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Abstract

:

Rubbers are extensively applied in chemical protective clothing (CPC) due to their eye-catching anti-penetration of chemicals. However, their impermeability, particularly that of natural rubber (NR), is unsatisfactory. In this work, we demonstrate the facile construction of Ti3C2Tx MXene/NR interface using a plant-scale and feasible method combining latex mixing, emulsion flocculation, and flat-plate vulcanisation. The above crafts achieved a homogeneous dispersion of Ti3C2Tx MXene in the NR matrix in a single layer, thereby constructing a strong interfacial interaction between Ti3C2Tx MXene and NR, which induced the formation of a robust three-dimensional (3D) network in the composite. The anti-swelling capacity of the 3D cross-linked network structure and the layered structure of Ti3C2Tx MXene effectively prolonged the permeation path of toxic chemicals. Compared with pure NR, the nanocomposite with 1 wt% of Ti3C2Tx MXene showed substantially enhanced breakthrough times of toluene, dichloromethane, and concentrated sulfuric acid (increased by 140%, 178.6%, and 92.5%, respectively). Furthermore, its tensile strength, elongation at break, and shore hardness increased by 7.847 MPa, 194%, and 12 HA, respectively. Taken together with the satisfactory anti-permeability, tensile strength, elongation at break, and shore hardness, the resulting Ti3C2Tx MXene/NR nanocomposites hold promise for application to long-term and high-strength CPC in the chemical industry and military fields.
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1. Introduction


Frequent chemical accidents [1,2] or chemical attacks [3,4,5] heavily emphasize the significance of chemical protective clothing (CPC) [6,7,8].Chemical protective equipment is divided into four categories based on the various levels of protection as defined by the United States Environmental Protection Agency (USEPA), ranging from minimal dermal and respiratory protection (level D) to maximal protection (level A) [9]. Due to their anti-penetration, flexibility, and processability [10,11,12], rubbers are generally applied to encapsulating outfits for high-level chemical protection or chemical-resistant gloves and boots against various levels of toxic chemicals. Compared to synthetic rubber (SR), renewable and environmentally friendly natural rubber (NR) can be separated from common rubber trees, such as Hevea brasiliensis [13]. The protection ability of CPC is mainly determined via permeation, penetration, and degradation parameters [11,14]. However, NR only works for the penetration of chemicals in the form of liquid, vapor, and aerosol [11], its behaviours in anti-permeability [15] and anti-degradation of acids [16] are unsatisfactory. Therefore, it is essential to improve the protective performance of NR against toxic chemicals. Furthermore, its mechanical property is another vital aspect to guarantee the practical applications of NR for CPC [11], mainly including tear strength, tensile strength, cutting resistance, puncture resistance, and abrasion resistance.



Filling NR with the proper types of nanomaterials, such as carbon-based, inorganic-based, and bio-based fillers [17], can optimize its barrier property, mechanical performance, and other desirable properties. For instance, George et al. [18] claimed that multiwalled carbon nanotubes (MWCNT) nanofillers have a positive impact on the solvent resistance and gas barrier properties, as well as on the mechanical properties of NR-MWCNTR nanocomposites. The considerable mechanical behaviours of NR-based composites armed with carbon black or Al2O3 nanoparticles were reported by Nouraei et al. [19]. Wongwat’s [20] group prepared the NR/poly(lactic acid)/thermoplastic starch/nano-precipitated calcium carbonate (NR/PLA/TPS/NPCC) nanocomposites and reported that the NPCC content and mixing order of constituents affected the multiple performances of NR/PLA/TPS/NPCC nanocomposites, such as tensile and water vapor barrier properties. Although these fillers clearly improved the barrier or mechanical characteristics of NR, they were equipped with few surface functional groups and interacted with NR chains weakly, causing their aggregation within the NR matrix [21], thus failing to fully improve the mechanical or barrier performances of NR.



Because of their rich surface chemistry and high mechanical properties [22,23,24,25], two-dimensional (2D) transition metal carbide/nitride/carbonitride (MXene) sheets have been intensively and extensively reported as nanofillers to improve the mechanical performances of SR and chemical resistances of P84 copolyimide [26,27]. However, there has been no investigation related to MXene/NR in the chemical protective field to date. Considering that the NR obtained from rubber trees exists in the form of latex, which is an aqueous colloidal dispersion of rubber particles, Ti3C2Tx MXene nanofillers with strong hydrophilicity can be easily distributed in the NR matrix [21]. In this research, a Ti3C2Tx MXene/NR nanocomposite (MNx) was prepared via a feasible method combining latex mixing, emulsion flocculation, and flat-plate vulcanisation technologies, which induced the birth of homogeneous liquid mixing of NR and single-layer Ti3C2Tx MXene. The mixture rapidly co-coagulated during emulsion flocculation, thereby constructing the filler network. The final vulcanisation process promoted the formation of sulphide cross-links between the rubber chains, further strengthening the network in MNx. After filling the NR with 1 wt% Ti3C2Tx MXene, the breakthrough time (BTT) of the composite to toluene, dichloromethane, and concentrated sulfuric acid increased by 140%, 178.6%, and 92.5%, respectively. Moreover, a striking improvement in the mechanical properties was also realized. The substantial optimization of the toxic chemical barrier and mechanical behaviours of NR is mainly due to the interface constructed between the Ti3C2Tx filler and NR matrix, which induced the formation of a robust 3D network in the composite.




2. Materials and Methods


2.1. Materials


Ti3AlC2 was provided by Jilin Yiyi Technology Co. (Jilin, China). A total of 38% hydrochloric acid (HCl) and lithium fluoride (LiF) were obtained from Beijing J&K Scientific Technology Co., Ltd. (Beijing, China) and Sinopharm Chemical Reagent Co. (Shanghai, China), respectively. NR emulsion (60 wt%) (solid content: 60 wt %) was purchased from Guangzhou Songbai Chemical Co., Ltd., (Changzhou, China). Calcium chloride (CaCl2, AR) was purchased from the Beijing Chemical Factory (Beijing, China). Rubber additives were commercial products. Other reagents were chemically pure and used as received.




2.2. Preparation of Ti3C2Tx MXene Nanosheets


As shown in Figure 1, Ti3C2Tx MXene sheets were synthesized by etching the Ti3AlC2 MAX phase with HCl/LiF solvents followed by ultrasonic delamination [28]. Then, the resulting suspension was rigorously washed with ultra-pure water. After freeze-drying for 6 h under a vacuum, the Ti3C2Tx MXene powder was dispersed in the aqueous phase via sonication to prepare a suspension of Ti3C2Tx MXene at a concentration of 20 mg/mL. Details are shown in the supporting information.




2.3. Preparation of MNx Composites


As described in Figure 1, the NR emulsion (60 wt%) was mixed with different contents of the above Ti3C2Tx MXene suspension (20 mg/mL) via continuous magnetic stirring for 4 h to obtain a uniform mixture. The detailed proportions of Ti3C2Tx and NR are shown in Table S1. Then, a CaCl2 solution (5 wt%) was added dropwise to the mixture for flocculation. Next, the completely flocculated mixture was precipitated with deionized water and filtered 3 times. Finally, the Ti3C2Tx MXene/NR masterbatch was obtained by freeze-drying the mixture under a vacuum for subsequent use.



Ti3C2Tx MXene/NR masterbatch was combined with additives on an open refining machine in accordance with the specific proportions, as depicted in Table S2. Vulcanised MNx with a thickness of 1 mm was achieved by plate vulcanisation at 143 °C for 10 min. The final nanocomposites with 0, 0.5, 1, and 3 wt% of Ti3C2Tx were named MN0, MN 0.5, MN1, and MN3, respectively.




2.4. Characterization


Morphological information was collected from a scanning electron microscope (SEM, ZEISS Gemini SEM 300, Jena, Germany). The crystal information was determined using an X-ray diffractometer (Bruker D8 Advance TXS) with Cu-Kα radiation. X-ray photoelectron spectroscopy (XPS) spectra were recorded using a Thermo Scientific K-Alpha (Thermo Electron Corporation, Waltham, MA, USA) X-ray photoelectron spectrometer with monochromatic Al-Kα (1486.6 eV) radiation. A rubber processing analyser (RPA) (RPA 2000, Alpha Technologies Corporation, Howell, MI, USA) was employed to monitor the relationship between storage modulus and the strain of uncured rubber compounds. TEM measurement was conducted on a JEOL JEM-2100 Plus transmission electron microscope (Japan Electronics Corporation, Tokyo, Japan) operated at 300 kV. And samples were embedded and sectioned using a Leica EM UC7 frozen ultrathin sectioning machine before TEM characterization. Atomic Force microscopy (AFM) test was carried out on a Bruker Multimode 8 with a trapping mode. Tensile testing was operated on a UCAN UT-2060 according to ASTM D 412. Dynamic mechanical analysis (DMA, Frequency: 1 Hz.) was performed on a TAQ 800 (TA Corporation, Santa Fe Springs, CA, USA) instrument in a tensile mode. Fourier transform infrared spectroscopy (FTIR) spectra were recorded using Nicolet iS20 Fourier transform infrared spectrometer (FT-IR, Thermo Scientific, Waltham, MA, USA). The cross-linking densities (CDs) of the vulcanisates were determined via nuclear magnetic resonance (NMR) spectroscopy (VTMR20-010V-1, Suzhou Niumag Corporation, Suzhou, China) at a frequency of 15 MHz, magnetic induction intensity of 0.5 ± 0.05 T and temperature of 90 °C. The bound rubber content in the MNx compounds was measured using a method reported by Leblanc [29]. Toxic chemical permeability tests were conducted at 25 °C using an apparatus for measuring chemical permeability in accordance with ISO 1817:2022. The tensile test and tear test were performed following ISO 37:2005 and ISO 34-1:2004 standards, respectively.





3. Results and Discussion


3.1. Microstructure of Ti3C2Tx MXene Nanosheets


The SEM image in Figure 2a implies the tightly packed structure of the Ti3AlC2 MAX. After being etched by the LiF/HCl system, Ti3AlC2 MAX transformed into a loose accordion-like structure (Figure S1). The final ultrasonication step peeled off the loose Ti3AlC2 MAX into ultra-thin Ti3C2Tx Mxene sheets [Figure 2b,c]. The AFM image in Figure 2d suggests that the Ti3C2Tx MXene is 4 nm thick. The XPS survey spectra of Ti3AlC2 MAX and Ti3C2Tx MXene in Figure 2e show the appearance of C 1s, O 1s, and Ti 2p peaks in both. Of note, the enhancement of the Ti 2p signal, disappearance of the Al 2p peak, and occurrence of the F 1s peak in Ti3C2Tx MXene preliminarily confirmed the successful fabrication of Ti3C2Tx MXene. The XRD patterns in Figure 2f further confirmed the successful transformation of Ti3AlC2 MAX (JCPDS No. 52-0875) into Ti3C2Tx MXene [30,31]. Obviously, after the removal of the Al layer, peaks of the (002) pattern shifted from 9.68° to 7.03°. The disappearance of the strong and distinguished peak at 38.8° indicates that the accordion-like structure was separated into single-layer sheets.




3.2. Filler Dispersion of MNx Composites


Glue liquid mixing and subsequent flocculation solidification technologies were employed to manufacture the Ti3C2Tx MXene/NR (MNx, x = 0~3) composite. XRD was employed to examine the chemical compositions of MNx composites as well as confirm the uniformity of the Ti3C2Tx MXene in the NR matrix [Figure 3a]. Broden diffraction peaks at about 20° of all samples indicate the amorphous structure of the NR. The diffraction peaks between 30° and 70° were attributed to vulcanising auxiliary ZnO [32]. In the XRD patterns of MN0.5 and MN1, the lack of obvious characteristic peaks related to Ti3C2Tx MXene confirmed the uniform dispersion of Ti3C2Tx MXene throughout the entire NR matrix [33,34]. In contrast, the appearance of evident peaks of (002) and (004) patterns in the XRD spectrum of MN3 implied the aggregation of Ti3C2Tx Mxene sheets.



The uniform dispersion of the filler and interfacial interaction between filler and rubber are the key factors in determining the final properties of rubber composites [35]. Figure 3e–h show the SEM images of the MNx composites with different contents of Ti3C2Tx MXene. Actually, the surface of NR was flat and smooth [Figure 3e]. After being filled with Ti3C2Tx MXene, an obvious contour of the layered material was observed on the surface of MN0.5 to MN1 [Figure 3f,g]. Furthermore, Ti3C2Tx MXene sheet fillers were uniformly dispersed in the NR matrix with fewer defects on their surfaces. The SEM EDS elemental mapping of Ti elements in Figure 3i further demonstrates the uniform distribution of Ti3C2Tx MXene sheets. As x further increased to 3, large Ti3C2Tx MXene lamellar aggregates appeared and the number of defects increased significantly on the surface of the composites [Figure 3h], indicating the enrichment of Ti3C2Tx within the MNx composite.



The local dispersion of the Ti3C2Tx MXene nanosheets in the NR composites was analysed using TEM. The TEM images of MN0 and MN1 [Figure 3b,c] further illustrate the uniform distribution of Ti3C2Tx Mxene sheets in the NR, which may be due to the hydrogen bonds between the functional groups on the surface of Ti3C2Tx MXene and the molecular chains of NR. However, coarse dark lines in the NR matrix of MN3 [Figure 3d] imply the accumulation of Ti3C2Tx MXene nanosheets, attributed to the significant difference between the surface energy of Ti3C2Tx MXene and NR [36].




3.3. The Filler Network and Interfacial Interaction in MNx Composites


The interfacial interaction between the Ti3C2Tx MXene sheets and NR was studied using DMA. The loss factor (tan δ) at the glass transition temperature (Tg) was inversely proportional to the volume of the constrained polymer chains [37]. Figure 4a shows tan δ as a function of temperature curves for the MNx composites obtained from DMA. As x increased, the tan δ at Tg first decreased and then increased and the inflection point appeared when x = 1. The preliminary downshift implied that more rubber chains were constrained by Ti3C2Tx. This is reasonably explained by the 3D network constructed by the filler of Ti3C2Tx MXene restricting the mobility of NR molecules because of the hydrogen bond between Ti3C2Tx and the rubber chains. Such limitations enhanced the mechanical properties of MNx composite and its resistance against toxic chemicals [38,39]. When x further increased, Ti3C2Tx MXene aggregated and the limitation effect decreased, eventually resulting in an increase in tan δ at Tg. The structure of the filler in the composites was analysed via dynamic rheological measurement. Figure 4b shows the strain-dependent storage modulus (G’) plots for uncured MNx (x = 0, 0.5, 1, and 3). As x increased to 1, the initial G’ value of Ti3C2Tx MXene/NR first slowly and then rapidly increased, which was attributed to the hydrodynamic effects resulting from the stiff fillers in the rubber matrix [40,41]. The failure to obtain a higher initial G’ when x = 3 may have resulted from the accumulation of Ti3C2Tx MXene in the composites. Such aggregation destructs the partial network of the Ti3C2Tx MXene nanosheets and thus weakens the interaction between Ti3C2Tx MXene and NR. The inverse relationship between the G’ value and strain is defined as the ‘‘Payne effect”, which is largely attributed to the damage of the filler network and the liberation of the constrained rubber chains in the filler network during oscillatory shear. The “Payne effect” of MN1 is the most obvious among all components, suggesting the formation of a highly interconnected 3D network, which would enhance the overall performance of MNx, particularly in terms of barrier properties [21].




3.4. Mechanism of Interfacial Interaction between Ti3C2Tx MXene Nanosheets and NR Molecules


The intense interaction between the NR matrix and Ti3C2Tx MXene filler is the key to establishing a continuous and stable network in the composite. Figure 5a exhibits the FT-IR spectra of NR, Ti3C2Tx Mxene, and Ti3C2Tx Mxene/NR. The typical signals of Ti3C2Tx Mxene are situated at 3434 cm−1 (–OH), 1632 cm−1 (=O), and 539 cm−1 (–OH) [42,43,44]. Three peaks related to the NR material located at 1454 cm−1, 841 cm−1, and 2949 cm−1, corresponding to the rotating vibration peak of –CH3, the out-of-plane oscillation peak of =CH–, and the asymmetric stretching vibration peak of –CH3, respectively. The concurrence of peaks for Ti3C2Tx MXene and NR in the FT-IR spectrum of Ti3C2Tx/NR indicates that these two components coexist stably in the obtained Ti3C2Tx/NR composites. Notably, the asymmetric stretching peak of –CH3 in the Ti3C2Tx/NR composites shifts from 2949 cm−1 to 2962 cm−1 compared to pure NR, implying the existence of an interaction between the methyl group on the NR molecular chain and the surface functional group of Ti3C2Tx. Actually, permanent dipole attraction and the presence of oxygen bonds can promote the surface hydration of rubber particles [45]. The above results confirm the formation of hydrogen bonds between the hydrated surface of NR and the polar groups (–OH and –F) of Ti3C2Tx. These hydrogen bonds enhance the interfacial interaction between Ti3C2Tx MXene sheets and the NR matrix, resulting in uniform dispersion of Ti3C2Tx MXene nanosheets in the NR matrix and holds promise for improving the mechanical and toxic chemical barrier properties of the Ti3C2Tx/NR composite material.



XPS analysis was conducted to further verify the interface between Ti3C2Tx MXene and NR. As shown in Figure 5b, both of the characteristic signals of Ti3C2Tx and NR appear in the XPS survey spectrum of Ti3C2Tx/NR. After hybridization, the atomic ratios of Ti/C and Ti/O decreases significantly (Ti3C2Tx/NR: Ti/C = 0.09 and Ti/O = 1.21; Ti3C2Tx: Ti/C = 0.96 and Ti/O = 1.45). In the Ti 2p spectrum of Ti3C2Tx/NR [Figure 5c], obvious C-Ti-Tx 2p3/2 and C-Ti-Tx 2p1/2 peaks indicate that Ti3C2Tx interacts with NR in the composite. Additionally, the C 1s spectrum of Ti3C2Tx/NR [Figure 5d] shows the characteristic peaks of C-Ti-Tx [46] from Ti3C2Tx MXene and intense C–C and C–O peaks from NR with polar groups and electronegative elements [45,47,48]. These polar groups and electronegative elements guarantee the steady distribution of rubber latex in the aqueous solution [45]. The action of permanent dipole attraction and oxygen bonds are able to promote the surface of the rubber particles to be hydrated. Hence, it is anticipated that the strong interaction between the Ti3C2Tx MXene nanosheets and NR originates from the hydrogen bonds generated between the –OH and =O groups on Ti3C2Tx MXene and the C–O groups on NR. For the composite, the C-Ti-Tx peak shifts to a lower binding energy compared with that of Ti3C2Tx [49], confirming the formation of hydrogen bonds in the composites. Overall, the interface constructed between the Ti3C2Tx MXene nanosheet filler and NR matrix forms a high-quality network in the nanocomposites, which optimizes the mechanical and barrier behaviours of MNx hybrids.




3.5. Bound Rubber Contents and Crosslinking Densities of MNx Composites


Table 1 displays the contents of bound rubber and CDs of MNx. The rubber combined with the filler prior to crosslinking is defined as bound rubber and mainly results from interfacial interactions between the fillers and rubber molecules. Compared with pure NR, the combination of NR with Ti3C2Tx enhances the content of bound rubber significantly, confirming the existence of strong interfacial interactions between Ti3C2Tx and adjacent NR molecules. This observation is consistent with the rheological tests depicted in Figure 4b. The enhanced CD after the combination of NR with Ti3C2Tx benefits from two factors: (1) the optimized crosslinking network induced by intense interactions, such as hydrogen bonds between the Ti3C2Tx and NR molecules; (2) the general sulphur crosslinking of the network. The enhanced CD of MNx composites benefits from the reduction in the distance among NR molecules, thereby optimizing the barrier behaviour [50].




3.6. Barrier Properties of MNx Composites


It remains a challenge to achieve excellent chemical protection properties of polymer composites with low content of Ti3C2Tx MXene. Figure 6a–c show the BTT of various toxic chemicals to MNx. The BTT of MNx to toluene, dichloromethane, and concentrated sulfuric acid gradually increased with an increase in x until x = 1, whereas the BTT was enhanced by 140%, 178.6%, and 92.5%. The delay in the penetration process of the MNx composites is attributed to two factors, as shown in Figure 6d. First, the free volume of NR molecular chains shrinks significantly because of the intricate 3D network of Ti3C2Tx MXene sheet filler and strong interfacial interaction between the Ti3C2Tx and NR molecules. Second, the 2D structure of Ti3C2Tx MXene nanosheets extends the diffusion pathway of harmful chemicals in the NR matrix. Composites with negligible amounts of Ti3C2Tx MXene have a weak blocking impact on rubber chain slip and interface interactions, whereas excessive Ti3C2Tx MXene accumulates in the composites, decreasing its blocking impact and increasing flaws in the composite. To sum up, the eye-catching chemical protection property was achieved in MNx composites with merely 1 wt% Ti3C2Tx MXene. As shown in Table S4, the chemical protection properties of this work (the BTT of MN1 to toluene and dichloromethane) significantly improved, compared with those of the published materials, especially for the innovative precise characterization of the corrosion resistance of concentrated sulfuric acid [51,52].




3.7. Mechanical properties of MNx composites


Excellent stretchability, abrasion resistance, and flexural flexibility guarantee the proper functioning of the CPC in practical applications. The evolutions of the tensile strength and elongation at the break of the MNx system are shown in Figure 7a, and other mechanical properties are exhibited in Table S3. After the combination of Ti3C2Tx with NR, the tensile strength, elongation at break, and modulus at 100% and 300% strain of the MNx (x = 0.5~3) significantly improved in comparison with bare NR, especially for MN1 (increased by 7.847 MPa, 194% and 12 HA). It is the strong interfacial interaction that efficiently accelerated the movement of stress from the NR to the 2D Ti3C2Tx MXene nanosheets. However, the incorporation of excessive Ti3C2Tx MXene weakened the mechanical properties of MNx, mainly due to the increase in defects as well as a decrease in hydrogen bonds resulting from the aggregation of Ti3C2Tx in the NR matrix.





4. Conclusions


In summary, an MNx composite was successfully synthesized via a combination of latex mixing, emulsion flocculation, and flat-plate vulcanisation technologies. Due to the strong interfacial interactions between the Ti3C2Tx MXene filler and NR matrix, a high-quality 3D network forms in the nanocomposites and it highly optimizes the toxic chemical barrier and mechanical behaviours of NR. The nanocomposite with 1 wt% Ti3C2Tx MXene nanosheets achieves a substantial enhancement of BTT to toluene, dichloromethane, and concentrated sulfuric acid when compared with those of pure NR (increased by 140%, 178.6%, and 92.5%, respectively). Furthermore, the tensile strength, elongation at break, and shore hardness of MN1 were increased by 7.847 MPa, 194%, and 12 HA, respectively, compared with MN0. This study not only implies Ti3C2Tx MXene/NR as a potential CPC material but also provides a universal strategy to design multifunctional MXene/rubber composites for strain sensors and other applications.
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Figure 1. Schematic of the preparation of Ti3C2Tx MXene nanosheets and MNx composites. 
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Figure 2. (a) SEM images of Ti3AlC2 MAX and (b) monolayer Ti3C2Tx MXene. (c) TEM and (d) AFM images of monolayer Ti3C2Tx MXene. (e) XPS survey spectra and (f) XRD patterns of Ti3AlC2 MAX and Ti3C2Tx MXene. 
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Figure 3. (a) XRD patterns of the MNx nanocomposites (x = 0, 0.5, 1, 3). TEM images of (b) MN0, (c) MN1, and (d) MN3. SEM images of MNx, (e) x = 0, (f) 0.5, (g) 1, (h) 3, and (i) SEM EDS elemental mapping of Ti elements for MN1. 
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Figure 4. (a) Tan δ versus temperature curves and (b) plots of strain-dependent G’ for MN0, MN0.5, MN1.0, and MN3. 
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Figure 5. (a) FITR spectra and (b) XPS survey scans of NR, Ti3C2Tx MXene, and Ti3C2Tx/NR. (c) XPS spectrum of Ti 2p in Ti3C2Tx/NR. (d) C 1s spectra of NR, Ti3C2Tx, and Ti3C2Tx/NR composites. 
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Figure 6. Permeability of MNx composites (x = 0, 0.