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Abstract

:

Due to the current concern with the environmental impacts produced by the construction industry, many studies have been conducted to capitalize on the advantages of waste to develop sustainable materials. The study reports an innovative, non-conventional cement-based composite material containing 10 wt.% vine shoot waste, representing a step forward toward the use of this lignocellulosic waste. The investigations were carried out using scanning electron microscopy with energy dispersive X-ray analysis, Fourier-transform infrared spectroscopy, thermogravimetric analysis, X-ray diffraction and solid-state 27Al and 29Si nuclear magnetic resonance spectroscopy. The addition of vine shoot waste to the cement paste increases the amount of hydration products (calcium silicate hydrate (CSH), calcium hydroxide (CH), calcium carbonate (CaCO3) and ettringite), leading to a more compact and dense structure. The structural characterization techniques also confirmed the formation of a higher amount of hydration products in the case of vine shoot waste added to the cement paste.
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1. Introduction


Cement is one of the most widely used materials in the construction industry [1]. The cement industry is responsible for approximately 8% of global anthropogenic carbon dioxide emissions, making it an important sector for carbon dioxide-emission mitigation approaches [2,3]. The EN 197-1 standard defines the specifications of 27 common types of cement, including 7 sulfate-resistant types of cement, 3 low early-resistance blast-furnace types of cement and 2 with high sulfate resistance [4]. Portland type I (CEM I) cement is suitable for general use (bridges, buildings, reservoirs, pipe and pre-cast concrete products), where the special properties of other cement types are not required.



The composition of CEM I is 95–100 wt.% clinker and 0–5 wt.% additional constituents, while the white CEM I contains 51–72 wt.% tricalcium silicate (C3S), 9–25 wt.% dicalcium silicate (C2S), 5–13 wt.% tricalcium aluminate (C3A) and 1–2 wt.% tetracalcium iron aluminate (C4AF). Cement hydration is an irreversible and complex chemical reaction between cement and water, resulting in different hydration products such as calcium silicate hydrate (CSH), calcium aluminoferrite hydrate, ettringite, trisulfoaluminate, monosulfoaluminate and other related compounds [5].



Anthropogenic activities generate large amounts of waste, which is a significant concern for environmental protection; the impact can be reduced by reasonable waste control [6]. Approximately 50 million cubic meters of agricultural waste are produced yearly in the European Union due to agricultural activities and various industries, such as forestry and furniture manufacturing [7,8]. Improved waste management through using waste in various domains as alternative raw materials contributes to reducing greenhouse gas emissions [9]. Recent research has focused on converting waste into valuable products [10]. In this regard, fusing glass powder waste to improve the mechanical properties of cementitious materials is both cost-effective and environmentally friendly [11]. Moreover, the mechanical properties of cement-based materials can be improved using granite cutting residue [12]. The addition of red mud to magnesium phosphate cement resulted in higher fluidity and improved mechanical properties and water resistance [13]. Additionally, the partial replacement of Portland cement with volcanic ash provides a low-cost and environmentally friendly solution to the disposal of volcanic ash [14].



Lignocellulosic waste can be used in cement-based materials as alternative raw material that positively impacts the cement-based structure [15,16]. Due to the lignocellulosic fiber malleability and morphology, adding waste to cement-based materials improves the compatibility between fiber and matrix and thus yields enhanced flexural and tensile strength, lightweight properties, ductility, cracks and fractures of cement-based materials [17]. The increased surface area of the lignocellulosic waste increases the water absorption of the composite cement-based material [18]. The main factors affecting the quality of composite cement-based materials are density, particle size, lignocellulosic material type, aspect ratio, volume, mix design, and the method used for mixing, processing and curing, respectively [15]. Low lignin content offers high hydrophilicity due to the only two free hydroxyl groups, compared with cellulose with three free hydroxyl groups. In addition, using lignocellulosic waste with a low affinity for water might avoid degradation caused by alkaline pore water in cement-based materials [19].



A cement-bonded panel was constructed using pine shavings, sugar cane bagasse particles, eucalyptus, Pinus and bamboo lamination residues [20]. The genus Pinus is the conifer species most widely used cement-based material. Adding Pinus wood residue increases the material’s physical properties associated with the particle size. A possible explanation could be that smaller particles are coated better with cement and provide better bonding [21,22]. Using coir fiber reinforcement in masonry mortar materials results in lower densities. The lignocellulosic fragments with shorter lengths are better for reinforcement, and the water absorption capacity of 15% decreases with the fiber size [23]. Karade et al. reported using various lignocellulosic wastes (rice straw, hazelnut shell, coir, oil palm residues, wheat straw, bark, bagasse, corn granules and achar stalks) in construction. The advantages of their use are the reduction of carbon dioxide emissions, safe and efficient waste disposal, low thermal conductivity, enhanced bio and fire resistance and a lightweight composite cement-based material [15].



Vine shoot waste (VSW) is another type of lignocellulosic biomass generated in large quantities worldwide and is commonly burned on the field or used as compost [24,25]. To the best of our knowledge, apart from studies conducted on the use of vine shoot waste as a source of bioenergy [26], cellulose nanocrystals [27], particleboards [28] and clay bricks [29], no such renewable raw material has previously been used to enhance the properties of cement. In this regard, the study aims to obtain an innovative cement-based material by adding 10 wt.% vine shoot waste. Thermogravimetric analysis (TGA), X-ray diffraction (XRD), scanning electron microscopy with energy dispersive X-ray analysis (SEM-EDX), Fourier-transformed infrared (FT-IR) spectroscopy and solid-state 27Al and 29Si nuclear magnetic resonance (NMR) spectroscopy evidenced the improved structural and hydration properties of the cement paste with 10 wt.% vine shoot waste. The obtained results contribute to the enhancement of knowledge in the field of waste management and the progress toward the circular economy by providing sustainable ways of waste disposal.




2. Materials and Methods


This section is focused on the presentation of raw materials and the determination methods used for the chemical and structural characterization of the cement (CEM), vine shoot waste (VSW), cement paste (CP), and cement paste 10% vine shoot waste (CP10VSW) samples.



2.1. Chemicals and Raw Materials


All chemicals (Merck, Darmstadt, Germany) used in this study were of analytical grade and used as received without any further purification. For the production of the lignocellulosic waste cement composites, the following materials were used: cement (CEM, Figure 1a) and vine shoot waste (VSW, Figure 1b). The white cement CEM I 52.5 R used in this study is an ordinary Portland cement type I containing 63 wt.% tricalcium silicate (C3S), 18 wt.% dicalcium silicate (C2S), 10 wt.% tricalcium aluminate (C3A) and 1 wt.% tetracalcium iron aluminate (C4AF), according to the producer. VSW was procured from “Ion Ionescu de la Brad” research station of the University of Agricultural Sciences, Iasi. The vine shoot waste was dried at 105 °C and ground to <100 µm.




2.2. Vine Shoot Waste Cement Nanocomposite Production


An amount of 10 wt.% VSW was mixed with CEM for 1 min using an electric hand mixer with a rotation speed of 600 rpm. After adding water (water to cement ratio of 0.5), the mixing process continued for another 5 min. The cement paste containing VSW (CP10VSW) was cast in a cylindrical plastic mold with a diameter of 50 mm and a height of 100 mm and was sealed for the first 24 h. Afterward, the sample was demolded and immersed in distilled water for 28 days, oven dried at 100 °C for 4 h, followed by grinding (Figure 2a). A plain cement paste (CP) prepared similarly was used as a control sample (Figure 2b).




2.3. Chemical Characterization of Vine Shoot Waste


The following chemical characteristics were evaluated for the VSW sample used in this study: lignocellulosic components (cellulose, hemicelluloses, and lignin), moisture, C, H, N, S and ash contents. The cellulose and hemicellulose content of the dried VSW sample was determined from holocellulose content as the residues insoluble in NaOH [30]. The lignin content was determined as an insoluble residue after the reaction with H2SO4. Moisture content was determined according to EN ISO 18134-3 and refers to the sample dried at 105 °C in air atmosphere until the constant mass is achieved and the percentage moisture is calculated from the loss in mass of the biomass [31]. The total C, H, N, and S content were measured using a Flash 2000 CHNS/O analyzer (Thermo Fisher Scientific, Waltham, MA, USA). The ash content was determined according to the ASTM E1755-01 standard and refers to the inorganic residue remaining after the complete oxidation at 575 ± 25 °C of the organic matter in the vine shoot waste [32].




2.4. Chemical Characterization of Cement


For the cement (CEM) sample used in this study, the following chemical characteristics were evaluated: major elements (Si, Al, Fe, Na, K, Ca, Mg), oxides (Na2O, K2O, CaO, SiO2, Al2O3, Fe2O3) and loss of ignition (LOI). The major elements (Si, Al, Fe, Na, K, Ca, Mg) were determined using an Optima 5300 DV (Perkin Elmer, Norwalk, CT, USA) inductively-coupled plasma optical emission spectrometer (ICP-OES), after microwave digestion using the method previously described [33]. The calibration curves were prepared using 1000 mg/L multi-element (Al, Fe, Na, K, Ca, Mg) and mono-element standard (Si) solutions (Merck, Darmstadt, Germany). The measured element concentrations were converted to oxides using atomic and molecular masses. Loss on ignition (LOI) in the cement industry commonly refers to a mass loss for a sample heated to 1000 °C, determined according to ASTM C 114 [34]. A potash feldspar (BCS-CRM 376/1, Bureau of Analyzed Samples, Middlesbrough, UK) certified reference material with a similar matrix to the cement sample was analyzed for quality control. The obtained results (Na2O, K2O, CaO, SiO2, Al2O3, Fe2O3, LOI) for the certified reference feldspar material were in good agreement with the certified values.




2.5. Structural Characterization


The CEM, VSW, CP and CP10VSW samples were characterized in terms of thermal stability (TGA) and structural properties (XRD, SEM, FT-IR and NMR). The thermal stability of the CEM, VSW, CP, and CP10VSW samples was investigated using a thermogravimetric analysis instrument Q600 ADT (TA Instruments, New Castle, DE, USA) by heating from 30 to 1000 °C, with a heating rate 10 °C/min under air. The XRD patterns were recorded at room temperature using a D8 Advance diffractometer (Bruker, Karlsruhe, Germany) with CuK α1 radiation (λ = 1.54060 Å), operating at 40 kV and 35 mA. SEM-EDX analysis was performed at room temperature using a scanning electron microscope (VEGAS 3 SBU, Tescan, Brno-Kohoutovice, Czech Republic) with a Quantax EDX XFlash (Bruker, Karlsruhe, Germany) detector. Samples of ~4 mm2 were mounted with carbon tape to an SEM stub. The FT-IR spectra of CEM, VSW, CP and CP10VSW were recorded using a Spectrum BX II (Perkin Elmer, Waltham, MA, USA) spectrometer in the range of 4000–400 cm−1 on 1% KBr pellets with a spectral resolution of 2 cm−1. 29Si and 27Al MAS (magic angle spinning) NMR spectra were recorded on a 500 MHz Bruker Advance III (Bruker, Billerica, MA, USA) solid-state wide-bore spectrometer, operating at 29Si and 27Al Larmor frequencies of 99.36 and 130.32 MHz, respectively. A 4 mm Bruker MAS probe was used, and the samples were taken in ZrO2 rotors, which were spun at a rate of 7 kHz (for 29Si spectra) and 14 kHz (for 27Al spectra). The 29Si MAS NMR spectra were recorded using one-pulse with a proton high power decoupling sequence with a relaxation delay of 5s, collecting 5000 FIDs for CEM and CP and 15000 FIDs for VSW and CP10VSW. These spectra were calibrated to tetramethylsilane (TMS) through an indirect procedure that uses sodium-3-(trimethylsilyl)-propane-1-sulfonate (DSS) (1.46 ppm) as an external reference. The 27Al MAS NMR spectra were recorded with one pulse sequence, accumulating 5000 FIDs with a relaxation delay of 1 s. The 27Al spectra were calibrated to the Al’s signal (δ = 0 ppm) in an external standard 1M Al(NO3)3 aqueous solution.





3. Results and Discussion


The chemical, structural, and hydration properties of the cement paste with 10 wt.% vine shoot waste (CP10VSW) sample were investigated by thermogravimetric analysis (TGA), X-ray diffraction (XRD), scanning electron microscopy with energy dispersive X-ray analysis (SEM-EDX), Fourier-transformed infrared (FT-IR) spectroscopy and solid-state 27Al and 29Si nuclear magnetic resonance (NMR) spectroscopy.



3.1. Chemical Characterization


The chemical characterization of the vine shoot waste (VSW) sample used for the preparation of CP10VSW composite is presented in Table 1, and confirms the presence of cellulose, hemicellulose and lignin in comparable amounts, while the elemental analysis reveals a high C amount which is a constituent part of lignin. The higher amount of lignin in vine shoot waste makes it sustainable for cement paste due to the low affinity to water. The content of lignocellulosic constituents and elemental analysis is similar to those obtained in our previous studies for eight vine shoot waste varieties [35].




3.2. Chemical Characterization of Cement


The chemical characterization of the cement (CEM) sample used for preparing the CP10VSW composite confirms that CEM is composed of cement clinker and minor additional constituents. Its main components are dicalcium silicate (C2S), tricalcium aluminate (C3A), tricalcium silicate (C3S), and tetracalcium iron aluminate (C4AF). The experimental composition of cement used in this study (65.20 wt.% CaO, 21.73 wt.% SiO2, 4.63 wt.% Al2O3, 0.45 wt.% Fe2O3, 1.00 wt.% MgO, 0.36 wt.% Na2O, 0.14 wt.% K2O, 3.00 wt.% SO3 and loss of ignition is 0.1 wt.%) was in accordance with the EN 197-1 and EN 196-2 standards [4,36]. These components highly influence the performance stability of cement and its products.




3.3. Thermogravimetric Analysis (TGA)


The TGA curves of CEM, CP, CP10VSW and VSW samples are presented in Figure 3a–d. The TGA curve of the CEM sample (Figure 3a) displays three peaks at 109, 387, and 649 °C attributed to gypsum plaster dehydration, CH, and CaCO3, respectively [37]. The TGA curves of the CP (Figure 3b) and CP10VSW (Figure 3c) samples display three distinct effects: (i) the exothermic effect at 100–400 °C corresponds to the removal of water from hydrated products, which are likely to include most cement phases, most of the CSH; (ii) the exothermic effect at 500–570 °C corresponds to the dehydroxylation of a part from CH [38,39]; (iii) the exothermic effect at 700–900 °C may be due to the decalcification of the CaCO3 [40]. Around 800 °C, the weight loss due to carbon dioxide elimination by thermal degradation of the carbonated phase is observed [41]. The TGA curve of the VSW sample (Figure 3d) reveals a slight weight loss due to the water removal at 100 °C, while the peaks at 321 and 418 °C are attributed to the hemicellulose and lignin losses, respectively. The peak at 80–130 °C is attributed to the dehydration of the VSW particle, CSH, and ettringite in the case of CP10VSW and CSH, ettringite in the case of CP. In the case of the CP10VSW sample, the peak at 304 °C is assigned to the decomposition of VSW, at 400–450 °C is attributed to the decomposition of CaCO3, while that at 620–670 °C is attributed to the decarbonization of calcium carbonate, which in CP10VSW is higher than in CP. The peak corresponding to the VSW decomposition may overlap the peaks ascribed to CH decomposition since the degradation of the lignin constituent can continue up to 500 °C, which unfavorably affects the determination CH amount as important information about cement hydration [40].




3.4. X-ray Diffraction (XRD)


The XRD patterns of raw materials (CEM and VSW), CP and CP10VSW samples are presented in Figure 4. The XRD pattern of VSW sample presents a broad large peak, characteristic to the amorphous state of the CEM and CP, and the CP10VSW samples display narrow peaks characteristic to the crystalline phases in the samples. XRD patterns of the CEM sample showed the existence of alite (C3S), belite (C2S), aluminate (C3A) and aluminate–ferrites (C4AF) as major crystalline phases, which correspond to the main components of the clinker and gypsum (CaSO4·2H2O). The XRD patterns of the hydration products of the investigated cement after 28 days of hydration showed the expected hydration products, including calcium hydroxide (CH), calcite (CaCO3), ettringite, poorly crystallized calcium silicate hydrate (CSH) and unreacted clinker phases (mainly calcium silicates). The occurrence of calcite was attributed to the partial carbonation of portlandite by the reaction of CH with carbon dioxide from the atmosphere. The CSH products did not display distinct diffraction peaks, owing to their partial amorphous structure. Additionally, an overlapping of the diffraction peaks belonging to the hydrated and anhydrous compounds was observed. Concerning the anhydrous clinker phases, only C2S and C3S have not entirely reacted. After 28 days of hydration, the same unreacted and hydration products were observed in the CP10VSW sample. The slightly lower intensity of C2S and C3S diffraction peaks can be attributed to the charging effects and heterogeneous nucleation due to the addition of VSW content, which results in higher consumption of C2S and C3S [42]. Similar results were obtained by Lila et al. when using olive kernels and pomace for cement manufacturing [2].




3.5. Scanning Electron Microscopy (SEM)


The surface topography, morphology and composition of CP and CP10VSW samples investigated by SEM-EDX are presented in Figure 5, Figure 6, Figure 7 and Figure 8. Based on the analysis of the samples’ topography (Figure 5), the CP sample has a porous surface with holes and small pores, while the CP10VSW sample contains fewer holes and no significant pore structure. Since pore size is one of the factors that influences the transport properties, allowing the harmful matter to pass into the cement’s inner volume [43], several measurements were carried out to identify the type of pore present in the samples (Figure 6). According to the literature [43], four types of pores can be encountered in cement: gel pores (<10 nm), small capillary pores (10–100 nm), large capillary pores (100–1000 nm) and air holes (>several μm). The size of cement pores is directly influenced by the preparation technique (air pores), the water content, and the hydration process of cement grains (gel and capillary pores). In the hydration process, the pore space between cement particles is gradually filled by hydration products reducing the pore size [44]. In the studied sample, the pores’ radius measured for the CP sample varies in 28.96–307.14 μm corresponding to air holes, while for CP10VSW sample, the pores’ radius varies between 2.99–5.86 μm, values which are closer to large capillary pores values. The obtained results suggest a better hydration process in the case of CP10VSW compared with the CP sample.



The surface topography and morphology of CP and CP10VSW at high magnification can be observed in Figure 7. The figures show various formations in CP, including CH, CSH and calcium aluminosilicate, whereas only calcium aluminosilicate phases are observed in CP10VSW.



EDX was used to map the surface of the investigated samples. The maps acquired are displayed in Figure 8 and the results are presented in Table 2. The CP10VSW map shows multiple agglomerations of Ca-based phases compared to the CP map. According to the literature, the Ca/Si ratio of CSH in neat Portland cement pastes varies from ~1.2 to ~2.3 while the Ca/(Si+Al) ratio of CSH in cement-slag pastes varies from ~0.7 to ~2.4 [45]. The results presented in Table 1 reveal that both ratios are higher in the case of CP10VSW compared to CP and higher than the values presented above. These results suggest that the introduction of 10% vine shoot waste modifies the surface structure of the obtained cement by favoring the formation of Ca-based phases, such as CH and CaCO3.




3.6. Fourier-Transform Infrared (FT-IR) Spectroscopy


The FT-IR spectra of raw materials (CEM and VSW), CP and CP10VSW samples are presented in Figure 9. The FT-IR spectra (Figure 9) of CEM show the presence of silicates, as suggested by the bands at ~930 cm−1 attributed to Si-O asymmetric stretching vibration, at ~522 cm−1 attributed to Si-O out-of-plane bending vibration and by the shoulder at ~461 cm−1 attributed to Si-O in-plane bending vibration. As well as the specific bands for silicates, there were specific bands detected for the S-O stretching (~1154 cm−1) and bending (~604 cm−1) vibration in the SO42− group; the asymmetric stretching (~1434 cm−1) and the out-of-plane bending (~884 cm−1) vibration of the CO32− group as well as the bands specific for -OH group stretching (~3660 cm−1) and in water (~3420 and ~1622 cm−1) [29]. The FT-IR spectra of the CP confirms the formation of cement hydration products: calcium silicate hydrate gel (CSH) and CH [46]. Following the hydration, the blue shift of specific bands for silicates from 929 cm−1 to 974 cm−1 was noticed, confirming the polymerization of silicates and the formation of the calcium silicate hydrate gel [46,47]. The Si-O bond peak also suffers a change in profile after the hydration. The increase of the bands specific to carbonates and to water indicates the carbonation process that appears during hydration. The FT-IR spectra of CP10VSW are similar to that of CP, calcium silicate hydrate gel (CSH) and CH are present, except for a small peak that appears at ~2940 cm−1 and is specific to -CH stretching vibration in the VSW. The FT-IR spectra of VSW show the absorption peaks specific to the cellulosic components of the vegetal fibers: -OH groups at ~3330 cm−1, -CH groups in saturated alkane chains at ~1370, ~2923 and ~2855 cm−1, C=O group at ~1740 cm−1, C-O groups at ~1042 cm−1 and Si-O groups at ~594 cm−1 [47].




3.7. Nuclear Magnetic Resonance (NMR) Spectroscopy


The NMR spectra of raw materials (CEM and VSW), CP and CP10VSW samples are presented in Figure 10 and Figure 11. NMR spectroscopy allows recording signals for both amorphous and crystalline parts of the investigated samples. In hydrated cement, the amorphous part consists mainly of the CSH phase, which gives the hardened cement paste mechanical strength. The 27Al and 29Si MAS NMR spectra for raw materials (CEM and VSW), CP, and CP10VSW samples are presented in Figure 10 and Figure 11, respectively. The 27Al MAS NMR spectra recorded for the CEM sample show two spectral lines: at 80 ppm, attributed to the aluminate (C3A) and at 10 ppm, attributed to the aluminate-ferrites (C4AF) [48,49]. The signal from 80 ppm corresponds to the Al atoms present in the tetrahedral environment of oxygen atoms Al(IV). At about 10 ppm, the signal corresponds to the aluminum atoms present in the octahedral environment of oxygen atoms Al(VI) [48]. VSW does not show any peak using 27Al MAS NMR spectroscopy. The 27Al MAS NMR spectra of the CP sample show the absence of aluminate and the presence of trisulphoaluminate at 13 ppm and monosulphoaluminate at 10 ppm [50]. In the presence of vine shoot waste in cement paste, the peak attributed to trisulphoaluminate does not appear and the peak attributed to monosulphoaluminate is present.



The 29Si MAS NMR spectra recorded for the CEM sample show a broad spectral line between the −66 to −77 ppm attributed to the alite (C3S) and belite (C2S) primary phase [41]. VSW does not show any peak in the 29Si MAS spectra. The different structures of the CSH from CP and CP10VSW are associated with broad spectral lines ranging between −75 to −95 ppm and −66 to −78 ppm corresponding to the unhydrated clinker (alite and belite) [51,52]. CP and CP10VSW samples contain Si atoms in a tetrahedral environment of oxygen atoms. The spectral line from −75 to −90 ppm corresponds with one to two linked silicon tetrahedra Q1 and Q2 structural elements [52]. The presence of vine shoot waste results in a higher number of different structures of CSH.





4. Conclusions


This study aimed to obtain an innovative material with 10 wt.% vine shoot waste and to investigate the influence of vine shoot waste in cement paste. (i) SEM showed a compact structure of the CP10VSW sample, containing few holes and no significant pore structure; moreover, the vine shoot waste favored the formation of Ca-based phases of hydration products on the sample’s surface; (ii) FT-IR spectra of CP10VSW and CP samples were similar, the presence of vine shoot waste being confirmed by the peak at ~2940 cm−1 characteristic to -CH stretching vibration; (iii) TGA showed higher decarbonization of calcium carbonate in CP10WSV than in CP sample; (iv) XRD displayed lower intensity of C2S and C3S diffraction peaks due to the presence of vine shoot waste in CP10VSW and (v) 27Al MAS NMR spectra revealed higher monosulphoaluminate amounts, while the 29Si MAS NMR spectra showed an increased CSH structure in CP10VSW sample. The obtained results confirmed the formation of a high amount of hydration products when adding 10 wt.% vine shoot waste to the cement paste, leading to a more dense and compact cement paste with improved thermal stability and structural properties. The obtained cement-based composite containing 10 wt.% vine shoot waste can be a potential candidate for developing innovative materials for the construction sector.
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Figure 1. Images of (a) CEM and (b) VSW samples. 
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Figure 2. Images of (a) CP10VSW and (b) CP samples. 
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Figure 3. TGA curve of the (a) CEM, (b) CP, (c) CP10VSW and (d) VSW samples. 
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Figure 4. XRD patterns of (a) CEM, (b) CP, (c) CP10VSW and (d) VSW samples. 
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Figure 5. SEM images of (a) CP and (b) CP10VSW samples surface topography. 
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Figure 6. Pores structure of (a) and (b) CP and (c) CP10VSW samples. 
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Figure 7. Surface topography and morphology of (a) CP and (b) CP10VSW samples at high magnification. 
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Figure 8. Surface mapping of (a) CP and (b) CP10VSW samples at high magnification. 
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Figure 9. FT-IR spectra of (a) CEM, (b) CP, (c) CP10VSW, (d) VSW samples. 






Figure 9. FT-IR spectra of (a) CEM, (b) CP, (c) CP10VSW, (d) VSW samples.



[image: Applsci 13 00134 g009]







[image: Applsci 13 00134 g010 550] 





Figure 10. 27Al MAS NMR spectra of (a) CEM, (b) CP, (c) CP10VSW and (d) VSW samples. 
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Figure 11. 29Si MAS NMR spectra of (a) CEM, (b) CP, (c) CP10VSW and (d) VSW samples. 
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Table 1. Chemical composition (%) of the vine shoot waste (VSW) sample.
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	VSW
	Amount (%)
	VSW
	Amount (%)





	Lignocellulosic

components
	
	Elemental analysis
	



	Cellulose
	35.05 ± 0.30
	N
	0.78 ± 0.01



	Hemicelluloses
	26.40 ± 0.20
	C
	46.7 ± 1.50



	Lignin
	30.10 ± 0.23
	H
	5.79 ± 0.2



	Moisture
	7.90 ± 0.02
	S
	0.19 ± 0.01



	
	
	Ash
	2.04 ± 0.02
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Table 2. Element concentrations (%) in CP and CP10VSW samples on the surface.
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	Sample
	O
	Ca
	Si
	Al
	Na
	Ca/Si
	Ca/(Si + Al)





	CP
	53.30
	35.05
	8.51
	1.73
	1.43
	4.17
	6.42



	CP10VSW
	49.90
	44.07
	4.70
	1.05
	0.29
	9.37
	32.83
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