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Abstract

:

The quest for a smooth transition from fossil fuels to clean and sustainable energy has warranted studies on alternative energy materials. Herein, we report on an experimental and theoretical study focused on hydrogen generation through the hydrolysis of microcrystalline cellulose (MCC) treated in different media (deionized water, sodium hydroxide) and MCC functionalized with magnesium (MCC-Mg), titanium (MCC-Ti), and niobium (MCC-Nb). The XRD results reveal the decreased crystallinity of MCC due to ball milling along with the formation of metal oxide composites between MCC and various metals (magnesium, titanium, and niobium). Theoretical studies using NVT molecular dynamic simulations with the NH chain thermostat implemented in the Dmol3 provides further support to the experimental results reported herein. The results from the experimental and theoretical studies revealed that ball milling and composite formation with metal species enhanced the kinetics of the hydrolysis of MCC and, consequently, hydrogen generation, while the addition of NaOH and urea inhibited the hydrogen yield.
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1. Introduction


Biomass is a term that has several contextual meanings, from ecology to bioenergy, etc. In terms of bioenergy, it may be described as all organic matter of plant or animal origin that exists in the biosphere, including materials obtained through natural or artificial transformations [1,2,3,4,5,6,7,8,9,10,11]. Recently, the use of biomass materials as a source of clean and sustainable energy has increased exponentially due to their unique properties such as abundance, benign nature, degradability, and relatively low cost. Biomass is a renewable organic resource derived from crop residues, forest residues, and solid animal waste. Cellulose is the major component of woody biomass and the most abundant natural polysaccharide material on earth [2]. It is a linear homopolymer with D-glucose as its basic molecular building block. Due to its low cost, biocompatibility, amenability to chemical modification, and good mechanical properties [3,4], cellulose has attracted a growing interest in biological applications [5,6], water treatment [6,7,8], the preparation of sensors [10], mechanical reinforcement agents [11,12,13], and energy applications [14,15,16].



The smooth transition from fossil fuels to renewable feedstock requires the development of biomass-based materials that can be used as clean and sustainable energy sources. Among these renewable feedstocks, hydrogen is regarded as a valuable potential energy carrier for the future due to its high energy value (141.86 kJ g−1) compared to gasoline (47.50 kJ g−1), propane (50.36 kJ g−1), and methane (55.53 kJ g−1) [17]. In addition, hydrogen is non-toxic, and its byproduct, when used as a source of clean energy, is water [18]. However, hydrogen is not readily available in nature and requires sustainable and low-cost strategies for its generation. Therefore, various hydrogen generation methods have been reported that involve the use of different materials, such as single-component and composite materials [19,20]. A review on the use of cellulosic biomass for hydrogen generation by Mohanty et al. [21] reveals the application of thermochemical processes such as pyrolysis, catalytic pyrolysis, gasification, co-gasification, and supercritical water gasification (SCWG), along with biochemical/biological conversions, including electrolytic and photolytic processes.



One of the feasible methods of hydrogen generation is the hydrolysis of alkaline earth metals [22,23] and their composites with various biomaterials, such as graphene oxide/graphite [24,25] and hydrides [26,27,28]. However, using direct hydrolysis as a method of hydrogen production remains challenging due to the low yield of hydrogen. Similarly, the direct hydrolysis of cellulosic biomass for hydrogen generation requires further research to optimize the process for sustainable and cost-effective hydrogen generation. Zagrodnik et al. [29] studied the effect of heat pretreatment of inoculums on hydrogen yield from untreated cellulose and starch. Their study reported that pretreatment at 100 °C enhanced the generation of hydrogen by cellulose up to 0.48 mol H2/molhexose [29]. Also, Caravaca et al. [30] reported that cellulose could be reformed via sunlight to generate hydrogen by utilizing metal-coated titania photocatalysts. They also noted that precious metals like Pt, Pd, and Au are less environmentally friendly than Ni [30]. Gadow et al. [31] studied the effects of temperature on the generation of hydrogen through the fermentation of cellulose and reported that temperature variation was a key factor that enhanced the bio-production of hydrogen. They further posited that thermophilic and hyper-thermophilic conditions yield more hydrogen than mesophilic conditions. Furthermore, Zou et al. [32] investigated the effects of a Ce/Fe bimetallic catalyst on hydrogen generation from cellulose steam at 500–900 °C. They showed that the catalytic impact of CeO2/FeO3 composite on hydrogen generation was superior to CeO2 or Fe2O3 alone. Studies on hydrogen generation from cellulose gasified in hot-compressed water via reduced nickel catalyst at a temperature range of 200 °C to 350 °C have also been reported [33]. The authors revealed that the catalytic activity was dependent on the size of the catalyst and not the surface area.



Composites that include metals as one of the components employed for hydrogen generation commonly include magnesium due to its low weight and ability to form mechanically resistant alloys [25]. In addition, magnesium is a metal that reacts with water to liberate hydrogen and has been reported to exhibit low toxicity. Besides magnesium, titanium has also been used due to its unique properties such as its non-toxicity, excellent corrosion resistance, good mechanical strength, and biocompatibility. These properties make titanium a promising candidate for application in various chemical, petrochemical, and biomaterial processes. Niobium is another metal that has been considered in the development of materials for hydrogen generation due to its excellent corrosion resistance and its ability to form an oxide layer when it comes in contact with air [25]. The oxide layer acts as a protective barrier that blocks additional air and moisture intrusion to prevent corrosion.



Despite the relative availability, biodegradability, biocompatibility, good stability, and mechanical stability of cellulosic biomass, the use of cellulose-based composites that contain niobium, titanium, and magnesium for hydrogen generation via the hydrolysis method is yet to be reported. Therefore, to bridge this gap, this work aims to evaluate the hydrogen generation potentials of cellulosic biomass (cellulose, microcrystalline cellulose, and ball-milled cellulose) and its composites with niobium, titanium, and magnesium. The effects of the presence of electrolytes on hydrogen generation shall also be evaluated through experimental and theoretical studies. Firstly, the composite samples were characterized with different techniques, such as powder X-ray diffraction (PXRD), scanning electron microscopy analysis (SEM), and X-ray photoelectron spectroscopy (XPS). Secondly, an experimental study was carried out to evaluate the hydrogen generation potentials of microcrystalline cellulose, ball-milled cellulose, and a composite of this cellulosic biomass with niobium, titanium, and magnesium along with the effects of the presence of electrolytes on the hydrolysis reaction. Finally, a molecular dynamic simulation to elucidate the nature of the interaction between cellulose and the metals was performed using density functional theory (DFT). The contributions of this research are highlighted as follows: (i) the use of cellulosic biomass composites with various metal ions as a “green” strategy for hydrogen generation, (ii) the role of ball milling in sustainable hydrogen generation, and (iii) the effects of electrolytes on hydrogen generation via hydrolysis of cellulosic biomass and their composite materials with metals. This study will contribute to the increased interest in the development of green and sustainable strategies based on cellulosic biomass and its composites to produce hydrogen for onboard applications.




2. Experimental Procedure


2.1. Materials


Microcrystalline cellulose (medium fiber from cotton linters), niobium, urea, sodium hydroxide, and titanium powders were ordered from Sigma-Aldrich Canada Ltd. (Oakville, ON, Canada), while magnesium powder (99.8% purity, particle size 20 + 230 mesh) was obtained from Alfa Aesar, (Ward Hill, MA, USA). All materials were used without further purification.




2.2. Preparation of Cellulose Doped with Niobium, Titanium, and Magnesium


The composite materials were synthesized as follows: briefly, 2 g of the cellulosic biomass was dissolved in a NaOH/urea solution at room temperature. Following this, 0.5 g of the respective metal powders (magnesium, titanium, and niobium) was added to the cellulose solution as oxophilic agents, and the mixture was stirred for approximately 18 h. The resulting cellulosic biomass–metal composite was centrifuged, and the supernatant was decanted, followed by drying the prepared composites in an oven at 70 °C for 48 h. Then, the materials were stored in vials for further use.




2.3. Powder X-ray Diffraction


The PXRD profiles of the materials were obtained using an AXS D8 ADVANCE Bruker X-ray diffractometer (Germany) with a monochromatic source (Cu Kα1) radiation target (λ = 1.540 Å and n = 1), as previously reported [34]. The PXRD spectra were obtained in a continuous scanning mode from 5–80°, with an applied voltage and current of 40 kV and 40 mA, respectively.




2.4. Scanning Electron Microscopy


A Hitachi SU6600 field emission scanning electron microscope was utilized to evaluate the composite materials’ SEM images. The working conditions for image acquisition employed an accelerating voltage (3 kV), the working distance (8.1–8.4 mm), and a magnification of 2.5–3 k.




2.5. X-ray Photoelectron Spectroscopy


To determine the elemental composition of the materials, Kratos (Manchester, UK) AXIS Supra system was used. It is composed of a 500 mm Rowland circle monochromatic Al Kα (1486.6 eV) source, a combined hemispherical analyzer, and a spherical mirror analyzer. The survey scan spectra were collected in the 0–1200 binding energy range in 1 eV. A spot size with a hybrid slot (300 × 700 μm2) and a pass energy of 160 eV was used. Scanning of several regions was analyzed using 0.1 eV steps with a pass energy of 20 eV for the high-resolution analysis. An emission current of 15 mA and a 15 keV accelerating voltage were used for the study.




2.6. Hydrogen Production Procedure


Hydrogen generation was carried out as previously reported by Figen et al. [35], where one gram of each of the powdered composite materials was added to 200 mL of distilled water at 89 ± 3 °C with a constant stirring rate of 120 rpm in an Erlenmeyer flask. CoCl2 was used to absorb the moisture in the system. An ADM2000 flowmeter with an accuracy of 0.1 mL/min was used to measure the amount of H2 gas generated. For data acquisition, the flowmeter was connected to a computer running ADM Trend software, version 12.1 [36]. To account for any contributions from water vapor or expansion of the air in the flask during heating, the experiment was conducted in similar conditions without the presence of the composites. The amount of H2 gas generated was determined as the difference between the cumulative volume of H2 gas obtained from the two experiments, with and without the addition of the composite materials.





3. Results and discussion


3.1. X-ray Diffraction Analysis


PXRD studies of the samples were carried out and the results are presented in Figure 1. The PXRD patterns of MCC reveal peaks at 2  θ   = 22.02° and 2  θ = 18.12 °   corresponding to the (002) and (101) plains with an interlayer distance of 0.39 nm and 0.48 nm, respectively. Similarly, Figure 1 displays the minimum peak for the ball-milled MCC at 2  θ    = 18.12°, where the two peaks found in the non-ball-milled MCC seems to have merged into a broader peak at 2  θ   = 22.02°, in agreement with the claim of a decline in the crystalline order of MCC due to ball milling. The results imply that MCC exhibits long-range order relative to the ball-milled MCC, in agreement with a related study [37]. Furthermore, the PXRD pattern of MCC treated with aqueous NaOH is also shown in Figure 1. The PXRD patterns further reveal that the treatment of MCC with aqueous NaOH results in sharp XRD bands at 2  θ   = 33.5°, 2  θ = 47 °  , and 2  θ = 67 °  , which support the binding of NaOH to MCC. The above results suggest that the inhibitory effects of NaOH on hydrogen generation potential of MCC results from an increase in crystalline ordering of MCC through the binding of NaOH crystals to MCC.



Moreover, Figure 2a–d display the PXRD patterns of ball-milled MCC, the ball-milled MCC-Mg composite, the ball-milled MCC-Ti composite, and the ball-milled MCC-Nb composite treated with deionized water. The PXRD pattern of the ball-milled MCC-Mg composite (Figure 2b) displays bands at 2  θ = 38.10   corresponding to MgO (2  θ   = 38.10°) and 2  θ   = 49.88° corresponding to Mg(OH)2 in addition to signatures ascribed to MCC. Similarly, the ball-milled MCC-Nb and ball-milled MCC-Ti composites treated with deionized water (Figure 2c,d) display peaks corresponding to NbO2 (65.07°) and TiO2 (44.52°) along with the peaks ascribed to MCC. The PXRD patterns and crystallinity index obtained from the peak areas reveal greater crystalline ordering for the MCC-Mg composite treated with water and the ball-milled MCC-Ti composite [38] treated with deionized water relative to the ball-milled MCC-Nb composite [30] treated with deionized water. This trend concurs with the highest volume of hydrogen generated by the ball-milled MCC-Nb composite that was treated with deionized water, as reported earlier [25].




3.2. Scanning Electron Microscopy Analysis


The scanning electron microscopy (SEM) results for MCC, Mg, Nb, MCC-Mg, MCC-Ti, and MCC-Nb are shown in Figure 3.



The micrographs of MCC reveal different particle sizes with various geometry, as compared with the MCC that underwent 24 h of ball milling, where a smoother surface with reduced particle size is evident. These results are in agreement with other SEM studies reported in the literature [39,40]. On the other hand, the micrographs of Mg, Ti, and Nb exhibit various irregular shapes with angular and sharp edges, as shown in our previous work [25]. Moreover, the SEM micrographs reveal that the metal is randomly dispersed on the MCC surface which attests to the presence of different morphologies for MCC-Mg, MCC-Ti, and MCC-Nb, where the differences noted in the morphology of the images relate to the MCC and MCC–metal-oxide domains, respectively. The SEM results support the formation of a composite between these metals and MCC, where a similar analysis was performed on graphene oxide, as reported previously [25].




3.3. X-ray Photoelectron Spectroscopy


The high-resolution XPS spectra of the composites that underwent 24 h of ball milling (MCC-Mg, MCC-Ti, and MCC-Nb) are displayed in Figure 4 and Table 1. The results provide evidence of the existence of metals in variable oxidation states, according to our expectations for composites that contain metal species and MCC. For example, magnesium exists in the zerovalent (Mg) and divalent (Mg2+) oxidation states, where Mg2+ species were the most prevalent, in agreement with a previous study [25]. The XPS spectra for Mg supports the formation of Mg(OH)2, which concurs with a mechanism for the hydrolysis of Mg. Similarly, titanium is present in multivalent oxidation states (e.g., Ti2+, Ti3+, and Ti4+), where the Ti2+ species are the most prevalent [41]. In the case of Nb, the results reveal the existence of variable oxidation states (e.g., Nb4+ and Nb5+) [41,42], with the pentavalent state as the most abundant. These XPS results agree with the PXRD patterns, where the metal oxide species were also observed.




3.4. Computational Method


In addition to the experimental evaluation of hydrogen evolution of the MCC–metal (Mg, Ti and Nb) composites treated with deionized water, an NVT molecular dynamic simulation with the NH chain thermostat was implemented in the Dmol3 module and the material studio was performed at 500 K. The generalized gradient approximation (GGA) using Perdew, Burke, and Ernzerhof (PBE) [43] was used to approximate the effects of exchange correlation on electron–electron interactions. The semi-core pseudo potentials represent the core electrons as a single effective potential [44,45]. The final structures and the fluctuation of the temperature over the dynamical step are illustrated in Figure 5.



The simulated structures reveal the release of H2 molecule in all three cases after 800 dynamic steps. Moreover, the formation of Ti(OH)2, and Nb(OH)5 from the reaction of MCC-Ti and MCC-Nb with deionized water concurs with the presence of the metals in variable oxidation states, as supported by the PXRD and XPS results.




3.5. Hydrogen Generation from Cellulose


Due to its environmental friendliness and abundance in nature, we performed the hydrolysis of cellulose for hydrogen generation, where a diagram for this system was previously reported [25]. The cumulative volume of hydrogen yielded by MCC and its composites over time under various conditions is displayed in Figure 6.



Figure 6 shows that the hydrogen yield of MCC treated with deionized water at 89 ± 3 °C for over 4500 s is 40 mL. On the other hand, the treatment of MCC with NaOH (aq) led to a drop in hydrogen generation (14 mL) over 3000 s. The low hydrogen yield observed due to the treatment of MCC with aqueous NaOH indicates the inhibition of hydrogen production by NaOH (aq). However, the treatment of MCC with aqueous urea resulted in the generation of 35 mL of hydrogen over 3000 s. These results reveal that the effects of the urea inhibition on hydrogen generation is not as prominent when compared to NaOH (aq). The above may be ascribed to the claim that the solvation of cellulose by urea prevents agglomeration through the weakening of hydrophobic effects, due to the chaotropic properties of urea in water [40]. By contrast, solvation in aqueous NaOH involves a strong ion–dipolar interaction with cellulose due to ionization of the hydroxyl groups of the polysaccharide, which does not support hydrogen generation [31,32].



Furthermore, MCC dissolved in aqueous NaOH/urea solution was treated with titanium, magnesium, and niobium and their hydrogen generation potentials were evaluated. The results of hydrogen generation by the various composite mixtures (MCC-Mg, MCC-Ti and MCC-Nb) are displayed in Figure 6. The results reveal that the hydrogen yields are approximately 34 mL, 37 mL, and 45 mL over 3000 s for MCC-Mg, MCC-Ti, and MCC-Nb, respectively, where the volume of hydrogen gas generated by the MCC-Nb composite mixture is slightly higher than the one generated by MCC treated with H2O (40 mL). This variation in the hydrogen generation of composite materials agrees with the differences in their relative crystallinity as inferred from the PXRD results (Figure 2). Furthermore, the highest oxophilic activity of Nb, affirmed by the abundance of the metal in its +5-oxidation state from the XPS results, supports the reported trend.



Furthermore, to evaluate the effects of ball milling on the hydrogen generation potentials of MCC, the biomass was ball milled for 24 h. The hydrogen yield for samples of MCC that underwent 24 h of ball milling showed an 87.5% increase in hydrogen generation (75 mL) over 4000 s relative to 40 mL for MCC treated with deionized water. The 87.5% increase in hydrogen generation due to ball milling of MCC may be ascribed to the decrease in particle size and the crystallinity of MCC along with a change from the typical cellulose IV to cellulose II [40,46]. Ball milling results in the destruction of the hydrogen bonding that holds the hydroxyl groups in an arrangement that supports the high crystallinity of cellulose. The destruction of the hydrogen bonding makes the hydroxyl groups in cellulose available for hydrolysis. However, the addition of NaOH to the MCC-deionized water mixture led to a drop in hydrogen generation from 75 mL to approximately 40 mL over 4000 s. These results reveal that NaOH inhibits the hydrolysis of MCC, thus leading to a drop in the hydrogen yield of ball-milled MCC, as shown in Figure 7. The effects of composite formation between ball-milled MCC and metals such as magnesium (Mg), titanium (Ti), and niobium (Nb) were also studied in the presence of deionized water, which are also presented in Figure 7. The hydrogen yield of the MCC-Mg, MCC-Ti, and MCC-Nb composites are reported as 60 mL, 85 mL, and 110 mL, respectively. These findings revealed that composite formation between ball-milled MCC and the metals (Mg, Ti, and Nb) enhanced the hydrogen production potential of ball-milled MCC through a catalytic effect, where the MCC-Nb composite displayed the greatest and fastest hydrogen generation potential, in agreement with results reported earlier. Previous reports [47,48,49] have proposed that introducing oxophilic metals onto the surfaces of noble metal nanocrystals may result in the acceleration of electrochemical and hydrolytic reactions via the regulation of the adsorption energy of hydroxyl species (OHads). In particular, Kim et al. [50] reported that oxophilic Cr dopants enhanced both the H and OH binding energies of the Ni nanohelixes, resulting in the acceleration of the dissociative adsorption of water and overall kinetics of the hydrogen evolution reaction. The observed differences in the hydrogen generation potentials of the various composites relate to the oxophilic activities of the metals in the composite, where niobium with the highest oxophilic activity and the abundance of its oxides in the +5-oxidation state (cf. Table 1) supports the highest hydrogen generation volume after over 3000 s of the hydrolysis reaction.





4. Conclusions


This study reports a theoretical and experimental study of H2 production via the hydrolysis of microcrystalline cellulose (MCC) and MCC-metal composites treated with deionized water, urea and NaOH. The results demonstrate that the presence of NaOH and urea inhibit the hydrogen generation efficiency of MCC. Furthermore, ball milling of MCC for 24 h led to enhanced hydrogen generation potentials of MCC. This effect was related to a decrease in the crystalline order of MCC in agreement with PXRD spectra results, where a broader peak at 2θ = 22.02° was observed for the ball-milled MCC. Additionally, the theoretical prediction supports the formation of oxides of the metals, according to PXRD and XPS results. As well, the hydrogen yield performance adopts the following order: MCC-Nb > MCC-Ti > MCC-Mg. Finally, the results demonstrated that ball milling represents an effective way to improve the kinetics of hydrogen generation.
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Figure 1. XRD patterns of pure microcrystalline cellulose (MCC), ball-milled microcrystalline cellulose, and ball-milled microcrystalline cellulose plus sodium hydroxide (NaOH). 
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Figure 2. XRD spectral patterns of ball-milled microcrystalline cellulose (a), and ball-milled microcrystalline cellulose doped with magnesium (b), titanium (c), and niobium (d). (The indices in colored fonts relate to the metals while those in black font relate to cellulose). 
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Figure 3. Representation of the scanning electron microscopy of MCC, Mg, Nb, Ti, 24 h of ball milling of MCC, and the corresponding functionalized MCC-Mg, MCC-Nb, and MCC-Ti. 
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Figure 4. Representation of the XPS spectra of the metals and the various MCC composites (MCC-Mg, MCC-Nb, and MCC-Ti), where the black line is the envelop and green line is the background. 
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Figure 5. The final structures of the dynamics of (a) MCC-Mg, (b) MCC-Ti, and (c) MCC-Nb treated with water. The colour coding of the spheres (atoms) is given as follows: Green (magnesium), dark green niobium), white (hydrogen), red (oxygen), grey (titanium), and dark grey (carbon). 
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Figure 6. Hydrogen yield in (mL) of microcrystalline cellulose and its composites over time (seconds). The black (MCC + Urea + NaOH + Ti + H2O), orange (MCC + Urea + NaOH + Nb + H2O), green (MCC+ NaOH + H2O), red (MCC + Urea + H2O), dark red (MCC + Urea + NaOH + Mg + H2O), and blue (MCC + H2O) lines denote the hydrogen pr