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Abstract 

Liquid sensing properties of poly(lactic acid) (PLA)/multi-walled carbon nanotube (MWNT) 

composites were studied on the basis of the change of electrical properties on solvent contact. 

The composites were prepared by melt processing using a twin screw extruder. The MWNT 

loading differed between 0.5 and 2.0 wt%, and an electrical percolation threshold below 0.5 wt% 

MWNT content was obtained. TEM observations revealed that the MWNT form a conductive 

network structure in the PLA matrix, which is the key for liquid sensing. Electrical resistance of 

the composites was monitored in solvent immersion/drying cycles on samples prepared from thin 

pressed composite sheets. The resistance reversibly changed upon the cycles with good 

reproducibility. Lower MWNT loadings resulted in larger resistance changes, indicating that the 

conductive MWNT network tends to readily disconnect due to the less dense structures as 

compared to higher loadings. Various solvents (n-hexane, toluene, chloroform, tetrahydrofuran, 

dichloromethane, ethanol, and water) were successfully detected, showing different degrees of 

the resistance changes (ca. 4-1.0×103 Ω) and the relative resistance changes (ca. 0.003-3.0×103). 
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The solubility parameters of the solvents were found to be good indicators to estimate liquid 

sensing properties of these PLA/MWNT composites for the poor and good solvents. 

Keywords: carbon nanotubes; poly(lactic acid); nanocomposites; melt processing; liquid sensing 

 

1. Introduction 

 

Carbon nanotube (CNT)/polymer composites [1] have been widely reported since the discovery 

of carbon nanotubes [2]. Due to a unique combination of the electrical, mechanical, optical and 

thermal properties, their use in polymer nanocomposites is leading to rapidly growing areas of 

nanotechnology. One of the areas are CNT/polymer composite-based sensors, which were found 

to sense external stimuli such as biomolecules [3-5], gases [6-17], vapors [6,18,19], taste 

components [20], mechanical stress [3,6,21], temperature [9,21,22] and pH [23]. Changes of the 

electrical properties to the stimuli were shown as the sensing behaviors.  However, few studies 

on liquid sensing of CNT/polymer composites have been reported. Even though aqueous 

solutions were used as an analyte on above-mentioned sensors for taste components and pH, 

discussions on liquid sensing have not so far been done. A liquid sensor of conductive polymer 

composite is expected i.e. for applications to detect a solvent leak. Narkis et al. [24] have 

reported liquid sensing of melt-processed carbon black (CB)/polymer composites. CB chain-like 

network structures in the polymer matrices, affected by liquid contact, result in changes of the 

electrical resistance of the composites near the electrical percolation thresholds, leading to the 

sensing properties. Influences of the melt processing conditions on the sensing properties were 

discussed. Wall shear rate level in a capillary rheometer had a significant effect on sensitivity of 

the composite filaments [24]. For CB/single polymer (polyether-type thermoplastic polyurethane) 

composite, high shear rate resulted in high resistivity and high sensitivity to the exposure to 
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alcohols [24(c)]. Dispersing the conductive particles homogeneously in the polymer matrix and 

forming a network structure are key issues to obtain good sensing properties. Various 

CNT/polymer composites have been investigated regarding their CNT dispersion in the polymer 

matrix and the electrical percolation thresholds. In general, electrical percolation thresholds of 

melt-processed CNT/polymer composites were reported to be much lower than those of polymer 

composites containing conventional conductive fillers like CB [25-33]. Unlike CB, very low 

loading of CNT does not impair mechanical properties of the polymer matrix and furthermore 

can lead to their improvement. Sensing materials based on conventional conductive fillers-

containing polymer composites have been inevitable to make a sacrifice of the mechanical 

properties and processability due to high loading of the conductive fillers. However, the 

limitations will be overcome by developing precise CNT conductive network structures in 

polymer matrices through melt processing. Melt processing of such composites is most 

compatible with the current processes for industrial applications. Recently we successfully 

optimised multi-walled carbon nanotube (MWNT) dispersion in poly(lactic acid) (PLA) by melt 

processing using a twin screw extruder [34].  

In this paper, we report liquid sensing properties of these PLA/MWNT composite. The sensing 

properties were compared among poor and good solvents for PLA according to the solubility 

parameters. Resistance changes of the composite at different MWNT loading were monitored on 

the solvent contact. The sensing reversibility and reproducibility were also investigated. 

 

2. Experimental 

2.1. Materials, composite, and sample preparation 
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Biomer® L9000 (PLLA) from Biomer (Germany) is a biodegradable partially crystalline polymer 

with a glass transition temperature of 55°C and a melting point of app. 170°C. Its chemical 

structure and solubility parameter are given in Table 1. Due to its susceptibility to water 

adsorption and degradation, it was dried for at least 18 h at 40°C in a vacuum oven before melt 

processing. It was melt mixed with Nanocyl®-7000 (Nanocyl S. A. Sambreville, Belgium), which 

are multi-walled carbon nanotubes produced via the CVD process, having a purity of 90 %. They 

have a typical diameter of 9.5 nm and an average length of 1.5 µm. 

The compounding was performed using a ZE 25 twin screw extruder (Berstorff, Germany) under 

application of the masterbatch dilution method. As a first step, a masterbatch with 7.5 wt% 

MWNT content was produced, which then was diluted into 0.5, 0.75, 1.0, 1.5, 2.0 wt% under 

optimised extrusion conditions [34]. Further properties of these composites, like nanotube macro 

dispersion index, crystallinity and volume resistivity of pressed plates are discussed in [34]. The 

influence of MWNT loading on the sensing properties was investigated on a percolation series 

(0.5-2.0 wt%) which offered very good CNT dispersion in the PLA matrix. 

Compression moulding of the materials was performed with a PW 40EH Press (Weber, 

Germany) under constant pressing conditions to obtain plates with a diameter of 6 cm and 

thicknesses of 0.1, 0.3, 0.5 mm. The pressing time was set to 3 min at a temperature of 180°C. 

The pressing procedure was started after a preheating time of 3 min to ensure that the granules 

were molten with a pressing speed of 6 mm/min. The plates were cooled down for 10 min while 

kept in the press. For this slowly crystallising material it is expected that no significant changes 

in crystallinity take place during the pressing procedure [34]. 

 

2.2. Material characterization 

2.2.1. Electrical resistivity measurements 
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The electrical resistivity of the PLA/N7000 composites was measured by means of two different 

measurement devices. Pressed plates with the diameter of 60 mm having electrical resistances 

>107 Ω were analysed by means of a Keithley Test Fixture 8009 in combination with a Keithley 

Multimeter 6517A. Samples with a resistance below 107 Ω were measured using a self-made 

resistivity measurement device (4-point test fixtures, gold contact wires with a distance of 20 mm 

between the source electrodes and 10 mm between the measuring electrodes). For the 

measurement, strips (15 × 4 × 0.5 mm3) were cut from the pressed plates. This device was 

combined with a Keithley Electrometer DMM 2000 (measurement range from 10-3 to 107 Ω). 

 

2.2.2. Morphology investigation 

 

An analytical TEM (Zeiss EM 912, Zeiss, Germany) was employed to investigate the MWNT 

dispersion within the PLA matrix. The microscope was adjusted with an acceleration voltage of 

120 kV. Defocusing and use of a zero loss filter obtained the best contrast between filler and 

matrix. The thin sections with a thickness of approximately 180 nm were prepared using a 

Reichert Ultracut S ultramicrotome (Leica, Austria). A diamond knife with a cutting angle of 35° 

(Diatome, Switzerland) was used. The cutting procedure was carried out at -60°C. 

 

2.2.3. Liquid sensing experiments 

 

The liquid sensing properties of PLA/MWNT composite were examined at different MWNT 

loading of 0.5, 0.75, 1.0, 1.5, 2.0 wt%. For liquid sensing, U-shaped samples (thickness: 0.1, 0.3, 

0.5 mm) were cut from the pressed plates. The electrical resistance change of the samples was 
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monitored using a Keithley 2001 multimeter (measurement range from 10-6 to 109 Ω). Resistance 

values were collected every two seconds. The electrodes were connected to both ends of the U-

shaped sample, which were covered by a silver paint, as shown in Fig. 1.  

To compare the sensing properties between the composite samples with different MWNT 

loadings or different thicknesses, the initial resistance at the beginning of the experiment (Ri) and 

the resistance at time t (R) were taken into account. From both, a relative resistance change (Rrel) 

was calculated according to Equation 1. 

 

Rrel = (R-Ri)/Ri                   (Equation 1) 

 

The samples were immersed in solvent kept at 30°C (in an oil bath) for a given period of time, 

then taken out and left in air for drying. Solvents used were n-hexane, toluene, chloroform, 

tetrahydrofuran, dichloromethane, ethanol (purchased from Acros Organics), and distilled water. 

Their structures, solubility parameters, and boiling points are summarized in Table 1. Different 

numbers of immersion/drying cycles were performed in order to check reversibility and 

reproducibility of the sample resistances. Remaining solvent drops on the samples were wiped 

off at the beginning of drying in case of hexane, ethanol and water. Polymer swelling and 

shrinkage of the samples were visually seen on solvents having solubility parameters similar to 

that of PLA (toluene, chloroform, tetrahydrofuran, dichloromethane). 

 

2.2.4. Sorption and desorption experiments 

 

Since the change of electrical resistance of the PLA/MWNT composite is expected to be due to 

solvent sorption and desorption through the composite, these behaviours were studied on pressed 
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plates of the composite (6 cm in diameter, 0.5 mm in thickness, mass ca. 1.7 g). In case of the 

sorption experiments, the plates were immersed in ethanol kept at 30°C for a given period of 

time before it was taken out to weigh the solvent uptake. Different plates were used for different 

sorption times. Remaining solvent drops on the plates were wiped off. The weight was measured 

within 20-30 sec after removing the plates from the solvent. 

For desorption experiments, the pressed plates were first immersed in the solvent for 60 min, and 

then taken out from the solvent for the drying in air for 60 min. The weight loss of desorbed 

solvent was started to monitor after wiping off all solvent left on the plates at the beginning of 

the drying. The solvent content S of the plates at time t was calculated by taking into account the 

weight at time t (mt) and the initial weight (mi) (Equation 2). 

 

*100%t i

t

m m
S

m

−=    (Equation 2) 

 

For these sorption and desorption experiments, the plates were dried under vacuum for at least 

18 h at 40°C prior to all the immersion in the solvent. 

 

2.2.5. Dissolution experiments 

 

Pressed plates of PLA/MWNT (6 cm in diameter, 0.5 mm in thickness, mass ca. 1.7 g) were 

immersed in chloroform kept at 30oC for 30 sec. The samples were dried under vacuum at 40oC 

until the constant weight values. 
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3. Results and discussion 

3.1. Conductive network state in the composites 

 

The PLA/MWNT composites used were obtained after the optimisation of extrusion conditions 

which was performed with the aim to achieve a very good state of CNT dispersion within the 

polymer matrix [34]. The liquid sensing properties were examined at different MWNT loadings 

of 0.5, 0.75, 1.0, 1.5, 2.0 wt%. The 0.5 wt% sample is already percolated, but near the electrical 

percolation threshold, and those samples with higher MWNT amounts are electrically conductive 

with resistivity values below 102 Ωcm (Fig. 2). These samples show a very good MWNT 

dispersion within the PLA matrix. No MWNT agglomerates in the micron scale were visible 

using light microscopy. Also TEM investigations have shown that the MWNT are well dispersed. 

Furthermore, the TEM images obtained on thin sections suggest the existence of a three-

dimensional MWNT network-like structure within the PLA matrix at all MWNT loadings, as it is 

shown exemplarily in Fig. 3 for 0.75 wt%. The image shows next to single tubes MWNT small 

clusters with a typical diameter of about 500 nm. The individual nanotubes are interconnected to 

form the clusters. These clusters seem to be connected, which leads to a conductive network, 

spreading over the whole bulk material. Denser network structures were observed at the higher 

MWNT loading. These PLA/MWNT composites are expected to work as a liquid sensor based 

on the change of the MWNT network structure during solvent contact. Some parameters of PLA 

and the solvents used for liquid sensing experiments are listed in Table 1. 

 

3.2. Sensing behaviour on contact towards poor solvent (ethanol) 
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Firstly, samples with 0.75 wt% MWNT loading and 0.5 mm thickness were investigated against 

ethanol as an example for a poor solvent over 3600 sec immersion and 3600 sec drying in air 

(Fig. 4). As shown in Table 1, the solubility parameter (δ) of ethanol is 26.6 MPa0.5, whereas δ 

values of poly(lactic acid) have been reported to be 19.2-21.0±0.3 MPa0.5 for PDLLA and 19.0-

20.5 MPa0.5 for PLLA [35]. Two materials tend to be miscible if their solubility parameters are 

close to each other. Ethanol and PLA possess different δ values, resulting in a poor solubility of 

PLA for ethanol.  

The MWNT loading of 0.75 wt% was selected for most of the investigations since it shows a 

good combination of large resistance changes and relatively low noise of resistance values (as 

discussed later). The electrical resistance change of the U-shaped PLA/MWNT sample on the 

solvent contact is plotted in Fig. 4 together with the solvent sorption and desorption behaviours 

of the plates. During the immersion, a gradual increase of the resistance was observed with an 

increase of absorbed solvent content. The absorbed solvent content was ~1.0 wt%. Immediately 

after the start of drying, a sharp drop in the resistance was seen, showing good reversibility of the 

resistance. On the other hand, the content of sorbed solvent content slightly decreased during the 

drying and ~0.8 wt% of solvent was left. These results indicate that a very small amount of 

solvent ~0.2 wt% leads to the resistance drop to which the surface structure of PLA/MWNT strip 

is primarily related. It was found that the PLA/MWNT composite possesses good reversibility of 

the resistance on ethanol contact. However, even one hour after the drying, the resistance was 

about 20 kΩ higher than the initial value before the testing. This may be assigned to a low degree 

of solvent-induced crystallisation [35(b)] as discussed in more detail in [36]. The U-shaped 

sample and the plates used for sorption/desorption were vacuum-dried at 40°C for three days, 

which gave a close resistance value to the initial one and ~0.3 wt% larger weight than the initial 
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one. This indicates that solvent molecules were left deep in the PLA/MWNT samples one hour 

after the drying in air, and affected the slightly higher resistance. 

Based on these data, resistance changes of U-shaped PLA/MWNT samples with 0.5 mm 

thickness were investigated in ethanol at different loading. Ten minutes immersion and ten 

minutes drying were applied. Good responses and good reversibility of the resistance were 

obtained at all loadings. Gradual increases of resistance upon immersion and sharp drops upon 

drying were observed like it was shown for PLA/0.75 wt% MWNT during 60 min immersion 

and 60 min drying (see Fig. 4). MWNT loading had a considerable influence on the resistance 

changes as shown in Fig. 5. After 10 min of drying, the resistance values nearly came back to the 

initial ones. In addition, the relative resistance change Rrel is shown to make a better comparison 

at different loadings. As the loading decreases, larger Rrel values were observed, indicating that 

conductive MWNT networks in PLA tend to readily disconnect at lower loading because of the 

less dense nanotube network structure. In addition, the noise level of resistance decreased with an 

increase of the nanotube content indicating more stable signals. In order to have both of high and 

stable signals, we selected the concentration of 0.75 wt% as a reference for further investigations. 

Subsequently, the reproducibility of resistance changes of PLA/MWNT composites on ethanol 

contact was examined with the U-shaped sample with 0.5 mm thickness and 0.75 wt% MWNT 

loading. Five cycles of two min immersion/eight min drying in air were applied (Fig. 6). The 

results indicate good responses and good reversibility of the resistance in each cycle. The slopes 

of the resistance curves in initial 1 min immersion of each cycle were estimated to be 0.35, 0.54, 

0.72, 0.61, and 0.69 (kΩ/sec) for first to fifth cycles. The values of the slope increased gradually 

as the number of cycle multiplies. The values of resistance at the beginning of each cycle were 

37.3, 41.5, 42.2, 40.8, and 42.6 (kΩ) for first to fifth cycles. Constant values of approximately 41 

kΩ were recorded starting from the second cycle, which are slightly higher than that of the first 
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cycle. As discussed in the long time immersion (3600 sec) with ethanol, a small amount of 

solvent can be left in the sample, resulting in the slightly higher resistances after the first drying 

in air. These results revealed that the PLA/MWNT composite exhibits relatively good 

reproducibility of the resistance curve on ethanol contact. An influence of sample thickness on 

resistance change in ethanol was also examined using PLA/MWNT samples with 0.75 wt% 

loading. Ten minutes immersion and ten minutes drying in air were carried out. The U-shaped 

samples with different thickness (0.1, 0.3, 0.5 mm) showed somewhat different changes of the 

relative resistance change Rrel (Fig. 7). The thinner sample resulted in a sharper response and a 

faster recovery of the resistance. This result suggests that solvent molecules absorb and desorb 

from the surface of PLA/MWNT composite and the overall resistance changes are affected by the 

ratio of the surface area to the volume. 

 

3.3. Sensing behaviour on contact towards good solvent (chloroform) 

 

As a second solvent to be investigated, chloroform with a solubility parameter δ of 19.0 MPa0.5 

(Table 1) was chosen as a good solvent for PLA to compare with the liquid sensing property of 

PLA/MWNT composites in ethanol. The resistance changes of U-shaped PLA/MWNT samples 

(0.5 mm thick) were investigated in chloroform at different loadings (Fig. 8). Unlike the liquid 

sensing of ethanol, a short immersion time of 30 seconds was applied because of chloroform’s 

excellent solubility and the resultant too fast response. After the immersion, the U-shaped 

samples were dried in air for 9 min and 30 sec. Sharp responses were obtained at all loadings. 

The MWNT loading was significantly influential on the resistance change. Larger changes in the 

resistance were seen at lower loading as well as in the results of liquid sensing in ethanol. At the 
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lowest loading of 0.5 wt%, the resistance reached ~108 Ω starting from the initial value Ri of ca. 

1.4×105 Ω. The degree of the resistance change (three orders of magnitude) was much larger than 

that in ethanol at the same loading of 0.5 wt%. The relative resistance change Rrel provided a 

good comparison of the liquid sensing ability at different loading. In these samples, polymer 

swelling and shrinkage was observed during the sensing tests. To observe the swelling state of 

the inside, U-shaped samples of the PLA/0.75 wt% MWNT composites with 0.5 mm thicknesses 

were immersed in a good solvent, chloroform for 10, 30, 60, 120, 180, and 240 sec. We cut the 

samples and looked visually at the inside immediately after taking out from the solvent. In 

addition, the sample was stretched using tweezers to see the overall “hardness”. After 10 sec 

immersion, the sample was visibly swollen and softened. The surface became sticky, but, the 

inside was stiff. After 30 sec of immersion, the solvent molecules penetrated deeper into the 

inside; however, the innermost was still stiff. The whole of the sample became jelly with a 

further increase of the immersion time. At 240 sec, the sample was easily broken when stretching 

by tweezers. Thus, the solvent content appeared to be higher in the vicinity of the surface. This 

indicates that the swelling of the polymer was not homogeneous over the total thickness but starts 

from the surface and continues over time to the inner part. The immersed parts of all the U-

shaped samples turned white or gray, which suggested a weight loss of the samples which, 

however, could not be proven in other tests. Dissolution tests of PLA/MWNT plates (0.75 wt% 

loading, 0.5 mm thick) were done for 30 sec immersion in chloroform. After taking out the 

sample it was vacuum-dried at 40°C to a constant weight value, resulting in about 10 wt% higher 

weight than that of the original sample. This clearly indicates that some amount of chloroform 

was trapped in the plate. To remove this part of solvent left, vacuum drying at higher temperature 

of 150°C was carried out, which resulted in hardened plates with the original weight. However, 

drying at this temperature is always accompanied by crystallisation; thus, the state of the sample 
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is not comparable anymore to that after solvent immersion. The trapped solvent in the plate is 

supported by the data of the corresponding sample on contact of ethanol (see Fig. 4). 

The values of the resistance at high loading somewhat reversed with drying even after the 

polymer swelling during the immersion, whereas those with 0.75 wt% and 1.0 wt% MWNT 

loading did not show reversibility. All the U-shaped samples vacuum-dried at 40°C for three 

days showed relatively high resistances compared with the initial values, which implies that the 

solvent molecules are left deep in the samples. 

These results indicate that MWNT conductive networks can be partly reconnected in the process 

of polymer shrinkage accompanied by solvent desorption. However, they do not reach the 

original network state due to remaining solvent molecules which increase the intertube contact 

resistance. This non-reversibility is especially pronounced at low loadings where the destructed 

networks remained even after drying. Due to penetration of the larger amount of chloroform 

solvent into PLA matrix than that in ethanol, followed by polymer swelling, the resistance 

changed to a large extent on solvent contact of chloroform. It can be suggested that the internal 

structure of the sample is related to the large resistance changes as well as the surface structure.  

 

3.4. Sensing behaviour on contact towards various solvents  

 

Liquid sensing tests in various solvents were carried out with U-shaped PLA/MWNT samples 

containing 0.75 wt% loading (Fig. 9). A significant increase of the resistance was observed in 

good solvents for PLA (toluene, chloroform, THF, dichloromethane) having δ of 18.2-20.3 

MPa0.5 close to that of PLA (see Table 1) and the resistance somewhat decreased with drying. 

For the sensing on n-hexane having a smaller δ of 14.9 MPa0.5 than PLA (Table 1), a good 
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response and reversibility of the resistance was obtained in spite of only a slight change of 

resistance. The resistance change was smaller than that in ethanol. On the other hand, after 

exposure to water with a large δ of 47.9 MPa0.5, much higher than PLA (Table 1), no change of 

resistance of the PLA/MWNT sample was detected at the loading of 0.75 wt%. Liquid sensing on 

PLA/MWNT samples with 2.0 wt% loading was performed using five cycles of two minutes 

immersion and eight minutes drying in air. The initial resistance of 1.224 kΩ was much smaller 

than that at the low loading of 0.75 wt%. It was observed that the signal to noise ratio at higher 

loading is higher as compared to that at the lower loading. A clear change of the resistance was 

detected as shown in Fig. 10, even though the change is very small. The most probable reason for 

no detection of water at low loading of 0.75 wt% is that the change of the resistance was 

overlapped with higher noise level at lower loading. Therefore, the PLA/MWNT composite can 

also sense water, which is a poor solvent for PLA, however, only at higher MWNT loadings. 

Regarding water sensing, PLA/MWNT composite with higher nanotube loadings would be 

promising from the viewpoint of detectability. 

 

3.5. Comparison of sensing behavior towards different solvents 

 

These results on various solvents confirmed that solubility parameters have a correlation with the 

liquid sensing of PLA/MWNT composite. Solvents having δ closer to that of PLA were detected 

with larger and faster resistance increases. In this context it has to be mentioned again that the 

solubility parameter range of PLLA compared here resulted from an experimental study 

investigating the degree of swelling in different solvents [35]. On the other hand, solvents with 
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smaller or larger δ than that of PLA were also detected, resulting in smaller and slower resistance 

increases. For all the composite samples in this study, the ranges of the resistance changes and 

the relative resistance changes Rrel were ca. 4-1.0×103 Ω and ca. 0.003-3.0×103, respectively. 

Resistance increases of PLA/0.75 wt% MWNT composite after 30 seconds solvent immersion 

were plotted against δ of various solvents in Fig. 11. Good solvents with δ close to the range of 

PLA like chloroform, tetrahydrofuran, and dichloromethane resulted in large resistance increases, 

while poor solvents with significantly smaller or larger δ than the range for PLA like n-hexane 

and ethanol yielded smaller resistance increases. Toluene having a moderate distance in solubility 

parameter to PLA resulted in medium changes. By these resistance change kinetics on solvent 

contact, various solvents may be distinguishable. According to our investigations it may be 

suggested that the solubility parameter of PLLA is close to 20.5 MPa0.5 since the solvent having 

this solubility parameter (dichloromethane) shows the highest impact on resistance and, thus, on 

polymer swelling assumed to be responsible for changes in the electrical network. 

 

4 Summary 

 

Liquid sensing properties of melt-processed PLA/MWNT composites were investigated by 

means of the electrical resistance change on solvent contact. Thin pressed composite sheets 

containing 0.5-2.0 wt% MWNT were used for the sensing. Good responses, good reversibility 

and reproducibility of the resistance were obtained depending on the kind of solvent as well as 

immersion and drying time. The MWNT loading had a significant influence on the resistance 

change. Lower loadings resulted in larger changes but also higher signal noises. For all the 

composite samples on contact of various solvents, the resistance changes and the relative 
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resistance changes Rrel ranged ca. 4-1.0×103 Ω and ca. 0.003-3.0×103, respectively. MWNT 

conductive network structures in PLA matrix, shown by TEM observation, are important for 

liquid sensing. The solubility parameter is a good indicator to estimate the sensing property of the 

composite for the poor and good solvents. PLA/MWNT composite can sense poor solvents for 

PLA like ethanol, n-hexane, and water as well as good solvents like toluene, chloroform, 

tetrahydrofuran, and dichloromethane. In this comparison, good solvents having δ close to that of 

PLA result in larger and faster resistance increases, whereas poor solvents with more different δ 

values lead to smaller and slower resistance increases. Thus, it may be possible to distinguish 

from the resistance change kinetics on the immersing solvent. Due to the polymer characteristic, 

good solvents applied over a long time may hydrolyse or dissolve the polymer matrix which 

restricts the sensor materials to short time or one-use applications. Nevertheless, these melt-

processed PLA/MWNT composites are promising candidates for applications like leakage 

detection of various solvents. 

However, in order to understand all the effects and the mechanism of liquid sensing of such 

polymer-nanotube composites more investigations are needed. Additional investigations on PLA-

MWNT composites are presented in [36].  

In summary we can conclude that thin films of composite materials based on thermoplastic 

matrices and multi-walled carbon nanotubes prepared by melt mixing are able to be adapted in 

sensors for liquid sensing. 
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Table 1 Polymer and solvent characteristics 

Material 
Chemical 
structure 

Solubility 
parameter δ 

(MPa0.5) 

Boiling point 
(°C) 

Remarks 

Poly(lactic acid) O

O

n
 

19.2-21.0 ± 0.3 
(PDLLA)a 
19.0-20.5 
(PLLA)a 

- - 

n-Hexane  14.9 69.0 - 

Toluene 

 

18.2 110.6 
Polymer 

swelling/shrinkage 

Chloroform 

C l

C l
C l

 
19.0 61.2 

Polymer 
swelling/shrinkage 

Tetrahydrofuran 

O

 
19.4 66.0 

Polymer 
swelling/shrinkage 

Dichloromethane 
C l C l

 20.3 39.8 
Polymer 

swelling/shrinkage 

Ethanol O H
 26.6 78.4 - 

Water H
O
H
 47.9 100.0 - 

 

a: Cited from ref. [35]. 
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Captions of figures 

Fig. 1. U-shaped PLA/MWNT sample as used for liquid sensing. 

Fig. 2. Electrical resistivity of PLA/MWNT composites depending on the MWNT loading. 

Fig. 3. TEM images of PLA/MWNT composite prepared at the MWNT loading of 0.75 wt%  

Fig. 4. Changes of the resistance and solvent content of PLA/MWNT composite (0.75 wt% 

loading, 0.5 mm thick) on contact of ethanol in 3600 sec solvent immersion/3600 sec drying 

process. 

Fig. 5. Resistance changes of PLA/MWNT composites (0.5 mm thick) in ethanol, depending on 

MWNT loading. 

Fig. 6. Resistance change of PLA/MWNT composite (0.75 wt% loading, 0.5 mm thick) in 

ethanol. 

Fig. 7. Resistance changes of PLA/MWNT composites (0.75 wt% loading) in ethanol, depending 

on the sample thickness. 

Fig. 8. Resistance changes of PLA/MWNT composites (0.5 mm thick) in chloroform, depending 

on MWNT loading. 

Fig. 9. Resistance changes of PLA/MWNT composite (0.75 wt% loading, 0.5 mm thick) in 

various solvents. The values of the solubility parameter δ in MPa0.5 are given in parentheses. 

Fig. 10. Resistance change of PLA/MWNT composite (2.0 wt% loading, 0.5 mm thick) in water. 

Fig. 11. Resistance increases of PLA/MWNT composite (0.75 wt% loading, 0.5 mm thick) on 30 

seconds immersion in various solvents having different solubility parameters. R30s: Resistance 

values after 30 seconds solvent immersion, Ri: Initial resistance values before the immersion. A 

dotted region is shown for the solubility parameter of PLLA (19.0-20.5 MPa0.5) as reported from 

literature [35]. 
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Fig. 1. U-shaped PLA/MWNT sample as used for liquid sensing.
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Fig. 2. Electrical resistivity of PLA/MWNT composites depending on the MWNT loading.
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Fig. 3. TEM image of PLA/MWNT composite prepared at the MWNT loading of 

0.75 wt%.
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Fig. 4. Changes of the resistance and solvent content of PLA/MWNT composite 

(0.75 wt% loading, 0.5 mm thick) on contact of ethanol in 3600 sec solvent 
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Fig. 9. Resistance changes of PLA/MWNT composite (0.75 wt% loading, 0.5 mm 

thick) in various solvents. The values of the solubility parameter  in MPa0.5 are 

given in parentheses.
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Fig. 10. Resistance change of PLA/MWNT composite (2.0 wt% loading, 0.5 mm 

thick) in water.
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Fig. 11. Resistance increases of PLA/MWNT composite (0.75 wt% loading, 0.5 

mm thick) on 30 seconds immersion in various solvents having different solubility 

parameters. R30s: Resistance values after 30 seconds solvent immersion, Ri: Initial 

resistance values before the immersion. A dotted region is shown as a solubility 

parameter of PLLA (19.0-20.5 MPa0.5) as reported from literature [35].
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