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ABSTRACT. The absence of sustainable methods for the removal of persistent organic pollutants (POPs) 

from the environment is a serious concern. Recently, nanomaterials are gaining ground in remediation 

sector, so the need arises to develop ever new ones with respect to sustainability. The nanostructured 

cellulose sponges perfectly match all these needs. The present study tested two protocols for synthesis and 

purification of nanostructured cellulose sponges: 1) the use of a Soxhlet extractor with the most 

appropriate solvent and 2) the freeze-drying method. Results show that the Soxhlet extractor yields a 

material that is morphologically similar to freeze-dried material and is a more economically and 

environmentally sustainable method. 
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Introduction 

The development of anthropogenic activities over time has led to contamination by hazardous substances 

in landfills, oil fields, industrial and manufacturing sites, military installations, and private property, 

causing a global problem that needs to be cleaned up as it poses serious risks to the health and well-being 

of humans and the environment [1]. 

Therefore, there is an increasing need for the development of new sustainable materials to remedy the 

problem. In recent decades, the development of nanoscale materials has been gaining ground [2], to the 

point where the development and the application of nanotechnology in the environmental field coined the 

term “nanoremediation”.  Nanoremediation is a new clean-up method that is less costly, more effective as 

well as environmentally, socially, and economically sustainable [3]. 

In the broad landscape of nanomaterials it is necessary to identify the one that best suits performance and 

sustainability. Materials that have natural substances or reuse waste as precursors are ideal candidates. 

Considered all natural polymers, cellulose represents the most abundant, renewable, and biodegradable 

source in the biosphere, making it a good alternative to petroleum-based materials [4]. 

Nanocellulose is a lightweight material with strong mechanical strength, inexpensive production costs and 

safe handling compared to other synthetic nanoparticles. 

Thanks to the high specific surface area, broad possibility of surface modification many classes of 

pollutants could be adsorbed by nanocellulose, including heavy metals, dissolved organic pollutants, dyes, 

oil and undesired effluents [5]. 

At the same time, however, high surface area results in high surface energy, which is responsible for a 

strong tendency of nanoparticles to agglomerate to reduce energy. This phenomenon is even more 

pronounced in nanocellulose, where the carboxyl groups on the surface of cellulose fibrils lead to their 

self-aggregation through hydrogen bonding, which results in a significant decrease in the high adsorption 

capacity inherent in their high specific surface area. One way to overcome this deficiency is to use 

nanocellulose in the form of solid aerogels [6]. 

Aerogels refer to a new class of mesoporous nanoscale materials with a structure that exhibits high 

porosity (between 95 and 99 percent), low density, and high surface area. The aerogel materials are 

prepared by replacing the liquid solvent within the gel with air, without significantly changing the 

structure of the network or the volume of the gel. The main challenge in producing this class of materials 
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lies in removing the solvent without collapsing or shrinking the network structure under the effect of 

strong capillary forces, especially when solvents have high surface energy, such as water. 

The most widely used technique for solvent removal is supercritical drying. However, from a practical 

point of view, this method is not cost-effective and is not suitable for high-volume production. An 

alternative approach used successfully in the production of nanocellulose-based aerogels is freeze-drying 

in which the solvent is first frozen and then sublimated without changing to a liquid state. 

Compared with inorganic aerogels, nanocellulose aerogels have significant and varied advantages 

including being environmentally friendly, since they are derived from renewable resources and their 

processing does not require harmful solvents, and the ability to achieve high specific surface areas 

depends on the drying method adopted and the width of the cellulose fibrils used [7]. 

The real challenge in the production of nanostructured cellulose sponges lies precisely in the preparation 

of the aerogel, the key step of which is the removal of the liquid solvent from the gel without deteriorating 

the nanoporous structure. 

The objective of this work is to identify the most economically and environmentally sustainable method of 

obtaining a nanoporous structure. 

The present study optimized the development of a protocol for synthesis and purification of cellulose 

nanostructured sponges. 

Material and Methods 

Protocol for the synthesis  

The nanostructured cellulose sponges were obtained adapting a procedure described in Melone et al, 2015 

[8]. The synthesis of the material consists of 3 steps: cellulose oxidation with 2,2,6,6-

tetramethylpiperidinyloxyl (TEMPO) and NaClO, acidification and branching with branched 

polyethyleneimine (bPEI). After that the solution obtained is freeze overnight.  

At this point, a final step allows the aerogel to be obtained. Two methods were tested and compared: the 

use of a Soxhlet extractor with the most appropriate solvent and the freeze-drying method. 

Freeze-drying is a technological process that allows the removal of water from an organic substance with 

the least possible deterioration of the substance’s structure and components. The principle of the method 

involves the application of heat to the frozen material kept in a vacuum; the water contained in the sample 

and segregated in the form of ice is extracted directly as vapor by sublimation, since one works with 

pressure values well below 6.10 mbar, which corresponds to the triple point of water; i.e. the conditions 

that allow the simultaneous presence of water in the three solid-liquid-vapor phases. The extracted water 

vapor must be captured by freezing on condensers; the incondensable gases are extracted and removed by 

the vacuum pump. The process is conducted under carefully controlled temperature and pressure 

conditions to avoid damage to the material structure, so that the original matrix is almost perfectly 

restorable when rehydration is desired at the time of use. 

The process involves freezing the samples with liquid nitrogen, placing them in the freeze-dryer and 

leaving them for 48 hours. The samples are then dried in the oven for about 16 hours and then the samples 

was washed for 24 hours with ethanol in the Soxhlet extractor in order to remove all the excess bPEI. The 

whole procedure therefore took a total time of about 90 hours. 

A Soxhlet extractor has three main sections: a percolator (boiler and reflux) which circulates the solvent, a 

thimble (usually made of thick filter paper) which retains the solid to be extracted, and a siphon 

mechanism, which periodically empties the thimble.  

The solvent is heated and the solvent vapor rises along a distillation arm and trickles into the chamber that 

houses the thimbleful of solid. The condenser ensures that the solvent vapor cools and drips back into the 

chamber that houses the solid material. The chamber containing the solid material slowly fills with hot 



 

3 

 

2ND INTERNATIONAL CONFERENCE ON MATERIALS AND NANOMATERIALS, 27-29 JULY 2020, ROME 

solvent that will dissolve the desired part of the compound.  When the Soxhlet chamber is nearly full, it is 

emptied by the siphon and the solvent is returned to the distillation flask.  This cycle can be repeated 

several times, for hours. 

During each cycle, some of the non-volatile compound dissolves in the solvent. After many cycles, the 

desired compound is concentrated in the distillation flask, in this case the water removed from the sample 

and the excess bPEI. The advantage of this system is that instead of passing many portions of hot solvent 

through the sample, only one batch of solvent is recycled. 

The non-soluble part of the extracted solid remains in the thimble and is usually discarded, in this case is 

the remaining part in the thimble is the nanocellulose aerogel. The sample thus obtained is thermal treated 

in a vacuum oven at 60°C for about 2 hours. 

At first the washing time was compared, so a first sample was washed for 2.5 hours, while the second 

sample was washed for 5h. In both cases acetone was used as solvent. Having ascertained afterwards that 

the best result had been obtained after 5 h, the choice of solvent was investigated. The solvents used were 

acetone, methanol, and ethanol. noted that the solvent does not affect the geometry of the structure, 

ethanol was identified as a better choice for both material performance and lower environmental impact 

[9]. 

Methods of analysis 

The chemical structure of the cellulose nanostructured sponges was obtained by means of Fourier 

transform infrared spectroscopy (FTIR) in a JASCO 6000 FTIR spectrometer. Data were collected from 

500 to 4000 cm-1 at a resolution of 2 cm-1, and an average of 100 scans was collected for each spectrum 

For this purpose samples were either ground to a powder and a small quantity blended with KBr powder 

and compressed to form a disc. 

Cellulose nanostructured sponges were characterized by scanning electron microscope (SEM) under 

variable pressure. Specifically, an electron microscope FESEM-EDX Carl Zeiss Sigma 300 VP (Carl 

Zeiss Microscopy GmbH, Jena, Germany) was used. The samples were fixed on aluminium stubs and then 

sputtered with gold with a Sputter Quorum Q150 (Quorum Technologies Ltd, East Sussex, UK). 

Results and Discussion 

The Figure 1 shows the FTIR spectra of microcrystalline cellulose powder (black), cellulose nanofibers 

(CNFs) obtained from 2,2,6,6-tetramethylpiperidinyloxyl (TEMPO)-mediated oxidation (TOCNF) (red) 

and branched polyethyleneimine cellulose nanofiber (bPEI-TOCNF) (blue). TOCNF spectrum clearly 

exhibits a peak at 1730 cm-1 associated with the C=O stretch of the carboxylic acid moieties. In the bPEI-

TOCNF spectrum, the C=O peak is shifted to 1670 cm-1 due to the formation of amide moieties. 

Furthermore, the broad O-H stretching band in the wavenumber range between 3000 cm-1 and 3700 cm-

1overlaps the N-H stretching peak.  
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Figure 1. FTIR spectra of microcrystalline cellulose powder (black), TOCNF (red) and bPEI-TOCNF  

(blue) 

Furthermore, materials were observed by SEM used in order to identify the morphological characteristics 

of each. 

The Figure 2 shows the SEM images of the obtained materials. The images are from three different 

samples that can be traced back to the same starting synthesis. It can be seen that by increasing the 

extraction time in the Soxhlet extractor, the sample presents a more porous structure. the porosity of the 

structure seems to be even greater in the sample in which the aerogel was obtained by freeze-drying. 

Morphologically, the freeze-dried sample seems to respect more the classical morphology of an aerogel. 

At the same time, however, the freeze-drying process has a greater environmental and economic impact so 

the use of the Soxhlet extractor is definitely more suitable. At the later time, adsorption tests will be 

carried out to verify whether the apparently more compact morphology of the sample obtained with the 

Soxhlet extractor is more or less performing than the freeze-dried sample. 

 

 

Figure 2. SEM images. On the left SEM images of the samples obtained after 2,5 hours in the Soxhlet 

extractor; in the middle the sample obtained after 5 hours in the Soxhlet extractor; on the right the sample 

obtained after 48 hours of freeze-drying. 
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Conclusions 

The results of study suggest that the final materials all have the same chemical structure and somewhat 

similar morphology. However, from the perspective of a sustainable approach, the water extraction with 

the Soxhlet is the technique with the least impact. The results will significantly contribute to paving the 

way towards the use of Cellulose Nanostructured Sponges for the remediation of contaminated site. 
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