SCs gradually become amorphous as the amount of acrylic acid is increased during the preparation process. This may potentially result from the larger degree of K+ ions that are exchanged onto the carbon surfaces as the amount of acrylic acid increases, leading to more severe etching of carbon caused by the activation from K+. Figures 3e-g present the EDS elemental maps of the samples, among which, Figures 3e and f compare the EDS elemental maps of the samples before and after ion exchange using KOH. No potassium is detected on the SC(H+)-6 sample (carbon precursor), while the potassium species are evenly dispersed on the SC(K+)-6 sample (K+-exchanged carbon precursor) after ion exchange with KOH, suggesting potassium ions were successfully tethered on the surface of the carbon precursor via ion exchange in a highly dispersed manner. Following the activation and washing of SC(K+)-6 with hydrochloric acid and deionized water, no potassium could be detected on the resulting sample, SC-6, as depicted in Figure 3g. 
Figure 4 shows that the K content of the SC(K+)s follows the order of SC(K+)-6 > SC(K+)-4 > SC(K+)-1 > SC(K+)-0, suggesting that the number of –COOH groups that are created on the surface of the carbon precursors increases as the amount of acrylic acid added during the preparation of the carbon precursors increases. As a result, more K+ ions can be exchanged onto the surface in a well-dispersed fashion. Based on these results, SC-x can be prepared readily through in situ ionic activation with a small amount of the activating agent, KOH. 
A comparison between the mass ratio of KOH-to-carbon precursor used to prepare SCs in this work, as well as other previously reported carbon materials that exhibit excellent adsorption performance (SFRH polymer-based carbons;33 sawdust-derived mechanochemically carbons;34 OTS-derived carbons;35 and sawdust-based carbons36), is presented in Figure 5. This comparison reveals that the mass ratios of KOH-to-carbon precursor are in the range of 0.06–0.23 for SCs prepared in this work, ~ 93% less than those prepared from traditional chemical activation methods. This is likely due to only a few K+ is required to be anchored on SC(H+)-x via ion exchanging with H+, which served as the in situ surficial activation agent for ultramicroporosity generation. The significantly reduced usage of activation agent is beneficial for both the reduction of production costs and pollution.

Fourier-transform infrared (FT-IR) spectra of SCs are depicted in Figure S3 (see Supporting Information). Two main characteristic adsorption bands are observed. One wide and strong band appears at ~3465 cm−1, which is attributed to the stretching vibrations of O–H due to the strong hydrogen bonding between hydroxyl groups, and the another band appears at ~1642 cm-1, which is related to C=O/C=C vibration.37 Table S2 (Supporting Information) lists the elemental contents of the samples, and the O content of these samples follows the sequence of SC-1 > SC-4 > SC-6, exhibiting a downward trend ranging from 9.03 to 7.63% with an increase in the dosage of the activating agent, KOH. This could potentially be attributed to the decomposition of more O-containing groups on the samples surface that results from an increase in the degree of activation. Figure S4 (Supporting Information) shows the survey XPS spectra and the high-resolution XPS O1s spectra of the samples, and the O1s spectra can be deconvoluted into three main peaks labeled as OI, OII, and OIII. The dominant peak at 532.8 ± 0.5 eV is assigned to –OH bonds of phenols, C–O–C bonds of ethers, and C=O bonds of ester and anhydride groups.38 The peak at 533.5 ± 0.5 eV reflects the presence of the –O-C=O group, while that at 536.7 ± 0.5 eV could be attributed to water.39 Combining the results of XPS and FT-IR analyses, it can be deduced that a majority of surface oxygen species are –OH and –COOH groups. The relative oxygen contents are listed in Table S2 (Supporting Information).
Synthesis mechanism of SCs

Based on the characterization data presented in the previous sections, we suggest a plausible synthetic mechanism for the formation of SCs. First, the carbon precursors, SC(H+)-x, are synthesized through the hydrothermal reaction of starch and acrylic acid, yielding materials that contain surface –COOH groups that are susceptible to cation exchange. Next, the K+-exchanged carbon materials, SC(K+)-x, can be obtained through a K+ ion exchange reaction between carbon precursor, SC(H+)-x, and an aqueous solution of KOH. This method enables control over the minimum activating agent dosage by surface ion exchange and generates a highly dispersed K+ ions on the surface of SC(K+)-x. The uniform dispersion of K+ on the surface allows for SC(K+)-x to be activated evenly in situ under an atmosphere of N2, yielding SCs with ultramicropores that exhibit narrow pore-size distributions. Notably, this method benefits from a greatly reduced dosage of KOH as activating agent, and as a result, the straightforward synthetic method proposed in this work could potentially be considered as an efficient and green preparation route.

CH4 and N2 isotherms and CH4/N2 selectivity of the resulting SCs

Figure 6 shows the CH4 and N2 adsorption isotherms of SCs at 298 K. These three SCs exhibit CH4 uptakes in the range of 1.33 to 1.86 mmol/g at 100 kPa in the following the order: SC-6 > SC-4 > SC-1; this trend is consistent with the calculated BET surface area and ultramicropore volumes of the samples. Notably, the CH4 uptake of 1.86 mmol/g demonstrated by SC-6 is currently the highest value obtained for CH4 adsorption in porous materials. Figure 7 compares the CH4 uptake of SC-6 to other porous materials, including MOFs and carbon-based materials, and the corresponding data to Figure 7 are also listed in Table S3 (Supporting Information). From the data presented in Figure 7, it is clear that the CH4 uptake exhibited by SC-6 is the highest among the reported porous carbons, and also much higher than most of MOFs, which can likely be attributed to abundant ultramicropores (<0.8 nm) present in SC-6. Ultramicropores of molecular dimensions play a significant role in the adsorption of small gas molecules.
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 The ultramicropore volume of SC-6 is as high as 0.25 cm3/g, constituting 78% of the micropore volume. These values are significantly higher than those of many carbon-based materials and MOFs, leading to the relatively high CH4 uptake observed for SC-6 compared to that of other adsorbents. In addition, Figure 6 shows that the adsorption capacities of N2 over SCs at 298 K are much lower than those of CH4, implying that the interaction between CH4 and SCs is significantly stronger than the interaction between N2 and SCs. The kinetic diameters of CH4 and N2 are 0.380 and 0.364 nm, respectively, and the polarizabilities of CH4 and N2 are 25.93 × 1025 and 17.40 × 1025 cm3, respectively. The polarizability reflects the ability to generate instantaneous dipole within the molecule that is associated with Van der Waals attractive interactions,43,44 which is an important intrinsic property that governs the interactions between the molecule and an adsorbent. Since the polarizability of CH4 is greater than that of N2, CH4 would likely exhibit relatively stronger Van der Waals interactions with the surface of SCs. Figure S5 (Supporting Information) shows the adsorption isotherms of CH4 and N2 at different temperatures, and Figure S6 (Supporting Information) presents the isosteric heat of CH4 and N2 adsorption on SC-6. The isosteric heat of CH4 adsorption, which is in the range of 22.3–24.9 kJ/mol, is higher than that of N2 (3.8–13.0 kJ/mol). It is noteworthy that the isosteric heats of N2 adsorption exhibit a declining trend with surface coverage, indicating the surface of SC-6 is energetically heterogeneous for N2 adsorption. By contrast, the isosteric heat of CH4 adsorption is nearly constant, implying that the SC-6 surface is energetically homogeneous for CH4 adsorption.

Adsorption selectivity is a significant parameter in the evaluation of the adsorption separation property of an adsorbent.
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 Herein, we applied the ideal adsorbed solution theory (IAST) to calculate the CH4/N2 selectivity of the samples (details of the calculation procedure can be found in Section S7 of Supporting Information).47 Figure S7 (Supporting Information) presents the IAST-predicted selectivities of SCs in the separation of a binary mixture of CH4/N2 (0.5/0.5 volume ratio) at 298 K. The CH4/N2 adsorption selectivities sharply decreased with pressure below 1 kPa, and then became constant beyond 1 kPa of pressure. The selectivities of SCs toward the CH4/N2 mixture were found to be ~5.5–5.7 at 298 K and 100 kPa, which are much higher than those of most of the reported adsorbents. Figure 7 compares the CH4/N2 selectivity and CH4 uptake of the resulting SC-6 sample with other adsorbents; to the best of our knowledge, the SC-6 sample records the highest CH4 uptake for a porous carbon material, in addition to the relatively high CH4/N2 selectivity compared to those of other carbon materials and most MOFs.

For a more comprehensive understanding of the adsorption mechanism of CH4/N2 onto the surface of SCs, as well as how different functional groups present on the surface influence adsorption selectivity, the interaction energies of adsorbates with different surface O-containing groups were investigated computationally. Specifically, the interactions between both CH4 and N2 gas molecules and O-containing functional groups were examined, and the results from these calculations are presented in Figure S8 (Supporting Information). Consistent with the experimental adsorption data, the computational data also indicates that the interaction energies between both hydroxyl groups and carboxylic acid groups and CH4 molecules is significantly higher than the interactions between those functional groups and N2 molecules, suggesting that the presence of these surface groups contributes to the adsorption selectivity observed for SCs towards CH4/N2. It should be mentioned that as well as hydroxyl groups and carboxylic acid groups, the porosity (914.3 m2/g with narrow pore size of <0.7 nm) of SC-6 is also vital as it provides rich and confined surface to anchor the polar oxygen functional groups for effective CH4 adsorption and CH4/N2 separation. As an evidence, though the polymer precursor of SC(H+)-x also contains rich polar functionality of -COOH, it barely adsorb CH4 due to negligible porosity (<10 m2/g).
In order to examine the adsorption properties of SCs under realistic operating conditions, we applied a fixed bed to measure breakthrough curves of CH4/N2 mixtures. The breakthrough curves of CH4/N2 mixtures (0.3/0.7 volume ratio) through a fixed bed of SC-6 depicted in Figure 8, and it is obvious that the SC-6 sample can completely separate CH4 and N2 from binary mixtures under normal conditions. Furthermore, data from the N2 breakthrough curve suggests that the effluent concentration of N2 is higher than its feed concentration, known as an evident roll-up phenomenon, which is mainly attributed to the competitive adsorption of CH4 and N2. In other words, the stronger adsorption of CH4 to SC-6 relative to that of N2 indicates incoming CH4 would displace the initially adsorbed N2, yielding partial desorption of N2 that results in an observed concentration of N2 higher than its feed concentration. Figure S9 presents the cycle performance of SC-6 (see the Section S9 of Supporting Information), indicating the CH4 uptake for SC-6 is nearly constant after five adsorption-desorption cycles. This excellent regeneration performance can likely be attributed the low isosteric heat generated during the physical adsorption of CH4 to SC-6.
Conclusion

In summary, we have developed a facile and controllable synthetic method for the preparation of starch-based porous carbons (SCs) that exhibit excellent performance toward the separation of CH4/N2 mixtures. BET analysis of adsorption isotherms for SCs show that these materials contain ultramicropores of <0.7 nm with narrow pore size distributions in all cases. As a result, SCs exhibit CH4 uptake values as high as 1.86 mmol/g at 100 kPa and 298 K, which is the highest reported CH4 uptake value for any porous material to date, as well as an IAST-predicted selectivity ratio of 5.5–5.7 for a binary mixture of CH4/N2 at 100 kPa and 298 K. The use of acrylic acid as one of carbon sources during the synthesis of SCs is critical for the preparation of new carbon precursors that exhibit excellent cation exchangeability properties, leading to a 93% reduction in the dosage of the activating agent, KOH, relative to methods based on conventional chemical activations that also employ KOH. Furthermore, the even dispersion of K+ on the surface of SC(K+)-x yields an efficient and controllable in situ activation of SC(K+)-x to SC-x in a N2 atmosphere, which can potentially be scaled up in a straightforward manner. DFT calculations suggest the carboxylic acid and hydroxyl groups present on the surface of the SCs play an important role in enhancing both CH4 adsorption properties and CH4/N2 selectivity. In addition, breakthrough experiments corroborate the computational experiments and confirm that SCs can effectively separate CH4/N2 mixtures. Finally, the SCs exhibit sustained performance after multiple adsorption-desorption cycles, illustrating the robustness of these porous materials. These outstanding properties establish the promise for these starch-based carbon adsorbents as potential candidates for either the commercial separation or the enrichment of CH4 from low-rank coal mine gases. Importantly, this synthetic route is general for the fabrication of carbon materials with excellent gas separation properties. Moving forward, we are investigating how to successfully transform these SCs from powders to spherical adsorbents that exhibit excellent mechanical strength, which will be required for practical applications.
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Figure 1. Flow chart of the preparation process of starch-based carbon materials SCs.
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Figure 2. The pore size distribution curves of SCs.
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Figure 3. SEM images of the samples: (a) SC-0, (b) SC-1, (c) SC-4, and (d) SC-6; and EDS elemental mapping images of the samples: (e) SC(H+)-6, (f) SC(K+)-6, and (g) SC-6.
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Figure 4. Element compositions of SC(K+)s from EDS.
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Figure 5. The mass radios of KOH to carbon precursor used for the preparation of SC-x and some other carbon materials.
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Figure 6. CH4 and N2 adsorption isotherms of SCs at 298 K.
[image: image7.png]2.0

18 X SC-6
© 16-
g ]
1.4 -
é . SA-1-600 @
Q 1.2- @ GCUC-0.5-7
3 ' Ni-MOF-74  NAPC-1-6
2 1.0 @ o @ N-WAPC
I‘f 08 BPL carbon0 OSOMC " t
O {1 Zeolite 13X rormate
0.6 ° /° @ MOF-177 Co,(C,0,),(OH),
1 MiL-100(C o
0.4 - T = T ' T ' T ' T ' T
0 2 4 6 8 10 12

CH,/N, selectivity

14




Figure 7. Comparison of the IAST selectivity from a CH4/N2 mixture (0.5/0.5 volume ratio) and CH4 uptake of SC-6 with those of previously reported materials. (Black: carbon materials; Blue: MOFs and zeolites).
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Figure 8. Fixed-bed breakthrough curves of a CH4/N2 mixture over SC-6 at 298 K. (Conditions: flow rate: 1mL/min; CH4/N2 volume ratio: 0.3/0.7; dosage of adsorbents: 600 mg)
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