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Among emerging solutions to wind-erosion–driven sand dunes, stabilizing sand 

grains through an environmentally friendly MICP process offers a distinct, bio-

based mechanism for enhancing sand stability relative to conventional methods. 

This study aimed to identify indigenous ureolytic bacteria suitable for Microbial 

Induced Calcium Precipitation (MICP) and to evaluate vinasse as a substrate to 

support MICP in arid-sand dune environments of southwestern Iran. Sand dunes 

were sampled; Bacteria were isolated and screened for urease activity and 

identified by 16S rRNA sequencing. The effects of various parameters on 

bacterial growth, urease activity, and carbonic anhydrase production were 

assessed. Isolates’ growth in vinasse was tested, and CaCO3 precipitation was 

confirmed by XRD and FESEM. Seven Bacillus isolates were selected based on 

urease activity. Strain 1S5 showed the highest specific urease activity in response 

to Ni2+ and remained active across high urea concentrations across all incubation 

periods. Early CaCO3 precipitation was observed for strains 5D1, 1D2, 1D1, and 

8S1, indicating carbonic anhydrase activity. All isolates grew in varying vinasse 

concentrations, and CaCO3 precipitation was observed in all strains, with the 

highest yields for indigenous Bacillus licheniformis strains 1S5, 1D1 and 1D2. 

The indigenous Bacillus strains, particularly strain 1S5, exhibit robust urease 

activity and CaCO3 precipitation under vinasse-containing conditions, supporting 

vinasse as a feasible substrate for MICP applications. Further optimization and 

field-relevant testing are warranted. 
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Deserts occupy area of about 907,293 km2 in Iran, of which 2,614 km2 are located in Khuzestan 

in the form of sand dunes (Abbasi et al, 2019). This area located in the world’s dry belt and its 

evaporation is almost 13 times more than precipitation (˂250 mm/yr.) because of high 

temperatures (Azoogh et al, 2018). The need to control sand dunes seems necessary due to the 

creation of many problems not only in nearby affected areas, but even on a larger scale (Indoitu 

et al. 2012), including climate processes (Middleton. 2017), reduction the nutrient content of 

soils (Powell et al, 2015), loss of soil productivity (Luo et al, 2018), human impacts (Indoitu et 

al. 2012), sand dune movement (Shojaei et al. 2019) and consequently salt deposition 

(Kheirfam and Asadzadeh. 2020), destruction of farms, houses and being a source of pollution 

through formation of dust (Moradi et al, 2017). There are different solutions to control this 

global problem. The most sustainable method to combat wind erosion is biological restoration 

using drought-resistant and sand-loving plants, but the initial establishment of these plants 

requires the use of sand-stabilizing materials such as mulches (Abtahi and Khosroshahi, 2015; 

Azoogh et al, 2018). Mulching is the most common method for sand dunes stabilization 

(Douzali joushin et al, 2018; Naghizade Asl et. al, 2019). Mulch, which can contain organic or 

inorganic substances, protects the soil and water, or if there are plants in the soil, from the wind 

(Shojaei et al, 2019). It seems that oil mulch is the most popular mulch. Mulching was started 

in Iran in 1967-68 (Refahi, 2006). After about half a century, more than two million hectares 

of activated desert lands and sand dunes in Iran have been restored and stabilized through the 

implementation of the aforementioned methods. Due to the investigation of researchers on oil 

mulch, consequences such as groundwater pollution due to the presence of heavy metals in it 

(Vaezi, 2011; Khalili Moghadam et al, 2015) or increasing the daily price of oil (Khalili 

Moghadam et al, 2015), caused the idea of alternative mulches to be proposed. Other mulches 

that have been used for sand dunes stabilization include: clay (Majdi et al, 2006), steel slag 

(Alipour et al, 2018; Safaei Qahnoye et al, 2012), Gravel–sand (Li, 2003), polymer stabilizers 

(Rauch et al, 2003; Petry and Little, 2002; Santoni et al, 2002), Polylatice polymer (Rezaei, 

2009), Soil stabilization resin (Jafari, 2014), polyacrylamide (Rabiee et al, 2010; Genis et al, 

2013), polyvinyl acetate (Crowley et al, 2008), Mineral salts such as MgCl2 and CaCl2 

(Goodrich et al, 2009; Edvardsson, 2010).   

Previously, the presence of oil and gas reserves in Khuzestan province made the use of oil 

mulch common. But recently, the need for alternative and environmentally friendly materials 

is increasing (Jamili et al, 2015; Ramdas et al, 2020; Sukumaran and Poulose, 2018). On the 

other hand, it is better to use materials in the composition of mulches that are actually 

disposable, and in this way, it will be a great help in solving the problem of waste or sewage of 

those materials. More than 130,000 ha of Khuzestan province are under sugarcane cultivation 

(Khalili Moghadam et al, 2015), and in fact, this province is one of the main sugar and alcohol 

production areas of the country, which annually produces 800,000 m3 of Vinasse which is 

currently the wastewater of Khuzestan's sugarcane cultivation and industry. (Jamili et al, 2015). 

10-15 liters of vinasse are produced to produce one liter of ethanol, which varies depending on 

the distillation equipment in each factory and researchers are looking for ways to use vinasse 

beneficially, things like energy production, vinasse recycling in fermentation, fertilizer-

irrigation, concentration by evaporation and feeding livestock are among them. (Christofoletti 

et al, 2013). Vinasse is an acidic substance with pH: 3.5-5, dark brown color with high organic 

content (COD: 50-150 g/L), unpleasant smell for humans (Montiel-Rosales et al, 2022) and it’s 

not inert and not dangerous (Nikseresht et al, 2020). It’s rich in K, Ca and Mg, and its N and P 

are moderate. It also does not contain toxic compounds (Jamili et al, 2015). Jamili et al. (2015) 

prepared a mulch containing vinasse, filter cake and clay. Then, sprayed it on the bed of sand 
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dunes and found that it increases the water holding capacity as well as nutrients like N, P, K, 

Fe and Cu in the subsurface layers and creates more heat in the soil due to its dark color. In 

addition, it is easily available and does not have the same disadvantages as petroleum mulch. 

When any environmentally friendly method to improve and modify soil in the field of soil 

biology discussed, the potential of soil microflora and soil microfauna is also considered to 

solve the problem. There are kinds of microbes compared with the other microbial habitats 

because of soil nutrients and some stored liquid in its pore space. They quickly adapt to different 

genetic and environmental conditions and for this reason they have been around for more than 

3.5 billion years (Stutzky, 1997). There are about 109-1012 organisms per Kg of near-surface 

soil (Umar et al., 2016). Bacteria are the most abundant soil microbes. (Michel and 

Santamarina, 2005). Most of these bacteria are spore-forming and can withstand harsh 

environmental conditions such as sub-zero temperatures to boiling temperatures, dryness and 

high pressure. The dominant surface charge of bacteria is negative and they are able to bind 

with ions, and because bacteria are indigenous to the soil, they do not have negative effects on 

the soil (Umar et al., 2016).  

An option that can lead to the preparation of mulch that utilizes the potential of 

microorganisms to stabilize sand dunes is called biomineralization. Biomineralization means 

the formation of minerals by living organisms is carried out by all living organisms (from 

prokaryotes to humans) (Krajewska, 2018). This is done in the cellular or extracellular matrix 

in the form of crystal which is well known in microbes (Portugal et al, 2020). Calcite, magnetite, 

greigite and amorphous silica are among the products of biomineralization (DeJong et al, 2010) 

and among all minerals produced by biomineralization, calcite (CaCO3) is the most important 

that many microorganisms like fungi and bacteria can precipitate it (Kumari et al, 2016). There 

are two different mechanisms for biomineralization: 1) biologically-controlled (active 

precipitation) such as: magnetite formation in magnetotactic bacteria and 2) biologically-

induced (passive precipitation) like: calcium carbonate production) (Krajewska, 2018; Muynck 

et al, 2010). According to Castanier et al (1999) there are two general pathways for the 

production of CaCO3 particles by bacteria: 1- The autotrophic pathway and 2- The heterotrophic 

pathway (Castanier et al, 1999). The most widely used path that has been used for the 

precipitation of calcium carbonate has been based on hydrolysis or urea degradation related to 

the heterotrophic pathway (Krajewska, 2018; Sun et al, 2021). Microbial induced calcium 

precipitation (MICP) is a newfound biomineralization technique (Yang et al, 2022; Wang1 et 

al, 2022; Wang2 et al, 2022) which is eco-friendly, sustainable (Tian et al, 2022), very cost-

effective (Ivanov and Chu, 2008) and like conventional chemical methods, doesn’t have 

toxicity, environmental harm and limitation by injection distance (Karol et al., 2003). The 

applications that have been reported for MICP technology in different fields include: 

bioremediation (Sovljanski et al, 2022), removal of heavy metals (Sheng et al, 2022; Xue et al, 

2022), remediation applications and stabilization of mine waste (Proudfoot et al, 2022), Self-

healing cement (Yang et al, 2022; Wiktor and Jonkers, 2011), Protection and restoration of 

historical monuments (Tiano et al, 1999), dust suppressant agent in silty and clay soils (Bang 

et al, 2011; Meyer et al, 2011). In MICP process, generally two steps are involved (1 and 2 

reactions) (Cheng and Cord-Ruwisch, 2012; Harkes et al, 2010; Landa-Marban et al, 2021; 

Meng et al, 2021):  

𝐶𝑂(𝑁𝐻2)2 + 2𝐻2𝑂 → 2𝑁𝐻4
+ +  𝐶𝑂3

2− (1) 

                                                           
1 Zhao Wang 
2 Xiaorong Wang 
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𝐶𝑎2+ +  𝐶𝑂3
2− → 𝐶𝑎𝐶𝑂3(𝑠) ↓ (2) 

Urea is hydrolyzed by urease of bacterial cells and broken into carbonate and ammonium 

ions. In the next step, if there is calcium in the environment, carbonate ions will react with it 

and produce CaCO3 crystals. Finally, this calcium carbonate acts as a cement agent between 

the sand particles and connects them together (Cheng and Cord-Ruwisch, 2012; Rowshanbakht 

et al, 2016; Sun et al, 2021). In addition to plants, urease enzyme activity in soil is also related 

to microorganisms (Ciurli et al, 1996) and microorganisms in environments such as soil and 

concrete provide nucleation sites for the formation of CaCO3 (Tian et al, 2022). On the other 

hand, sandy soil has good permeability and is a suitable option for microbial treatments (Wang 

et al, 2022). 

Portugal et al., (2020) based on other researches included Whiffin et al., 2007; Van Paassen, 

2011; Cheng and Cord-Ruwisch, 2012; Yasuhara et al., 2011; Shahrokhi-Shahraki et al., 2015, 

believes that more research should be focus on the identification of microorganisms with high 

CaCO3 precipitation, suitable soil conditions to increase the rate of bacterial growth and 

produce more ureolytic activity, and the difference between indigenous microorganism in terms 

of the rate of bacterial growth and the production of ureolytic activity. Therefore, this study was 

conducted in the sand dunes of southwestern Iran: i) to identificate and evaluate of indigenous 

and exotic urease-producing bacteria, ii) to determinate of enzyme strength, identity and ability 

to tolerate environmental condition of microorganisms, and iii) to determinate of the ability to 

use vinasse as a substrate and production of CaCO3 for MICP. 

 

2. Materials and methods 

2.1. Soil collection 

To isolate the bacteria, soil samples were taken from a depth of 0-30 and 30-60 cm in sterile 

containers and kept at 4°C until the experiments (Paul, 2014). The studied area includes the 

public citadel west of the Karkheh River, which is one of the western regions of Khuzestan 

province and is located between the cities of Sosangerd, Bostan and Shush and has the following 

coordinates: 31ᵒ 28' 6ʺ N - 31ᵒ 53' 8ʺ N and 48ᵒ 15' 18ʺ E - 48ᵒ 23' 55ʺ E.  

2.2. Isolation and purification of bacteria 
The samples were diluted 1:10 using physiological saline solution (NaCl 0.9%), and shaked at 

room temperature for 60 minutes at 160 rpm. 50µl of the suspension supernatant were cultured 

in petri dishes containing nutrient agar culture (conda pronadisa) medium in quadrant streak 

pattern and incubated at 28-30°C until bacterial colonies appear. After different bacteria were 

grown in the isolation step, a complete loop of each bacterial colony grown on the petri dish 

was sub-cultured several times to grow pure colonies (Omoregie et al, 2016; Omoregie et al, 

2017; Su et al, 2017). Phenotypic tests for isolates were performed following Harrigan and 

Cance (1976). The tests included colony morphology, Gram staining, spore staining, and 

catalase activity. 

2.3. Screening for urease-producing bacteria 
Identification of urease-producing bacteria was done through culture on urea agar (Ali et al, 2020; 

Ghanbari et al, 2020; Fan et al, 2020) and urea broth (Bahmani et al, 2019). Isolates that changed 

the color of the culture medium from yellow to pink were considered as urease-producing isolates 

(Omoregie et al, 2016; Vahabi et al, 2013; Su et al, 2017; Sarayu et al., 2014).  

The isolates that showed a positive response in the in the previous step were quantitatively 

evaluated in terms of urease enzyme production power so that isolates with higher enzyme 
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capacity could be identified. For this purpose, ammonium production by the isolates was tested 

with the modified Nessler method. (Whiffin et al., 2007). First, overnight culture of bacteria 

was prepared and read using a spectrophotometer at a wavelength of 600 nm and the OD600 

parameter of the samples was obtained. Then, the sample was diluted with deionized water to 

be in the range of 0.5-0.5 mM concentration. 2 ml of the sample was mixed with 100 μl of 

Nessler's reagent, after 1 minute they reacted together and the color of the sample changed to 

yellow or orange, the sample is read with a spectrophotometer at a wavelength of 425 nm. The 

absorbance data were calibrated with several NH4Cl standards (concentrations of 0, 0.1, 0.2, 

0.3, 0.4 and 0.5 mM) measured under the same conditions. 

2.4. Examining the ability to tolerate environmental conditions by isolates 
Different treatments including growth temperature range, pH, carbon source, salinity, were 

applied to the isolates and their viability was tested. Isolates that can tolerate adverse 

environmental conditions and survive or form spores are selected as resistant isolates. 

2.4.1. Temperature  

Bacterial colonies were cultivated linearly on plates containing nutrient agar culture medium 

with pH =7 using a sterile loop and incubated at temperatures of 28°C and 45°C. The 

appearance of a colony on the culture medium in these conditions is considered as a positive 

response. 

The growth of bacteria in sand dunes at low temperature was also investigated. For this 

purpose, 100µl of sand suspension were inoculated in tubes containing 4 ml of sterile nutrient 

broth medium (Scharlau) and after mixing, they were placed at 4–5°C for 21 days. Finally, the 

samples were compared for their turbidity with the control (no suspension inoculation); growth 

was assessed qualitatively by visual inspection for turbidity, indicating bacterial growth at 4–5°C. 

2.4.2. pH 

Bacterial colonies were cultivated linearly on plates containing nutrient agar culture medium 

with acidic, neutral and alkaline pH. pH was adjusted to 6.5, 7.5, and 8.5 with NaOH and HCl 

1M and the plate are incubated at 28°C. Colony emergence was used as an indicator of bacterial 

growth on each pH condition.  

2.4.3. Carbon source 

B4 culture medium (Seifan et al., 2016) was used, but glucose in this culture medium was 

replaced by sucrose because the dominant sugar in sugarcane is sucrose, and if the bacteria 

could use this carbon source, it was a confirmation for the use of vinasse as a substrate. After 

the culture medium was prepared and autoclaved at 121°C for 15 minutes, sucrose, which was 

sterilized with a 0.22 µm filter, added to the mixture and distributed in the plates. Then, 50 µl 

of the overnight culture of bacteria were inoculated into the plates and the plates kept for 2 

weeks at 37°C and finally the growth of the bacteria in the plate was checked. A bacteria-free 

control was also used alongside the samples. Colony emergence was interpreted as evidence of 

utilization of the sucrose carbon source. 

2.4.4. Salinity  

Two methods were used to determine the survival of bacteria in different concentrations of salt, 

in the first method, three salts were used with the usual ratio in the soil, and in the second 

method, only one salt was used. 
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2.4.4.1. Using a mixture of three salts 
To investigate the growth of bacteria in different salinity concentrations of 3 salts NaCl, 

CaCl2.2H2O and MgCl2.6H2O with a ratio of 3:2:1 respectively at 5 levels of 100, 200-, 400-, 

600- and 800-mM salt with Keeping SAR≤ 13 was used. As a positive control, Staphylococcus 

sp. was considered. The culture medium used was nutrient agar. strains were cultured in plates 

contain nutrient agar with different concentrations of salts. The inoculated plates were 

incubated in 28-30 °C for 24-48 hours. Colony growth on the plate was considered as a positive 

response (Jafari et al, 2015). 

2.4.4.2. Use of NaCl  
The procedure was done exactly like the previous section, but only NaCl salt is used in 

concentrations of 800 mM to check the resistance of bacteria to salinity in highest concentration 

(Jafari et al, 2015). 

2.5. Using other sources of Nitrogen  

For this purpose, instead of urea (merck), industrial urea and two nitrogen sources, NH4NO3 

and NaNO3, were used separately in MMSM medium. After preparing two culture media, these 

media were added to each tube in the amount of 4 ml and autoclaved for 15 minutes at 121°C. 

Then, 100 µl of overnight culture of bacteria was added to it, and the inoculated tubes were kept 

in an incubator at 30°C for 5-7 days. Results were reported as positive or negative turbidity or 

lack of visible turbidity. 

2.6. Use of other sources of calcium 

CCP culture medium with different calcium source was considered for bacteria, where calcium 

sources were: Ca (NO3)2.4H2O and Ca (CH3COO)2. H2O with pH= 8.5 and 0.5 M of calcium. 

Overnight culture of bacteria was prepared and 100 µl of it was inoculated linearly on plates 

containing CCP medium with different calcium sources and the plates were kept in an incubator 

at 28°C for 7 days. After the incubation period, the plates are examined for the presence of 

calcium carbonate crystals under a stereoscope or a microscope at a magnification of 4 (Zhang, 

2015, Wei et al., 2015, Chahal et al., 2011). 

2.7. The effect of nickel chloride on urease enzyme production 

First, a stock solution of 1 mM of NiCl2.6H2O was prepared as a source of Ni2+ and sterilized 

using a 0.22 μm filter. Then, a volume of 4 ml was considered for each tube, which contained 

nutrient broth, 2% urea, and concentrations of 0, 100 and 200 µM Ni2+ from NiCl2.6H2O stock 

solution (Xu, 2017). Then, 100 µl of the overnight bacterial suspension were inoculated into 

the tubes and they were incubated for 48 hours at 30°C on a rotary shaker at 120 rpm. Finally, 

the samples were read using a spectrophotometer.  

2.8. Investigating the resistance of bacteria to urea in different concentrations 

First, overnight cultures were prepared from bacteria. Then 100 microliters of them were 

inoculated into nutrient broth medium containing different concentrations of urea (20, 40, 60, 

80 and 100 g/liter) separately. Three replicates were considered for each isolate, and then they 

were placed in a rotary shaker at 120 rpm with a temperature of 30°C. At the end of 24, 48 and 

72 hours of incubation, the OD600 of the samples was read by a spectrophotometer (Xu, 2017). 

2.9. Activity of carbonic anhydrase enzyme in bacteria qualitatively 

B4 culture medium was prepared according to (Seifan et al., 2016) in such a way that 2.68 (g/L) 
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of CaCl2.2H2O and 4 (g/L) of yeast extract were mixed in a 250 ml Erlenmeyer flask and 

autoclaved at 121°C for 15 min. Then 10 (g/L) of filter sterilized glucose, was added and 

distributed in the plates. The amount of 50 µl of the overnight bacterial culture was spread on 

the plates. Then the plates were sealed using parafilm. The inoculated plates were incubated in 

37°C for two weeks. At the end of each week, the plates were examined under a microscope at 

magnification 4 to checking CaCO3 crystals. 

2.10. Molecular identification of the isolates 
Molecular identification was confirmed by determining the sequence of the 16S rRNA gene 

and comparing it with the data available in the gene bank of the NCBI database (Weisburg et 

al., 1991). For the molecular identification of the isolates, the following steps are performed. 

16S rRNA general forward and reverse primers were: 

 FD1 (5'-CCCGGGATCCAAGCTTACGGTTACCTTGTTACGACTT-3'), 

 RD1 (5'-CCGAATTCGTCGACAACAGAGTTTGATCCTGGCTCAG-3').  

2.11. Determination the ability to use the Vinasse substrate 

The strains that had a better response to urea hydrolysis and were preferably spore-forming and 

showed a stronger response than the other strains in the qualitative test were selected and 

inoculated in different percentages of vinasse.  

2.11.1. Preparation of MMSM medium 

The contents of MMSM medium were (per liter): NH4NO3 4 g, K2HPO4 4 g, KH2PO4 6 g, 

MgSO4.7H2O 0.2 g, trace mineral solution 1 ml (The contents of the solution were (per liter): 

CaCl2.2H2O 1 g, FeSO4.7H2O 1 g, EDTA 1.4 g). After preparing the MMSM medium and the 

solution of trace elements in two different 250 ml flasks, the pH of the solution of trace elements 

was adjusted to 7 using two solutions of NaOH and HCl 1 normal, and then these two are 

combined together. 

2.11.2. Preparation of Vinasse concentrations 

Four types of vinasses obtained from sugarcane factory, which were: vinasse from alcohol 

factory, vinasse from yeast factory, vinasse mixed with alcohol and yeast factories, and 

concentrated vinasse in 3 concentrations: 10%, 50%, and 100%. The concentrations of 10 % 

and 50% were prepared with the use of modified mineral salts medium (MMSM). For each 

strain, 12 test tubes were considered.  

2.11.3. Bacterial inoculation to Vinasse 
200 microliters of overnight bacterial culture were added to each of the tubes containing 

Vinasse. As controls, tubes containing the substances were not inoculated. Then, the tubes were 

kept in shaker incubator at 28 for 5 days and 120 rpm. 

2.11.4. Cultivation of Vinasse inoculated tubes in nutrient agar medium 

Due to the nature of vinasse, which has a very dark brown color, it is very difficult to detect the 

growth of bacteria. Therefore, after five days of incubation, the tubes containing vinasse, one 

loop from each of them was inoculated into plates containing nutrient agar medium and the 

cultured plates were transferred to the incubator and kept 28°C for 48 hours. Then, the 

appearance of the colony on the plate was checked and considered as a positive response. 

2.12. Investigation of calcium carbonate production by isolates 
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First, the formation of calcium carbonate crystals was qualitatively checked by bacteria, and 

then the production amount of this material was quantified in the constituent isolates. For 

investigation of production of calcium carbonate by isolates qualitatively, according to the 

method of Wei et al. (2015) and Chahal et (2011), calcium carbonate precipitation media (CCP) 

culture medium was prepared and overnight culture of bacteria were cultured in plates 

containing CCP culture medium and incubated for one to two weeks at 28°C. Then, the plates 

were viewed under a stereoscope or microscope with magnification 4.  

Another immediate method was used to prove the presence of calcium carbonate crystals in 

the culture medium, in this way, the overnight culture of bacteria was prepared with 2% calcium 

chloride. After 18-24 hours, when the bacterial population reached a suitable level, 2% filtered 

urea solution was added to the tubes containing the overnight culture of bacteria and calcium 

chloride, and after a few minutes, crystal production was observed in the tubes. 

For quantification of calcium carbonate produced by isolates, according to the method of 

Zaghloul et al. (2020), 90 ml of 0.5 M calcium chloride was combined with 90 ml of sterilized 

1 M urea with a filter and 20 ml of overnight culture of each bacterium was added to it. A 

sample without bacteria was used as a negative control. The prepared samples were incubated 

at 37°C for 48 hours. Calcium concentration was measured using EDTA titration (Zaghloul et 

al., 2020). 

2.13. XRD and FESEM analysis of isolates 
Calcium carbonate production was performed for the isolates by culturing in a nutrient broth 

medium containing 2% urea and 2% CaCl2. 30 ml of medium were inoculated with 2% 

overnight bacterial culture and incubated at 30°C with shaking at 130 rpm for 7 days. The 

precipitated CaCO3 was filtered (Whatman filter paper) and dried at 60°C for 3 h (Krishnaprya, 

2015). Dried samples were stored in sterile vials and transported to the Sharif University of 

Technology Laboratory Services Center for analyses. FE-SEM analyses were performed using 

a Tescan Mira3 to assess surface morphology and topology. X-ray diffraction (XRD) analyses 

were conducted on the same precipitated CaCO3 samples using a PANalytical X’Pert Pro MPD 

diffractometer. All procedures followed the facility’s standard operating procedures for sample 

preparation, measurement, and analysis. Finally, for contextual comparison, FE-SEM images 

were compared with published CaCO3 crystal images, and XRD peaks were cross-validated 

against reference patterns in the XPert HighScore Plus software to phase identification targeted 

crystalline phases such as calcite, vaterite, and aragonite. 

 

3. Results and discussion 

3.1. Soil collection  

In total, 16 samples of sand dunes were taken from the studied area, 8 of which were from the 

surface part of the soil and the other 8 samples were from deeper parts up to the depth of root 

activity (0-30 and 30-60 cm from the soil surface). Sampling was done in such a way that the 

distribution of the bacterial population was well represented. Isolation of ureolytic bacteria from 

this region because of poor granularity and poor in organic matter (Khalili Moghadam et al, 

2015), and the extreme weather conditions prevailing in Ahvaz, i.e. the hot climate with more 

than 45°C during the hot seasons of the year classifies Ahvaz as a hot region (Abbasi et al, 

2021), as well as the lack of rainfall and dryness of the region (Chitsazan and Akhtari, 2009), 

could be a way to find resistant strains for the production of biological mulch and ultimately 

prevent the movement of sand dunes due to wind erosion towards the surrounding cities and 

villages (Omid Bakhsh et al, 2003). The soil texture of this area was sandy. The pH was neutral 
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and equal to 6.98-7 which is normal for Khuzestan soils that receive relatively little rainfall 

throughout the year (Abbasi et al, 2019). The soil EC of these areas is high and is around 7.5 

mS.cm-1, which according to Richards (1954) can limit the productivity of many plants. The 

high salinity of the soil in these areas, despite its light texture, can be due to the low potential 

for mineral leaching due to low rainfall (Azoogh et al, 2018).  

3.2. Isolation of ureolytic bacteria 

A number of 108 isolates were isolated from the soil, which 45.3% of them were from surface 

soil and 54.7% were from deeper soil. It is normal for the bacteria to seek refuge in the 

subsurface layers of the soil for survival due to the conditions of the sampling area. In all types 

of soil, there is a large population of bacteria, which is usually estimated at 1 million per gram 

of soil (Anyadoh et al, 2017). There are studies that show that microorganisms isolated from 

extreme environments can produce stable diverse enzymes (Anyadoh et al, 2017). Then, all the 

strains were investigated for the urease activity by growing on urea culture media. The activity 

of urease enzyme in bacteria allows them to use urea as the only nitrogen source (Olivera-

Severo et al, 2006). 63 strains (58.33%) were able to change the color of the culture medium 

from yellow to pink. Lloyd and Sheaffe (1973), reported that 17-30% of the isolated bacteria 

from the six types of studied soils were able to hydrolyze urea. Change in the color of urea 

culture media occurs because of urease activity of isolates that phenol in these media transforms 

to pink due to creation of an alkaline environment (Ghezelbash and Haddadi, 2018; Sheng et 

al, 2022). After that, the amount of urease activity of isolates was measured. It is possible to 

measure urease enzyme activity with these methods: (Liu et al, 2021) 1) pH increment, 2) 

Titration, 3) Nash (Nessler) reagent method and (Omoregie et al, 2016) 4) conductivity method. 

Nessler's method was used in this research (Harkes et al, 2010). Nesslerization reaction is a 

suitable method when high sensitivity or interference of cellular components is not considered 

because it is a quick and easy method (Mobley and Hausinger, 1989). As a result, seven isolates 

(1S5, 1D1, 1D2, 2D2, 5D1, 7D3, 8S1) with high urease activity (6.51, 9.08, 5.87, 5.37, 4.58, 

7.46, 8.33 mM hydrolyzed urea. min-1. OD-1 respectively) were screened. The results are shown 

in Fig (1) and Tab (1). All seven isolates were positive in catalase production, gram and spore 

staining. The use of some species of Bacillus to repair limestone buildings is probably the 

presence of their spores as a site for the nucleation of CaCO3 (Schwantes-Cezario et al, 2017). 

Isolates 1S5, 1D1, 1D2 and 7D3 could create pink color in the both urea broth and urea agar, 

strongly and the amount of their urease activity was 6.51, 9.08, 5.87, and 7.46 mM hydrolyzed 

urea. min-1. OD-1 respectively. 1D1 and 8S1 showed highest urease activity. Despite, the response 

of 8S1 to urea hydrolysis was weak and it couldn’t change the color of urea.  Urea broth is a very 

buffered culture medium that bacteria must produce large amounts of ammonia to increase the 

pH to change its color from yellow to pink. In case, the urea agar culture medium contains reduced 

buffer that supports the growth of more urea hydrolyzing bacteria (Brink, 2010).  

Urease is an important enzyme in MICP (Ivanov et al, 2019), if bacteria can produce more 

amount of this thus more calcite will make finally (Jalilvand et al, 2020). Ureolytic bacteria are 

found in many climates with high level of salts and even high level of heavy metals in soils 

(Proudfoot et al, 2022).  

Sporosarcina pasteurii was used as a positive control and the amount of its specific urease 

activity was about 18 mM.min-1. OD-1. In many studies Sporosarcina pasteurii is used due to 

high ability in hydrolysis of urea and biocementation (Ghorbanzadeh et al, 2021). The amount 

of urea hydrolysis of this is reported: 12-17 mM urea hydrolyzed/min/OD (Omoregie et al, 

2016), 187 mM urea hydrolysed per hour per unit OD600 (about 3.1 mM per min) (Dubey et 
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al, 2021), 19.98- 23.97 mM /min/OD (Omoregie et al, 2017), 5- 5.5 mM /min (Marin et al, 

2020) and 16.5 mM /min/OD (Kahani et al, 2020).  

Table 1. Some physiological characteristics of 7 Indigenous urease-producing isolates 

Iso
late 

U
rea ag

ar 

U
rea b

ro
th

 

Colony 

Gram 

C
atalase 

S
p

o
re Shape/edge Color Elevation size  texture 

1S5 ++ ++ Irregular/ lobate white Umbonate Moderate  mucoid + bacillus + + 

1D1 ++ ++ Irregular/undulate white Rose Large  mucoid + bacillus + + 

1D2 ++ ++ Irregular/undulate white Rose Large  mucoid + bacillus + + 

2D2 +/- - Irregular/undulate white Flat Moderate  opaque + bacillus + + 

5D1 +/- - Irregular/ lobate white Flat Small  dry + diplobacillus + + 

7D3 ++ ++ Rhizoid/ rhizoid white Flat Large  mucoid + bacillus + + 

8S1 +/- - Irregular/ curled white Flat Moderate  opaque + bacillus + + 

Description: ++: strong positive, +: medium positive, -: negative, +/-: The top of the tube is positive 

and pink, and the bottom is negative and without color change. 

 

 

Fig. 1. Comparison of specific urease activity (mM urease hydrolyzed/min/ OD) among the ureolytic 

isolates and Sporosarcina pasteurii (S.p) as a positive control. The specific urease activity of bacterial 

isolates was much lower than that of S. pasteurii. The highest activity among native isolates was related 

to Bacillus licheniformis strain 1D1. 

 

The research conducted on Bacillus species has estimated their urease activity as 3.3 to 8.8 

mM.min-1. OD-1 (Ali et al, 2020). The results obtained regarding isolates 1D1, 1S5, and 1D2, 

which were identified as Bacillus licheniformis, showed good urease activity with values of 

9.08, 6.5, and 5.8 mM.min-1. OD-1, respectively. In the study conducted by Ali et al (2020), B. 

licheniformis had about 2 mM.min-1. OD-1 urease activity. Tabalvandani et al (2023) and 

Krishnapriya et al. (2015) also identified B. licheniformis as a bacterium with strong urease 
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activity.  The specific activity of urease enzyme for isolate 5D1 identified as Bacillus subtilis, 

was 4.58 mM.min-1. OD-1, which is similar to the result reported by Neha et al (2021), which 

reported the amount of urease activity for B. subtilis as 4.139 unit.ml-1. The amount of 

production of this enzyme by the same bacteria was reported as 6 U/ml in the study of Khadim 

et al (2019).  Isolates 2D2 and 8S1 by specific activity of urease enzyme about 5.37 and 8.33 

mM.min-1. OD-1, respectively were identified as Bacillus mojavensis and Isolate 7D3 by 

specific activity of urease enzyme about 7.46 mM.min-1. OD-1 was identified as Bacillus piscis. 

It should be noted that so far, there has been no report on the urease activity of any of these 

three strains. The ability to hydrolyze urea in some Bacillus species has been proven in some 

studies (Khaim et al, 2019; Rajabi Agereh et al, 2019; Wang et al, 2022; Smitha et al, 2022; 

Jalilvand et al, 2020; Bahmani et al, 2019). There has been no report on urease activity of 

Bacillus piscis and Bacillus mojavensis. 

3.3. Examining the ability to tolerate environmental conditions by isolates 

According to Tab (2), all the isolates, except isolate 8S1, were able to grow in acidic, neutral 

and alkaline pH at two temperatures of 28°C and 45°C. Isolate 8S1 could not grow at 45°C and 

alkaline pH. Temperature is an important factor in the urease activity of bacteria, which varies 

in different organisms (Omoregie et al, 2017). Bahmani et al (2019) examined the growth rate 

of several Bacillus species that had been isolated at temperatures 4-45°C and found that the 

most appropriate temperature was 28-37°C. Omoregie et al. (2017), showed that Sporosarcina 

pasteurii can grow in the temperature range of 20-45 °C and can hydrolyze urea. Cuzman et al. 

(2015) considered the effect of pH on the enzyme activity of S. pasteurii to be very effective 

and considered pH values above 10 to be critical for it. S. pasteurii has the maximum specific 

urease activity in the pH range of 6.5-8, and in some studies, S. pasteurii and some species of 

Bacillus have grown as alkali-tolerant bacteria in the range of 7-9.5 (Omoregie et al, 2017). 

Urease activity and cell growth (OD) of S. pasteurii was the highest at pH=8.5 and the lowest 

at pH=5 (Omoregie et al, 2019). 

Table 2. Qualitative assessment of isolates’ tolerance to environmental conditions  

(pH, temperature, carbon source, and salinity) 

 

EC (dS/m) Carbon source pH and Temperature 

Isolate NaCl 

3NaCl: 

O: 2.2H22CaCl

O2.6H21MgCl 

Sucrose 45ºC 28ºC 

800 

mM 
100-800 mM 

 nd2

week 

 ST1

week 
8.5 7.5 6.5 8.5 7.5 6.5 

+ + + + + + + + + + S. pasteurii 

+ + + + + + + + + + 1S5 

+ + ++ ++ + + + + + + 1D1 

+ + - - + + + + + + 1D2 

+ + + + + + + + + + 2D2 

+ + ++ ++ + + + + + + 5D1 

+ + - - + + + + + + 7D3 

+ + +++ +++ - + + + + + 8S1 

+ + - - - - - - - - Staphylococcus sp. 

Description: Staphylococcus sp. was used as a reference strain for growth in saline media. 

All the isolates except isolates 1D2 and 7D3 were able to grow in the culture medium with 



A Sustainable and Eco-Friendly Approach to Sand Dunes Stabilization Using Vinasse and … / Pirhadi et al. 151 

 

 

sucrose carbon source instead of glucose (Tab 2). According to the research conducted by 

Lapierre et al. (2020), monosaccharides and disaccharides such as glucose, fructose, sucrose 

and lactose improved the growth of Sporosarcina pasteurii for MICP. The results of this 

experiment also evaluated the cost-effectiveness of the culture mediums obtained from the 

waste products of industrial factories, such as molasses from sugar refineries containing 

sucrose. 

In the salinity test, all the isolates were able to survive the saline medium containing three 

salts up to the highest concentration (800 mM) and after that they were also able to grow in the 

high concentration of NaCl salt. Hosseini et al (2017) found that most of the halophilic bacteria 

they isolated from a Salt Lake in Iraq belonged to the bacilli class. Rathakrishnan and Gopalan 

(2022) reported the growth of Bacillus subtilis and Bacillus piscis in culture medium containing 

15-20% salt. Orhan and Gulluce (2015), in their study, assessed Bacillus species including: 

Bacillus subtilis as salt tolerant due to their growth in 15% salt. James et al. (2023) isolated 

Bacillus licheniformis from saline soils that could tolerate up to 10% salt. In the research of Ali 

et al. (2020), Bacillus licheniformis was able to grow in NaCl 10%. The ability to salt tolerance 

(18% NaCl) in B. subtilis (Minami et al, 2003) and salt tolerance (18% NaCl) and high 

temperature (above 60°C) in B. licheniformis (Bindal and Gupta, 2016) has been proven by 

isolating the relevant enzyme (γ-glutamyl transpeptidase). Sporosarcina pasteurii as a modest 

halophilic bacterial strain expressing osmosis regulating proteins with tolerance of 10% NaCl 

salt can grow in saline environment and function without disrupting the MICP process (Dikshit 

et al, 2022). The strategy of halophilic or halotolerant bacteria is to accumulate a high 

concentration of organic solutes outside their cytoplasm (Ghezelbash and Haddadi, 2018). 

According to the evidence of the presence of bacteria on the planet three and a half billion 

years ago, their adaptation to different environmental conditions for physiological and genetic 

reasons can be true (Almajed et al, 2021). The spore-forming capacity of some Bacillus species 

allows them to cope with environmental stress (Coelho et al, 2022, Seifan et al 2016). Bacteria 

are the most abundant microorganisms among microbial communities with the highest survival 

rate in variable environmental conditions on earth (Portugal et al, 2020). The use of indigenous 

bacteria in biocementation because of their adaptation to local conditions is effective and 

recommended for the same place (Anyadoh et al, 2017). 

3.4. Using other sources of nitrogen  
Since no published studies have been reported on the use of indigenous microorganisms and 

ammonia sources other than urea in real bioslurries (Akiyama and Kawasaki, 2012), it is better 

to investigate the hydrolysis of the other sources with ammonium, as well as industrial urea 

instead of laboratory and pure urea (Merkh). All 7 isolates were able to grow in culture medium 

containing other nitrogen sources (NH4NO3, NaNO3 and Industrial urea (2%). It is better that 

this growth rate is quantified in future studies and compared with each other to obtain the most 

suitable nitrogen source for more urease production. Akiyama and Kawasaki (2012) used amino 

acids asparagine, glutamine and urea as a source of nitrogen for the growth of indigenous 

bacteria and investigated the pH changes in them. 

3.5. Use of other sources of calcium 

Among calcium sources, all isolates were able to grow in calcium chloride. Isolates 1D1, 7D3, 

and 8S1 were not able to grow in the source of calcium acetate, and isolates 1D2 and 8S1 were 

unable to grow in the source of calcium nitrate. Research has shown that urease activity can 

depend on the type of calcium used (Liang et al, 2022). Whereas, some reports indicate that 
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calcium, due to the difference in ionic radius or charge density between nickel, urease and 

calcium, has little or no effect on urease enzyme activity (Gorospe et al, 2013). 

Xiang et al. (2022) among three carbon sources (Ca (NO3)2, Ca (CH3COO)2 and CaCl2) for 

biocementation, introduced Ca (CH3COO)2 as the best source of calcium due to better 

distribution and greater abundance and strength of CaCO3 produced in the sample, more 

biomass and urease activity, and less NH3 emission. Zhang et al's study (2015) showed that Ca 

(CH3COO)2 as a calcium source by using the Sporosarcina pasteurii bacteria has positive 

effects on the uniaxial compressive strength and tensile strength of microbial mortar and also 

provides a more uniform distribution pore structure treated with calcium acetate. However, 

Helmi et al. (2016) found that the amount of calcium carbonate precipitation is lower in the 

medium containing calcium acetate as a source of calcium and because calcium acetate is 

hydrolyzed to calcium and acetic acid and acetic acid reduces the pH and then reduces the 

production of urease enzyme and calcium carbonate. Xue et al (2022) explained that carbonates 

such as calcium carbonate nucleate and encapsulate bacteria under the influence of calcium 

source on urea hydrolyzing bacteria. In the process of urealysis, crystallization is usually done 

on the cell wall of bacteria, which act as nucleation sites and because they have a negative 

charge, they absorb calcium ions (Krajewska, 2018).  The results of Amiri and Bundur (2018) 

showed the effect of the type of calcium source used on precipitation morphology in such a way 

that Ca (NO3)2 caused vaterite precipitation and CaCl2 caused calcite precipitation. While the 

crystal type of Ca (CH3COO)2 is mostly aragonite (Zhang et al, 2014).  

3.6. The effect of nickel chloride on urease enzyme production 

As shown in the diagram of Fig (2), the highest amount of urease production in isolates 1S5, 

7D3 and 1D1 occurred at the highest Ni2+ concentration (200 µM) with values of 13.86, 6.73 

and 4.74 mM hydrolyzed urea per min per OD, respectively. In S.p (Sporosarcina pasteurii as 

positive control), the highest amount of urease activity was related to 100 µM of Ni2+ by 11.52 

mM hydrolyzed urea.min-1.OD-1. In isolates 1D2, 8S1 and 2D2, the highest production of urease 

was 4.36, 3.56 and 1.9 mM.min-1.OD-1 at 50 µM Ni2+ concentration. In the case of isolate 5D1, 

the highest urease enzyme production (2.45 mM.min-1.OD-1) occurred when the Ni2+ 

concentration was 0 µM. Bachmeier et al. (2002) investigated the effect of adding nickel 

(concentrations of 0-1000 µM) on calcite precipitation by recombinant E. coli and Bacillus 

pasteurii and found that calcite precipitation rate increased with the addition of 5-100 µM of 

nickel and higher concentrations Ni2+ (500 μM) not only prevents urease activity but also 

inhibits cell growth. Nickel ions are present in the structure of urease enzyme and are important 

for maintaining the structure and activity of this enzyme (Al-Thawadi, 2011; van Vliet et al, 

2002).  The urease enzyme in Sporosarcin and Bacillus is nickel-dependent and similar, and 

therefore, the presence of nickel in minimum concentration affects the function of this enzyme 

(Sovljanski et al, 2022). The last stage of organic nitrogen mineralization by urease is catalyzed 

by the hydrolysis of urea with the help of a divalent nickel center (Xu et al, 2017). 

3.7. Investigating the resistance of bacteria to urea in different concentrations 

5 concentrations (20, 40, 60, 80 and 100 g/L) of urea were considered so that in three 24-hour 

incubation periods the isolates are able to grow or survive in that.  

According to Fig (3), isolate 1S5 (B. licheniformis) had the highest urease enzyme activity 

at the highest urea concentration (100 g/L) in all three incubation periods compared to other 

isolates, but its activity was higher in the second period.  Isolate 1D1 (B. licheniformis) was 

more active in the highest concentration of urea in the first period, and in the second period at 
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the same concentration, its activity was higher than even the first period, and in the third period, 

its highest activity was at the concentration of (60 g/L) of urea. Isolate 1D2 (B. licheniformis) 

was more active in the first and third period with the highest urea concentration, and in the 

second period, the highest urease activity was related to the concentration of 60 g/L, and in 

general, the highest amount of urease activity was in the first period. Isolate 7D3 (B. piscis), 

like isolate 1S5, had the highest activity in all three periods with the highest concentration, and 

its maximum activity was in the second period with a slight difference from the first and third 

periods. The urease activity of isolate 2D2 (B. mojavensis) was at the highest concentration in 

the first period, and in the second period at the lowest urea concentration (20 g/L), it had a 

quantitatively higher activity than the first and third periods, and in the third period, it was 

active at the highest urea concentration. 5D1 (B. subtilis) had almost constant urease activity in 

all three periods at a concentration of 80 (g/L), although it had the same activity in the first and 

second period and less activity in the third period. Isolate 8S1 (B. mojavensis) had more activity 

at the concentration of 20 (g/L) at first period and at the concentration of 60 (g/L) in the second 

and third periods, and in total, its amount was higher in the second period. Sporosarcina 

pasteurii in the first period, with increasing urea concentration, the amount of urease activity 

gradually increased from 2 to 7.36 mM of hydrolyzed urea but in the second and third period, 

the highest amount of urease activity was observed at the concentration of 60 (g/L) of urea with 

values 33.14 and 24.21 mM of hydrolyzed urea, respectively. Omoregie et al. (2017), reported 

the maximum specific urease activity for Sporosarcina pasteurii isolates in concentrations of 6 

to 8% urea with an amount of 25 to 39 mM hydrolyzed urea. min-1. OD-1. Urea enters the 

bacterial cell through active transport and undergoes urealysis, which is a substrate-dependent 

reaction catalyzed by urease (Sridhar et al, 2021).  

 

Fig. 2. The results of specific urease activity (mM urease hydrolyzed/min/ OD) in the medium 

containing Ni2+ in different concentrations (0- 200 µM) after 48 hours. (Control -) is an un-cultured 

sample, and (control +) is cultured with Sporosarcina pasteurii (S.p). Bacillus licheniformis strain 1S5 

shows high urease activity, almost comparable to the control strain (S.p) in the highest Ni2+ 

concentration (200 µM). 
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Fig. 3. The results of specific urease activity (mM urease hydrolyzed/min/OD) of isolates in different 

urea concentrations (20-100 g/L): a) after 24 hours (1st incubation period). b) after 48 hours (2nd 

incubation period). c) after 72 hours (3rd incubation period).  

 

Although the increase in urea concentration due to the production of ammonia may have 

toxic effects on the cytoplasm of bacteria, on the other hand, it provides more energy in the 

form of ATP for the enzymatic activity of urea hydrolyzing bacteria and it causes less energy 

to be spent on the growth, reproduction and biomass of bacteria. (Omoregie et al, 2017). 

According to Naji et al., a fraction of ammonium ions is used as nitrogen or energy source by 
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bacteria and some of it is released outside the cell and regulates the pH (Sridhar et al, 2021).  

Urease activity makes bacteria use urea as the only source of nitrogen (Olivera-Severo et al, 

2006). The relationship between urea concentration and urease activity determines what 

concentration of urea is desirable to obtain the highest enzyme activity in the desired bacteria 

(Xu et al, 2017). It is also important to note that the amount of ammonium produced does not 

exceed the permissible limit of its pollution (Safdar et al, 2021). With the increase of urea 

concentration, the growth rate of the strains decreases due to high concentration of urea and cell 

senescence on cell proliferation (Anyadoh et al, 2017). 

3.8. Activity of carbonic anhydrase enzyme in bacteria qualitatively 

Isolates 1D1, 1D2, 5D1, 8S1 and Sporosarcina pasteurii were able to precipitate calcium 

carbonate in the first week. In the second week, isolate 2D2 was able to produce CaCO3 too. 

The strongest response was related to isolate 5D1 (Bacillus subtilis), followed by isolate 1D2 

(B. licheniformis) (in the first week) and isolate 1D1 (B. licheniformis) and S. pasteurii (in the 

second week). Oviya et al (2012), reported of the purification, characterization, and 

immobilization of a carbonic anhydrase enzyme secreted by Bacillus subtilis VSG-4. Urease 

and carbonic anhydrase enzymes are two enzymes involved in MICP process (Liang et al, 

2022). The study on carbonic anhydrase enzyme has not been done as much as urease enzyme 

in the MICP. Carbonic anhydrase is a metalloenzyme with the presence of Zn2+ in its structure, 

and with the presence of this enzyme during the process, after the production of HCO-3, H+ ions 

strengthen the precipitation of CaCO3 in the form of calcite (Portugal et al, 2020). This enzyme 

is actually a biocatalyst and catalyzes the reversible hydration of CO2 to bicarbonate and is 

present in many living organisms such as archaea, prokaryotes and eukaryotes (Abdelsamad et 

al, 2022). Orhan and Akincioglu's results confirm the existence of carbonic anhydrase enzyme 

in Gram positive bacteria including Bacillus pumilus, Bacillus horikoshii, Bacillus 

patagoniensis, Bacillus sp. (Orhan and Akincioglu, 2020). Sporosarcina pasteurii, Bacillus 

pumilis and Bacillus megaterium are produce two enzymes: urease and carbonic anhydrase 

(Dhami et al, 2016).  Some Bacillus species with carbonic anhydrase enzyme can be mentioned 

in some conducted research: Bacillus cohnii (Liang et al, 2022), Bacillus halodurans (Faridi 

and Satyanarayana, 2016), Bacillus mucilaginosus (Xiao and  Lian, 2016; Zheng and Qian, 

2020), Bacillus sp. SS105 (Maheshwari et al, 2019), Bacillus sp.(Sundaram and Thakur, 2018) 

They found that the carbonic anhydrase enzyme is vital in prokaryotes that have this enzyme 

because it affects important physiological processes such as survival, growth and reproduction 

and cyanate degradation (Orhan and Akincioglu, 2020). One of the ways to absorb, store and 

stabilize carbon dioxide is to use the carbonic anhydrase enzyme as an environmentally friendly 

enzyme that does not cause any secondary pollution (Effendi and Ng, 2019). 

3.9. Identification of the isolates 

The results of identifying the isolates can be seen in Tab (3). The 16S rRNA gene sequence of 

strains 1S5, 1D1, 1D2, 2D2, 5D1, 7D3 and 8S1 showed to be similar, respectively, by 98%, 

99%, 100%, 100%, 96%, 99% and 100% to Bacillus licheniformis, Bacillus licheniformis, 

Bacillus licheniformis, Bacillus mojavensis, Bacillus subtilis, Bacillus piscis and Bacillus 

mojavensis, respectively. Their 16S rRNA sequences were deposited in GenBank under the 

accession numbers of MZ057842, MZ057843, OP329211, MZ057844, MZ057845, 

MZ057846, MZ057847, respectively. Then, the genetic affinity of the isolates with the bacteria 

recorded in NCBI was compared by drawing a phylogeny tree using Mega 11 software Fig (4). 

Among bacteria, more attention has been paid to Bacillus species in the MICP technique 

https://link.springer.com/article/10.1007/s13146-015-0239-4#auth-Leilei-Xiao
https://link.springer.com/article/10.1007/s13146-015-0239-4#auth-Bin-Lian
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(Portugal et al, 2020). 

Table 3. Molecular identification of the isolates 

Molecular identification Per ident. Query cover Accession number Isolate 

Bacillus licheniformis 96.56 98 MZ057842 1S5 

Bacillus licheniformis 96.99 99 MZ057843 1D1 

Bacillus licheniformis 99.09 100 OP329211 1D2 

Bacillus mojavensis 98.05 100 MZ057844 2D2 

Bacillus subtilis 98.11 96 MZ057845 5D1 

Bacillus piscis 98.03 99 MZ057846 7D3 

Bacillus mojavensis 99.59 100 MZ057847 8S1 

 

 

Fig. 4. Phylogenetic tree (Neighbor-joining) based on the partial 16S rRNA gene sequences data from 

different isolates of the current study and sequences available in the GenBank database. The tree was 

constructed using Molecular Evolutionary Genetic Analysis (MEGA) version 11 (Tamura et al., 2021). 

Bar 0.5 substitutions per nucleotide.  

 

3.10. Determination the ability to use the Vinasse substrate 
All seven isolates grew in 4 types of vinasse (A=alcohol, Y=yeast, M=mixed alcohol and yeast, 

C=concentrated) and in all percentages (10%, 50% and 100%) after 48 hours in the incubator. 

It should be noted that the growth of these bacteria was positive but weak after 15 hours of 

incubation, but after 48 hours they were able to show a strong positive response.  In MICP, 

inexpensive culture mediums are very important for the production and growth of bacteria with 
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high urease activity (Omoregie et al, 2019).  The researchers used different materials to supply 

the carbon needed by the bacteria in the MICP process, and among them, the use of corn-steep 

liquor (CSL) (Amiri and Bundur, 2018), lactose mother liquor (LML) (Achal et al, 2009) 

instead of yeast extract has been successful.  

3.11. Investigation of calcium carbonate production by isolates 

As the primary source of carbon, CaCO3 is one of the most abundant minerals in geological 

history (Abdelsamad et al, 2022). At first, the investigation of calcium carbonate crystals for 7 

isolates that had urease activity, with two different concentrations of CaCl2 was done 

qualitatively. Isolates 7D3 and 8S1 precipitated CaCO3 crystals in both concentrations of CaCl2 

to a good extent. Isolates 1D1, 2D2, and 5D1 acted in both concentrations almost equally but less 

than the previous two isolates. Isolate 1D2 and 1S5 in a medium with a lower concentration of 

calcium chloride and isolate 2D4 in a medium with a higher concentration performed better. 

According to graph in Fig (5), isolates 1S5, 1D2 and 1D1 (All three of them were Bacillus 

licheniformis) had the highest amount of CaCO3 precipitation (g. L-1) with values of 0.36, 0.22 

and 0.13, respectively. Krishnapriya et al. (2015) also estimated the amount of calcium carbonate 

precipitation by Bacillus licheniformis to be about 0.8 grams per liter.  Sovljanski et al (2022) 

found that B. licheniformis can precipitate calcium carbonate at the rate of 3.14 grams per 100 ml 

under optimal conditions. The amount of 1.33 g/L of calcium carbonate by B. licheniformis was 

also reported by Vahabi et al (2013). Safdar et al. (2021) reported the successful use of native 

soil bacteria called Bacillus licheniformis for biocementing in organic soils with increased CaCO3 

content. Seifan et al (2016) reported the highest amount of calcium carbonate precipitation by 

Bacillus licheniformis and Bacillus sphaericus at the rate of 33.78 g. L-1. 

 

Fig. 5. Calcium carbonate precipitation (g/L) results by the isolates. Among the native isolates, 1S5 had 

the highest amount of precipitated CaCO3, followed by 1D2 and 1D1, all of which were Bacillus 

licheniformis. Sporosarcina pasteurii (S.p) caused the highest CaCO3 precipitation as a positive control. 

 

Isolates 8S1 and 2D2 (identified as Bacillus mojavensis) were ranked after the first three 

isolates with the amount of calcium carbonate production of 0.11 and 0.06 g. L-1 respectively. 

There has been no report on the production of calcium carbonate by this bacterium so far. 

Isolates 7D3 (identified as Bacillus piscis) also has the same amount of calcium carbonate as 

isolate 2D2, i.e. 0.06 g.(100ml)-1, similarly, there is no report about this strain it in this field. 
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Isolate 5D1 (identified as Bacillus subtilis) had the lowest production among the isolates with 

CaCO3 precipitation equal to 0.02 g. L-1. Feng et al (2021) successfully used the alkali-resistant 

Bacillus subtilis to biocement self-healing concrete. Pérez and García (2020) investigated the 

biomineralization of CaCO3 by B. subtilis. Feng et al. (2021) used B. subtilis to precipitate 

calcium carbonate in self-healing concrete samples. Hoffman et al. (2021) found that the cell 

surface of B. subtilis may be highly negative, making it susceptible to the MICP process.  

As can be seen from the graph in Fig (5), the highest amount of calcium carbonate production 

in this study was related to Sporosarcina pasteurii with a value of 0.43 g/liter. Eryürük (2022) 

reported the amount of calcium carbonate deposition by S. pasteurii between 4 and 28 mg, which 

was directly related to the number of bacterial cells. Saricicek et al. (2019) compared the ability 

of Sporosarcina pasteurii and Bacillus licheniformis in the MICP process and found that S. 

pasteurii is definitely more successful in CaCO3 precipitation. In natural environments such as 

fresh and salt water, soils and carbonate structures, there are bacteria that cause precipitation of 

carbonates (Anyadoh et al, 2017). The ability of many species of Bacillus in biocementation has 

been proven, and for this reason they are called cementing bacteria (Li et al, 2017). The use of 

indigenous Bacillus species to CaCO3 production in order to increase sands resistance is efficient, 

economical and recommended (Almajed et al, 2021; Burbank et al, 2013). Bahmani et al. (2019) 

reported the amount of precipitated CaCO3 for indigenous Bacillus species about 2.2 - 3 g/L. 

3.12. XRD and FESEM analysis of isolates 

According to the FESEM images (Fig. 6, left side), B. licheniformis strains 1S5 (a), 1D1 (b), 1D2 

(c), and B. piscis strain 7D3 (e) were able to precipitate vaterite and calcite crystals, although 

XRD analysis (Fig. 6, right side) of these isolates showed vaterite peaks in 1S5, 1D1, and 7D3, 

and vaterite, calcite, and aragonite peaks in 1D2. FESEM images and XRD analysis confirmed 

the formation of vaterite crystals in B. subtilis strain 5D1 and calcite crystals in B. mojavensis 

strain 8S1. FESEM of B. mojavensis strain 2D2 showed calcite particles, while its XRD pattern 

revealed both calcite and aragonite peaks. Overall, the MICP process resulted in the formation of 

CaCO₃ polymorphs, including calcite, vaterite, and aragonite. The result of process MICP is the 

production of calcium carbonate polymorphs such as calcite, vaterite and aragonite, of which 

calcite is the most stable (Ghezelbash and Haddadi, 2018). Many factors can affect the 

morphology of calcium carbonate including: bacterial metabolic activity, cementation reagents, 

extracellular polymeric matter, and abiotic elements (Omoregie et al, 2020). Polymorphs of 

calcium carbonate are seen in the form of calcite (square and rhombic), aragonite (needle-shaped) 

and vaterite (spherical) (Kalantary and Kahani, 2015). Vaterite and aragonite are formed at low 

pH and high temperature, while calcite is formed at high pH and low temperature and is the most 

stable form of calcium carbonate (Faridi and Satyanarayana, 2016). 

 

4. Conclusions 

This study demonstrates that indigenous Bacillus isolates from the sand dunes of Khuzestan 

can drive MICP under local conditions, with B. licheniformis, B. mojavensis, B. subtilis, and B. 

piscis showing robust urease activity and CaCO3 precipitation. The principal novelty is the first-

time report of urease activity in B. piscis and B. mojavensis under our experimental conditions, 

underscoring the regional microbial potential for dune stabilization. When compared with 

Sporosarcina pasteurii, the indigenous strains offered competitive performance while 

providing the advantage of environmental compatibility and potential cost savings through the 

use of waste-derived substrates (vinasse) as a carbon source. 

These findings lay groundwork for field-oriented development of MICP-based sand dunes 
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stabilization using locally adapted bacteria and sustainable substrates. Future research should 

focus on in situ validation, scale-up considerations, and optimization of substrate deployment 

for practical implementation. 

  

Fig. 6. On the left, FESEM images show the type of calcium carbonate crystals produced by the MICP 

process in 1S5 (a), 1D1 (b), 1D2 (c), 2D2 (d), 5D1 (e), 7D3 (f), and 8S1 (g). On the right, graphs of 

XRD analysis related to the same isolates.  
 

Data Availability Statement 

The datasets generated during and/or analysed during the current study are available from the 

corresponding author on reasonable request. 

 

Acknowledgements 

The authors would like to thank Dr. Hossein Motamedi for providing laboratory facilities that 

supported this work, in collaboration with the Microbiology Group at Shahid Chamran 

University of Ahvaz. 

 

Ethical considerations 

The authors confirm that data were collected, analyzed, and reported honestly, without 

fabrication, falsification, or misrepresentation. 

 

Conflict of interest 

The authors declare that there is no conflict of interest regarding the publication of this article. 

References 

 

0 10 20 30 40 50 60 70 80 90

In
te

n
si

ty
 (

a
.u

.)

2Theta

V
a

te
ri

te

V
a

te
ri

te

V
a

te
ri

te
V

a
te

ri
te

V
a

te
ri

te

V
a

te
ri

te

V
a

te
ri

te

V
a

te
ri

te

V
a

te
ri

te

V
a

te
ri

te
+S

a
la

m
m

o
n

ia
c

       

0 10 20 30 40 50 60 70 80 90

In
te

n
si

ty
 (a

.u
.)

2Theta

V
a

te
ri

te

V
a

te
ri

te

V
a

te
ri

te

V
a

te
ri

te

V
a

te
ri

te

V
a

te
ri

te

V
a

te
ri

te

V
a

te
ri

te

V
a

te
ri

te

0 10 20 30 40 50 60 70 80 90

In
te

n
si

ty
 (a

.u
.)

2Theta

A
ra

go
n

it
e+

C
a

lc
it

e

A
ra

go
n

it
e+

C
a

lc
it

e

A
ra

go
n

it
e

C
a

lc
it

e
C

a
lc

it
e+

A
ra

go
n

it
e

A
ra

go
n

it
e

V
a

te
ri

te
V

a
te

ri
te

A
ra

go
n

it
e

V
a

te
ri

te

C
a

lc
it

e

C
a

lc
it

e+
A

ra
go

n
it

e

V
a

te
ri

te
+A

ra
go

n
it

e

C
a

lc
it

e
A

ra
go

n
it

e

C
a

lc
it

e

V
a

te
ri

te

       

       

       

         

        

       

         

        

       

         

        

 

0 10 20 30 40 50 60 70 80 90

In
te

n
si

ty
 (a

.u
.)

2Theta

C
a

lc
it

e
C

a
lc

it
e

A
ra

go
n

it
e

C
a

lc
it

e

A
ra

go
n

it
e

C
a

lc
it

e

A
ra

go
n

it
e

C
a

lc
it

e

C
a

lc
it

e

A
ra

go
n

it
e

C
a

lc
it

e

       

0 10 20 30 40 50 60 70 80 90

In
te

n
si

ty
 (a

.u
.)

2Theta

V
a

te
ri

te

V
a

te
ri

te

V
a

te
ri

te

V
a

te
ri

te

V
a

te
ri

te

V
a

te
ri

te

V
a

te
ri

te

V
a

te
ri

te

V
a

te
ri

teV
a

te
ri

te

       

0 10 20 30 40 50 60 70 80 90

In
te

n
si

ty
 (a

.u
.)

2Theta

V
a

te
ri

te

V
a

te
ri

te

V
a

te
ri

te

V
a

te
ri

te

V
a

te
ri

te

V
a

te
ri

te

V
a

te
ri

te

V
a

te
ri

te

       

0 10 20 30 40 50 60 70 80 90

In
te

n
si

ty
 (a

.u
.)

2Theta

C
al

ci
te

C
al

ci
te

C
al

ci
te

C
al

ci
te

       

        

        

       

       

         

       
         

        

       

        



160  DESERT, 30-1, 2025 

 

 

Abbasi, H. R., Opp, C., Groll, M., Gohardoust, A., & Rouhipour, H. (2021). Wind regime and 

aeolian sand transport in Khuzestan Sand Sea. Aeolian Research, 53, 100746.  

Abbasi, H. R., Opp, C., Groll, M., Rohipour, H., & Gohardoust, A. (2019). Assessment of the 

distribution and activity of dunes in Iran based on mobility indices and ground data. Aeolian 

Research, 41, 100539.  

Abdelsamad, R., Al Disi, Z., Abu-Dieyeh, M., Al-Ghouti, M. A., & Zouari, N. (2022). 

Evidencing the role of carbonic anhydrase in the formation of carbonate minerals by 

bacterial strains isolated from extreme environments in Qatar. Heliyon, 8(10), e11151.  

Abtahi, S. M., & Khosroshahi, M. (2016). Effects of six chemical and mineral mulches on the 

establishment and survival of calligonum and haloxylon. Water and Soil Science, 26(1-1), 

39-46. (In Persian) 

Achal, V., Mukherjee, A., Basu, P. C., & Reddy, M. S. (2009). Lactose mother liquor as an 

alternative nutrient source for microbial concrete production by Sporosarcina 

pasteurii. Journal of industrial Microbiology and biotechnology, 36(3), 433-438. 

Akiyama, M., & Kawasaki, S. (2012). Microbially mediated sand solidification using calcium 

phosphate compounds. Engineering Geology, 137, 29-39. 

Ali, N. A., Karkush, M. O., & Al Haideri, H. H. (2020, August). Isolation and identification of 

local bactria produced from soil-borne urease. In IOP Conference Series: Materials Science 

and Engineering (Vol. 901, No. 1, p. 012035). IOP Publishing. 

Alipour, A., Tavili, A., Sangoony, H., & Alipoori, E. (2018). Operational, Environmental and 

Economic Feasibility of Using Steel Slag as Mulch for Controlling Wind Erosion. Desert 

Ecosystem Engineering Journal, 7(18), 15-26. (In Pesian) 

Almajed, A., Lateef, M. A., Moghal, A. A. B., & Lemboye, K. (2021). State-of-the-art review 

of the applicability and challenges of microbial-induced calcite precipitation (MICP) and 

enzyme-induced calcite precipitation (EICP) techniques for geotechnical and 

geoenvironmental applications. Crystals, 11(4), 370. 

Al-Thawadi, S. M. (2011). Ureolytic bacteria and calcium carbonate formation as a mechanism 

of strength enhancement of sand. J. Adv. Sci. Eng. Res, 1(1), 98-114. 

Amiri, A., & Bundur, Z. B. (2018). Use of corn-steep liquor as an alternative carbon source for 

biomineralization in cement-based materials and its impact on performance. Construction 

and Building Materials, 165, 655-662. 

Anyadoh-Nwadike, S. O., Ezeanyika, C., & Okorondu, S. I. (2017). Isolation and 

characterization of soil-borne urease producing bacteria. Ejpmr., 4(9), 30-38. 

Azoogh, L., Moghadam, B. K., & Jafari, S. (2018). Interaction of petroleum mulching, 

vegetation restoration and dust fallout on the conditions of sand dunes in southwest of 

Iran.  Aeolian research, 32, 124-132. 

Azua-Bustos, A., Urrejola, C., & Vicuña, R. (2012). Life at the dry edge: microorganisms of 

the Atacama Desert. FEBS letters, 586(18), 2939-2945. 

Bachmeier, K. L., Williams, A. E., Warmington, J. R., & Bang, S. S. (2002). Urease activity in 

microbiologically-induced calcite precipitation. Journal of biotechnology, 93(2), 171-181. 



A Sustainable and Eco-Friendly Approach to Sand Dunes Stabilization Using Vinasse and … / Pirhadi et al. 161 

 

 

Bahmani, M., Fatehi, H., Noorzad, A., & Hamedi, J. (2019). Biological soil improvement using 

new environmental bacteria isolated from northern Iran. Environmental Geotechnics, 9(8), 

534-546. 

Bang, S. C., Min, S. H., & Bang, S. S. (2011). Application of microbiologically induced soil 

stabilization technique for dust suppression. International Journal of Geo-

Engineering, 3(2), 27-37. 

Bindal, S., & Gupta, R. (2016). Thermo-and salt-tolerant chitosan cross-linked γ-glutamyl 

transpeptidase from Bacillus licheniformis ER15. International journal of biological 

macromolecules, 91, 544-553. 

Brink, B. (2010). Urease test protocol. American society for microbiology, 1-7. 

Castanier, S., Le Métayer-Levrel, G., & Perthuisot, J. P. (1999). Ca-carbonates precipitation 

and limestone genesis—the microbiogeologist point of view. Sedimentary geology, 126(1-

4), 9-23.  

Chahal, N., Rajor, A., & Siddique, R. (2011). Calcium carbonate precipitation by different 

bacterial strains. African Journal of Biotechnology, 10(42), 8359-8372. 

Cheng, L., & Cord-Ruwisch, R. (2012). In situ soil cementation with ureolytic bacteria by 

surface percolation. Ecological Engineering, 42, 64-72. 

Chitsazan, M., & Akhtari, Y. (2009). A GIS-based DRASTIC model for assessing aquifer 

vulnerability in Kherran Plain, Khuzestan, Iran. Water resources management, 23, 1137-

1155. 

Christofoletti, C. A., Escher, J. P., Correia, J. E., Marinho, J. F. U., & Fontanetti, C. S. (2013). 

Sugarcane vinasse: environmental implications of its use. Waste management, 33(12), 2752-

2761. 

Ciurli, S., Marzadori, C., Benini, S., Deiana, S., & Gessa, C. (1996). Urease from the soil 

bacterium Bacillus pasteurii: immobilization on Ca-polygalacturonate. Soil Biology and 

Biochemistry, 28(6), 811-817. 

Coelho, M. A., Mesquita, A. C. O., Fusconi, R., Roesch, L. F. W., & de Siqueira Ferreira, A. 

(2022). Ammonia volatilization and Sporosarcina genus abundance in an Oxisol enriched 

with urea, compost and biochar. Applied Soil Ecology, 176, 104494. 

Crowley, J., Bell, D. & Kopp-Holtwiesche, B. (2008). Environmentally favorable erosion 

control with a polyvinyl acetate-based formulation. Quattro Environmental, Inc. Technical 

Report. P. 351. 

Cuzman, O. A., Rescic, S., Richter, K., Wittig, L., & Tiano, P. (2015). Sporosarcina pasteurii 

use in extreme alkaline conditions for recycling solid industrial wastes. Journal of 

biotechnology, 214, 49-56. 

De Muynck, W., De Belie, N., & Verstraete, W. (2010). Microbial carbonate precipitation in 

construction materials: a review. Ecological engineering, 36(2), 118-136. 

DeJong, J. T., Mortensen, B. M., Martinez, B. C., & Nelson, D. C. (2010). Bio-mediated soil 

improvement. Ecological Engineering, 36(2), 197-210. 



162  DESERT, 30-1, 2025 

 

 

Dhami, N. K., Mukherjee, A., & Reddy, M. S. (2016). Micrographical, minerological and nano-

mechanical characterisation of microbial carbonates from urease and carbonic anhydrase 

producing bacteria. Ecological Engineering, 94, 443-454. 

Dikshit, R., Dey, A., & Kumar, A. (2022). Sporosarcina pasteurii can efficiently precipitate 

calcium carbonate at high salt concentration. Geomicrobiology Journal, 39(2), 123-134. 

Douzali Joushin, F., Badv, K., Barin, M., & Sultani Jige, H. (2018). Inhibition of wind erosion 

by SBR polymer and Bacillus pasteurii microorganism (Case study: Jabal Kandy 

region). Iranian Journal of Soil and Water Research, 49(4), 795-806. (In Persian) 

Dubey, A. A., Ravi, K., Shahin, M. A., Dhami, N. K., & Mukherjee, A. (2021). Bio-composites 

treatment for mitigation of current-induced riverbank soil erosion. Science of The Total 

Environment, 800, 149513. 

Edvardsson, K. (2010). Evaluation of dust suppressants for gravel roads: Methods development 

and efficiency studies. Stockholm, Sweden. Royal Institute of Technology. P. 120. 

Effendi, S. S. W., & Ng, I. S. (2019). The prospective and potential of carbonic anhydrase for 

carbon dioxide sequestration: A critical review. Process Biochemistry, 87, 55-65. 

Eryuruk, K. Investigating the urease activity of Sporosarcina pasteurii for potential usage of 

microbially induced calcium carbonate precipitation. Avrupa Bilim ve Teknoloji Dergisi, 

(34), 1-4. 

Fan, Y., Hu, X., Zhao, Y., Wu, M., Wang, S., Wang, P., ... & Zhu, S. (2020). Urease producing 

microorganisms for coal dust suppression isolated from coal: Characterization and 

comparative study. Advanced Powder Technology, 31(9), 4095-4106.  

Faridi, S., & Satyanarayana, T. (2016). Characteristics of recombinant α-carbonic anhydrase of 

polyextremophilic bacterium Bacillus halodurans TSLV1. International journal of 

biological macromolecules, 89, 659-668. 

Feng, J., Chen, B., Sun, W., & Wang, Y. (2021). Microbial induced calcium carbonate 

precipitation study using Bacillus subtilis with application to self-healing concrete 

preparation and characterization. Construction and Building Materials, 280, 122460. 

Fulbright, T. E., Ortega-Santos, J. A., Lozano-Cavazos, A., & Ramírez-Yanez, L. E. (2006). 

Establishing vegetation on migrating inland sand dunes in Texas. Rangeland Ecology & 

Management, 59(5), 549-556. 

Garrity, G. M., Brenner, D. J., Krieg, N. R. and Staley, J. T. 2005. Bergeyˊs manual of 

systematic bacteriology. 2nd ed. Springer. Vol 2. Part B. P. 150. 

Genis, A., Vulfson, L., & Ben-Asher, J. (2013). Combating wind erosion of sandy soils and 

crop damage in the coastal deserts: Wind tunnel experiments. Aeolian Research, 9, 69-73. 

Ghanbari, Z., Ghorbanzadeh, N., Farhangi, M. B., & Khalili Rad, M. (2021). Isolating and 

Using Bacteria, Producing Urease and L-asparaginase, and Effective on Calcium Carbonate 

Bioproduction to Remove Zinc from Contaminated Solutions. Iranian Journal of Soil and 

Water Research, 52(2), 549-562. (In Persian) 

Ghezelbash, G. R., & Haddadi, M. (2018). Production of nanocalcite crystal by a urease 

producing halophilic strain of Staphylococcus saprophyticus and analysis of its properties 

by XRD and SEM. World Journal of Microbiology and Biotechnology, 34, 1-10. 



A Sustainable and Eco-Friendly Approach to Sand Dunes Stabilization Using Vinasse and … / Pirhadi et al. 163 

 

 

Ghorbanzadeh, N., Shokati, R., Farhangi, M. B., Shabanpour, M., & Unc, A. (2021). Effect of 

the biogenic precipitation of calcium carbonate on bacterial transport in sand 

columns. Ecohydrology & Hydrobiology, 21(2), 280-291. 

Goodrich, B. A., Koski, R. D., & Jacobi, W. R. (2009). Monitoring surface water chemistry 

near magnesium chloride dust suppressant treated roads in Colorado. Journal of 

environmental quality, 38(6), 2373-2381. 

Gorospe, C. M., Han, S. H., Kim, S. G., Park, J. Y., Kang, C. H., Jeong, J. H., & So, J. S. (2013). 

Effects of different calcium salts on calcium carbonate crystal formation by Sporosarcina 

pasteurii KCTC 3558. Biotechnology and bioprocess engineering, 18, 903-908. 

Harkes, M. P., Van Paassen, L. A., Booster, J. L., Whiffin, V. S., & van Loosdrecht, M. C. 

(2010). Fixation and distribution of bacterial activity in sand to induce carbonate 

precipitation for ground reinforcement. Ecological Engineering, 36(2), 112-117. 

Harrigan, W. and Cance, M. 1976. Laboratory methods in food and dairy microbiology. 

Academic Press, 18(3): 232-239. 

Hashemimanesh, M., & Matinfar, H. (2012). Evaluation of desert management and 

rehabilitation by petroleum mulch base on temporal spectral analysis and field study (case 

study: Ahvaz, Iran). Ecological Engineering, 46, 68-74. 

Helmi, F. M., Elmitwalli, H. R., Elnagdy, S. M., & El-Hagrassy, A. F. (2016). Calcium 

carbonate precipitation induced by ureolytic bacteria Bacillus licheniformis. Ecological 

Engineering, 90, 367-371. 

Hoffmann, T. D., Paine, K., & Gebhard, S. (2021). Genetic optimisation of bacteria-induced 

calcite precipitation in Bacillus subtilis. Microbial Cell Factories, 20, 1-19. 

Hosseini, M., Babaha, F., Al-Rubaye, M. T. S., Fakhari, J., & Al-Musawi, M. H. (2017). 

Urease-producing halophilic bacteria isolated from Bahr Al-Milh Salt Lake, Karbala, Iraq. J. 

Pure Appl. Microbiol., 711-716. 

Hu, R., Wang, X. P., Zhang, Y. F., Shi, W., Jin, Y. X., & Chen, N. (2016). Insight into the 

influence of sand-stabilizing shrubs on soil enzyme activity in a temperate 

desert. Catena, 137, 526-535. 

Indoitu, R., Orlovsky, L., & Orlovsky, N. (2012). Dust storms in Central Asia: Spatial and 

temporal variations. Journal of Arid Environments, 85, 62-70. 

Ivanov, V., & Chu, J. (2008). Applications of microorganisms to geotechnical engineering for 

bioclogging and biocementation of soil in situ. Reviews in Environmental Science and 

Bio/Technology, 7, 139-153. 

Ivanov, V., Stabnikov, V., & Kawasaki, S. (2019). Ecofriendly calcium phosphate and calcium 

bicarbonate biogrouts. Journal of cleaner production, 218, 328-334. 

Jafari, M. (2014). Performance report of soil stabilization resin. Tehran University, Agriculture 

and Natural Resources Campus, Faculty of Natural Resources. pp. 11-15. (In Pesian) 

Jafari, S., Chorom, M., Enayatizamir, N., & Motamedi, H. (2015). Effect of two salt tolerant 

bacteria isolates on barley growth under different soil salinity levels. Journal of Sol 

Biology, 2(2), 187-196. 



164  DESERT, 30-1, 2025 

 

 

Jalilvand, N., Akhgar, A., Alikhani, H. A., Rahmani, H. A., & Rejali, F. (2020). Removal of 

heavy metals zinc, lead, and cadmium by biomineralization of urease-producing bacteria 

isolated from Iranian mine calcareous soils. Journal of Soil Science and Plant Nutrition, 20, 

206-219. 

James, N., Umesh, M., Sarojini, S., Shanmugam, S., Nasif, O., Alharbi, S. A., ... & Brindhadevi, 

K. (2023). Unravelling the potential plant growth activity of halotolerant Bacillus 

licheniformis NJ04 isolated from soil and its possible use as a green bioinoculant on Solanum 

lycopersicum L. Environmental Research, 216, 114620. 

Jamili, T., Khalilimoghadam, B., & Shahbazi, E. (2017). Investigation of Water Holding 

Capacity of Sugarcane Mulch for Sand Dune Stabilization in Ahvaz. Journal of Water and 

Soil, 29 (5): 1278-1287.  

Kahani, M., Kalantary, F., Soudi, M. R., Pakdel, L., & Aghaalizadeh, S. (2020). Optimization 

of cost-effective culture medium for Sporosarcina pasteurii as biocementing agent using 

response surface methodology: Up cycling dairy waste and seawater. Journal of Cleaner 

Production, 253, 120022. 

Kalantary, F., & Kahani, M. (2015). Evaluation of the ability to control biological precipitation 

to improve sandy soils. Procedia Earth and Planetary Science, 15, 278-284. 

Kardavani, P. (2001). Drought and ways to deal with it in Iran. Tehran: University of Tehran. 

(In Persian). 

Karol, R. H. (2003). Chemical Grouting and Soil Stabilization. Marcel Dekker, New York. P. 

558. 

Khadim, H. J., Ammar, S. H., & Ebrahim, S. E. (2019). Biomineralization based remediation 

of cadmium and nickel contaminated wastewater by ureolytic bacteria isolated from barn 

horses soil. Environmental Technology & Innovation, 14, 100315. 

Khalili Moghadam, B., Jamili, T., Nadian, H., & Shahbazi, E. (2016). The influence of 

sugarcane mulch on sand dune stabilization in Khuzestan, the southwest of Iran. Iran 

Agricultural Research, 34(2), 71-80. 

Kheirfam, H., & Asadzadeh, F. (2020). Stabilizing sand from dried-up lakebeds against wind 

erosion by accelerating biological soil crust development. European Journal of Soil 

Biology, 98, 103189. 

Krajewska, B. (2018). Urease-aided calcium carbonate mineralization for engineering 

applications: A review. Journal of Advanced Research, 13, 59-67. 

Krishnapriya, S., & Babu, D. V. (2015). Isolation and identification of bacteria to improve the 

strength of concrete. Microbiological research, 174, 48-55. 

Kumari, D., Qian, X. Y., Pan, X., Achal, V., Li, Q., & Gadd, G. M. (2016). Microbially-induced 

carbonate precipitation for immobilization of toxic metals. Advances in applied 

microbiology, 94, 79-108. 

Landa-Marbán, D., Tveit, S., Kumar, K., & Gasda, S. E. (2021). Practical approaches to study 

microbially induced calcite precipitation at the field scale. International Journal of 

Greenhouse Gas Control, 106, 103256. 



A Sustainable and Eco-Friendly Approach to Sand Dunes Stabilization Using Vinasse and … / Pirhadi et al. 165 

 

 

Lapierre, F. M., Schmid, J., Ederer, B., Ihling, N., Büchs, J., & Huber, R. (2020). Revealing 

nutritional requirements of MICP-relevant Sporosarcina pasteurii DSM33 for growth 

improvement in chemically defined and complex media. Scientific reports, 10(1), 1-14. 

Li, M., Zhu, X., Mukherjee, A., Huang, M., & Achal, V. (2017). Biomineralization in 

metakaolin modified cement mortar to improve its strength with lowered cement 

content. Journal of Hazardous Materials, 329, 178-184. 

Liang, H., Liu, Y., Tian, B., Li, Z., & Ou, H. (2022). A sustainable production of biocement via 

microbially induced calcium carbonate precipitation. International Biodeterioration & 

Biodegradation, 172, 105422. 

Liu, F., Cheng, X., Miu, J., Li, X., Yin, R., Wang, J., & Qu, Y. (2021). Application of different 

methods to determine urease activity in enzyme engineering experiment and production. 

In E3S Web of Conferences (Vol. 251, p. 02057). EDP Sciences. 

Lloyd, A. B., & Sheaffe, M. J. (1973). Urease activity in soils. Plant and Soil, 39, 71-80. 

Luo, W., Zhao, W., & Zhuang, Y. (2018). Sand-burial and wind erosion promote oriented-

growth and patchy distribution of a clonal shrub in dune ecosystems. Catena, 167, 212-220. 

Maheshwari, N., Kumar, M., Thakur, I. S., & Srivastava, S. (2019). Cloning, expression and 

characterization of β-and γ-carbonic anhydrase from Bacillus sp. SS105 for biomimetic 

sequestration of CO2. International journal of biological macromolecules, 131, 445-452. 

Majdi, H., Karimian-Eghbal, M., Karimzadeh, H. R., & Jalalian, A. (2006). Effect of different 

clay mulches on the amount of wind eroded materials. Isfahan University of Technology-

Journal of Crop Production and Processing, 10(3), 137-149. 

Marín, S., Cabestrero, O., Demergasso, C., Olivares, S., Zetola, V., & Vera, M. (2021). An 

indigenous bacterium with enhanced performance of microbially-induced Ca-carbonate 

biomineralization under extreme alkaline conditions for concrete and soil-improvement 

industries. Acta Biomaterialia, 120, 304-317. 

Meng, H., Gao, Y., He, J., Qi, Y., & Hang, L. (2021). Microbially induced carbonate 

precipitation for wind erosion control of desert soil: Field-scale tests. Geoderma, 383, 

114723. 

Meyer, F. D., Bang, S., Min, S., Stetler, L. D., & Bang, S. S. (2011). Microbiologically-induced 

soil stabilization: application of Sporosarcina pasteurii for fugitive dust control. In Geo-

frontiers 2011: advances in geotechnical engineering (pp. 4002-4011). 

Middleton, N. J. (2017). Desert dust hazards: A global review. Aeolian research, 24, 53-63. 

Minami, H., Suzuki, H., & Kumagai, H. (2003). Salt-tolerant γ-glutamyltranspeptidase from 

Bacillus subtilis 168 with glutaminase activity. Enzyme and microbial technology, 32(3-4), 

431-438. 

Mitchell, J. K., & Santamarina, J. C. (2005). Biological considerations in geotechnical 

engineering. Journal of geotechnical and geoenvironmental engineering, 131(10), 1222-

1233. 

Mobley, H. L., & Hausinger, R. P. (1989). Microbial ureases: significance, regulation, and 

molecular characterization. Microbiological reviews, 53(1), 85-108. 



166  DESERT, 30-1, 2025 

 

 

Montiel-Rosales, A., Montalvo-Romero, N., García-Santamaría, L. E., Sandoval-Herazo, L. C., 

Bautista-Santos, H., & Fernández-Lambert, G. (2022). Post-Industrial Use of Sugarcane 

Ethanol Vinasse: A Systematic Review. Sustainability, 14(18), 11635. 

Moradi, M., Naji, H. R., Imani, F., Behbahani, S. M., & Ahmadi, M. T. (2017). Arbuscular 

mycorrhizal fungi changes by afforestation in sand dunes. Journal of Arid 

Environments, 140, 14-19. 

Mortensen, B. M., Haber, M. J., DeJong, J. T., Caslake, L. F., & Nelson, D. C. (2011). Effects 

of environmental factors on microbial induced calcium carbonate precipitation. Journal of 

applied microbiology, 111(2), 338-349. 

NaghizadeAsl, F., Asgari, H. R., Emami, H., & Jafari, M. (2019). Combined effect of micro 

silica with clay, and gypsum as mulches on shear strength and wind erosion rate of sands. 

Int Soil Water Conserv Res 7 (4): 388–394.  

Neha, S., Shuchi, K., & Singh, T. R. (2021). Isolation and Characterization of Extracellular 

Enzyme (Glutaminase and Urease) producing Bacteria isolated from Soil Samples of 

Different Regions of Gwalior, Madhya Pradesh, India. Research Journal of Biotechnology 

Vol, 16, 7. 

Nikseresht, F., Landi, A., Sayyad, G., Ghezelbash, G. R., & Schulin, R. (2020). Sugarecane 

molasse and vinasse added as microbial growth substrates increase calcium carbonate 

content, surface stability and resistance against wind erosion of desert soils. Journal of 

environmental management, 268, 110639. 

Olivera-Severo, D., Wassermann, G. E., & Carlini, C. R. (2006). Ureases display biological 

effects independent of enzymatic activity: is there a connection to diseases caused by urease-

producing bacteria? Brazilian Journal of Medical and Biological Research, 39, 851-861. 

Omid Bakhsh, M., Soleiman Nejadian, F., Habibpoor, B. & Asareh, M.H. (2003). A study of 

wood resistance of four tree species to sand termite Psammotermes hybostoma Desneux in 

sand dunes of Khuzestan province. Pajouhesh & Sazandegi, 60: 44-51. (In Persian) 

Omoregie, A. I., Khoshdelnezamiha, G., Senian, N., Ong, D. E. L., & Nissom, P. M. (2017). 

Experimental optimisation of various cultural conditions on urease activity for isolated 

Sporosarcina pasteurii strains and evaluation of their biocement potentials. Ecological 

Engineering, 109, 65-75. 

Omoregie, A. I., Ngu, L. H., Ong, D. E. L., & Nissom, P. M. (2019). Low-cost cultivation of 

Sporosarcina pasteurii strain in food-grade yeast extract medium for microbially induced 

carbonate precipitation (MICP) application. Biocatalysis and Agricultural 

Biotechnology, 17, 247-255. 

Omoregie, A. I., Palombo, E. A., Ong, D. E., & Nissom, P. M. (2020). A feasible scale-up 

production of Sporosarcina pasteurii using custom-built stirred tank reactor for in-situ soil 

biocementation. Biocatalysis and Agricultural Biotechnology, 24, 101544. 

Omoregie, A. I., Senian, N., Li, P. Y., Hei, N. L., Leong, D. O. E., Ginjom, I. R. H., & Nissom, 

P. M. (2016). Ureolytic bacteria isolated from Sarawak limestone caves show high urease 

enzyme activity comparable to that of Sporosarcina pasteurii (DSM 33). Malaysian Journal 

of Microbiology, 463-470. 



A Sustainable and Eco-Friendly Approach to Sand Dunes Stabilization Using Vinasse and … / Pirhadi et al. 167 

 

 

Orhan, F., & Akincioglu, H. (2020). Determination of carbonic anhydrase enzyme activity in 

halophilic/halotolerant bacteria. Applied Soil Ecology, 155, 103650. 

Orhan, F., & Gulluce, M. (2015). Isolation and characterization of salt-tolerant bacterial strains 

in salt-affected soils of Erzurum, Turkey. Geomicrobiology Journal, 32(6), 521-529. 

Oviya, M., Giri, S. S., Sukumaran, V., & Natarajan, P. (2012). Immobilization of carbonic 

anhydrase enzyme purified from Bacillus subtilis VSG-4 and its application as CO2 

sequesterer. Preparative Biochemistry and Biotechnology, 42(5), 462-475. 

Paul, E. (2014). Soil Microbiology, Ecology and Biochemistry. 4th edition. Academic press. P. 

55. 

Pérez, H. F., & García, M. G. (2020). Bioprecipitation of calcium carbonate by Bacillus subtilis 

and its potential to self-healing in cement-based materials. Journal of applied research and 

technology, 18(5), 245-258. 

Petry, T. M., & Little, D. N. (2002). Review of stabilization of clays and expansive soils in 

pavements and lightly loaded structures—history, practice, and future. Journal of materials 

in civil engineering, 14(6), 447-460. 

Portugal, C. R. M. E., Fonyo, C., Machado, C. C., Meganck, R., & Jarvis, T. (2020). 

Microbiologically Induced Calcite Precipitation biocementation, green alternative for 

roads—is this the breakthrough. A critical review. J. Clean. Prod, 262, 121372. 

Powell, J. T., Chatziefthimiou, A. D., Banack, S. A., Cox, P. A., & Metcalf, J. S. (2015). Desert 

crust microorganisms, their environment, and human health. Journal of Arid 

Environments, 112, 127-133. 

Proudfoot, D., Brooks, L., Gammons, C. H., Barth, E., Bless, D., Nagisetty, R. M., & Lauchnor, 

E. G. (2022). Investigating the potential for microbially induced carbonate precipitation to 

treat mine waste. Journal of Hazardous Materials, 424, 127490. 

Rabiee, A. (2010). Acrylamide‐based anionic polyelectrolytes and their applications: A 

survey. Journal of Vinyl and Additive Technology, 16(2), 111-119. (In Pesian) 

Rajabi Agereh, S., Kiani, F., Khavazi, K., Rouhipour, H., & Khormali, F. (2019). An 

environmentally friendly soil improvement technology for sand and dust storms 

control. Environmental Health Engineering and Management Journal, 6(1), 63-71. 

Ramdas, V. M., Mandree, P., Mgangira, M., Mukaratirwa, S., Lalloo, R., & Ramchuran, S. 

(2021). Review of current and future bio-based stabilisation products (enzymatic and 

polymeric) for road construction materials. Transportation Geotechnics, 27, 100458. 

Rathakrishnan, D., & Gopalan, A. K. (2022). Isolation and characterization of halophilic 

isolates from Indian salterns and their screening for production of hydrolytic 

enzymes. Environmental Challenges, 6, 100426. 

Rauch, A. F., Katz, L. E., & Liljestrand, H. M. (2003). An analysis of the mechanisms and 

efficacy of three liquid chemical soil stabilizers. Center for Transportation Research, The 

University of Texas at Austin. Vol. 1, pp. 99-104. 

Refahi.H.Gh (2006). Water Erosion and Its Control, Tehran University publication.  



168  DESERT, 30-1, 2025 

 

 

Rezaie, A. (2009). Comparison between Polylatice polymer and petroleum mulch on seed 

germination and plant establishment in sand dune fixation. Iranian journal of Range and 

Desert Reseach, 16 (1): 124-136. (In Persian) 

Richards, L. A. (1954). Diagnosis and Improvement of. Saline and Alkali Soils. Handbook, 60, 

129-134. 

Rowshanbakht, K., Khamehchiyan, M., Sajedi, R. H., & Nikudel, M. R. (2016). Effect of 

injected bacterial suspension volume and relative density on carbonate precipitation 

resulting from microbial treatment. Ecological engineering, 89, 49-55. 

Safaei ghahnavieh. A. R., Rouhani shahraki, F., Karimzade, H. R., & Tarkesh esfahani, M. 

(2012). Investigating the effect of slag mulch in trapping wind eroded particles in the wind 

erosion measuring device. 1st National Desert Conference, Tehran, Tehran University 

International Desert Research Center. June 27. p. 2. (In Pesian) 

Safdar, M. U., Mavroulidou, M., Gunn, M. J., Purchase, D., Payne, I., & Garelick, J. (2021). 

Electrokinetic biocementation of an organic soil. Sustainable Chemistry and Pharmacy, 21, 

100405. 

Santoni, R. L., Tingle, J. S., & Webster, S. L. (2002). Stabilization of silty sand with 

nontraditional additives. Transportation research record, 1787(1), 61-70. 

Sarayu, K., Iyer, N. R., & Murthy, A. R. (2014). Exploration on the biotechnological aspect of 

the ureolytic bacteria for the production of the cementitious materials—a review. Applied 

biochemistry and biotechnology, 172, 2308-2323. 

Saricicek, Y. E., Gurbanov, R., Pekcan, O., & Gozen, A. G. (2019). Comparison of microbially 

induced calcium carbonate precipitation eligibility using Sporosarcina pasteurii and 

Bacillus licheniformis on two different sands. Geomicrobiology Journal, 36(1), 42-52. 

Schwantes-Cezario, N., Medeiros, L. P., De Oliveira Jr, A. G., Nakazato, G., Kobayashi, R. K. 

T., & Toralles, B. M. (2017). Bioprecipitation of calcium carbonate induced by Bacillus 

subtilis isolated in Brazil. International Biodeterioration & Biodegradation, 123, 200-205. 

Seifan, M., Samani, A. K., & Berenjian, A. (2016). Induced calcium carbonate precipitation 

using Bacillus species. Applied microbiology and biotechnology, 100, 9895-9906. 

Shahrokhi-Shahraki, R., Zomorodian, S.M.A., Niazi, A., & O’Kelly, B.C., (2015). Improving 

sand with microbial-induced carbonate precipitation. Proc. Inst. Civ. Eng. Ground Improv. 

168 (3), 217-230. 

Sheng, M., Peng, D., Luo, S., Ni, T., Luo, H., Zhang, R., ... & Xu, H. (2022). Micro-dynamic 

process of cadmium removal by microbial induced carbonate precipitation. Environmental 

Pollution, 308, 119585. 

Shojaei, S., Ardakani, M. A. H., & Sodaiezadeh, H. (2019). Optimization of parameters 

affecting organic mulch test to control erosion. Journal of environmental management, 249, 

109414. 

Smitha, M. P., Suji, D., Shanthi, M., & Adesina, A. (2022). Application of bacterial biomass in 

biocementation process to enhance the mechanical and durability properties of 

concrete. Cleaner Materials, 3, 100050. 



A Sustainable and Eco-Friendly Approach to Sand Dunes Stabilization Using Vinasse and … / Pirhadi et al. 169 

 

 

Šovljanski, O., Pezo, L., Grahovac, J., Tomić, A., Ranitović, A., Cvetković, D., & Markov, S. 

(2022). Best-performing Bacillus strains for microbiologically induced CaCO3 

precipitation: Screening of relative influence of operational and environmental 

factors. Journal of Biotechnology, 350, 31-41. 

Sridhar, S., Bhatt, N., & Suraishkumar, G. K. (2021). Mechanistic insights into ureolysis 

mediated calcite precipitation. Biochemical Engineering Journal, 176, 108214. 

Stotzky, G. (1997). Soil as an environment for microbial life. Modern soil microbiology., 1-20. 

Su, J., xin Shi, J., & Ma, F. (2017). Aerobic denitrification and biomineralization by a novel 

heterotrophic bacterium, Acinetobacter sp. H36. Marine Pollution Bulletin, 116(1-2), 209-

215. 

Sukumaran, A., & Poulose, E. (2018). Effect of biogrouting in improving soil properties-a 

review. International Journal of Development Research, 8 (3): 19548-19551. 

Sun, X., Miao, L., Wang, H., Wu, L., & Zhang, J. (2021). Enzymatic calcification to solidify 

desert sands for sandstorm control. Climate Risk Management, 33, 100323. 

Sundaram, S., & Thakur, I. S. (2018). Induction of calcite precipitation through heightened 

production of extracellular carbonic anhydrase by CO2 sequestering bacteria. Bioresource 

technology, 253, 368-371. 

Tabalvandani, M. N., Tajabadi-Ebrahimi, M., Sarafraz, M. E., & Sepahi, A. A. (2023). 

Investigation of self-healing properties in concrete with Bacillus licheniformis isolated from 

agricultural soil. Journal of Building Engineering, 106057. 

Tian, Z., Tang, X., Xiu, Z., Zhou, H., & Xue, Z. (2022). The mechanical properties 

improvement of environmentally friendly fly ash-based geopolymer mortar using bio-

mineralization. Journal of Cleaner Production, 332, 130020. 

Tiano, P., Biagiotti, L., & Mastromei, G. (1999). Bacterial bio-mediated calcite precipitation 

for monumental stones conservation: methods of evaluation. Journal of microbiological 

methods, 36(1-2), 139-145. 

Umar, M., Kassim, K. A., & Chiet, K. T. P. (2016). Biological process of soil improvement in 

civil engineering: A review. Journal of Rock Mechanics and Geotechnical 

Engineering, 8(5), 767-774. 

Vaezi, A.R (2011). The use of petroleum mulches in controlling wind erosion and stabilization 

of sand dunes. The second national conference on wind erosion and dust storms, Yazd (Iran), 

(in Persian) 

Vahabi, A., Ramezanianpour, A. A., Sharafi, H., Zahiri, H. S., Vali, H., & Noghabi, K. A. 

(2013). Calcium carbonate precipitation by strain Bacillus licheniformis AK 01, newly 

isolated from loamy soil: a promising alternative for sealing cement‐based 

materials. Journal of basic microbiology, 55(1), 105-111. 

Van Paassen, L. A. (2011). Bio-mediated ground improvement: from laboratory experiment to 

pilot applications. In Geo-frontiers 2011: advances in geotechnical engineering (pp. 4099-

4108). 



170  DESERT, 30-1, 2025 

 

 

van Vliet, A. H., Poppelaars, S. W., Davies, B. J., Stoof, J., Bereswill, S., Kist, M., ... & Kusters, 

J. G. (2002). NikR mediates nickel-responsive transcriptional induction of urease expression 

in Helicobacter pylori. Infection and immunity, 70(6), 2846-2852. 

Wang, X., Li, C., & He, J. (2022). A highly effective strain screened from soil and applied in 

cementing fine sand based on MICP-bonding technology. Journal of biotechnology, 350, 

55-66. 

Wang, Z., Su, J., Ali, A., Yang, W., Zhang, R., Li, Y., ... & Li, J. (2022). Chitosan and 

carboxymethyl chitosan mimic biomineralization and promote microbially induced calcium 

precipitation. Carbohydrate Polymers, 287, 119335. 

Wei, S., Cui, H., Jiang, Z., Liu, H., He, H., & Fang, N. (2015). Biomineralization processes of 

calcite induced by bacteria isolated from marine sediments. Brazilian Journal of 

Microbiology, 46, 455-464. 

Weisburg, W. G., Barns, S. M., Pelletier, D. A., & Lane, D. J. (1991). 16S ribosomal DNA 

amplification for phylogenetic study. Journal of bacteriology, 173(2), 697-703. 

Whiffin, V. S., Van Paassen, L. A., & Harkes, M. P. (2007). Microbial carbonate precipitation 

as a soil improvement technique. Geomicrobiology Journal, 24(5), 417-423. 

Wiktor, V., & Jonkers, H. M. (2011). Quantification of crack-healing in novel bacteria-based 

self-healing concrete. Cement and concrete composites, 33(7), 763-770. 

Xiang, J., Qiu, J., Wang, Y., & Gu, X. (2022). Calcium acetate as calcium source used to 

biocement for improving performance and reducing ammonia emission. Journal of Cleaner 

Production, 348, 131286. 

Xiao, L., & Lian, B. (2016). Heterologously expressed carbonic anhydrase from Bacillus 

mucilaginosus promoting CaCO 3 formation by capturing atmospheric CO 2. Carbonates 

and Evaporites, 31, 39-45. 

Xu, G., Li, D., Jiao, B., Li, D., Yin, Y., Lun, L., ... & Li, S. (2017). Biomineralization of a 

calcifying ureolytic bacterium Microbacterium sp. GM-1. Electronic Journal of 

Biotechnology, 25, 21-27. 

Xue, Z. F., Cheng, W. C., Wang, L., & Hu, W. (2022). Effects of bacterial inoculation and 

calcium source on microbial-induced carbonate precipitation for lead remediation. Journal 

of Hazardous Materials, 426, 128090. 

Yang, D., Xu, G., Duan, Y., & Dong, S. (2022). Self-healing cement composites based on 

bleaching earth immobilized bacteria. Journal of Cleaner Production, 358, 132045. 

Yang, W., Ali, A., Su, J., Liu, J., Wang, Z., & Zhang, L. (2022). Microbial induced calcium 

precipitation based anaerobic immobilized biofilm reactor for fluoride, calcium, and nitrate 

removal from groundwater. Chemosphere, 295, 133955. 

Yasuhara, H., Hayashi, K., & Okamura, M. (2011). Evolution in mechanical and hydraulic 

properties of calcite-cemented sand mediated by biocatalyst. In Geo-Frontiers 2011: 

Advances in Geotechnical Engineering (pp. 3984-3992). 

Zaghloul, E. H., Ibrahim, H. A., & El-Badan, D. E. S. (2021). Production of biocement with 

marine bacteria; Staphylococcus epidermidis EDH to enhance clay water retention 

capacity. The Egyptian Journal of Aquatic Research, 47(1), 53-59. 



A Sustainable and Eco-Friendly Approach to Sand Dunes Stabilization Using Vinasse and … / Pirhadi et al. 171 

 

 

Zare, S., Jafari, M., Ahmadi, H., Rouhipour, H., & Khalil Arjomandi, R. (2019). Studying the 

effectiveness of some non-oil mulches on sand dunes fixation. Journal of Range and 

Watershed Managment, 71(4), 939-948. 

Zhang, Y., Guo, H. X., & Cheng, X. H. (2014). Influences of calcium sources on microbially 

induced carbonate precipitation in porous media. Materials Research Innovations, 18(sup2), 

S2-79. 

Zhang, Y., Guo, H. X., & Cheng, X. H. (2015). Role of calcium sources in the strength and 

microstructure of microbial mortar. Construction and Building Materials, 77, 160-167. 

Zheng, T., & Qian, C. (2020). Influencing factors and formation mechanism of CaCO3 

precipitation induced by microbial carbonic anhydrase. Process Biochemistry, 91, 271-281. 


