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Sustainability Spotlight

This work addresses the global challenge of fruit and vegetable waste by valorizing the whole 

food residues into high-value, functional aerogels without extraction or chemical-intensive 

processes. Using SC-CO₂ as a sustainable green technique for drying, we process fruits and 

vegetable waste materials such as banana peels, broccoli stems, cabbage leaves, imperfect 

carrots, and orange peels into lightweight, highly porous aerogels for various applications, 

including wastewater treatment. This approach supports circular economy principles by reducing 

food waste, minimizing resource use, and creating sustainable materials for water purification 

and filtration. Moreover, the study contributes to UN Sustainable Development Goals (SDG) of 

responsible production and consumption as well as safe water, sanitization, and hygiene by 

highlighting both waste reduction and sustainable water treatment solutions.
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20 Abstract

21 Fruit and vegetable waste is a global concern due to its significant environmental impact, 

22 economic loss, and implications for food security. In this study, fruit and vegetable waste was 

23 used as whole materials, avoiding extraction, to produce aerogels via supercritical carbon dioxide 

24 (SC-CO2) drying for applications of dye removal. Aerogels were produced from banana peel 

25 (BPA), broccoli stem (BSA), cabbage leaves (CLA), imperfect carrot (ICA), and orange peel 

26 (OPA). The resulting aerogels exhibited low density (<1 g/cm3), high porosity (>93%), and high 

27 surface areas (12-172 m2/g), with OPA showing the highest value at 172 m2/g. The CLA samples 

28 had the highest pore size (29 nm), contributing to their highest water absorption capacity of 95%. 

29 SEM images showed a promising porous structure and highlighted the fibrillar structure in OPA 

30 samples. The average methylene blue adsorption capacity was ~84%, except for OPA samples 

31 (53%). The methylene blue adsorption was driven by electrostatic interactions, which highly 

32 correlated with the pseudo-first order kinetic model (R2 > 0.98). Overall, this study demonstrates 

33 that whole fruit and vegetable waste can be effectively converted into lightweight, highly porous 

34 aerogels with potential applications in biomedical and food fields, purification and filtration 

35 systems, and other functional materials sectors.

36 Keywords: Fruit, vegetable, waste, supercritical carbon dioxide, upcycling, aerogel, surface 

37 area, dye adsorption.

38 Sustainability Spotlight

39 This work addresses the global challenge of fruit and vegetable waste by valorizing the 

40 whole food residues into high-value, functional aerogels without extraction or chemical-intensive 

41 processes. Using SC-CO₂ as a sustainable green technique for drying, we process fruits and 

42 vegetable waste materials such as banana peels, broccoli stems, cabbage leaves, imperfect 
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43 carrots, and orange peels into lightweight, highly porous aerogels for various applications, 

44 including wastewater treatment. This approach supports circular economy principles by reducing 

45 food waste, minimizing resource use, and creating sustainable materials for water purification 

46 and filtration. Moreover, the study contributes to the UN Sustainable Development Goals (SDG) 

47 of responsible production and consumption as well as safe water, sanitization, and hygiene by 

48 highlighting both waste reduction and sustainable water treatment solutions.
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49 1. Introduction

50 Food waste represents a major global challenge in the food industry. Developing 

51 sustainable strategies to valorize these waste materials is crucial for promoting circular economy 

52 practices. According to the Food and Agriculture Organization of the United Nations (FAO), 

53 approximately 1.3 billion tons of food are wasted each year globally, resulting in an estimated 

54 monetary loss of about USD 936 billion, excluding the significant environmental and social costs 

55 borne by society as a whole 1. The United Nations Sustainable Development Goal (SDG) Target 

56 12.3 aims to reduce the global food loss and waste by 50% by 2030, through prevention, 

57 reduction, recycling, and reuse of food resources. Achieving this task requires the development 

58 of innovative technologies and processing strategies to support regenerative practices, conserve 

59 resources, and minimize greenhouse gas emissions, which have become a crucial focus in recent 

60 years 2.

61 Among total food waste, approximately 16% is contributed by fruits and vegetables, 

62 which also account for about 6% of global greenhouse gas emissions 3. The wide diversity of 

63 horticultural products makes them unique among food resources, offering numerous possibilities 

64 for value addition through innovative processing and utilization of their natural components. 

65 Most studies on fruit waste utilization focus on the recovery of bioactive compounds that exhibit 

66 antioxidant, antimicrobial, or health-promoting properties with potential applications in 

67 pharmaceuticals, packaging films, and functional food development 4, 5. However, the efficiency 

68 of bioactive compound extraction depends on several critical factors, including the source 

69 material, extraction technology, and processing methods, and still leaves behind a large fraction 

70 of food waste materials 6. Therefore, an alternative strategy for food waste valorization involves 
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71 converting it into high-value aerogels through green, sustainable, and economically viable 

72 methods 2.

73 Another major environmental concern is the organic dyes used in the paper and textile 

74 industries to enhance their aesthetic appeal and gloss, which are a major source of water 

75 pollution 7. Their presence in wastewater poses serious environmental and health risks, making 

76 their removal a critical global concern. Although several remediation strategies have been 

77 developed, the elimination of dyes remains challenging due to their complex molecular 

78 structures, large size, and high chemical stability, particularly in the case of dyes such as 

79 methylene blue 8, 9. 

80 Aerogels are porous materials characterized by high surface area (>100 m2/g), low 

81 density, excellent absorption capacity, and low thermal conductivity 10. They are typically 

82 produced from organic or synthetic polymers by first forming a gel, followed by solvent 

83 exchange to remove the water, and finally drying via SC-CO2. This results in a solid network of 

84 interconnected nanoparticles or polymer chains filled mostly with air 11.  Recent research has 

85 focused more on developing bio-based aerogels that are environmentally friendly and 

86 economically viable. Some of the common biopolymers used in aerogel preparation include 

87 polysaccharides (e.g., starch, pectin, alginate, chitosan, chitin, cellulose, and its derivatives) and, 

88 in some cases, proteins 12-14. Recently, Possari, et al. 15 utilized biomass from the orange juice 

89 industry to produce biobased aerogels using citric acid hydrolysis. These biopolymer-derived 

90 aerogels, which rely on processing and extraction-based approaches, have found numerous 

91 applications, including use as an insulating material, adsorbents, biomedical applications, and 

92 active food packaging 12, 16. 
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93 Although aerogels have been successfully produced from natural biopolymers, the 

94 extraction process is often time-consuming and labor-intensive. Moreover, these aerogels often 

95 involve the use of hazardous chemicals during processing, which can pose environmental and 

96 health risks and limit their overall sustainability 17,18,19. Therefore, developing simpler and more 

97 innovative methods for aerogel production is essential. In this study, for the first time, we report 

98 the direct conversion of fruit and vegetable waste into aerogels to understand their structural and 

99 functional characteristics for potential future applications. Previously, Gibowsky, et al. 2 

100 utilized fresh fruits and vegetable tissues that were pulp removed or shredded, solvent-exchanged 

101 using ethanol, and then dried using SC-CO₂, to form porous aerogels. However, the biowaste as 

102 a whole was not utilized in previous studies. Therefore, aerogels derived from food waste not 

103 only address waste management concerns but also provide an eco-friendly and versatile platform 

104 for the efficient adsorption and removal of organic dyes from wastewater. Here, we employ SC-

105 CO2 technology, a widely used, green, cost-effective, and unique technique that is Generally 

106 Recognized as Safe (GRAS) to produce aerogels. The technology has been advantageous in 

107 producing aerogels with a high surface area. In our previous study 14, we found that the SC-CO2-

108 dried starch beads showed a significantly higher surface area (175 m2/g) than the freeze-dried 

109 ones (<1 m2/g). 

110 Therefore, in this study, we investigated the direct formation of food waste-derived 

111 aerogels from various fruit and vegetable sources (i.e., banana peel, broccoli stem, cabbage 

112 leaves, imperfect carrot, and orange peel) using SC-CO2 drying. These fruit and vegetable waste 

113 samples were selected due to their generation in large quantities as well as their potential to form 

114 a porous structure 20, 21. The samples were characterized for their physicochemical and structural 
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115 properties for their potential applications in the removal of dyes to prevent environmental 

116 pollution.

117 2. Experimental Section

118 2.1. Materials 

119 The fruit and vegetable samples, including navel orange peels, imperfect carrots, broccoli 

120 stems, cabbage leaves, and banana peels, were obtained from a local store/farm. The ethanol 

121 utilized for solvent exchange was purchased from Decan Labs, Inc. (Koptec, Pure Ethanol 200 

122 Proof, PA, USA). The liquid CO2 (99.99% purity) for the SC-CO2 system was procured from 

123 Airgas, Inc. (AR, USA).

124 2.2 Aerogel formation

125 For aerogel preparation, all materials were cut into small pieces (~1-5 cm) and weighed 

126 before the solvent exchange process. Next, the prepared samples were solvent exchanged by 

127 sequential immersion in ethanol/water solutions of 30%, 50%, 70% and 100% ethanol, each for 1 

128 h, followed by immersion in 100% ethanol for 24 h. Later, the samples were dried using a lab-

129 scale SC-CO₂ system (SFT-120, Supercritical Fluid Technologies Inc., DE, USA) at 10 MPa and 

130 40 °C for 4 h, with a CO₂ flow rate of 1.0 L/min (measured under ambient conditions of 23 °C 

131 and 0.1 MPa) 13. The resulting aerogels were then collected and stored at room temperature (23 

132 °C) in airtight containers until further analysis.

133 2.3. Moisture content

134 The moisture contents of fresh fruit and vegetable samples were determined based on our 

135 previous study 22. The samples were dried in a conventional oven at 105 °C for 12 h, and the 

136 moisture content (%, wet basis) was calculated based on the weight loss observed after drying. 

137 2.4. Ash content
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138 The ash contents of aerogels were determined using the method followed by Liu 23, 

139 where the aerogel samples were heated in a muffle furnace (Barnstead Thermolyne 1400 

140 Furnace, NY, USA) at 600 ºC and left overnight. The ash contents of the samples were obtained 

141 by calculating the total ash content as % sample mass (in dry basis).

142 2.5. Density, porosity, and shrinkage

143 The bulk density of the samples was measured using the weight-to-volume ratio by filling 

144 a known weight of the sample into a measuring cylinder and recording its corresponding volume. 

145 The true density was measured using a gas pycnometer (AccuPyc II 340, Micromeritics, GA, 

146 USA) at room temperature (23 °C) in a 10 cm3 cell, with purge and cycle fill pressures 

147 maintained at 19.5 psig. The porosity was calculated from bulk and true density using the 

148 following Eq. 1:

149 𝑃𝑜𝑟𝑜𝑠𝑖𝑡𝑦 (%) =  1 ― 𝐵𝑢𝑙𝑘 𝑑𝑒𝑛𝑠𝑖𝑡𝑦
𝑇𝑟𝑢𝑒 𝑑𝑒𝑛𝑠𝑖𝑡𝑦

× 100                                                                                 (1)

150 2.6. Surface area, pore size, and pore volume

151 The surface area, pore size, and volume of the aerogel were analyzed using a low-

152 temperature nitrogen adsorption–desorption (TriStar II Plus, Micromeritics Instrument 

153 Corporation, GA, USA). Approximately 0.1–0.3 g of each aerogel sample was placed in the 

154 sample tubes and degassed at 75 °C for 24 h 14. The nitrogen sorption measurements were 

155 performed at −196 °C. The specific surface area was calculated using the multipoint Brunauer–

156 Emmett–Teller (BET) method within a relative pressure range (p/p₀) of 0.05–0.3, whereas the 

157 Barrett–Joyner–Halenda (BJH) method was used to determine pore size and volume at relative 

158 pressures above 0.35.

159 2.7. Scanning electron microscopy
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160 The microstructural images of the aerogels were taken following the method outlined by 

161 Sadaf, et al. 22, using a FEI Nova Nanolab 200 Dual Beam system (FEI Company, OR, USA), 

162 which is equipped with a 30 kV FIB column and 30 kV SEM FEG column. Prior to imaging, the 

163 aerogel samples were coated in a gold layer at a deposition rate of 25 nm/min using an 

164 EMITECH SC7620 Sputter Coater (MA, USA). The SEM analysis was performed at 15 kV and 

165 15 mA in low-vacuum mode, with a working distance of 5 mm. The SEM images were captured 

166 at magnifications of 500× and 5000×.

167 2.8. X-ray diffraction (XRD)

168 The XRD pattern of aerogels was analyzed using a high-resolution X-ray diffractometer 

169 (Philips, Almelo, Netherlands), following the method of  Sadaf, et al. 22. The XRD 

170 measurements were conducted at 45 kV and 40 mA, scanning over a 2θ range of 5° to 60° with a 

171 step size of 0.02° and a scan speed of 0.0167 °/s.

172 2.9. Fourier Transform Infrared Spectroscopy

173 FTIR spectra of aerogel samples were recorded using a Shimadzu IRAffinity-1S 

174 spectrometer equipped with a Quest ATR accessory. The spectral data were collected from 400 

175 to 4000 cm-1 with a resolution of 8 cm-1 over 64 scans 24. 

176 2.10. Water absorption 

177 The water absorption capacity of aerogels was evaluated by following the method of 

178 Silva, et al. 25. The samples were weighed before and after water immersion (1:50, w/v) for 

179 about 24 h. The water absorption capacity was determined using Eq. 2:

180 𝑊𝑎𝑡𝑒𝑟 𝑎𝑏𝑠𝑜𝑝𝑟𝑡𝑖𝑜𝑛 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 (%) =  𝑆𝑊―𝐷𝑊
𝐷𝑊

×    100                                                            

181 (2)

182 where SW and DW are the swollen and dry weight of the aerogel, respectively.
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183 2.11 Methylene blue adsorption capacity

184 Methylene blue adsorption experiments were conducted based on the method followed by 

185 Nguyen, et al. 26 with minor modifications. Aerogel samples (0.05 g) were added to 50 mL 

186 methylene blue solution (15 mg/mL, pH 7) and maintained at 30 °C in a shaker bath operating at 

187 50 rpm. Aliquots of 2.5 mL were withdrawn at required time intervals (until equilibrium) and 

188 their absorbance measured at 665 nm using a spectrophotometer (Milton Roy Spectronic 1201 

189 spectrophotometer, PA, USA). The adsorption capacity at time (Qt), the equilibrium adsorption 

190 capacity (Qe), and methylene blue removal efficiency (Re), were calculated using the following 

191 Eq. (3) and (4):

192 𝑄𝑡(𝑚𝑔/𝑔) = (𝐶0―𝐶𝑡)×𝑉
𝑚                                                                                                                   

193 (3)

194 𝑄𝑒(𝑚𝑔/𝑔) = (𝐶0―𝐶𝑒)×𝑉
𝑚                                                                                                                  

195 (4)

196 𝑅𝑒(%) = (𝐶0―𝐶𝑒)
𝐶0

× 100                                                                                                                 

197 (5)

198 where C0, Ct, and Ce (mg/L) represent initial, time-dependent (min), and equilibrium 

199 concentration of methylene blue, respectively. V (L) is the volume of the methylene blue 

200 solution, and m (g) is the mass of the adsorbent.

201 2.12 Adsorption kinetics

202 To further understand the adsorption mechanism, the adsorption kinetics prediction of 

203 was evaluated using pseudo-first-order and second-order models expressed by Eq. (6) and (7) 27:

204 ln(𝑞𝑒 ― 𝑞𝑡) = 𝑙𝑛𝑞𝑒 ― 𝑘1 × 𝑡                                                                                                        (6)  
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𝑡
𝑞𝑡

=
1

𝑘2 × 𝑞𝑒2 +
1
𝑞𝑒

× 𝑡                                                                        (7)

205 where qe (mg/g) represents the amount of adsorbed methylene blue at equilibrium, qt (mg/g) 

206 represents the amount of methylene blue adsorbed at time t, and k1 (min–1) and k2 (g/(mg·min)) 

207 are the pseudo-first-order and second-order rate constants, respectively.

208 The initial adsorption rate 𝜈0 (mg/(g·min)) at time 0 could be calculated by the following Eq. (8):

209 𝑣0 =  𝑘2 × 𝑞𝑒
2                                                                                                                             (8) 

210 2.13. Statistical analysis

211 All measurements were taken in triplicate, and the results are presented as mean ± 

212 standard deviation. Statistical analysis was performed using ANOVA in JMP Pro (Version 

213 17.0.0, SAS Institute, NC, USA), followed by Tukey’s test with a significance of p < 0.05. 

214 3. Results and discussion

215 3.1. Moisture content

216 The moisture content of the fresh samples was determined as 89.38 ± 0.10%, 94.10 ± 

217 0.36%, 93.27 ± 0.17%, 89.43 ± 0.68%, and 74.73 ± 0.04% w.b for BPA, BSA, CLA, ICA, and 

218 OPA, respectively. The OPA had the lowest, and the BSA had the highest moisture content. The 

219 differences in moisture content among the fruit and vegetable waste samples can be attributed to 

220 their inherent tissue structure and composition 28. Moreover, the primary cell wall and middle 

221 lamella are most responsible for the texture and structure of fruits and vegetables 29. Most of the 

222 dry mass of the banana peel comes from its fiber content, made up of cellulose (7.6–9.6%), 

223 hemicellulose (10–21%), and lignin (6–12%) 30.  In case of orange peels, the fibers include 

224 cellulose (22%), pectin (25%), and hemicellulose (11%) based on the percentage of whole peels 

225 31-33. The other fruit and vegetable waste, including carrots, cabbage leaves, and broccoli stems, 

226 had fiber content less than 3% 34. Within which the carrots had a water-insoluble polysaccharide 
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227 content including cellulose, hemicellulose, and lignin of 71.7%, 13.0%, and15.2%, respectively 

228 35. In broccoli stems, cellulose, hemicellulose, and pectin accounted for 18.5 ± 2.1%, 24.1 ± 

229 0.3%, and 57.8 ± 2.8%, respectively 36, whereas in cabbage leaves, cellulose, hemicellulose, and 

230 lignin were the major components as 9.07 ± 3.67%, 1.48 ± 0.95%, and 9.82 ± 3.56%, 

231 respectively 37. The composition of the fruits and waste vegetable samples largely influenced the 

232 surface area of aerogels. 

233 3.2. Ash content

234 The BPA (8.16 ± 0.45%) had the highest ash content, while the OPA (3.08 ± 0.70%) had 

235 the lowest (Table 1). The variation in ash content represents the difference in mineral content in 

236 the fruit and vegetable waste samples. Similar results were reported by Zhang, et al. 38, where 

237 the banana peels had the highest ash content, while the orange peels had the lowest. The presence 

238 of ash content can be correlated to the thermal resistance of aerogels. For example, in a study by 

239 Khodavandegar, et al. 39 investigating chitosan-lignin aerogels, the authors reported that the 

240 composite with higher ash content (reflecting more inorganic or char-forming content) produced 

241 higher char yield and better thermal resistance during decomposition. 

242 3.3. Density and porosity

243 The SC-CO2-dried aerogels from different fruit and vegetable waste sources are 

244 presented in Fig. 1. The true density almost remained the same (~1.45 ± 0.01 g/cm3) across all 

245 samples except for cabbage and carrot, which had slightly higher density values (~1.49 g/cm3). 

246 The variation in true density may result from changes in molecular or structural arrangements, 

247 which may occur during a second-order phase transition influenced by its thermal history 40. The 

248 bulk density of the aerogels (~0.1 g/cm3) showed minimal variation across samples. In contrast, 

249 porosity values varied significantly (p < 0.05). The porosity as high as above 90% is a 
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250 characteristic of aerogels for its utilization in food applications, including thermal insulations in 

251 packaging, carriers for flavors, nutrients, fat and sugar replacers, and texture enhancers. Their 

252 high porosity, low density, and varied surface properties make them ideal for encapsulation and 

253 controlled release of bioactive compounds 41. Similar to these results, Gibowsky, et al. 2,  

254 reported high-porosity values above 97% for food-waste aerogels derived from natural fruit and 

255 vegetable tissues, demonstrating their strong potential for application in oleogelation. The study 

256 assessed 20 different tissues, including apple, pear, plum, banana peel, orange peel, orange pulp, 

257 kiwi, radish, carrot, bell pepper, cucumber, tomato, onion, nectarine, strawberry, mushroom, and 

258 others. The study utilized fresh tissues that were washed, shredded, or pulp removed, solvent-

259 exchanged using ethanol, and then dried using SC-CO₂, converting the native cellular 

260 architecture to porous aerogels. The resulting aerogels were then categorized into three structural 

261 groups based on their pore-size distributions including category 1 with primarily small 

262 mesopores (pore diameter ≤ 6.5 nm), category 2 with mixed mesopore populations (with pore 

263 diameters small (≤ 6.5 nm), mid (≈6.5–10 nm), and larger mesopores (≈10–50 nm)), and 

264 category 3 dominated by larger mesopores (pore diameter 10–50 nm). Irrespective of the 

265 category, all samples had a high porosity above 97%.

266 3.4. Surface area, pore size, and pore volume

267 The OPA samples had the highest surface area (171.78 ± 6.67 m2/g), followed by BPA 

268 (57.37 ± 4.64 m2/g), ICA (55.35 ± 12.24 m2/g), BSA (23.50 ± 3.26 m2/g), and CLA (12.21 ± 

269 3.27 m2/g) (Table 1). The pore size volume was also high in the case of OPA (0.45 ± 0.01 

270 cm3/g). The higher pore size and surface area of the OPA can be attributed to the presence of 

271 fibrils within the microstructure of OPA samples. Moreover, the high surface area of OPA can 

272 also be attributed to its composition, which contains a high amount of pectin and cellulose 15. 
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273 The presence of cellulose with insoluble fibers contributes to the development of a large surface 

274 area 42. Following OPA, the BPA samples had a high surface area, likely due to the presence of 

275 similar constituents such as cellulose and pectin that contribute to pore formation and fibrous 

276 network; however, the surface area of BPA was lower than that of the OPA, attributing to varied 

277 cellulose content 43, 44. 

278 Next to BPA (57.37 ± 4.64 m2/g), ICA (55.35 ± 12.24 m2/g) had a higher surface area, 

279 which can be attributed to the presence of higher cellulose content in carrots. Shih, et al. 45 

280 produced bio-aerogels from cellulose nanofibers extracted from carrot pulp and reported a 

281 porous structure with a large surface area, demonstrating excellent swelling capacity. The high 

282 surface area of ICA can also be attributed to the presence of soluble and insoluble fibers present 

283 in carrot samples 46. The presence of soluble fibers can enhance the porosity as it attracts water 

284 to form a gel matrix, while the insoluble fibers also form a matrix; however, it does not expand 

285 in water 47. The BSA and CLA samples had the lowest surface area of 23.50 ± 3.26 m2/g and 

286 12.21 ± 3.27 m2/g, respectively.  It can be due to the significantly higher water content present in 

287 these samples when compared to other fruit and vegetable waste samples. Dourbash, et al. 48 

288 concluded that higher initial water content decreased the surface area and porosity of silica 

289 aerogel samples. When the water content is lower, the surface is more likely to undergo complete 

290 chemical modification, leading to the “spring-back effect,” which consequently reduces the 

291 volume shrinkage 49, 50. Moreover, the pore size of the BSA and CLA was also large, 

292 demonstrating the lower surface area. This is because a material with larger pores will have 

293 fewer pores in a given volume compared to a material with smaller pores, and the total surface 

294 area is the sum of the area of all the pores. A material with many smaller pores will have a higher 

295 total internal surface area 51.
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296

297 Table 1. Ash content, density, porosity, surface area, pore volume, pore size, and water 

298 absorption capacity of fruit and vegetable waste aerogels.

Aerogel Sample BPA BSA CLA ICA OPA

Ash content (%) 8.16 ± 0.45a 7.26 ± 0.41ab 5.25 ± 1.28bc 6.36 ±0.03ab 3.08 ± 0.70c

True density 

(g/cm3)
1.46 ± 0.01b 1.46 ± 0.01b 1.50 ± 0.004a 1.49 ± 0.01a 1.44 ±0.01b

Bulk density 

(g/cm3)
0.08 ± 0.01a 0.08± 0.02a 0.11± 0.06a 0.10 ± 0.01a 0.10 ± 0.0001a

Porosity (%) 94.69 ± 0.02a 94.57 ± 0.02b 92.53 ± 0.02e 93.22 ±0.03d 93.41 ± 0.03c

BET surface 

area (m2/g)
57.37 ± 4.64b 23.50 ± 3.26c 12.21 ± 3.27c 55.35 ± 12.24b 171.78 ± 6.67a

Pore volume 

(cm3/g)
0.21 ± 0.002b 0.11 ± 0.01cd 0.08 ± 0.01d 0.15 ± 0.03c 0.45 ± 0.01a

Pore size (nm) 14.35 ± 1.52b 19.19 ± 0.60ab 28.79 ± 6.78a 9.83 ± 0.46b 9.17 ± 0.23b

Water 

absorption 

capacity (%)

1127.7 ± 17.39c 2006.8 ± 3.68a 2038.1 ± 0.42a 1600 ± 118.79b 674.2 ± 50.91d

299 †Means ± standard deviation bars that do not share a common letter within each property (row) 

300 are significantly different (p < 0.05). BPA: Banana peel aerogel; BSA: Broccoli stem aerogel; 

301 CLA: Cabbage leaf aerogel; ICA: Imperfect carrot aerogel, and OPA: Orange peel aerogel.

302

303 3.5. Morphology
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304 The SEM images of the aerogels (Fig. 2) revealed a well-defined porous structure with 

305 intact hexagonal cell arrangements, confirming that SC-CO2 drying effectively preserved the 

306 microstructure of all the samples. Among the samples, CLA samples had noticeably larger pores, 

307 whereas OPA, BPA, and ICA depicted smaller macropores. The larger pore size observed in 

308 CLA can be useful for adsorption, especially in biomedical applications 16, further supported by 

309 the relatively high surface area of these samples. At higher magnification, OPA and BPA 

310 samples revealed fine fibrillar networks, with OPA showing more extensive fibrillation, which 

311 contributes to the higher surface area of these samples. The high surface area of aerogels enables 

312 a wide range of applications, including adsorption and filtration, drug delivery, and other 

313 biomedical applications, as well as thermal insulation 52.

314 3.6. Crystallinity

315 The aerogel samples exhibited an amorphous nature in general, with varied crystallinity 

316 among different aerogel samples (Fig. 3a). The OPA and BPA samples exhibited sharp 

317 diffraction peaks around 15°, 17°, 22°, and 35° 2θ angle, indicating the presence of crystalline 

318 cellulose components 53. The observed crystallinity can be attributed to the hydrogen bonding 

319 interactions and van der Waals forces between adjacent molecules, whereas the remaining lignin 

320 and cellulose components exhibited a more amorphous nature 54. The ICA and BSA had sharp 

321 peaks near 21.5° 2θ angle, indicating the presence of pectin 55, 56.  The pectin typically exists in 

322 an amorphous or semi-crystalline state, due to hydrogen bonding among hydroxyl groups within 

323 the polysaccharide chain 57. Even though the BSA and ICA samples displayed the presence of 

324 ordered structure, it was less pronounced compared to the peel samples, OPA and BPA. In 

325 contrast, the CLA samples did not display a distinct, sharp peak but rather a broader peak near 
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326 21.5°, which could represent lignin present in the samples, which also presented a broad 

327 amorphous peak centered around 21.5° 58.

328 3.7. Chemical interaction

329 The FTIR spectra provided information on the functional groups present in the aerogels 

330 (Fig. 3b), where typical lignocellulosic material characteristics were observed. All the samples 

331 had a broad peak near 3100-3600 cm-1, representing the –OH stretching vibration. Among all the 

332 samples, CLA had a broader peak, representing a strong hydrogen bonding interaction. In 

333 addition, the aerogels exhibited peaks near 2920 and 2850 cm-1, corresponding to the asymmetric 

334 and symmetric stretching vibrations of C–H bonds 59. The peaks at 2850 cm-1 were more visible 

335 in the CLA, possibly due to a higher content of aliphatic C–H groups derived from lipids or 

336 cuticular wax components present in cabbage leaves, which remained during aerogel formation 

337 60. Further, the peak around 1735 cm-1 corresponded to the stretching vibration of the carboxyl 

338 functional group C=O ester bond. In plant cells, this absorption is mainly attributed to the 

339 esterified carboxyl groups in pectin (methyl esters of galacturonic acid) or other ester-containing 

340 components. The FTIR spectra showed that the OPA and CLA samples exhibited stronger peaks 

341 near 1735 cm-1, suggesting a higher content of esterified compounds, whereas the BSA, ICA, and 

342 BPA samples displayed much weaker peaks, indicating a lower degree or possible absence of 

343 these ester groups 58, 61. 

344 The region from 1600 to 1321 cm-1 is dominated by carboxylate (–COO⁻) vibrations. The 

345 band near 1600–1585 cm-1 corresponded to the aromatic rings of C=C stretching, while the peaks 

346 at 1415 and 1315 cm-1 were due to symmetric –COO⁻ stretching and C–O (~1050 cm-1) 

347 deformation vibrations 53. These features indicate the presence of carboxylate-containing 

348 polysaccharides, such as pectin and hemicellulose, which were more prominent in CLA, BSA, 
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349 and ICA, reflecting their amorphous nature. In contrast, BPA and OPA, which contained higher 

350 cellulose content, exhibited slightly weaker and narrower peaks, consistent with increased 

351 structural ordering 62. 

352 3.8. Water absorption capacity

353 All the aerogel samples had a high-water absorption capacity, exceeding 670% (Table 1). 

354 Among them, CLA and BSA showed the highest absorption (~2000%), which can be attributed 

355 to their larger pore sizes facilitating greater water absorption. Yin, et al. 63 reported similar 

356 trends in Balsa wood aerogels, where larger pore sizes enabled faster absorption rate and greater 

357 absorption capacity. The ICA samples also demonstrated high water absorption (1600%), likely 

358 due to their porosity and their high ratio of soluble fibers, which enhance water retention by 

359 forming a gel network. This is consistent with the findings of Shih, et al. 45, who reported high 

360 water absorption up to 1100% in carrot pulp aerogels.  In contrast, the peel samples, BPA, and 

361 OPA had slightly lower water absorption capacity of 1127.7 ± 17.39% and 674.2 ± 50.91% than 

362 non-peel samples, including BSA (2006.8 ± 3.68%), CLA (2038.1 ± 0.42%), and ICA (1600 ± 

363 118.79%), respectively. This can be attributed to their higher content of insoluble fibers, which 

364 limit water uptake 64. These results are in agreement with earlier studies as reported by 

365 Wanlapa, et al. 65. Water absorption capacity can play important roles in food applications like 

366 active and intelligent food packaging, moisture control to extend shelf life, and absorbent pads 

367 for exudate management in fresh products. It can also be valuable in other applications, including 

368 atmospheric water harvesting and environmental cleanup, like water purification and separation 

369 for their high porosity, large surface area, and tunable hydrophilicity 66, 67.

370 3.9 Methylene blue adsorption capacity
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371 The methylene blue adsorption capacity of aerogel samples is represented in Fig. 4. The 

372 methylene blue removal efficiency of BPA, BSA, CLA, ICA, and OPA was 87.99 ± 0.10%, 

373 80.77 ± 0.16%, 78.59 ± 0.10%, 87.99 ± 0.38%, and 53.49 ± 0.32%, respectively. The removal 

374 efficiency of the OPA was the lowest when compared to other samples, which can be directly 

375 correlated to the microstructure of OPA, providing lower water and dye adsorption capacity. 

376 Despite the highest BET specific surface area of OPA, it showed lower methylene blue 

377 adsorption capacity compared to all samples. The adsorption performance is strongly influenced 

378 by pore size distribution and surface chemistry. In the OPA, a significant fraction of the surface 

379 area is likely associated with micropores (as indicated in SEM) that are not accessible to the 

380 relatively large methylene blue molecules, thereby limiting effective adsorption. Michael 

381 Igolima, et al. 68 also reported lower adsorption capacity of raw orange peels when compared to 

382 physically modified orange peels, which have increased the porous structure for the adsorption of 

383 contaminants. In accordance with this, the BPA and ICA, having moderate surface area with 

384 mesopores, had the highest methylene blue adsorption. Similar observations were concluded by 

385 Zhou, et al. 69, where ultra-high surface area mesoporous carbon facilitated faster and more 

386 effective adsorption for bulk molecules like methyl blue compared to larger mesopores and 

387 microporous materials. In the case of BSA and CLA, the SEM morphology shows a large pore 

388 size, resulting in reduced methylene blue adsorption than ICA and BPA. 

389 3.10 Adsorption kinetics

390 The value of adsorption kinetic parameters was assessed from the plots of pseudo-first 

391 order, and pseudo-second order linear plots (Fig. 5). These models help in predicting the 

392 equilibrium adsorption kinetics and identify the surface adsorption mechanism of methylene blue 

393 on aerogels 70. In the initial stages of adsorption, till 120 min, there was an increase in adsorption 

Page 20 of 35Sustainable Food Technology

S
us

ta
in

ab
le

Fo
od

Te
ch

no
lo

gy
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 4

/2
1/

20
26

 8
:3

9:
03

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6FB00025H

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6fb00025h


20

394 capacity, which is 80% of the adsorption capacity, and later became constant. Methyl blue, being 

395 a cationic dye in aqueous solution, interacts electrostatically with adsorption sites such as −OH 

396 and −COOH functional groups present on the surfaces of aerogels in the adsorbent. Due to the 

397 availability of more active sites for methylene blue adsorption, the initial adsorption rate is 

398 higher; however, as time progresses, these free active sites diminish, resulting in a decreased 

399 adsorption rate 71. The adsorption of methylene blue is governed by multiple interaction 

400 mechanisms, including π–π interactions, hydrogen bonding, surface complexation, electrostatic 

401 interactions, ion exchange processes, and van der Waals forces 72. While electrostatic attraction 

402 between the cationic dye and negatively charged surface groups is a probable pathway for fruits 

403 and vegetable waste, other interactions also play significant roles 73. The presence of hydroxyl, 

404 and carboxyl groups (as evidenced by FTIR analysis) facilitates adsorption through hydrogen 

405 bonding and surface interactions. In addition, π–π interactions between the aromatic structure of 

406 methylene blue and lignin-derived components of the fruits and vegetable waste may also 

407 contribute to adsorption 74. Moreover, the highly porous structure of the aerogels further 

408 facilitates pore-filling and physical adsorption. Table 2 presents the kinetic model parameters 

409 calculated from the pseudo-first-order and second-order models (Fig. 5). From Table 2, it can be 

410 observed that the correlation coefficients (R2) for all the aerogels were higher for the pseudo-

411 first-order than the second-order kinetic curve, except for OPA, indicating that the adsorption 

412 involved chemical reactions (or chemisorption) in addition to physisorption 75. The pseudo-

413 second-order kinetic behavior suggests that the adsorption process is governed by interactions 

414 between the adsorbate and available active sites on the adsorbent surface. In OPA, this behavior 

415 can arise from the presence of abundant functional groups (e.g., hydroxyl and carboxyl groups), 

416 which facilitate multiple interaction mechanisms including hydrogen bonding, electrostatic 
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417 attraction, and surface complexation. However, it is important to note that pseudo-second-order 

418 kinetics does not exclusively confirm chemisorption but rather indicates that the adsorption rate 

419 is controlled by the availability and reactivity of surface sites 76. Despite exhibiting the highest 

420 BET surface area, the adsorption rate was low, due to enhanced interaction of the abundant 

421 functional group with the cationic methylene blue dye, leading to surface-controlled adsorption 

422 consistent with pseudo-second-order kinetics 77. Furthermore, the porous structure may introduce 

423 diffusion limitations, particularly within smaller pores, which further reduces the overall 

424 adsorption rate. Khumalo, et al. 76 explained that adsorption performance is governed more by 

425 functional group availability and pore accessibility than by surface area alone, with the 

426 carboxymethyl cellulose-based silica aerogel providing more accessible binding sites and better 

427 diffusion pathways for methylene blue despite its lower BET surface area. For other food waste 

428 aerogels, the results identified that the pseudo-first-order kinetic model was more appropriate for 

429 describing the adsorption kinetics, favoring the surface area results. These results are consistent 

430 with previous studies, which reported that the methylene blue adsorption behavior of chitosan 

431 aerogels was better described by the pseudo-first-order model than by the pseudo-second-order 

432 model 78.  Moreover, the predicted qe and 𝜈0 were almost equivalent to the experimental results, 

433 confirming the suitability of the proposed model for describing methylene blue adsorption of 

434 food waste aerogels. 

435

436 Table 2. Kinetic parameters of pseudo-first-order kinetics and pseudo-second-order kinetics of 

437 methylene blue adsorption of aerogels 

Pseudo first-order kinetics
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Kinetic 

Parameters
BPA BSA CLA ICA OPA

qe  (mg/g) 8.34 8.68 8.05 8.24 7.42

k1 (min–1) 0.0168 0.0176 0.0136 0.02 0.0292

R2 0.9797 0.9768 0.9646 0.9982 0.8619

Pseudo-second order kinetics

Kinetic 

Parameters
BPA BSA CLA ICA OPA

qe  (mg/g) 8.95 9.50 9.29 9.12 5.84

k2 (g/(mg·min)) 0.0027 0.0014 0.0012 0.0029 0.0035

R2 0.9611 0.87 0.828 0.9693 0.9423

 𝜈0 (mg/(g·min)) 0.22 0.12 0.10 0.24 0.12

438

439 4. Conclusions

440 Nearly one-third of the world’s food is lost, with fruits and vegetables being the most 

441 wasted despite their nutritional value. Producing aerogels from fruit and vegetable waste 

442 provides an effective upcycling route to convert this biomass into high-value materials. In this 

443 study, aerogels were prepared from BPA, BSA, CLA, ICA, and OPA. All aerogels exhibited 

444 highly porous structures, with densities below 0.1 g/cm3, porosities above 93%, and high surface 

445 areas (12 m2/g -172 m2/g). The peel samples showed the highest BET surface areas, reaching 

446 ~172 m2/g for OPA and ~57 m2/g for BPA. The pore size results revealed that CLA samples 

447 exhibited the largest pores, with an average BJH pore size of ~29 nm, which contributed to their 

448 highest water absorption capacity of 2000%. Crystallinity analysis indicated that the aerogels 
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449 were predominantly amorphous, although OPA and BPA displayed relatively higher crystalline 

450 features, likely due to the presence of a cellulosic structure. FTIR spectra confirmed the presence 

451 of pectin, cellulose, and hemicellulose in all samples, with variations among the different fruit 

452 and vegetable sources. The methylene blue adsorption capacity was largely driven by 

453 electrostatic interaction, with an average adsorption capacity of ~84% except for OPA (53%). 

454 The pseudo-first order kinetics model better predicted the methylene blue adsorption kinetics 

455 compared to the pseudo-second order model, with R2 > 0.98. Overall, this study demonstrates 

456 that fruit and vegetable waste can be effectively used as whole materials for aerogel production. 

457 This work minimizes the pretreatments needed to create biopolymer-based aerogels. 
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655

656 Fig. 1. Photographs of the aerogel at different stages of processing: fresh, solvent exchange, and 

657 dried stages. BPA: Banana peel aerogel; BSA: Broccoli stem aerogel; CLA: Cabbage leaf 

658 aerogel; ICA: Imperfect carrot aerogel, and OPA: orange peel aerogel.

659
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660

661 Fig. 2. SEM images of fruits and vegetable waste aerogels taken at 500 × and  5000 ×. BPA: 

662 Banana peel aerogel; BSA: Broccoli stem aerogel; CLA: Cabbage leaf aerogel; ICA: Imperfect 

663 carrot aerogel, and OPA: Orange peel aerogel.

664

665

666

667
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668

669 Fig. 3. The a) XRD patterns and b) FTIR spectrum of fruits and vegetable waste aerogels. BPA: 

670 Banana peel aerogel; BSA: Broccoli stem aerogel; CLA: Cabbage leaf aerogel; ICA: Imperfect 

671 carrot aerogel, and OPA: Orange peel aerogel.

672
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673

674

675 Fig. 4. Methylene blue adsorption capacity of aerogels.  BPA: Banana peel aerogel; BSA: 

676 Broccoli stem aerogel; CLA: Cabbage leaf aerogel; ICA: Imperfect carrot aerogel, and OPA: 

677 Orange peel aerogel.

678

679
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680

681 Fig. 5. Adsorption kinetics of methylene blue adsorption for a) pseudo-first order model and b) 

682 pseudo-second order model for BPA (Banana peel aerogel).

683
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