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Abstract: Electrospinning is known to be a facile and effective technique to fabricate fibres of a 15 
controlled diameter-distribution. Among a multitude of polymers available for the purpose, the 16 
attention should be addressed to the environmentally compatible ones, with a special focus on 17 
sustainability. Polylactic acid (PLA) is a widespread, non-toxic, originated from renewable sources, 18 
polymer and it can degrade into innocuous products. While the production of fibrous membranes 19 
is attractive for airborne particles filtration applications, their impact on the removal of gaseous 20 
compounds is generally neglected. In this study, electrospun PLA-based nanofibers were 21 
functionalized with cyclodextrins, because of their characteristic hydrophobic central cavity and a 22 
hydrophilic outer surface, in order to provide adsorptive properties to the composite. The aim of 23 
this work is to investigate a hybrid composite, from renewable sources, for the combined filtration 24 
of particulate matter (PM) and adsorption of volatile organic compounds (VOCs). Results show how 25 
their inclusion into the polymer strongly affects the fibre morphology, while their attachment onto 26 
the fibre surface only positively affects the filtration efficiency.  27 
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 29 

1. Introduction 30 

Air filtration is the most effective and widespread method to remove particulate matters (PM) 31 
from the air stream. Air filter material and morphology play a major role in the process efficiency and 32 
sustainability. Electrospinning is a versatile method commonly used to manufacture polymer 33 
nanofiber[1]. 34 
The concept of green electrospinning has been introduced with the aim of reducing the toxicity and 35 
environmental problem related to the use of potentially hazardous-organic solvents for the 36 
electrospinning of natural or synthetic polymers [2]. While this aspect is of primary importance in 37 
regenerative medicine, in which the absence of impurity is compulsory, when the electrospun fibre 38 
mat is used in much larger extends for air filtration applications, the focus should be addressed to 39 
the polymer type as well, favouring polymer from renewable sources, easily disposable, having a low 40 
environmental impact. Since indoor air quality has become not only an issue but also a need, due to 41 
the risks people are exposed to and in connection with the amount of time spent in confined 42 
environment, both at work and home [3]. In addition to common pollutants of outdoor air, it must 43 
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be considered other unusual sources like furniture, copiers, and air fresheners, and so on. Also, 44 
people themselves are a source of potentially harmful agents i.e. spread as indoor bioaerosol. 45 
Electrospinning of functional polymeric nanofibers has attracted considerable attention in the past 46 
decade due to the simplicity of the process and the enhanced properties associated with the size of 47 
the fibres [4–6]. One potential application for electrospun nanofibers is in the field of filtration where 48 
the nanowebs can provide separation of tiny particles due to the different interception mechanism.  49 

PLA is a thermoplastic aliphatic polyester derived from renewable resources, so it has been 50 
chosen for its environmentally friendly properties as its biodegradability. 51 
The fabrication of PLA electrospun nanofibers has been widely investigated by many authors because 52 
of the great availability, the production from renewable sources, the non-toxicity, and the known 53 
biodegradability[7–9]  54 
Casasola and co-workers [10] investigated the effect of different solvents on the fibre morphology. In 55 
particular, they found that the acetone-based binary solvent system was the most effective to produce 56 
electrospinnable nanofibers. 57 
In the study of Wang et al. [11], porous bead-on-string poly(lactic acid) (PLA) nanofibrous 58 
membranes (NMs) were fabricated to investigate the filtration performance by measuring the 59 
penetration of sodium chloride (NaCI) aerosol particles. Without further modification, a high 60 
filtration efficiency was obtained, by controlling the solvent solution.  61 
Cyclodextrins (CDs) are conical, truncated macrocycles, consist of six, seven, and eight α-d-glucose 62 
units, and named α-, β- and γ- respectively (Figure 1)[12]..  63 

(a) 

(b) 

(c) 

Figure 1. a) PLA chemical structure; (b) CyD chemical structure; (c) representation of CyD 64 
structure. 65 

They are environmentally friendly and deserve attention for their valuable properties thanks to their 66 
chemical structure. In fact, they are commonly applied in different fields: from pharmaceutical 67 
carriers [12–14] to the use as nano-sponges in water treatments [13,15].. Cyclodextrins can form 68 
complexes of inclusion with numerous poorly soluble molecules, this is the reason why they are 69 
commonly used in pharmaceutical chemistry as carriers. Hydrophobic molecules are maintained in 70 
the cavity of the cyclodextrin with the outer surface of the complex maintaining its hydrophilic 71 
characteristics [12,16].  Wen and colleagues [17] incorporated cinnamon essential oil/beta-72 
cyclodextrin into PLA nanofilm to give better antimicrobial activity compared to conventional 73 
nanofilm, prolong the shelf life of food, as an active food packaging. Similarly, in the works of Aytac 74 
et al.[18], beta-cyclodextrin is used for the stabilization of active compounds in the production of 75 
functional electrospun PLA nanofibers incorporating naturally occurring antioxidant compound [18]. 76 
Taking advantages of their molecular structure to block lipophilic molecules, such as volatile organic 77 
compounds (VOCs), another use for cyclodextrins has been proposed [20,21] for air pollution control 78 
applications. While cyclodextrins have already been used for the removal of organic pollutants in 79 
wastewater [15,21,22], they have not been used in much lesser extends for air treatments and removal 80 
of PMs and VOCs. 81 
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In this study, for the first time, an electrospun PLA/cyclodextrin composite has been produced 82 
and characterized for the joint filtration of particulate matter (PM) and enhanced adsorption of VOCs. 83 
The electrospun nanocomposite exhibits not only excellent PM filtration efficiency, but the presence 84 
of CyD provides to the composite material a two-fold improved adsorption ability measured in terms 85 
of toluene removal. 86 

2. Materials and Methods 87 

2.1 Material  88 

Dichloromethane (DCM) and N,N-Dimethylformamide (DMF) of analytical grade were 89 
purchased from Sigma-Aldrich. PLA has been used to prepare a polymeric solution of 8% w/V 90 
solubilized in DCM/DMF (80:20). The electrospinning setup consists of a house-made syringe pump, 91 
which needle is connected to the high potential (16kV). The flow rate was 0.5 ml/h and the 92 
needle/collector distance equal to 10cm. Nanofibers are electrospun over a PLA-based 3D printed 93 
support, placed on a grounded aluminium foil (See supplementary materials). 94 

All the prepared composites were electrospun over 3D-printed support (1mm thick) with large 95 
voids (60% fill). Pictures of the substrate and 3d printing parameters are reported in the supporting 96 
materials. Both support and nanofibers produced with electrospinning technique are made by the 97 
same polymer to improve the affinity, permitting a better adhesion between them [23]. [12,19]In this 98 
study B-methyl-cyclodextrins (Carbosynth) have been also used either in association with fibers as 99 
such (in powder) or solubilized in methanol (Sigma-Aldrich) and electrospun. Cyclodextrins were 100 
both incorporated in the PLA solution, both dispersed on the PLA surface. Three different 101 
configurations were studied: a) PLA solubilized in the solvent and then electrospun (PLA); b) a three 102 
levels configuration where a layer of cyclodextrins in powder was placed in the middle of a bi-layer 103 
of electrospun PLA (PLA/CyD); c) Cyclodextrins were solubilized in few droplets of methanol and 104 
added in the same solution of PLA then electrospun (PLA+CyD). 105 

2.2. Characterization 106 

All the specimens have been analyzed with a ZEISS Scanning electron microscope for the 107 
characterization of the morphological aspect and to evaluate the interaction between PLA fibres and 108 
CyD. 109 

The samples were analyzed by using a Perkin-Elmer Spectrum GX1 spectrometer (PerkinElmer, 110 
Inc, Waltham, MA, USA) equipped with U-ATR accessory for the analysis of solid samples in 111 
reflectance mode. On each sample, 5 spectra were acquired in the range between 4000-500 cm-1, with 112 
a spectral resolution of 4 cm-1 and recording 64 scans. A background adsorption spectrum was 113 
recorded before each acquisition. Raw FTIR spectra were converted in absorbance, interpolated in 114 
the 1800-500 cm-1 spectral range and vector normalized in the same interval. An automatic baseline 115 
correction algorithm was used in all spectra to avoid errors due to baseline shifts. Atmospheric 116 
compensation was also performed. The average absorbance spectra of all samples were also 117 
calculated, and they were fitted in the 1800-800 cm-1 upon two-points baseline correction and vector 118 
normalization (Grams AI 9.1 software, Galactic Industries, Inc., Salem, NH). A Gaussian algorithm 119 
was adopted. For each underlying band, the positions in terms of wavenumbers, height and 120 
integrated area were calculated. Spectrum 5.3.1 (Perkin-Elmer) was used as the operating software. 121 

2.3. PM generation and efficiency tests 122 

In the filtration efficiency tests, PM particles were generated by burning incense in an 82 l box. 123 
The smoke PM particles have a wide size distribution from <300 nm to 4 μm, with the majority of 124 
particles being <1 μm. The so-generated particle stream was controlled by dilution with air. PM 125 
particle number concentration was measured with a GRIMM 1.108 particle counter and the removal 126 
efficiency was calculated by comparing the number concentration before and after filtration, while 127 
the pressure drop in the filter medium was measured by a differential pressure meter (Honeywell 128 
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160 PC). The wind velocity, measured in absence of the filter with a hot-wire anemometer, was equal 129 
to 1.4 m s−1. 130 

VOC removal tests were performed in the same box environments, with the injection of 100 μl 131 
Toluene, and the test started when its full vaporization occurred. VOC concentration was measured 132 
with a ppbRAE 3000 with 1-min sample time, and the VOC removal efficiency was calculated, 133 
likewise for PM, by comparing the number concentration before and after filtration. All the tests were 134 
performed at the temperature of 27±2°C and RH equal to 50±10%. 135 

3. Results 136 

3.1. Electrospun nanofiber morphology 137 

Figure 2 reports SEM pictures of the three reference filter composites, with only PLA (Figure 2a), 138 
with the addition of CyD in bulk solution (Figure 2b) and over the PLA fibre (Figure 2c). The median 139 
diameters of the PLA-based fibres composites electrospun from the solutions were determined to be 140 
350, 990, and 530 nm, respectively (Figure 3.) 141 

 142 

Figure 2. SEM pictures of (a) PLA, (b) PLA/CyD and (c) PLA+CyD electrospun nanofibers. 143 

 144 

Figure 3. Fiber diameter distribution for (a) PLA, (b) PLA/CyD and (c) PLA+CyD 145 
electrospun nanofibers. 146 

The Fibrous filter pressure drops were measured at low face velocity. Pressure drop and outlet 147 
air velocity, as a function of the fibre type and fibre loading values, have been reported in Table 1. 148 

Table 1. Composition and characterization of the electrospun filter media. 149 

Filter 
solution 

CyD 
voutlet 

(m/s) 

ΔP 

(Pa) 

Filter loading 

(mg/cm2) PLA CyD 

PLA 100% 0 - 0.25 24.4 1.43 

PLA/CyD 98.5% 1.5% - 0.41 33.9 2.47 

PLA+CyD 100% - 1.5% 0.24 29.9 4.05 

 150 
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Starting with these data, analyses on images were carried out to find out correlations with 151 
dimensions and morphology of the fibres. Observing the three filters (Figure 2), cyclodextrins 152 
influence the result of electrospinning and the overall measured pressure drop (Table 1, ΔP 24.4, 33.9, 153 
and 29.9 respectively). Filters PLA/CyD show apparently more bulky fibres (Table 1, Filter loading 154 
(mg/cm2), 1.43, 2.47, and 4.05) fibres than the ones of PLA and PLA+CyD filters. This comparison 155 
justifies a higher drop pressure for this filter (33.9 Pa). Furthermore, crossing fibres enhance thickness 156 
determining a probably augmented capacity of sieving phenomena. PLA mix differentiates itself 157 
from PLA/CyD and PLA+CyD only for the addition of CyD. 158 

3.2. FTIR Spectroscopy 159 

FTIR spectroscopy was used to determine the interaction between both PLA and CyD and the 160 
composite and pollutants[24]. Obviously, due to a large number of functional groups present due not 161 
only to the enormous variability of the compounds present in the polluting source used for the tests 162 
but also to the polymeric ones of the filter, it is not possible to identify with certainty the filtered 163 
molecules. It is instead possible to determine by the difference the presence or absence of pollutants. 164 
In this regard, it was necessary to outline a spectroscopic profile of the materials used to make the 165 
filter itself, to also study the interaction between the polymer and the CyDs. The enormous variety of 166 
compounds present in the polluting source does not always and unequivocally allow to have the 167 
same peaks, so it is necessary to search for the traces of pollutant by evaluating the shifts and all the 168 
variations between the different peaks. Figure 4 reports a comparison between the untested and the 169 
tested PLA filter (without CyDs). The spectra of the pristine filter show the main peaks attributable 170 
to the PLA: at 2997-2944cm-1 there are the symmetrical and the asymmetrical stretching of CH2 and 171 
CH3; the characteristic peak of a carbonyl group is at 1753 cm-1; at 1453 cm-1 there is the methyl in α 172 
position respect to the carbonyl group and in the region of 1380-1000cm-1 the bending signals of CH2 173 
and CH3.  174 

 175 

Figure 4. FTIR spectra of tested and untested PLA filters. 176 
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In the other spectra, the different peaks caused by the interaction of the polymer with pollutants 177 
can be easily individuated: at 1644, 1541, 1514, 1301 cm-1 and 953 cm-1. Confronting the peak of the 178 
carbonyl group at 1753 cm-1 of the no tested filter with the same peak of the other samples reports a 179 
shift caused by the interaction between the polymer and the pollutant. It is possible to suppose the 180 
presence of nitro groups, reported by the peaks in the range of 1541cm-1 and 1514 cm-1; the presence 181 
of aldehydes because of the shift at 1754 cm-1 and the peak at 1644cm-1; and a carbon-nitrogen bound, 182 
due to the presence of a peak at 1301cm-1. 183 

The peak at 1514cm-1 is very sharp respect to the other spectres, it is reasonable to assume that 184 
this is due to the concentration of pollutant adsorbed. A peak at 1514cm-1 can be attributed or to a NO 185 
or a CN group. Moreover, it presents a series of peaks at 2601, 2385, 2263 and 1976cm-1. Usually, in 186 
this range, there are signals from inorganic contaminants as, for example, thiocyanate. Considering 187 
the CN at 1514cm-1 at the level of bands’ ratio, the signal of the triple bonds is present at 2200cm-1; the 188 
-SH group is at 2600 cm-1 and the signal of SCN is at 2100 cm-1. The peak at 1209cm-1 is different in 189 
terms of height, therefore the concentration of the respective group increases after the filtration, so a 190 
pollutant containing the same group is attached to the filter. Lastly, at 921 cm-1 a new peak appears, 191 
which was absent in the pristine filter, so it is may be relative to the deposited pollutant.   192 

For what concerns the filters made with the addition of cyclodextrins (PLA/CyD and PLA+CyD), 193 
it was important to determinate the possible interaction between the polymer and the CyD molecules, 194 
because during the electrospinning process these two compounds could interact causing the presence 195 
of new peaks independent from the wavelengths of the single compounds. It was necessary to 196 
determine the shifts and the new peaks on a no tested filter, not only to have a reference standard for 197 
the identification of the pollutant, but also to estimate the level of the bond between the two 198 
compounds. In Figure 5 is reported the spectra of the filter untested, made by adding CyD not only 199 
in the between of two layers of the polymer (PLA+CyD), but also in the polymer solution (PLA/CyD). 200 
Analysing this spectrum, it is immediately notable the absence of the characteristic peak of the 201 
hydroxylic group at 3400cm-1, because a large quantity of these groups is bonded with PLA in 202 
hydrogen bonds; but the peak at 1654cm-1 indicates that there are still some free. All the values at 203 
1000, 1021, 1077 and 1151 cm-1 are shifted to 1040, 1082, 1124 and 1182 cm-1 because of the hydrogen 204 
bonds between the two compounds. Also, the peak at 850cm-1, typical of C-C bond, is shifted to 916 205 
cm-1. The shift of the signal can be caused not only by the formation of new bonds but also by the sum 206 
of two different signals in the same region. 207 
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 208 

Figure 5. Typical spectra of the filter containing PLA and CyDs. 209 

After the reference spectra for the filters containing CyD, also the tested spectra were examined 210 
(Figure 6). 211 

 212 

Figure 6. Comparison between all the filters containing cyclodextrins. 213 
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In these samples the presence of contaminates is represented by two main behaviours: the most 214 
important is the split of the carbonyl peak and its slightly shift; the other change is the shift of all the 215 
characteristic bands in the range from 1220 cm-1 to 1000cm-1. The split of the carbonyl group can 216 
indicate the presence of another molecule with a similar configuration (for instance it can be an 217 
aldehyde or a ketone). Moreover, these kinds of pollutants may cause also the shoulder at 1736cm-1. 218 
Other particular peaks are present at 3377cm-1 for PLA/Cyd: the peak at 3377cm-1 can be attributed to 219 
a compound with NH group, seeing as there are also peaks at 1615 and 1514 cm-1, which usually 220 
indicate the presence of NH2 and of a carbon bonded to nitrogen. The series of peaks in the range 221 
from 870 to 700cm-1 are typical of CH groups: in these cases, they are different from the reference 222 
because of their shape and their shift, indicating the presence of another compound different from 223 
Cyclodextrins or PLA. 224 

3.3. PM and VOC removal tests 225 

The PM1, PM2.5 and PM10 removal by different fibrous filters is shown in Figure 7(a). From the 226 
PM efficiency removal comparison, it is possible to observe that the PLA+Cyd has the highest 227 
removal of both smaller particles, while all the different samples exhibit an efficiency higher than 228 
97% for particles having diameter greater than 2.5 μm. 229 

 230 

Figure 7. (a) PM removal efficiency and (b) normalized VOC concentration versus time by 231 
the different fibrous filters. 232 

The characteristic conical configuration of cyclodextrins [12] is suitable for the formation of 233 
complexes of inclusion through non-covalent interactions: in fact, hydrophobic molecules are 234 
maintained in the cavity, blocking their passage through the filter.  235 

This mechanism of filtration should be added, according to classical filtration theory, to the other 236 
five mechanism effects to catch particles (interception, inertial, diffusion, gravity, and static electricity 237 
effect) [25] to catch also other smaller molecules as VOCs. In this way, CyD plays a role both in 238 
affecting the fibre morphology, resulting in thicker fibres and reduced cavities, and, actively, as 239 
surface centres for the capture of PM and VOCs, due to their dual hydrophilic/hydrophobic nature. 240 
The presence of CyD molecules at the surface of the fibres has a large influence on the molecular 241 
filtration capability [26]. The presence of more CyDs on the surface of the fibres implies a higher 242 
availability of sites for the bond with the pollutants, so it is reasonable to assume that higher 243 
concentration of CyDs are beneficial for the overall filtration efficiency.  Nevertheless, the superficial 244 
availability of adsorption centres will affect also the blocking capacity of PMs and the resulting 245 
pressure drop. For all these reasons, the amount of CyDs must be enough to be bonded to the polymer 246 
and sufficient to have the possibility to create hydrogen bond with the pollutants.  247 

During the electrospinning, CyD molecules could phase separate from PLA matrix and formed 248 
heterogeneous dispersion during solvent evaporation in the electrospinning process: this is likely 249 
because CyD has a hydrophilic characteristic and PLA is a hydrophobic polymer [26]. A heterogenic 250 
solution may cause a not homogeneous presence of CyDs on the fibre surface, causing a not 251 
homogenous filter. 252 
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VOCs removal is shown in Figure 7(b). In this graph, it is possible to compare the three different 253 
tested filters in two subsequent situations. These tests were conducted injecting Toluene in the box. 254 
The first curve is about the behaviour with 100 µl of Toluene (in Figure 7(b) labelled with 1). After 255 
about 30 minutes and as curves reach a plateau or their background concentration, the second 256 
injection of Toluene was carried out (20 µl). This second injection (in Figure 7(b) labelled with 2) is 257 
sufficient to obtain an initial concentration of Toluene comparable to the first one. The purpose of this 258 
method consists in investigating repeatability of tests and in the first evaluation of the durability of 259 
filters. As it was expected, filters with cyclodextrins allow quicker removal of VOCs, referred to PLA 260 
only fibres. Besides, it can be observed that the two normalized curves are almost overlapped, 261 
highlighting a factual constant behaviour, for two subsequent tests at high concentration at least.  262 

The presence of cyclodextrins in filters points out an increased capacity in the removal of VOCs. 263 
This condition suggests that VOCs removal tests highlight the contribution of the CyD on adsorption. 264 
Thus, the CyD can empower the removal of VOCs in two different ways. It is probable that in 265 
PLA/CyD filters VOCs are removed when CyD have their hole available. In PLA+CyD filters, VOCs 266 
are removed when they collide with CyD powder with an enhanced capacity of removal because of 267 
entire exposure to air, with a higher number of available sites. 268 
A non-exhaustive comparison of the obtained results with the one reported in the literature is 269 
reported in Table 2. 270 

Table 2 – Comparison of the obtained filtration results with the one reported in the literature 271 

Electrospun 

Polymer  

Efficiency Comments Ref 

PLA 99.997% 

(165.3 Pa) 

Small fibre diameter and the presence of 

additional mesopores on the beads were 

conducive to the capture and adsorption of 

particulates. 

[11] 

PLA/TiO2 99.996% (128.7 

Pa) 

Relative humidity of 45% and face velocity of 5.3 

cm/s and a high antibacterial activity of 99.5% 

[27] 

PLA/CNPs 98.99% 

(147.60 Pa) 

Air flow rate of 14 cm/s. PLA/chitosan fibres 

show a highly porous structure 

[28] 

PVA/CNCs 99.1% 

(91 Pa) 

Tests with PM2.5 and airflow velocity of 0.2 m/s [29] 

Hierarchical 

structured nano-

sized/porous PLA 

99.999% 

(93.3 Pa) 

PLA-N/PLA-P double-layer structured membrane 

with a mass ratio of 1/5. Face velocity of 5.3 cm/s 

[30] 

PAN >99%  

(27 Pa) 

Nanobeads are useful for reducing the packing 

density and the pressure drop through the filter. 

Ultrafine nanofibers guarantee the PM removal 

efficiency. Airflow rate of 4.2 cm/s 

[31] 

PLA/CyD > 98% (30Pa)  This 

study 

DMAC: dimethylacetamide; CNPs: Chitosan nanoparticles; CNCs: cellulose nanocrystals 272 

4. Conclusions 273 

The addition of CyD both in bulk and powder determines an increase of removal efficiency of 274 
VOCs and PM1 size fraction, due to two different effects: the CyD in bulk affect the PLA fibres 275 
morphology, while the superficially deposited CyD directly affect the removal of the VOC. Efficiency 276 
tests highlight enhanced VOC removal efficiency in PLA/CyD and PLA+CyD filters; the FTIR analysis 277 
confirms that in filters containing CyDs the traces of the interaction between the pollutants and the 278 
filter are more evident, showing shifted and larger bands, split and sharper peaks. Further studies 279 
will involve the investigation of the VOC type on the adsorption property, with the simultaneous 280 
addition of functional composites and the aim of synthesizing such composite from starch-food 281 
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wastes. The use of CyDs from food wastes in air filtration systems will improve their positive 282 
environmental impact in a circular economy perspective for being used in air filtration applications. 283 
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