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Abstract 

Aloe represents a valuable resource for the Mediterranean economy, pharmaceutical and nutraceutical 

industries exploit the Aloe gel for several applications but about 45wt% of the Aloe plant, i.e. the leaf 

peel, is waste. This waste is usually disposed of in a landfill or used as fertilizer. The possibility to give 

added value and a second life to the portions of Aloe Vera waste will help this growing market enter a 

circular economy perspective. 

In this work, waste collected from local Sardinian cultivation of Aloe Vera was employed to prepare 

microcrystalline cellulose (MCC). Cellulose was purified from anthraquinones, lignin, and 

hemicellulose through hydrolytic procedures using eco-friendly solvents. Anthraquinone 

biocomponents were quantified as well as lignin and hemicellulose and intended for other valorization 

processes. At the same time, the cellulose fraction was further converted into MCC and characterized 

by NMR and infrared spectroscopy, and X-ray analyses. TGA-IR and SEM microscopy analyses were 

performed to investigate the structural changes of MCC during the extraction and post-functionalization 

processes. MCC derivatives were finally used as crosslinkers in the photopolymerization and light-

induced 3D printing (VAT printing) of acrylic monomers and hydrogels. 
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Introduction 

With the increase of food and natural resources consumption, agricultural waste generation has grown 

considerably since the last century with a relevant environmental impact on the planet. 1,2 In this context, 

global efforts are devoted to obtain residual resources from waste and to apply them in various fields 
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spanning from energy production to high-tech applications.3 Consequently, valorization of wastes 

generated from primary processing of crop raw materials is nowadays recognized as an opportunity for 

a technological development creating virtuous sustainable economies.1 Recently, cellulose, lignin and 

lipid fractions from biomass have gained particular interest for the production of new generation bulk 

chemicals and fuels.4,5 In this scenario, here we focus our efforts on obtaining materials with high 

technological value from Aloe Vera local waste. This plant, also called Barbadensis Miller, is cultivated 

in warm climatic areas of Asia, Europe and America and globally the hectares of soil dedicated to the 

A. Vera cultivation are estimated in ca. 25.000 (19.500 America, 300 Africa, 4.300 Australasia; 1200 

Europe) with a world production of around 700 thousand tons per year and the market size of Aloe 

extracts is valued 2.6 USD billion in 2023 and is forecasted to grow of the 8% between 2024 and 2032.6–

9 However, during the industrial Aloe processing about the 45% of the starting material weight is 

discarded, generating large amounts of waste.10 This huge biomass material has been proposed as bio-

based adsorbent for the removal of water pollutants and heavy metals11 for energy purposes12 and as a 

supplement of lactating cows to improve milk production performances.13 On the other hand, with the 

entry in force of Regulation (EU) 2021/468 of 18th of March (which amends Annex III of Regulation 

(EC) No. 1925/2006), the UE has banned Aloe-based supplements containing hydroxy anthracene, 

Aloe-emodin, emodin, dantron and its derivatives. This meant that the processing procedures of Aloe 

leaves and their transformation were monitored in such a way as to ensure batch uniformity and 

compliance with current legislation, leading to the production of additional waste and increasing the 

costs for the transformation companies. In this context, we decided to investigate other potential uses 

of Aloe Vera processing waste with particular attention to cellulosic materials extraction, with the aim 

to develop a bio-based platform that could enhance these industrial wastes.1  Herein we report a study 

rooted on the extraction and purification of cellulose from the processing waste of South Sardinia grown 

Aloe and in particular we focused our attention in the preparation of a series of functionalized MCCs 

and their use as bio-fillers and crosslinkers for polymeric 3D printable formulations, showing how this 

waste can be turned in a substrate for several reactions and substituted to petroleum-based chemicals. 

Materials and methods 

Materials 

The processing scraps of Aloe Vera leaves, grown in Southern Sardinia, were supplied by the company 

Lab7 (Cagliari, Italy). Aloe waste recovered from the processing plant in September 2022 was used. 

Commercial MCC used as comparison was purchased from Fisher Scientific. Sulfuric acid, hydrogen 

peroxide (30% v/v), sodium carbonate, hydrochloric acid  (37%), sodium hydroxide, Methacrylic 

anhydride (MA, 94 %), phthalic anhydride, 4-bromo-benzoyl chloride,  phthaloyl chloride and 

allylamine, Gelatin from cold-water Fish skin (powder, gelling point < 10 °C, CFG), Polyethylene 

glycol diacrylate Mw575 (PEGDA), Phenylbis(2,4,6-trimethylbenzoyl)phosphine oxide (BAPO), 



lithium phenyl-2,4,6 trimethylbenzoylphosphinate (LAP), were purchased from Sigma Aldrich and 

used as received. Methanol, ethanol, dimethylacetamide, dimethylformamide were purchased from 

Carlo Erba and used as received. 

Aloe waste treatment and MCC extraction  

Biomass from Aloe waste was cut in small pieces (ca. 3x3 cm) and submitted to freeze-drying process. 

The collected dry peels were ball milled to afford sieved homogeneous powders with about 200µm 

diameter (Table S1). Samples of Aloe powders were then submitted to Soxhlet extraction using ethanol 

to remove the lipidic fraction, chlorophylls and the majority of anthraquinone species (AQs) as 

previously reported. 14 Subsequently, Aloe powders (~17g) were submitted to solvothermal hydrolysis 

to remove the lignocellulosic materials from cellulose. This process was performed in an autoclave 

(Teflon autoclave with a steel jacket, 300ml) using a 1:1 H2O-EtOH mixture (90ml) in the presence of 

sulfuric acid (0.05 M) at 150°C for 6h.  

After being brought back to room temperature, the solid was filtered and washed with hot distilled 

water. The filtered solid was then dried under vacuum at 50 °C. Subsequently, whitening of the cellulose 

was performed. Cellulose bleaching reactions were conducted as follows: Cellulose was suspended in 

a water solution of H2O2 (30% v/v), Na2CO3 (80mg/mL) at 60 °C under stirring for 10 hours 

(cellulose/solution ratio 1:10). Once cooled to room temperature, the solid was filtered under reduced 

pressure. The samples were then dried under vacuum at 50° C. The so obtained cellulose was suspended 

in a aqueous solution of HCl 37% and stirred at 80 °C for one hour to afford MCC as a pure product. 

This procedure allowed to obtain about 4.8g of material (yeld 28%) After that time, the suspension was 

neutralized by adding dropwise an aqueous solution of NaOH until pH 7 was reached. The resulting 

media was left to rest for 10 hours at room temperature to allow MCC precipitation. MCC was filtered 

and washed with ethanol and dried under vacuum at 60 °C for 10 hours. 

MCC functionalization 

A series of easy-to-introduce functional groups were selected and in particular the MCCs were reacted 

in separate experiments with: a) methacrylic anhydride), b) phthalic anhydride, c) phthaloyl chloride / 

allylamine and d) 4-bromobenzoyl chloride. 

Preparation of MAcr-MCC using methacrylic anhydride: Dry MCC (1.0 g) was added to a hot 

dimethylacetamide (DMAc) solution at 80 °C (1% w/v). After 30 minutes, dry LiCl (8% w/v) was 

added, and the solution was stirred for 3 h at 80 °C under nitrogen atmosphere. Then, the temperature 

was reduced to 50 °C and the solution was kept stirring overnight, until complete dissolution. This 

solution was cooled down to room temperature and methacrylic anhydride (methacrylic anhydride/ 

glucose ring ratio = 10:1mol/mol) 9.66 mL (0.061 mol) and triethylamine (9.34 mL, 0.067 mol) were 

added. The resulting solution was stirred for 16 hours. The mixture was precipitated by adding ethanol 



portionwise (10 mLx10) and the obtained white powder (1.026 g) was washed with ethanol several 

times and dried at room temperature under reduced pressure. 15 Glucose substitution calculated on the 

basis of the 13C CP/MAS analysis of MAcr-MCC: 0.33. 

Preparation of PhtOH-MCC using phthalic anhydride: Phthalic anhydride (10 g, 0.067 mol) was stirred 

with dry Aloe Vera MCC (1.0 g), (phthalic anhydride/glucose ring ratio10:1 mol/mol), at 135 °C for 2 

hours under neat conditions. Then, the mixture was cooled to RT and washed with acetone (2x100 mL) 

and distilled water (2x100 mL). The resulting solid (1.015 g) was separated by centrifugation and dried 

under reduced pressure as a crystalline white solid.16 Glucose substitution calculated on the basis of the 

13C CP/MAS analysis of PhtOH-MCC: 0.017. 

Preparation of PhtAm-MCC using a two-step phthaloyl chloride/allylamine reaction: Dry MCC (1.0 

g) was added to a 80 °C DMAc (100 mL) stirred solution under nitrogen atmosphere. After 30 minutes, 

dry LiCl (0.8 g) was added and the resulting suspension was stirred for further 3 hours at the same 

temperature. After this time, the temperature was reduced to 50 °C and the solution was stirred overnight 

until complete dissolution. After this time the reaction mixture was cooled down to room temperature 

and in sequence, triethylamine (6.9 mL, 0.049 mol) and phthaloyl chloride (phthaloyl chloride/glucose 

ring 10:1 mol/mol) 7.1 mL (0.049 mol) were added dropwise.17 The resulting solution was stirred for 

16 h then allylamine (2.13 mL, 0.047 mol) was added dropwise. After 10 h reaction, ethanol (10 mLx10) 

was added portionwise to induce the precipitation of a brown powder. The resulting solid was washed 

with ethanol (2x100 mL), then the solvent was removed under reduced pressure at room temperature to 

afford 1.032 g of PhtAm-MCC as a pale yellow solid. Glucose substitution calculated on the basis of 

the 13C CP/MAS analysis of PhtAm-MCC: 0.031. 

Preparation of BBz-MCC using 4-bromo-benzoyl chloride: Dry MCC (1.0 g) was added to a hot DMAc 

solution at 80 °C (1% w:v). After 30 minutes, dry LiCl (8% w:v) was added and the solution was stirred 

for further 3 h at the same temperature under nitrogen atmosphere. Then, the temperature was reduced 

to 50 °C and the solution was kept stirring overnight, until complete dissolution. The solution was 

cooled down to room temperature and 4-bromo benzoyl chloride (4-bromo benzoyl chloride/glucose 

ring ratio 10:1 mol/mol) 10 g, (0.045 mol) and triethylamine (6.34 mL, 0.045 mol) were added 

dropwise. The resulting reaction mixture was stirred overnight. The reaction mixture was precipitated 

by the portionwise addition of ethanol (10 mLx10). The obtained light brown powder (1.24 g) was 

washed with ethanol several times (3x50 mL) and dried at room temperature under reduced pressure to 

afford 1.021 g of a beige solid. Glucose substitution calculated on the basis of the 13C CP/MAS analysis 

of BBz-MCC: 0.028. 

Preparation of the photocurable formulations and DLP printing 

Methacrylated MCC (MAcr-MCC) was used as filler for the synthesis of gelatin-MCC based hydrogels. 

Methacrylated gelatine (GelMA) was produced as described elsewhere. 18 Dry GelMA was dissolved in 



deionized water (15wt%), different amounts of MAcr-MCC were added to the water-based formulation 

(5, 10 wt%, with respect to the total amount), that was magnetically stirred for 2 hours. Afterward LAP 

(water-soluble photoinitiator) was added (2phr). The same samples were produced using neat MCC as 

a comparison. The prepared formulations are summarized in Table S2.  

MAcr-MCC was also added to the commercial monomer polyethyleneglycol diacrylate (PEGDA) in 

different amounts, i.e. 5, 10, 20,33 wt%; neat MCC was also added to PEGDA. (Table S2): The 

cellulose powder was added to the liquid resin and magnetically stirred at room temperature for 2 hours, 

subsequently BAPO (2phr) was added. 

GelMAcr-MCC 5 and PEGDA-MAcr-MCC 20 formulations were 3D-printed using an ASIGA UV-

MAX X27 DLP printer (XY pixel resolution of 27 μm; diode source emitting at 385 nm). Different 3D 

models were designed, using Solidworks 2019 CAD software, converted in STL file formats and 3D-

printed. The printing parameters are detailed in Table S3 for each formulation. Lastly, the printed 

objects were post-cured for 3 min under UV-light (12 mW/cm2, medium- pressure mercury lamp 

provided by Robot Factory). 

Characterization 

Waste composition analyses 
 
Van Soest method: The composition of the Aloe waste was analysed for cellulose, hemicellulose and 

lignin content using acid detergent fibre (ADF), neutral detergent fibre (NDF) and acid detergent lignin 

(ADL) methods, respectively according to standard procedure described by Van Soest et al. 19In this 

method 1 g air dried waste powder was digested for 2 hour with 100 mL neutral detergent solution 

(sodium lauryl sulphate 30g, disodium ethylenediamine tetraacetatic acid 18.61 g/L, sodium borate 6.18 

g/L, anhydrous disodium hydrogen phosphate 4.56 g/L, ethylene glycol monoethyl ether10 mL) to 

obtain the insoluble components of the original powder. The residue containing cellulose, hemicellulose 

and lignin was washed with boiled water followed by acetone, dried at 100 °C and weighed. The 

resulting sample was refluxed with 100 mL of an acid detergent solvent (H2SO4 49 g/L, cetyl 

trimethylammonium bromide 20 g/L) for 1 h aiming to solubilize the hemicellulose fraction. After 

filtration the residue was washed angain, dried at 100 °C and weighed. The last residue containing 

cellulose and lignin was treated with 72 % sulfuric acid for 3 h for the dissolution of cellulose, leaving 

lignin in the residue which was washed, dried at 100 °C and weighed. The ADF value refers to the 

portions of the cell wall composed of cellulose and lignin, while ADL indicates exclusively the lignin 

portion present in the sample. Therefore, the calculation of the cellulose value is performed as a 

subtraction of the ADF value from that of ADL, while for hemicellulose the NDF value is subtracted 

from that of ADF. 



Ash analysis: The analysis of the ash was conducted according to the AOAC method (1990) Official 

Methods of Analysis: (15thedn), Association of Official Analytical Chemists, Washington, D.C. A 

porcelain crucible was washed and then heated in an oven to 100 °C, left to cool in a desiccator and 

then weighed on the analytical balance. Afterwards the Aloe peel powder was inserted into the crucible 

which was then placed in a muffle for 4 hours at a temperature of 600 °C. At the end, the crucible was 

cooled in a desiccator and weighed again. 

Antraquinones quantification: An aliquot of the extracted solution, appropriately filtered, was injected 

into HPLC-DAD for the determination of the main anthraquinone compounds.  The analysis was carried 

out in a binary gradient using the following solvents: H3PO4 0.22 M (A) and Acetonitrile (B) using the 

program indicated in Table S4. At the end of the analysis the column was reconditioned to the initial 

conditions for 15 minutes. The flow rate was 0.4 ml/min. In accordance with the absorption maximum 

of the UV spectrum of the three anthraquinone compounds, the following wavelengths were selected: 

360 nm for the determination of aloin and 450 nm for the determination of Aloe-emodin and 1,8-

dihydroxyanthraquinone (1,8-DHA). The identification of the peaks was carried out by comparing the 

retention time and UV spectrum of each individual compound with that of the commercially available 

reference standard (analytical standards Aloin A and B, Aloe-emodin, 1,8-dihydroxyanthraquinone 

were purchased from Extrasynthese France). The individual compounds were quantified with the 

external standard method by correlating the peak area with the concentration of the corresponding 

standard. Correlation values ranged from 0.9990 to 0.9999. The 5-point calibration line was prepared 

in methanol by appropriate dilution of the stock standard solution (1000 mg/l). We then proceeded with 

the quantitative analysis using the external standard method. The concentration of Aloin B was 

determined using the analytical standard of aloin A and B as a reference. All analyzes were carried out 

in triplicate. 

MCC and MCC derived materials characterization 

X-ray powder diffraction (XRPD) patterns were recorded with Cu-Kα radiation (λ = 1.54056 Å) using 

a Seifert x3000TT Diffractometer n the Bragg–Brentano geometry with a step size of 0.05 2θ degree in 

an angle range 4°≤ 2θ ≤ 50 ° An appropriate acquisition time was selected to obtain a satisfactory signal-

to-noise ratio.  

ATR-FTIR spectra were recorded on a Bruker Invenio spectrophotometer equipped with a mercury-

cadmium-telluride (MCT) detector with 64 scans for the background and 32 scans for the analysis of 

the sample. The double bond conversion was calculated by following the decrease of the double bond 

peak centred at 1636 cm-1. The peak at 1740 cm- 1 representing the C=O bond stretching vibration was 

utilized as internal standard, since it is not significantly affected by the reaction.  



13C CP/MAS-NMR spectra were recorded on a Bruker Avance III HD at 5kHz rotation, contact time: 

2ms, delay: 3, line broadening: 10 Hz. Chemical shifts () are given in ppm.  

Thermo-gravimetric coupled infrared absorption analyses (TGA-IR) were carried out in a Thermo-

gravimetric Analyzer NETZSCH TG 209 F1 coupled by a transfer line heated at 230 °C with an Infrared 

spectrometer Bruker TENSOR II equipped with an IR gas cell heated at 200 °C. The tests were 

performed heating from 30°C to 800°C with a rate of 20 °K min-1 about 3 mg sample in alumina pans, 

under nitrogen flux of 40 ml min-1. Before the test three vacuum cycle were performed to purge from 

air and remove solvent impurities on the surface of the materials. Experimental weight error is between 

±1%. The FTIR analysis was collected in the absorbance mode in the range 650-4400 cm-1. 

The morphological characterization of the cellulosic materials was performed by using a FESEM Zeiss 

Supra 40 (Oberkochen, Germany). Before the analysis, the samples were covered with a 7 nm thick 

film of Platinum. 

Rheological measurements were performed on the photocurable formulations using a Physica MCR 

302, Anton Paar rheometer in parallel plate mode. For the photorheological tests, the gap between the 

plates was fixed at 0.2 mm, the instrument was equipped with a quartz bottom plate, on which the 

formulation was placed. A UV-light source (Hamamatsu LC8 lamp, Hamamatsu Photonics) at light 

intensity of 30 mWcm-2 was placed under the quartz plate and switched on after 60 s, to allow the 

system to stabilize before the onset of polymerization. Time sweep measurements were performed 

during irradiation at a constant frequency of 1 Hz. According to preliminary amplitude sweep tests, the 

experiments were performed within the linear viscoelastic region (strain amplitude γ of 1%). 

The insoluble fraction was evaluated to quantify the covalently crosslinked fraction of the 

photopolymerized or 3D printed materials. Flat samples were held in an ultra-fine metal net, weighted 

and immersed for 24 h at room temperature in chloroform, to remove un-crosslinked polymers (the 

soluble fraction). For GelMA samples water was used as solvent. Then, the samples were taken out 

from the bath and dried in an oven (80 °C, 6 h). The gel content (GC) was calculated gravimetrically as 

the ratio of the weight after and before extraction. The measurements were repeated three times and the 

results averaged. 

Dynamic mechanical thermal analyses (DMTAs) were performed on thin specimens using a Tritec 2000 

DMA (Triton Technology Ltd). The measurements were conducted in a temperature range between -

50° C and 30° C (heating rate 3 °C min−1), with a frequency of 1 Hz, and  a displacement of 20 μm. 

Results 

Aloe Vera peels waste was recovered from the processing plant in September 2022; firstly, the freeze-

dried and ball milled biomass was analyzed performing the ash quantification and following the Van 

Soest method. These characterizations allow to define the composition of the original material: ash 



content witnesses the amount mineral preserved in the sample Aloe Vera powder gave an ash content  

of 21.95%, resulting in good agreement with data reported in literature.20  Subsequently, quantification 

analyses were performed to determine the amount of insoluble fibers for Aloe Vera. The NDF, ADF 

and ADL measured values are reported in Table S5, these data allowed to evaluate the weight 

percentage of cellulose, hemi-cellulose and lignin which are reported in Table 1.  

During the first step of the biomass treatment, Aloe powders were submitted to extraction using ethanol 

to remove the lipidic fraction, chlorophylls and the majority of anthraquinone species (AQs), which 

were then determined by HPLC analysis (Table 1). Part of these components can be of interest for 

different applications considering their antimicrobial or optical properties and will be exploited in 

further studies. 21,22 

Table 1. Summary of the evaluated components of Aloe Vera waste powder. Columns 1 and 2: insoluble 

fractions; Columns 3 and 4:Anthraquinones HPLC analysis of Aloe Vera EtOH extracts. 

Measured insoluble 

components 

Wt % Extracted 

Anthraquinones  

mg/kg ± SD 

Lignin 10.65 Aloin A 160 ± 2 

Cellulose 8.56 Aloin B n.d. 

Hemicellulose 4.61 Aloe emodin 411 ± 21 

Ash (inorganic fraction) 21.95 1,8-DHA 105 ± 5 

 

After the characterization of the original material, the cellulose extraction process was developed and 

the final powder obtained was first characterized by XRD, comparing its pattern with the ones from 

commercial MCC and with the one from the untreated waste i.e Aloe Peel powder (Figure 1a). As 

expected, the data show that Aloe Vera presents a similar pattern to commercial MCC, with crystallinity 

is of type I, and a high width at half height, suggesting that the isolated material possesses 

nanocrystalline domains. 23 The (200) diffraction peak around 22.5° observed in all the samples is due 

to the presence of the typical crystalline lattice of native cellulose Iβ, i.e. the monoclinic lattice, while 

the region between the cellulose I𝛽 (200) diffraction peak and the 1-10 peak is assumed to have very 

little crystalline contribution and is approximated as comprising of only an amorphous contribution. 

From the relative intensities of the crystalline peaks with respect to the amorphous contribution, 

considered at the minimum between the peaks of the X-ray diffraction spectrum, it is possible to 

estimate the crystallinity index (CI) of the sample, which are 90, 63, 52% for commercial cellulose, 

cellulose from Aloe Vera and Aloe Vera peel powder before extraction, respectively. 23,24 In this case, 

observing the spectrum of untreated peel of Aloe Vera, the sample shows a very low CI.  

ATR-FTIR analyses also highlighted a good overlap between the spectra of commercial cellulose and 

the samples obtained from Aloe waste after drying (Figure 1d). Indeed, all the samples show overlap in 

the two main uptake regions. The first at high wave numbers (2800-3500 cm-1), associated with OH 



stretching, and the second at low wave numbers (500-1700 cm-1) respectively, with the minimal 

presence of the typical peaks of hemicellulose and lignin confirming the goodness of the extraction 

method used.25 In detail, the peaks at  1431, 1372, 1322, 1163, 1059 and 896 cm−1 are typical of the 

cellulose structure; e.g. the absorption band at 1163 cm-1 has been attributed to C-O-C stretching and 

the peak at 896 cm-1 is associated in the literature with the CH vibration of cellulose (anomeric vibration, 

specific for glucosides).26  

According to various studies, the presence of a peak at 1635 cm-1 can be due to the bending of the –OH 

groups of residual absorbed water;27–29 in the present case, it is possible to observe the presence of  the 

above mentioned peak presenting a shoulder at 1554 cm-1 that can be associated to the residual presence 

of ligning.While the peak at 1730 cm-1 can be associated to residual hemicellulose fraction. 26-29 SEM 

images taken at different magnitudes were also performed to observe the morphology variation of the 

extracted cellulose from Aloe biomass and value the efficiency of the multistep MCC preparation (see 

Supporting Information). Figures 1b and 1c show appreciable changes in the morphology and 

organization of the fibers in Aloe Vera samples due to the hydrolysis and bleaching process. 



 



 

Figure 1. a) X-ray diffraction analysis Aloe Vera peel powder, commercial cellulose, and cellulose 

from Aloe Vera; b) SEM image of Aloe Vera peel; c) SEM image of Aloe Vera MCC (50 µm); d) ATR-

Infrared Spectrum collected on the extracted MCC and compared to commercial MCC 



In the images is possible to appreciate the removal of the cementing material which is normally arranged 

around the cellulosic fibers, mainly composed of hemicellulose and lignin. Cellulose fibers appear 

polydisperse and disorganized, showing the complete loss of the original alveolar structure (Figure 3e).  

Once characterized the extracted cellulose, we decided to modify it by introducing a series of functional 

groups showing the potentiality of MCC from waste as platform for developing new materials. A 

sequence of functional groups were selected: a) methacrylic anhydride, b) phthalic anhydride, c) 

phthaloyl chloride followed by allylamine d) 4-bromo-benzoyl chloride. As an example, MCC 

functionalized with methacrylic anhydride could be subsequently exploited in radical polymerization, 

while the presence of a Br-bearing molecule or an allyl group could be envisaged for further 

functionalization by ATRP or click chemistry for the surface modification of the material, alternatively, 

the presence of a carboxylic group can be exploited for amide formation. 30–33 The different reactions 

are represented in Figure 2.  

 

   



Figure 2. Synthesis of cellulose esters: (a) MAcr-MCC; (b) PhtOH-MCC; (c) PhtAm-MCC; (d) 4-BBz-
MCC) from Aloe Vera MCC. 

 

The functionalized MCC derivatives were investigated via 13C CP/MAS to quantify their degree of 

substitution (DS). Solid-state NMR analyses of MAcr-MCC showed comparable spectra with those 

previously reported in the literature. By referencing the signal at 19.5 ppm, attributed to the methyl 

group of the methacrylic units34 (Figure S9) and correlating its area with that of the characteristic signals 

of MCC we were able to quantify the DS of MAcr-MCC as 6.1%. This value was further confirmed by 

Br2 titration (6.2%).35 Similarly, CP/MAS analysis of other MCC derivatives enabled determination of 

their degree of substitution. Specifically, PhtAm-MCC exhibited a DS of 3.1% (Figure S8), BBz-MCC 

showed a DS of 2.8% (Figure S10), and PhtOH-MCC had a DS of 1.6% (Figure S11). The latter data 

was also verified through acid-base back-titration (1.65%), utilizing the methodology previously 

established by Neale and Stringfellow.36 ATR analyses were also performed on the same samples, 

confirming the functionalization of the Aloe MCC as reported in the SI.  

Thermogravimetric analyses are in good agreement with NMR and IR experiments, confirming the 

presence of functionalization on cellulose. Besides the final residue, which can belong to various factor 

including the type of functionalizing molecule and extent of functionalization, noteworthy the 

functionalized MCCs presented different degradations steps, evidenced by the presence of difference 

peaks in DTG. MAcr-MCC and PhtAm-MCC show a main degradation moment around 360°C, similar 

to the starting material; however, methacrylate has a second loss, that overlaps with the first degradation 

observable by a change in the slope of the thermogravimetric curve near 400°C (Figures 3b and 3d). 

For the phthalate derivative PhtOH-MCC or the 4-bromo benzoyl (4-BBz -MCC) derivative (Figures 

3c and 4e) instead, we observe that the degradation of the material begins before the pure cellulose and 

we distinctly observe two stages of the decomposition: for the phthalate derivative we have two steps 

with two maximum peaks of degradation respectively at about 220 °C, with a first loss close to 80% of 

mass, and 350 °C with a second loss of about 15% of the total mass. For 4-BBz-MCC we observe a 

maximum of degradation at the first step at about 290 °C and a second loss at around 360 °C with two 

almost symmetrical mass losses of about 40% of total mass for both steps. On the other hand, from the 

IR extrapolated at the maximum of DTGs curves, it was possible to obtain information about the 

volatilized degradation by-products and, in turns, about the materials. First, as expected, all the spectra 

show the development of CO2, CO, and H2O due to polymer degradation. However, the comparison of 

MCC and MAcr-MCC spectra shows important differences in the fingerprint bands, where symmetric 

stretching of C-O-C acrylates is observed at 1150 cm-1 only in MAcr-MCC specimens confirming the 

presence of unsaturated bonds. Significant losses were attributed to specific functional groups like in 

the case of 4-BBz-MCC (Figure 3e’), where the IR analysis during the degradation step showed the rise 

of a series of peaks helpful for the identification of the carboxylic moiety, evidenced by the C=O and 



O-H carboxylic stretching, respectively at 1750 cm-1 and 3600 cm-1. In phthalic anhydride degradation, 

it is evident at 220 °C the sublimation of phthalic anhydride, confirmed by comparison with the 

spectrum of phthalic anhydride present in the NIST databases. In the second observed mass loss at 352.7 

°C, other peaks related to reacted phthalic anhydride degradation are observed: the carboxyl stretching 

at 1743 and 3600 cm-1, and the presence of both the C=O ester stretching peak at 1800 cm-1. 

 

Table 2. Percentage mass losses at the respective degradation stages and the percentage residual mass detected.  

Entry [b] 1st degradation (220°C) 2nd degradation (360 °C) Residual mass (795 °C) 

MCC - 84.51% 7.66% 

MAcr-MCC - 89.52% 5.26% 

PhtOH-MCC 77.63% 14.79% 3.18% 

PhtAm-MCC - 79.80% 12.82% 

4-BBz-MCC 45.41% 46.45% 3.82% 

 

 



 

Figure 3. (a) TGA-IR analyses of extracted Aloe Vera MCC after bleaching and hydrolysis; (black); 

(b) MAcr-MCC (cyano); (c) PhtOH-MCC (blue); (d) BBz-MCC (purple) and (e) PhtAm-MCC (red). 



Regarding the two steps functionalization of MCC to afford PhtAm-MCC, the IR spectrum extracted at 

360° C shows the presence of a peak at 2945 cm-1 (S7a) which was attributed to the allylic C-H 

stretching, suggesting that the allylamine fragment is already connected to MCC. Moreover, IRs 

recorded during the second degradation step are characterized by a peak at 1145 cm-1, (S7b) that can be 

related with the amide N-C=O rocking. SEM images of the functionalized MCC particles were also 

collected and are reported in the Supporting Information file, Figures S12. 

With these information in hands, MAcr-MCC was chosen to be used as filler and crosslinker in different 

photocurable formulations, aiming to produce bio-based composites which can be also processed by 

light induced vat 3Dprinting.  

First, MAcr-MCC was added as filler in methacrylated gelatine (GelMA) hydrogels, synthesizing a 

fully natural-based material. Gelatine is a natural polymer, used for development of hydrogels, usually 

for environmental or tissue engineering applications. 18,34 Different amounts of MAcr-MCC (5, 10 wt% 

with respect to the total solution weight) were added to GelMA water solutions (15wt% of GelMA), in 

the presence of a water-soluble photoinitiator. The evaluation of the viscosity of the formulations 

(named G-MAcr-MCC -5 or 10) showed, as expected, a remarkable increase of viscosity in the presence 

of the cellulose particles (Figure 4a). The addition of not functionalized MCC was also tested as a 

comparison (samples G-MCC 5 or 10) and showed a higher increase of the viscosity with the same 

concentrations; this can be explained considering that in MAcr-MCC part of the OH groups present on 

the cellulose surface were substituted with acrylic groups, reducing the formation of hydrogen bonds 

between the particles and the polymer in the formulation. Photorheology tests were performed to 

evaluate the reactivity of the formulations (Figure 4b). Compared with the formulations containing 

MCC, MAcr-MCC increases the reactivity of the formulations, reducing the induction time (time 

needed to observe the start of the increase of the G’ modulus curve). The higher G’ values that can be 

observed before the polymerization are related to a more viscous formulation. At last, amplitude sweep 

tests, performed on the cured samples, (Figure 4, c) showed higher modulus and lower yield point at 

higher MAcr-MCC concentrations, confirming the reinforcing effect of the cellulose microparticles. 

The tuning of the viscosity and reactivity of the formulations can enlarge the application possibilities 

for the material, also enabling its 3D printing. Indeed, the characteristics shown by the G-MAcr-MCC 

formulations, and consequently were used as inks for vat 3D printing. The G-MAcr-MCC5 formulation 

was printed by DLP technique, since it showed a good compromise between reactivity and initial 

viscosity. DLP allows the fast production of 3D constructs with complex geometry, but it requires low 

initial viscosity, good reactivity and sufficient mechanical stability of the printed polymers to assure the 

bottom-up building of the object (see Scheme in the SI. Figure S6).35  The preliminary printing test 

showed that the formulation can be printed and patterned objects can be built (Figure 4d and e); 

furthermore, the comparison with a formulation containing MCC revealed the better mechanical 

stability given by the multiacrylated filler which acted also as chemical crosslinker for the hydrogel. In 



fact, while the MAcr-MCC based formulation gave homogeneously printed samples, the ink based on 

neat MCC did not allow the complete printing of the structures (Figure 4f). The increase of the 

crosslinking density of the MAcr-MCC sample was also evidenced by the swelling tests in water, 

evidencing a great reduction of the swelling induced by the presence of the cellulose (Figure 4g).  

 

Figure 4. (a) Viscosity measurements performed on GelMa (black), GelMa MAcr-MCC 5% (light 

green), GelMa MAcr-MCC 10% (dark green), GelMa MCC 5% (yellow) GelMA MCC 10% 

(orange)(b) photorheology tests, (c) amplitude sweep measurements) (d,e) different structures produced 

by DLP printing using the formulation based on GelMa and MAcr-MCC 5wt% (f) tentative of DLP 

printing with the formulation based on GelMa and neat MCC 5wt%, it was not possible to buid the 

honeycomb structure (g) swelling ability and gel content of the different samples.  

The swelling trend suggests that also neat MCC can act as physical crosslinker, nevertheless the 

reduction of the swelling ability was more evident when using acrylate fillers. Also the evaluation of 

the amount of insoluble fraction in the samples (gel content) led to similar conclusions: while from 

GelMA itself a large fraction of non-crosslinked components can be extracted, the use of MAcr-MCC 

increases the crosslinking and the gel content in the samples. The use of neat MCC alos reduces the 

amount of extractables (i.e., non-crosslinked components). Beside the development of fully-biobased 

hydrogels, acrylate-functionalized cellulose was also tested as filler for synthetic commercial 

photocurable monomers; polyethylene glycol diacrylate (PEGDA) was chosen as bifunctional oligomer 

largely used for photopolymerization and DLP printing.35  As observed in the case of GelMA, the 

addition of the filler increases the viscosity of the liquid formulation (Figure 5a), even if in this case the 

use of 20wt% of MAcr-MCC still induces a limited variation, while higher amounts (i.e 33wt%) cause 



a drastic increase of the viscosity, giving to the formulation the consistency of a paste and making it 

unsuitable for vat 3D printing. Nevertheless, such pastes can be considered for other 3D printing 

technologies, such DIW (Table S6). Again, the formulations were compared with MCC-based ones, 

obtaining even in this case a higher increase of viscosity. 

According to the photorheology tests, the addition of MAcr-MCC does not limit the reactivity up to a 

content of 33 wt% (Figure 5b), with the formation of fully crosslinked network witnessed by the 

measurement of the insoluble fraction content, always higher than 98%. Also the evaluation of the 

acrylate double bond conversion confirms that the presence of the filler does not hinder the crosslinking 

of the monomer (Table S6, Figure S15). Furthermore, all these formulations can be photocured forming 

homogenous films (Figure S14). The obtained films were tested by DMTA analysis showing an increase 

of the E’ value (conservative modulus) at room temperature with the increase of the amount of Mcr-

MCC used.  Thus, the formulation containing 20wt% of MAcr-MCC was used in VAT 3D printing. 

The printing tests showed the possibility to produce precise objects with complex geometries (Figure 

5c) presenting good fidelity to the CAD digital model, as evidenced by the comparison of the 3D scan 

of the printed object with the original CAD file reported in Figure 5d; this investigation indicates the 

geometrical deviation from the reference model, where the red zones represent the “material-excess” 

and the green ones correspond to areas with good fidelity. Noteworthy, such good resolution was 

obtained without the addition of any dye, which usually are used to this scope. 35 

The formulations prepared and successfully printed by DLP technique demonstrated that MCC 

extracted form Aloe waste can be used even up to 20wt% as bio-based component for 3D printable 

formulations. 



 

Figure 5. (a) Viscosity measurements (b) Photorheology tests (c) 3D objects produced by DLP printing 

using the PEGDA formulation containing 20 wt% of MAcr-MCC, scale bar 1 cm (d) CAD design (left) 

and color map of the comparison between the 3D scan of the printed object and the original CAD file. 

Green area represents a maximum deviation from the original file of 50µm. 

Conclusion 

It has been shown that local agrifood waste can be valorized and turned into an active component for 

chemical reactions such as photopolymerization. Indeed, Aloe waste collected from local Sardinian 

cultivation was here employed to prepare microcrystalline cellulose. The cellulose extraction and the 

purification process were performed using mild reaction conditions. After the characterization of the 

extracted materials by ATR and XRD, MCC was functionalized with different reactive groups showing 

the possibility to convert these bioderived particles into functional elements; as a proof of concept, 

methacrylated cellulose was used as reactive filler and crosslinker in 3D printable formulations, 

showing its potential for different applications. Noteworthy, it has been evaluated that 1 kg of waste of 

Aloe Vera peels contains about 8.5wt% of cellulose (85g), which can be used to produce more than 400 

g of photocurable formulation suitable for 3D DLP printing, indicating that from such waste material it 

is possible to generate materials whit added value, especially considering that resins for DLP costs about 

50 USD per Kg. Beside this proposed application, cellulose derivatives can find their utility in several 

fields as well as the different components separated from the waste e.g. lignin or antraquinones. 
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