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Abstract

:

The large increase in the world population has resulted in a very large amount of construction waste, as well as a large amount of waste glycerol from transesterification reactions of acyl glycerides from oils and fats, in particular from the production of biodiesel. Only a limited percentage of these two residues are recycled, which generates a large management problem worldwide. For that reason, in this study, we used crude glycerol as a carbon source to cultivate polyhydroxyalkanoates (PHA)-producing mixed microbial cultures (MMC). Two bioproducts derived from these cultures were applied on the surface of concrete with recycled aggregate to create a protective layer. To evaluate the effect of the treatments, tests of water absorption by capillarity and under low pressure with Karsten tubes were performed. Furthermore, SEM-EDS analysis showed the physical barrier caused by biotreatments that produced a reduction on capillarity water absorption of up to 20% and improved the impermeability of recycled concrete against the penetration of water under pressure up to 2.7 times relative to the reference. Therefore, this bioproduct shown to be a promising treatment to protect against penetration of water to concrete surfaces increasing its durability and useful life.
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1. Introduction


Global demographic problems, with uncontrollable growth of population, greatly increase the demand for energy [1] and construction materials [2] over the past decade, combining the need to make the latter sustainable into a major global challenge nowadays.



Increase in construction activities has led to a rapid depletion of natural resources, particularly aggregates which are utilized in the production of mortars and concrete [3]. The depletion grow is doubling annually, according to a report by Transparency Market Research, reaching 2.2 billion tons by 2025 [4]. At the same time, there is an immense amount of construction and demolition waste, which in turns generates an important management problem that affects everyone.



All waste materials and by-products should be recycled and reintroduced in the productive chain for the purpose of preserving the environment. One of the most efficient strategies employed in addressing problems related to solid wastes consists on recovering usable materials from waste and use them instead of raw materials [2].



The use of recycled aggregates contributes to decrease the amount of construction and demolition waste produced, but the main problem with the use of recycled aggregates is that as numerous studies have shown [5,6,7,8,9,10], this type of aggregates have lower performance compared to natural aggregate. They present higher water absorption capacity and porosity, lower density, and higher Los Angeles abrasion capacity, which causes a decrease in the properties of the concrete with recycled aggregate. For this reason, it is necessary to enhance the properties and extend the service life of all types of concrete and specially the recycled ones. High-quality and durable concrete is required to reduce the rapid deterioration of concrete structures in severe conditions. The decline of concrete durability is affected by factors such as carbonation, alkali-silica reaction, sulphate attack, freeze-thaw attack, and chloride penetration [11]. All of them are directly or indirectly related to the permeability of the concrete. Water not only acts as the main agent causing the deterioration of concrete, but also as the transport medium for aggressive substances like sulfate or chloride ions [12]. Therefore, concrete water permeability is closely related to the durability of structures [13].



Biofuels are an alternative renewable fuel developed in order to overcome the world energy crisis caused by the exhaustive use of fossil resources [14]. Their worldwide production has grown exponentially in the last decade, in particularly biodiesel. Biodiesel has demonstrated to be a great alternative combustion fuel compared to petroleum diesel, and for this reason its annual global production increased from 533 MB/d in 2015 to 805 MB/d in 2019 [15].



Crude glycerol (CG) is the main biodiesel by-product, formed during the trans-esterification reaction for biodiesel production [16]. Considered a waste stream, about 10% of the weight of biodiesel is generated as glycerol [17]. The intensification of the use of biodiesel, resulted in a significant glycerol production, which creates a problem of oversupply and leads to a declining glycerol market price [18]. Those large amounts of CG become a major environmental issue due to the high cost of purification for most fine glycerol applications and also problems related to its landfilling [19]. Since glycerol has low solubility in hydrocarbons, high viscosity, and thermal instability at high temperature, it cannot be added to conventional fuel, discouraging its application as an additive in the combustion engine [20]. Further utilizations of CG were proposed such as its utilization as a carbon source for mixed microbial culture (MMC) in polyhydroxyalkanoates (PHAs) production [14].



Polyhydroxyalkanoates, biopolyesters produced by a vast array of prokaryotic Bacteria and Archaea [21], are eco-friendly and renewable materials [22]. The microorganisms are able to produce PHA can do so during their grown phase [23,24] or in response to various stress conditions, for example with an excess of carbon source and limited concentrations of phosphate, nitrogen, sulfur, or oxygen [25]. PHAs are generally classified into three different classes according to the number of carbons in their monomers: short-chain length, scl-PHA (3–5 carbons), medium-chain length (6–16 carbons), and long-chain length (more than 17 carbons) [26,27]. These polymers can be both thermoplastic or elastomeric, being the simplest one poly(3-hydroxybutyrate) (P(3HB)) [28]. This homopolymer is brittle and present high crystallinity, which limits its applications [29]. The presence of a second monomer, in order to obtain a more elastic and flexible copolymer, expand the number of utilizations of those polymers [30]. Due to PHAs lack of water sorption and diffusion, low porosity and wettability [31], they are considered materials with great potential for protection of concrete surface against harmful environmental agents.



This study proposes a new alternative to control both management issues, relying on the utilization of CG as carbon source for the production of bioproducts derived from polyhydroxyalkanoates-producing MMC, using these bioproducts applied on the surface of recycled concrete. The capacity of the bioproducts to protect the surface by creating a physical barrier for water absorption was analyzed by a combination of tests and microscopic observation under scanning electron microscope (SEM) and energy dispersive spectrometry (EDS). The different tests and analyses carried out are intended to prove that treatment with the biopolymers avoided the penetration of water and, therefore, by decreasing of the multi-scale hydrophilicity inherent to concrete can extend its durability. The ultimate aim of this study is to evaluate this novel treatment to improve the durability of recycled aggregate concrete, in an environmentally friendly way and also to contribute to the management of two very large wastes worldwide, namely glycerol and construction waste.




2. Materials and Methods


2.1. Materials


2.1.1. Concrete


Concrete samples were produced with the composition listed in Table 1. Concrete components included Portland cement 42.5 N/SR CEM III/A, natural river sand (0/4 mm) and, as coarse aggregate (4/16 mm), a mix of 50% blend of natural siliceous gravel and mixed recycled aggregate (MRA), from a construction and demolition waste management plant of TEC-REC, Tecnología y Reciclado S.L. located in Madrid. The composition of the MRA is presented in Table 2. All aggregates were characterized to ensure that they meet the requirements established by the Spanish structural concrete code EHE-08 [32] and European standard EN 12620 + A1 [33]. The recycled concrete had a water/cement ratio of 0.5 and a target strength of 25 MPa, which has previously been evaluated by García-González et al. [34].



To counteract the higher water sorptivity associated with recycled aggregate due to the presence of bound mortar on the surface and the nature of the masonry/fired clay fraction comprising, the MRA was pre-soaked in keeping with industry practice for manufacturing recycled concrete suitable for applications not requiring high mechanical strength [35].



Two types of samples were prepared: a 400 mm × 100 mm × 100 mm prismatic sample for the Karsten tube test and ten 100 mm × 100 mm × 100 mm cubes for the determination of capillary water absorption. Steel molds were used for casting of samples. The compaction of samples was carried out in three layers using a poker vibrator. Samples were flattened with a smooth steel-trowel then covered with plastic to prevent early evaporation. Specimens were stripped from their molds after 24 h and placed in a curing room at 20 ± 2 °C and about 100% relative humidity for 28 days.




2.1.2. Bioproducts


The bioproducts, resulting from exploiting of mixed microbial cultures (MMC) grown with crude glycerol as substrate, was produced with a culture medium containing tap water and ammonia as nitrogen source. The PHA-accumulating culture enrichment was performed in a reactor operated as a sequencing batch reactor (SBR) with a working volume of 1500 mL [14] and operated under feast/famine conditions [36]. The type of PHAs produced by the MMC were mainly of the scl-PHA type, P(3HB) or P(3HB-3HV). The waste biomass from the reactor was diluted with water for a concentration of 2–3 g/L and two bioproducts suspensions were obtained: SG (MMC sonicated to breakdown bacterial cell membranes) and NSG (MMC in which the suspension contained whole, non-sonicated, cells). The GP bioproduct was subject to six-cycle of sonication, each with 3 min of ultrasonication followed by a 3 min recycle delay. Both obtained bioproducts yielded a low density, low viscosity and readily applicable formulations to concrete surfaces.





2.2. Treatment of Concrete Surface


The surfaces of concrete specimens were treated with bioproducts in an environment at 40 ± 5% relative humidity and 20 ± 2 °C. For the Karsten tube penetration test, fourteen 50 mm × 50 mm × 100 mm specimens were cut from the molded samples produced. The specimens were divided into three groups, of which five specimens were treated with NSG (non-sonicated) bioproduct, another five were treated with the SG (sonicated) bioproduct and the remaining four specimens were treated with tap water (here designated as H2O) serving as reference group. The treatments were applied in a 50 mm × 50 mm cut surface that was not in contact with the mold after 28 days of curing. Two coats of treatment, at a concentration of 0.1 mL/cm2, were applied drop by drop with pipettes to better ensure uniform distribution across the treated surface and prevent bioproduct overflow.



For the water absorption capillary test, ten cubic specimens of 100 mm × 100 mm × 100 mm were made. The specimens were divided in three groups of three specimens each, except for the reference specimens which were four. All of them were treated in the cut area (that was not in contact with the mold), at an age of 28 days of curing.




2.3. Test Method


The tests used to determine the effectiveness of the bioproduct protection to the surface of concrete are described below.



2.3.1. Water Absorption under Low Pressure of Hardened Concrete


The main objective of this test was to analyze the resistance to water penetration [37] after treatment of the concrete surface with the bioproducts. It simulates the pressure of driving rain, a pressure that can “break” the water repellent behavior of a treated material [38]. The test was performed after three days of the application of the bioproducts, with Karsten tubes. Karsten tubes consisted of a 30 mm diameter dome joined with a calibrated glass tube with volumetric graduation (10 mL = 10 cm water column) (Figure 1).



For the test, using the standard EN 16302 [39], the glass dome was adhered to the test surface by means of an airtight seal. In this way it was possible to compare the amount of time it took to absorb 1 mL of water, under the pressure of 10 cm of water column. The reason for limiting the volume of water absorbed by the specimens to 1 mL was due to the high absorption times which occurs naturally in the concrete surfaces. The number of specimens used for each treatment (NSG, SG and H2O) allowed the average absorption time to be calculated for each of the biotreatments. To be able to analyze the evolution of the effect of the bioproducts on the treated surface over time, specimens were tested after 3, 7, 14, 21, 28, 42, 60, and 90 days after the biotreatment.




2.3.2. Water Absorption by Capillarity of Hardened Concrete


To ensure water absorption by capillarity only on the faces treated with the bioproducts, the sides of the specimens were sealed with wax with a 1 cm high layer. The specimens were conditioned according to EN 83966 [40] and the test was performed following EN 83982 [41].



Three days after the application of the different bioproducts, the test was carried out, with humidity and temperature conditions in the test room of 20 ± 2 °C and a relative humidity of 45 ± 15% according to the standard. A lid container with a levelling plastic grille inside (Figure 2) on which the specimens were placed, was used. The specimens were placed on a level grid and in contact with a 5 mm high water layer and were weighted at intervals of: 5 min, 10 min, 15 min, 30 min, 1 h, 2 h, 3 h, 4 h, 6 h, 24 h, 48 h, and 96 h, until the mass was constant (when the difference in mass between two consecutive weighing was less than 0.1%).



In order to more deeply investigate the efficacy of the biotreatments, the capillary absorption coefficient (k) of each of the specimens was calculated, using Equation (1) taken from EN 83982 [34], in combination with the experimental capillary curves:


  k =   δ a ∗ ε   10 ∗  m     



(1)




where k is the capillary absorption coefficient (kg m−2 min0.5), δa is the density of the water considered (1 g/cm3), ε is the effective porosity of the previously calculated concrete (cm3/cm3) and m is the water penetration resistance by capillary absorption calculated previously (min/cm2).




2.3.3. SEM and EDS Analysis


For the concrete specimens, in addition to the Karsten tube and capillary absorption tests, SEM and EDS analysis were carried out to microscopically analyze the disposition and chemical compositions of the bioproduct on the concrete surface. Tests were performed on a scanning electron microscope type JSM-6980LV (Jeol Ltd., Tokyo, Japan), using AZtec (Aztec SP2, version 4.0; EDS Software of Oxford instruments: High Wycombe, UK, 2018), coupled to EDS-detector type Oxford instrument ultimmax (High Wycombe, UK). Four specimens were analyzed, two for each biotreatment. Two of them were analyzed with EDS before performing the Karsten tube test, the other two were analyzed after completing the Karsten tube test, choosing those specimens that had obtained the best results, not only considering the longer absorption times, but also the homogeneity on the surface of the specimens. The specimens were cut in dimensions of 20 mm diameter and 10 mm high, to perform the SEM and EDS analysis. For SEM data acquisition, a large field detector (LFD) and a pressure of 0.3 mbar were chosen. Images were taken at a magnification of 100×, and an acceleration voltage of 20 kV. For EDS analysis, the same conditions as SEM data acquisition were used.






3. Results and Discussion


3.1. Water Absorption under Low Pressure


Figure 3 shows the mean absorption times of the different specimens treated with the two bioproducts NSG, SG, and the reference, in which only water was applied. The evolution of the behavior of the different treatments over time is also represented through the eight test results made at different ages.



After three days of treatment and according to the obtained results, both bioproducts increased the water absorption times, by 2.7 times for the SG and 2.3 times for the NSG this result can be primary justified by the hydrophobic nature [26] of PHA and the presence of other organic compounds [42] associated with the MMC [43]. Over time the water absorption capacity of treated concrete specimens decreased progressively, as with the different treatments analyzed by Zhao et al. [44]. This behavior is probably due to the washing effect caused by the Karsten tube test performed successively in the same surface. Nevertheless, after 90 days and eight Karsten tube water absorption tests, the specimens treated with the bioproducts showed an uptake time 30% longer than the reference specimens. The washing effect was also observed in the reference specimens, decreasing the uptake times by more than 14%. Liu et al. [45], studying the microbially induced carbonate precipitation on clay tiles, showed a reduction between 46% and 92% in the water absorption rate.



In the Figure 3, it was also possible to observe the difference in behavior between both bioproducts. During all tests, a higher mean uptake time was detected in the specimens treated with SG, accounting for more than 22% in comparison to the ones treated with NSG. This result could be explained by the nature of the bioproduct since, after the sonication process, the cell walls of the MMC were broken down, releasing the cellular content that acted differently on the concrete surface and presenting a more homogeneous treatment, which was translated into longer absorption times.




3.2. Water Absorption by Capillarity


The body of water accumulated as a function of time, showing the capillary absorption process of the specimens, is shown in Figure 4. The entire capillary absorption process could be divided into a rapid first step, dominated by the capillary force when the waterfront had not reached the top of the specimen [46,47] and a second step mainly governed by the diffusing out of the entrapped air after the waterfront reached the top of the specimen [46,48]. The results showed that both treatments had a significant effect when water penetrates by capillary suction, improving by more than 20% the protective capacity for SG and more than 13% for NSG. In comparation, the use of cactus on concrete applied by impregnation on the surface, reduces capillary absorption about 40% Chandra, et al. [49], De Muynck et al. [50] and Achal et al. [51] using induced bacterial carbonate precipitation on the surface of mortars, reduced the capillary water absorption by 40–60% and 84%, respectively. Chandra and Aavik [52] observed a reduction in capillarity between 37.5% and 87.5% when introducing black gram in addition as admixture in concrete. On the other hand, comparing the results with those obtained by Andreotti et al. [53], when using a solution of the terpolymer PHBVV on stone, a reduction on the degree of protection to capillary absorption of 68–91% was observed. Furthermore, comparing the effect of the use of MMC grown with crude glycerol in the formulation of air lime mortars in Oliveira et al. [43], a lower protective capacity of the bioproduct against capillary absorption (17%) was observed. As can be observed, the variability in the results is very large, depending directly on both the characteristics of the substrate [54], on the nature of the treatment used and on the manner of application of this, if kneaded or superficially [49].



All specimens performed consistently from the first weighing to the last one. The reference specimens (treated with water) were the ones that absorbed the highest amount of water, followed by the specimens treated with NSG and, finally, the specimens treated with the sonicated bioproduct were the ones that absorbed the lowest amount of capillary water. As seen in the Figure 4, SG was more effective in the surface protection of concrete than NSG, reducing the absorption of water by capillarity by up to 10%, which was in line with the results obtained in the Karsten tubes test. The explanation to this efficacy may follow the same reasoning: the rupture by sonication of the MMC cell walls makes the bioproduct more effective.



The efficacy of the bioproducts as hydrophobic agents on the concrete surface, can be further supported by the mean values of capillary absorption coefficients (k) shown in Table 3. As can be noted, the values obtained fulfil the minimum requirement for the coated concrete ingress established in EN 1504-02 [55], which the water permeability coefficient should not exceed 1.29 × 10−2 kg m−2 min0.5. Those values confirmed that the use of the bioproducts reduced the absorption coefficient in the case of SG by more than 17% and in the case of NSG by 14.5% when compared to the reference specimens.




3.3. SEM and EDS Analysis


The images obtained by SEM analysis allowed to observe the physical barrier created by the bioproducts on the surface of the treated concrete specimens, Figure 5. It was possible to distinguish the lifting that had occurred in some points of the surface due to the effect that the water wash had on the biopolymer treatment as for the SG specimen (Figure 5a). Also, it was possible to observe that the sonicated bioproduct had a distribution more homogeneous that the non-sonicated (Figure 5). On the other hand, in the mapping of carbon element of the two biopolymers after (Figure 6) it is possible to appreciate that the percentage of carbon content after the test with the Karsten tubes is higher in SG than in NSG.



The EDS spectra (Figure 7) allowed to identify the elemental surface composition of the untreated (control) concrete specimens, and treated with the two bioproducts, before and after eight cycles of tests with the Karsten tubes (Table 4). As can be seen, the carbon content of untreated concrete is 10%, which accounts for 49% in the case of the sonicated biopolymer and 44% in the non-sonicated, due to the organic origin of the biopolymers. After the Karsten tube test, the percentage of carbon content decrease of 48% in the SG specimens and 52% in NSG specimens, caused by washing the surface of the specimens as a result of the test with water under pressure was observed. As can be seen from these values, the observation in Figure 6 is corroborated, the percentage of carbon content in the SG was higher than in NSG, before and after the Karsten tube test, with an approximate difference before the test of 10%, and to 15% after the test. All SEM-EDS results indicated that the sonicated bioproduct when applied as a surface treatment was more resistant to washing, had a higher concentration of intracellular components of MMC due to the rupture of the cell walls and has a more homogeneous distribution on the surface of the concrete. Additionally, it confirmed the results obtained in the two previous tests, where SG was more effective, presenting a more significative water-repellent effect than NSG, as in García-González et al. [56], with the application of MMC bioproduct on cement mortar, limestone, and brick.





4. Conclusions


Bioproducts obtained from waste biomass of PHA-accumulating MMC using crude glycerol as a carbon source, either sonicated and non-sonicated, were applied on the cut surface of concrete produced with recycled aggregates. The treated surfaces were tested for water absorption by capillary and under low pressure. The treated surface was observed by SEM-EDS.



Based on the results obtained in this research, the following conclusions can be drawn:




	
The bioproduct subjected to the sonication process, a process in which the cell walls of the MMC were broken, showed a higher effectiveness than the non-sonicated bioproduct; and



	
With the assessment of the behavior of the biotreated concrete specimens over 8 cycles of Karsten tube tests, it was shown that, although the effectiveness of the biotreatment decreases over time, they still showed a high resistance to water absorption when compared to the reference specimens (treated with water), presuming a longer useful life of recycled concrete.








Furthermore, regarding environmental impact, the incorporation of crude glycerol as the carbon source for the production of the bioproduct used to improve the capacities of recycled concrete and its durability is perceived as a promising solution to reduce the environmental impact of both construction waste and biodiesel by-product, in terms of pollution, waste disposal, energy consumption, and natural resources.



In summary, the present study demonstrated the effectiveness of these bioproducts to protect the surface of recycled aggregate concrete, preventing its deterioration caused by penetration of water and other possible harmful external agents. Being a potential way of improving the performance of recycled concrete, it can contribute to a more spread use of recycled C&DW aggregates, thereby helping to reduce the volume of such waste.







Author Contributions


Conceptualization, L.S.-G. and J.G.-G.; methodology, L.S.-G., D.M.-M. and J.G.-G.; software, L.S.-G.; validation, J.G.-G. and A.J.-V.; formal analysis, L.S.-G.; investigation, L.S.-G., D.M.-M. and M.I.G.-R.; resources, P.C.L., A.S.P. and P.F.; data curation, L.S.-G.; writing—original draft preparation, L.S.-G.; writing—review and editing, L.S.-G., P.C.L., A.S.P., P.F., J.G.-G., A.J.-V., J.M.M.-d.P. and M.I.G.-R.; visualization, A.J.-V.; supervision, J.G.-G. and A.J.-V.; project administration, J.M.M.-d.P. and A.J.-V.; funding acquisition, J.M.M.-d.P. and A.J.-V. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by the Project BIA2017-83526-R “Self-healing processes using bio-polymers in recycled concrete and mortars”, funded by the Ministry of Science, Innovation and Universities. This work was also supported by the Civil Engineering Research and Innovation for Sustainability Unit (CERIS), Applied Molecular Biosciences Unit (UCIBIO-REQUIMTE) and Associate Laboratory for Green Chemistry (LAQV-REQUIMTE), which are financed by national funds from FCT (UIDB/04378/2020, UIDB/04625/2020 and UID/QUI/50006/2020, respectively) and co-financed by the ERDF under the PT2020 Partnership. Paulo C. Lemos acknowledge the support by FCT for contract IF/01054/2014/CP1224/CT0005.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available on request from the corresponding author.




Conflicts of Interest


The author declares no conflict of interest.




References


	



Wong, W.Y.; Lim, S.; Pang, Y.L.; Shuit, S.H.; Chen, W.H.; Lee, K.T. Synthesis of renewable heterogeneous acid catalyst from oil palm empty fruit bunch for glycerol-free biodiesel production. Sci. Total Environ. 2020, 727, 138534. [Google Scholar] [CrossRef]

	



Hamada, H.M.; Skariah Thomas, B.; Tayeh, B.; Yahaya, F.M.; Muthusamy, K.; Yang, J. Use of oil palm shell as an aggregate in cement concrete: A review. Constr. Build. Mater. 2020, 265, 120357. [Google Scholar] [CrossRef]

	



Mo, K.H.; Thomas, B.S.; Yap, S.P.; Abutaha, F.; Tan, C.G. Viability of agricultural wastes as substitute of natural aggregate in concrete: A review on the durability-related properties. J. Clean. Prod. 2020, 275, 123062. [Google Scholar] [CrossRef]

	



Redling, A. Construction Debris Volume to Surge in Coming Years. Available online: https://www.cdrecycler.com/article/global-volume-construction-demolition-waste/ (accessed on 21 October 2020).

	



De Juan, M.S.; Gutiérrez, P.A. Study on the influence of attached mortar content on the properties of recycled concrete aggregate. Constr. Build. Mater. 2009, 23, 872–877. [Google Scholar] [CrossRef]

	



Evangelista, L.; de Brito, J. Durability performance of concrete made with fine recycled concrete aggregates. Cem. Concr. Compos. 2010, 32, 9–14. [Google Scholar] [CrossRef]

	



Zhao, Z.; Wang, S.; Lu, L.; Gong, C. Evaluation of pre-coated recycled aggregate for concrete and mortar. Constr. Build. Mater. 2013, 43, 191–196. [Google Scholar] [CrossRef]

	



Tabsh, S.W.; Abdelfatah, A.S. Influence of recycled concrete aggregates on strength properties of concrete. Constr. Build. Mater. 2009, 23, 1163–1167. [Google Scholar] [CrossRef]

	



Kou, S.C.; Poon, C.S. Enhancing the durability properties of concrete prepared with coarse recycled aggregate. Constr. Build. Mater. 2012, 35, 69–76. [Google Scholar] [CrossRef]

	



Peled, A.; Peled, A.; Shah, S.P. Corrosion of Steel Bars in Cracked Concrete under Marine Environment. J. Mater. Civ. Eng. 2016, 1561, 192–199. [Google Scholar] [CrossRef]

	



Sandra, N.; Kawaai, K.; Ujike, I. Influence of copper slag on corrosion behavior of horizontal steel bars in reinforced concrete column specimen due to Chloride-induced corrosion. Constr. Build. Mater. 2020, 255, 119265. [Google Scholar] [CrossRef]

	



Basheer, L.; Kropp, J.; Cleland, D.J. Assessment of the durability of concrete from its permeation properties: A review. Constr. Build. Mater. 2001, 15, 93–103. [Google Scholar] [CrossRef]

	



Liang, M.; Feng, K.; He, C.; Li, Y.; An, L.; Guo, W. A meso-scale model toward concrete water permeability regarding aggregate permeability. Constr. Build. Mater. 2020, 261, 120547. [Google Scholar] [CrossRef]

	



Freches, A.; Lemos, P.C. Microbial selection strategies for polyhydroxyalkanoates production from crude glycerol: Effect of OLR and cycle length. New Biotechnol. 2017, 39, 22–28. [Google Scholar] [CrossRef]

	



U.S Energy Information Administration. Washington DC International Biofuel Production. Available online: http://www.eia.gov (accessed on 18 October 2020).

	



Kumar, L.R.; Yellapu, S.K.; Tyagi, R.D.; Zhang, X. A review on variation in crude glycerol composition, bio-valorization of crude and purified glycerol as carbon source for lipid production. Bioresour. Technol. 2019, 293, 122155. [Google Scholar] [CrossRef] [PubMed]

	



Quispe, C.A.G.; Coronado, C.J.R.; Carvalho, J.A. Glycerol: Production, consumption, prices, characterization and new trends in combustion. Renew. Sustain. Energy Rev. 2013, 27, 475–493. [Google Scholar] [CrossRef]

	



Marx, S. Glycerol-free biodiesel production through transesterification: A review. Fuel Process. Technol. 2016, 151, 139–147. [Google Scholar] [CrossRef]

	



Dobson, R.; Gray, V.; Rumbold, K. Microbial utilization of crude glycerol for the production of value-added products. J. Ind. Microbiol. Biotechnol. 2012, 39, 217–226. [Google Scholar] [CrossRef]

	



Dawodu, F.A.; Ayodele, O.O.; Xin, J.; Zhang, S. Dimethyl carbonate mediated production of biodiesel at different reaction temperatures. Renew. Energy 2014, 68, 581–587. [Google Scholar] [CrossRef]

	



Liu, C.-H.; Chen, H.-Y.; Chen, Y.-L.L.; Sheu, D.-S. The polyhydroxyalkanoate (PHA) synthase 1 of Pseudomonas sp. H9 synthesized a 3-hydroxybutyrate-dominant hybrid of short- and medium-chain-length PHA. Enzyme Microb. Technol. 2020, 143, 109719. [Google Scholar] [CrossRef]

	



Huang, J.; Fu, S.; Gan, L. Foreword. In Lignin Chemistry and Applications; Huang, J., Fu, S., Gan, L., Eds.; Elsevier: Beijing, China, 2019; pp. xv–xvii. ISBN 978-0-12-813941-7. [Google Scholar]

	



Lee, S.Y. Plastic bacteria: Progress and prospects for polyhydroxyalkanoate production in bacteria. Trends Biotechnol. 1996, 14, 431–438. [Google Scholar] [CrossRef]

	



Koller, M.; Muhr, A. Continuous production mode as a viable process-engineering tool for efficient poly(hydroxyalkanoate) (PHA) bio-production. Chem. Biochem. Eng. Q. 2014, 28, 65–77. [Google Scholar]

	



Serafim, L.S.; Pereira, J.; Lemos, P.C. Polyhydroxyalkanoates by Mixed Microbial Cultures. In The Handbook of Polyhydroxyalkanoates; CRC Press: Boca Ratón, FL, USA, 2020; p. 36. ISBN 9780429296635. [Google Scholar]

	



Li, Z.; Yang, J.; Loh, X.J. Polyhydroxyalkanoates: Opening doors for a sustainable future. NPG Asia Mater. 2016, 8, 1–20. [Google Scholar] [CrossRef]

	



Rigouin, C.; Lajus, S.; Ocando, C.; Borsenberger, V.; Nicaud, J.M.; Marty, A.; Avérous, L.; Bordes, F. Production and characterization of two medium-chain-length polydroxyalkanoates by engineered strains of Yarrowia lipolytica. Microb. Cell Fact. 2019, 18, 1–9. [Google Scholar] [CrossRef]

	



Arrieta Dillon, M.; García García, D.; Ferri Azor, J.M.; Aldas Carrasco, M.; Balart Gimeno, R.A.; López Martínez, J. Polihidroxibutirato: Un termoplástico biobasado y biodegradable con interés industrial. Rev. Plásticos Mod. Cienc. Y Tecnol. Polímeros 2017, 113. [Google Scholar]

	



Laycock, B.; Halley, P.; Pratt, S.; Werker, A.; Lant, P. The chemomechanical properties of microbial polyhydroxyalkanoates. Prog. Polym. Sci. 2013, 38, 536–583. [Google Scholar] [CrossRef]

	



Bengtsson, S.; Werker, A.; Christensson, M.; Welander, T. Production of polyhydroxyalkanoates by activated sludge treating a paper mill wastewater. Bioresour. Technol. 2008, 99, 509–516. [Google Scholar] [CrossRef] [PubMed]

	



Rivera-Briso, A.L.; Serrano-Aroca, Á. Poly(3-Hydroxybutyrate-co-3-Hydroxyvalerate): Enhancement strategies for advanced applications. Polymers 2018, 10, 732. [Google Scholar] [CrossRef]

	



Comisión permanente del Hormigón. EHE-08 Code on Structural Concrete, 4th ed.; Fomento, Centro de Publicaciones Secretaría General Técnica Ministerio de Fomento; Ministerio de Fomento: Madrid, Spain, 2010.

	



Dutch Committee for applied research. Dutch Supplement to NEN-EN 12620+A1 “Aggregates for Concrete”; The Netherlands Standardization Institute: Delft, The Netherlands, 2008. [Google Scholar]

	



García González, J.; Valdés, J.; Morán del Pozo, J.; Nele De Belie, A.M. Concrete with Ceramic Mixed Construction and Demolition Waste: Optimization of Physical, Mechanical and Durability Properties by Aggregate Pre-Saturation, Use of Superplasticizers and Microbially Induced Carbonate Precipitation; Elsevier Ltd.: Amsterdam, The Netherlands, 2016. [Google Scholar]

	



García-González, J.; Rodríguez-Robles, D.; Juan-Valdés, A.; del Pozo, J.M.M.; Guerra-Romero, M.I. Pre-saturation technique of the recycled aggregates: Solution to the water absorption drawback in the recycled concrete manufacture. Materials 2014, 7, 6224–6236. [Google Scholar] [CrossRef]

	



Moita, R.; Lemos, P.C. Biopolymers production from mixed cultures and pyrolysis by-products. J. Biotechnol. 2012, 157, 578–583. [Google Scholar] [CrossRef] [PubMed]

	



Galvão, J.; Duarte, R.; Flores-Colen, I.; de Brito, J.; Hawreen, A. Non-destructive mechanical and physical in-situ testing of rendered walls under natural exposure. Constr. Build. Mater. 2020, 230. [Google Scholar] [CrossRef]

	



Stazi, F.; Nacci, A.; Tittarelli, F.; Pasqualini, E.; Munafò, P. An experimental study on earth plasters for earthen building protection: The effects of different admixtures and surface treatments. J. Cult. Herit. 2016, 17, 27–41. [Google Scholar] [CrossRef]

	



AENOR. UNE-EN 16302 Conservation of Cultural Heritage. Test Methods. Measurement of Water Absorption by Pipe Method; AENOR: Madrid, Spain, 2016; p. 16. [Google Scholar]

	



AENOR. UNE 83966 Concrete Durability. Test Methods. Conditioning of Concrete Test Pieces for the Purpose of Gas Permeability and Capilar Suction Test; AENOR: Madrid, Spain, 2008. [Google Scholar]

	



AENOR. UNE 83982 Concrete Durability. Test Methods. Determination of the Capillary Absorption in Hardened Concrete. Fagerlund Method; AENOR: Madrid, Spain, 2008. [Google Scholar]

	



Schaumann, G.E.; Braun, B.; Kirchner, D.; Rotard, W.; Szewzyk, U.; Grohmann, E. Influence of biofilms on the water repellency of urban soil samples. Hidrol. Process. 2007, 21, 2276–2284. [Google Scholar] [CrossRef]

	



Oliveira, A.; Pereira, A.S.; Lemos, P.C.; Guerra, J.P.; Silva, V.; Faria, P. Effect of innovative bioproducts on air lime mortars. J. Build. Eng. 2021, 35. [Google Scholar] [CrossRef]

	



Zhao, Y.X.; Du, P.F.; Jin, W.L. Evaluation of the performance of surface treatments on concrete durability. J. Zhejiang Univ. Sci. A 2010, 11, 349–355. [Google Scholar] [CrossRef]

	



Liu, S.; Wang, R.; Yu, J.; Peng, X.; Cai, Y.; Tu, B. Effectiveness of the anti-erosion of an MICP coating on the surfaces of ancient clay roof tiles. Constr. Build. Mater. 2020, 243, 118202. [Google Scholar] [CrossRef]

	



Lu, J.; Wang, K.; Qu, M.L. Experimental determination on the capillary water absorption coefficient of porous building materials: A comparison between the intermittent and continuous absorption tests. J. Build. Eng. 2020, 28, 101091. [Google Scholar] [CrossRef]

	



Hall, M.R.; Allinson, D. Evaporative drying in stabilised compressed earth materials using unsaturated flow theory. Build. Environ. 2010, 45, 509–518. [Google Scholar] [CrossRef]

	



Gomes, M.I.; Gonçalves, T.D.; Faria, P. Hydric Behavior of Earth Materials and the Effects of Their Stabilization with Cement or Lime: Study on Repair Mortars for Historical Rammed Earth Structures. J. Mater. Civ. Eng. 2016, 28, 04016041. [Google Scholar] [CrossRef]

	



Chandra, S.; Eklund, L.; Villareal, R. Use of cactus in mortars and concrete. Cem. Concr. Res. 1998, 28, 41–51. [Google Scholar] [CrossRef]

	



De Muynck, W.; Cox, K.; Belie, N.D.; Verstraete, W. Bacterial carbonate precipitation as an alternative surface treatment for concrete. Constr. Build. Mater. 2008, 22, 875–885. [Google Scholar] [CrossRef]

	



Achal, V.; Mukherjee, A.; Reddy, M.S. Microbial concrete: A way to enhance durability of building structures. J. Mater. Civ. Eng. 2010, 23, 23–28. [Google Scholar] [CrossRef]

	



Chandra, S.; Aavik, J. Influence of black gram (natural organic material). Addition as admixture in cement mortar and concrete. Cem. Concr. Res. 1983, 13, 423–430. [Google Scholar] [CrossRef]

	



Andreotti, S.; Franzoni, E.; Fabbri, P.; Fabbri, P. Poly(hydroxyalkanoate)s-based hydrophobic coatings for the protection of stone in cultural heritage. Materials 2018, 11, 165. [Google Scholar] [CrossRef] [PubMed]

	



Delucchi, M.; Barbucci, A.; Cerisola, G. Study of the physico-chemical properties of organic coatings for concrete degradation control. Constr. Build. Mater. 1997, 11, 365–371. [Google Scholar] [CrossRef]

	



AENOR. UNE-EN 1504-2. Products and Systems for the Protection and Repair of Concrete Structures. Definitions, Requirements, Quality Control and Conformity. Part 2: Surface Protection Systems for Concrete; AENOR: Madrid, Spain, 2005. [Google Scholar]

	



García-González, J.; Pereira, A.S.; Lemos, P.C.; Almeida, N.; Silva, V.; Candeias, A.; Juan-Valdés, A.; Faria, P. Effect of surface biotreatments on construction materials. Constr. Build. Mater. 2020, 241. [Google Scholar] [CrossRef]








[image: Materials 14 02057 g001 550] 





Figure 1. Concrete specimens tested by Karsten tube absorption test. 
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Figure 2. Concrete specimens in the capillary absorption test. 
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Figure 3. Result of Karsten tube water absorption test for NSG, SG, and H20 treated concrete specimens. 
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Figure 4. Result of water absorbed by capillarity test on concrete, treated with non-sonicated glycerol (NSG), sonicated glycerol (SG), and water. 
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Figure 5. SEM images of SG (a) and NSG (b) after Karsten tube test. The red circles indicate the point from which the EDS spectra was obtained after the Karsten tube test. 
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Figure 6. Secondary electron image of mapping carbon element of SG (a) and NSG (b) after Karsten tube test. 
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Figure 7. EDS spectra of control (untreated) (a), biopolymers before performing the Karsten tube test (b) and after the Karsten tube test (c). 
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Table 1. Recycled concrete composition per m3.
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	Materials
	Composition (m3)





	Water (L)
	215



	Cement (kg)
	391



	Sand (kg)
	716



	Gravel (kg)
	447



	MRA (kg)
	447










[image: Table] 





Table 2. Mixed recycled aggregate components.
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	Components of MRA
	% (wt)





	Unbound aggregate (natural aggregate with no attached cement mortar)
	17.5



	Masonry and fired clay (bricks, tiles, stoneware, sanitary ware…)
	33.6



	Concrete and mortar (natural aggregate with bound cement mortar)
	44.1



	Asphalt
	0.4



	Glass
	0.8



	Gypsum
	3.5



	Other impurities (wood, paper, metals, plastic…)
	0.1
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Table 3. The measurement result of capillary water absorption coefficient of concrete specimens with recycled aggregate treated with NSG, SG, and water.
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	Treatments
	Capillary Water Absorption Coefficient

(kg m−2 min0.5)
	Standard

Deviation





	H2O
	4.57 × 10−4
	4.05 × 10−5



	NSG
	3.91 × 10−4
	3.84 × 10−5



	SG
	3.78 × 10−4
	3.57 × 10−5
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Table 4. Chemical compositions of recycled concrete without any treatment (control) and with NSG and SG biofilms before and after tubes Karsten test.
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Elemental Relative Content (%)






	
Specimens

	
C

	
O

	
Ca

	
Si

	
Al




	
Control

	
10.0

	
47.0

	
8.90

	
20.80

	
5.3




	
NSGbefore test

	
44.3

	
36.1

	
6.70

	
7.80

	
2.0




	
NSGafter test

	
21.5

	
46.1

	
19.3

	
9.30

	
1.4




	
SGbefore test

	
49.0

	
33.1

	
4.10

	
6.20

	
1.3




	
SGafter test

	
25.4

	
45.3

	
12.5

	
12.6

	
1.5
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