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Abstract

:

Seed emulsion polymerization was an effective modification method to improve not only the properties of polymers but also the compatibility between different polymers by designing special core-shell structures. In this study, poly (butadiene-styrene-vinyl pyridine) (VPR)/poly (acrylonitrile-butadiene) (NBR) core–shell nanoparticles (VPR/NBR) were prepared by seed emulsion polymerization using VPR as seed emulsion and butadiene and acrylonitrile as monomers. Subsequently, HVPR/HNBR was obtained by direct hydrogenation of the core–shell nanoparticles in latex using Wilkinson’s catalyst under high temperature and H2 pressure. It is noteworthy that the unsaturated C=C double bonds in the core (VPR) and shell (NBR) of HVPR/HNBR nanoparticles were reduced simultaneously during the hydrogenation process without obvious sequence. The particle size and size distribution of the particles remained consistent before and after hydrogenation, indicating that the synthesized core-shell nanoparticles have excellent stability. This study provides a new perspective on the chemical modification of NBR and promises an environmentally friendly “green” process for the industrial hydrogenation of unsaturated elastomers.
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1. Introduction


The synthesis of nanoscale particulate latexes by emulsion polymerization or co-polymerization has attracted much attention in various research fields and has been widely applied [1,2,3]. Emulsion polymerization is favored for its ability to effectively mitigate the heat generated during polymerization, reduce system viscosity at high conversion rates, and precisely control the reaction extent and nanoparticle size. It is recognized that emulsion polymerization can be categorized into intermittent, semi-continuous, and continuous processes based on different feeding methodologies [4]. Over the past few decades, several innovative emulsion polymerization techniques have emerged, including seeded emulsion polymerization, soap-free emulsion polymerization, and reverse-phase emulsion polymerization, among others. Notably, seeded emulsion polymerization has proven to be an effective method for chemical modification [5,6,7,8].



Compared to latex obtained via conventional emulsion polymerization, latex prepared through seeded emulsion polymerization exhibits a uniform particle size distribution (PSD) and enhanced stability. Consequently, this method is widely employed in the synthesis of various latex products, especially rubber latex. In one instance, poly(methyl methacrylate)–poly(acrylonitrile–co–butadiene) (PMMA–NBR) core–shell nanoparticles were synthesized using a two-stage semibatch microemulsion polymerization approach [9]. PMMA, NBR, and Gemini surfactant 12–3–12 (GS 12–3–12) were employed as the core, shell, and emulsifier, respectively. It was observed that the continuous addition mode and the strong interfacial activity of GS 12–3–12 facilitated the formation of the core–shell structure. Furthermore, the concentration of GS 12–3–12 significantly influenced the particle size and morphology of the core–shell nanoparticles. In general, higher surfactant concentrations were conducive to synthesizing stable spherical emulsions.



Sheng X. [10] prepared core–shell nanoscale PBA–PMMA composite latex with high solid content using the microemulsion polymerization method. The results demonstrated that the highest solid phase content was achieved at a surfactant/monomer ratio of 5.25%. Both the surfactant and core monomer usage had substantial impacts on the final emulsion particle size. Furthermore, Mun H. [11] applied a reversible addition–fragmentation chain transfer (RAFT) polymerization method to produce SBR latex (ESBR) with a narrow molecular weight distribution. Comparative analysis with conventional SBR latex revealed that ESBR exhibited improvements in various physical properties, including wear resistance, mechanical properties, and dynamic viscoelastic properties.



The presence of C=C bonds in diene-based polymers (e.g., NBR, SBR, and VPR) has been known to compromise their chemical, physical, and mechanical properties leading to deterioration of the ageing properties of the materials, which are susceptible to oxidative and ozone decomposition in long-term use. Due to the high saturation of its molecular chains, hydrogenated elastomers have demonstrated exceptional stability in withstanding extreme environmental conditions and have found applications in various demanding industrial sectors, including automotive components, oil drilling, aerospace, and other performance-critical environments [12]. Consequently, hydrogenated nitrile rubber (HNBR) has emerged as a material that offers superior resistance to heat and aging while retaining its inherent oil resistance and wear resistance properties [13,14]. The primary challenge in producing hydrogenated nitrile rubber (HNBR) has been investigated to achieve selective hydrogenation of the C=C bonds while maintaining the integrity of the nitrile groups within the rubber [15,16].



The hydrogenation of unsaturated polymers can be divided into catalytic hydrogenation and non-catalytic hydrogenation processes. Diimide hydrogenation falls into the non-catalytic category. As a reducing agent, diamine can effectively reduce non-polar unsaturated bonds, while sparing polar unsaturated bonds. However, this hydrogenation process gives rise to numerous side reactions that significantly reduce hydrogenation efficiency and even promote polymer crosslinking, thereby impairing processability of the elastomer [17,18].



Currently, solution hydrogenation, an efficient catalytic hydrogenation process, has enabled the industrialization of the hydrogenation of diene polymers. Nevertheless, solution hydrogenation has some drawbacks, including limitations in achieving high degrees of hydrogenation (above 96%) [19,20,21,22,23] even at elevated temperatures and pressures, as well as substantial solvent consumption, leading to environmental concerns, increased costs, and complexity in the hydrogenation process [20].



To address these issues, the latex hydrogenation process has emerged as a promising alternative. It offers environmental benefits and integrates seamlessly with the emulsion polymerization system [22]. This approach is actively being pursued for commercialization by rubber industry partners and has become a prominent research area in academia. In particular, the catalyst system plays a crucial role in emulsion hydrogenation. Wang et al. prepared 95% high conversion HNBR latex using 0.1 wt% catalyst at 130 °C and 6.89 MPa of H2 without using any organic solvent. The hydrogenation rate was found to increase as the nanoparticle size decreased [24].



In our previous report, H. Wang [9] prepared core–shell latex nanoparticles, in which poly (methyl methacrylate) was used as the core and the shell was the NBR. The PMMA–NBR core–shell nanoparticles were then hydrogenated to PMMA–HNBR nanoparticles. In the above process, the NBR shell was hydrogenated completely, while PMMA was intact without any hydrogenation. The main reason was the absence of the C=C within the PMMA polymer chains. Furthermore, we were wondering about the hydrogenation phenomena for the core–shell nanoparticles with both core and shell having C=C bonds. VPR has excellent tensile and tear strengths. We chose VPR as the seed emulsion to give NBR excellent mechanical properties while maintaining its inherent heat and oil resistance.



In this study, we employed a seeded emulsion polymerization technique to fabricate poly (butadiene-styrene-vinyl pyridine)/poly (acrylonitrile-butadiene) latexes with varying core-to-shell mass ratios. Notably, the particle size of these latexes underwent significant changes throughout the seeded emulsion polymerization process. To elucidate the hydrogenation mechanism concerning the two distinct structural molecular chains present, we also investigated the hydrogenation sequence of these structures within the core–shell VPR/NBR polymer during the hydrogenation process.




2. Results


The molecular structures of the two polymers before and after hydrogenation were shown in Scheme 1. After hydrogenation, unsaturated C=C double bonds were all reduced to single bonds, while special groups such as cyano and pyridine rings remained untouched.



The typical synthesis process of nanoparticles via the seeded emulsion polymerization method is elucidated in Scheme 2. Seeded emulsion polymerization typically consists of two stages. In the first stage, seed latex of a specific size is prepared. In the second stage, monomers and initiators are introduced into the seed latex system, while the emulsifier concentration in the aqueous phase is rigorously controlled to prevent the formation of new particles, ensuring that the newly added monomers continue to polymerize on the existing “seeds”. The growth process of the particles during the second stage is outlined in Scheme 2. Initially, as shown in Scheme 2a, a specific quantity of initiator and emulsifier is added to the seed latex, where stirring and heating lead to the dispersion of the initiator within the latex and its gradual decomposition into free radicals as polymerization proceeds (Scheme 2b) [25]. Subsequently, upon introduction into the reactor, the monomer becomes emulsified into monomer droplets, by diffusing from these droplets into the micelles continuously, ensuring a sufficient monomer concentration within the nanoparticles (Scheme 2c). Ultimately, nanoparticles with a core–shell structure are generated within the emulsion (Scheme 2d). It should be emphasized that this process of adding monomer to the latex should be strictly controlled with a slow and uniform flow rate of the monomer.



As the polymerization progressed, the available emulsifier became insufficient to effectively cover the expanding surface of the latex nanoparticles. Therefore, it was necessary to introduce additional surfactants into the reaction system to ensure the stability of the latex as the shell nanoparticles expanded. Initially, during the polymerization reaction, the small size of the seed latex could only accommodate the growth of a chain radical. Moreover, the protective role of the emulsifier on the micelle surface became increasingly critical as polymerization advanced, ensuring the longevity of the chain radical [26,27]. The polar negative group SO3− in the SDS anionic surfactants could charge the particles, leading to more stable latex based on the electrostatic repulsion. Therefore, SDS was used in seed emulsion polymerization and latex hydrogenation experiments. To avoid the generation of gels at higher conversion rate, the solid content, time, and the conversion rate of the monomer polymerization were controlled at 30 ± 2%, within 5 h, and about 80 wt%, respectively. These precautions were crucial for achieving stable polymerization processes.



Scheme 3 outlines the stages of catalytic latex hydrogenation of core–shell nanoparticles. The latex hydrogenation involves four key steps: (1) catalyst addition and uniform dispersion (a–b): The catalyst is added to the latex and uniformly dispersed throughout the nanomicelles with stirring in the system. (2) Catalyst Interaction with nanoparticles (b–c): Under stirring and heating, the catalyst molecules come into contact with the core–shell nanoparticles and penetrate to their interior. (3) Initiation of latex hydrogenation (c–d): The catalytic latex hydrogenation begins with the introduction of the targeted reaction temperature and hydrogen gas. (4) Mass transfer of hydrogen (d–e): The mass transfer process of H2 from gas–liquid–solid is a key step in the hydrogenation of diene-based latex nanoparticles. Stirring can greatly facilitate the movement of H2 from the gas phase into the aqueous phase. The H2 in the aqueous phase consists of two components: 1. H2 present in the form of bubbles (which accounts for the major part); and 2. H2 dissolved in water. H2 in the aqueous phase diffuses into the interior of the nanoparticles through the surfactant layer, where it undergoes hydrogenation with the polymer in the presence of a catalyst. Finally, the hydrogenation product is generated. This description highlights the intricate steps involved in the catalytic latex hydrogenation process [28].



2.1. Particle Size of Core–Shell Polymer Latex Nanoparticles


The properties of latex nanoparticles play a crucial role in determining the properties of core–shell latex, especially in the context of rubber materials. To confirm the success of the seeded emulsion polymerization, it is essential to examine the alteration in the number of nanoparticles before and after polymerization. Therefore, this discussion focuses on the variations in the number and average particle size of nanoparticles as the weight of the shell monomers (butadiene and acrylonitrile) increases. The stability of nanoparticles determines the properties of the material; therefore, the study of changes in nanoparticle properties is essential to assess the quality and effectiveness of the polymerization process.



Figure 1a illustrates a substantial increase in polymer particle size with the rising NBR weight at a constant polymerization temperature of 70 °C. Simultaneously, a gradual increase in the number of particles (Np) in the latex was observed. Conversely, when the reaction temperature was increased from 40 to 70 °C (Figure 1b), there was an evident reduction in the particle size of latex particles accompanied by an increase in Np. It was noteworthy that when the reaction temperature was further raised to 80 °C, the latex particle size decreased even further, while Np increased. The reasons for these observations can be attributed to several factors. Firstly, the increase in the rate and concentration of radical generation at higher temperatures facilitates the diffusion of more radicals into the micelles, leading to the formation of newly generated nanoparticles. Secondly, elevated temperatures enhance the solubility of monomers in the aqueous phase, resulting in higher monomer concentration in this phase. Additionally, the heightened rate of chain propagation at elevated temperatures contributes to the production of more oligomeric chains in the aqueous phase [29]. Conversely, the increase in temperature to 80 °C may have adverse effects due to the following reasons: Firstly, it promotes the chain termination reaction and drastically shortens the radical lifetime. Secondly, the high polymerization rate in a high-temperature environment can trigger auto-acceleration, which weakens micelle stability to some extent and can even lead to nanoparticle disruption [30]. Hence, it is inferred that temperatures beyond a certain range might have detrimental effects on the emulsion. Understanding these temperature-related effects on latex particle size and number is crucial for optimizing the emulsion polymerization process and achieving desired nanoparticle characteristics.



Dynamic light scattering (DLS) was employed to investigate the changes in latex particle size. Initially, the average particle size of VPR latex nanoparticles measured approximately 86.7 nm before the polymerization process. Subsequently, following the seeded emulsion polymerization (Figure 1c), this size increased to 106.3 nm. Importantly, the particle size distribution of nanoparticles in the latex remained narrow after polymerization, which indicates that the core–shell latex maintains the particle size uniformity of the nanoparticles. This DLS analysis provides valuable insights into the size variations of latex particles during the polymerization process, underscoring the ability to achieve consistent and controlled particle size uniformity in core–shell latex nanoparticles.




2.2. Morphology of Core–Shell Latex Nanoparticles


Seeded emulsion polymerization is a distinctive form of graft polymerization characterized by the growth of molecular chains on the surface of spherical nanoparticles, resulting in a special core–shell structure [7]. Transmission electron microscopy (TEM) images of VPR and NBR, displayed in Figure 2a,b, respectively, reveal a monolayer structure. Notably, as depicted in Figure 2c,d, the thickness of the outer layer of core–shell nanoparticles experienced a substantial increase owing to the greater weight of the shell polymer monomer. The microstructure analysis of HVPR/HNBR latex unveils a brighter TEM image post-hydrogenation when compared to its pre-hydrogenation state (Figure 2e,f). This phenomenon may be attributed to the reduced polarity of the molecular chain resulting from the reduction of C=C bonds. The specific alterations in the microstructure of core-shell nanoparticles during polymerization and hydrogenation are elucidated in Figure 2g [31]. These TEM images provide valuable insights into the structural transformations of core–shell nanoparticles throughout the polymerization and hydrogenation processes, further enhancing our understanding of these complex reactions.




2.3. Catalytic Latex Hydrogenation of NBR Latex, VPR Latex, and VPR/NBR Core–Shell Nanoparticles Latex


Wilkinson’s catalysts exhibit high catalytic activity, fast hydrogenation rate, and almost no cross-linking of hydrogenation products in the hydrogenation of unsaturated olefinic polymers, which has been demonstrated in prior studies [32,33,34]. In our present research, Wilkinson’s catalyst was similarly employed for the homogeneous latex hydrogenation of core–shell nanoparticles. During latex hydrogenation, when multiple unsaturated groups such as C=C double bonds, aromatic rings, and cyano groups are present in the polymer, the C=C double bonds are usually preferentially reduced to single bonds, while the aromatic rings and cyano groups are retained in the process.



To assess the transformations in functional groups occurring before and after the hydrogenation of core–shell latexes, we conducted FT–IR spectroscopy on the latex samples pre- and post-hydrogenation.



The structure of the polymers was characterized by FT–IR. Figure 3a shows the FT–IR spectra of the NBR and HNBR-2 h (two hours of hydrogenation), where the peak at 2236 cm−1 associated with cyano (C≡N) is consistent in intensity before and after hydrogenation. This finding indicates the preservation of the integrity of the C≡N group during the catalytic hydrogenation process. Additional characteristic absorption peaks at 970 cm−1 and 917 cm−1 were attributed to trans-1,3-butadiene units and 1,2-vinyl units, respectively. After 2 h of hydrogenation, a noticeable reduction in the intensity of the absorption peak at 970 cm−1 was observed, while the absorption peak at 917 cm−1 vanished entirely. The above findings indicate that the C=C double bond on the chain of the NBR molecule is reduced to some extent. Furthermore, a new characteristic peak emerged at 723 cm−1, assigned to the rocking vibration of (CH2)n (n greater than 4). Based on these results, it is evident that hydrogenation of NBR was successfully achieved through catalytic hydrogenation, underscoring the effectiveness of this process [35,36].



Figure 3b presents the FT–IR spectra recorded before and after the hydrogenation of the VPR latex. The peak observed at 1643 cm−1 corresponded to the C=C stretching vibration present in the VPR latex. Notably, the intensity of this characteristic peak in the HVPR–2 h sample exhibited a significant decrease, which can be attributed to the reduction of unsaturated C=C bonds within the VPR molecular chains over the course of hydrogenation. This outcome serves as strong evidence for the successful hydrogenation of the VPR latex. Furthermore, the robust absorption peak associated with the pyridine ring at 1589 cm−1 remained unchanged. This observation confirms that the pyridine ring remained intact after hydrogenation, underscoring the effective application of Wilkinson’s catalyst for the selective hydrogenation of the VPR latex.



When comparing the FT–IR spectra of the VPR or NBR with those of the core–shell nanoparticles, it becomes evident that the latter exhibit a more complex structure with more absorption peaks. Figure 4 presents the FT–IR spectra recorded before and after the hydrogenation of the VPR/NBR latex. In the core–shell nanoparticles, the absorption peak at 1643 cm−1 is attributed to the C=C stretching vibration of the core polymer (VPR), the intensity of which decreases with increasing hydrogenation. This decline indicates the reduction of unsaturated C=C bonds within the core portion. At the same time, the intensity of the absorption peaks of trans-1,3-butadiene units and 1, 2-vinyl units in shell polymers is significantly decreased (occurring at 970 cm−1 and 917 cm−1, respectively). Moreover, the absorption peaks of both unsaturated C=C double bonds decrease with the degree of hydrogenation, suggesting that the unsaturated C=C bonds in the core were simultaneously reduced. Observing the three FT–IR curves representing different hydrogenation periods in Figure 4, it is apparent that the unsaturated C=C bonds in both the core and the shell experienced a concurrent decrease to some extent during the initial stage of hydrogenation (0.5 h). As the hydrogenation process continued, the intensity of absorption peaks at 1643 cm−1 and 970 cm−1 significantly weakened after 2 h. The intensity of cyano groups on the molecular chain remained unaffected by hydrogenation in VNR/NBR latex, given these observations, the FT–IR peak corresponding to cyano groups was selected as a reference to compare the changes in double bond characteristic peaks belonging to the molecular chains of VPR and NBR, respectively. After 0.5 h of hydrogenation treatment, the intensity of the C=C peak at 1643 cm−1 in the VPR molecular chain decreased by 42%, while the intensity of the peak corresponding to trans-1,3-butadiene units in the NBR molecular chain decreased by 43.6%. In contrast, the intensity of the newly generated peak associated with (CH2)n > 4 (at 723 cm−1) increased by 44.5% compared to the levels after 99% hydrogenation. These findings suggest that there was no discernible hydrogenation sequential order within these core–shell nanoparticles. The above findings indicate that there is no barrier between the core and shell of the core–shell nanoparticles that affects hydrogen and catalyst mass transfer.



Based on the comprehensive findings outlined above, it is evident that the VPR/NBR latex prepared in this study underwent simultaneous hydrogenation, without a distinct sequential order. Several plausible reasons can account for this simultaneous hydrogenation phenomenon:



Effective Catalyst Dispersion: The Wilkinson’s catalyst employed in this research was well dispersed in the latex and was able to disperse thoroughly within the core–shell nanoparticles under mechanical stirring. This even distribution of the catalyst throughout the latex likely facilitated the uniform and simultaneous hydrogenation of both the core and shell polymers.



Intermittent Seeded Emulsion Polymerization: The use of the intermittent seeded emulsion polymerization method may have introduced opportunities for intricate grafting or intercalation between the core and shell layers of the nanoparticles. This enhanced compatibility between the core and shell polymers could have contributed to their synchronized hydrogenation, as the catalyst could access both polymers effectively.



These factors collectively point to a concurrent hydrogenation process in the VPR/NBR latex, highlighting the efficiency of the chosen hydrogenation method.



In our investigations, we delved into the impact of reaction temperature and catalyst mass on the hydrogenation reaction—a pivotal aspect of this study. Our findings revealed compelling insights into these factors. Firstly, we observed a substantial acceleration in the hydrogenation rate as we augmented the catalyst dosage (as depicted in Figure 5a). Remarkably, when the catalyst dosage reached 0.05 wt%, we achieved an impressive hydrogenation degree exceeding 90% within a mere 1 h timeframe. These outcomes underscore the pivotal role of catalyst mass in driving the hydrogenation process efficiently and achieving high hydrogenation degrees.



In the regime of chemical reactions, whether exothermic or endothermic, it is a well-established principle that reaction rates tend to increase with rising temperature. In keeping with this principle, our study unveiled a compelling trend in the hydrogenation rate of HVPR/HNBR as we raised the temperature. Notably, the hydrogenation rate exhibited a remarkable ascent, eventually surpassing the 95% hydrogenation degree range within the temperature bracket of 110 °C to 130 °C (as illustrated in Figure 5b). However, a notable deviation occurred when we elevated the temperature to 150 °C. At this juncture, the hydrogenation rate of the VPR/NBR latex exhibited a precipitous decline after a mere 0.5 h of reaction time, culminating in a hydrogenation degree of only 89% after 6 h. This decline can be attributed to deactivation of the catalyst under the harsh conditions of prolonged high-temperature reactions, resulting in the inability of the catalyst to form active centres.




2.4. Effect of Hydrogenation Process on Particle Size and Particle Size Distribution


Our investigation also encompassed an examination of how the hydrogenation process might influence the particle size distribution of different polymer latexes. Encouragingly, all three latexes, characterized by their relatively narrow particle size distribution, exhibited only slight alterations in particle size following hydrogenation (as depicted in Figure 5c–e). Furthermore, we made a noteworthy observation during this process—there were no instances of coagulation, suggesting that the core–shell nanoparticles we synthesized possessed exceptional structural stability. This stability held true even when subjected to the demanding conditions of high temperature and H2 pressure hydrogenation.





3. Materials and Methods


3.1. Materials


VPR (solid content = 41.25%) was purchased from LANXESS (Pittsburgh, PA, USA). Acrylonitrile (ACN, 99%), methyl ethyl ketone (MEK, reagent grade), ethanol (reagent grade), and acetone (reagent grade) were all purchased from Aladdin Reagent (Shanghai, China) Co., Ltd. Ammonium persulfate (APS, 98%), tert-dodecylmercaptan (t-DDM, 99%), N,N-diethylhydroxylamine (DEHA, 98%), and sodium dodecyl sulfate (SDS, 99%) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Nitrogen (N2, 99.99%), and 1,3-butadiene (BD, 99%) was purchased from Qingdao Ludong Gas Co., Ltd., Qingdao, China.



The distilled water used in the experiments was self-made in the laboratory. The inhibitors were removed prior to polymerization by passing the monomer ACN through an alumina column.




3.2. Methods


3.2.1. Polymerization


	
VPR/NBR Seeded Emulsion Polymerization






The seeded emulsion polymerization of VPR/NBR was conducted in a Parr 316 stainless steel reactor. Detailed polymerization conditions and product characterizations are summarized in Table 1 (Runs 2–8). The typical polymerization procedure is outlined below:



APS, SDS, and t–DDM were initially dissolved in distilled water and stirred at room temperature until a homogeneous solution was formed. This solution was then added to the reactor.



The seed latex (VPR latex) was added to the reactor, and the resulting mixture was degassed with three quick cycles of N2 (99.99%) and subjected to bubbling N2 at approximately 0.5 MPa for 30 min at room temperature, with a stirring rate of 160 rpm.



The system was slowly heated to the desired reaction temperature (50, 60, 70, or 80 °C), while maintaining a stirring rate of 350 rpm. After the temperature stabilized for 0.5 h, a mixture of ACN and BD was added to the reactor.



Following the addition of monomers, the polymerization system was allowed to age for an additional 2–4 h to achieve the desired polymer conversion.



Latex samples were withdrawn from a dip tube at hourly intervals to calculate the conversion rate using Equation (2), as mentioned later in the manuscript.



The reaction was halted by rapidly immersing the reactor vessel in an ice bath to arrest polymerization. Short-stopper DEHA was added.



The VPR/NBR latex underwent hydrogenation experiments after post-treatment, including the removal of monomers [37].



	
NBR Emulsion Polymerization






The NBR latex was utilized for the preparation of HNBR in contrast to the hydrogenated VPR/NBR core–shell latex. Detailed polymerization conditions and latex characterization are presented in Table 1 (Run 9). The experimental process closely resembled the typical polymerization procedure outlined earlier, with the exception that the NBR polymerization experiment did not involve the addition of seed latex.


    N   p   = 6 M   X   f   / ( π   ρ   p       D   v     3   )  



(1)




where Np is the number of latex particles per unit volume of water; M is the mass of monomer per unit volume of water; ρp is the density of polymer; Dv is the average particle size; Xf is the polymerization conversion of mixed monomers.



The synthesized core–shell latex, consisting of poly(butadiene-styrene-vinyl pyridine)/poly(acrylonitrile-butadiene), was abbreviated as VPR/NBR. Additionally, pure VPR latex without a core–shell structure (refer to Run 1 in Table 1) was obtained for comparative purposes with the VPR/NBR latex and for subsequent HVPR preparation in hydrogenation experiments.




3.2.2. Post-Processing of Polymer Latex


The core–shell latex obtained previously contained residual monomers with some level of toxicity and an irritating odor, which could potentially impact the catalytic activity of the catalysts during the subsequent hydrogenation process. To address this, a devolatilization method was employed to eliminate these residual monomers from the latex.



The devolatilization process involved distilling the latex under vacuum conditions at 45 °C for a duration of 40 min, maintaining a pressure of 40 mbar. This step effectively removed the butadiene (BD) monomers along with a portion of the acrylonitrile (ACN). Subsequently, the remaining ACN was removed through a steam distillation process conducted at 70 °C.




3.2.3. Hydrogenation


	
VPR/NBR Core–shell Latex Hydrogenation






The catalytic hydrogenation of the VPR/NBR core–shell latex was conducted in the same reactor. The detailed polymerization conditions and hydrogenation degrees of the latex are summarized in Table 2, which will be presented later in this study. The following outlines a typical procedure for latex hydrogenation:



A measured volume of the VPR/NBR core–shell latex (60 g) was combined with distilled water (90 g) and a specific amount of Wilkinson’s catalyst. The mixture in the reactor was degassed by subjecting it to three quick cycles of nitrogen (N2) and then bubbling N2 at approximately 0.5 MPa for 30 min at room temperature, with a stirring rate of 160 rpm. The reactor was gradually heated to the reaction temperature (120 °C) while maintaining a stirring rate of 450 rpm, and this temperature was held for 30 min. The hydrogenation reaction commenced when hydrogen gas at a pressure of 8.6 MPa was introduced into the reactor. The conditions of hydrogen pressure (8.6 MPa), hydrogenation temperature (120 °C), and stirring rate (450 rpm) were maintained consistently throughout the entire reaction duration. Aliquots were collected at intervals of 0.5, 1, and 2 h using a dip tube. Finally, the system was depressurized to obtain the final latex after cooling to room temperature.



	
NBR Latex Hydrogenation without Seed






The NBR latex obtained from the emulsion polymerization experiments mentioned earlier was employed to produce HNBR latex. To investigate the hydrogenation sequence of VPR/NBR core–shell nanoparticles, Fourier Transform Infrared (FT–IR) spectra of pure NBR latex were recorded. Detailed information regarding the hydrogenation conditions and degree for the latex is summarized in Table 2 (Run 10). The hydrogenation process of the NBR latex closely resembled the typical hydrogenation procedure described above, with the exception of the catalyst dosage, which was set at 0.025 wt% for the NBR latex hydrogenation experiment. HNBR data were collected after a 2 h hydrogenation period for comparison purposes.



	
VPR Latex Hydrogenation without Shell






The commercially purchased VPR latex was diluted with distilled water and subsequently subjected to hydrogenation. Comprehensive information regarding the hydrogenation conditions and degree for this latex is outlined in Table 2 (Run 11).



To gain insights into alterations in characteristic groups during the hydrogenation of VPR/NBR core–shell nanoparticles, control experiments involving the hydrogenation of NBR and VPR latex were devised. The hydrogenation process for the VPR latex mirrored that of the NBR latex.





3.3. Characterization


3.3.1. Particle Size


The intensity-based particle size distribution, particle dispersibility index (PDI), and Z-average particle size of the core and core–shell latex nanoparticles were determined by DLS (Zetasizer Nano ZS, Malvern Instruments, Worcestershire, UK) at 25 °C. The particle size measurements of samples were respectively tested parallel three times and averaged [38].




3.3.2. Transmission Electron Microscope (TEM)


The morphology of core–shell nanoparticles was observed by LEO 912 AB 100 kV Energy Filtered Transmission Electron, Microscope (EFTEM) (Carl Zeiss AG, Jena, Germany). The preparation process for TEM measurements was as follows: the nanosized latex was firstly diluted with distilled water, and 10 μL of the obtained diluted solution was placed on a 400-mesh copper grid at room temperature. Next, the grid was negatively stained with 2% (w/v) phosphotungstic acid for 1 min. After removing the excess stain, the grid was placed in a TEM chamber for imaging [39].




3.3.3. Fourier Transform Infrared Spectrometer (FT–IR) and Attenuated Total Reflectance (ATR)


The FT–IR spectra were recorded on a Bruker tensor II infrared spectrograph (Bruker tensor II, Karlsruhe, Germany). The ATR technology was one of the infrared spectral analysis methods to measure the absorption spectra of solids and liquids. A typical method for preparing polymer solids and analyzing by the ATR technology is presented below.



The latex was firstly dropped into ethanol to obtain the polymer solid. The solid was then washed with ethanol and distilled water successively at the stirring speed of 160 rpm and dried under vacuum at 45 °C overnight. The obtained purified polymer solid was analyzed by the ATR technology. For the FT–IR analysis, the total reflectance crystal was mounted on a holder, while the solid rubber was placed on the reflective surface of the total reflectance crystal.




3.3.4. Conversion Rate of Polymerization


The conversion rate of the monomers (BD and ACN) was calculated using the mass method. The conversion rate at instant time t could be defined as the ratio of the mass of the newly formed polymer in the reactor at time t (mt) to the mass of the monomer added before the start of the polymerization (m0). As shown in Equation (2)


  α =     m   t       m   0      



(2)







The solid mass of the surfactant and seed latex was identified as a constant. The solid mass of the sample at t was measured using a Halogen Moisture Analyzer (METTLER TOLEDO HX204, Zurich, Switzerland), based on which the polymerization conversion rate of the VPR/NBR latex was calculated according to Equation (3).


  α =   S D −     m   1   +   m   2     / M     m   0   / M    



(3)




where SD is the solid content measured by a moisture meter, m1 is the solid content of the seed latex VPR, m2 is the mass of the surfactant used in the polymerization, M is the total mass of solid in the system under complete monomer reaction.




3.3.5. Hydrogenation Degree


The hydrogenation degree of the VPR/NBR core–shell latex, NBR latex, and VPR latex was calculated using the iodine value titration method according to SH/T 1763-2008 [40]. Specifically, 9 g of iodine and 8 g of iodine chloride were first dissolved in 1 L of acetic acid to obtain Wijs reagent (purple color). And 1–2 g of solid gum sample was dissolved in chloroform to obtain a rubber solution. Then, the Wijs reagent was added into the rubber solution. After aging for 2 h, 10 mL of potassium iodide solution (20%), 100 mL of distilled water, and 6 mL of starch solution were added to the above solution. Finally, the solution was titrated with sodium thiosulfate solution (0.05 mol/L): the amount of sodium thiosulfate solution was recorded when the color of the solution became transparent.


  I o d i n e   n u m b e r =   0.1269 × (   V   0   − V × 0.05 )   m × 100    



(4)




where V0 is the volume of sodium thiosulfate consumed in the blank experiment; V is the volume of sodium thiosulfate consumed in the titration sample; m is the mass of the sample.






4. Conclusions


In this study, core–shell nanoparticles with VPR as the core and NBR as the shell were successfully prepared by seed emulsion polymerization. The particle size of the core–shell nanoparticles increased from 86 nm to 105 nm after the introduction of NBR shell and maintained a uniform particle size distribution. The effects of polymerization temperature and monomer mass on the size and number of particles (Np) of the core–shell nanoparticles were investigated, and it is noteworthy that higher polymerization temperatures favored the formation of more nanoparticles, but the number of particles decreased instead when the temperature was increased to 80 °C. In addition, we obtained the hydrogenation product HVPR/HNBR by direct catalytic hydrogenation of core–shell latex using Wilkinson’s catalyst, and systematically investigated the effects of catalyst dosage and reaction temperature on the hydrogenation reaction of core–shell nanoparticles in latex. The results showed that increasing the catalyst dosage could effectively improve the hydrogenation rate, and the degree of hydrogenation of latex reached 95 mol% in 2 h when the catalyst dosage was 0.05 wt%. Increasing the reaction temperature effectively improved the hydrogenation rate, and the fastest hydrogenation rate was achieved at 130 °C, but when the temperature was increased to 150 °C, the rate of hydrogenation was reduced instead, and the final degree of hydrogenation of latex was less than 90 mol%. By analyzing the FT–IR spectra of the core–shell nanoparticles HVPR/HNBR, we investigated the hydrogenation sequence of the two polymers in the core–shell particles, and it is noteworthy that the hydrogenation processes of the core (VPR) and the shell (NBR) were carried out almost simultaneously, and the stability of the latex was maintained throughout the whole hydrogenation process. In this study, the hydrogenation of a special core–shell structure nanoparticle in latex is realized, which provides a new idea and direction for the green emulsion hydrogenation technology.
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Scheme 1. The catalytic hydrogenation process of NBR (a) and VPR (b). 
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Scheme 2. Schematic diagram of nanoparticle synthesized by core–shell emulsion polymerization. 
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Scheme 3. Schematic diagram of the catalytic latex hydrogenation of VPR/NBR polymer nanoparticles. 
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Figure 1. The effect curves of the NBR weight (a) and temperature (b) on particle size and Np; (c) particle size and particle size distributions of Run 1 (VPR) and Run 7 (VPR/NBR). 
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Figure 2. TEM images of VPR latex ((a): Run 1), NBR latex ((b) Run 9), VPR/NBR ((c): Run 4 and (d): Run 7) and HVPR/HNBR ((e,f): Run 14); Schematic illustration for preparation of core–shell HVPR/HNBR nanoparticles (g). 
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Figure 3. (a) FT–IR spectra of the original NBR and HNBR–2 h; (b) FT–IR spectra of the original VPR and HVPR–2 h. 
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Figure 4. FT–IR spectra of VPR/NBR (black line), HVPR/HNBR–0.5 h (blue line), HVPR/HNBR–1 h (red line), and HVPR/HNBR–2 h (green line). 
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Figure 5. The effect curves of different catalyst amounts (a) and temperature (b) on the hydrogenation degree of the VPR/NBR latex; particle size distribution of NBR (c), VPR (d), and VPR/NBR (e) before and after hydrogenation for 2 h. 
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Table 1. Polymerization recipe and experimental results for the synthesis of VPR/NBR core–shell nanoparticle latex and NBR nanoparticle latex.
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	Run (a)
	Water (b)

(wt%)
	Weight of VPR

(g)
	Weight of NBR (c)

(g)
	Temperature

(°C)
	Dz

(nm)
	Np × 1019 (d)
	PDI





	1
	–
	60
	0
	–
	86.7
	1.17
	0.045



	2
	46.3
	30
	15
	50
	98.5
	1.21
	0.043



	3
	46.3
	30
	15
	60
	97.3
	1.22
	0.046



	4
	46.3
	30
	15
	70
	94.4
	1.27
	0.047



	5
	81.3
	30
	30
	70
	99.6
	1.29
	0.042



	6
	116.3
	30
	45
	70
	103.1
	1.36
	0.039



	7
	151.3
	30
	60
	70
	106.3
	1.39
	0.041



	8
	46.3
	30
	15
	80
	94.6
	1.25
	0.045



	9
	140
	0
	60
	70
	91.3
	1.13
	0.40







(a) Polymerization conditions of VPR/NBR and NBR was as follow: solid content of VPR = 41.25%, Acrylonitrile content of NBR = 36%, APS = 0.1 wt%, SDS = 3.5 wt%, t–DDM = 0.3 wt%, DEHA = 0.2 wt%, and stirring rate = 350 rpm. (b) Distilled water was added to ensure that the solids content of latex was controlled at 30 ± 2%. (c) Weight of NBR was the mass of NBR on polymer in latex at 80% conversion rate. (d) The number of polymer particles (Np) was calculated according to Equation (1).













 





Table 2. Hydrogenation conditions of VPR, NBR, and core–shell VPR/NBR polymers.
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	Run
	Latex
	Wilkinson’s Catalyst

(wt%)
	SDS

(wt%)
	Time

(h)
	Temperature

(°C)
	Pressure

(MPa)
	Hydrogenation Degree

(%)





	10
	NBR
	0.025
	3
	2
	120
	8.6
	92.8



	11
	VPR
	0.025
	3
	2
	120
	8.6
	88.6



	12
	VPR/NBR
	0.04
	3
	0.5
	120
	8.6
	28.6



	13
	VPR/NBR
	0.04
	3
	1
	120
	8.6
	58.5



	14
	VPR/NBR
	0.04
	3
	2
	120
	8.6
	85.3
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