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Highlights  

 SSI enabled incorporation of high amounts of pyrethrum extract in tested materials 

 The largest loading capacity among the tested materials had PP fabric  
 Cellulose acetate is a promising carrier for controlled release of pyrethrum extract  

 Physical form of cellulose acetate influenced the rates of impregnation and release 

 Amount of pyrethrum extract in polyamide fabric remained stable after 30 days 

eWroclaw University of Science and Technology, Faculty of Chemistry, Wybrzeze Wyspianskiego 27, 

50-370 Wroclaw, Poland 

Abstract 

This study discusses the possibility of supercritical solvent impregnation of polypropylene and 

polyamide fabrics as well as cellulose acetate in the form of beads and films with pyrethrum extract 

in order to fabricate functionalized materials with repellent properties. Impregnation experiments 

were performed at temperature of 40 ºC and pressures of 10 and 20 MPa in supercritical carbon 

dioxide. The time of impregnation was varied from 0.5 to 18 h. Loadings of pyrethrum extract into 

polypropylene fabrics and cellulose acetate films higher than 30% were attainable at 10 MPa. In the 

case of polyamide fabrics and cellulose acetate beads, the pressure of 20 MPa was needed for 

obtaining the loadings higher than 11%. Pyrethrum extract release study revealed different 

capabilities of the tested materials for the repellent release, implying a variety of their possible 
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applications. The impregnated solids were characterized by SEM, DSC, FTIR, Mercury intrusion 

porosimetry analyses and HPLC analyses.  

Keywords: Supercritical solvent impregnation; pyrethrum extract; polypropylene; polyamide; 

cellulose acetate. 
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1. Introduction 

Over the past years, new vector-borne diseases have continued to emerge in regions where they 

had not previously been a concern. The ever growing population in the 21st century, increased global 

travel and urbanization contribute to the fast spread of infectious illnesses [1]. To address these 

challenges, serious efforts in the protection of humans against arthropod bites and vector borne 

diseases have been made. In particular an interest for fabrication of repellent treated clothes, nets 

and tents significantly increased [2–4]. Commonly applied repellents are N,N-diethyl-meta-toluamide 

(DEET), picaridin, ethyl butylacetylaminopropionate (IR3535) and pyrethroids [5–8]. A wide use of 

these repellents alerted the researchers to the appearance of resistance in some insect species as well 

as to the fact that they are not eco-friendly [9,10]. This was the motivation for starting up a new 

research dealing with natural substances possessing repellent properties [1].  

Plants and their essential oils such as mint (Mentha), hyptis (Hyptis), lavender (Lavandula), 

sage (Salvia), basil (Ocimum), thyme (Thymus), catnip (Nepeta cataria), palmarosa 

(Cymbopogon martinii), rue (Ruta chalepensis), pyrethrum (Chrysanthemum cinerariaefolium), 

geranium (Pelargonium), rosemary (Rosmarinus officinalis) showed great potential as natural 

repellents [1,11–13]. Both monoterpenes such as limonene, α-pinene, citronellal, citronellol, camphor 

and thymol [11,14–18] and sesquiterpenes such as β-caryophyllene [15,18–20] were found to possess 

repellent properties. In addition, their combination is considered to be a promising natural repellent 

[15,20,21]. Insecticidal activity of pyrethrum extract originates from its six active components: 

pyrethrin I and II, cinerin I and II and jasmolin I and II (Fig. 1) [22]. Pyrethrins target a wide variety of 

pests and they have a short half-life in the environment. Furthermore, they are highly lipophilic, low 

toxic to mammals and they do not cause biomagnification (persistence in tissues of organisms) [12].  
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Major attention was focused on the formulations of different lotions for topical application as well as 

on the repellent treatment of various kinds of textiles aimed for clothes, tents and nets [2,5,6,23]. On 

the other hand, there is limited data dealing with non-topical applications and controlled repellent 

release products for human protection from pests, which would provide a safe stay in nature for 

instance. Reitizig [24] reported the invention of different shapes of disposable bottle entry barriers 

coated with essential oil of lemongrass by spraying technique. It was also reported that the 

polyhydroxyvalerate based tablets with plant essential oils were found to be effective against 

mosquitos [25]. Furthermore, available literature offers scarce information concerning the 

preservation of goods (stored in the warehouses or in the open air) and plants by utilization of natural 

repellent products. Recently, a method for preparation of multifunctional mulching paper for 

application in agriculture was introduced [26]. The multifunctional mulching paper was prepared by 

a coating method, whereby a mixture of dried herbal powder, mothproofing oil, clay, red algae 

extract, nano-clay and starch were applied to the craft paper [26]. 

As the simplest one, exhaustion method has been commonly used for the impregnation of 

textiles with a suitable repellent [4,27,28]. In addition to significant generation of waste water this 

method requires large amounts of repellent matter. Further, the absorption of active substance is 

mainly restrained on the fiber surface [29]. Spraying technique is proven to be slightly more efficient 

in terms of active substance consumption [30,31]. It is reported that ten to twelve uniforms were 

successfully treated with approximately 7.7 l of emulsion with contraction of 0.020 lpermethrin/lwater [32]. 

In order to extend the washing fastness of the impregnated cotton fabric, the efforts have been made 

to introduce β-cyclodextrin molecules onto the fabrics surface prior to its impregnation with essential 

oil of eucalyptus [33]. Although the technique is perspective, further development is needed since 

repellent activity of the impregnated fabric was only detectable after the first washing cycle. 

Eventually, polymer-coating technique [4,29] and the microencapsulation method [3,34] were 
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developed for the same purpose. It was reported that the microencapsulation technique required 

significantly reduced amounts of repellent [34]. . The amounts that could be potentially absorbed by 

skin are also reduced [34]. 

Among the various methods for incorporation of a bioactive substance into a polymer matrix, 

supercritical solvent impregnation (SSI) was proven to be beneficial. The avoidance of organic 

solvents, the homogeneous distribution of an active component throughout the whole polymer 

volume, the absence of an effluent generation and lower energy demands comparing to conventional 

impregnation processes are the main features of this technique [35,36]. In our previous report [37], 

large potential of the SSI technology in the domain of repellent materials fabrication was disclosed. 

SSI was found to be a feasible technique for manufacturing of cotton fabrics functionalized with 

pyrethrum extract aimed for clothing. By adjusting the SSI process parameters it was possible to 

obtain pyrethrum extract content in the cotton fabric that meet the demands of regulations for 

repellent contents in the dressing (the United States Environmental Protection Agency, German 

Federal Institute for Risk Assessments [7,38,39]). However, the results [37] indicated that much higher 

loadings of pyrethrum extract could be obtained by the SSI than those allowed by the clothing additive 

regulations, thus implying a potential exploitation of the SSI in fabrication of polymers with the 

prolonged release of a repellent compound. This study discusses the fabrication of functionalized 

polypropylene (PP) non-woven and polyamide (PA) woven fabrics as well as cellulose acetate in the 

form of beads (CAB) and film (CAF) with pyrethrum extract in order to produce materials containing 

high amounts of the repellent substance suitable for applications such as disposable outdoor 

protective secondary clothes (not in a direct contact with skin), tent materials and different outdoor 

repellents. To the best of our knowledge, there is no data available in the scientific literature on 

impregnation of named materials with a repellent using a supercritical carbon dioxide (scCO2). 

ACCEPTED M
ANUSCRIP

T



2. Materials and methods 

2.1. Materials 

Pyrethrum extract was supplied by Sigma-Aldrich (Germany). Total pyrethrin content in the 

extract was determined to be 61.1 %, by a HPLC method. There were 39.4 % of pyrethrins I (3.4 % of 

cinerin I, 33.3 % of pyrethrin I and 2.7 % of jasmolin I) and 21.7 % of pyrethrins II (2.3 % of cinerin II, 

17.8 % of pyrethrin II and 1.6 % of jasmolin II). Standard pyrethrum extract (Sigma-Aldrich, No, 33739) 

with defined total pyrethrins (pyrethrin I and II, cinerin I and II and jasmolin I and II) content of 49.2% 

was used for HPLC analyses. Cellulose acetate beads (CA-320S NF/EP) with acetyl content of 32.0% 

(CAB) were generous donation from Eastman (Poland). Acetone (pro analysis) was supplied by Zorka 

Sabac (Serbia). Acetonitrile (ACN) (for liquid chromatography) was supplied by Meck (Germany). 

Commercial CO2 (purity 99%) was purchased from Messer–Tehnogas (Serbia).  

Polypropylene non-woven fabric (40 g/m2) was immersed in ethyl alcohol (Zorka, Serbia) for 10 

min at liquor-to-fabric ratio of 40:1. Afterwards it was rinsed with tap and distilled water, and dried 

at room temperature.  

Desized and bleached polyamide fabric (PA, 150 g m-2) was initially cleaned in a bath 

containing 0.5% nonionic washing agent Felosan RG-N (Bezema). Liquor–to-fabric ratio was 50:1. 

After 15 min of washing at 50 °C, the fabric was rinsed once with warm water (50 °C) for 3 min and 

three times (3 min) with cold water. The fabric was then dried at room temperature. 

Chemical structures of PP, PA and CA monomers are presented in Fig. 2. 

2,2. HPLC analysis 

HPLC (Agilent Technologies 1200) was used for identification of components of the 

commercial pyrethrum extract. Detection was performed using a Diode Array Detector (DAD), and the 
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chromatograms were recorded at λ = 225 nm. HPLC separation of components was achieved using a 

LiChrospher 100 RP 18e (5 μm), 250 × 4 mm i.d. column, with a flow rate of 1.4 mL/min and mobile 

phase, A (H2O), B (MeCN), elution, combination of gradient mode: 0-60% A, 0-15 min; 60-80% A, 15-

25 min; isocratic 80% A, 25-35 min).  

The sample was prepared by dissolving of 2 mg of the liquid extract in 1 ml of acetonitrile (ACN). The 

standard solution was prepared dissolving 0.7 mg of the standard extract in 1.0 mL of ACN. The 

prepared sample and standard were filtered through 0.2 μm PTFE filters prior to the HPLC analysis. 

The injected volume was 4 μL. The identification was carried out on the basis of retention time and 

spectra matching. Quantification was performed by external calibration with standard. 

2.3. Cellulose acetate films preparation 

CAFs were prepared by the solvent casting method. The film forming solution containing CAB 

(1.00 g), acetone (27 ml) and water (3 ml) was stirred with a magnetic stirrer for 1.5-2 h at the room 

temperature. The obtained clear solution was poured into a ceramic mold and dried in the air for 3-5 

days, until the mass of the dried film became constant. 

2.4. Supercritical impregnation 

Impregnation of PP non-woven fabric, PA fabric, CAB and CAF materials with pyrethrum 

extract was performed in a high-pressure view cell (Eurotechnica GmbH, 25 mL) previously described 

in detail [40], using the static method. Pyrethrum extract (1.00 g) was placed on the bottom of the 

view cell in a glass container. The samples of solid carriers were put in the porous basket and placed 

above the glass container containing pyrethrum extract. Polytetrafluoroethylene (PTFE) coated 

fiberglass fabrics were placed below and above the tested materials to prevent possible splashing of 

the extract onto the surface of the sample during the decompression. After the required temperature 

in the view cell was reached, the system was pressurized. The duration of experiments ranged from 
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0.5 to 18 h. Impregnation of all tested materials was performed at temperature of 40 °C and pressures 

of 10 and 20 MPa. At the end of each experiment CO2 was released from the bottom of the view cell 

at the decompression rate of 0.5 MPa/min. In order to provide pyrethrum extract in excess, the mass 

ratio of PP non-woven fabric / pyrethrum extract was set to 0.043± 0.005, while the ratio of other 

materials (PA fabric, CAB, CAF) / pyrethrum extract was 0.067± 0.005. Mass of the impregnated 

pyrethrum extract (mex) was determined gravimetrically as the mass difference of each material after 

and before the impregnation process (quantified on analytical scale with accuracy of ±0.0001 g). 

Impregnation yield (I) was calculated as the mass ratio of the impregnated extract and impregnated 

material (mim) multiplied by 100% (Eq. 1). 

I = 
𝑚𝑒𝑥

𝑚𝑖𝑚
∙ 100%           (1) 

Prior to measurements, the impregnated sample surface was gently wrapped with a cotton fabric in 

order to remove possible pyrethrum extract droplets attached to the surface during the 

decompression. All the experiments were performed in triplicate. Standard deviation (𝜎) was 

calculated according to Eq. 2. 

𝜎 = √∑ (𝑥𝑖−𝑥̅)𝑛
𝑖=1

2

𝑛−1
          (2) 

where 𝑥𝑖  is the i-th value of impregnation yield from the set of experiments, 𝑥 is the mean value of 

impregnation yields for each set of experiments, and n is the number of experiments. 

2.5. Pyrethrum extract release study 

Kinetic studies on the pyrethrum extract release from the selected impregnated PP non-

woven fabric, PA fabric, CAB and CAF materials were carried out by evaluation of 30 days long 

exposure to air under controlled conditions. Selected impregnated samples were kept in a digital 
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incubator (J. P. Selecta; temperature stability: ±0.1 °C, up to 37 °C; temperature homogeneity: ±0.5 

°C, up to 37 °C) during 30 days at the temperature of 25 ºC. The repellent release from the 

impregnated solids was monitored daily. Mass of the samples with retained amount of extract (𝑚𝑖
′) 

was determined using an analytical scale (± 0.00001g accuracy). The remained repellent content 

(𝑅𝑅𝐶) was calculated according to Eq. 3: 

𝑅𝑅𝐶𝑖 =
𝑚𝑖

′−𝑚0

𝑚𝑖
′  ∙100%          (3) 

where m0 is the initial mass of the sample before the impregnation. 

All the experiments were performed in triplicate. 

2.6. Characterization of the samples 

2.6.1. SEM analysis  

The surface morphology of the PP non-woven fabric, PA fabric, CAB and CAF samples before 

and after the SSI with pyrethrum extract was analyzed by field emission scanning electron microscopy 

(FESEM, Tescan Mira3 FEG). The samples were coated with a thin layer of gold prior to analysis.  

2.6.2. DSC analysis 

Differential scanning calorimetry (DSC) analysis of the PP non-woven fabric, PA fabric, CAB 

and CAF samples before and after the SSI with pyrethrum extract was carried out using a TA 

Instrument differential scanning calorimeter thermal analyzer (DSC Q10). The samples (5-10 mg) were 

weighed in the aluminium pan and heated starting from the room temperature up to 300 °C at a 

heating rate of 10 °C/min, using nitrogen purge gas at 50 mL/min. ACCEPTED M
ANUSCRIP

T



2.6.3. Mercury intrusion porosimetry 

Mercury porosimetry measurements of the CAB and CAF samples before and after the SSI 

with pyrethrum extract were performed in the fully automated conventional porosimeter Carlo Erba 

2000 series (pressure range: 0.1–200 MPa; pore diameter range: 7.5–15000 nm) supplied with the 

Macropore 120 Unit and data processing acquisition software package Milestone 200. 

2.6.4. Fourier-transform infrared analysis 

Fourier-transform infrared (FT-IR) spectra of the impregnated and control PP non-woven 

fabric, PA fabric, CAB and CAF samples were recorded in the ATR mode using a Nicolet™ iS™ 10 

Spectrometer (Thermo Fisher SCIENTIFIC) with a resolution of 4 cm−1 at wavenumbers in the range of 

500-4000 cm−1. 

2.6.5. Re-extraction of the pyrethrum extract from impregnated materials and its HPLC 

analysis  

The pyrethrum extract was re-extracted from the impregnated materials before and after the 

release study employing an ultrasound extraction with ACN. The samples were cut into small pieces 

(~3x3 mm) and rinsed in an appropriate volume of ACN to obtain the final extract concentration of 

approximately 2 mg/mL. The samples were sonicated using an ultrasonic bath in three cycles, each 

lasting for 20 min. The standard solution was prepared by dissolving a 0.7 mg of the standard extract 

(Sigma, No, 33739) in 1.0 mL of ACN.  

HPLC fingerprint of the samples and quantification of identified compounds was achieved by 

HPLC (Agilent Technologies 1200) in a manner described in section 2.2. The prepared samples and 

standard were filtered through 0.2 μm PTFE filters prior to HPLC analysis. The injected volume was 4 

μL. The identification was carried out on the basis of retention time and spectra matching. 

Quantification was performed by external calibration with standard. 
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3. Results and discussion 

3.1. Impregnation in scCO2 and characterization of the samples 

Operating pressure and temperature are the key factors in the SSI processes as they directly 

affect the dissolution of an active compound in the scCO2 and diffusion of the supercritical fluid 

mixture into a solid carrier. Since the objective of the conducted experiments was fabrication of 

materials with high contents of pyrethrum extract, the temperature of 40 ºC and the pressures of 10 

and 20 MPa were selected as these conditions had been previously identified as suitable to provide 

high solubility of pyrethrum extract in the scCO2, as well as high loadings of the extract into cotton 

gauze [37]. The impregnation kinetics for tested materials is presented in Fig. 3. The impregnation 

yield increased with an increase of pressure (scCO2 density) as well as with the prolongation of 

impregnation time until the maximal loadings of the active component in each material were 

achieved. Due to the fast impregnation process and considerably high impregnation yields obtained 

under the selected operating settings, other temperature and pressure conditions for the SSI were 

not taken into consideration.  

The largest loading capacity among the tested materials showed PP non-woven fabric 

(78.01%). High impregnation yields were obtained even after short impregnation time (30 min) at 

both pressures. Namely, impregnation yields for PP non-woven fabric were 27.67% and 45.34% at 10 

and 20 MPa, respectively. A slight fiber damage induced by the high amount of pyrethrum extract was 

visually noticeable in the PP fabric with the highest impregnation yield. The PP samples with 

pyrethrum extract content higher than 50% were in a soaked-like state. Therefore, the samples with 

the extract content lower than 50% were selected for the consecutive release study. The SEM image 

of the untreated PP fibers and impregnated fibers (impregnation yield around 45%) are shown in Fig. 

4a and 4b, respectively. Smooth surface of the control fibers has been changed during the 
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impregnation and the fibers became wrinkled. Such morphological changes resulted from partial 

melting of the polymer. SEM image of the impregnated PP fiber is in line with the results of DSC 

analysis. Fig. 5 shows that DSC curves of the control and impregnated PP samples considerably differ. 

A decrease of melting temperature (Tm) from 162 °C to 154 °C suggested that the impregnated 

pyrethrum extract acted as a plasticizer. In addition, evident drop in the enthalpy change of melting 

(ΔHm) from 79.5 J/g to 48.6 J/g indicated that the decrease of crystallinity in the impregnated polymer 

occurred. 

In the case of PA fabric, pyrethrum extract loadings of 11.93% and 30.84% (an average of 

three experiments) were obtained after 18 h at 10 MPa and 20 MPa, respectively. The rate of 

impregnation was considerably faster under the higher pressure. PA fibers underwent neither 

significant morphological changes during the SSI (Fig. 4c and 4d) nor the changes in crystallinity. 

Namely, DSC analysis of the control PA fabric revealed the presence of moisture in the temperature 

range from 50-125 ºC (Fig. 5). In addition, the appearance of two melting peaks suggested the 

existence of two crystalline forms in the polymer [41,42]. The endothermic peak at 222.7 ºC is related 

to the melting of α-crystalline form, while the second melting peak at 210.0 ºC is assigned to the 

melting of the thermodynamically unstable γ-crystalline form [41,42]. A negligible difference in the 

ΔHm between the control and impregnated PA samples (68.4 J/g vs. 62.9 J/g) implied that the 

crystallinity of the system remained unaltered. 

Higher impregnation yields in the case of PP non-woven fabric are likely due to the chemical 

structure of these fibers. Larger hydrophobicity of PP fibers contributes to stronger hydrophobic-

hydrophobic interactions with repellent molecules. In addition, PA fabric has a compact structure that 

makes the initial penetration of repellent molecules within yarns more difficult. In contrast, PP non-
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woven fabric has a web structure which is more opened. Thus, the fibers are more accessible to 

various molecules.  

Even though the same polymer (cellulose acetate) was used for the SSI, impregnation kinetics 

profiles for the CAB and the CAF differed considerably, implying the significance of the polymer 

physical form. The rate of SSI was much faster in the case of CAF compared to CAB due to larger outer 

surface exposed directly to scCO2 and shorter pathways of sorbed molecules which led to higher 

values of mass transfer coefficients in CAF. Additionally, solvent evaporation performed in the solvent 

casting method for the fabrication of films, induced a larger void fraction in the CAF compared to the 

CAB which eventually brought about easier diffusion of the supercritical fluid in films than in beads. 

The existence of large voids in the structure of the CAF was confirmed by SEM analysis (Fig.6). 

Consequently, obtained yields for the CAF at 10 MPa (max. value 30.51%) were approximately three 

times higher during the whole impregnation period compared to the CAB (max. value 10.41%). SEM 

analysis of the control CAB cross section (Fig. 7) revealed highly porous structure [43]. Such structure 

was preserved after the SSI (Fig. 7). The SSI was considerably faster at 20 MPa for both materials. 

Higher pressure provided much higher loadings in the CAB (up to 24.82%) compared to those obtained 

at 10 MPa (up to 10.41%). In the case of CAF, the maximum material loading (around 30%) which was 

obtained after 18 h of the SSI at 10 MPa, was reached after only 3 h of the impregnation at 20 MPa. 

With the prolongation of impregnation time at 20 MPa, melting of films started.  

The SSI brought about the changes in the crystallinity in both CAB and CAF. The thermograms 

of the control and pyrethrum extract impregnated CAB and CAF samples are presented in Fig. 8. Two 

characteristic endothermic peaks are noticeable on the DSC curves of both control samples. These 

peaks are likely due to various pyrethrum contents and different preparation methods of the CA 

samples. The first broad endothermic peaks located at ~120 ºC and ~100 ºC are attributed to the 
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evaporation of remained water [44,45] and to evaporation of the plasticizer used for the 

fabrication of CAB [45,46] from the control and impregnated CAB and CAF samples, 

respectively. The Tm of both control samples are almost identical (246.3 ºC for CAB and 246.9 ºC for 

CAF). The ΔHm of the CAB and the CAF are 6.6 J/g and 4.2 J/g, respectively. Glass transition 

temperature (Tg) of the control CAB and CAF is detected at 218.5 ºC and 221.7 ºC, respectively.  

The ΔHm cannot be determined in the case of impregnated CAB and CAF due to the loss of 

crystalline arrangement. DSC analysis of these samples also implied that impregnated extract 

exhibited a plasticizing effect during the impregnation of CA samples. This was concluded on the basis 

of the Tm changes. Namely, the Tm of both impregnated CAB and CAF was shifted towards lower values 

(222.5 ºC and 137.5 ºC, respectively). The endothermic peak corresponding to pyrethrum extract 

persisted in the impregnated CAF perhaps due to higher concentrations. The decomposition of 

the impregnated CAB and CAF materials started at temperatures above 250 ºC and 200 ºC, 

respectively. 

In order to define the textural properties of the CAB and CAF materials, mercury intrusion 

porosimetry analysis was applied. The experimental pore size distributions data are presented in the 

form of cumulative pore diameters distribution curves in Fig. 9a, while the derivate distribution 

function (dV/dlogD) is represented in Fig. 9b. The data are cumulated from larger pore diameters 

measured to the smallest diameter limit set by the pressuring capacity of the instrument. The samples’ 

pore diameter was calculated from the mercury penetration curve. It should be noted that the 

pressurization data from mercury intrusion yields information about the size of the opening of pores 

and/or voids. The control sample of the CAB had the highest pore volume, the highest surface area 

and the smallest pores (Table 1). On the other hand, the impregnated CAB sample showed an overall 

reduction in total intrusion volume and a significant reduction in the specific surface area (from 34.6 
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to16.6 m2/g). This result is consistent with the shift of an average pore diameter towards higher values 

in the case of impregnated CAB (Fig. 9b).  

The samples of the control and impregnated CAF exhibited significant difference in 

morphology compared to CAB. Each of these average pore diameters (neat and impregnated sample) 

was approximately 15 times larger than the ones of CAB. Although the SEM images revealed that the 

slight plasticization of the polymer (CAF) occurred after the impregnation process, mercury intrusion 

porosimetry showed no significant change between the control and impregnated CAF sample 

probably due to the presence of large pores (average pore diameter >5000 nm) and voids. 

The kinetics of cotton fabric SSI with pyrethrum extract at 10 MPa reported in our previous 

work [37] was similar to the PA fabric and the CAB SSI kinetics attained in this study, i.e. impregnation 

yields of 9.60%, 11.93% and 10.41% were achieved after 18 h for cotton fabric, PA fabric and CAB, 

respectively. The other materials tested in this study (PP non-woven fabric and CAF) showed 

significantly higher loading capacities compared to cotton fabric. 

3.2. Fourier transform infrared analysis of samples 

In order to identify the presence of pyrethrins on the surface of impregnated 

210 materials, FT-IR spectroscopy of both control and impregnated samples was performed. 

211 Impregnated samples with minimum impregnation yields were selected for the analysis (Fig. 10).  

FT-IR analysis of the control PP sample confirmed the spectrum characteristic for 

polypropylene: the bands at 2950 cm -1 and 2877 cm -1 (CH3 asymmetric and symmetric stretching 

vibrations, respectively) [48,49], the band at 2917 cm -1 (CH2 asymmetric stretching vibrations) [48,49], 

the bands at 2867 and 2838 (CH2 symmetric stretching vibrations) [48–50], the band at 1454 cm -1 

(CH3 asymmetric deformation vibrations or CH2 scissor vibrations) the strong band at 1376 cm -1 (CH3 

symmetric deformation vibrations) [48,49,51], the band at 1167 cm -1 (CH3 asymmetric rocking, C-C 
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asymmetric stretching, and C-H bending vibrations) the band at 997 -1 (CH3 symmetric rocking, C-H 

bending and CH2 wagging vibrations) [48,50,52], the band at 972 cm -1 (CH3 rocking and C-C 

asymmetric stretching vibrations [50]. The band at 898 cm -1 appears due to CH3 and CH2 rocking and 

C-H bending vibrations) [50] and the bands at 840 and 809 cm -1 (CH2 rocking vibrations) [48]. 

FT-IR spectrum of the control PA sample revealed characteristic bands, which fit well the 

literature data: the band at 3289 cm-1 (N-H stretching vibrations) [53], the band at 3087 cm-1 (N-H 

bending vibrations of secondary amide) [54], the bands at 2926 and 2855 cm-1 (asymmetric and 

symmetric stretching vibrations of CH2 group, respectively) [54,55], the band at 1632 cm-1 (C =O 

stretching of amide I group) [56], the band at 1538 cm-1 (N-H bending of amide II group) [57], and the 

band at 687 cm-1 (bending of O=C-N group) [57].  

Both cellulose acetate control samples (CAB and CAF) showed characteristic bands that also 

fit well the literature data. The broad bands between 3500 cm-1and 3200 cm-1 in the spectra of CAB 

and CAF are attributed to OH stretching of hydroxyl group [58–61]. A broad band approximately 

centered at 2900 cm-1 originate from C-H stretching vibrations [58–60,62]. The bands at 1730 cm-1 in 

both spectra correspond to stretching vibrations of C=O group [58,59,61–63]. The band at 1430 (CAB) 

and 1434 (CAF), 1368, and 1221 cm-1(CAB) and 1225 cm-1 (CAF) are assigned to C-H in plane bending, 

C-H bending (deformation stretch) vibrations and wagging vibrations, respectively [58,59]. The band 

at 1160 cm-1 is attributed to asymmetric bridge C-O-C [64]. The bands at 1027 cm-1 (CAB) and 1029 

cm-1 (CAF) are related to C-O stretching [64]. The peak corresponding to asymmetric out-of-phase ring 

stretching at C1-O-C4  glucosidic bond appears at 901 cm-1 (CAB) and 903 cm-1 (CAF) [58,60,61]. 

FT-IR spectra of impregnated PP non-woven fabric, PA fabric, CAB and CAF samples clearly 

indicated the presence of pyrethrins. Higher intensity of the bands at ~2900 cm-1 is likely due to the 

overlap of the characteristic bands of control samples with C–H asymmetric and symmetric vibrations 
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of jasmolins and cinerins, respectively [65]. The appearance of the peak at ~1715 cm-1 is ascribed to 

C=O group, while the band at 1650 cm-1 originates from C=C group of pyrethrins [65]. The bands at 

~1257, 1150 and 1112 cm-1 correspond to stretching vibrations of C-O groups of pyrethrins [65].  

3.3. Pyrethrum extract release study 

Results of in vivo experiments performed with ticks in our previous study [37] showed that 

cotton fabric with 0.5% of pyrethrum extract successfully repelled the ticks and this data should be 

kept in mind when discussing the possible applications of impregnated materials obtained in this 

study. The kinetics of the pyrethrum extract release from the selected impregnated PP, PA, CAB and 

CAF samples exposed to air under controlled conditions within 30 days is presented in Fig. 11. As can 

be observed (Fig. 11), different materials exhibited different patterns of the repellent release.  

PP non-woven fabric showed the potential to release large quantities of impregnated 

pyrethrum extract. The sample with 27.67% of pyrethrum extract released almost the whole repellent 

amount within 30 days in a nearly linear manner. The sample containing 45.34% of pyrethrum extract 

released around 73.5% of the repellent during 30 days. Demonstrated ability of PP fiber to release 

large amounts of repellent in a controlled (almost linear) manner might be of interest for fabrication 

of multiple use protective ankle strips for outdoor usage, as well as for fabrics with repellent 

properties durable for at least30 days period.  

In contrast to PP non-woven fabric, PA fabric showed potential for slow release of pyrethrum 

extract thus preserving high repellent contents in the polymer after 30 days of exposure to air. PA 

sample with 4.55% of impregnated pyrethrum extract exhibited minor loss of the repellent (0.05%), 

while the samples with concentrations of 11.93% and 20.76% demonstrated slightly higher repellent 

evaporation of 1.83% and 2.36%, respectively. Reason for such different release kinetics of PP and PA 

samples might be stronger electrostatic interactions between functional groups of PA and pyrethrins 
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than between PP chains and pyrethrins. Namely, strong electrostatic interactions between nitrogen 

and oxygen atoms of PA (Fig. 2) and hydrogen atoms of pyrethrins (Fig. 1) are attainable. Accordingly, 

PA fabrics could be successfully utilized as net or tent materials, since the repellent content in textile 

remained stable after 30 day period.  

The CAB samples with 24.82%, 15.04% and 10.41% of pyrethrum extract expressed similar 

behavior when exposed to air under the controlled conditions, releasing around 42% of the 

impregnated substance during 30 days. The sample with the lowest pyrethrum extract content 

(6.48%) released around 62% of the active component. This was probably because of the pyrethrum 

extract distribution near the bead surface due to the short impregnation time (2 h). Based on the 

results obtained, biodegradable polymer as CAB impregnated with pyrethrum extract would be 

suitable as an outdoor repellent in gardens, playgrounds, campsites etc.  

As expected CAFs released pyrethrum extract faster than CABs due to the larger polymer void 

fraction, which was confirmed by the SEM analysis (Figs.6 and 7) and the mercury intrusion 

porosimetry (Table 1), larger surface exposed directly to air and shorter diffusion pathways in the solid 

phase. CAF with 27.78% of pyrethrum extract contained 0.47% of the repellent at the end of the 

experiment, while the samples with the pyrethrum extract contents of 14.17% and 6.03% released 

almost the whole repellent quantities in 18 and 13 days, respectively. According to obtained results, 

impregnated CAFs may have potential application as repellents for outdoor storage of goods in short 

periods.  

3.4. HPLC analysis of the re-extracted matter 

Chemical profile of re-extracted components from impregnated samples before and after the 

release study was followed by HPLC analyses. The samples with the highest impregnation yields 

investigated in the release study were selected for the analysis. Chemical profiles of the pyrethrum 
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extract used for the SSI and extracts obtained by the re-extraction from the impregnated samples 

before and after the release study (denoted by subscripts I and RRC, respectively) are presented in Table 

2. Percentages of the pyrethrum extract in each sample before the re-extraction are given in brackets 

(Table 2.). The results presented indicate that chemical profiles of the impregnated substances were 

consistent with the chemical profile of the extract. The analysis of total content of all pyrethrines 

revealed that the release of the auxiliary substances was faster compared to the release in pyrethrines 

in the case of PA. 

CAB showed a slightly higher affinity towards auxiliary components present in the commercial 

pyrethrum extract compared to pyrethrins, resulted in a decrease in total pyrethrin content (53.2%) 

in the extract from the impregnated sample. Analyzing the contents of the active components in the 

extracts obtained from the samples after the release study and taking into account their ratios in the 

samples before and after release, it can be concluded that the extract release of all the active 

components was fairly uniform for all materials. CAF showed high potential for the release of the 

pyrethrum extract (0.57% of the extract remained after the release study). Concentration of 

pyrethrins in the extract obtained from the sample after the release, was considerably lower (34.1%) 

compared to the starting material (57.9%).  

4. Conclusion 

Impregnation of PP, PA, CAB and CAF materials with a natural repellent agent, pyrethrum 

extract, can be successfully performed in supercritical carbon dioxide. Selected temperature (40 ºC) 

and pressures (10 and 20 MPa) provided loading of large amounts of pyrethrum extract into tested 

materials. In PP non-woven fabric and CAF contents of pyrethrum extract higher than 30% were 

obtainable under the pressure of 10 MPa. On the other hand, to reach high pyrethrum loadings in the 

PA fabric and the CAB, pressure of 20 MPa was needed. A time required for obtaining high 
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impregnation yields varied among materials significantly. Only after 0.5 h of the process at 10 MPa 

impregnation yield of PP non-woven fabric reached 27.67%, while the PA fabric and the CAF needed 

10 hours at 20 MPa and 10 MPa to attain similar loadings, respectively. On the other hand, the 

pressure increase up to 20 MPa shortened the process time to ~2.5 h for the CAF. In the case of CAB 

the highest yield (24.82%) was obtained after 18 h of the experiment at 20 MPa. The characteristic 

groups of pyrethrins in all tested materials were confirmed by the FT-IR. Pyrethrum extract release 

study showed different potentials of tested materials for the repellent release when exposed to air. 

Both tested PP non-woven fabrics (27.67 and 45.34%) showed almost linear release with time of large 

amounts of the repellent. On the other hand, the repellent content in PA fabrics remained stable 

during the 30 days of exposure to air. Biodegradable polymer such as CA loaded with pyrethrum 

extract was also found to be a promising repellent. It can be concluded that PP, PA and CA materials 

functionalized by the proposed SSI process with pyrethrum extract present novel solvent-free 

materials with repellent properties. Further research concerning utilization of these materials under 

different conditions (e.g. temperature, humidity) is needed. 
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Figure captions 

Fig. 1. Structural formulas of pyrethrins. 

Fig. 2. Structural formulas of tested polymer materials. 

Fig. 3. SSI kinetics of the PP non-woven fabric, PA fabric, CAB and CAF at 40 ºC. 

Fig. 4. SEM images of the (a) control PP fibers, (b) impregnated PP fibers (45.22%), (c) control PA 

fibers and impregnated PA fibers (20.65%). 

Fig 5. DSC curves of the control and impregnated PP (45.22%) and PA (20.65%) fibers. 

Fig. 6. SEM images of the (a) control CAF (b) impregnated CAF (28.66%). 

Fig. 7. SEM images of the cross sections of the (a) control CAB and (b) impregnated CAB (24.76%). 

Fig. 8. DSC curves of the control and impregnated CAB (24.76%) and CAF (28.66%). 

Fig. 9. Cumulative intrusion volume and log differential intrusion curves of the CAB and CAF samples 

before and after the SSI vs. pore diameter 

Fig. 10. FT-IR spectra of control (PP non-woven fabric, PA fabric, CAB and CAF) and pyrethrum extract 

(Pyr) impregnated materials (PP + Pyr 26.40%, PA + Pyr 4.35%, CAB + Pyr 0.66% and CAF + Pyr 5.78%). 

Fig. 11. Remained repellent content in the samples versus time at 25 ºC: (a) PP non-woven fabric, (b) 

PA fabric, (c) CAB and (d) CAF. 

Table 1. Textural characteristics of the CAF and CAB before and after the SSI. 

Type of material Vp (mm3/g) Ss (m2/g) Dp,average (nm) P (vol%) 

CAB 961 34.6 340 21 

CAB+Pyr 24.76% 715 16.6 420 17 
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CAF 720 14.2 5800 16 

CAF+Pyr 28.66% 738 14.4 5050 16 

Vp, pore volume; Ss, specific surfacce area; Dp, average, pore diameter average; P, Porosity. 
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 Pyrethrum extract components content, % 

 
Pyr. 

extract 

PPI 

(45.22%) 

PPRRC 

(11.69%) 

PAI 

(20.65%) 

PARRC 

(18.06%) 

CABI 

(24.76%) 

CABRRC 

(14.66%) 

CAFI 

(28.86%) 

CAFRRC 

(0.57%) 

Cinerin I 3.4 3.2 3.8 3.4 4.2 3.0 2.8 3.3 1.8 

Pyrethrin I 33.3 31.2 36.3 32.5 40.1 28.9 27.6 31.4 18.6 

Jasmolin I 2.7 2.4 2.8 2.5 3.1 2.2 2.2 2.5 1.4 

Cinerin II 2.3 2.3 2.7 2.4 3.0 2.1 2.0 2.3 1.3 

Pyrethrin II 17.8 16.7 19.4 17.4 21.5 15.5 14.8 16.8 10 

Jasmolin II 1.6 1.6 1.8 1.7 2.1 1.5 1.4 1.6 1.0 

∑  61.1 57.4 66.8 59.9 74 53.2 50.8 57.9 34.1 

*
I, impregnated; RRC, remained repellent content. 

 

Table 2. Chemical profiles of the pyrethrum extract (Pyr. extract) and extracts obtained by the re-extracteion (pyrethrum contents in the re-

extracted materials are given in the brackets) 
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