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Abstract

:

Pinecones, a common biomass waste, has an interesting composition in terms of cellulose and lignine content that makes them excellent precursors in various activated carbon production processes. The synthesized, nanostructured, activated carbon materials show textural properties, a high specific surface area, and a large volume of micropores, which are all features that make them suitable for various applications ranging from the purification of water to energy storage. Amongst them, a very interesting application is hydrogen storage. For this purpose, activated carbon from pinecones were prepared using chemical activation with different KOH/precursor ratios, and their hydrogen adsorption capacity was evaluated at liquid nitrogen temperatures (77 K) at pressures of up to 80 bar using a Sievert’s type volumetric apparatus. Regarding the comprehensive characterization of the samples’ textural properties, the measurement of the surface area was carried out using the Brunauer–Emmett–Teller method, the chemical composition was investigated using wavelength-dispersive spectrometry, and the topography and long-range order was estimated using scanning electron microscopy and X-ray diffraction, respectively. The hydrogen adsorption properties of the activated carbon samples were measured and then fitted using the Langmuir/ Töth isotherm model to estimate the adsorption capacity at higher pressures. The results showed that chemical activation induced the formation of an optimal pore size distribution for hydrogen adsorption centered at about 0.5 nm and the proportion of micropore volume was higher than 50%, which resulted in an adsorption capacity of 5.5 wt% at 77 K and 80 bar; this was an increase of as much as 150% relative to the one predicted by the Chahine rule.
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1. Introduction


The European Commission’s Directive 2009/28/EC (renewable energy sources (RES) directive) has established that at least 20% of energy consumption must come from RES by 2020, and EU countries have agreed to a target of 27% by 2030 [1].



Thus RES, such as solar or wind, will play a significant role in electric power generation. The most prominent disadvantage of RES is their variability, which needs to be balanced for electric grid stability purposes. Consequently, long-term and large-capacity electricity storage is required, as well as reserve production capacity. Current storage systems present low energy densities or limited storage potential. There are different paths for the conversion of energy produced from RES into gaseous or liquid fuels. The power to gas (PtG) processes represent one of the aforementioned alternatives. A PtG process connects the electrical network to the gas network by converting excess energy into gas through the conversion and storage of hydrogen (H2) [2]. The challenge for PtG systems is the momentary H2 storage. Compressed and liquid forms are not considered economically viable options for H2 storage, while storage using solid-state materials could represent an interesting third solution [3,4].



Among different solid materials, carbon-based materials have attracted interest for their unique features (excellent stability, adjustable porosity, good electronic conductivity, etc.) that allow them to assume key functions in various technologies [5], such as gas and energy storage [4,6,7,8,9,10,11,12], water treatment [13], and/or carbon dioxide (CO2) capture [14].



However, these carbon materials are generally products of fossil-fuel-based precursors (e.g., methane (CH4), phenol, and pitch) that are created using methods that are dangerous and expensive for the natural environment. Biomass-derived carbon-based materials represent an efficient, greener, and low-cost alternative [15,16,17,18]. These display physicochemical characteristics [19], such as being suitable for obtaining carbon-based materials with desired properties for different applications [20,21,22].



Consequently, natural, organic, and agricultural wastes, such as corncob [23], wood [24], rice husks [25], olive stones [26], sucrose [27], and jute [28], have been explored as biomass sources for the production of activated carbons (ACs) [29] with high specific surface areas (SSAs) that are connected to a very determined porosity, both of which are basic parameters for H2 storage [30].



Generally, ACs are the result of a gradual process in which a pulverization phase is followed by the carbonization of the material in an inert gas atmosphere with an appropriate temperature trend. Subsequently, chemical or physical activation is performed [31]. The chemical activation process consists of the mixing of the carbon source with a chemically active agent. Among several chemically active agents [32], potassium hydroxide (KOH) has been extensively utilized to activate the carbon as it allows for obtaining porous carbon with a well-defined micropore size distribution and a high SSA (≤3000 m2 g−1), which give rise to excellent storage properties [12,33,34,35].



It is commonly thought that ACs’ porous structure is the crucial characteristic for H2 adsorption capacity. More specifically, a high SSA and a large volume of micropores, with diameters in the range of 6–8 Å, are necessary for an efficient performance as an H2 storage material. In this field, the strategy is now dedicated to going beyond the so-called Chahine rule: the maximum adsorption capacity scales with the specific surface area at a rate of 1 wt% per 500 m2/g, i.e., 6 H2 molecules/nm2 of the pore surface [36,37,38].



Pinecones, a widely available biomass, are mostly composed of cellulose and lignin [39,40], which means that it represents an interesting carbon source. Once pulverized, it has a porous structure that represents an excellent platform that can interact with and capture several chemical species, leading to an optimization of the structure in the final products. To date, as a porous carbon source, pinecones have been largely investigated as electrodes for supercapacitors and lithium-ion batteries [41] and for water treatment [42]; however, no reports on their use as an adsorbent for hydrogen storage has been reported. Toward this aim, new motivation was recently provided by the report of Blankenship et al. [43] on cellulose-acetate-derived microporous carbons with high SSAs and pore volumes, according to which, a high oxygen content noticeably improves the H2 adsorption capacity.



Based on the above, the objective of this work was to demonstrate that the modification of the morphology and textural properties of biomass-based porous carbons from pinecones synthesized using a chemical activation procedure represents a useful and convenient method for obtaining high-performance hydrogen storage materials. In particular, the focus of the study was on the effects of different KOH/pinecone powder weight ratios used during the synthesis procedure on the sample’s porosity. Furthermore, detailed microstructure analysis using density function theory (DFT) and an evaluation of the hydrogen storage performance using a Sievert’s type apparatus, as well as their correlation, was investigated and is reported herein.




2. Experimental


2.1. Material and Sample Preparation


Pinecones from stone pine (Pinus pinea) (Figure 1), collected from the local area of Sila, Italy, were used as raw materials. Distilled water was used to repeatedly wash all the cones to remove soluble impurities; they were then dried for 12 h at 353 K. After drying, the cleaned cones were milled using a blender. The obtained pinecone powder (PC) was heated at 453 K for 5 h to remove the unwanted moisture [42] and the resultant powder was denoted as dehydrated pinecone powder (DPC). Then, the DPC was dissolved in 100 mL of demineralized water with KOH/DPC ratios equal to 0.5, 1, and 3. After stirring for 24 h at 353 K, the black-colored mixture was dried at 373 K until the moisture was removed; then, using a ceramic crucible, it was transferred to a tubular furnace under a 100 mL/min helium flow (99.999% purity Helium). The sample was slowly heated to 1173 K at a heating rate of 5 K/min and remained at this temperature for 2 hours. The steps of the transformation process of PC into porous carbons are schematically reported below in Figure 1.



In the final step, distilled water was once again used to wash the resulting dark solid material until a pH = 7 condition was reached; then, the material was kept at 353 K for drying in an electric oven in air. The resultant powder was labeled ADPCx (activated carbonized pinecone), where “x” denotes the KOH/DPC ratio, as shown in Table 1.




2.2. Characterization


Morphological scanning electron microscope (SEM) images were recorded using an FEI Quanta 200 FEG, a field emission SEM, using an electron beam of 20 keV to track any change in the morphology of the samples after the activation process. A chemical composition estimation was obtained using a JEOL JXA-8230 electron probe micro-analyzer (EPMA) equipped with five wavelength-dispersive spectrometers (WDS).



The phase structure of the samples was examined using X-ray powder diffraction (XRD) patterns acquired in reflection mode on a Philips PW 1830 diffractometer equipped with Cu Kα (40 kV, 40 mA) filtered radiation. All patterns were recorded in the 2θ range from 2° to 70°, with steps of 0.02° and a counting time of 1 s per step, at room temperature (RT ≈ 298 K); the sample stage effect was taken into consideration.



A Micromeritics ASAP 2460 apparatus was used to measure the N2 adsorption isotherms at 77 K to evaluate the sample’s textural properties. All samples were subjected to a thermal treatment at 473 K for 12 h in a vacuum before each adsorption test. The Brunauer–Emmett–Teller (BET) method [44] was applied in the 0.05–0.15 relative pressure range to extrapolate the specific surface area of each sample, while VT, the total pore volume, was assessed by recording the N2 uptake at a relative pressure P/P0 of 0.995. Density functional theory (DFT), considering slit-shaped pores [45], was used to calculate the total micropore volume (Vmicro) and the pore size distributions (PSDs) to estimate the trends in the porosity changes. The H2 adsorption capacity at 77 K was evaluated for different pressure ranges, in particular from 0 to 1 bar and from 0 to 80 bar, using the Micromeritics ASAP 2460 instrument and a Sieverts’ type apparatus (fPcT) [46], respectively. Before each adsorption/desorption measurements, all investigated materials were treated at high temperature (≈473 K) overnight. The gas storage uptake (wt%—weight percent of adsorbed gas per gram of adsorbent) was established through an analysis of the adsorption isotherms.





3. Results and Discussion


3.1. Surface and Structure Analysis


SEM images of the DPC and ADPC samples are shown below in Figure 2. Figure 2a clearly shows the smooth surface of the carbonized sample containing few micropores, while a sponge-like morphology with a heterogeneous distribution of pores was present for the activated ones (Figure 2b–d). The pores were larger for higher KOH/DPC ratios, leading to the presence of a microporous structure on the walls separating the macropores, which is shown in the insets. Here, we confirm that the formation of porous cavities in the material was produced by the KOH activation process [33,34,35].



In Figure 3, the XRD patterns in the 15–35° 2θ range of all samples are reported. The DPC sample showed a broad peak centered at 2θ = 23° (002), denoting the typical amorphous graphite structure [24,31,47]. The (002) peak disappeared in the activated samples, confirming the amorphous and non-graphitic nature of the ADPCs samples. The pore network was an outcome of the activation process, i.e., a series of redox reactions between the carbon material and the potassium compounds, as well as at the temperature evolution timing during the next carbonization process, led to the selective dissolution of the species on the carbon framework surface, [24,25,27,34].



WDS analysis (Supplementary Table S1) showed that the samples mainly consisted of carbon and oxygen, with 81.3 at% and 17.7 at%, respectively, and 1 at% of other elements. The O/C atomic ratios were comparable with those recently obtained by Blankenship et al. [43].




3.2. Textural Properties Analysis


Figure 4 shows the nitrogen adsorption/desorption isotherms as measured at the liquid nitrogen temperature. Here, as later, for the sake of clarity, only the curves of the most significant samples are shown. As expected, the DPC sample did not show an appreciable N2 uptake (here not shown), indicating that the sample had a very low porosity and confirming the SEM analysis results. According to the IUPAC classification [48], the shapes of the isotherms were of types I and IV. This was related to a developed mesopore structure coexisting with a microporous framework. The N2 uptake rapidly increased at a very low relative pressure (P/P0 < 0.01) for all the measured isotherms, which is as an indication of their microporous character; an indication of their micropore capacity was connected to the quasi-horizontal plateau in the range P/P0 > 0.1, and a hysteresis loop at the relative pressure range of 0.4–1.0, which was associated with the capillary condensation that occurred in mesopores.



By looking at the curves’ details, it can be noted that the ADPC0.5 sample had a narrower isothermal knee and a less extensive hysteresis loop than the other samples, indicating mainly microporous structures with a lower mesoporosity. On the contrary, the other samples showed a much more considerable amount of adsorbed N2 at low pressures, which is symptomatic of a higher microporosity; furthermore, the more extensive broadening of the isotherm flection point, as well as of the hysteresis loop, was representative of both an increase of the micropore width and the development of mesoporosity, as already shown in the SEM investigation. In particular, the ADPC3 sample exhibited the greatest knee widening, which was indicative of a greater mesoporosity (Table 1). This can be linked to the micropores removal and the development of the mesopores due to the excessive KOH content [33,34,35]. The examination of the adsorption isotherms and PSDs allowed us to quantify these structural differences, as reported in Table 1.



The PSDs were evaluated using DFT and the cumulative volume, as shown in Figure 5, clearly shows that the activation process increased the size of the micropores and generated mesopores. All the PSD plots (Figure S2) exhibited a significant peak in the ultra-microporous region centered around 0.5 nm and series of peaks in the microporous region, whereas the pore size range extended into the mesoporous area only for the samples with a KOH/DPC ratio higher than 0.5. The porosity was therefore homogenous and concentrated in a narrow range (<1 nm), which is a crucial feature for effective H2 adsorption. All these observations point out that KOH/PC ratio was a critical factor in the development of porosity during the activation process. More specifically, increasing the impregnation ratio increased the microporosity (Figure 6), which reached its highest value when the KOH/DPC ratio was equal to 1. At higher KOH/DPC ratios, we observed the development of the mesoporosity of ACs in the 20–200 Å range, which is an essential characteristic for their application in different fields [49]. Furthermore, when comparing the cumulative volume curve for the ADPC3 and ADPC1 samples, a rigid shift was evident showing that while the latter had a dominant microporous character (pore dimensions were essentially confined below 30 Å), the former developed a mesoporous character. In fact, calculating the difference between the cumulative volume of ADPC1 and that of ADPC3 (Figure S3), it is noted that this tended to increase up to a maximum of around 15 Å and then decreased, thus highlighting the greater microporous character of the first sample relative to the second, as well as the ability of this process to finely tune the material porosity. Furthermore, the probed pinecone AC samples presented a higher micropore fraction relative to other biomass activated carbons [7,23,25,27,33].



The textural properties, as recovered via the analysis of the N2 adsorption isotherms, are summarized in Table 1, where the fractions of ultra-micropores, super-micropores, and mesopores were evaluated in accordance with the pore classification given by IUPAC [48]. As seen, the KOH/PC ratio influenced the textural properties (Figure S4), in particular the microporous fraction (Fmicro), which decreased as the KOH/PC ratio increased. The increase of the KOH/PC ratio involved damage to the structure, which reduced Fmicro, and at the same time, increased the mesoporous fraction. By increasing the KOH/DPC ratio, more KOH was retained into the raw material; this is an advantage because the activation reaction proceeded more effectively with more micropores being created in the raw material. On the other hand, as a drawback, the same process produced damage in the already produced porous structure.



ADPC0.5 showed the highest microporous fraction, confirming the microporous nature of this sample, although the total micropore volume was very low. ADPC1 presented the highest micropore volume (0.383 cm3/g) and BET surface area (1173 m2/g). These parameters decreased when the KOH/DPC ratio increased above 1.



Comparing the obtained results with the literature [23,24,25,27,28,33,43], while the PSD was similar and both the VT and SSA showed lower values, the ADPCs had both a higher oxygen content and microporous fraction, showing that the synthesis of highly microporous carbon for H2 uptake can take advantage of the use of pinecones as biomass precursors, while the optimization of the activation procedure parameters could further improve this feature.




3.3. Hydrogen Adsorption


To have a preliminary estimation and comparison of the H2 storage capacity of all the analyzed samples, hydrogen adsorption/desorption measurements (see Figure 7) were undertaken at liquid nitrogen temperature (77 K) in the 0–1 bar range.



The H2 uptake was as low as 0.38 wt% in the DPC sample, while higher storage capacities were observed for the activated samples. This trend was expected [23,30,33], as we have reported that a larger SSA and micropore volume boosts the H2 absorption [35]. To illustrate this, Figure 8, using the data of Table 1, shows the trend of absorption as a function of the micropore volume and the SSA for the different samples. It is evident from Figure 8 that the H2 uptake increased with the increase of the aforementioned textural properties. This behavior occurred because carbon materials with a high micropore volume maximize the interaction potential between the hydrogen molecules and the carbon surface due to the overlap between potential fields, leading to the pore filling and therefore higher H2 adsorption.



The highest H2 uptake was obtained for the ADPC1 sample (1.6 wt%) and it was comparable to the literature data [33], taking into account the differences in the textural parameters and their compensation effects. The ADPC3 sample showed a similar absorption capacity at 1 bar, as expected due to their textural properties. To estimate the trend of the samples’ adsorption properties, the experimental data were fitted using the Töth equation [50]:


  w t % =   w t  %  m a x    (  K  P  e q    )       (  1 +    (  K  P  e q    )   t   )     1 t      ,  








where t is the Töth parameter, which is a measure of the degree of homogeneity of the pore surface; wt%max is the absorption capacity of H2 that is asymptotically reached at high pressures; and K is the kinetic equilibrium constant that represents the energy interaction between gas molecules and pore surfaces. The latter takes into account the affinity of the samples toward the binding of hydrogen molecules on the surface, as well as the occupancy rate of the adsorption sites. The values of these parameters are given in Table 2.



The t parameter was similar, within the error, for all the analyzed samples, which indicated an equal and low homogeneity (t ≈ 0.25) of the surface adsorption sites. Notably, the K values of ADPC1 and ADPC3 samples were very close, indicating their similar adsorption sites and adsorption mechanism (Table 2). This is also clearly visible by examining the curvature of the isotherms (Figure 7). Exceptionally, the ADPC0.5 sample showed higher K values compared to the other samples, indicating a much quicker saturation at the adsorption sites.



From the analysis reported in Figure 7, it is quite evident that the adsorption isotherms of the different samples did not approach saturation, which suggests that a higher uptake was possible by increasing the pressure. Consequently, the H2 adsorption measurements were performed at liquid nitrogen temperatures (77 K) up to 80 bar.



The 77 K isotherms showed a maximum storage capacity at 80 bar (Figure 9) that moved from a minimum value of ≈1.8 wt% for the ADPC0.5 sample to a maximum value of ≈5.5 wt% for ADPC1. Cycles following the first cycle led to a slight lowering of the maximum adsorption capacity that could be quickly recovered using a mild thermal treatment at 473 K for 12 h (Figure S5). The faint trapping of the H2 molecules by the ADPCs pores suggested that a weak physisorption process was involved in the interaction between the sorbent and adsorbate, allowing for a completely reversible isotherm, which is different from ultra-microporous commercial ACs [51].



It is important to highlight that the H2 uptake trend when moving to a higher pressure (see Figure 10) was the same as that observed at 1 bar (Figure 8), confirming the relationship between absorption and the textural properties. Our results show the non-universality of the Chahine rule [30,36,37] for the ultra-microporous samples with a high oxygen content. In fact, the ADPC1 sample, whose SSA was equal to 1173 m2/g, showed an asymptotic uptake (Figure 10a) close to 5.5 wt%, i.e., 14 H2 molecules/nm2, which was more than double that of the expected value. Similar results were found for all the analyzed samples. Furthermore, we note that the H2 uptake was also proportional to the micropore volume (Figure 10b). Consequently, although the SSA of the analyzed sample was not very large compared to that of similar ACs [26,39], the H2 uptake of the analyzed samples attained high and remarkable values.





4. Conclusions


Activated microporous carbon suitable for H2 storage applications were successfully prepared from stone pine (Pinus pinea) collected from the local area of Sila, Calabria, Italy, using KOH activation processes. All samples showed a pore size distribution centered around 0.5 nm, a fraction micropore volume higher than 50%, and an atomic O/C ratio close to 20%. The highest micropore volume, 0.383 cm3 g−1, was obtained when the ratio between the dehydrated pinecones biomass and KOH was 1:1. This sample showed the best H2 storage capacity values at 77 K: 1.6 wt% at 1 bar and 5.25 wt% at 80 bar. These results went well beyond the Chahine rule with an increase of more than 150% relative to the expected values. In conclusion, this work demonstrated that by using pinecone biomass as raw material, together with a small amount of KOH and using a simple process, it was possible to produce activated carbon with a high microporosity and a residual oxygen content. Furthermore, we showed that the activated carbon’s porosity could be tuned by modifying the production parameters, allowing for tailoring it for several uses, such as adsorbed natural gas applications, gas separation through molecular sieving, and CO2 capture.
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Figure 1. Schematic procedure for the preparation of the activated porous carbons from pinecones. 
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Figure 2. SEM images of (a) DPC, (b) ADPC0.5, (c) ADPC1, and (d) ADPC3. The insets in (a), (b), (c), and (d) show further magnified images. 
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Figure 3. XRD pattern of samples between 2θ = 15° and 37°. The complete spectrum is shown in Figure S1. 
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Figure 4. N2 adsorption–desorption isotherms at 77 K. 
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Figure 5. Cumulative pore volume of the analyzed samples. 
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Figure 6. Micropore volume fractions (see Table 1 for the acronym definitions). 
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Figure 7. H2 adsorption isotherms at 77 K up to 1 bar. 
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Figure 8. (a) H2 uptake at 1 bar and 77 K vs. SSA. (b) H2 uptake at 1 bar and 77 K vs. Vmicro. 
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Figure 9. H2 adsorption isotherms at 77 K up to 80 bar. The magnitude of the error is the size of the symbol itself. Solid lines represent fits to the Töth equation. 
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Figure 10. (a) H2 uptake at 80 bar and 77 K vs. SSA. (b) H2 uptake at 80 bar and 77 K vs. Vmicro. 
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Table 1. Textural properties and H2 adsorption properties of the samples.






Table 1. Textural properties and H2 adsorption properties of the samples.





	
Sample

	
KOH/DPC

	
a SBET (m2/g)

	
b VT (cm3/g)

	
c Vmicro (cm3/g)

	
DFT Cumulative Pore Volume (cm3/g)

	
f Vmeso (cm3/g)

	
g Vmacro (cm3/g)

	
h F micro (%)

	
i H2 (wt%)

	
l H2 (wt%)




	
d Ultra-Micropores

	
e Super-Micropores






	
DPC

	
0

	
0.42

	
0.003

	
0.0001

	
0

	
0.0001

	
0.0001

	
0.0028

	
3

	
0.00

	
0.00




	
ADPC0.5

	
0.5

	
441

	
0.1633

	
0.1506

	
0.0993

	
0.0513

	
0.0087

	
0.0041

	
92

	
0.73

	
1.79




	
ADPC1

	
1

	
1173

	
0.4513

	
0.3836

	
0.1854

	
0.1982

	
0.0630

	
0.0048

	
85

	
1.57

	
5.25




	
ADPC3

	
3

	
1050

	
0.4487

	
0.3254

	
0.1479

	
0.1775

	
0.1204

	
0.0030

	
73

	
1.28

	
3.40








a SBET: Specific surface area (SSA) as a result of the Brunauer–Emmett–Teller (BET) method applied in the 0.05–0.15 relative pressure range. b VT: Estimated total pore volume with a relative pressure of P/P0 = 0.99. c Vmicro: Micropore volume extracted from the cumulative volume. d Ultramipores: Volume of pores with less than a 7 Å width. e Supermicropores: Volume of pores with less than a 20 Å width. f Vmeso: Pore volume with a diameter lower than 500 Å in width. g Vmacro: Macropore volume as the rest of the total pore volume once the micropore and mesopore volumes were subtracted. h Fmicro: Micropore volume fraction = (micropore volume/total pore volume) × 100. i H2 uptake: Hydrogen storage capacity at 77 K and 1 bar. l H2 uptake: Hydrogen storage capacity at 77 K and 80 bar. DPC: Dehydrated pinecone powder, ADPC: Activated carbonized pinecone, DFT: Density function theory.
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Table 2. Töth equation fitting parameters for the activated samples.
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	Sample
	wt%max ± Δwt%
	t ± Δt
	K ± ΔK





	ADPC0.5
	1.634 ± 0.2
	0.254 ± 0.005
	4.401 ± 0.03



	ADPC1
	5.435 ± 0.2
	0.244 ± 0.005
	2.858 ± 0.03



	ADPC3
	4.980 ± 0.2
	0.242 ± 0.005
	2.587 ± 0.03











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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