Use of fruit and vegetable waste as growth media in bacterial biocementation for ground improvement applications
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Abstract
The paper investigates the use of mixed fruit and vegetable (FV) waste to extract liquid to grow bacteria. The bacteria will be used to induce biocementation of soils and two metabolic pathways are examined.  These are the ureolytic pathway and the carbonic anhydrase pathway (which absorbs CO2). The growing medium produced from fruit and vegetable waste is compared with a commercial growing medium. The results show the feasibility of using FV as a growth medium to successfully biocement soil and coal ash. A typical FV medium contains 3% total sugar and 0.302 mg/100 ml of protein. The results show that vegetable stalks and fruit peel media support the growth of both ureolytic bacteria B. licheniformis and U-1, a carbonic anhydrase-producing bacteria. The use of FV waste to grow bacteria leads to a reduction in biocementation costs for ground improvement applications.
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1. Introduction
Construction industry operations must radically change to meet the objectives of net-zero carbon transition and environmental sustainability. Ground improvement methods are still machinery-heavy and energy-intensive and often rely on Portland cement to improve the ground. For this reason, novel cement, such as biocements, which are produced by the metabolic action of non-pathogenic microorganisms, have been introduced as a potentially more environmentally friendly alternatives to Portland cement (Gomez et al., 2015; Lee, 2014). A barrier to adopting this novel and sustainable cement at an industrial scale is the cost of reagents, with can amount to 60% of the treatment costs (Omoregie et al., 2019). Only limited studies have reported using alternative nutritional sources to cultivate ureolytic bacteria, including kitchen waste (Meng et al., 2021); industrial effluent of the dairy industry (Achal et al., 2009); sludge (Yang et al., 2020); carbide sludge (Yang et al., 2022); Tofu wastewater (Fang et al., 2019); palm oil mill effluent (Omoregie et al., 2023). Variations in the local availability of different wastes have apparently limited the use of these wastes as culture media. Some localities worldwide do not have access to sufficient quantities of these suggested materials, hence the need to explore other sources that can be found easily anywhere. Fruit and vegetable waste in this study was chosen because they account for 45 % of food wasted globally (UNEP, 2021) and can be found in any region of the earth. This is because many fruits and vegetables are first processed to obtain the required product from the fruit with many peels, leaves, stalks, stems, inoperable pulp, and seeds (Esparza et al., 2020; Sagar et al., 2018). Thus, this study aimed at cultivating B. licheniformis, a ureolytic strain and a carbonic anhydrase-producing bacteria strain (which will be referred to as U-1) in a fruit and vegetable medium. If successful, the results from this study would contribute to the dual advantage of tackling food waste management and reducing the costs of the novel, emerging biocements.
2. Materials and methods
2.1. Geomaterials used
Two types of geomaterials were sampled from the railway network in East Anglia, United Kingdom: fine-grained foundation soil of railway embankments susceptible to settlement and coal ash from the top and shoulders of the embankment. Coal ash was historically used for maintaining the height of railway embankments, which were settling due to inadequate compaction (Mavroulidou et al, 2019); it is problematic for railway asset maintenance teams as it is prone to erosion. Thus, biocementation could be used as a solution to erosion problems. Table 1 summarizes salient properties of coal ash and foundation soil.
Table 1: Properties of coal ash and fine-grained foundation soil from East Anglia, United Kingdom
	Parameter
	Foundation Soil
	Coal Ash

	Ash content: (%)
	17.7
	0.96 

	Organic matter content (%)
	3.9
	0.52 

	Specific gravity, Gs
	2.06
	2.45 

	Natural gr moisture content (%) 
	47.5
	5.5 

	pH 
	7.15
	8.08 

	Natural CaCO3 Content
Liquid limit (%)
Plastic limit (%)
Plasticity index (%)
	4.82
40
26
14
	4.01
N/A
N/A
N/A


2.2. Ureolytic and carbonic anhydrase bacteria cultivation
Ureolytic bacteria B. licheniformis isolated by Safdar et al. (2020, 2021) from a railway embankment site was used. The ureolytic bacteria was cultured using NB-urea broth (see Table 1). The carbonic anhydrase named U-1 isolated from the same site was also cultured in a commercially available yeast extract media (Yeast Extract (10 g/L), Sodium Bicarbonate (100 mM), Zinc Sulphate (1 µM)). The fruit and vegetable (FV) culturing media were from the waste collected from the student canteen of London South Bank University, London, United Kingdom: Vegetable waste (50% by weight) and Fruit waste (50% by weight). The waste was processed into bacterial media, as illustrated in Figure 1. The chopped fruit and vegetables were blended into a pulp and filtered to collect the liquor. Serial dilutions were used to get different concentrations of the media.
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Figure 1: Processing of vegetable and fruit waste into culture media
Table 1. NB-urea broth composition
	Ingredient
	Quantity
(g/L)

	Sodium Chloride
	5

	Peptone 
	                  5

	Urea
	2

	Yeast Extract
	1.5

	Beef Extract
	1.5



2.3. Determination of enzymatic activities 
Microbial growth was attested by optical density measurements at 600nm (OD600) of both B. licheniformis and U-1 using a spectrophotometer. The CA enzyme was determined colorimetrically, as employed by Martin et al. (2009) to determine CA activity. Briefly, the activity for p-nitrophenyl acetate hydrolysis was determined at room temperature in a reaction mixture (1.35 ml) of freshly prepared 3 mM p-nitrophenyl acetate in a phosphate buffer (0.13M; pH=7.2). The reaction was allowed to go on for 5 minutes and the change to A348 per min was recorded. Then the carbonic anhydrase activity was characterised by the amount of p-nitrophenol produced per unit of time, and enzyme activity was expressed in terms of U.

		(1)
where ∆A_348 B is the uncatalyzed rate of the reaction, and ∆A_348 T is the catalysed reaction rate after 5 min. The urease activity was determined using the electrical conductivity (EC) method. The activity was expressed in mM of urea hydrolysed per minute and calculated as shown in Eq. 2, where EC1(measured at 1 min) and EC6(EC measured at 5 min) represented EC at different times.

10×11	(2)
2.4. Coal ash biocementation 
Coal ash was treated by a two-stage injection process performed as follows: first, bacteria were injected into the soil column followed by a cementation solution (Calcium Acetate (Ca(CH3COO)2 (0.1M) and Sodium Bicarbonate (NaHCO3) (0.1M)) for the carbonic anhydrase. For the ureolytic pathway, urea and Ca(CH3COO)2 were used as cementation solutions.
3. Results
3.1. Microbial growth
Microbial growth and enzymatic activity of both B. licheniformis and U-1 were investigated. Fig. 2a and b show respectively the microbial growth and urease activity of B. licheniformis, whereas Fig. 2c and 2d show respectively the microbial growth and CA activity for U-1. B. licheniformis and U-1 showed increased growth in both commercial and FV media. B. licheniformis reached its maximum microbial growth of OD600 value of 1.38 and activity of 0.876 mM urea/min. Compared to FV media, the B. licheniformis microbial growth of OD600 value of 0.817 with maximum urease activity of 0.657 mM urea/min at a maximum mixing ratio of 80%. The other mixing fractions of the FV yielded lower growth and activity. On the other hand, microbial growth, and carbonic activity of U-1 in commercial and various fractions of FV show similar trends to B. licheniformis. Fig. 2c and d, show a microbial growth OD600 value of 2.32 for commercial media, whereas the FV showed an OD600 value of 1.75 and maintained it at stable levels. The commercial growth media showed that CA activity reached the maximum of 1.775 U/mL compared to 0.986 U/mL for the FV. 

Compared to other culture media from waste studied in the literature, for example, Tofu wastewater, used as a culture medium for B. cereus NS4, it was found that B. cereus NS4 had high urease activity in commercially available media with 30.62 U/ml and 50% Tofu waste-urea had 24.87 U/ml (Fang et al., 2019). Generally, alternative media have lower activity than commercial media, which are usually carefully prepared for use. Additionally, the activity of S. pasteurii cultured in low-cost media from food waste from a kitchen had 4.19 mM urea/min (Meng et al., 2021). In another study, lactose mother liquor yielded 0.353 mM urea/min (Achal et al., 2009). Despite the lower values compared to commercially available growth media, the FV from this study has shown that it can support two different types of bacteria following two metabolic pathways to biocement soil; of these, the CA-pathway was not previously investigated. Using standard methods, FV media were found to have a 3% total sugar and 0.302 mg/100 ml of protein. Thus, fruit and vegetable waste are rich in sugar and proteins and could support the growth of microbes thus reducing bacteria production costs  (Jadhav et al., 2018).
3.2. Biocementation of geomaterials from Railway embankment
[bookmark: _Hlk132380030]Figure 3 shows successfully biocemented samples of coal ash, demonstrating the applicability of cheap FV media to this effect. Before treatment, the control samples (untreated ash) could not stand unsupported as they had no cohesion. Hence no unconfined compressive strength (UCS) could be measured, unlike for the treated specimens. The increase in strength for the ureolytic and carbonic anhydrase-producing bacteria is due to the precipitation of CaCO3 in the coal ash (see the visible crystals in Fig 3a).  For B. licheniformis, biocementation occurred through urea hydrolysis catalysed by the urease enzyme, a process well-documented in the literature. Conversely, strain U-1 produces carbonic anhydrase enzyme; this metabolic pathway sequesters CO2 which reacts with water to form H2CO3, whose ionisation in water generates H+ and HCO3− (de Oliveira Maciel et al., 2022). Under alkaline conditions, the HCO3− further ionises to form CO32- and water. By supplying Ca2+, CaCO3 precipitation occurs with the voids of the coal ash and could be applicable in ground improvement methods, as previously reported  (Dhami et al., 2017). The preliminary results for the biocementation using FV showed that the ureolytic bacteria transformed the fine-grained foundation soil and coal ash from materials without strength to materials with UCS of 1500 kPa and 3000 kPa MPa for the soil and ash, respectively; the CA bacteria also increased the strength of the soil and ash respectively to about 1000kPa and 2000 kPa.
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Figure 3. Typical images of (a) Untreated coal ash, (b) Coal ash biocemented by B. licheniformis using FV medium, (c) Coal ash biocemented by U-1 using FV medium, (d) Soil biocemented by B. licheniformis (left) and U-1 (Right)
3.3. SEM analysis

Figure 4 shows typical SEM images of the control, and biocemented coal ash and soil were visually evaluated through 2700× magnification photographs. The untreated SEM samples consisted of individual particles of either soil or coal ash. Conversely, the biocemented samples from both the ureolytic and CA pathways showed crystalline calcium carbonate deposits. The surface was rugged and calcite deposits between soil particles formed bridges between particles which bind the particles together thus increasing strength (Fig 4b and d). Therefore, SEM micrographs confirm that biocementation has occurred.

[image: ]
Figure 2. (a) OD600 of B. licheniformis in commercial and FV medium (b) Urease activity of B. licheniformis in commercial and FV medium (c) OD600 of U-1 in commercial and FV medium (d) Carbonic anhydrase activity of U-1 in commercial and FV medium
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Figure 4. Typical SEM images of (a) Untreated coal ash, (b) Coal ash biocemented by B. licheniformis using FV medium, (c) Untreated Soil, (d) Soil biocemented by U-1 using FV medium

Conclusion
We investigated the feasibility of stabilizing fine-grained soil and coal ash from a railway embankment site via ureolytic and carbonic anhydrase biocementation using low-cost fruit and vegetable waste cultivation media. The preliminary results for the biocementation using FV showed that the bacteria successfully biocemented the fine-grained soil and coal ash (for which no unconfined compressive strength could be determined as the samples were crumbling) to cemented materials with unconfined compressive strengths of about 1500 kPa and 3000 kPa for the soil and ash respectively when ureolytic bacteria were used. In contrast, the CA bacteria increased the strength of the fine soil and coal ash to 1000 kPa and 2000 kPa. The results showed this is possible, as the treated soil had an increased unconfined compressive strength than the untreated coal and soil. This study shows that alternative lower-cost growth media sourced from fruit and vegetable waste effectively reduce ground improvement costs by biocementation.
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