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Abstract

:

To facilitate the ongoing transition towards carbon neutrality, the use of renewable materials for additive manufacturing has become increasingly important. Here, we report for the first time the fabrication of microcapsules from biobased acrylate shells using microfluidics. To select the shell, a wide range of biobased acrylates disclosed in the literature was considered according to their tensile strength, ductile transition temperature and global availability. Once acrylate epoxidised soybean oil (AESO) was selected, its viscosity was adjusted to valuables suitable for the microfluidic device using two different diluting agents. Double emulsions were successfully produced using microfluidics, followed by photopolymerisation of the shell and characterisation of the capsules. Microcapsules containing AESO and isobornyl acrylate (IBOA) were produced with an outer diameter ~490 μm, shell thickness ranging between 36 and 67 μm, and production rates around 2.4 g/h. The mechanical properties of the shell were characterised as tensile strength of 29.2 ± 7.7 MPa, Young’s modulus of 1.7 ± 0.4 GPa and the ductile transition temperature was estimated as 42 °C. To investigate physical triggering, microcapsules produced with a size of 481 ± 4 μm and with a measured shell thickness around 6 μm were embedded in the cementitious matrix. The triggered shells were observed with scanning electron microscopy (SEM) and the uniform distribution of the capsules in cement paste was confirmed using X-ray computed tomography (XCT). These advances can facilitate the wide application of biobased resins for the fabrication of microcapsules for self-healing in cementitious materials.
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1. Introduction


Cementitious materials are prone to fracture, especially when subjected to tensile forces. Once these cracks have formed, they can facilitate the transport of water and other chemicals which can result in corrosion and intensify the cracking process. To minimise crack formation, traditional methods for repair and maintenance are applied, including human intervention to seal cracks. However, these actions are costly; in the United Kingdom alone, approximately 50% of the construction budget is spent on repair and maintenance [1]. An alternative strategy relies on capsule-based self-healing, which aims to distribute small capsules containing a healing agent throughout the matrix. Upon formation of a crack in the matrix, the shell is triggered to release the healing agent and heal the crack without external intervention [2]. In comparison to traditional cementitious matrices, capsule-based self-healing has a greater capacity for healing cracks [3] and may promote recovery in mechanical and transport properties [4,5]. Several protocols have been investigated to produce microcapsules, mainly focused on the encapsulation of specific healing agents, such as epoxy [6], sodium silicate [7,8] and bacterial spores [3]. Typical protocols to produce microcapsules involve the formation of emulsions followed by the deposition of a shell around the interface of droplets via processes such as coacervation [7], in situ [9], or interfacial [10] polymerisation. More recently, importance has shifted to favour selection of materials and methods which show superior cost-effectiveness [11,12], feasibility for commercial deployment [13] and sustainability [14]. For example, Garces et al., (2021) performed a cradle-to-gate life cycle assessment (LCA) investigating microcapsule based self-healing geopolymers. The solvent (toluene) and wall forming monomers (4,4′-methylenebis(phenyl diisocyanate)) were found to be the main contributors to the additional environmental impacts of self-healing geopolymers when compared with conventional geopolymer concrete [14]. Thus, greener routes for producing these microcapsules have been considered in terms of synthesis feedstocks, toxicity, and biodegradability. In this case, in situ and interfacial polymerisation must be examined with caution because toxic reagents such as formaldehyde—which is classified as a human carcinogen if unreacted—and isocyanates are used. Although these methodologies are still used on a larger scale, with the use of formaldehyde scavengers to reduce the risk of toxic exposure, the search for more benign protocols is ongoing [15]. Alternatively, complex coacervation offers a route to produce shells using renewable feedstocks with low toxicity, such as gelatin-gum arabic microcapsules containing sodium silicate. In this case, the healing agent was emulsified prior to the formation of the shell, resulting in a concentration of sodium silicate solution of approximately 42%, thus higher concentrations of healing agent could be explored [7,16]. Microfluidics offers a very controlled route to produce capsules, with excellent encapsulation efficiency and superior control over size and shell thickness [17,18]. However, the embedded carbon during the production of the polymeric shell is currently a matter of concern.



Microcapsules produced using microfluidics have so far relied on the production of double emulsion templates, using photopolymerising acrylates as a shell material [19,20,21,22]. Acrylates are formed from reacting acrylic acid with a corresponding alcohol in the presence of a catalyst [23,24], with the acrylic acid component usually derived from fossil fuel propylene. Although acrylates are a suitable shell material in terms of their photopolymerisation characteristics and material properties, the use of ever-depleting fossil fuels is unsustainable, and the production process of acrylate is also associated with a significant emission penalty. This is a particular concern, when considering the production of microcapsules in the large volumes required for applications in construction [25].



A life cycle analysis conducted by Petrescu et al. on the acrylic acid production pathway calculated the global warming potential (GWP) of acrylic acid to be 3877 kgCO2/tonne acrylic acid when natural gas was used for steam generation [26]. Even neglecting the further step of converting acrylic acid to acrylate, using microcapsules with acrylate shells carries a heavy environmental penalty, with embodied carbon per unit mass of acrylate almost 4 times that of the cementitious matrix [27]. This, combined with the use of fossil fuel feedstocks, makes microcapsules unlikely to improve the sustainability of the cement industry, even if the service life of concrete is significantly increased as a result.



To improve sustainability, a shift away from fossil fuel feedstocks is required. One way in which this can be done is to source acrylates made from a more sustainable acrylic acid, derived from biobased compounds. Both glycerol and 3-Hydroxypropanoic Acid (3-HP) can be used as feedstock for acrylic acid production, however, they pose key issues relating to scale. Crude glycerol, a naturally occurring chemical, is a by-product of biodiesel production and can be converted to acrylic acid by oxidative dehydration via intermediate acrolein [28]. Using glycerol as a feedstock for acrylic acid production has a two-fold benefit over the current standard production using propylene as it not only reduces the reliance upon fossil fuels, but it also utilises waste products from biodiesel production. However, a cradle-to-gate life cycle assessment conducted on the production of acrolein from glycerol by Cepsi et al. calculated its GWP as 4520 kg CO2/tonne of acrolein [29]. Even neglecting the conversion of acrolein to acrylic acid, GWP was still considerably higher than the 3877 kg/tonne of acrylic acid calculated for the propylene pathway [26]. An approximate calculation demonstrated that the projected biodiesel production would only be sufficient to provide enough glycerol to cover 31% of global acrylate ester demand if all available glycerol was to be used in the acrylic acid pathway [30,31,32,33,34]. However, looking more locally, a calculation was performed to find the proportion of the UK’s cementitious materials which could incorporate microcapsules from glycerol-derived acrylate, based on UK biodiesel production [31] and cement production [32] and showed the UK’s current production of biodiesel was insufficient to produce enough glycerol for microcapsule shells to be used in cement with high capsule volume fractions [35].



On the other hand, 3-HP is a valuable chemical, historically synthesized by the fermentation of either glucose or glycerol. Utilizing Levulinic acid (LA), a renewable feedstock, obtained from the dehydrative, acidic processing of raw biomass or carbohydrates, to produce 3-HP, as researched by Wu et al. [33], has the potential to lead to even higher savings in GWP if LA from waste biomass were to be used instead as 3-HP feedstock. However, this is not currently available at a large enough commercial scale for the manufacture of microcapsule shells.



Whilst obtaining acrylate produced from more sustainably sourced acrylic acid is one way to improve the sustainability of microcapsule shells, it relies upon a drastic scale-up of production industries. An alternative, perhaps more feasible, method would be to change the material of the microcapsule shells. Instead of using standard acrylates, a switch can be made to incorporate acrylates derived from biobased compounds. Many of these have been produced and characterised in the literature such as those derived from cardanol [36], camelina oil [37], soybean oil [38,39], castor oil [40,41], palm oil [42] and tung oil [43]. The broad range of properties these biobased acrylates provide, along with the potential to copolymerise them to tailor material properties, open up opportunities to improve the biobased content and sustainability of microcapsules, without potentially jeopardising their rupture properties. The different pathways for the production of acrylate are depicted in Figure 1.



Thus, in this study, for the first timebiobased shells as a greener alternative to fossil fuel derived acrylates were investigated the production of microcapsules for physically triggered self-healing. Acrylated epoxidized soybean oil (AESO) was selected as a biobased acrylate based on the main properties governing the physical triggering of the capsules, namely tensile strength and ductile transition temperature, as well as global production of the material. The production of double emulsions using microfluidics was investigated to evaluate the suitability of the monomers to produce stable templates for the capsules. Due to the high viscosity of the biobased acrylate, 1,6-hexadienol diacrylate (HDDA) and isobornyl acrylate (IBOA) were used as diluting agents to achieve an adequate viscosity for the microfluidic device. Mechanical properties of the acrylates were also quantified. Furthermore, to investigate the behaviour of the microcapsules in situ, the capsules were embedded in cement paste and then observed under scanning electron microscopy (SEM) and optical microscopy (OM). This investigation into the use of greener materials for shell production complements the current goal of reducing the environmental impact of cementitious materials through self-healing.




2. Materials and Methods


2.1. Selection of Biobased Acrylates


To select a suitable shell material for testing, a literature search was conducted to find biobased material options and evaluate their potential for use within microcapsule shells. Tensile strength, ductile transition temperature and global scale were considered and once AESO was found to be the strongest contender, the following testing was completed to assess practical feasibility in microfluidic production.



The viscosities of the AESO monomers were measured with a MCR302 rheometer from Anton Paar. For this, AESO (44,779 mPa·s) was diluted with 50 and 75 wt% reactive diluents IBOA and HDDA, with resultant samples named AESO:HDDA, AESO:3HDDA, AESO:IBOA and AESO:3IBOA, respectively. The results are displayed in Figure 2.




2.2. Production of Microcapsules


To produce the double emulsions, a microfluidic device with four flow-focusing channels in parallel was placed in a Telos device (Dolomite Microfluidics, UK), as described elsewhere [18]. The inner fluid was injected using a syringe pump (Aladdin AL-1000) at a flow rate range of 10–60 μL·min−1; the middle and outer fluids were injected using pressure pumps (Dolomite Microfluidics, UK) at typical flow rates of 10–30 μL·min−1 and 300–500 μL·min−1, respectively. Mineral oil (light, Sigma Aldrich, density of 0.838 g·mL−1, viscosity 29.3 mPa·s) was used for the inner phase and model core material. For the outer/continuous phase, an aqueous solution with 5 wt% poly(vinyl alcohol) (PVA, MW 13,000–23,000, 87–89% hydrolysed, viscosity 4.99 mPa·s) was used. To adjust the viscosity, soybean oil epoxidized acrylate (AESO, Sigma Aldrich) was diluted in 75 wt% 1,6-Hexanediol diacrylate (HDDA, Sigma Aldrich) to form sample AESO:3HDDA; and 75 wt% isobornyl acrylate (IBOA, Sigma Aldrich) to form sample AESO:3IBOA. In both cases, 0.5 wt% of photoinitiator hydroxy-2-methylpropiophenone was added to the solution. The double emulsions were collected in an aqueous solution of 5 wt% PVA solution and polymerised using a UV-lamp (Omnicure, 50% opening) exposed over the collection tube shortly after the formation of the double emulsion droplets, as represented in Figure 3.




2.3. Characterisation of the Microcapsules


The outer diameter of the produced double emulsions and microcapsules were measured with an optical microscope (OM) (DM 2700 M, Leica, Germany). The calculated shell thickness was estimated according to Equation (1):


     D  outer   −  D  inner      D  outer     = 1 −    (  1 +    Q 2     Q 1     )    − 1 / 3    



(1)




where Douter and Dinner represent outer and inner diameter, respectively, Q1 represents inner flow rate and Q2 represents middle flow rate. To assess the thermal stability and oil content, the microcapsules, mineral oil and bulk polymerised acrylate were analysed using a thermogravimetric analysis (TGA, PerkinElmer STA6000) between 50 and 700 °C at a rate of 5 °C/min, under air atmosphere. For the investigation into the behaviour of the microcapsules in cement paste, 5% by weight of cement of microcapsules were mixed with Ordinary Portland cement (CEM I 42.5) provided by Heildelberg-UK and water (w/c = 0.45). The mixture was then cast into oiled silicone moulds with a volume of 10 × 10 × 50 mm3. After 28 days of curing, the samples were broken, and it was possible to see the oil coming out of the microcapsules and leaking onto the sample. To investigate the interfacial bonding between the capsule and cement paste, a scanning electron microscope (SEM, Evo LS15, Zeiss) was used.



To quantify the mechanical properties of the polymers, 1.5 mL of acrylate was poured over the negative dog bone shaped mould (70 mm length, 11 mm width, 3 mm height and 6 mm gauge width) made of PDMS. The mould was then covered with paraffin oil, to prevent the formation of a meniscus, and UV-polymerised (Omnicure, 50% opening) for at 365 nm for 5 min. After 1 week of material polymerisation, uniaxial tensile tests were performed with an Instron Testing system using a loading cell. The testing protocol used a constant pulling rate of 2 mm/min. The measured force was normalised by the undeformed cross-sectional area to obtain stress, and the extension was normalised by the undeformed segment length to calculate strain. From the resulting stress–strain curve, the elastic Young’s modulus was obtained from the slope of a line fit to the elastic loading regime, the ultimate tensile stress was obtained from the maximum stress value measured during loading, and the maximum strain was obtained from the data point just prior to failure. The dynamic mechanical analysis (DMA) tests were performed on a DMA 8000 (PerkinElmer) in single cantilever mode with an oscillating frequency of 2 Hz. The cured samples with a size of 15 × 6 × 0.09 mm3 were examined at a heating rate of 3 °C/min. To investigate the dispersion of the microcapsules embedded in cement paste, a Nikon XT H 225 ST X-ray microcomputed tomography (XCT) scanner was used. The analysis was performed with a 2.5 mm Cu filter, a 53 min scan, exposure time of 1000 ms, 3141 projections, 2000 detector pixels and a source to detector distance of 817 mm. The test was performed in a cubic sample with 10 mm side, with a source to object distance of 33 mm, acceleration voltage of 100 kV, filament current of 60 μA and voxel size of 8 μm. The X-ray images were subsequently used to reconstruct the 2D and 3D sample using the commercial software VGStudio MAX 2.2 (Volume Graphics, Heidelberg, Germany). To improve the quality of the images, the data was smoothed using a Gaussian filter before analysis. After a region of interest was selected to remove all the air surrounding the sample, a surface fit function was applied using the cementitious materials as background and the air as material. As a result, the threshold value between the cementitious matrix and the air/microcapsules creates a 3D surface used to identify the microcapsules and the pores in the matrix. The general schematic of the experimental plan is described in Figure 4.





3. Results


3.1. Selection of Biobased Acrylates


Tensile strength and ductile transition temperature were identified as key factors which impact both rupture characteristics and survival probability during the cement mixing process, and therefore success of a microcapsule. Microcapsule shells require a low enough tensile strength to facilitate rupture within the cementitious matrix upon coinciding with a propagating crack [44]. However, the capsules also need to survive the shear forces experienced during their initial mixing with cement [7]. The range of tensile strengths deemed suitable for use in microcapsule shell materials was obtained using a comparative study with 10 shell materials used in previous studies for self-healing within concrete. These were: polymethyl-methacrylate (PMMA) [45], polyurea [46]; urea formaldehyde resin [47], polylactic acid (PLA) [48], polystyrene (PS) and polymethyl methacrylate/n-butyl methacrylate (PMMA/n-BMA) [49]; phenol-formaldehyde (PF) [50], polyurethane [10] and 50 wt% 1,6-hexanediol and 50 wt% bisphenol A glycerolatedimethacrylate (BH) and 50 wt% isobornyl acrylate and 50 wt% bisphenol A glycerolatedimethacrylate (BI) produced to encapsulate mineral oil and colloidal silica [51].



A wide range of biobased acrylates were investigated, and tensile strength data, obtained from previous literature, is summarized in Figure 5, which compares the results to the 10 previously used shell materials and highlighted potential contenders for more sustainable shells. Figure 5 shows in teal, previous shell materials and in orange, biobased acrylate properties.



Tung oil-derived polymers [43], cardanol and camelina oil-derived acrylates [36,53], and soy-bean acrylates [38,39] had the highest tensile strength of all the investigated materials and were stronger than BI, Polyurea and PMMA/n-BMA, therefore demonstrating a strong likelihood of mixing survival. However, this did not rule out use of the weaker polymers, as a benefit of using a shell material with a lower tensile strength is that they are more likely to rupture under crack propagation within concrete. Therefore, as long as the capsule is strong enough to survive mixing, it has potential to be utilised in microcapsule formation.



Ductile transition can assist with mixing survival. Although it is desirable in terms of rupture properties for the capsule shell to be in a brittle regime when cast into concrete, the exothermic conditions of cement curing could utilise a ductile transition of the shells during mixing, and increase survivability [49]. Although glass transition temperature and brittle to ductile transition temperature do not always coincide, an approximation by Boyer was used in this analysis, which predicts brittle to ductile transition to occur at a temperature given by Equation (2) [61].


Tb = 0.75 × Tg



(2)




where Tb is the brittle to ductile transition temperature and Tg is the glass transition temperature. Figure 6 shows the ductile transition temperature for acrylates explored in this work.



Many of the investigated polymers have a predicted ductile transition temperature within the range 35–80 °C, which are the range of cement temperatures during curing. This means these polymers are likely to have a transition to ductile state within this range and increases their survivability likelihood in the mixing process. Therefore, polymers with transition temperature in this range can potentially be suitable for microcapsule shell material even if tensile strength is considerably lower than previously used materials.



However, another key consideration for a shell material is the feedstock availability. These need to be produced at a high enough scale to enable production of microcapsules in cement at a commercial level. Values of global production for each oil were collated and are shown in Figure 7.



With a focus on the feedstocks of the candidates which showed the most promising mechanical properties, an assessment was made to rule out grapeseed oil, tung oil and cardanol as they are produced at relatively low levels which could result in problems with scale when self-healing cement is more intensely produced. On the other hand, canola oil is produced at large quantities, offering a more feasible option in terms of scale. Soy-bean oil presents the most abundant production, combining this with the well-established industry producing AESO, soy-bean oil-derived acrylates are identified here as the most suitable candidate for a sustainable microcapsule shell material.




3.2. Production of Microcapsules


Although using acrylated epoxidised soybean oil (AESO) as a shell material provides a more sustainable method of producing microcapsules, demonstrating the formation of microcapsules and physical triggering of the shell is required to establish this greener acrylate as a viable shell material. To investigate the formation of microcapsules, the first step was to use a microfluidic device to create double emulsions. To obtain a suitable viscosity for the middle phase, AESO was diluted 1:3 in 1,6-hexanediol diacrylate (HDDA), a commonly used diluent [20,67], resulting in a viscosity of 30.5 mPa·s. This viscosity was close to the values of 73.3 mPa·s reported for trimethylolpropane ethoxylate triacrylate previously used in the Telos microfluidic device [18]. Mineral oil was used as the inner phase and 5% PVA was used as the outer phase. The inner, middle, and outer phases were run with flow rates of 30, 48, and 410 µL/min, respectively. As illustrated in Figure 8, double emulsions were successfully formed. After exposure to UV-light, the shell polymerized, forming microcapsules with an outer diameter of 488 ± 22 µm and a calculated shell thickness of 56 µm. Although the encapsulation of the material was carried out successfully, the utilisation of HDDA as the main component of the shell still resulted in a high carbon content derived from fossil fuels.



Aiming at increasing the proportion of biobased acrylate, isobornyl acrylate (IBOA), an acrylate produced from camphene (derived from pine trees) [68] was investigated to adjust the viscosity of AESO. To form the double emulsions, mineral oil was used as the inner phase with a flow rate varying between 10–40 μL·min−1, while the middle flow rate was kept constant at 24 μL/min with AESO:3IBOA and the outer flow rate at 370 μL·min−1 of PVA 5 wt% with 0.5 wt% of acrylic acid. The double emulsions were successfully formed at lower flow rates, typically around 10 μL/min for inner phase, as shown in Figure 9a.



However, lower flow rates for the middle phase resulted in a small throughput of formed material and also thicker shells. Once there was an increase in the inner flow rate, the fluid started dragging down the channel (Figure 9a). The threshold between dripping and dragging was typically between 30 and 40 μL/min, for flows of 24 and 370 μL/min for middle and outer fluids, respectively (Figure 9d). This transition between dripping and jetting for microfluidics is a well-understood phenomenon, mainly governed by the capillary number [69,70]. When there is an increase in the capillary number, typically due to an increase in flow rate and/or increased viscosity, the phase starts dragging down the channel. Furthermore, the hydrophobicity of the second half of the channel needs to be ensured, in order to hinder this dragging. By increasing the flow rate even further, the fluid dragged even further down the channel and no double emulsion was formed.



The double emulsion outer diameter varied slightly due to the increase of inner flow rate, with average values of 486 ± 9 μm, as shown in Figure 9c. The low coefficient of variation is confirmed by the narrow distribution of measurements of double emulsion. By varying the inner flow rate between 15 and 40 μL/min, the calculated shell thickness varied between 36–67 μm (Figure 9d). At these flow rates, the throughput of material varied between 2.4 and 3.9 g/h. This is a low throughput, with previous reports of capsules being formed stable at flow rate of 13 g/h [18]. However, more chips can be placed in parallel increasing the production up to 6-fold. Figure 9e represents typical double emulsions used for outer diameter measurements, as well as microcapsules (Figure 9f), formed at flow rates of 29.8, 24 and 370 μL/min for inner, middle and outer fluids, respectively.




3.3. Characterisation of Microcapsules and Shell Materials


The core–shell structure was successfully formed and effectively retained the model core material. To examine this, capsules were formed with flow rates of 20 μL/min of mineral oil as the inner phase, 24 μL/min of AESO:3IBOA as the middle phase and 363 μL/min of PVA 5 wt% with 0.5 wt% acrylic acid as the continuous phase. This produced double emulsions (Figure 10a) and microcapsules (Figure 10b) with a size of 493 ± 11 μm and calculated shell thickness of 57 μm. Unlike other microcapsules, and the material formed with AESO:3HDDA, it was remarkably difficult to distinguish between the core and shell structure using only optical microscopy, both for the double emulsion and the microcapsules. The core shell structure was confirmed by lightly pressing the microcapsules in between two glass slides by which the capsules ruptured as shown in Figure 10c, where the shell is clearly visible. Scanning electron microscopy (Figure 10e,f) confirmed the ruptured capsules and revealed a shell thickness around 59 µm.



Furthermore, thermogravimetric analysis (TGA) was used to investigate the behaviour of the microcapsules at elevated temperatures, as shown in Figure 10d. In this case, three distinct peaks were observed: (i) the first, from 195–325 °C, where 66% of weight was lost, associated with the loss of core and shell material; (ii) the second, peaking around 465 °C, associated with decomposition of mineral oil (orange line); and (iii) the third from 465 °C onwards, associated with the decomposition of only the acrylate shell. Thus, considering the weight of the capsules and the bulk shell at 518 °C, it is estimated that 62% of the weight was associated with the shell material and 38% was attributed to the core. Combining this with the inner and middle flow rates, and assuming the density of the middle layer was the same as the density of IBOA, resulted in an encapsulation efficiency of 92%. During the production of the capsules, virtually no density mismatch deformation of the shell was observed, resulting in no loss of the core. This was attributed to the low interfacial tension in between the core and the acrylates, as well as the similar density of the shell and core. As a result, the production rate was 2.38 g/h, measured by collecting the capsules for 30 min and followed by filtering and drying.



Beyond effectively retaining the core, another relevant characteristic of the microcapsules was the timely release of its core when triggered. In the case of physically triggered self-healing, the formation of the crack in the matrix also triggers the shell, resulting in the release of the core. The likelihood of a crack encountering microcapsules and triggering self-healing is largely dependent on three factors: (i) the Young’s modulus of the capsules, (ii) the interfacial bonding between the capsule and matrix, and (iii) the tensile strength of the shell [44,71]. For this, the Young’s modulus of the shell, as well as its tensile strength, play a key role. For AESO:3IBOA, i.e., the sample with 75 wt% IBOA, the Young’s modulus was 1.7 ± 0.4 GPa and the ultimate tensile strength was 29.2 ± 7.7 MPa with a strain of 2.1 ± 0.8%, as depicted in Figure 11a. Results with a similar order of magnitude have previously been reported for similar mixtures of AESO and isobornyl acrylates [72,73]. The mismatch in elastic modulus between the capsules’ shell and the cementitious matrix, contributes to the crack being attracted by the microcapsules [44,71]. Although the shell material presents a tensile strength higher than typical values for cementitious systems, and higher than some capsules described in Figure 4, by adjusting the interfacial bonding and the shell thickness of the capsules, physical triggering can be promoted. Furthermore, other reactive diluents [73] could be explored with the aim of adjusting the viscosity while enabling suitable mechanical properties. Figure 11b demonstrates DMA curves of the AESO:3IBOA with the glass transition temperature (Tg) values determined from the peak temperatures of tan δ curve. The acrylate showed a storage modulus at 25 °C of 1 × 1013 Pa and Tg of 56 °C. Using Equation (2), the ductile transition temperature for the AESO:3IBOA shell can be estimated as 42 °C, precisely in the range of cement temperature during curing.




3.4. Production of Microcapsules for Physically Triggered Self-Healing


The physical triggering of microcapsules is facilitated by increasing the interfacial bonding between the capsules and the cementitious matrix and decreasing the shell thickness. However, the hydrophobic nature of the acrylate layer hinders the formation of polar and covalent bonds with the cement mix. In order to enhance the bonding between the capsules and the cement paste, the shell surface was functionalised with polar groups, increasing the likelihood of the capsules bonding with the matrix. To demonstrate this, double emulsions (Figure 12a) and microcapsules (Figure 12b) were produced with flow rates of 49.8, 19 and 432 μL·min−1 using mineral oil as the inner phase, AESO:3IBOA as the middle phase and PVA 5% with 1 wt% acrylic acid as the outer phase. During the polymerisation, those acrylic groups were added to the surface of the capsules [17]. Despite the presence of acrylic acid in the outer phase, no clustering of the shells was observed during the production of microcapsules, as shown in Figure 12b,c. Double emulsions (Figure 12a) and microcapsules (Figure 12b) with sizes of 481 ± 4 µm were produced with a calculated shell thickness of 25 µm. After rupturing a subset of the microcapsules in-between glass slides, a thin shell was observed, as well as core release, as depicted in Figure 12c. These capsules were cast in cement paste, (w/c = 0.45) and SEM was used to examine shell rupture. Multiple broken microcapsules were observed on the crack surface, confirming the likelihood of the timely release of the core, appropriated for physical triggering (Figure 12d–f). Furthermore, a shell thickness of around 6 μm (Figure 12e,f) was observed, indicating a possible miscalibration of the pressure pump. The formation of hydrating products on the surface of the acrylate shell (Figure 12d) indicated the effective functionalisation of the shell and enhanced interfacial bond strength. A nondestructive XCT scan was performed in order to examine the uniform distribution of microcapsules throughout the cement paste sample. Figure 12g–i depicts the 2D reconstruction of the samples, where the light grey represents the cement paste and the dark grey circular dots around 500 μm represent the microcapsule distribution. Small dark grey circles ~100 μm are also observed and associated with air bubbles [74]. A 3D reconstruction of the sample (Figure 12h) with a green shell surface demonstrates the uniform distribution of microcapsules throughout the sample. According to the literature, capsules can agglomerate within the matrix through two distinct mechanisms: if the capsules cluster during its production, during the photopolymerisation or filtering step, it is possible that they do not separate during mixing and therefore remain in clumps [51]. In this study, however, agglomeration was prevented by collecting the capsules in PVA solution, as shown in Figure 12b, which depicts clearly dispersed capsules. Alternatively, the density differences accentuated by the shaking table may cause the capsules to float and concentrate closer to the cementitious matrix’s surface [75]. Adjusting the material’s viscosity and/or the capsules’ density can reduce this anisotropy. Consequently, a number of authors have reported the uniform distribution of capsules in cementitious matrices for both laboratory tests and in situ applications [50,76,77]. To further understand the performance of these new microcapsules, the encapsulation of healing agents, instead of model mineral oil as inner fluid, followed by quantification of self-healing performance is recommended.





4. Conclusions


This study demonstrates for the first time the production of self-healing microcap-sules with biobased acrylate shells using microfluidics. A throughout review of the literature was performed, considering a wide range of biobased acrylates according to global production and parameters associated with physical triggering and survival during mixing. According to those parameters, soybean oil was the most suitable contender for the production of acrylated microcapsules. The viscosity is another key parameter governing the applicability of these acrylates for microcapsules production using microfluidics, thus the acrylated epoxidised soybean oil (AESO) viscosity was adjusted to the range of 30–50 mPa·s with 1,6-hexanediol acrylate (HDDA) and biobased isobornyl acrylate (IBOA). However, the use of 75 wt% of the shell as HDDA remains an issue due to the high carbon content derived from fossil fuels. Capsules were successfully produced using IBOA and AESO as shell, with outer diameter of 486 ± 9 μm with calculated shell thickness ranging between 36 and 67 μm. SEM and OM demonstrated a clear core–shell structure and confirmed the calculated shell thickness of the capsules. The retention of mineral oil was confirmed by thermogravimetric analysis of dried capsules and indicated that ~50% of the capsules consisted of the core material. Furthermore, production rates of 2.38 g/h were confirmed, resulting in an 92% encapsulation efficiency. The uniaxial tension test of AESO with 75 wt% IBOA was conducted, resulting in a Young’s modulus of 1.7 ± 0.4 GPa, ultimate tensile strength of 29.2 ± 7.7 MPa and a strain at failure of 2.1 ± 0.8%. Using DMA, the ductile transition temperature was estimated as 42 °C, increasing the likelihood of the capsules surviving mixing. Microcapsules were produced with a size of 481 ± 4 μm and functionalised shells’ surface and embedded in cement paste; upon introducing a crack in the cementitious matrix, several broken capsules were observed, with a measured shell thickness around 6 μm. Furthermore, good interfacial bonds between the capsules and the cement paste were observed, facilitating the rupture, and XCT confirmed a good distribution of the capsules throughout the samples. These results support the extensive application of biobased resins for the creation of novel sustainable microcapsules for self-healing in cementitious materials.
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Figure 1. Production pathway of acrylates using fossil fuel and renewable resources. Created using BioRender.com. 
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Figure 2. Shear viscosity of AESO, AESO:HDDA, AESO:3HDDA, AESO:IBOA and AESO:3IBOA. 
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Figure 3. Schematics of the microfluidic production of microcapsules used in this work. Created with BioRender.com. 
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Figure 4. Schematic of work carried out in this study. Dashed lines indicate work carried out using HDDA to decrease the viscosity. 
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Figure 5. Tensile strength of selected acrylates [10,17,36,37,38,39,40,41,42,43,45,46,47,49,50,52,53,54,55,56,57,58,59,60]. Teal bars indicates materials previously used whereas the orange bars represent biobased acrylates. 
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Figure 6. Ductile transition temperature of selected acrylates [36,37,38,39,40,41,42,43,52,53]. Acrylate with glass transition temperature in the range of 35–80 °C are indicated in teal. 
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Figure 7. Global production of oils [62,63,64,65,66]. 
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Figure 8. Production of microcapsules with soybean oil-based shell. (left) Double emulsions produced with mineral oil, AESO:3HDDA 1:3 and PVA5% as inner, middle and outer phase; (right) Microcapsules formed after the photopolymersiation of the double emulsion template. Scale bar: 500 µm. 
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Figure 9. Formation of microcapsules using AESO:3IBOA. Dragging (a) and dripping (b) regime where the double emulsion is formed; (c) box plot of outer diameter of the double emulsions; (d) outer diameter and calculated inner diameter for the double emulsions; Double emulsions (e) and capsules (f) formed at flow rates 29.8, 24 and 370 μL/min for inner, middle and outer fluids. Scale bar indicates 500 μm. 
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Figure 10. Microcapsules produced at flow rates of 19.8, 24 and 363 μL/min for with mineral oil as inner, AESO:3IBOA as middle and PVA 5% as outer. Optical microscopy of (a) double emulsions (scale bar 500 μm), (b) microcapsules (scale bar 500 μm) and (c) ruptured microcapsules (scale bar 200 μm); (d) thermogravimetrical analysis of formed microcapsules; (e) SEM of ruptured microcapsules (scale bar 800 μm) and (f) SEM showing the core–shell structure of formed microcapsules (scale bar 100 μm). 
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Figure 11. Mechanical characterisation of AESO:3IBOA. (a) tensile stress–strain curve and (b) Modulus–temperature and tangent delta–temperature curves gathered by DMA. 
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Figure 12. Microcapsules with functionalised shell produced at flow rates of 49.8, 19 and 432 μL/min for with mineral oil as inner phase, AESO:3IBOA as middle phase and PVA 5% with 1 wt% acrylic acid as outer phase. Optical microscopy of (a) double emulsions, (b) microcapsules and (c) ruptured microcapsules (scale bar 500 μm); SEM showing the microcapsules embedded in cement paste ((d,e): scale bar 10 μm; (f): scale bar 20 μm); XCT of cement paste showing the dispersion of microcapsules in 2D ((g,i,j); scale bar 2 mm) and 3D (h). 
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