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ABSTRACT 

 

The utilization of peatland for agriculture is largely constrained by the low soil fertility. 

Crops require nutrients to survive and phosphorus is an essential macronutrient for plants 

growth. However, phosphorus tends to form complexes with calcium, aluminium and iron. 

These complexes have low solubility which limits the plant intake. Hence, phosphate 

solubilizing microorganisms (PSMs) have attracted the attention of agriculturists as PSMs 

have the competence to solubilize and mineralize insoluble phosphate complexes. PSMs 

also have the ability to synthesize growth-promoting hormones, facilitate the uptake of 

nutrients and prevent plant diseases. Therefore, this thesis firstly focuses on the isolation 

and identification of native phosphate solubilizing microorganisms (PSMs) from peat in 

Sarawak, Malaysia. This is the first report on the potential of Staphylococcus haemolyticus 

as PSMs. The solubilization potential of S. haemolyticus was optimized by varying the 

growth nutrients. Optimization was done using one-factor at a time method and the results 

showed that maximum solubilizing activity was obtained at 10 g/L of glucose, 2.5 g/L of 

yeast and 5 g/L of magnesium chloride hexahydrate.  

The inoculation of PSMs into the soil without proper carrier generally causes the 

population to decline rapidly. In agriculture, encapsulation technique has been extensively 

used for protection, controlled release and functionalization of microorganisms. 

Encapsulated microorganisms provide greater long-term effectiveness as they can be 

released in a slow and controlled manner. Thus, this study also aimed to encapsulate PSMs 

in alginate microbeads by using the novel impinging aerosol method with misting nozzle 

instead of pneumatic nozzle. Experiments were executed by varying 3 process parameters 

namely alginate flowrate, alginate concentration and calcium chloride concentration. 

These parameters were optimized by employing the response surface methodology (RSM) 

with Box-Behnken Design (BBD). The results obtained showed that at 40 ml/min of 

alginate flowrate, 1.5 % alginate concentration and 0.1 M calcium chloride, the cell 

viability of PSMs was highest with average mean alginate microbeads size of 236.87 ± 

12.25 µm. Then, the cell release of optimized alginate microbeads containing PSMs was 

studied. The cell release data was fitted to 5 kinetic models and Ritger-Peppas was found 
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to be the best model that describe the release of PSMs from alginate microbeads with R2 

value of 0.983.  

Impinging aerosol is a continuous and scalable method and it is efficient in encapsulating 

cells. However, factors such as type of nozzles, alginate concentration and flowrate greatly 

influence the mean size of droplets, spray angle, wall wetting of chamber and spray 

distribution. Thus, this study also aimed to develop a computational fluid dynamics (CFD) 

model that could describe the impinging aerosol application. Eulerian-Lagrangian model 

was developed to study the spray angle, droplets size, fluid film formation on wall and 

spray distribution. The primary and secondary breakup were modeled using the Huh 

atomization and Reitz-Diwakar models, respectively while Bai-Gosman wall 

impingement model was employed for the fluid film formation on chamber wall. The CFD 

models were validated against experimental data and good agreement was observed for 

droplets size and spray angle at different flowrate. Then, the developed model was used 

to predict the spray outcomes with different parameters such as alginate concentration and 

nozzle orifice size. The CFD results showed that alginate flowrate of 40 ml/min, alginate 

concentration of 2 % and nozzle orifice size of 0.4 mm or 0.5 mm produced good spray 

distribution of alginate droplets within calcium chloride mists and minimal fluid film 

formation were formed. Well-distributed sprays allow the collisions between alginate and 

calcium chloride droplets which promotes the formation of solidified alginate microbeads. 

In addition, thinner fluid film ensures high products yield could be obtained.  
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CHAPTER 1  

 

INTRODUCTION 

 

 

This thesis proposes the application of phosphate solubilizing microorganisms in 

solubilizing fixed phosphate on peat-based agriculture. This chapter discusses the 

challenges on isolation and microencapsulation of PSMs as microbial inoculants for peat 

providing a framework for the objectives of this project. This chapter covers the 

background, research gaps, significance, research objectives and finally the thesis 

organization. 

 

 

1.1 Background 

The world population is anticipated to reach 9.6 billion which has been projected as our 

planet’s maximum capacity by the year 2050 (Parnell et al., 2016). According to Food and 

Agriculture Organization (2017), global food production in 2050 need to be increased by 

50 % as compared to demand in 2012. Due to the shortage of prime land, agriculture has 

begun planting on peatlands in order to constantly meet the increasing global food demand  

(Rahman et al., 2014). Malaysia has approximately 2.6 Mha of peatlands of which about 

70 % are in Sarawak dominated by oil palm, coconut-cocoa and sago planting (DID, 2017). 

In 2009, a total of 666, 038 ha of peatland in Malaysia were planted with oil palm which 

66 % were in Sarawak (Omar et al., 2010). The two main constraints of peatlands for 

agriculture development are the low nutrient contents and low pH of 3.2 to 3.7. Generally, 

soil acidity is accountable to natural and/or anthropogenic processes as shown in Figure 

1.1. Acidity of soil is commonly caused by natural process and it can be deteriorated by 

environmental contamination through the application of fertilizers and acidifying 
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substances. Moreover, soil pH can be further reduced by the increase of H+ concentration 

due to the imbalance in N, S, and C cycles, decomposition of organic material, excessive 

uptake of cations over anions and the uptake of nitrogen by crops. Mineral stress and 

infertility in the acidic soils can be ascribed to deficiencies of nutrients and toxicity by 

metals such as manganese (Mn), iron (Fe) and aluminium (Al). Hence, increasing soil 

acidity may leads to reduce yields, stunted root growth, poor nodulation of legumes, 

persistence of acid-tolerant weeds and increases incidence of diseases (Dinkecha, 2019).  

 

Figure 1.1 Soil acidification due to natural and anthropogenic factors. Adapted from 

Bojórquez-Quintal et al. (2017) 

1.1.1 Phosphorus- An important nutrient for plant growth  

Phosphorus (P) is the second important key element after nitrogen as a mineral nutrient in 

plant requirement. A sufficient supply of phosphorus is important as it aids in 

photosynthesis, energy transfer, signal induction, macromolecular synthesis and 

respiration (Maheshwari et al., 2013). P plays notable role in stimulating root development, 

establishing the primordia of plant reproductive part and increases the disease resistance 

ability of plant. P deficiency in plants significantly inhibits growth, resulting in stunted 

plants (Sharma et al., 2013). Figure 1.2 shows the phosphorus cycle in a typical cropping 

system. 
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Figure 1.2 The phosphorus cycle in a typical cropping system. Adapted from 

Glendinning (2000) 

As shown in Figure 1.2, P is abundant in soils in both inorganic and  organic forms but its 

availability is limited as it presents mostly in insoluble forms. Direct application of 

phosphate rock as fertilizer is a very efficient way in correcting P deficiency (Rahman et 

al., 2014). However, plants can only absorb small amount of phosphate from fertilizer as 

approximately 70 to 80 % of added P is precipitated by metal-cation complexes (Parnell 

et al., 2016). Phosphate availability is dependent on soil pH and dominant cations. In 

acidic soil, the fixation of phosphate by aluminium and iron is very pronounced which 

limits the availability of soluble phosphate for plant uptake (Selim, 2015). If the soil is 

alkaline, phosphate is typically bound to calcium, but not as tightly. As reported by 

Melling (2016), the total P in peat ranges from 637.9 to 819.9 mg kg-1 but only about 20-

28 % of phosphorus is available for plant uptakes. Similarly, Rahman et al. (2014) 

elucidated that the available form of P in deep peat ranges from 30-200 mg kg-1. In peat, 

P is largely found in organic form and it must be mineralized before it is available to the 

plant (Sulandjari et al., 2019). According to Sutejo et al. (2017), the percentage 

composition of Al and Fe in fibrous peat were in the range of 1.9 to 12.9 % and 0.7 to 

1.0 %, respectively. Besides, Kononen et al. (2015) and Kolli et al. (2010) showed that 

the composition of Al is approximately 2 to 3-fold more than Fe for tropical peat and 6 to 
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15-fold for forest peat. Thus, it concludes that concentration of Al-P in peat is higher than 

Fe-P.  

The mining of phosphate minerals and utilization of P fertilizers are not eco-friendly, 

economically unfeasible and unsustainable. The production of phosphatic fertilizer is 

costly as it requires 4 million dollars per year (Situmorang et al., 2015) and involves the 

usage of non-renewable phosphate resources such as rock phosphate and mineral acids 

such as sulphuric acid as raw materials (Wyciszkiewicz et al., 2015). Bouwman et al. 

(2013) estimated that the total consumption of phosphate for fertilizer production from 

2000 to 2050 will increase by approximately 64 %. In reference to the global dietary trends, 

Metson et al. (2012) suggested that the annual global phosphate demand will increase by 

68 to 148 % in 2050 when compared to 2007 consumption. Studies by Gilbert (2009) and 

Scholz et al. (2013) showed that the world’s resource of rock phosphate is likely to be 

significantly reduced in the next few decades and the sustainability of current phosphate 

supply is uncertain. In about 500–600 years, rock phosphate reserve will be depleted at 

present mining rate which is about 7,100 million tonnes/annum (Sharma et al., 2013). 

Besides, the excessive usage of phosphatic fertilizer to improve agricultural productivity 

potentially causes accumulation of toxic elements in the soil (Alori et al., 2017) which 

further reduces the soil fertility. Frequent fertilization increases the risk of phosphorus 

leaching as peatland has poor phosphorus adsorption capacity (O’Driscoll et al., 2011; 

Paavilainen & Paivanen, 2013). Then, the phosphorus in runoff accelerates algal blooms, 

hypoxia and eutrophication which potentially harms the aquatic ecosystem (Chowdhury 

et al., 2017). Figure 1.3 shows the conceptual model of P cycling in the soil. 

 

Figure 1.3 Conceptual model of P cycling in the soil (Ikoyi et al., 2018). Reproduced 

with permission of Elsevier 
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Referring to Figure 1.3, soil microorganisms play an important role in nutrient cycling in 

the soil. Soil microorganisms aid in the maintenance of plant available P pools because 

they mediate to a large extent the solubilization of inorganic P and mineralization of 

organic P in soils. Ikoyi et al. (2018) investigated the effect of application of P fertilizer 

on the abundance, diversity and taxonomic composition of microbial community. Their 

results showed that fertilizer treatments significantly reduced the bacterial, fungal and 

arbuscular mycorrhization community structures compared to the control. Sample without 

fertilization had a significantly higher relative abundance of bacterial genera including 

Bacillus, Bradyrhizobium, Paenibacillus, Nocardioides and Balneimonas that have been 

associated with P solubilization. These results suggested that a positive effect of a single 

phosphate application on plant growth in a soil can be voided by its adverse effect on the 

soil microbiota and their ecosystem. As frequent phosphate fertilization is unfavorable, 

there is an urgent need to find a sustainable alternative that is proficient of improving the 

efficacy of P fertilization, increasing crop yields and reducing ecological pollution caused 

by P loss from the soil. 

1.1.2 Phosphate solubilizing microorganisms (PSMs) 

Notably, apart from P fertilization, microbial P solubilization and mineralization are the 

practicable ways to increase the concentration of plant available P. The presence of 

various microorganisms in the soil and rhizosphere are effective at releasing soluble P 

from total soil P through solubilization and mineralization (Bhattacharyya and Jha, 2012). 

This group of microorganisms is generally known as phosphate solubilizing 

microorganisms (PSMs). PSMs have the ability to transform phosphate which is fixed in 

the soil into available forms such as soluble monobasic (H2PO4
−) and dibasic (HPO4

2−) 

ions for plant uptake (Rodriguez et al., 2006). Generally, PSMs secrete organic acids (OA) 

and the acidification of their surrounding leads to the release of P ions from the complexes 

by H+ substitution for mineral ions. PSMs also mineralize soil organic P by the production 

of enzymes that hydrolyze organic forms of phosphate compounds, thereby releasing 

inorganic phosphorus that will be immobilized by plants. Besides solubilizing P, PSMs 

also promote plant growth by producing growth-promoting hormones and increasing the 

efficiency of nitrogen fixation. PSMs also act as biocontrol agents against some plant 
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pathogens by producing siderophores, antibiotics, hydrogen cyanide and lytic enzymes 

which inhibits the growth of plant pathogens (Walpola et al., 2012b).   

Since the early 1900s, numerous strains of PSMs have been isolated from various sources 

such as soil, rhizosphere, root nodules, compost and earthworm casts  (Singh et al., 2011). 

Remarkably, these PSMs belong largely to genera such as Pseudomonas, Fusarium, 

Azotobacter, Rhizobium, Paenibacillus, Rhodococcus, Serratia, Aspergillus, Bacillus, 

Flavobacterium, Agrobacterium, Aerobacter and Penicillium (Rodriguez & Fraga, 1999; 

Maheshwari et al., 2013; Sharma et al., 2013). Numerous media such as Pikovskaya 

(Pikovskaya, 1948), bromophenol blue dye method (Gupta et al., 1994) and National 

Botanical Research Institute Phosphate (NBRIP) medium (Nautiyal, 1999)  have been 

developed to screen PSMs. However, these media use calcium phosphate (Ca-P) such as 

tricalcium phosphate (TCP) as their sole phosphate source and PSMs isolated are able to 

solubilize Ca-P but only scarce amount can solubilize iron or aluminium phosphate (Fe-P 

or Al-P). These PSMs are effective in alkaline or calcareous soil in which Ca-P 

predominate and ineffective in acidic soil in which phosphate forms complexes with Al 

or Fe ions (Pengnoo et al., 2007). 

1.1.3 Microbial encapsulation for improved cell viability  

In order to increase the consumption of the P accumulated in soils, PSMs that has the 

ability in transforming insoluble phosphates to soluble forms can act as biofertilizers. 

Several authors such as Adesemoye et al. (2009), Khan et al. (2009), Fitriatin et al. (2014) 

and Etesami and Alikhani (2016) suggested that about 25% to 50% of phosphatic fertilizer 

requirement could be reduced by the inoculation of PSMs. PSMs are frequently used to 

inoculate plant material without a proper carrier or in amounts that do not permit for 

efficient rhizosphere colonization under field conditions. It is challenging for the 

inoculated PSMs to survive and flourish in soil following inoculation (Backer et al., 2018). 

It is not easy to induce root colonization via direct inoculation of microorganisms into soil 

without proper carrier. This is because microorganisms are vulnerable to environmental 

variations such as soil conditions, fluctuation of pH and temperature, humidity and 

competition with soil micro and macrofauna (Wu et al., 2012b). Cell immobilization 

technology has proved to be more advantageous over free cell inoculation (Zohar Perez et 
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al., 2002). Formulating inoculant containing highly effective PSMs with high rhizosphere 

colonization rate and long storage life poses a key challenge for commercialization. 

Suitable formulation is vital for a high-quality inoculant. Good formulations should 

provide ideal environment to enhance microorganism life on roots to assure maximal 

benefits after application to the target plants. Formulation of inoculants is a critical matter, 

but little exploration has been conducted on this issue. There are three fundamental 

features for all inoculants. Firstly, inoculants need to support the growth of encapsulated 

PSMs under environmental stresses. Secondly, they should be able to sustain adequate 

number of viable PSMs (~109 CFU/g beads) in good functional condition for an adequate 

period (Stephens & Rask, 2000). Lastly, inoculants need to deliver sufficient PSMs at the 

time of inoculation to reach a threshold number of PSMs that is obligatory to obtain a 

plant response (Date 2001).   

There are numerous conventional inoculants such as peat based and liquid formulations. 

The use of peats as carriers is unfavorable due to its high variability which affects the 

quality of the final product (Bashan, 1998). Additionally, peat formulations are not 

capable to maintain high cells density (Schoebitz et al., 2013b). On the other hand, liquid 

formulations which include suspensions, concentrates and oil-based products are also not 

desirable because it does not provide a protective environment for the PSMs (Bashan et 

al. 2002). In fact, encapsulation techniques have been introduced to enhance efficiency of 

formulations by entrapping microorganisms on matrices. Encapsulation provides proper 

microenvironment, reduces microbial competition and provides controlled release to 

assist colonization of plant roots (Young et al., 2006). The most prominent encapsulation 

techniques are immobilization of cells by spray-drying, emulsion or extrusion methods. 

Spray drying results in high volume output but the use of high production temperature is 

unfavorable for the cells viability (Mauriello et al., 1999). Emulsion method is based on 

emulsification of cell-polymer suspension in vegetable oil. Then, the emulsion is added 

into an ionic solution (CaCl2) to induce gelation forming micro-hydrogel beads 

(Krasaekoopt et al., 2003). According to Vemmer and Patel (2013) this technique 

produces smaller particles with a higher size distribution in comparison with extrusion 

method. However, Burey et al. (2008) reported that the main disadvantage in this 

technique is the removal of oil. Extrusion is a simple and cost-effective encapsulation 
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method as it involves extruding the cell-polymer suspension through a syringe needle. 

This method uses mild formulation conditions that ensure high cell concentration and 

viability (Krasaekoopt et al., 2003). The key limitations of this method are the large beads 

size, scale-up restrictions and non-continuous production (Gouin, 2004). These droplets 

harden when fall into cross-linking solution and form  irregular shape and porosity 

microbeads (Martins et al., 2007).  

1.2 Research Gaps and Significances  

The capability of PSMs to solubilize and mineralize insoluble inorganic and organic 

phosphate is related with the nutritional richness of the soil, the physiological and growth 

status of the PSMs. In other words, PSMs obtained from soils from environmental 

extremes such as high acidity, high salinity, high alkalinity, low nutrient or extreme 

temperature environments have the capability to solubilize more phosphate than PSMs 

isolated from soils with moderate conditions (Zhu et al., 2011). For example, Selvakumar 

et al. (2008) isolated PSMs from stressed environment with extreme cold temperature 

region and their results showed that Serratia marcescens greatly improved the nutrient 

uptake of wheat seedlings and biomass of plant  when grown in cold environment. 

Similarly, Zhu et al. (2011) isolated PSMs from marine environment and the PSMs could 

survived high sodium chloride (NaCl) concentrations (up to 20 %) and pH range of 4.0–

10.0, making it suitable for the saline-alkali soil-based agriculture. As reviewed by Verma 

et al. (2017), the acidic environments sustain a diverse microbial community with plant 

growth promotions attributes . A few acidotolerant bacterial genera have been found in 

acidic environments and their plant growth promotions attributes in low pH conditions are 

identified (Yadav et al., 2011; Yadav et al., 2014). Generally, the lack of successful 

commercial PSMs inoculants has been noted and attributed to plant or environmental 

incompatibility (Leggett et al., 2001). Notably, Taurian et al. (2010) suggested that it is 

essential to isolate PSMs from ecosystem where the inoculant will be used in order to 

ensure PSMs have the ability to compete with native microflora and survive the 

environmental stresses. As reported by Cho and Tiedje (2000), beneficial PSMs are 

generally native isolates from the location and cropping systems. Various different species 

of PSMs can be isolated from different locations (Panda et al., 2016). For examples, 

Pengnoo et al. (2007), Istina et al. (2015) and Situmorang et al. (2015) isolated PSMs in 
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genera Burkholderia, Ustilago and Flavobacterium, respectively from peat of different 

location. It can be hypothesized that PSMs isolated from peat could survive the harsh 

environment of peat and possess the ability to solubilize and mineralize fixed phosphate 

in soil P reservoir. To the best of my knowledge, there are limited studies on the isolation 

of PSMs from peat in Malaysia. Thus, it is essential to identify natives PSMs that could 

be used as microbial inoculants for the peat-based agriculture.  

Currently, halo zone formation by bacterial colonies on agar plates has been used as the 

sole indicator for phosphate solubilization by PSMs. However, this method is only 

efficient to identify PSMs that could solubilize tricalcium phosphate, Ca3(PO4)2. When 

these isolates are tested for Al-P solubilization in liquid media, these strains show low 

solubilizing activity. Often, the solubilization of insoluble Al complexes through metal 

complexing gives no halo zone on the agar plates (Bashan et al., 2013). The formation of 

halo-zone when Al-P is used as indicator has not yet been reported (Gadagi & Sa, 2002). 

Notably, colonies that does not produce halo-zone could solubilize numerous type of 

insoluble inorganic phosphate in broth medium (Sharma et al., 2013). Based on the fact 

that solubilization of insoluble phosphate is always linked with the reduction in pH, this 

study employed a method developed by Gadagi et al. (2002), where pH indicator dye, 

bromo phenol blue (BPB) was added to culture media with Al-P as the phosphate source 

for the isolation of Al-P solubilizer. The organic acids release by PSMs would turn the 

blue dye to yellow. An additional test in liquid media to assay Al-P dissolution by PSMs 

was done to confirm their Al-P solubilizing potential. The isolated PSMs are hypothesized 

to possess the ability to solubilize the insoluble Al-P in peat releasing soluble phosphate 

for plants uptake.  

In conventional extrusion method, large microbeads with diameter greater than 1 mm are 

produced. Their relatively large size is disadvantageous for agricultural uses as during 

sowing, beads might fall far from the seeds. As the  released bacteria travel through the 

soil, they face competition from the native microflora (Bashan et al., 2014). This 

fundamental difficulty can be solved by the use of microbeads as it would be possible to 

produce formulation in powder form. These dried microbeads can be directly coated on 

seeds (Bashan et al., 2014). As reported by Szczech and Maciorowski (2016), the small 
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size of capsules allows high cell concentration and viability. This is because the small size 

capsule provides efficient oxygen diffusion, nutrients and metabolites. In this regard, 

microencapsulation technology is favorable as it is effective and results in an easy release 

of microorganisms to the targeted site due to the small size and higher surface area. 

Additionally, the cells mortality rate during the preparation of microbeads is lower in 

comparison to macrobeads (Bashan, 1998). Remarkably, the microencapsulation of PSMs 

through the novel impinging aerosol method has attracts the attention of researchers. This 

method involves the atomization of alginate and CaCl2 solution into fine droplets in an 

encapsulation chamber using compressed air driven pneumatic nozzles. It is a continuous 

process and cost effective (Bhandari, 2009). Despite its promising applications and 

expected benefits, to date, this method has never been evaluated for the production of 

microbial inoculants. This research was therefore proposed to investigate the optimum 

process parameters to entrapped sufficient amount of viable PSMs within the desired bead 

size. The results obtained from this study is anticipated to provide preliminary results on 

the development of a continuous processes lab scale impinging aerosol spray device for 

the production of alginate microbeads as carrier for PSMs. The obtained design can then 

be upscaled for future work in mass production of PSMs-loaded alginate microbeads as 

biofertilizer.  

Impinging aerosol method is an effective and useful encapsulation method for bacteria. 

However, there are still issues that arise with impinging aerosol method as the spray 

atomization of alginate and CaCl2 solutions is a complicated process which is affected by 

factors such as solution viscosity, process parameters and type of nozzles. It is important 

to optimize these process parameters as it determines the microbeads size, spray angle and 

spray distribution which affects the encapsulation efficiency, quality and yield of products. 

In addition, when working with impingement aerosol method in production of microbeads, 

the main concern is the impingement of spray droplets on encapsulation chamber wall. If 

the spray angle is large, droplets tend to stick on wall forming fluid film, leading to 

production losses. It is time consuming to identify the optimized condition of spray 

through extensive experimental works. Thus, numerical simulation methods are 

developed to study the engineering issues due to its convenience and high accuracy. The 

computational fluid dynamics (CFD) is an essential branch of numerical simulation to 
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solve the governing equation of fluid dynamics by computer and numerical computation 

to predict the experimental research proficiently (Li et al., 2019). Consequently, this study 

also aimed to develop a CFD model to predicts the spray behaviors of impinging aerosol 

with different solution physicochemical characteristics, process parameters and nozzle 

orifice diameter. The numerical results were validated with experimental results to ensure 

model could be used to predict the droplet size, spray distribution and fluid film thickness 

in the production of PSMs-loaded alginate microbeads.   

1.3 Research Questions 

1. Which PSMs isolated from peat possess the highest phosphate solubilization potential? 

2. What is the optimum condition for cell growth and phosphate solubilization activity? 

3. What are the optimum parameters to formulate microbeads that facilitate controlled 

release and environmental stress protection of PSMs? What is the release kinetic of 

PSMs from microbeads? 

4. What are the droplet size of microbeads, spray angle, spray distribution and fluid film 

thickness under different operating conditions?   

5. What are the factors that affects the spray atomization? 

1.4 Objectives 

1. To isolate PSMs from peat which are able to solubilize insoluble inorganic phosphate. 

2. To identify the optimal condition for culture growth and maximal organic acids 

production. 

3. To determine the optimum process parameters to produce microbeads containing at 

least 109 CFU/g of dried beads and study the kinetic release of PSMs from the 

microbeads. 

4. To develop a CFD model using STAR CCM+ to predict droplet size, spray angle, film 

thickness and spray distribution and validate the CFD model with experimental data 

by a lab-scale impinging aerosol spray device for its practical applications in 

microencapsulation of PSMs.  

5. To study the effects of alginate flowrate, alginate concentration and nozzle diameter 

on spray outcomes using the validated CFD model. 
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1.5 Scope of the study 

First, phosphate solubilizing microorganisms (PSMs) were isolated from peat. Then, the 

phosphate solubilization potential were tested. Three isolates that showed highest 

solubilizing potential were subjected to DNA sequencing. Then, the effect of time and 

addition of soluble phosphate on phosphate solubilization were studied. Optimal cultural 

condition for cell growth that leads to maximal phosphate solubilization was identified. 

Three parameters namely glucose concentration, yeast concentration and magnesium 

chloride hexahydrate concentration were studied. Later, the microbeads containing PSMs 

was produced using the impinging aerosol method. The process parameters namely 

concentration of alginate, flowrate of alginate and concentration of calcium chloride were 

optimized by using the response surface methodology (RSM) in order to produce 

microbeads with viable cells greater than 109 CFU/g of dried beads. Then, the area of 

study focused mainly on the modeling of impinging aerosol method by using Star CCM+ 

software. The computation fluid dynamics (CFD) results obtained were validated with 

experimental results. The validated CFD model was then used for parametric studies. The 

effects of various parameters such as alginate concentration, flowrate, and nozzle orifice 

size diameter on spray distribution, spray angle, droplet size and fluid formation on wall 

were studied. The sensitivity analysis on breakup parameters were also investigated to 

identify the parameters that influenced the breakup mechanisms.  

1.6 Thesis layout  

This report consists of 7 chapters as shown in Figure 1.4. Chapter 1 gives an overview of 

the background of phosphate solubilizing microorganisms and cell immobilization 

technology. Apart from that, objectives of this study were outlined to inform the readers 

on the aim of the study. Furthermore, the research gaps and significances were identified 

to enlighten the importance of the current study. As for Chapter 2, it contains literature 

review on the phosphate solubilizing microorganisms. It also highlighted the mechanisms 

of inorganic and organic phosphate solubilization. Moreover, the encapsulation 

technologies were discussed.  The numerical simulation for impinging aerosol method 

was also highlighted. Chapter 3 covers the experimental research methodology. First, the 

methods used to for PSMs isolation and identification were explained. Then, the 
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encapsulation method was discussed. Other than that, details on optimization of cell 

viability using response surface methodology was included. Next part, the methodology 

for kinetic release study of PSMs from alginate microbeads was included. Next, Chapter 

4 focuses on the results and discussion obtained from the experimental study. The 

optimum process parameters to produce alginate microbeads with high cell viability were 

determined. Finally, the best kinetic model for cell release from alginate microbeads was 

identified. Chapter 5 discusses the CFD model and the physics used in the modeling of 

impinging aerosol encapsulation method. Chapter 6 focuses on the results and findings 

obtained from numerical study. Lastly, Chapter 7 includes the conclusion of this thesis 

which includes summary of research findings and recommendations for future work. 

Appendix consists of all the raw data obtained experimentally and the copyright 

permissions.  

 
Figure 1.4 Thesis layout flow diagram 

1.7 Concluding remark  

As the global population increases, there is a need in increasing food production. The 

decline in arable land has resulted in plantation on peatland. As peatland is low in nutrients, 

phosphate fertilizers have been used to correct the phosphorus deficiency. Peatland is 

acidic in nature and thus, the phosphate from fertilizers tend to form complexes with Al 

and Fe ions, making it unavailable for plant uptake. The usage of fertilizer is not 
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environmental-friendly which led to the application of PSMs which has the ability to 

solubilize and mineralize fixed phosphate in soil. It is essential to microencapsulate PSMs 

prior to inoculation in order to protect the PSMs from the environmental stresses and 

enable the PSMs to be release to the environment in a controlled manner. Impinging 

aerosol method is a prominent microencapsulation technique that has gained the attention 

of researchers in recent years. However, various factors such as flowrate, concentration 

and size of nozzles orifice greatly affects the spray behaviors. It is time consuming and 

costly to identify the optimized condition of spray through experimental methods and thus 

numerical modeling is a useful tool to predict the spray outcomes.  
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CHAPTER 2  

 

LITERATURE REVIEW 

 

 

 

In the previous chapter, the background of PSMs, encapsulation methods and numerical 

modeling for encapsulation were highlighted. Current chapter focuses on the literature 

review which provides library evidences and facts to support research question. In this 

context the following literature review mainly focus on the critical appraisal of past studies 

related to phosphate solubilizing microorganisms, encapsulation technologies and 

correlated numerical modeling for spray atomization employed by past researchers.  

 

 

2.1 Phosphate solubilizing micoorganisms (PSMs) 

Phosphate-solubilizing microorganisms (PSMs) is proficient in transforming insoluble P 

into soluble forms. Pengnoo et al. (2007) isolated PSMs from the rhizosphere of 

Melaleuca cajuputi grown in peat by using AlPO4, FePO4 and phytate as the phosphate 

sources. Notably, their studies showed that Ustilago sp. (fungi) is capable of solubilizing 

AlPO4, FePO4 and phytate. Situmorang et al. (2015) isolated PSMs from the peat of oil 

palm plantation in Indonesia. Their studies used TCP as the phosphate source and their 

findings showed that Burkholderia sp. has the highest phosphate solubilization capability. 

Besides, Istina et al. (2015) screened the PSMs from peat by using AlPO4 as the phosphate 

source. The results obtained showed that Penicillium aculeatum (fungi) has the Al-P 

phosphate solubilization potential. The application of P. aculeatum on oil palm seedlings 

increased the seedling height, dry weight of roots and phosphate uptake by 3 %, 5 % and 
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10 %, respectively. They also concluded that bacteria that has the ability to solubilize 

phytate is a potential candidate for phosphate suppliers in acidic peat.  

2.2 Phosphate Solubilization Mechanisms 

Several mechanisms have been used to explain the microbial solubilization of inorganic 

phosphate. Phosphate solubilization occurs mainly by acidification of medium, chelation 

of the cations bound to phosphate and mineralization (Osorio, 2011).  

2.2.1 Acidification of medium 

The acidification of medium is associated with the production of organic acids by PSMs 

via oxidative respiration or decomposition of organic carbons (Sharma et al., 2013).  These 

organic acids convert the phosphate minerals into H2PO4
− or HPO4

−2 by H+ substitution 

for the cation bound to phosphate (Goldstein, 1994). Solubilization without acid 

production is due to the H+ excretion accompanying respiration or NH4
+ assimilation 

(Osorio, 2011). This mechanism only applies to calcium phosphate as its solubility 

increases exponentially with decreasing pH making it easier to be solubilized (Bashan et 

al., 2013). The reaction scheme in the case of calcium phosphate resulting in the formation 

of more soluble phosphate can be represented by Equation 2.1.  

 ( ) 2

3 4 42
Ca PO 2H 2CaHPO Ca+ ++  +  (2.1) 

Notably, gluconic acid is the most common agent of inorganic phosphate solubilization 

(Rodriguez et al., 1999; Kalayu, 2019) and it is a primary organic acid releases by 

Pseudomonas sp., Rhizobium sp., and Burkolderia sp. Carbon source such as glucose is 

the main precursor for the synthesis of gluconic acid. Glucose dehydrogenase and co-

factor pyrroloquinoline quinone (PQQ) breakdown glucose to gluconic acid. Gluconic 

acid can be further oxidized to 2-keto gluconic acid by gluconate dehydrogenase. Other 

organic acids produced by PSMs in the solubilization of phosphate are 2-ketogluconic 

acid, oxalic acid, citric acid, lactic acid, tartaric acid and aspartic acid (Ahmed & Shahab, 

2011). The potential of Bacillus sp. and Staphylococcus sp. in ammonium production was 

reported by Orhan (2016). Similarly, Biswas et al. (2018) isolated PSMs from the gut of 

the earthworm and their results showed that Bacillus megaterium, Staphylococcus 
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haemolyticus and Bacillus licheniformis produce ammonia which supports the growth of 

a Vigna radiata plant. Table 2.1 summarized some of the organic acids released by PSMs.  

Table 2.1 Organic acids released by PSMs in phosphate solubilization 

Phosphate solubilizing 

microorganisms 

Organic acids References 

Bacillus megaterium Citric, lactic and propionic 

acids 

Chen et al. (2006) 

Serratia marcescens Citric, gluconic and succinic, 

lactic acids 

Arthrobacter sp. Citric and lactic acids 

Rhodococcus erythropolis Gluconic acid 

Pseudomonas sp. Gluconic, oxalic, formic, 2-

ketogluconic, lactic and 

malic acids 

Vyas and Gulati (2009) 

Staphylococcus warneri Gluconic, citric and succinic 

acids 

Acevedo et al. (2014) 

Pantoea sp., Acinetobacter 

sp. and Enterococcus sp. 

Gluconic acid Anzuay et al. (2017) 

Serratia sp.  Malic, lactic and acetic acid Behera et al. (2017) 

Alcaligenes aquatilits Citric acid Pande et al. (2017) 

Burkholderia cepacia Gluconic and formic acids 

Paenibacillus sp. Tartaric, oxalic, formic, 

malic, acetic, citric and 

succinic acid 

Chawngthu et al. (2020) 

Bacillus cereus Tartaric, oxalic, formic, 

gluconic, malic, acetic, citric 

and succinic acid 
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2.2.2 Chelation 

Chelating agents such as organic acids, H2S, CO2 and mineral acids are also correlated 

with phosphate solubilization (Kuhad et al., 2011). In the case of metal chelation, a 

chelating ligand or anion forms two or more bonds with the metal forming a ring structure. 

Thus, transforming an insoluble phosphate mineral into the metal complex and releases 

phosphate anions (Bashan et al., 2013). Organic acid anions with oxygen containing 

hydroxyl and carboxyl groups have the ability to form stable complexes with cations such 

as Ca2+, Fe2+, Fe3+, and Al3+ that are often bound with phosphate in poorly forms (Ahmed 

et al., 2011). The reactions of calcium, iron, aluminium phosphate can be explained by 

Equations 2.2, 2.3 and 2.4, respectively (Bashan et al., 2013). 

 ( )   ( )
2 mn 2

3 4 n m 42
Ca PO 3mH X 3 CaX 2HPO 3mn 2 H

− − ++  + + −  (2.2) 

   ( )
3 mn 2

4 n m 4FePO mH X FeX HPO mn 1 H
− − ++  + + −  (2.3) 

   ( )
3 mn 2

4 n m 4AlPO mH X AlX HPO mn 1 H
− − ++  + + −  (2.4) 

Studies by Illmer et al. (1995) showed that A.niger, Pseudomonas sp., Penicillium sp. are 

effective in solubilizing aluminium phosphate via organic acids production. Khan et al. 

(2013) reported that Penicillium rugulosum solubilizes insoluble P by mineral acids such 

as HCl, nitric acid, and sulfuric acids produces by chemoautrophs and the H+ pump. As 

conveyed by Bashan et al. (2013), chelation of phosphate minerals seems to be the main 

mechanism for aluminium and iron phosphate. These results were in agreement with 

Merbach et al. (2009) where it is testified that acidification of medium cannot account for 

phosphate solubilization of aluminium and iron phosphate. This is because the solubility 

of iron phosphate and aluminium phosphate decreases with lower pH as shown in Figure 

2.1. At low pH, it can be seen that the solubility of Fe-P is very low when compared to 

Al-P. At peat pH which is about 3.2 to 3.7, it can be reasoned that the Fe-P solubilization 

is negligible and therefore, low P solubilization by PSMs is expected. Based on the studies 

by Collavino et al. (2010), Anzuay et al. (2017) and Li et al. (2017), the solubilization of 

Al-P by PSMs was approximately two-fold more than Fe-P as it was considerably more 

soluble. Thus, this study focused on the solubilizing of Al-P by PSMs.  
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Figure 2.1 Solubilization of phosphate from Ca, Al, and Fe phosphates as a function of 

pH (Bashan et al., 2013). Reproduced with permission of Springer Nature 

2.2.3 Mineralization 

Organic phosphorus may constitute 4 - 90 % of total phosphorus in soil (Khan et al., 2009). 

Phytate, the most stable organic phosphorus is about 50 % of total of the organic 

phosphorus. Other organic phosphorus is present in the form of phosphomonoesters, 

phosphodiesters and phosphotriesters (Rodriguez et al., 1999). Organic phosphorus must 

be hydrolysed to inorganic phosphate before it can be utilized and taken up by plants. 

Organic phosphorus can be mineralized and catalysed to H2PO4
− or HPO4

−2 by enzymes 

such as phosphatases, phytases, phosphonatases and C–P lyases (Iqbal Hussain et al., 2013; 

Sharma et al., 2013). Aspergillus sp., Penicillium sp. and Trichoderma sp. are the most 

reported phytase-producing fungus. Bacteria such as Bacillus and Streptomyces sp. secrete 

extracellular enzymes such as phosphoesterases, phosphodiesterases, phytases, and 

phospholipases which has the ability to mineralize complex organic phosphates (Kalayu, 

2019). Some examples of PSMs which have the potential to release phosphate from 

different organic phosphorus are summarized in Table 2.2. Phosphatases dephosphorylate 

phosphoester or phosphoanhydride bonds of organic matter. Depending on their pH 

optima, these enzymes are divided into acid and alkaline phosphatases. Typically, acid 

phosphatases predominate in acid soils, whereas alkaline phosphatases are more abundant 

in neutral and alkaline soils (Sharma et al., 2013). Phytases specifically cause release of 

phosphate from phytate (Ahmed et al., 2011). Phosphonatases and C–P lyases cleave the 

C–P bond of organophosphonates (Rodriguez et al., 2006). 
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Table 2.2 Phosphate mineralization from P-substrates by some soil bacterial species 

Isolates Phosphate 

source 

Enzyme References 

Caulobacter sp., Enterobacter 

aerogenes, Escherichia 

blattae, Klebsiella 

pneumoniae, Pseudomonas 

aeruginosa, Raoultella 

planticola, Serratia sp., 

Burkholderia cepacian, 

Leclercia adecarboxylata and 

Pseudomonas putida 

Non-specific Acid 

phosphatase 

Behera et al. 

(2017), Fraser et al. 

(2017), Story and 

Brigmon (2017), 

Teng et al. (2019) 

 

Serratia sp., Acetobactor sp., 

B. laevolacticus, Klebsiella 

terrigena, Pseudomonas sp., 

Enterobacter sp., B. 

Amyloliquefaciens, Advenella 

sp. Acromobacter sp., 

Tetrathiobacter 

sp. and Bacillus sp. 

Phytate Phytase Kumar et al. 

(2013), Singh et al. 

(2014), Kalsi et al. 

(2016) 

 

Escherichia coli, 

Pseudomonas stutzeri, 

Ochrobactrum anthropi, 

Sinorhizobium meliloti, 

Agrobacterium radiobacter, 

Buckholderia pseudomallei 

Phosphonates C-P Lyase He et al. (2009), 

Hove-Jensen et al. 

(2014) 

 

2.3 Mode of plant growth promotion by PSMs 

PSMs apply various approaches in plant growth promotion which include abiotic stress 

tolerance in plants, nutrient fixation for plant, the production of plant growth regulators, 
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the production of siderophores and the production of protection enzyme (García-Fraile et 

al., 2015). Figure 2.2 represents the schematic representation of plant growth promotions 

by PSMs.  

 

Figure 2.2 Schematic representation of plant growth promotions by PSMs (Sharma et 

al., 2013; García-Fraile et al., 2015; Vejan et al., 2016) 

Abiotic stresses such as high salinity, extreme temperature, deficient or excessive water 

and high concentration of heavy metals are the key sources of crop yield reduction. The 

intensity of abiotic stress differs depending on the type of soil and plant’s susceptibility to 

diseases (Vejan et al., 2016). For example, various researchers have isolated halotolerant 

or halophile PSMs for the application in salt-affected soils. Halotolerant PSMs regulate 

salt stress by formation of soil aggregates, breaking down organic matters or maintaining 

nutrient cycling, and transformation of organic compounds  (Kirk et al., 2004). Orhan and 

Gulluce (2015) isolated Bacillus sp, Staphylococcus sp., Halomonas sp., which showed 

high salt tolerance and substantial enzyme activities that can enhance soil fertility and the 

cycling of soil nutrient. Arshad et al. (2019) also isolated Pseudomonas plecoglossicida 

as chromium tolerant PSMs. P. plecoglossicida was able to tolerate Cr stress, effective in 

solubilizing phosphate and produced indole acetic acid (IAA) that promotes plant growth. 

PSMs also increase plant growth by enhancing P uptake efficiency of plants by 



 

22 

 

transforming the fixed forms of P to an available form (Satyaprakash et al., 2017) and 

promotes the efficiency of nitrogen fixation (Sharma et al., 2013).  

PSMs also enhance plant growth through generation of phytohormones such as auxins and 

gibberellins (GA) (Vejan et al., 2016). Auxin is one of the essential molecules that 

regulates most plant processes and the most common auxin in plants is IAA. According 

to Spaepen et al. (2007) various processes in plant growth and development are controlled 

by IAA. By increasing the IAA levels, primary root length decreases, root hair formation 

increases and enhances the formation of lateral roots empowering plants to have better 

access to nutrients in soil. GA promotes seed germination, floral induction, flower and 

fruit development, steam and leaf growth and shoot elongation (Spaepen & Vanderleyden, 

2011). Afzal and Bano (2008) reported phosphate solubilization by Rhizobium sp. and 

Pseudomonas sp. was due to the production of IAA and GA. In addition, enzyme ACC 

deaminase regulates the level of plant ethylene which governs the development of leaves, 

flowers, and fruits. Banerjee et al. (2019) testified that Bacillus safensis, Bacillus flexus 

and Staphylococcus haemolyticus promotes the growth of Vigna radiata plant through 

IAA, GA, ammonia, ACC deaminase production and phosphate solubilization activity. 

PSMs also secrete siderophores, a high-affinity iron chelating compounds that forms 

stable Fe3+ hexacoordinated complexes releasing phosphate ions (Khan et al., 2014). 

When Fe concentration is inadequate, siderophores offer plants with Fe and thus, 

increasing their development. As elucidated by Mushtaq et al. (2019), IAA and 

siderophores production coupled with phosphate solubilization activity by Staphylococcus 

haemolyticus, Bacillus sp., and Pseudomonas sp. promotes plant growth. PSMs also guard 

plants by preventing phytopathogens through the production of hydrogen cyanate (HCN), 

antibiotics and antifungal metabolites such as  chitinase and glucanase (Vejan et al., 2016). 

Table 2.3 summarized the various plant growth promoting mechanisms by different PSMs 

reported in recent years.  
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Table 2.3 Summary of various plant growth promoting mechanisms by different PSMs 

Organisms Ecological 

niche 

Plant growth promoting 

mechanisms 

References 

Staphyloccus 

haemolyticus, 

Staphylococcus 

pasteuri and 

Micrococcus sp. 

Fly ash Phosphate solubilization 

IAA production  

Phosphatase production 

High mercury tolerance 

Ghosh et al. 

(2015) 

Bacillus 

megaterium 

Acidic soils Phosphate solubilization 

High antifungal activity 

Panda et al. 

(2016) 

Bacillus 

megaterium, 

Staphylococcus 

haemolyticus and 

Bacillus 

licheniformis 

Gut of 

earthworm 

Phosphate solubilization 

IAA production  

Ammonium ions production 

Copper and zinc tolerance 

Biswas et al. 

(2018) 

Pseudomonas 

plecoglossicida and 

Staphylococci 

saprophyticus 

Chromium-

rich soil 

Phosphate solubilization 

P. plecoglossicida produced 

IAA 

High chromium tolerance 

Arshad et al. 

(2019) 

Bacillus safensis, 

Bacillus flexus and 

Staphylococcus 

haemolyticus 

Gut of 

earthworm 

Phosphate solubilization 

IAA and GA production 

Ammonia production 

ACC deaminase activity 

Copper, chromium and zinc 

ions tolerance 

Banerjee et al. 

(2019) 

Staphylococcus 

haemolyticus 

Bacillus sp., and 

Pseudomonas sp.  

Leaves of 

citrus 

Phosphate solubilization 

IAA production  

Siderophores production 

Mushtaq et al. 

(2019) 
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Table 2.3 (Cont’d) Summary of various plant growth promoting mechanisms by 

different PSMs 

Organisms Ecological 

niche 

Plant growth promoting 

mechanisms 

References 

Trichoderma spp. Amazon 

soils 

Phosphate solubilization 

Phosphatase and phytase 

production 

Bononi et al. 

(2020) 

Bacillus, 

Burkholderia, 

Paenibacillus sp. 

Paddy Field Phosphate solubilization 

IAA production  

Acid phosphatase production 

Chawngthu et 

al. (2020) 

Bacillus sp.  Rhizosphere, 

leaf and sap 

Phosphate solubilization 

IAA production  

Sousa et al. 

(2020) 

 

2.4 Miroencapsulation technology for PSMs 

Microencapsulation is a mechanical or physicochemical procedure to entrap an active 

agent into a suitable wall material. This results in the production of spherical microbeads 

with a thin but strong and semipermeable membrane (Frakolaki et al., 2020). 

Microencapsulation provides a matrix that provides cell protection, promotes control 

release and functionalization of microorganisms (John et al., 2011). Generally, 

encapsulation protects cell by lessening the exposure to abiotic and biotic stresses. It also 

improves their stability and viability in the production and storage. Additionally, 

encapsulation also offers more protection during rehydration process (Schoebitz & Belchí, 

2016). In order to warrant high cell viability, relatively mild conditions is needed for the 

microencapsulation process (Rathore et al., 2013). This section presents different 

techniques for microencapsulation of microbial which include extrusion, coacervation, 

emulsification, spray drying, spray freeze drying, fluidized bed and impinging aerosol 

method. 

2.4.1 Extrusion, Emulsification and Coacervation 

Extrusion is a well-known encapsulation technique where bioactive agents are entrapped 

into matrix such as alginate and carrageenan (Burgain et al., 2011). It forces the passage 
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of solution encompassing the cells through small openings or nozzles by using suitable 

droplet-generating devices. The cells are firstly mixed with biopolymer solution and then 

extruded through the nozzle at high pressure. The droplets formed are then collected in 

CaCl2 solution which acts as a gelation bath (Liu et al., 2019a). Microbeads are formed 

immediately entrapping cells in a 3D network that forms from the ionic cross-linking of 

polymer with Ca2+ ions. Extrusion method is easy to handle, simple and low cost at small 

scale. Additionally, the microbeads produced has small size distribution and the operating 

conditions are mild to ensure high cell viability (Frakolaki et al., 2020). The two main 

disadvantages of this technique are the large size of the formed particles (2–5 mm) (Chan 

et al., 2011) and the slow particle formation limits the application in large scale (Ching et 

al., 2017).  

To date, alginate is the most common raw material used in encapsulations of 

microorganisms. Alginate is a naturally occurring polymer available in large sustainable 

quantities (Draget et al. 2002; Yabur et al. 2007). Alginates are linear copolymer of 1,4-

linked β-D-mannuronic acid (M) and α-L-guluronic acid (G) residues extracted from 

various species of algae (Sohail et al., 2011). The preparation of alginate beads containing 

bacteria can be achieved easily with minimal amounts of chemicals and equipment at 

room temperature. Alginate formulation is beneficial as it is nontoxic, biodegradable, low 

costs and slow-release in nature (Bashan et al. 2002; Zohar-Perez et al. 2002). These 

microbial inoculants can be enhanced by incorporating additives such as starch, skim milk 

or humic acid to improve cell survival and promote bacteria growth (Schoebitz et al., 

2013b). Various researchers such as Bashan et al. (2002), Trivedi et al. (2005), Wu et al. 

(2014), and Santos et al. (2020) had encapsulated PSMs using alginate and beads size 

ranging from 1 to 4 mm were formed. In order to reduce the beads size, extrusion can be 

achieved via pulsation or vibration of the jet flow through coaxial flow or an electrostatic 

field (Ching et al., 2017). The size and sphericity of beads can be modified through the 

temperature, concentration and flow rate of the biopolymer solution, needle size, the 

distance between the outlet and the gelling bath and the piezoelectric parameters. Kim et 

al. (2017) encapsulated Lactobacillus acidophilus using phytic acid and chitosan with an 

electrostatic extrusion method. The encapsulation efficiency was 95.5 % with narrow size 
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distribution of 1.33 ± 0.09 mm. Besides, the beads formed had spherical shapes and 

smooth surfaces.  

Emulsifcation is accomplished via the mixture of polymer with another immiscible liquid. 

This method is based on the interactions and association between the discontinuous and 

the continuous phases. In short, the process includes the mixing of cells in water-based 

polymer suspension (dispersed phase). Then, it is added with large quantity of organic or 

oil (continuous phase). The homogenization of the mixture is aided with a surfactant and 

results in the formation of water-in-oil emulsion. Gel beads are then formed within the oil 

phase when the polymer gets insolubilized. These gel beads are then collected via 

centrifugation or filtration (Frakolaki et al., 2020). The insolubilization mechanism highly 

dependent on the characteristics of the wall material and it can be induced by addition of 

cross-linking agent to the emulsion or lowering the temperature of emulsion. The 

emulsion technique offers high cell viability and small beads size and thus suitable to be 

applied at industrial level (Frakolaki et al., 2020). Tu et al. (2015) microencapsulated 

Bacillus subtilis by using gelatin as polymer, soybean oil for the organic phase, Span 80 

as surfactant and CaCl2 as cross-linker. At a gelatin concentration of 1.5 %, maximum 

encapsulation efficiency obtained was 93.44 %. Moreover, after 120 d storage at 25 °C, 

the cell viability of encapsulated Bacillus subtilis could be kept at more than 108 CFU/mL. 

Liffourrena and Lucchesi (2018) immobilized P. putida with alginate and perlite. Liquid 

paraffin was used to form the organic phase, Tween 20 as surfactant and cross-linking 

with CaCl2. For all perlite concentrations tested, microbead size obtained was in the range 

of 90 to 120 μm and the cell concentration was 108 CFU/g microbeads. Nevertheless, this 

technique is unfavourable as it leads to wide range of particle size, shape and oil residues 

on the surface of beads (Rathore et al. 2013; Burgain et al. 2013).  

Coacervation is divided into simple or complex. Simple coacervation includes only one 

type of polymer with the addition of strongly hydrophilic agents to the colloidal solution. 

Microbeads is obtained by adding an electrolyte or water-miscible non-solvent to the 

dissolved polymer (e.g., ethanol) (Schoebitz et al., 2016). On the other hand, complex 

coacervation is a three-phase system involving the solvent, the active material and the 

coating material. In general, this process involves four steps: (a) preparation of an aqueous 
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solution of two or more polymers; (b) mixing hydrophobic phase to the aqueous solution 

of one polymer and homogenizing the resultant mixture so that a stable emulsion is 

produced; (c) change of pH and temperature to a certain required level to induce 

coacervation and phase separation; and (d) hardening of the polymer matrices using 

elevated temperature, desolvation agent, or cross-linker (Timilsena et al., 2019). 

Coacervation can be controlled by several factors which include the molecular weight, 

conformation, charge density and composition of core and shell material, the total solid 

percentage and the dispersion conditions such as pressure, shearing, temperature, pH and 

ionic strength (Gaonkar et al., 2014). This method requires low temperatures, mild 

agitation and nontoxic solvents. The advantages of coacervation are high loading capacity, 

high encapsulation efficiency and optimal controlled-release properties due to its water 

immiscibility of the microbeads (Bosnea et al., 2014; Frakolaki et al., 2020). Hynes et al. 

(2010) encapsulated Colletotrichum truncatum through complex coacervate. Their results 

showed that soya lecithin as surfactant promoted greatest retention of Colletotrichum 

truncatum (88 %) in the invert emulsion. Wall ingredients of 1 % gelatin and 2 % gum 

arabic were most effective for Colletotrichum truncatum retention. In addition, when 

preparing the emulsion, optimal retention of Colletotrichum truncatum was obtained with 

a water:oil ratio of 1:1.8 to 1: 3.7 and stirring speed of 300 rpm. Complex coacervate 

Marques da Silva et al. (2018) produced microbeads containing B. lactis by complex 

coacervation in gelatin and gum arabic and high encapsulation efficiency of 86.04 % and 

99.52 % was obtained, respectively. Small microbeads size between 100.12 and 203.32 

μm were obtained with storage life of more than 90 days at room temperature. Despite its 

high encapsulation efficiency, coacervation technique is not suitable for microbial 

inoculants production as it is complex and costly. The additional drying process in 

coacervation is harmful to the cells and it is also difficult to scale-up (Chávarri et al., 2012). 

A comparative flow chart of extrusion, emulsification and coacervation is presented in 

Figure 2.3. 
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Figure 2.3 Summary of extrusion, emulsion and coacervation processes (Liu et al., 

2019a; Frakolaki et al., 2020) 

2.4.2 Spray drying and spray-freeze drying 

Spray drying (SD) is one of the most common microencapsulation techniques. It involves 

the combination mass and heat transfer from the air to the atomized droplets. Generally, 

the method includes the mixing of cells in polymer and atomization of suspensions 

through a nozzle. Then, the resulting droplets are evaporated through contact with hot gas 

or air. Then, the dried particles are collected by separating it from the humid air by using 

a cyclone or bag filter (Fang & Bhandari, 2012). The main aspects that can affect the  

effectiveness of this method are the cells characteristics, the dryer characteristics, the feed 

characteristics such as carrier material and its concentration and operating parameters 

which include the drying temperature and feed rate (Schutyser et al., 2012). The main 

advantages of SD are low operating costs, high quality of microbeads, continuous process, 

high yield, rapid solubility of the microbeads, small size, high stability microbeads, high 

production rate and easy to scale-up (Schoebitz et al., 2016). However, SD also have some 

drawbacks such as limitations in the wall material selection and low uniformity of 

microbeads size. In addition, during dehydration or high drying temperatures, cells are 

exposed to extreme osmotic stress which significant reduces cell viability and activity 

(Campos et al., 2014). Generally, with increasing inlet temperature during spray drying 

the survival of bacteria decreases. Schoebitz et al. (2013c), studied the cell survival of 
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Serratia sp. using only maltodextrin as wall material with inlet temperature of 145ºC and 

outlet temperature of 90 ºC. The final cell concentration was very low in comparison with 

initial cell concentration in culture medium. Campos et al. (2014) encapsulated 

Enterobacter sp. immobilized using alginate and maltodextrin as wall materials and 

bacterial survival of 91 % was obtained with inlet temperature of 100 ºC and outlet 

temperature of 65 ºC. Ma et al. (2015) investigated the mean survival rate of B. subtilis 

using maltodextrin as wall material and about 90 % was obtained when spray drying was 

performed at 145 ºC. For that reason, SD is not a decent cell immobilization method as it 

causes high cell mortality due to dehydration and high temperature drying. The type of 

bacteria strain, temperature of the drying process, and formulations compositions are the 

vital factors for the encapsulation of cells in order to gain an effective microbial inoculant. 

Spray-freeze drying (SFD) is a relatively new method that combines spray and freeze-

drying. SFD aims to produces dried microbeads without heat. SFD includes the 

atomization of solution that containing cells through nozzle into the cold vapor phase of a 

cryogenic liquid such as liquid nitrogen. This results in dispersion of frozen droplets which 

is then dried through freeze drying (Frakolaki et al., 2020). SFD has been widely used in 

the microencapsulation of probiotics. Semyonov et al. (2010)  studied the survival of 

Lactobacillus paracasei using maltodextrin and trehalose as wall materials and cell 

viability greater than 60 % was obtained. Her et al. (2015) investigated the cell survival 

of Lactobacillus casei with different protective agents such as sucrose, glucose and 

buffered peptone water. About 97 % survival rate was obtained at 20 kPa air pressure and 

when buffered peptone water was used as protective agent. SFD has many advantages in 

comparison with SD such as provides a controlled microbeads size and larger specific 

area. Nevertheless, SFD requires higher energy consumption and it is approximately 30 

times more costly than SD (Burgain et al., 2011).  A comparative flow chart of the SD and 

SFD is presented in Figure 2.4. 
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Figure 2.4 Comparative chart of spray drying and spray-freeze drying (Fang et al., 2012; 

Frakolaki et al., 2020) 

 

2.4.3 Fluid bed drying 

The fluid bed drying (FBD) method involves drying, cooling or coating for a wide range 

of heat-sensitive materials. FBD can be batch or continuous process. Generally, the cells 

are suspended through an air stream of a certain temperature and humidity. Then, these 

suspended cells are sprayed with an atomized encapsulating agent. Then, hot air from the 

bottom dry the aqueous medium and reduces the water activity of the powdered matrix to 

a favorable level (Frakolaki et al., 2020). The evaporation of water is significantly affected 

by percentage of water in the medium, spraying speed, temperature, air flow and humidity 

of the air inlet (Đorđević et al., 2015). Various materials can be utilized as encapsulating 

agents such as fats, proteins, carbohydrates and gums. The flow chart of this method is 

presented in Figure 2.5. Wirunpan et al. (2016) studied the survival of Lactobacillus lactis 

in shrimp feed pellet after fluid bed drying. The results indicated that the strain viability 

depended on the drying temperature. Strain survival was highest at 92.28 % with 50 ºC 

drying temperature and lowest with 75.94 % at 80 ºC. Moreover, the addition of milk 

powder and monosodium glutamate (MSG) as protectants was found to effectively 

enhance the strain survival during drying at high temperature. Gotor-Vila et al. (2017) also 

elucidated that the use of maltodextrin or potato starch as carriers combined with sucrose 

and skim milk as protectants is a good tool for reaching an adequate stability and efficacy 

of Bacillus amyloliquefaciens formulated products. This technique requires low energy 
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consumption and in a batch form it only causes mild heat damage to the cells. Besides, 

the process can be easily scaled-up, temperature-controlled and modified to provide 

multilayer coatings (Nag & Das, 2013). Despite the advantages of the fluid bed drying 

technique, it is not commonly use in microbial inoculant production due to the coalescence 

of the wet coated material which results in uncontrolled aggregation of the microbeads. 

The encapsulation of cells is difficult to control and the whole process requires extensive 

time (Martín et al., 2015). 

 

Figure 2.5 Fluid bed coating process (Đorđević et al., 2015) 

 

2.4.4 Electro-hydrodynamic atomization  

Electro-hydrodynamic atomization (EHDA) uses a high voltage, a stainless steel needle, 

a syringe pump to generate particles (electrospray) or fibers (electrospinning) and the 

particles are collected at a grounded collector (Bhushani & Anandharamakrishnan, 2014). 

EHDA avoids the use of heat or aggressive solvents representing an alternative to other 

thermal techniques that lead to some bacteria damages. The central principle of 

electrospraying is a process of liquid atomization by electrical forces. At low polymer 

concentration, jet gets destabilized and forms fine droplets. These droplets are highly 

charged and become dispersed, avoiding the droplet agglomeration. Then, solvent 

evaporation causes contraction and solidification and finally the microbeads are deposited 

onto the collector. This process is summarized as shown in Figure 2.6. Electrospraying is 

cost effective (Ghorani & Tucker, 2015) and the application of the strong electric field 

does not harm the microbial cells (Bhushani et al., 2014). Under mild and non-thermal 

conditions, formation of very fine particles can be achieved. The final microbeads size 

can be controlled through various parameters such as the properties of solution used, the 
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system design and the operating conditions. Moreover, it exhibits high encapsulation 

efficiency, high surface-to volume ratio and provides sustained and controlled release of 

the core material. Zaeim et al. (2017) encapsulated Lactobacillus plantarum through 

electrospraying and the influence of alginate and Tween80 concentration on the 

microbeads size was studied. Their results showed that increasing in alginate 

concentration resulted in larger and more uniform microbeads. However, the size of 

microbeads decreased and their size distribution became narrower by increasing Tween80 

concentration. Besides, their results showed high encapsulation yield of 97 %. They 

further coated the microbeads with chitosan and found that it enhanced the survivability 

of bacteria during storage and exposure to acid. The main concern of EHDA technique is 

the dripping of the solution if conditions are not well optimized (Bhushani et al., 2014).  

 

Figure 2.6 Electro-hydrodynamic atomization process (Bhushani et al., 2014) 

 

2.4.5 Impinging aerosol technology 

Impinging aerosol method developed by Bhandari (2009) has gained attention of 

researchers as it is a continuous process and easy to scale up for industrial application. As 

shown in Figure 2.7, alginate microbeads were produced by oppositely atomizing alginate 

and cross-linking solution in a reaction chamber. The newly formed calcium alginate 

microbeads settle and flow out of the chamber. This allows the immediate gelation of 

alginate microbeads and do not need to be cured in gelation bath over a period of time 

(Lee et al., 2016). The cross-linked particles produced have an average diameter lower 

than 40 µm and can be further spray- or freeze-dried. Impinging aerosol method has high 

encapsulation efficiency (Sohail et al., 2011), high throughput (Martín et al., 2015) and 

microbeads could be spray or freeze dried. It is suitable for encapsulating heat labile and 

solvent sensitive materials as it does not involve heat and solvent. Notably, the design of 

the impinging aerosol method allows the application of different nozzle and adjustable 

parameters such as distance between nozzles, air pressure and flowrate allow formation 

of alginate microbeads of narrow size distribution. Spherical alginate microbeads within 



 

33 

 

the size of 11 to 80 µm can be steadily produced with this method. Moreover, this method 

minimizes the washout issue encountered in the conventional gelation method where the 

encapsulated materials diffuses out of the microbeads during curing in the gelation bath. 

In addition, the implementation of cleaning-in-process (CIP) procedures is easier due to 

the lack of moving parts in the chamber. This method requires low maintenance, easy to 

operate and effective in the encapsulation of drugs and probiotic cells. To date, only 

limited studies on the microencapsulation of probiotics using impinging aerosol method 

(Sohail et al., 2011; Sohail et al., 2012; Demitri et al., 2017). 

 

Figure 2.7 Setup and design of the impinging aerosol method for the production of 

alginate microbeads (Ching et al., 2017). Reproduced with permission of the Taylor & 

Francis 

Sohail et al. (2012) showed that encapsulation of Lactobacillus rhamnosus GG (LGG) and 

Lactobacillus acidophilus NCFM with impinging aerosol method is feasible due to 

minimal cell loss. Hariyadi et al. (2012) presented that after gastric treatment, high 

bioactivity of lysozyme and insulin encapsulated by this method was retained. Sohail et 

al. (2013) encapsulated Lactobacillus rhamnosus and Lactobacillus acidophilus in 

alginate microspheres followed by spray- or freeze drying with maltodextrin. Double 

encapsulated (alginate and maltodextrin) Lactobacillus rhamnosus offered improvements 

in survivability over spray or freeze-dried as compared to free cells (only maltodextrin). 

Their findings indicate that the alginate matrix protects the cells from membrane damage 
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by maltodextrin while maltodextrin protects the alginate microbeads from fragmentation 

during freeze-drying.  

The impinging aerosol method provides easy modulation of microbeads release kinetics 

and encapsulation efficiency by altering the concentration of CaCl2 (Hariyadi et al., 2012). 

However, numerous parameters such as operating conditions, (flow rate, air pressure and 

temperature), solution physicochemical characteristics (surface tension, viscosity, and 

density) and nozzle orifice diameter affects the spray quality of impinging aerosol method 

(Mandato et al., 2012). Ejim et al. (2010) reported that the increase of the polymer 

concentrations resulted in an increase of droplet diameter. This could be associated with 

the increase in both viscosity and surface tension of polymer. For operating conditions, 

the droplet size increases with mass flow rate, and an increase in air pressure reduces the 

droplet diameter (Hede et al., 2008). In recent years, the nozzle structure factor attracted 

much attention. For instance, Zhang et al. (2017) investigated the effect of diameter of 

nozzle orifices on droplet size distribution. Besides, the atomization of alginate and CaCl2 

are driven by pneumatic nozzles. Pneumatic nozzles are identified as two-fluid nozzles as 

they employ the use of compressed air to atomize the fluid. Air is widely used in the 

extrusion process because it is obtainable at low cost. Commonly, feed is mixed with air 

inside or outside the body of the nozzle as shown in Figure 2.8.  

 

Figure 2.8 Pneumatic nozzle with external mixing (left) and internal mixing (right) 

(Stähle et al., 2017). Reproduced with permission of John Wiley & Sons 

Pressurized air is often used to offer shear force to reduce the size of the droplets and to 

increase the production rate of the microbeads. Nitrogen gas is applied for application that 

require sterile or anaerobic conditions during the encapsulation process. Nevertheless, the 

use of air in direct contact with the alginate solution may not be promising for 

bioencapsulation. This is because the air is usually generated from an air compressor and 
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the gas needs to be treated to remove impurities and humidity before it can be supplied to 

the extrusion system. When an air compressor is used to supply the pressure, a filter is 

needed to remove any potential contamination from oil. The high cost of compressed air 

and high energy consumption becomes important to the economics of these nozzles. In 

order to atomize 1 kg of fluid, approximately 0.5 m3 of compressed air is needed 

(Mujumdar, 2014). The nozzles in an air extrusion system are commonly made from glass 

or stainless steel to ease cleaning and sterilizing processes. This is significant when the 

nozzles are used for bioencapsulation (Lee et al., 2016). The type of injector used affects 

the production cost. Generally, stainless steel pneumatic nozzles are costly. Therefore, the 

adequacy of the injector is essential in the production of alginate microbeads for 

agricultural purposes.  In this present work, microencapsulation of PSMs by employing 

the impinging aerosol method with slight modification where simple hole type nozzles 

were used instead of air atomizing nozzle to reduce the cost of production. One of the 

nozzle types that can be used in impinging aerosol method is the stainless steel misting 

nozzles as shown in Figure 2.9. These misting nozzles allows high emission velocity with 

a low flowrate. The pin (impeller), orifice, and nozzle body are designed in such a way 

that when fluid is extruded through, a very fine mist is created. This kind of arrangement 

is advantageous for bioencapsulation because the risk of contamination can be minimized 

as compressed air is not used for extrusion. 

 

Figure 2.9 Stainless steel mist nozzle (Naturalfog, 2020) 

Summary of advantages and disadvantages of various microencapsulation technologies 

were tabulated in Table 2.4. Referring to Table 2.4, it can be observed that the impinging 

aerosol method is superior when compared with other encapsulation method. To date, 

impinging aerosol method has not been used in the encapsulation of the PSMs. Thus, this 

study aims to employ the impinging aerosol method in the microencapsulation of PSMs. 

The microencapsulation of various plant growth promoting microorganisms and 

probiotics with different techniques were summarized in Table 2.5 and Table 2.6.
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Table 2.4 Advantages and disadvantages of various encapsulation technologies 

Methods Advantages Disadvantages References 

Extrusion •  Simple 

•  Low cost  

•  Very narrow size distribution 

•  High cell viability 

•  Large particle size 

•  Orifice clogging 

•  Unsuitable for large scale 

applications 

Chan et al. (2011), Ching et al. 

(2017), Frakolaki et al. (2020) 

Emulsification •  High cell viability 

•  Small particle size 

•  Wide size range and shape 

•  Oil residue on particles 

Rathore et al. (2013), Burgain et al. 

(2011), Frakolaki et al. (2020) 

Coacervation •  High encapsulation efficiency  

•  Optimal controlled-release 

properties 

•  Expensive and complex 

•  Difficult to scale-up 

•  Low cell viability 

Chávarri et al. (2012), Bosnea et al. 

(2014), Frakolaki et al. (2020) 

Spray drying •  Economic 

•  Products are dry, stable and 

have low bulk density 

•  High production rate 

•  Easy to scale-up 

•  Significant viability and activity 

losses during drying process 

Campos et al. (2014), Schoebitz et 

al. (2016) 

Spray freeze 

drying 

•  High cell viability 

•  Controlled particle size and 

large specific area  

•  High energy consumption 

•  Costly 

Burgain et al. (2011) 
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 Table 2.4. (Cont’d) Advantages and disadvantages of various encapsulation technologies 

Methods • Advantages • Disadvantages  

Fluid bed coating •  Low energy consumption 

•  Mild heat damage to the cells 

•  Easy to scale-up 

•  Uncontrolled aggregation of the 

particles 

•  Time consuming  

•  Difficult to control 

Nag et al. (2013), Martín et al. 

(2015) 

Electro-

hydrodynamic 

atomization 

•  Small particles 

•  High encapsulation efficiency 

•  Sustained and controlled 

release of the core material  

•  High voltage 

•  Dripping of the solution 

Bhushani et al. (2014), Bhushani et 

al. (2014), Ghorani et al. (2015) 

Impinging 

aerosol  

•  Suitable for heat-sensitive 

materials 

•  High production yield 

•  A continuous process 

•  Small particle size 

•  Scalable 

•  Easy to operate 

•  Risk of contamination  

 

Sohail et al. (2011), Martín et al. 

(2015) 
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Table 2.5 Microencapsulation of plant growth promoting microorganisms 

Cells Method (Size) Encapsulating agent References 

Pseudomonas striata, Bacillus 

polymyxa, and Azospirillum 

brasilense 

Extrusion (NR) Alginate Gonzalez and Bashan (2000), 

Viveganandan and Jauhri (2000) 

 

Azospirillum brasilense Extrusion (1.0 to 3.0 mm) Alginate Bashan (1986a), Bashan et al. (2002) 

Bacillus subtilis Extrusion (2.8 mm) Alginate, humic acid Young et al. (2006) 

Klebsiella oxytoca Rs-5 Extrusion (0.85-1.10 mm) Alginate Wu et al. (2011) 

P. fluorescens and Serratia sp. Extrusion (NR) Alginate, potato starch Schoebitz et al. (2013a) 

Raoultella planticola Rs-2 Extrusion (2.21-3.23 mm) Alginate, starch Wu et al. (2014) 

Saccharomyces cerevisiae EHDA (192.2 µm) Alginate, 

polydopamine 

Kim et al. (2015) 

Pseudomonas putida Extrusion (1mm) Alginate, bentonite, 

starch 

He et al. (2016) 

Metarhizium brunneum Extrusion (3mm) Alginate, starch Krell et al. (2018) 

Bradyrhizobium japonicum Extrusion (3mm) Alginate, sucrose Chhetri et al. (2019) 

Azospirillum brasilense, 

Burkolderia 

cepacia, Bacillus sp.  

Extrusion (NR) Alginate Santos et al. (2020) 

Trichoderma spp Extrusion (3mm) Alginate Bhai (2020) 
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Table 2.5 (Cont.’d) Microencapsulation of plant growth promoting microorganisms 

 

  

Cells Method (Size) Encapsulating agent References 

Bacillus subtilis, Seratia 

marcescens 

EHDA (NR) Poly(vinyl alcohol) (PVA) and poly- 

(vinylpyrrolidone) (PVP), Glycerol 

Hussain et al. (2019) 

Bacillus subtilis Emulsification (255.1-

400.8 µm) 

Alginate, gelatin Tu et al. (2015) 

Pseudomonas putida A Emulsificationµ (90-120 

µm) 

Alginate, perlite Liffourrena et al. (2018) 

Colletotrichum truncatum Coacervation (266 to 433 

µm) 

Nonrefined vegetable oils, soya 

lecithin, proteins, and carbohydrate 

Hynes et al. (2010) 

Serratia sp. Spray drying (NR) Maltodextrin Schoebitz et al. (2013c) 

Bacillus subtilis Spray drying (7-14 µm) Maltodextrin and gum arabic Ma et al. (2015) 

P. fluorescens and A. 

chroococcum 

Fluid bed coating (NR) Talc Sahu et al. (2013), Lavanya et al. 

(2015), Sahu et al. (2016) 

Bacillus amyloliquefaciens Fluid bed coating (NR) Maltodextrin, potato starch, skim 

milk, sucrose 

Gotor-Vila et al. (2017) 
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Table 2.6 Microencapsulation of probiotics 

Cells Method (Size) Encapsulating agent References 

Bifidobacterium longum 

subsp. infantis 

EHDA (1.95-2.47 µm) Whey protein concentrate, Fibersol®, 

maltodextrin, zein and 

polyvynilpyrrolidone (PVP) 

Librán et al. (2017) 

Lactobacillus plantarum EHDA (300-550 µm) Alginate, chitosan Zaeim et al. (2017) 

Lactobacillus paracasei  

and Lactobacillus 

paraplantarum 

Coacervation (1-15 µm) Whey protein and gum arabic Bosnea et al. (2014) 

Bifidobacterium lactis Coacervation (100.12 

and 203.32 μm) 

Gelatin and gum Arabic Marques da Silva et al. (2018) 

Lactobacillus plantarum Coacervation (3-20 µm) Gelatin, gum Arabic, sucrose Zhao et al. (2018) 

Lactobacillus rhamnosus 

and Lactobacillus 

acidophilus 

Impinging aerosol (10-

40 µm) 

Alginate, maltodextrin Sohail et al. (2011), Sohail et al. 

(2012), Sohail et al. (2013) 

 

Lactobacillus kefiri Impinging aerosol (50-

70 µm) 

Alginate, carboxymethylcellulose Demitri et al. (2017) 

Lactobacillus acidophilus Spray drying (76.58 µm) Whey, skim milk Maciel et al. (2014) 

Lactobacillus acidophilus Spray drying (NR) Flaxseed mucilage 

Flaxseed protein 

Bustamante et al. (2015) 
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Table 2.6 (Cont’d) Microencapsulation of probiotics 

 

Cells Method (Size) Encapsulating agent References 

Bifidobacterium-BB-12 Spray drying (10.55 and 

12.77 μm) 

Liquid whey, whey retentate, inulin, 

polydextrose. 

Pinto et al. (2015) 

Lactobacillus acidophilus Emulsification (323-343 

μm) 

Sodium alginate 

CaCO3/Ca-EDTA 

Soybean oil 

Span 80 

Cai et al. (2014) 

Lactobacillus casei Shirota Emulsification and 

extrusion (0.26-1.79mm) 

Alginate, sunflower oil, Tween 80 Semyonov et al. (2010) 

Lactobacillus lactis Fluid bed coating (NR) Shrimp feed, monosodium glutamate 

(MSG), milk powder, acacia gum, 

maltodextrin 

Wirunpan et al. (2016) 

Lactobacillus paracasei Spray freeze drying 

(400-1800 μm) 

Maltodextrin and trehalose Semyonov et al. (2010) 

Lactobacillus casei Spray freeze drying 

(24.8 μm) 

Glucose, sucrose, buffered peptone 

water 

Her et al. (2015) 

Lactobacillus plantarum Spray freeze drying (10-

1000 μm) 

Whey protein, alginate, 

fructooligosaccharide 

Rajam and Anandharamakrishnan 

(2015) 
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2.5 Challenges of microencapsulation 

Several authors have been discussing the main advantages of applying microencapsulation 

techniques in cells protection. However, several parameters such as properties of materials, 

formulation parameters and operating condition (Paulo & Santos, 2017) affects the final 

characteristics of microparticles such as mean size, particle size distribution, surface 

morphology, product yield and encapsulation efficiency. The final properties of 

microparticles may affect the release rate of cells (Li et al., 2008). Traditionally, one 

factor-at-time (OFAT) method is used to identify main influencing factors in 

microencapsulation by studying the influence of one variable while the others remain 

constant. OFAT requires relative huge number of experiments which is time consuming 

(Paulo et al., 2017). Thus, design of experiments (DOE) have been used to overcome the 

main disadvantages of OFAT procedures. The surface response methodology (RSM) is 

commonly used in microencapsulation. RSM is an effective tool for optimizing the 

process parameters when there are numerous factors that will affect the response variable. 

Central composite design (CCD) and Box-Behnken Design (BBD) are the two most 

popular response surface designs used by researchers (Ebrahimi-Najafabadi et al., 2014). 

Central composite design (CCD) is generally employed for sequential experiments. It does 

not involve large number of experiments. CCD requires five levels for each variable and 

consists of combinations in which all parameters are simultaneously at their highest or 

lowest level (Wu et al., 2012a). Box-Behnken Design (BBD) only has 3 levels (i.e. low, 

medium and high, coded as -1, 0 and +1) for each parameter (Cai et al., 2012). The 

application of RSM for cell microencapsulation optimization processes have been 

extensively studied by various researchers as tabulated in Table 2.7. Referring to Table 

2.7, it can be seen that BBD is widely used to optimize cell viability and encapsulation 

yield while varying several factors such as concentration of coating materials, operating 

condition for microencapsulation and concentration of crosslinkers (CaCl2). For example, 

Chen et al. (2013) employed the BBD method to identify the optimal formulation of 

highest cell viability of of Bacillus cereus microencapsulated by spray drying. Results 

obtained showed that with 18.3 % maltodextrin and 12.5 % gum arabic as coating 

materials and spray drying at an outlet temperature of 73.5 ºC, the B.cereus could maintain 

cell viability of 42 %. Trabelsi et al. (2013) studied the effects of sodium alginate 
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concentration, biomass concentration, and hardening time on encapsulation yield of 

Lactobacillus plantarum using BBD. The ideal conditions were determined to be 2 % of 

sodium alginate, cell concentration of 1010 CFU/ml, and 30 min hardening time. The 

experimental result these conditions was about 80.98 % which was in close agreement 

with the estimated value of 82.6 %. Herein, it can be observed that BBD was preferred 

over CCD in optimization study as it requires less number of runs with high efficiency 

(Souza et al., 2005). One of the main advantage of employing BBD is that it does not 

contain combinations where all factors are simultaneously at their highest or lowest levels, 

avoiding performing experiments under extreme conditions which might results in 

unsatisfactory outcome (Venegas Mendez, 2013). BBD is highly effective and easier to 

arrange and interpret when compared with other designs. 

Table 2.7 Cell microencapsulation optimization 

Core material RSM  Factors Response References 

Bifidobacterium 

pseudocatenulatum 

CCD Bovine gelatin, 

sodium alginate, and 

genipin 

Encapsulation 

yield, bead 

strength 

Khalil et al. 

(2019) 

Lactobacillus 

plantarum 

BBD CaCl2 concentration, 

biomass 

concentration, 

and hardening time, 

Encapsulation 

yield 

Trabelsi et 

al. (2013) 

Bacillus cereus BBD Gum Arabic 

concentration, 

maltodextrin 

concentration and 

outlet temperature 

for spray drying 

Cell viability Chen et al. 

(2013) 

Bifidobacterium 

animalis subsp. 

lactis 

BBD Alginate, prebiotics 

mixture 

and glycerol 

concentration 

Cell viability Shamekhi et 

al. (2013) 
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Table 2.7 (Cont’d) Cell microencapsulation optimization 

Core material RSM  Factors Response References 

Bifidobacterium 

bifidum 

BBD Cell/alginate ratio, 

sodium erythorbate 

and inulin 

concentration 

Encapsulation 

yield 

Chen et al. 

(2016) 

Bifidobacterium 

bifidum 

 

BBD Chitosan 

concentration, 

cell/chitosan ratio, 

stirring time 

Viability and 

encapsulation 

yield 

Shu et al. 

(2018) 

Saccharomyces 

boulardii 

BBD Alginate, oats bran 

gum and cell 

concentration  

Encapsulation 

yield 

Ragavan and 

Das (2018) 

 

2.5.1 Kinetic models of cell release 

Evaluation of PSMs release from alginate microbeads is essential to ensure cell release 

gradually from beads to facilitate colonization of plant roots. The study of kinetic models is 

generally helpful in explaining release mechanisms which can be useful in the control of 

cell release. Generally, kinetic models such as zero order, first order, Higuchi, Ritger-

Peppas and Weibull are used to study the release profile of cells from alginate beads as 

shown in Table 2.8. The mechanistic aspects of the release process in swelling-controlled 

bacterial release from alginate microbeads can be elucidated well using the Ritger–Peppas 

model, in which the value of “n” characterizes the release mechanism of cells. When 

n<0.45, it indicates Fickian diffusion, 0.45<n<0.89 represents anomalous (non-fickian) 

diffusion, n=0.89 for case-II transport and n>0.89 for super case II transport. Various 

researches have studied the release of active ingredients, drugs and microorganisms from 

alginate beads as tabulated in Table 2.9. Referring to Table 2.9, Ritger-Peppas can be 

considered as the most suitable kinetic models for cell release from alginate microbeads. 

Most of the researchers obtained high R2 value ranging from 0.91 to 0.99 for Ritger-

Peppas model indicating that the models were well fitted.  
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Wu et al. (2014) investigated the release of Raoultella planticola from alginate-starch 

microbeads produced with extrusion method and the diffusion exponent “n” for different 

alginate and starch concentration were all greater than 0.89, indicating the main Case II 

release mechanism with skeleton corrosion mechanism. The release of cells occurs when 

the microbeads swell by absorbing water. Their results also revealed that an increase in 

starch and alginate concentration increased the swelling of the microbeads, which may 

facilitate the release of the entrapped cells. Feng et al. (2019) showed that the addition of 

kaolin in starch–alginate beads decreased the swelling ratio and thus, fungal spores release 

rate decreased. All starch-alginate beads with different kaolin concentration had diffusion 

exponent ‘n’ lower than 0.5, indicating a Fickian diffusion mechanism for fungal spores 

release. 

Table 2.8 Kinetic models applied in the study of cell release from alginate beads 

Models Equations References  

Zero order 
0F K t=  Costa and Sousa Lobo 

(2001) 

(2.5) 

First order ( ) 1ln 1 F K t− = −  Gibaldi and Feldman 

(1967) 

(2.6) 

Higuchi 1

2
HF K t=  

Paul (2011) (2.7) 

Ritger-Peppas 
60ln F ln K n lnt= +  Korsmeyer et al. (1983) (2.8) 

Weibull ( ) ( )iln ln 1 F bln t T ln a − − = − −   Weibull (1951) (2.9) 

Where F represents the total cumulative bacteria release in time t; F60 is first 60 % of the 

fraction of cell released at time t; K0, K1, KH and K are release rate constants related with 

the features of the bacterial-microbeads system; n is the diffusion exponent indicative of 

mechanism of release, a is the scale parameter, b is a shape parameter describing the shape 

of the dissolution, m50 is time required for 50 % dissolution.  
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Table 2.9 Kinetic models to describe release of core material from alginate beads by past researchers 

Core material Wall coating Kinetic models R2 References 

Raoultella planticola Alginate, starch and CaCl2 First order  0.74-0.91 Wu et al. (2014) 

Higuchi 0.733-0.93 

Ritger-Peppas 0.91-0.96 

n 2.7-3.4 

Raoultella planticola Alginate, bentonite and CaCl2 First order  0.83-0.99 He et al. (2015) 

Higuchi 0.87-0.99 

Ritger-Peppas 0.94-0.98 

n 3.52-4.14 

Metformin HCl Alginate and polysaccharide  Zero-order 0.997 Nayak et al. (2016) 

First-order 0.864 

Weibull 0.995 

Ritger-Peppas 0.996 

n 1.0 

Stevia rebaudiana 

extract 

Alginate and CaCl2 Zero order 0.82-0.96 Quintal Martínez et al. 

(2018) First order  0.69-0.96 

Higuchi 0.91-0.98 

Ritger-Peppas 0.92-0.98 

n 0.25-0.32 
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Table 2.9 (Cont’d) Kinetic models to describe release of core material from alginate beads 

Core material Wall coating Kinetic models R2 References 

Metronidazole 

 

Alginate and poly-caprolactone 

 

Ritger-Peppas 0.91-0.99 Lan et al. (2013) 

 n 0.11-0.39 

Ilex paraguariensis Alginate, starch and CaCl2 Ritger-Peppas 0.96 López Córdoba et al. 

(2013) n 0.23 

Eucalyptus oil 

 

Alginate and CaCl2 

 

Ritger-Peppas 0.988-0.998 Noppakundilograt et al. 

(2015) n 0.88-1.06 

Tolbutamide Alginate, starch and CaCl2 Zero-order 0.99 Malakar et al. (2014) 

First-order 0.91-0.93 

Weibull 0.95-0.97 

Higuchi 0.56-0.72 

Ritger-Peppas 0.95-0.98 

n 0.90 to 1.12 

Vancomycin Alginate, soy protein isolate, and 

poly(ethylene oxide) 

Ritger-Peppas 0.991 Wongkanya et al. 

(2017) n 1.78 

Gentamicin Alginate, hyaluronic acid, and gelatin Ritger-Peppas 0.88-0.92 Ratanavaraporn et al. 

(2019) n 0.46-0.59 

Aspergillus flavus 

(spore) 

Alginate, starch, kaolin and CaCl2 Ritger-Peppas NR Feng et al. (2019) 

 n 0.24 
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2.6 Numerical simulation of Impinging Aerosol Encapsulation  

Among a wide range of microencapsulation technologies, novel impinging aerosol 

method has been successfully used for the microencapsulation of bacteria. The basic 

operating principle consists of spraying of alginate suspension and cross linking with 

CaCl2 mist in the opposite direction in encapsulation chamber. Generally, pneumatic 

nozzles are used for the solution atomization but in this work, misting nozzles were used 

to reduce the risk of contamination and cost of production in the microencapsulation PSMs. 

In order to control process efficiency in impinging aerosol method, physical properties of 

solutions, spray conditions and type of nozzles are the critical factors. In practice, these 

parameters must be extensively tested to control the spray behaviors including droplet size 

distribution, spray distribution, spray angle and wall wetting. Therefore, in order to reduce 

time consumption and expensive cost of extensive experiments, computational fluid 

dynamics (CFD) analysis had become a very useful tool for spray modeling. Due to the 

complexity of spray atomization, CFD can be used to observe the small-scale phenomena 

such as the atomization and breakup of the droplets exiting a spray nozzle. Several authors 

had used CFD analysis method to simulate spray atomization. Fung et al. (2012) used 

CFD method to simulate spray atomization from a nasal spray device and Isa et al. (2019) 

also investigated the spray characteristics of pressure-swirl atomizers for automatic hand 

sanitizer application using CFD. CFD simulations were also performed on the Spray G 

geometry to improve the efficiency of the internal combustion engine (Paredi et al., 2018). 

When working with impingement aerosol method in production of alginate microbeads 

loaded PSMs, the three main concerns are the size of droplets, quality of spray distribution 

and the impingement of spray droplets on encapsulation chamber wall. If the spray angle 

is large, droplets tend to stick on wall forming fluid film, leading to production losses. 

Thus, it is essential to develop a CFD model to predict the spray behaviors of impinging 

aerosol. 

2.6.1 Numerical Modeling of Multiphase Flow 

Numerical approaches such as Eulerian-Eulerian and Eulerian-Lagrangian have been 

established as a powerful technique to understand or explain the influence of various input 

variables on process efficiency (Duangkhamchan et al., 2012). In spray application, the 
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volume of fluid (VOF) and the discrete particle method (DPM) have been used to estimate 

basic outcomes of spraying nozzles such as spray angle and droplet size distribution. In 

the Eulerian-Eulerian approach, the VOF is the most popular model. VOF models solve a 

single set of momentum equations and tracks the volume fraction of each of the fluids 

throughout the domain for two or more immiscible fluids. Common applications include 

the estimation of jet breakup and the motion of large bubbles in a liquid. The VOF method 

keeps track of the volume fraction of each phase present in a simulation. This would 

suggest that the volume fraction could be used to visualize the spray plume. However, this 

is very computationally expensive because the cell size needs to be sufficiently small 

(Chapman, 2020). VOF simulations on single droplet level to study breakup, collisions, 

agglomeration vaporization heating and acceleration phenomenon has been reviewed in 

Sirignano (2010). The VOF methodology has been used in several studies and industrial 

cases to investigate the formation of droplets during primary atomization of a liquid jet in 

nozzles (Fuster et al., 2009; Tomar et al., 2010). Other innovative application of the VOF 

methodology is the injection molding of non-Newtonian, low density polyethylene by 

Salinas et al. (2013). 

DPM is an Eulerian-Lagrangian method where the dispersed phase is solved by tracking 

a large number of droplets through the continuum and gas phase is a continuum phase 

solved by the Navier–Stokes equations (Khatami et al., 2013). Wang et al. (2004) 

employed the DPM to study the nitrogen evaporating jet in a gas–solid suspension flow. 

Parametric studies to assess the effect of the solid catalysts loading on the spray 

evaporation length were also conducted. Zeoli and Gu (2006) used the DPM to study the 

droplet breakup during atomization creating fine spherical metal powders. In order to 

validate the model efficacy, the liquid metal was initialized to large droplet diameters 

varying from 1 to 5 mm and injected into the gas flow field. Their results showed that the 

model could provide numerical assessment for the process of spray atomization. DPM 

was also employed by Mezhericher et al. (2010) to model the drying process of a spray 

dryer with pressure nozzle atomizer. Their results were validated with experimental data. 

The model developed was able to capture the temperature profiles of the droplets in drying 

gas, estimation of mass and moisture content. Khatami et al. (2013) used DPM to simulate 

the spray atomization from solution for synthesis of sensor film. Air from atomizer and 
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surrounding air were selected as the continuous phase while methanol as the discrete phase. 

The developed model has the potential to be used in optimization of operating parameters 

which include mass flow rate, nozzle diameter and distance from nozzle to substrate for 

synthesis of thin film for sensor application. Bebe and Andersen (2017) studied the spray 

angle and penetration length of spraying of water into quiescent air using the DPM. Good 

agreement was obtained between experimental and simulation results. Fan et al. (2018) 

employed the DPM to simulate liquid jet in supersonic flow and the influences on 

numerical results when different breakup models and injection models were employed. 

Their simulated results have a good match with the experimental data. Besides, the 

developed model has a great ability to describe the entire spray process including the 

breakup that occurs near the nozzle exit in the primary breakup region. Bode et al. (2015) 

developed a DPM model to describe the primary breakup of fuel from Gasoline Direct 

Injection (GDI) injector, the droplet size distribution and velocity profile obtained showed 

good agreement with experimental data without excessive tuning of the simulation 

parameters. Many researchers have attempted spray modeling in various applications by 

means of DPM as seen in Pimentel et al. (2006), Behjat et al. (2010), Julin et al. (2014), 

Alkhedhair et al. (2016) and Omar et al. (2016). The numerical predictions on droplet size, 

droplet velocities and spray penetration obtained by these authors demonstrated good 

agreement with the experiment results.  

2.6.2 Turbulence Modeling 

The standard k-ε turbulence model has been extensively used to model the turbulent gas 

phase induced by the momentum of spray droplets in the application of high-speed sprays 

(Collazo et al., 2009). However, standard k-ε turbulence model tends to overestimate the 

turbulent viscosity and is not suitable for the current study of the low-pressure application 

where flow field is formed by spray droplets in still air. Remarkably, Fogliati et al. (2006) 

and Fung et al. (2012) employed the realizable k-ε turbulence model in the simulation of 

paint sprays and nasal spray device at low injection pressure and the simulated results 

showed good agreement with experimental data. The realizable k−ε turbulence model is 

more reliable than the standard k−ε for many applications. It is known to predict swirling 

flows and the spreading rate of jet streams more accurately, which is important when 

modeling spray nozzles (Persson, 2013). Omar et al. (2016) studied the airflow of aerial 
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crop spraying system using CFD. They focused on the effect of aircraft speed and nozzle 

orientation on the spray droplet distribution from a certain height. A more accurate 

simulation was achieved when the realizable k−ε turbulence was used to model the airflow 

in the fluid domain. 

2.6.3 Spray Modeling 

The term spray modeling refers to a subset of discrete phase particle modeling that 

describes the breakup of a continuous liquid into droplets known as primary and secondary 

atomization. Primary atomization makes assumptions about the physics inside the nozzle 

and computes an initial drop size in the region near the nozzle. Secondary atomization 

models droplets that traverse the domain where they become hydrodynamically unstable 

and break into smaller droplets (Adapco, 2016). The most common primary atomization 

models are the Linearized Instability Sheet Atomization (LISA) and Huh model. 

Generally, LISA has been developed by Schmidt et al. (1999) and Senecal et al. (1999) to 

model the primary breakup of the liquid film emerging from outwardly opening high-

pressure swirl injectors, widely used for liquid-fuel injection in gas turbines, oil furnaces 

and direct-injection spark-ignited automobile engines. Chryssakis et al. (2002) studied the 

spray atomization of high-pressure swirl sprays commonly used in commercial Direct-

Injection Spark-Ignition (DISI) engines. Measured data which include spray tip 

penetration, simultaneous spray and air entrainment velocities and droplet size 

distributions showed satisfactory results when compared against experimental results. In 

addition, Gavtash et al. (2014) investigated spray atomization of the pressurized metered 

dose inhalers (pMDI) which is the most extensively used aerosol delivery devices to treat 

asthma and chronic obstructive pulmonary disease.  The model of primary atomization in 

pMDIs was developed with an internal propellant flow model coupled with LISA 

framework to estimates the spray velocity and droplet size of pMDIs. Model predictions 

of spray velocity and droplet size were validated by comparison with experimental data 

and good agreement was obtained.  

Huh model is commonly used to model the breakup of a liquid jet created through a simple 

hole-type nozzle. According to the Huh atomization model, the spray is modeled by 

injecting a train of “blob” (parent) parcels which are disaggregated into secondary 
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(atomized) droplets by the grow of the initial turbulence fluctuations generated on the jet 

surface because of nozzle flow conditions (Lucchini et al., 2010). Various researchers 

such as Maes et al. (2016), Paredi et al. (2020), Brusiani et al. (2014), Bode et al. (2015) 

and Lucchini et al. (2010) employed the Huh model in the modeling of primary 

atomization of fuel leaving the single or multi-hole injector nozzles. Their model showed 

was validated against available experimental data for the spray cone angle of steady-flow 

single-hole experiments and good agreement was obtained. As reported by Maes et al. 

(2016), the Huh model is very suitable for Eulerian-Lagrangian simulations due to its 

ability to account for liquid jet turbulence on the atomization process. Thus, the analytical 

capabilities of Huh model for spray modeling are anticipated to be very high. Paredi et al. 

(2020) showed that the model developed able to predict gasoline spray evolution under 

different operating conditions accurately. Aguerre and Nigro (2019) reported that the 

droplet diameter reduction parameter, k1 in Huh model allows controlling the Sauter mean 

diameter of the spray for the first and medium temporal phases of the injection. This 

parameter controls the Sauter mean diameter (SMD) of the mother droplets resulting from 

the Huh breakup. Wojdas (2010) reported that by increasing k1, the breakup rate decrease 

causing longer atomization. The growth of C3 and C4 would have the same effect on the 

breakup rate, but additionally it would act on the atomization time scale itself, as well as 

on the spray semi-cone angle β and the simulated shape of the jet.  

Secondary droplet break-up is caused by aerodynamic forces such as pressure and friction 

induced by the relative velocity between the droplets and the surrounding air which can 

be characterized by the Weber and Ohnesorge numbers. At Ohnesorge numbers lower 

than 0.1, breakup modes depend only on the Weber number (Fauchais et al., 2014). 

Various breakup regimes have been identified and each characterized by the shape of the 

deforming droplets as shown in Table 2.10. Detailed modeling of secondary breakup 

regime is difficult and thus, the goal of secondary breakup models is to predict when 

breakup occurs and what diameters result from it. Over the years, there are various 

secondary breakup models developed such as the Taylor analogy breakup (TAB) model, 

Reitz-Diwakar (RD) and Kelvin-Helmholtz-Rayleigh-Taylor (KHRT) for the atomization 

modeling. 



 

53 

 

Table 2.10 Definition of the critical Weber numbers of the different droplet breakup 

regimes (Habchi, 2011; Storm & Joos, 2019). Reproduced with permission from 

Elsevier 

Breakup 

regime 

Breakup mechanisms Range of 

appearance 

Comment 

Oscillatory 

 

Wec0<Wed<Wec1 Wec0 ~0.5 

Bag 

 

Wec1<Wed<Wec2 10 < Wec1 < 16 

20 < Wec2 < 45 

Bag-

streamer  

Wec2<Wed<Wec3 80 < Wec3 < 120 

Stripping 

 

Wec3<Wed<Wec4 350 < Wec4 < 850 

TAB is a classic method for calculating droplet breakup, which is applicable to many 

engineering sprays. The TAB model represents an oscillating and distorting droplet as a 

spring mass system (Taylor, 1963). In this analogy, the surface tension force is represented 

by the restoring or stabilizing force of the “spring” and the gas aerodynamic force is the 

source of the external or destabilizing force on the mass. Typically, the TAB model is 

used at low Weber numbers. An example of a preferred application for this model is the 

hollow-cone gasoline sprays (Baumgarten, 2006). Tanner (1997) showed that TAB model 

tends to underpredict droplet sizes of full cone sprays. The RD breakup model works 

based on two different assumptions  where the model assumes that breakup occurs in one 

of two possible modes, “bag” and “stripping” breakup (Reitz & Diwakar, 1986). As for 

“bag” breakup, in which the non-uniform pressure field around the droplet causes it to 

expand in the low-pressure wake region and eventually disintegrate when surface tension 

forces are overcome. Then, “stripping” breakup, in which liquid is sheared or stripped 

from the droplet surface. The most commonly used secondary breakup model for simple 

hole nozzle is the RD model. Chasos et al. (2012) employed the RD model to investigate 

the spray atomization of injector nozzle with different biodiesel concentration. As 

biodiesel concentration increases, it results in a smaller spray angle and longer spray 

penetration. The temperature conditions and simulated sprays at high pressure were 
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validated with experimental data and results showed that spray penetration was slightly 

overpredicted and the simulated spray angle was wider than the experimental. However, 

simulated results showed good agreement with experiment trend. CFD simulations of the 

gasoline spray with the outward-opening piezoelectric injector was performed with 

different droplet breakup models by Wang and Zhao (2018). The injection pressure was 

kept constant while two different backpressures were used to assess the effectiveness of 

the breakup models. It is observed that the tuned RD model was robust under different 

backpressures and the results for spray penetration was in good agreement with the 

experimental results. It was found that the model parameters Cb1 and Cs2 affect the breakup 

process and spray penetration. However, these two parameters show little impact on the 

final value of SMD of droplets at the end of injection.  

Often, break-up processes and break-up regimes of sprays cannot be described by using a 

single break-up model. Thus, it is essential to combine models to enhance the accuracy of 

prediction. Thus, KH-RT Breakup model is developed which comprises the combination 

of two submodels, Kelvin-Helmholtz (KH) and Rayleigh-Taylor (RT). Both breakup 

submodels consider the growth of instabilities on a droplet and provide expressions for 

their wavelength and frequency. The KHRT model was developed as a replacement for 

the TAB model  and it is preferred at high Weber numbers (Patterson & Reitz, 1998). Park 

et al. (2003) investigated the prediction accuracy of KH-RT model for high-speed diesel 

fuel sprays and reported that the results of model agree well with the experimental results. 

Remarkably, Zeoli et al. (2006) implemented the KH and TAB break-up algorithms in the 

atomization code to investigate the breakup of droplet during the atomization. Their 

results indicated that at high Weber number when droplets start to breakup, small droplets 

are generated as result of continuous shedding from the parent droplets and this can be 

accurately modeled using the KH model. Weber number decreased as the droplets become 

smaller and it is best described by the bag break-up mechanism. At low Weber number, 

breakup can be more precisely represented by the TAB model. Fan et al. (2018) compared 

the efficiency of TAB and KH-RT models in predicting liquid jet atomization in 

supersonic crossflow. Model predictions were compared to experimental data and more 

accurate predictions of liquid penetration and droplet size distribution can be obtained 

with KH-RT models. The main principal difficulty in using the KH-RT breakup model is 



 

55 

 

the need of excessive fine tuning of simulation parameters to the application under 

consideration, reflecting the complexity of the physics (Fan et al., 2018).  

Generally, primary and secondary breakup models are coupled to study the spray 

behaviors. Liu et al. (2016) modeled the primary and secondary atomization of kerosene 

from pressure swirl injector with LISA and TAB model, respectively and it was reported 

that the model could capture the atomization process of fuel accurately. Paredi et al. (2018) 

investigated the most accurate numerical set-up for primary and secondary atomization of 

multi-hole Gasoline Direct Injection (GDI) injectors. Their computed results were 

validated with data obtained experimentally for the ECN Spray G baseline condition. 

Spray penetrations, negative axial recirculation velocity and radial contours of the axial 

velocity over time were correctly predicted by the Huh and RD model. Wojdas (2010) 

also presented a methodology for the numerical simulations of diesel engine with Huh and 

RD as primary and secondary atomization model, respectively and simulated results were 

in an agreement with experimental results.  Commonly, spray breakup models have been 

widely used for applications which include combustion, and industry and agricultural 

spraying with high pressure and less in low-pressure nozzle spray applications. The same 

physics of spray atomization under high-pressure applications can be used for low-

pressure nozzle spray, but not much studies have been done as indicated by Fung et al. 

(2012). The breakup parameters must be accurately calibrated in order to estimate the 

spray outcomes based on the injection conditions, nozzle geometry, and fluid properties 

(Brulatout et al., 2016). Notably, the parameters in breakup model for low-pressure 

injection with small-scale spray nozzle were not studied. Thus, there is a need to fine tune 

the constants of breakup models of the HUH and RD model and evaluate its performance 

for low-pressure applications. The computational replication of this physical behavior in 

CFD can be achieved by adjusting the model coefficients based on experimental results.   

2.6.4 Wall Impingement 

Droplets can interact with each other directly through collision, creating larger droplets 

and changing the dynamics of the spray plume.  The interaction between droplets and 

walls can be modeled using the Bai-Gosman (Bai et al., 2002) or the Satoh (Satoh et al., 

2000) wall impingement model. Satoh model is specially developed for oil droplets in oil-
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mist separators and thus, it is unsuitable for current study. In a Lagrangian framework, the 

Bai-Gosman model is commonly used spray impingement model for droplets and wall 

interaction. The outcome of the impinging droplets is the main focus of this model. The 

impingement regime selection is reliant on parameters which include the incident Weber 

number (WeI), Laplace number (La), temperature of boundary wall and the state of wall, 

either dry or wet. The boundaries between different regimes for the Bai-Gosman model 

are listed in Table 2.11. Quissek et al. (2019) implemented the Bai-Gosman model to study 

the critical temperature range that separates impingement regimes of the of urea water 

solution (UWS) droplets that results in wall wetting and regimes with thermal rebound or 

break-up. Hamed and Markale (2017) developed a Eulerian-Lagrangian simulation with 

Bai-Gosman model to study the interaction between the rain droplets and the rear-view 

mirror of vehicle. The simulated results showed good agreement to experimental results 

done at National Electric Vehicle Sweden and the fluid film thickness prediction is found 

to be mesh independent. 

Table 2.11 Regime transition criteria for Bai-Gosman model (Bai et al., 2002) 

Wall status Regime transition 

state 

Transition criterion 

Dry Adhesion to splash 0.183

I crWe We 26030La− =  

Wet 

 

 

Stick to rebound 
I crWe We 2 =  

Rebound to spread 
I crWe We 20 =  

Spread to splash 0.183

I crWe We 1320La− =  

 

2.7 Concluding remarks 

PSMs has the ability to promote plant growth via the solubilization and mineralization of 

insoluble phosphate in soil, production of plant growth regulators, siderophores and 

protection enzyme. PSMs need to be encapsulated prior to inoculation in order to protect 

PSMs from environmental stresses. Various microencapsulation techniques have been 

developed for microbial cells and impinging aerosol technology, a continuous process has 

gained the attention of researchers in recent years due to its simplicity, low operation and 

maintenance cost and high encapsulation efficiency. Several parameters including 



 

57 

 

alginate concentration and operating conditions affects the particle size, surface 

morphology, yield and encapsulation efficiency. Thus, response surface methodology is 

often applied to optimize these parameters. Box-Behnken Design is the most common 

model for optimization as it requires less runs with high efficiency. In addition, it is 

essential to study the cell release from alginate microbeads to ensure cells are release 

gradually to soil to facilitate colonization of plant roots. Among the kinetic models, 

Ritger-Peppas is expected to be the most suitable kinetic models for cell release from 

alginate microbeads. Nevertheless, optimization of parameters via extensive experiments 

is unfavorable and hence, CFD serves as a useful tool to predict the spray behaviors. 

Particularly, counter flow spray is scarcely reported in the literature. In spray modeling, 

Eulerian-Lagrangian framework is generally used where Huh model and Reitz-Diwakar 

are employed for primary and secondary atomization (Wojdas, 2010). The interaction of 

spray droplets with wall are usually modeled with Bai-Gosman model (Quissek et al., 

2019).   
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CHAPTER 3  

 

EXPERIMENTAL METHODOLOGY 

 

 

 

In Chapter 2, critical reviews on phosphate solubilizing microorganisms, encapsulation 

technologies and associated numerical modeling employed by past researchers for spray 

modeling were discussed. This chapter focuses on the experimental methodology for 

current research which includes isolation and identification of PSMs, microencapsulation 

of PSMs via impinging aerosol method and kinetic release study of PSMs from dried 

alginate microbeads.  

 

 

3.1 Chemical and Reagents 

All chemical and reagents used in this study were of analytical grade and tabulated in 

Table 3.1.  

Table 3.1 Chemicals and reagents used 

Chemicals Purity and brand Purpose 

D(+)-glucose ≥ 99.5 %, Merck Culture medium 

Potassium chloride (KCl) ≥ 99.5 %, Merck Culture medium 

Tryptic soy agar (TSA) NA, Merck Culture medium 

Vanadate-molybdate reagent NA, Merck Phosphate estimation 

Magnesium chloride 

hexahydrate (MgCl2.6H2O) 

≥ 99 %, Merck Culture medium 

Magnesium sulphate 

heptahydrate (MgSO4.7H2O) 

≥ 99.5 %, Merck Culture medium 
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Table 3.1 (Cont’) Chemicals and reagents used 

Chemicals Purity and brand Purpose 

Bromophenol blue dye 0.04 wt. % in H2O, Merck Isolation of PSMs 

Yeast extract NA, Merck Culture medium 

Nutrient Broth No.2 NA, Merck Isolation of PSMs 

Sodium hydroxide (NaOH) ≥ 97 %, Merck pH adjustment 

Hydrochloric acid (HCl) 37 %, Merck pH adjustment 

Potassium dihydrogen 

phosphate (KH2PO4) 

≥ 99.5 %, Merck Bacteria identification 

Gram stain kit NA, Merck Bacteria identification 

Calcium chloride ≥ 98 %, Merck Encapsulation of PSMs 

Iron (III) phosphate dihydrate 

(FePO4.2H2O) 

29 %, Sigma Aldrich Isolation of PSMs 

Phytic acid 50 % w/w in H2O, Sigma 

Aldrich 

Isolation of PSMs 

Aluminium phosphate 

(AlPO4) 

≥ 99.9 %, Sigma Aldrich Isolation of PSMs and 

phosphate solubilization 

study 

Ammonium sulfate 

((NH4)2SO4) 

≥ 99 %, Fisher Scientific Culture medium 

Sodium alginate NA, Fisher Scientific Encapsulation of PSMs 

Sodium citrate tribasic 

dihydrate 

≥ 99 %, Sigma Aldrich Cell release study 

Agar NA, Bendosen. Isolation of PSMs 

G-spintm genomic DNA 

extraction kit 

NA, iNtRON 

Biotechnology, Korea 

Bacteria identification 

*NA= information not available 

3.2 Sample Site, Collection and Characterization of Peat 

Peat samples were collected during the month of October, 2017 from Paradom area 

(2º13’59”N, 111º47’17”E) of Sibu, Malaysia. Samples were taken from 20 cm of depth 

and approximately 1 kg of peat was collected and packed in sterile plastic bag. Samples 
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were transported to the laboratory and kept in refrigerator at 4ºC for further experiments. 

The moisture and organic matter content of peat were estimated by following the standard 

methods as described in ASTM (2014). The determination of pH were conducted by using 

the procedures reported by ASTM (2001).  

3.3 Isolation of Phosphate Solubilizing Microorganisms (PSMs) 

In order to enhance PSMs population, peat samples were enriched by the method adopted 

by Bardiya and Gaur (1974) and El-Tarabily and Youssef (2010). Firstly, 1 g of peat was 

added to 9 mL of sterile water and enriched with 5 mL of nutrient broth and various 

insoluble phosphate sources such as Al-P, Fe-P and phytic acid as summarized in Table 

3.2. Then, these enriched samples were agitated at 130 rpm with an incubator shaker 

(311DS Labnet, New Jersey) at 30ºC for 7 d. 

Table 3.2 Inoculum enrichment with various phosphate sources 

Samples Enrichment 

A No insoluble phosphate source added (Blank) 

B 3 ml of 0.1 M AlPO4, 3 ml of 0.1 M FePO4.2H2O and 3 ml of 2µM phytic 

acids 

C 3 ml of 0.1 M AlPO4 and 3 ml of 0.1 M FePO4.2H2O 

 

After 7 d, potential PSMs isolates were obtained by the serial dilution method on National 

Botanical Research Institute Phosphate (NBRIP) agar containing (per litre): 15 g agar, 10 

g glucose, 5 g MgCl2.6H2O, 0.25 g MgSO4. 7H2O, 0.2 g KCl, 0.1 g (NH4)2.SO4 (Nautiyal, 

1999) with 4 g AlPO4 as the phosphate source. The pH of medium was adjusted to 4.0 by 

using 0.1 M HCl or 0.1 M NaOH  before autoclaving at 121°C for 15 minutes (Sharma et 

al., 2017). Glucose was autoclaved separately to avoid caramelization. The medium was 

mixed well and poured into sterile petri plates. The plates were incubated in incubator at 

30°C for 72 h. Experiments were done in triplicates.  

As the solubilization of AlPO4 did not produce halo-zone as an indication for phosphate 

solubilization by PSMs in this work, distinct colonies were picked and transferred to 

NBRIP-BPB agar where bromophenol blue (BPB) dye were added as an alternative 

method for insoluble phosphate solubilization indication (Gadagi et al., 2002). At pH 4.0 
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bromophenol dye is blue in color and it turns yellow when the pH drops to below 3. These 

plates were incubated (Binder BF240, Germany) at 30°C for 72 h. Potential PSMs released 

organic acids during solubilization and thus, colonies that turned agar plates from blue to 

yellow were picked and further purified in modified tryptic soy agar (TSA) consisted per 

litre of 2.5 g glucose, 2.5 g KH2PO4 and 40 g TSA and incubated at 30°C. Subsequent 

subcultures were done until purified isolates were obtained and these isolates were kept 

on modified TSA at 4°C for further study. The isolation processes were illustrated in 

Appendix A.  

3.3.1 Prescreening on Phosphate Solubilization Potential  

There were total of 16 isolates obtained from the isolation. These isolates were 

prescreened on their phosphate solubilization ability with AlPO4 as the insoluble 

phosphate source. A loop of bacteria was transferred from plates to 20 ml of NBRIP broth 

supplemented with 2.5 g L-1 of KH2PO4 and cultivated in an incubator shaker at 37ºC and 

130 rpm for 24 h. Then, 0.1 ml of cell culture (adjusted to OD 1.0 by diluting with NBRIP 

broth, approximately 0.5 x 108 CFU/ml) was inoculated into 50 ml of NBRIP broth 

containing 4 g L-1 of AlPO4 and incubated at 37ºC and 130 rpm for 24 h (Walpola et al., 

2012a). NBRIP broth containing PO4
3- was placed into the incubator as a control without 

the cell culture. The samples were then centrifuged (Universal 320R, Germany) at 4000 

rpm for 15 min. The obtained supernatant was analyzed for soluble phosphate 

concentration. Vanadate-molybdate colorimetric method was used for the quantitative 

estimation of soluble phosphate concentration in the supernatant (Acevedo et al., 2014). 

0.25 mL of vanadate-molybdate reagent was transferred to 1 mL of supernatant and let 

stand for 10 min. UV-Visible spectrometer (Lambda Bio, US) was used to identify the 

intensity of yellow color at 400 nm. The level of phosphate concentration was estimated 

by using a standard graph of monopotassium phosphate, KH2PO4 (Refer to Appendix B). 

Triplicates were done for all experiments and values were expressed in mean.  

3.3.2 Phosphate Solubilizing Microorganisms Characterization 

Bacteria that showed the highest phosphate solubilization potential, namely A10, B02 and 

C11 were characterized by using gram staining method (Tiwari et al., 2009). A thin smear 

of bacterial isolates was prepared on a glass slide in sterile water. Air dried and heat fixed 
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smear was stained sequentially with crystal violet solution for 1 min, iodine solution for 

1 min and decolorized by acetone–alcohol for 20 s and counterstained with safranin 

solution for 1 min. The slide was then observed under light microscope (Nikon Eclipse 

LV 100N Pol, Japan) under oil immersion at 1000x (Sharma et al., 2020). PSMs strains 

were identified through 16s rRNA sequencing (Anand et al., 2016). Identification of the 

bacterial isolates were done by inoculating pure single colony in modified NBRIP broth 

and grown 20 h for bacterial DNA extraction. The extraction was performed with G-

spinTM genomic DNA extraction kit. 16s rRNA gene was amplified by polymerase chain 

reaction (PCR) using forward primer 27F (5’-AGAGTTTGATCCTGGCTCAG-3’) and 

reverse primer 1492R (5’-GGTTACCTTGTTACGACTT-3’). The PCR program (Biorad, 

USA) was started with initial denaturation at 94 °C for 5 min which was followed by 36 

cycles of denaturation at 94°C for 60 s, annealing at 48°C for 30 s, elongation for 2 min 

at 72 °C and final extension at 72 °C for 7 min. After completion of the reaction, the 

amplified genes were gel eluted and ligated into the pGEM-T vectors as per 

manufacturer’s instruction (Promega, USA). The sequences were generated by chain 

termination method using an Applied Biosystem automated sequencer. The nucleotide 

sequences were compared with published database sequences in the National Center for 

Biotechnology Information, GenBank using the megablast program 

(https://blast.ncbi.nlm.nih.gov/Blast.cgi). Phylogenetical analyses of 16s rRNA gene 

sequences were aligned using MEGA V10.0.5. The phylogenetical analysis was 

conducted using the Neighbor Joining Method. The confidence values of the branches 

were identified by using the bootstrap test (500 replications) and were shown next to the 

branches (Felsenstein, 1985). Evolutionary distances were calculated using the Maximum 

Composite Likelihood method and displayed in terms of units of the number of base 

substitutions per site (Tamura et al., 2011). The 16S rRNA gene sequences for A10, B02 

and C11 were then deposited in GenBank (NCBI) with the accession numbers of 

MK140946, MK140948, and MK140949 respectively. 

3.3.3 Determination of Phosphate Solubilization Activity 

NBRIP broth was modified by replacing 0.1 g L-1 (NH4)2.SO4 to 2 g L-1 of yeast extract 

for further studies on their phosphate solubilization activity. Bacteria were cultured in 

modified NBRIP broth supplemented with KH2PO4 at 37ºC, 130 rpm for 24 h. Then, 0.1 
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ml of cell culture (adjusted to OD 1.0 by diluting with NBRIP broth, approximately 0.5 x 

108 CFU/ml) was transferred to 50 ml of modified NBRIP broth containing 4 g L-1 of 

AlPO4 at 37°C, 130 rpm for 24 h to test for the ability to solubilize insoluble phosphate. 

Supernatant were obtained by centrifugation and the soluble phosphate concentration were 

tested with vanadate-molybdate reagent. All experiments were performed in triplicates. 

The isolates among A10, B02 and C11 which showed the highest phosphate solubilization 

ability was selected for the rest of the research work.  

3.3.3.1 Effect of Time on Phosphate Solubilization by Phosphate Solubilizing 

Microorganisms (PSMs) 

Ten 150 ml Erlenmeyer flasks which consisted of 50 ml of modified NBRIP broth 

containing 4 g L-1 of AlPO4 were inoculated with 0.1 ml cell culture (adjusted to OD 1.0 

by diluting with NBRIP broth, approximately 0.5 x 108 CFU/ml) and placed into incubator 

shaker at 37°C and 130 rpm. Then, a flask was withdrawn at 24 h interval for 8 d and the 

sample was centrifuged at 4000 rpm for 15 min. The obtained supernatant was analyzed 

for soluble phosphate concentration using vanadate molybdate reagent. As a control, 

autoclaved and uninoculated modified NBRIP broth containing AlPO4 was placed into the 

incubator. The experiments were conducted in triplicates.  

3.3.3.2 Optimal Cultural Condition for Phosphate Solubilization 

Optimal cultural condition for phosphate solubilization were identified by applying the 

one-factor-at-a-time (OFAT) method. The main aim of this optimization study is to 

identify the main influencing factors affecting cell growth and phosphate solubilzation. 

Thus, OFAT was used by investigating the effect of one variable and keeping the others 

unchanged. To determine the effect of carbon concentration on the phosphate 

solubilization, the isolate B02 were grown in the culture media containing 0 to 20 g L-1 of 

glucose. The glucose concentration that gives the highest cell growth and phosphate 

solubilization was selected. Then, the effect of nitrogen source was investigated by 

varying yeast concentration from 0 to 4 g L-1. Then, the effect of MgCl2.6H2O 

concentration on phosphate solubilization were studied with various concentration 

ranging from 0 to 10 g L-1. For shaken culture in flasks, 50 ml of the medium was 

dispensed into 150 ml Erlenmeyer flasks followed by inoculation with 0.1 ml cell culture 
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(adjusted to OD 1.0 by diluting with NBRIP broth, approximately 0.5 x 108 CFU/ml) 

grown in modified NBRIP for 20 h at 37°C. Cultivations were performed at 37°C and 130 

rpm for 24 h in an incubator shaker. Modified NBRIP broth containing AlPO4 without 

cell culture served as control. The effect of KCl and MgSO4.7H2O on phosphate 

solubilization were not investigated as it was reported by Park et al. (2010) that these 

components did not affect cell growth and phosphate solubilization.  

3.4 Encapsulation of PSMs into Microbeads 

3.4.1 Inoculum Preparation 

B02 served as model bacteria for this study and was cultivated in tryptic soy broth (TSB). 

The PSMs was incubated at 37°C for 20 h at 130 rpm in an incubator rotary shaker (Bashan 

et al., 2002). The inoculum was harvested by centrifugation at 4000 rpm for 15 min and 

washed twice using saline solution (0.85 % (w/v) NaCl) (Bashan, 1986b).  

3.4.2 Microbeads Formation 

As shown in Figure 3.1, the production of microbeads where the encapsulated PSMs in 

alginate matrix was accomplished by using a impinging aerosol method developed by 

Bhandari (2009) where misting spray nozzles were used instead of pneumatic nozzles. 

The alginate solution droplets were sprayed into the encapsulation chamber and solidified 

upon contact with the mist of CaCl2, making this a continuous process.  

 

Figure 3.1 Schematic of microbead producing device 
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Bacterial suspension (~109 CFU/ml) were mixed under aseptic conditions with 2 % 

sodium alginate. An aerosol of bacteria-alginate suspension was injected into the top of a 

Plexiglas chamber (18 cm in diameter, 55 cm in height) through misting nozzles with 0.4 

mm orifice size at alginate flowrate of 40 ml/min. A counter aerosol of sterile 0.1 M CaCl2 

was injected from the base of the chamber using a spray nozzle with 0.4 mm hole diameter 

at a flowrate of 30 ml/min. The microbeads was collected from the base of the 

encapsulation chamber (Hariyadi et al., 2010) and washed three times with saline solution 

(0.85 % (w/v) NaCl). Then the microbeads was separated from the suspension by 

centrifugation at 1500 rpm for 2 mins and rinsed three times with saline solution (Bashan 

et al., 2002). Dry beads were prepared by freeze drying at -40°C and 13.3 Pa (Bashan et 

al., 2002). 

3.4.3 Optimization of Process Parameters 

Often, cell viability is simultaneously affected by physicochemical characteristic of 

encapsulating agent and operating conditions of encapsulation process. Thus, in order to 

effectively identify the influence of numerous variables that will affect the response 

variable, RSM serves as an effective tool for optimizing the process parameters. The 

software Design Expert (Version 10.0.3, State-Ease Inc., Minneapolis, USA) was used for 

optimization by using the RSM. A total of 17 runs were generated by using Box-Behnken 

Design (BBD) and used to optimize the process parameters namely alginate concentration, 

flowrate of alginate and calcium chloride concentration for the production of microbeads 

with viable cells greater than ~109 CFU/g of dry beads. The level and code of variables 

considered in this study were shown in Table 3.3. The intervals for the three process 

variables were fixed through broad literature review and preliminary works and it will be 

discussed in Section 4.6.1. The experiments were conducted in triplicates and expressed 

as their mean. The experiments were conducted under various conditions of alginate 

concentration and flowrate and calcium chloride concentration as shown in Table 3.4. 
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Table 3.3 Level and code of variables for BBD 

Variables Symbols Coded levels 

-1 0 +1 

Alginate flowrate (ml/min) A 40 50 60 

Concentration of alginate (%) B 1.0 1.5 2.0 

Concentration of CaCl2 (M) C 0.1 0.3 0.5 

 

Table 3.4 BBD Matrix 

Run 
Alginate flowrate 

(ml/min) 

Alginate 

concentration (%) 

CaCl2 concentration 

(M) 

1 40 1 0.3 

2 60 1 0.3 

3 40 2 0.3 

4 60 2 0.3 

5 40 1.5 0.1 

6 60 1.5 0.1 

7 40 1.5 0.5 

8 60 1.5 0.5 

9 50 1 0.1 

10 50 2 0.1 

11 50 1 0.5 

12 50 2 0.5 

13 50 1.5 0.3 

14 50 1.5 0.3 

15 50 1.5 0.3 

16 50 1.5 0.3 

17 50 1.5 0.3 

 

3.4.4 Enumeration of Bacteria Cells in Bead 

0.1 g of wet or dried microbeads were broken down in 10 ml of sterile sodium citrate at 

pH 6.0 by gently shaking at room temperature for 10 min using an orbital shaker to 

determine the encapsulation efficiency and viable encapsulated cells in dried microbeads. 
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Serial dilutions were made in sterile 0.85 % (w/v) saline solution and 100 μL aliquots 

were plated on modified TSA agar. The PSMs were then incubated at 30°C for 24 h  and 

the total number of released bacteria was determined by standard plate count method 

(Young et al., 2006). Encapsulation efficiency of PSMs and cell viability after 

lyophilization were determined with Equation 3.1 and 3.2 below. 

 ( ) ew

0

N
Encapsulation efficiency  % 100%

N
=   

(3.1) 

 ( ) ed

0

N
Cell viability  % 100%

N
=   

(3.2) 

Where New is the number of enumerated bacteria from wet microbeads, Ned is the number 

of enumerated bacteria from dried microbeads and N0 is the initial concentration of cell 

suspension used for microencapsulation.  

3.4.5 Characterization of Microbeads 

0.1 ml of alginate microbeads containing PSMs suspended in NaCl was placed under glass 

slide and then, examined using an optical microscope (Nikon Eclipse LV 100N Pol, Japan) 

under x100 and x200 magnification. Alginate sprays through nozzles was captured using 

a fast speed camera (FastCam Mini UX50, USA) at a frame rate of 2000 fps and shutter 

speed of 1/20000 sec. 

3.4.6 Release Kinetics 

The release kinetics of microbeads containing PSMs were studied. The dried microbeads 

were immersed in sterile physiological saline solution at pH 4, similar to peat pH. The 

cumulative amount of viable bacteria at different time intervals (Mt) were measured by 

the standard plate count method. Experiments were performed at room temperature for 

cell release analysis. Kinetic releases data were fitted into various release kinetic models 

as tabulated in Table 2.8.  

3.4.6.1 Accuracy and prediction ability of the kinetic models  

The accuracy and prediction ability of the kinetic models can be calculated by using 

Equation 3.3. 
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=

−

=


 

(3.3) 

Where OE is overall absolute percent error, n is the number of data in each set, Fcal,i and 

Fobs,i, denote calculated fraction and observed fraction of component released at the ith 

sample, respectively. Kinetic models with low OE best represent the kinetic release for 

the component.  

3.5 Concluding remarks 

Prior to isolation of PSMs, soil was enriched with various insoluble phosphate sources to 

enhance their phosphate solubilization potential. Then, isolation was done using NBRIP 

media with the addition of BPB dye for the identification of potential phosphate 

solubilizer. Potential isolates were tested under liquid media and their solubilizing 

potential was identified. Isolates with highest P solubilizing potential was selected for the 

microencapsulation using alginate via impinging aerosol method. BBD was employed to 

optimize various parameters which include alginate, CaCl2 concentration and alginate 

flowrate for maximum cell viability after freeze-drying. Then, optimized alginate 

microbeads loaded PSMs were subjected for cell release study.   
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CHAPTER 4  

 

EXPERIMENTAL RESULTS AND DISCUSSIONS 

 

 

 

In Chapter 3, the experimental methodology for the isolation and identification of PSMs, 

microencapsulation of PSMs and cell release of PSMs from alginate microbeads were 

discussed. This chapter is the main part of the present study which discusses about the 

results obtained from experiments and discussion on the findings.  

 

 

4.1 Peat Properties Analysis 

As the solubility of Fe-P is very low in comparison with Al-P at low pH as mentioned 

earlier, this study aimed to identify efficient indigenous acidotolerant PSMs from peat of 

Sarawak that has the ability to solubilize fixed Al-P in peat. The chemical properties of 

the peat where the PSMs was isolated was tested and the results was tabulated in Table 

4.1.  

Table 4.1 Peat properties obtained in this work and past studies 

Peat properties Results in this work Typical range of reported values 

pH 3.54 ± 0.01  3.5 to 3.7 (Melling, 2016) 

Organic matter 89.8 ± 0.2 % > 65 % (Osaki & Tsuji, 2016) 

Moisture content 79.8 ± 0.5 %.  36.9 to 95.5 %  (Osaki et al., 2016) 

Available P content ND 60.1 to 218.3 mg kg-1 (Melling, 2016) 

The pH and organic matter content of the peat used was identified to be 3.54 ± 0.01 and 

89.8 ± 0.2 %, respectively. These results were in agreement with the findings by Melling 

(2016), where peat in Malaysia is found to contain organic matter content greater than 89 % 
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and pH ranging from 3.5 to 3.7. According to Osaki et al. (2016), soil is classified as peat 

when the organic matter content is greater than 65 %. The moisture content of peat used 

was found to be 79.8 ± 0.5 %. It has been reported that the moisture content of peats ranges 

from 36.9 to 95.5 % as it is largely dependent on the ground water levels and type of forest 

(Osaki et al., 2016). In this study, available phosphorus content in peat which is accessible 

for plant uptake was not determined. However, various researchers had reported on the 

low content of available phosphorus (P) of peat in Malaysia. Remarkably, Melling (2016) 

found that peat has low available P which ranged from 60.1 to 218.3 mg kg-1.  

4.2 Isolation of Phosphate Solubilizing Microorganisms 

Enrichment culture technique is generally an isolation method intended to provide growth 

conditions very favorable for bacteria of interest while creating a hostile environment for 

competitors (Madhuri et al., 2019). As reported by Selvi et al. (2017), enrichment of soil 

samples with AlPO4 and FePO4 prior to isolation process, increase the microbial 

population of PSMs by 10-fold. Therefore, in current work peat samples were enriched 

with various insoluble phosphates sources with the aim to increase the microbial 

populations and to obtain competence PSMs that has potential in utilizing AlPO4. A total 

of 16 PSMs from Sample A (namely A02, A03, A05, A06, A08, A09, A10 and A11), 

Sample B (namely B02, B03, B04, B05 and B06) and Sample C (namely C03, C10 and 

C11) were obtained from NBRIP-BPB agar. Sample B and C had lower number of isolates 

as these samples were treated with insoluble phosphate and thus, isolates that could not 

breakdown insoluble phosphate are eliminated in the process. Sample A was only enriched 

with nutrient broth without any insoluble phosphate therefore the microbial population is 

enhanced without eliminating isolates that have lower potential in utilizing insoluble 

phosphate. These PSMs were further tested for their phosphate solubilization potential in 

NBRIP broth supplemented with AlPO4. Table A.2 (Appendix C) and Figure 4.1 presents 

the phosphate solubilization potential of PSMs for triplicates in mean.  
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Figure 4.1 Phosphate solubilization potential of 16 PSMs from peat. Each bar represents 

a mean value and the error bars showed the standard deviation (n=3) 

The average amount of phosphate solubilized by these 16 PSMs were in the range of 6.67 

to 23.67 ppm. Figure 4.1 shows that isolate B02 had the highest phosphate solubilization 

potential of 23.67 ppm followed by C11 and A10, of 23.41 ppm and 21.48 ppm, 

respectively. On the other hand, isolates A02, A06 and A09 had similar phosphate 

solubilization potential when compared to isolate A10. Isolates A02 and A06 had a lower 

standard deviation in comparison with A10 but these bacteria were not chosen as they 

grow very slowly on solid medium. Besides, A09 was less preferable as it had a higher 

standard deviation.  

4.3 Phylogenetic and DNA sequencing 

The isolation was performed on NBRIP-BPB agar and purified on modified TSA agar 

medium. The selected isolates A10, B02 and C11 were examined for their colony 

morphology after 3 d of incubation at 30 °C as shown in Figure 4.2. All were spherical in 

shape, shining, cream colored and smooth in appearance.  
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A 

 
B 

 
C 

 
Figure 4.2 Colony morphology of (A) A10; (B) B02; and (C) C11 
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The gram stains for these isolates were presented in Figure 4.3, Figure 4.4, and Figure 4.5.  

 

Figure 4.3 Gram stain of A10 at 5 µm scale bar with 1000x magnification 

 

 

Figure 4.4 Gram stain of B02 at 5  µm scale bar with 1000x magnification 
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Figure 4.5 Gram stain of C11 at 5 µm scale bar with 1000x magnification 

 

It can be seen from these gram stains that the bacteria occur singly, in pairs or tetrads with 

size ranging from 0.7 µm to 1.2 µm in diameter which are characteristics of 

Staphylococcus sp. (Kloos & Schleifer, 1975; Schleifer & Kloos, 1975). Nucleotide 

sequencing of the partial sequencing of the 16s rRNA gene of the A10, B02 and C11 

isolates showed > 99 % similarity with existing species in GenBank database under the 

genera Staphylococcus. From the megablast results, isolates A10 and B02 showed 99.9 % 

similarity to that of Staphylococcus haemolyticus and C11 showed 100% similarity to 

Staphylococcus cohnii. Phylogenetic relationship of organisms is usually comparing 

homologous genes with other known genomes and here, the partial 16S rRNA gene 

sequences of the isolates were used to construct a phylogenetic tree for the identification 

of bacteria. Figure 4.6 shows the phylogenetic tree includes representative strains of 

related taxa obtained by neighbour-joining method. 

In pair 

Singly 
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Figure 4.6 Phylogenetic tree of A10, B02 and C11
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From the phylogenetic tree, it can be seen that A10 and B02 were closely related to each 

another, but both isolates could be of different species and/or strains as the classification 

of isolates to a given species requires additional phenotypic and molecular 

characterization. Schleifer et al. (1975) reported that S. haemolyticus are gram positive 

cocci, 0.8 to 1.3 µm in diameter and occurring predominantly in pairs and tetrads. 

Similarly, in this study, Figure 4.3 and Figure 4.4 show that cells were largely present in 

pairs or tetrads. Meanwhile, Schleifer et al. (1975) also reported that S. cohnii are gram 

positive cocci with diameter in the range of 0.5 to 1.2 µm, occurring mostly in pairs or 

singly. From Figure 4.5, it is very apparent that cells mostly appeared in pairs and singly 

with only a few tetrad cells. To conclude, isolate A10 and B02 were identified to be S. 

haemolyticus and C11, S. cohnii through the gram staining and 16s rRNA identification 

analysis. Isolates A10, B02 and C11 were registered as S. haemolyticus HCLA10 

(MK140946), S. haemolyticus HCLB02 (MK140948) and S. cohnii HCLC11 

(MK140949), respectively in Genbank (NCBI). Phosphate solubilization by 

Staphylococcus sp. has been reported by various researchers. Gen Fu and Xue Ping (2005) 

identified the capability of Staphylococcus caprae to solubilize tricalcium phosphate. 

Panda et al. (2016) isolated Staphylococcus cohnii and succinus from acidic soil and these 

isolates have the ability to solubilize Al-P and Fe-P. Besides, Staphylococcus warneri is 

able to solubilize tricalcium phosphate for approximately 21 to 23 % (Acevedo et al., 2014) 

but does not show any solubilization activity for Al-P and Fe-P. According to the authors, 

the weak solubilizing ability of S. warneri is due to the low production of gluconic acid. 

Highest phosphate solubilization is observed when bacteria secreted high amount of 

gluconic acid. This is because gluconic acid acts as chelating agent that bonds with the 

metal (Al or Fe) releasing the phosphate anions (Bashan et al., 2013). In recent years, the 

phosphate solubilization potential of Staphylococcus haemolyticus have been reported by 

various researchers such as Biswas et al. (2018), Banerjee et al. (2019) and Mushtaq et al. 

(2019). These authors showed that Staphylococcus haemolyticus has the ability to 

solubilize tricalcium phosphate, releasing solubilizing phosphate which promotes plant 

growth. Biswas et al. (2018) and Banerjee et al. (2019) showed that Staphylococcus 

haemolyticus is able to release 193.5 ± 1.5 ppm and 188.1 ± 0.05 ppm of soluble phosphate, 

respectively. They testified that Staphylococcus haemolyticus also promotes the growth 
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of plant through IAA, GA, ammonia and ACC deaminase production. To the best of the 

authors’ knowledge in this work, there are no studies reported on the Al-P phosphate 

solubilization potential of S. haemolyticus. This is the first report on the ability of S. 

haemolyticus in solubilizing Al-P. 

4.4 Phosphate Solubilization Potential Study 

Previously, isolates A10 and B02 were identified to be closely related to Staphylococcus 

haemolyticus and it was reported that S. haemolyticus favors complex organic nitrogen 

source such as peptone or yeast extract than inorganic nitrogen source (Pandey et al., 

2016). Besides, the best culture media for S. cohnii is nutrient broth which contains yeast 

and peptone as the nitrogen source (ATCC, 2018). Thus, NBRIP broth was modified by 

replacing ammonium sulphate with yeast as to provide a better culture medium for the 

bacteria growth for the determination of phosphate solubilization potential of the 3 

selected isolates. In Section 4.2, when isolates were tested with NBRIP broth during 

prescreening, the net phosphate solubilized were in the range of 21.48 to 23.67 ppm. When 

the nitrogen source of culture media was replaced by yeast, the phosphate solubilization 

increased to 37.71 to 39.65 ppm as shown in Figure 4.7. The phosphate solubilization 

activity was increased by approximately 1.2 to 1.6-fold. The data on pH and amounts of 

soluble phosphate in medium after 24 h of incubation for S. haemolyticus HCLA10, S. 

haemolyticus HCLB02 and S. cohnii HCLC11 were presented in Table A.3 (Appendix D) 

and illustrated in Figure 4.7. Referring to Figure 4.7, the maximum phosphate 

solubilization was recorded by S. haemolyticus HCLB02 followed by S. cohnii HCLC11 

and S. haemolyticus HCLA10 with 39.65 ppm, 37.71 ppm and 36.88 ppm, respectively. 

These results indicated that, culture medium that favored the growth of tested isolates gave 

a better phosphate solubilization capacity. Similarly, studies by Park et al. (2010) showed 

that when the optimal cultural conditions were used, the phosphate solubilization was 

approximately 1.6 fold higher. Results obtained were in agreement with the studies done 

by Panda et al. (2016) where Staphylococcus sp. were isolated from the acidic soils of 

Eastern Himalayan region. These isolates were tested on their solubilization activity of 

AlPO4 and the phosphate solubilization capacity of these isolates diverse between 27 to 

40 ppm.  
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Figure 4.7 Phosphate solubilized and pH of culture medium after 24 h of incubation with 

AlPO4 when inoculum cultured with 2.5g L-1 of KH2PO4. Each point represents a mean 

value and the error bars showed the standard deviation (n=3) 

There are several possible phosphate solubilization mechanisms that may be involved, but 

the key mechanism is through the secretion of organic acids (Park et al., 2010). Referring 

to Figure 4.7, the solubilization of AlPO4 by different isolates was accompanied by a 

substantial reduction in the pH of the culture medium ranged between 3.48 to 3.71 from 

an initial pH of 5.54 after 24 h of incubation. The drop in pH signified the release of 

organic acids by the isolates. According to Goldman and Green (2008), Staphylococci are 

a facultative anaerobe that grows by aerobic respiration or by fermentation, which yields 

principally lactic acid. Schleifer et al. (1975) also reported that S. haemolyticus produces 

mainly lactic acid from glucose. S. haemolyticus is also found to produce organic acids 

aerobically from various carbon sources such as maltose, sucrose, trehalose, glycerol, 

fructose, galactose, lactose, turanose, and mannitol. Barroso et al. (2006) tested the ability 

of lactic acid on AlPO4 solubilization and approximately 14 ppm of soluble phosphate is 

released. Liu et al. (2012) also identified that oxalic, acetic, malic, lactic, citric and 

cuccinic acid produce by Burkholderia cepacia involves in the solubilization of Al-P. The 

schematic representation of chelating agents on the solubilization of Al-P was illustrated 
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in Figure 4.8. These organic acids act as a chelating agent, where their ligands or anions 

form one or more bonds with Al3+ ions of insoluble phosphate forming a ring structure 

and release the soluble phosphate (Bashan et al., 2013). The H+ ions release from organic 

acids, respiration or NH4
+ assimilation either binds with OH- or PO4

3- forming water or 

soluble phosphate, respectively.  

 

Figure 4.8 Schematic diagram of solubilization of Al-P in soil via chelation 

From the phosphate solubilization estimation study, S. haemolyticus HCLB02 possessed 

the highest solubilizing potential. Therefore, S. haemolyticus HCLB02 was selected as the 

model bacteria for the remaining research works and the first objective for this research 

work was achieved.  

S. haemolyticus HCLB02 was subjected to analysis of the changes in their phosphate 

solubilization activity and pH using AlPO4 as the insoluble phosphate source. S. 

haemolyticus HCLB02 were assessed within a period of 8 d and the data were presented 

in Table A.6 (Appendix F) and the plot of concentration of phosphate solubilized against 

time was plotted in Figure 4.9. As shown in Figure 4.9, the concentration of soluble 

phosphate increased quickly between 0 to 24 h of growth and then gradually increased 

from day 1 to 5. Consequently, no more significant increase in soluble phosphate 
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concentration after 5th day. As for the pH of culture medium, the pH decreased from 5.54 

to 3.78 in first 24 h and remained constant in the remaining incubation period.  

 

Figure 4.9 Changes in the phosphate solubilization of S. haemolyticus HCLB02 in 

modified NBRIP medium with AlPO4. Each point represents a mean value and the error 

bars (±SD) were shown when larger than symbol (n=3) 

Similar trend was reported by Acevedo et al. (2014) for isolate of the genera Klebsiella 

and Pande et al. (2017) for some isolates of the genera Alcaligenes and Burkholderia. 

Results obtained by Acevedo et al. (2014) showed that phosphate solubilization activity 

increased rapidly between 24 h to 48 h and the pH decreased from 7.0 to 4.2. Besides, the 

phosphate solubilization activity of isolates obtained by Pandey et al. (2016) displayed 

that the concentration of soluble phosphate increased slowly in the first 2 days, increased 

quickly from 2nd to 8th day and remained constant. While, the pH of medium gradually 

decreased from 7 to 3 within 8 d. Walpola et al. (2012a) revealed that pH decreased rapidly 

from 7 to 4 after 1 d and remained unchanged. These results confirmed that a drop in pH 

of culture medium led to an increase in phosphate solubilization, as the release of organic 

acids is one of the main mechanisms for the solubilization of insoluble phosphate. 

Mohamed et al. (2019) also observed that the amount of soluble P increased significantly 

till the 6th day, while after that there was no more changes in available P. The phosphate 
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solubilization activity remains constant could be due to the presence of soluble phosphate 

and/or excretory toxic products in culture medium inhibit further phosphate solubilization 

(Xiao et al., 2009; Mohamed et al., 2019). Nevertheless, some authors suggested that the 

decrease in phosphate solubilization may be due to the depletion of carbon source in 

culture medium for microbial activity and production of organic acids (Chaiharn & 

Lumyong, 2009). 

4.5 Cultural Condition Optimization for Maximal Phosphate Solubilization 

According to Park et al. (2010), glucose, yeast and MgCl2·6H2O affect cell growth and P 

solubilization. The omission of MgSO4·7H2O or KCl from NBRIP medium did not affect 

cell growth and P solubilization. Thus, the effect of glucose, yeast and MgCl2.6H2O 

concentration on the cell growth and phosphate solubilization of PSMs were studied and 

the results were further discussed in the next few sections.  

4.5.1 Effect of glucose concentration on phosphate solubilization 

As reported by Nautiyal (1999), rate of P solubilization increased when glucose 

concentration increased due to an increase in cell growth. In current study, the optimal 

concentration of glucose source is vital for cell growth of Staphylococcus sp. for the 

production of the main organic acid, lactic acid (Schleifer et al., 1975). Lactic acid helps 

to release the bound phosphate. According to Park et al. (2010), glucose concentration 

greater than 25 g L-1 decreased the cell growth and thus, no effect on the P solubilization. 

In current work, concentration of glucose studied was in the range of 0 to 20 g L-1. The 

data were presented in Table A.7 (Appendix H) and the plot of concentration of cell 

growth, P solubilized and pH against glucose concentration was plotted in Figure 4.10. 

Figure 4.10 shows that the cell growth and P solubilization were greatly enhanced with 

increasing amounts of glucose and reached maximum solubilization with 39.65 ppm at 10 

g L-1, which was approximately 253.7% increment. Further increased of glucose 

concentration had little effect on the cell growth and P solubilization. When the glucose 

concentration increased, the growth of cells increased resulting a reduction in pH. A 

significant reduction in the pH of the culture medium containing insoluble P suggests the 

secretion of organic acids by the S. haemolyticus HCLB02, which bind to insoluble 

phosphate releasing soluble phosphate.  
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Figure 4.10 Effect of glucose concentration on phosphate solubilization for S. 

haemolyticus HCLB02, cell growth and pH of culture medium. Each point represents a 

mean value (n=3) and error bars (±SD) are shown when larger than symbol 

Similar trends were reported by numerous researchers. Nautiyal (1999) tested the effect 

of glucose concentration of 5, 10 and 20 g L-1 on phosphate solubilization. Their results 

showed that when glucose concentration increased from 5 to 10 g L-1, the phosphate 

solubilization potential of bacteria was increased by approximately 45 %, while further 

increase in glucose concentration only improved the phosphate solubilization activity by 

18 %. Remarkably, Park et al. (2010) also reported that when the glucose concentration 

increased from 5 to 10 g L-1, phosphate solubilization activity was enhanced by 50 % and 

further increase to 25 g L-1, increased the solubilization by 20 %. High concentration of 

glucose (> 25 g L-1) causes cell death and thus reduces amount of phosphate solubilized. 

Comparable results were also reported by Song et al. (2008) and Suleman et al. (2018) 

where phosphate solubilization potential increased with glucose concentration. This 

phenomenon can be attributed to increase energy source availability for bacteria growth 

and lactic acid production that involves in phosphate solubilization (Chibani et al., 2017). 

Lactic acid is produced by S. haemolyticus HCLB02 through aerobic respiration or by 

fermentation of glucose. These acids supply both H+ ions and organic acid anions for 
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solubilization of AlPO4. Thus, 10 g L-1 glucose concentration was selected for following 

experiments, keeping in mind the cost of end product. 

4.5.2 Effect of yeast concentration on phosphate solubilization 

As for yeast concentration, Nautiyal (1999) stated that concentration of yeast greater than 

0.5 g L-1 caused a drop in phosphate solubilization by Pseudomonas sp. However, 

preliminary tests were carried out by using S. haemolyticus HCLB02 and it was found that 

if yeast concentration was lower than 0.5 g L-1, slower growth of bacteria was observed. 

Therefore, it is important to determine the optimum yeast concentration for maximal cell 

growth. Current study employed the yeast concentration in the range of 0 to 4 g L-1. The 

data obtained were tabulated in Table A.8 (Appendix H)  and the plot of concentration of 

cell growth, phosphate solubilized and pH against yeast concentration was plotted in 

Figure 4.11.  

 

Figure 4.11 Effect of yeast concentration on phosphate solubilization for S. haemolyticus 

HCLB02, cell growth and pH of culture medium. Each point represents a mean value 

(n=3) and error bars (±SD) are shown when larger than symbol 

Referring to Figure 4.11, cell growth of S. haemolyticus HCLB02 increased with yeast 

concentration until an optimal point. The increase in cell growth was accompanied by 

reduction in pH of culture medium, indicating the release of organic acids which led to 
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the increase in phosphate solubilization activity. At 2 g L-1, the phosphate solubilization 

was highest with value of 39.65 ppm, an increase of 74.5% as compared with 0 g L-1. Cell 

growth and phosphate solubilization were greatly reduced when the yeast concentration 

increased above 2 g L-1. In addition, the cell growth and phosphate solubilization activity 

achieved with addition of 1 g L-1 yeast extract was higher than that of 3 g L-1. An addition 

of yeast extract at a high concentration (3 g L-1) does not impact as positively on cell 

growth and phosphate solubilization as added at a lower concentration (2 g L-1). Therefore, 

it can be concluded that neither too little nor too much yeast extract at one time is optimal 

which was found to be 2 g L-1.  

Yeast extract contains abundant of vitamins, minerals, and amino acids, which are 

necessary for cell growth. During cell growth phase, the nutrients are consumed mainly 

for cell growth. S. haemolyticus HCLB02 grow by aerobic respiration or fermentation that 

produces lactic acid as byproduct. At high yeast concentration, the cell growth was 

minimal and no significant change to the pH of the culture medium as S. haemolyticus 

HCLB02 compared to control, indicating the lack of organic acids production which is the 

main chelating agents for the solubilization of insoluble phosphate. Hetényi et al. (2008) 

reported that minimal amount of yeast extract concentration is sufficient to complete lactic 

acid fermentation. Applying a higher concentration of yeast extract did not show 

significant difference in the production of lactic acid. Li et al. (2011) revealed that high 

level of yeast might generates inhibitory levels of amino acids which hinders cell growth. 

This hypothesis is supported by Kajikawa et al. (2002) where some amino acids show 

inhibitory effects on cell growth rate at higher concentrations but show a stimulatory effect 

on bacterial growth at low levels. Thus, it is essential to identify the optimal yeast 

concentration for the growth of S. haemolyticus HCLB02 and here 2 g L-1 is sufficient for 

maximum cell growth and phosphate solubilization activity. 

4.5.3 Effect of magnesium chloride hexahydrate concentration on phosphate 

solubilization 

As elucidated by Nautiyal (1999), concentration of MgCl2 played an significant role in 

phosphate solubilization ability. According to Nautiyal (1999),  MgCl2 shows great 

synergistic effect with MgSO4 on phosphate solubilization activity and their results 
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showed that phosphate solubilization increased with increasing MgCl2.6H2O 

concentration up to 10 g L-1. Based on the studies by Park et al. (2010), the optimal 

concentration of MgCl2.6H2O was 4 g L-1. The cell growth and P solubilization decreased 

with further increased in concentration. Thus, the effect of MgCl2.6H2O concentration on 

cell growth and phosphate solubilization was studied in the range from 0 to 10 g L-1. The 

data were presented in Table A.9 (Appendix H)  and the plot of concentration of cell 

growth, phosphate solubilized and pH against MgCl2.6H2O  concentration was plotted in 

Figure 4.12.  

 

Figure 4.12 Effect of magnesium chloride hexahydrate concentration on phosphate 

solubilization for S. haemolyticus HCLB02, cell growth and pH of culture medium. 

Each point represents a mean value (n=3) and error bars (±SD) are shown when larger 

than symbol 

By referring to Figure 4.12, it is apparent that increasing MgCl2.6H2O concentration 

enhanced cell growth which led to higher solubilizing potential of S. haemolyticus 

HCLB02. Highest phosphate solubilization was obtained at 10 g L-1 with 41.54 ppm, an 

increase of 65.8% when compared with 0 g L-1. However, further increased in 

MgCl2.6H2O concentration above 5 g L-1 did not increased the efficacy of S. haemolyticus 

HCLB02 in solubilizing insoluble phosphate. Comparable results were obtained by 
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Nautiyal (1999) where further increase of MgCl2.6H2O concentration from 5 to 10 g L-1 

only increased the solubilization by 4 %. It is evident that phosphate solubilization activity 

is correlated with cell growth and pH of culture medium. At higher bacteria growth, the 

production of organic acids is higher and thus, the solubilization of insoluble phosphate is 

greater. This behavior can be well explained with the hypothesis elucidated by Christensen 

et al. (2017) whereby without magnesium supplementation, glucose is not fully consumed 

for cell growth of Escherichia coli prior to stationary phase. However, when magnesium 

is added to culture medium, the glucose is completely consumed during exponential 

growth which lead to higher cell numbers. In addition, MgCl2.6H2O supplies the 

magnesium ions required for enzymatic replication of DNA. It can be concluded that 

increasing MgCl2.6H2O concentration increases cell growth and thus, more lactic acids 

are produced and aids in the phosphate solubilization process and 5 g L-1  was found to be 

the optimum concentration. 

4.6 Microencapsulation of phosphate solubilizing microorganisms   

4.6.1 Optimization of process variable 

In the present study, BBD under RSM developed by statistical software package Design-

Expert (Version 10.0.3, State-Ease Inc., Minneapolis, USA) was employed to investigate 

the effects of the three independent variables namely alginate concentration, alginate 

flowrate and calcium chloride concentration on the response function and to identify the 

optimal conditions for highest cell viability. Therefore, for a three factor design, a total of 

17 runs were carried out and their observations were fitted to the second order polynomial 

model as expressed in Equation 5.1.  

2 2 2

0 1 2 3 11 22 33 12 13 23Y b b A b B b C b A b B b C b AB b AC b BC= + + + + + + + + +  (5.1) 

Where Y is the dependent variable, A, B and C are the independent variables, b0 is the 

regression coefficient at center point, b1, b2 and b3 are the linear coefficient, b11, b22 and 

b33 are the quadratic coefficient and b12, b13 and b23 are the interaction coefficients between 

the three factors.  

The level and code of variables considered in this study were shown in Table 3.3. Alginate 

flowrate plays an important role in microbeads size and cell viability. For impinging 
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aerosol method that implements the use of air atomizing nozzles, alginate flowrate used 

is 12 ml/min (Bhandari, 2009). This flowrate could not be used for single hole spray nozzle 

as the pressure is not sufficient to extrude the alginate solution through the nozzles. Thus, 

preliminary tests were carried out and it was found that when alginate flowrate was lower 

than 40 ml/min, pressure was inadequate to extrude alginate solution through nozzles to 

form droplets. Besides, the maximum throughput of spray nozzles in this study was found 

to be 63 ml/min. Thus, the effect of alginate flowrate in the interval of 40 to 60 ml/min on 

the cell viability were studied. In probiotic encapsulation, alginate concentration in the 

range of 0.75 to 2 % (w/v) is the most dominant (Chandramouli et al., 2004). As elucidated 

by Lotfipour et al. (2012), the use of high-concentration alginate greater than 2 % (w/v) 

as carrier is hard because their high viscosity obstructs their extrusion through nozzle. 

Furthermore, the use of low-concentration alginate lower than 1 % (w/v) is problematic. 

Due to their low viscosity and cross-linking site formation, it prevents the formation of 

uniform microbeads. Moreover, results obtained by Nami et al. (2017) indicated that the 

high percent of alginate is more capable to retain the survivability of cells than the low 

percent. Chandramouli et al. (2004) found that the viability of encapsulated bacteria 

increased when alginate gel concentration increased from 0.75 % to 1.8 % (w/v). There 

was no significant increase in viable cell numbers of capsules when the alginate gel 

concentration was further increased to 2 % (w/v). Thus, the effect of alginate 

concentration on cell viability in the range of 1 % to 2 % (w/v) were selected. The critical 

concentration which is the minimum concentration for gelation was estimated as 0.37 % 

(w/v) (Swioklo et al., 2017). In the experiments discussed here the alginate concentration 

was in the range from 1 % to 2 % (w/v), which is well above the critical concentration.  

The ability of calcium ions in binding divalent cations and formation of microbeads under 

mild operating conditions makes it a widely favored method to crosslink alginates for 

numerous applications. The formation of calcium-alginate microbeads is achieved by the 

ionic interaction between Ca2+ ions and the carboxyl groups of the guluronic acid residues 

of two alginate chains (Lee & Mooney, 2012). It was reported by Hariyadi et al. (2010) 

that microbeads formed aggregate when prepared using 0.05 M calcium chloride solution. 

This is due to the low concentration of calcium ions being inadequate to fully cross link 

the alginate microbeads. Hence, more binding sites are accessible and induce further cross 
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linking and particle aggregation. Consequently, higher concentrations of calcium chloride 

solution of 0.1 M to 0.5 M are used as the cross linking agent, resulting in stable spherical 

microbeads. Thus, in this study concentration of calcium chloride solution of 0.1 to 0.5 M 

were used for the optimization study. Triplicate for each run was repeated and the average 

mean values of each run was taken as the response or dependent variables. The 

experiments were conducted under various conditions as shown in Table 3.4. The 

experiment and predicted particle size obtained from the regression equation for the 17 

combinations were tabulated in Table 4.2.  

Table 4.2 Design matrix in the BBD, observed response and predicted values. Each 

point represents a mean value and the error bars showed the standard deviation (n=3) 

Run 

Alginate 

flowrate 

(ml/min) 

Alginate 

conc (%) 

CaCl2 

conc (M) 

Viability (%) 

Error, % 
Experiment Predicted 

1 40 1.0 0.3 26.03±3.17 28.53 8.76±11.07 

2 60 1.0 0.3 19.07±1.85 25.08 23.97±7.38 

3 40 2.0 0.3 17.33±1.59 17.39 0.40±9.14 

4 60 2.0 0.3 9.19±0.89 11.81 22.22±7.54 

5 40 1.5 0.1 57.14±7.92 59.43 3.85±13.33 

6 60 1.5 0.1 42.54±7.33 45.85 7.21±15.99 

7 40 1.5 0.5 25.59±4.62 29.78 14.10±15.51 

8 60 1.5 0.5 23.34±2.82 28.38 17.78±9.94 

9 50 1.0 0.1 33.13±2.66 37.09 10.66±7.17 

10 50 2.0 0.1 14.89±1.67 19.40 23.24±8.61 

11 50 1.0 0.5 14.83±2.26 15.42 3.87±14.65 

12 50 2.0 0.5 6.67±1.12 8.24 19.09±13.59 

13 50 1.5 0.3 32.28±7.36 42.02 23.17±17.52 

14 50 1.5 0.3 40.80±5.64 42.02 2.90±13.42 

15 50 1.5 0.3 38.27±2.24 42.02 8.93±5.33 

16 50 1.5 0.3 35.36±6.56 42.02 15.84±15.61 

17 50 1.5 0.3 43.88±2.56 42.02 4.43±6.09 
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The high percentage error for some runs were probably due to standard plate count method 

in cell viability determination. Standard plate count method is subjected to dilution errors, 

technical errors such as pipetting, plating and incubation and inaccurate counting of 

colonies (Sutton, 2011). A second order polynomial model was fitted to the experimental 

results by Design Expert software to identify the optimal condition in producing 

microbeads with highest cell viability. The model was illustrated as Equation 5.2. 

2

2

Y 6.328 0.027A 23.073B 9.54C 0.020AB 0.101AC 1.573BC 7.972B

4.147C

= − − + − − + + −

−
 

(5.2) 

Where Y is cell viability (%), A is alginate flowrate (ml/min), B is alginate concentration 

(w/v %) and C is CaCl2 concentration (M). 

The significance and quality of the model were checked through the analysis of variance 

(ANOVA) using Fisher’s statistical analysis as shown in Table 4.3. The Fmodel of 27.75 

and p-value of 0.0001 which is less than 0.05 implied that the model was significant. There 

was only a 0.01 % chance that F value this large could occur due to noise. The significance 

of each coefficient was identified by the p-value which was listed in Table 4.3. The value 

with “Prob>F” less than 0.05 indicated that the model terms were significant whereas 

value larger than 0.1 were insignificant (Keharom et al., 2016). In this case, linear terms 

(A, B, C) and quadratic term (B2) were significant model terms (p<0.05) whereas two-

way interaction terms (AB, AC, BC) and quadratic terms (A2, C2) were insignificant terms. 

From this it was inferred that, alginate concentration, alginate flowrate and CaCl2 

concentration had a significant effect on cell viability. The coefficient of determination, 

R2
 and adjusted R2

 indicated the efficiency of the model, a value greater than 0.75 

indicated fitness of the model. The R2
 and adjusted R2 were 0.9727 and 0.9377, 

respectively suggesting that 97.27 % and 93.77 % variation could be accounted by the 

model equation. The lack-of-fit measures the failure of the model to represent data in the 

experimental domain at points which are not included in the regression. The non-

significant value of lack of fit (p>0.05) revealed that the quadratic model was statistically 

significant for the response (Khajeh, 2011), indicating the model equation was adequate 

to predict the cell viability within the range of experimental variables. Adequate precision 

measures the signal to noise ratio and value of greater than 4 was desirable. The adequate 
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precision of 18.8614 indicated sufficient signal. Moreover, low value of the coefficient of 

variation (CV=6.63) signified that experiments were highly accurate and reliable (San 

Chan & Don, 2013) 

Table 4.3 ANOVA Analysis for microencapsulation of PSMs 

Source 
Sum of 

Squares 
df 

Mean 

Square 
F-value p-value  

Model 29.13 9 3.24 27.75 0.0001 significant 

A-Alginate 

flowrate 
1.23 1 1.23 10.51 0.0142  

B-Alginate 

concentration 
3.70 1 3.70 31.73 0.0008  

C-CaCl2 

concentration 
6.80 1 6.80 58.26 0.0001  

AB 0.0391 1 0.0391 0.3352 0.5808  

AC 0.1639 1 0.1639 1.41 0.2745  

BC 0.0989 1 0.0989 0.8482 0.3877  

A² 0.0007 1 0.0007 0.0056 0.9425  

B² 16.73 1 16.73 143.38 < 0.0001  

C² 0.1159 1 0.1159 0.9934 0.3521  

Residual 0.8166 7 0.1167    

Lack of Fit 0.2726 3 0.0909 0.6680 0.6144 
not 

significant 

Pure Error 0.5440 4 0.1360    

Cor Total 29.95 16     

R2=0.9727, adjusted R2=0.9377, adequate precision=18.8614, CV=6.63 

The effects of process variables and their interactions on the cell viability were described 

by the 3D response surface plots and 2D contour plots as shown in Figure 4.13. These 

plots were obtained from plotting the response (cell viability) on the Z-axis against any 

two process variables while keeping the other variable constant at its “0” level. An 

elliptical or saddle nature of the contour plots indicates that the interaction between the 
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corresponding variables is significant whereas a circular contour of response surfaces 

indicates that the interaction between the corresponding variables is insignificant (Lotfi et 

al., 2015). 

(A) 

 
(B) 

 
(C) 

 
Figure 4.13 The 3D response surface of the combined effects of alginate concentration, 

alginate flowrate and CaCl2 concentration: (A) Alginate concentration and CaCl2 

concentration, (B) Alginate concentration and alginate flowrate and (C) Alginate 

flowrate and CaCl2 concentration 
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Figure 4.13(A) represents the response surface for alginate concentration and CaCl2 

concentration on the cell viability. The results revealed that cell viability gradually 

increased when alginate concentration increased from 1 to 1.5 % (w/v) and when CaCl2 

concentration decreased from 0.5 M to 0.1 M. A further increase in alginate concentration 

caused the cell viability to drop significantly. Figure 4.13(B) shows the response surface 

for alginate concentration and alginate flowrate. From the graph, it is evident that cell 

viability increased slightly when alginate flowrate reduced from 60 ml/min to 40 ml/min 

and highest cell viability was obtained at 1.5 % (w/v) alginate concentration. Figure 

4.13(C) displays the response surface for alginate flowrate and CaCl2 concentration. The 

results obtained showed that highest cell viability was obtained at lower alginate flowrate 

and CaCl2 concentration. From these response surface graphs, it can be seen that a change 

in alginate concentration, alginate flowrate and CaCl2 concentration affect the cell 

viability. Hence, the highest cell viability at 56.37 % was predicted by solving the model 

at optimum condition of 40 ml/min alginate flowrate, 1.5 % (w/v) alginate concentration, 

and 0.1 M CaCl2 concentration.  

From Figure 4.13(A), when the alginate concentration increased from 1 % to 1.5 % (w/v), 

cell viability was enhanced by 17 % reaching maximum point, however further increased 

in alginate concentration caused the cell viability to drop by approximately 34 %. Similar 

results were reported by Cao et al. (2012) and Yu et al. (2013) where the cells survival in 

2 % and 4 % alginate solution were studied. It was seen that cell viability was greater in 

2 % alginate microbeads as compared to 4 %. Besides, Bajaj et al. (2010) studied the effect 

of alginate concentration on the survival of Lactobacillus fermentum and their results also 

showed that cell viability increased with increasing alginate concentration and decreased 

when alginate concentration increased over 3 %. Lopes et al. (2017) also investigated the 

effect of alginate concentration on the cell viability in the range of 1 % to 5 % and their 

results showed that higher viable cell counts were obtained at lower alginate 

concentrations. This can be explained by the hypothesis enlighten by Wright et al. (2012) 

whereby increasing the concentration of sodium alginate, decreases the pore size which 

might affect the mass transfer properties of the gel and results in lower cell survival. Cell 

viability improves as gel internal pore size increases. This is because high porosity 

promotes the inflow of oxygen and nutrients and the outflow of metabolites and waste 
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products from microbeads. Ning et al. (2016) suggested that in the microencapsulation 

process when the cell suspensions are extruded through the nozzle tip, cells are subjected 

to shear force which causes cell damage. The intensity of shear force applied to the cells 

is determined by the dispensing pressure and the properties of the suspension. Lange et al. 

(2001) reviewed that some morphological variations and reduced resistance to freezing 

have been observed for some fungi and bacteria. They confirmed that the tensile strength 

of walls or membranes confers rigidity of the cells and thus tolerance to shear stress. Their 

results showed that E.coli, a Gram negative bacteria with thin peptidoglycan layer has 

lower resistant to shear stress than S. cerevisiae which has a relatively thick cell wall made 

of glucan and mannan.  Cell damage causes by shear force occurs when the forces applied 

to the cells exceeds their tolerance limits to shear stress (Ning et al., 2016). The shear 

stress increases with alginate concentration which suggests the alginate solution becomes 

more viscous as the alginate concentration increases. Ning et al. (2016) results showed 

that the cell worsened as the shear stress increased. Cells were damaged by 4.89 ± 0.89 %, 

5.21 ± 0.74 %, 10.73 ± 0.80 % and 21.36 ± 2.39 % at 1.0 %, 1.5 %, 2.0 % and 2.5 % 

alginate solution, respectively. Similarly, Yu et al. (2013) noticed visible drop in cell 

viability when alginate concentration increased from 2 % to 6 %. This may suggest that 

an increase in alginate concentration follows by an increase in viscosity, generates higher 

shear stress at the interface between the nozzle and the suspension, resulting in higher cell 

death. Besides, increasing flowrate of alginate also increases the dispensing pressure. 

Referring to Figure 4.13(B), when the alginate flowrate increased from 40 ml/min to 60 

ml/min, the cell viability reduced by at least 15 %. This is due to the mechanical stresses 

applied to the cells during extrusion through nozzles. Li et al. (2010) and Yan et al. (2010) 

investigated the influence of process-induced mechanical force on cell damage or survival. 

Their results showed that increasing applied dispensing pressure increased mechanical 

stresses which reduced cell viability. Similarly, Yu et al. (2013) also reported that average 

cell viability significantly decreases with increasing alginate dispensing pressure.  

From Figure 4.13(C), it can be seen that when CaCl2 concentration increased from 0.1 M 

to 0.5 M, the cell viability was reduced by approximately 18 %. Similar trend was reported 

by Chandramouli et al. (2004) where increasing the CaCl2 concentration beyond 0.1 M 

during encapsulation did not improve the capsules efficacy in protecting the viable cell. 
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The Ca2+ ions act as a connective bridge to bound with two alginate chains during the 

formation of calcium alginate microbeads. Thus, an increase in the Ca2+ concentration 

results in a stronger, thicker and more compact alginate shells (Liu et al., 2019b). However, 

Liu et al. (2019b) found that an increase in CaCl2 concentration did not significantly affect 

the average diameter and strength of microbeads. Similarly, Swioklo et al. (2017) studied 

the effect of calcium concentrations on the gel structure and mechanical strength. Their 

results indicated that pore size and strength of bead is practically independent of calcium 

concentrations. Notably, at high Ca2+ concentrations, calcium crystals were observed 

inside pores implying calcium salt precipitation during drying. Cao et al. (2012) studied 

the effect of calcium ions on cell survival and proliferation as high content of calcium ions 

involved in crosslinking process. As observed, cells viability was higher when treated with 

0.1 M CaCl2 concentration when compared with 0.5 M and 1 M. The damage and cell loss 

are mainly instigated by osmosis effect. Depending on the seriousness of cell damage, 

cells can either recover from damage via self-repair mechanism or remain to be 

dysfunctional till cell death. Thus, 0.1 M CaCl2 concentration was selected to minimize 

cell death. This concentration were deemed appropriate following structural and  

mechanical characterization and have been previously established to be suitable in 

alginate-based systems (Swioklo et al., 2017). In order to validate the optimization results 

and to verify the model developed, triplicates were conducted with the optimized 

conditions and the result were tabulated in Table 4.4. It can be seen that the cell viability 

was 54.71 % with only 2.95 % percentage error between experimental and predicted 

results. 

Table 4.4 Validation of experimental model. Each point represents a mean value and the 

error bars showed the standard deviation (n=3) 

Alginate flowrate 

(ml/min) 

Alginate 

conc 

(%) 

CaCl2 

conc (M) 

Viability (%) Error % 

Experiment Predicted 

40 1.5 0.1 54.71±4.58 56.37 2.95±2.24 

 

  



 

95 

 

4.6.2 Size, morphology and encapsulated cell numbers of alginate microbeads 

The size of the alginate beads is mainly controlled by regulating the formation of the 

droplet (Andersen et al., 2015). In this regard, the impinging aerosol method gains the 

attention of researchers as this method involves exposing droplets of alginate solution to 

CaCl2 mist which results in efficient contact of the droplet surface with salt (Ca2+) solution, 

producing alginate microbeads. This method produces small microbeads and retain its 

shape as it prevents deformation of the droplet due to impact with a liquid surface in a 

receiver bath containing cross linking solution. Blank and PSMs loaded alginate 

microbeads were produced with 1.5 % alginate concentration, 40 ml/min alginate flowrate 

and 0.1 M CaCl2. Their size and morphology were visualized by light microscopy as 

shown in Figure 4.14 and Figure 4.15.  

‘  

Figure 4.14 Optical micrographs of blank alginate microbeads produced at 1.5 % 

alginate concentration, 40 ml/min and 0.1 M CaCl2 viewed under 200 µm scale bar 
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Figure 4.15 Optical micrographs of alginate microbeads containing PSMs produced at 

1.5 % alginate concentration, 40 ml/min and 0.1 M CaCl2 viewed at 500 µm 

Both the blank and the alginate microbeads containing PSMs were spherical in shape. 

Blank alginate microbeads without PSMs were generally in the size range of 70 to 250 

μm whereas alginate microbeads containing the PSMs in the range of 100 to 350 μm with 
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a mean size of 236.87 ± 12.25 μm were readily produced. Bead size is one of the most 

important parameters of alginate microbeads as microbial inoculant. The bead itself must 

be large enough to immobilize a reasonable number of the cells (Andersen et al., 2015) 

while small enough to provide high oxygen concentrations at the center of the microbeads 

(Ogbonna et al., 1991). This is to ensure cells encapsulated in the beads remain viable 

during storage and to ensure they are adequately released from the beads following 

introduction to the soil. In a 2-mm bead, active aerobic cells may be found to a depth of 

only 50–200 μm into the bead, so about 80 % of the volume of contain inactive or even 

dead cells (Chen and Humphrey 1988). Thus, aerobic PSMs will be stressed in a 

macrobead formulation.  

In the encapsulation process, the transfer of oxygen from the medium to immobilized cells 

involves three main steps which include the diffusion through the stagnant liquid film 

surrounding the gel bead, diffusion through the gel matrix and finally, diffusion through 

the cell wall. Diffusional resistance to oxygen flow exerted by the cell wall may be 

important but this is a biological parameter which is difficult to control. Thus, the most 

practical method of increasing liquid-cell oxygen transfer in encapsulation system is by 

improving diffusion through the matrix. An effective method of increasing oxygenation 

of immobilized cells is to reduce the mean distance of diffusion in the matrix and this can 

be achieved by using beads of small diameters (Ogbonna et al., 1991). Limitation in 

diffusions within large beads reduces cellular metabolism and causes the lack of supply 

of essential substances to the center of beads which may results in cell death. Liffourrena 

et al. (2018) reported that survival of bacteria can be increased by reducing bead size. 

Moreover, smaller beads are less fragile than larger beads and have higher surface to 

volume ratio which permits good preservation of the entrapped bacteria (Robitaille et al., 

1999). Similarly, Gryshkov et al. (2014) also agreed with the above statements where 

smaller alginate beads are desirable in cell culture. This is because smaller alginate beads, 

increases the surface-to-volume ratio which improves survival of cells due to better 

nutritional, oxygen supply and heat transfer. Liffourrena et al. (2018) apprehended that 

the root colonization of A. thaliana by P. putida A cells obtained with Ca-alginate perlite-

microbeads was superior when compared with Ca-alginate-beads. This is due to the 

smaller size of the Ca-alginate perlite-microbeads. Thus, it is essential to produce small 
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size alginate microbeads containing PSMs as microbial inoculant to ensure high cell 

viability and allow a better root colonization.  

Figure 4.16 shows the optical micrographs of alginate microbeads containing PSMs 

produced at 1.5 % alginate concentration, 40 ml/min and 0.1 M CaCl2 at 100 µm scale bar. 

From the figures, an even distribution of PSMs throughout gelling alginate beads can be 

observed. Swioklo et al. (2017) reported that if alginate solutions are too concentrated, the 

increase in viscosity may affect the even distribution of cells throughout the microbeads. 

Besides, it also increases the shear stress imposed on cells during distribution and 

extrusion, causing cell death. Thus, high cell viability was expected from the wet 

microbeads prior to freeze-drying.  

 

 
Figure 4.16 Optical micrographs of alginate microbeads containing PSMs produced at 

1.5 % alginate concentration, 40 ml/min and 0.1 M CaCl2 at 100 µm scale bar 
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There are studies that clearly show the relationship between number of bacteria applied 

on plants and crop yields (Bernabeu et al., 2018). Generally, inoculant quality standards 

require the minimum amount of 107 to 109 colony forming units per gram of beads (CFU/g) 

or per milliliter of formulation (CFU/mL) (Malusá & Vassilev, 2014) to ensure positive 

response on plant inoculation. In China, depending on the kind of bacteria utilised for the 

production of the biofertilizer, the amount of living cells differs. For PSMs, the amount of 

viable cells ranges between > 0.5-1.5×109 CFU/mL or > 0.1-0.3×109 CFU/g, for liquid 

and solid products, respectively (Suh et al., 2006). As for India, the minimum count of 

viable cells is 5 × 107 CFU/g of solid carrier, or 1×108 CFU/ml of liquid carrier (Malusá 

et al., 2014). In this study, the cell suspensions used for encapsulation contained ~1.0×109 

CFU/mL and the number of cells encapsulated in alginate microbeads using the impinging 

aerosol method was in the range of 0.97 to 0.98×109 CFU/g of wet microbeads. Thus, a 

very high cell loading was observed with encapsulation efficiency of at least 97 %. 

Isailović et al. (2013) reported the increase of alginate viscosity induced higher 

encapsulation efficiency as it has more concentrated network, create less pores and the 

surrounding membrane is thicker. Porous structure of lower alginate concentration permits 

facile diffuse of encapsulated compounds to an external solution, causing lower 

encapsulation efficiency. Ćujić et al. (2016) also achieved a higher actual load of 

encapsulated polyphenols for formulations with medium viscosity alginate in comparison 

with low viscosity alginate. Wet PSMs loaded alginate microbeads were subjected to 

lyophilization in order to obtain dry microbeads. Dried alginate microbeads were found 

to contain approximately 0.54 × 109 CFU/g of dried microbeads, indicating cell viability 

of 54 %. Bashan et al. (2002) produced dry inoculant containing A. brasilense loaded 

with >109 CFU/g beads. Inoculation of A. brasilense encapsulated in the alginate 

microbeads on wheat and tomato plants significantly increased plant height and the dry 

weight of both shoots and roots. Schoebitz et al. (2013a) encapsulated bacteria 

concentration of 2.72 x 109 CFU/g and 2.17 x 109 CFU/g for P. fluorescens and Serratia 

sp. respectively. Plant growth promotion was demonstrated by the improved of P uptake 

and growth of shoot length. Thus, it can be hypothesized that the produced dried 

microbeads containing PSMs with >109 CFU/g beads is sufficient to obtain a plant 

response. Herein, the third objective of this study was achieved by obtaining alginate 
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microbeads containing PSMs with mean size of 250 μm and cell concentration of 0.54 × 

109 CFU/g of dried microbeads.  

4.7 Kinetic release of bacteria from microbeads 

As reported by Zohar Perez et al. (2002), the immobilization of PSMs into polymer matrix 

is beneficial over direct soil inoculation. The key aim of encapsulation of PSMs is to 

protect them from harsh soil environment, lessen microbial competition and release them 

gradually to facilitate colonization of plant roots. Hence, it is essential to study the kinetic 

release of PSMs from alginate microbeads in order to understand its capability in root 

colonization (Young et al., 2006). The cell release from dried alginate microbeads was 

performed at pH 4.0 to mimic pH of peat for 4 h and the cumulative release profile was 

shown in Figure 4.17. 

 

Figure 4.17 Cumulative S. haemolyticus HCLB02 released from microbeads at pH 4.0. 

Each point represents a mean value (n=3) and error bars (±SD) are shown when larger 

than symbol 

Referring to Figure 4.17, number of bacteria released were maximum at 150 min 

signifying that microbeads were completely broken within the time frame and entire load 
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of PSMs were released from microbeads. Note that the initial concentration of PSMs in 

dried microbeads was 0.54 × 109 CFU/g and the maximum number of bacteria released at 

150 min was 0.24× 109 CFU/g which was about 44.44% of initial concentration. The lower 

number of bacteria obtained may be due to the death of starving bacteria in saline solution 

or the low pH of medium could have killed the bacteria released (Paramithiotis et al., 

2006). The PSMs released from microbeads was evaluated kinetically using various 

notable kinetic models such as zero order, first order, Higuchi, Ritger-Peppas, and Weibull. 

The coefficient of determination (R2) and overall error (OE) percent values of these 

models were evaluated to study the fitness of the model to represent the release kinetics 

from nanoparticles as tabulated in Table 4.5 and the curve fittings were attached in 

Appendix I.  

Table 4.5 Kinetic models used in analyzing the release and their corresponding 

constants, R2 and overall means percent error (OE). Each point represents a mean value 

and the error bars showed the standard deviation (n=3) 

 Zero order First order Higuchi 
Ritger 

Peppas 
Weibull 

Ki 0.0026±0.0001 0.003±0.000 0.029±0.0000 0.001±0.001 - 

Ci - 0.030±0.039 -0.038±0.009 - - 

n - - - 1.186±0.083 - 

a - - - - 1568.7±539.6 

b - - - - 1.314±0.084 

R2 0.949±0.001 0.915±0.001 0.761±0.001 0.983±0.010 0.974±0.012 

OE 

(%) 
34.38±4.70 47.92±6.04 72.61±10.07 7.99±0.41 10.00±1.20 

Subscription i represents, 0 for zero order, 1 for first order, H for Higuchi and R for Ritger Peppas 

It can be seen that Ritger Peppas model has the highest R2 value of 0.983 followed by 

Weibull and zero order models with R2 value of 0.974 and 0.949, respectively. Likewise, 

Barzegar-Jalali et al. (2008) reported that OE lesser than 10 % is the criteria for the general 

model for kinetic study. In this case, only 2 models had OE lesser than 10 % and Ritger 

Peppas had the lowest OE of 7.99 %, followed by Weibull with 10 %. Based on R2 and 
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OE, Ritger Peppas was considered as the kinetic model that best represented the release 

data of PSMs from alginate microbeads in this study. The cell release mechanism in 

swelling-controlled bacterial release can be elucidated well using the Ritger–Peppas 

model, in which the release exponent “n” differs in accordance with the release 

mechanism. Data acquired from the kinetic release studies in 150 min for the initial 

portion (Mt/M∞≤ 60) were fitted into Ritger Peppas’s model. The value of release 

exponent ‘n’ obtained was 1.186 (n>0.89), indicating the mechanism of cell release from 

the alginate microbeads followed the main Case II release mechanism with skeleton 

corrosion mechanism (Wu et al., 2014). The release of PSMs occurs as it diffuses out 

when the microbeads swell by absorbing water. With the expansion of the microbeads, 

the calcium alginate matrix was also partially dissolved, releasing the bacteria as shown 

in Figure 4.18. As time increases, the released amount becomes more significant. Singh 

et al. (2009) and Wu et al. (2014) studied the release kinetics of cells from alginate beads 

and reported a similar diffusion mechanism.  

 

Figure 4.18 Schematic representation of cell release from alginate microbeads 

 

Figure 4.19 was plotted based on the constants parameters evaluated from the fitting of 5 

kinetic models as tabulated in Table 4.5.  
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Figure 4.19 Cumulative % cell release vs time for experimental, zero order, first order, 

Higuchi, Ritger peppas and Weibull models 

By referring to Figure 4.19, it can be seen that Ritger Peppas model had similar trend as 

experimental cell release data. From the results, it is evident that bacteria cells were not 

released gradually from the dried microbeads and further improvement is required to 

enhance the control release properties of the microbeads. Some recommendations were 

suggested in Chapter 7. Similar results was obtained by Li et al. (2016), where they found 

alginate microbeads without perlite as filling material could not be used as inoculants due 

to their low stability. Within 12 h, the microbeads were completed disintegrated releasing 

all entrapped cells. The release of cells entrapped in a polymer, occur only after water 

penetrates the network to swell the polymer, followed by diffusion along the aqueous 

pathways to the surface of the beads. Alginate beads are structured as a loose network 

filled with a large amount of water (Schoebitz et al., 2013a), thus without the addition of 

filler cells release easily through beads once it swell up. The pores between cross-linked 

alginate chains can be filled with the addition of filler such as starch, perlite, kaolin, skim 

milk, talc and humic acid (Schoebitz et al., 2013b). The addition of filler improves the 
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integrity and strength of beads structure and gives better mechanical resistance and 

allowing for a progressive release of cells into the soil as illustrated in Figure 4.20 (Liu et 

al., 2019a).   

 

Figure 4.20 Schematic representation of cell release from alginate microbeads with filler 

Singh et al. (2009) studied the release of thiram from the starch-alginate-beads and their 

results showed that the cumulative release of thiram from the beads occurred in very 

controlled and sustained manner. The rate of release of fungicide from the beads prepared 

with 3 % starch contents up to 204 h has been observed. Feng et al. (2019) also developed 

a starch–alginate-kaolin based formulations encapsulation of non-toxigenic Aspergillus 

flavus spores. As the release of spores from the beads was in a controlled and sustained 

manner, the feasibility of the formulation as a controlled release substance was 

demonstrated.  

4.8 Concluding remarks 

Staphylococcus haemolyticus was isolated from peat and possessed the ability to 

solubilize Al-P releasing soluble phosphate for plant uptake. Then, the optimal cultural 

condition for maximum phosphate solubilization was identified to be 10 g/L of glucose, 2 

g/L of yeast and 5 g/L MgCl2.6H2O as it stimulated the highest cell growth. Cell growth 

is correlated with the production of organic acids, a chelating agent in solubilizing 

insoluble phosphate. Then, Staphylococcus haemolyticus was microencapsulated using 

the impinging aerosol method. The alginate concentration, alginate flowrate and calcium 

chloride concentration that yielded the highest cell viability were identified as 1.5 % (w/v), 

40 ml/min and 0.1 M CaCl2. It was observed that high alginate concentration and flowrate 
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had a lower cell viability due to the shear stresses applied to the cells during extrusion 

process. Alginate microbeads with mean size of 250 μm and PSMs concentration of 0.54 

× 109 CFU/g of dried microbeads was obtained. Nevertheless, PSMs were not released in 

a very controlled and sustained manner and thus, concluded that the produced alginate 

microbeads require further studies to improve the control release of PSMs from alginate 

microbeads before it can be used as a microbial inoculant.  
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CHAPTER 5  

 

MODELING METHODOLOGY 

 

 

 

 

In Chapter 4, the results obtained for isolation and microencapsulation of PSMs were 

discussed. This chapter describes the modeling methodology for the impinging aerosols. 

The models include the Eulerian-Lagrangian framework to solve the continuous and 

discrete phases, Huh and Reitz-Diwakar as the spray atomization models and Bai-Gosman 

model for the wall impingement.  

 

 

5.1 Computational domain, assumptions, and limitation of the model  

The computational domain of the model is depicted in Figure 5.1. The model was 

developed based on the lab-scaled impinging aerosol spray device as shown in Figure 3.1. 

 

Figure 5.1 Computational domain of the CFD model and injectors 

Outlet 

Wall 
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The model consists of a vertical cylinder with 17.5 cm in diameter and 55 cm in height. 

Both ends of the cylinder were equipped with an injector nozzle. Bacteria encapsulated 

alginate and calcium chloride were injected from the top and bottom nozzles respectively, 

into the air-filled cylinder. An outlet was generated at the bottom of the cylinder to ensure 

mass continuity of the domain. In this model, the addition of bacterial suspension to 

alginate was assumed to have negligible effect on the properties of alginate. The 

simulation was also assumed to be in isothermal condition. Supposedly, alginate droplets 

form solidified microbeads upon contact with CaCl2 mists. However, due to software 

limitation, the formation of solidified alginate microbeads upon impingement with CaCl2 

could not be modeled. Thus, the SMD of microbeads was assumed to be equal to the size 

of alginate droplets. This assumption was based on the study by Liu et al. (2019b) where 

CaCl2 concentration did not significantly affect the diameter of microbeads.  

5.2 Governing equations 

For the present study, Eulerian-Lagrangian framework was selected and simulated using 

the commercial software STAR-CCM+ (ver 14.02). The surrounding air was chosen as 

the continuous phase and alginate or CaCl2 as the discrete phase. The main governing 

equations for the continuous fluid phase and discrete aerosol phase solved during the 

simulations were provided in the following sections. 

5.2.1 Modeling of continuous phase 

The motion of the continuum gas phase is governed by the Reynolds-Averaged Navier–

Stokes equations assuming the gas to be an incompressible fluid and constant properties 

as expressed in Equation 5.1 and 5.2 (Alfonsi, 2009), using Einstein’s notation. 

j

i

x

u
0


=


 

(5.1) 

 

j

j i ij ji i
ij

j j i x i

u ρu pδ uρu u
μ τ

t x x x x

     
  + = − + + −

         

 
(5.2) 

where iu is the average fluid velocity, ρ is the fluid density, p is the pressure, µ is the 

dynamic viscosity and ijτ  is the Reynolds-stress term. ijτ  is defined as Equation 5.3. 
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' '

ij i jτ ρu u=  (5.3) 

As a result of Reynolds-averaging, ijτ  appeared and need to be modeled by using a 

turbulence model. In this thesis work, the realizable k−ε turbulence model was used. It is 

a two-equation model based on the Boussinesq assumption, with transport equations for 

turbulent kinetic energy, k and its dissipation rate, ε. Boussinesq assumption introduces a 

turbulent viscosity, µt to characterize the transport and dissipation of energy at the small 

turbulent scales. The assumption is that the Reynolds stresses can be related to the mean 

strain tensors as Equation 5.4. This hypothesis is the base of most turbulence models. 

 j' ' i
i j t ij ij t ij

j i

UU2 2
ρu u 2μ S ρkδ μ  ρkδ

3 x x 3

 
− = − = + −    

 
(5.4) 

The realizable k−ε turbulence model was employed with a two-layer shear driven wall-

treatment and a second order upwind convection term. It is known to predict swirling 

flows and the spreading rate of jet streams more accurately, which is important when 

modeling spray nozzles. The transport of turbulent kinetic energy, k is formulated as 

Equation 5.5. 

j ti i
j t

j j i j j k j

u vu uk k k
u v   ε v

t x x x x x σ x

             
+ = + − + +                             

 
(5.5) 

where the first term is the local change of k in time, the second term represents the change 

due to convection, the third term is production of k due to velocity gradient of the mean 

flow and the last two terms represents dissipation and diffusion of k. 

The realizable model introduces a new transport equation for the turbulent dissipation rate 

ε. This is formulated as Equation 5.6.  

t
j ε1 ε ε2

j j ε j

vε ε ε ε
u v   C s C

t x x σ x k vε

      
+ = + + −        +    

 
(5.6) 

where the terms represent local rate of change of dissipation followed by convection, 

diffusion production and dissipation. The kinematic eddy viscosity vt is defined as 

Equation 5.7. 

2

t μ

k
v C

ε
=  

(5.7) 
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where the important model parameter Cμ is expressed as a function of the mean flow and 

turbulence properties. The expression is formulated as Equation 5.8.  

μ

0 s

1
C

k
A A U  

ε

=

+

 (5.8) 

 

5.3 Modeling of dispersed phase 

Dispersed phase is tracked using Lagrangian framework where the tracking is carried out 

by forming a set of ordinary differential equations in time for each droplet, consisting of 

equations for position, velocity, temperature and mass. These equations are then integrated 

to calculate the behavior of the droplet as they traverse the flow domain. The governing 

equation for the motion of liquid droplets is as Equation 5.9 (Khatami et al., 2013). 

( )
( )

( )pp D p

p p2

p p p p

g ρ ρdu C Re18μ 1 ρ d
  u u u u

dt ρ D 24 ρ 2 ρ dt

−
= − + + −  

(5.9) 

where u is the fluid phase velocity, up is the droplet velocity, ρp is the density of the droplet, 

Dp is the droplet diameter, CD is the drag coefficient and Rep is the droplet relative 

Reynolds number as expressed in Equation 5.10. 

p p

p

ρ u u D
Re

μ

−
=  

(5.10) 

The first term on the right-hand side of Equation 5.9 is the drag force per unit droplet mass, 

the second is the buoyancy force due to gravity, and the third is the virtual mass force 

which is the force required to accelerate the fluid surrounding the particle. The virtual 

mass force is negligible since the density of air is much less than the droplet density.  

A number of correlations have been established for the drag coefficient, CD, for the Euler–

Lagrangian model. The Schiller–Maumann correlation has been used in this study because 

the Reynolds number range considered is less than 1000. The drag coefficient is calculated 

according to the Schiller (1933) drag model as expressed in Equation 5.11. 

( )0.687

D p

p

24
C 1 0.15Re

Re
= +  

(5.111) 
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5.3.1 Primary droplet breakup 

Huh and Gosman (1991) published a model of turbulence-induced atomization for full-

cone sprays. The turbulent length scale (Lt) and turbulent time scale (τt) are assumed to be 

the dominant parameters about atomization process. Lt and τt can be expressed as Equation 

5.12 and 5.13 (Lucchini et al., 2010).  

3

2
avg0.75

t µ

avg

K
.
ε

L =C  

(5.12) 

avg0.75

t µ

avg

K
τ C .

ε
=  

(5.13) 

where Kavg and εavg represent the liquid jet average turbulent kinetic energy and its 

dissipation rate at nozzle exit, respectively and Cµ = 0.09.  

The droplets break up with a characteristic atomization length scale LA and time scale τA. 

The characteristic atomization length is proportional to the Lt which can be expressed as 

Equation 5.14 (Dos Santos & Le Moyne, 2011). 

A 1 t 2 wL C L C L= =  (5.14) 

where Lw is the wavelength of surface instability determined by turbulence, C1= 2 and 

C2= 0.5. The characteristic atomization time scale τA can be calculated under the 

assumption that the time scale of atomization is a linear combination of the turbulence 

time scale τt and the wave growth time scale τw as shown in Equation 5.15.  

A 3 t 4 w spn expτ C τ C τ τ τ= + = +  (5.15) 

where C3 = 1.0 and C4 = 1.5. τspn and τexp indicate spontaneous wave growth time and 

exponential growth time (Dos Santos et al., 2011).  

The wave growth timescale is approximated by neglecting the surface tension and viscous 

effects and expressed as Equation 5.16. 

w
w

l
L ρ

τ
U ρ

=  
(5.16) 

Where ρ is the density of the continuous phase, ρl is the liquid density and U is spray 

velocity.  
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The liquid jet can be represented in the form of computational parcels (blobs) with breakup 

rate proportional to the ratio of the atomization length over the time scale as shown in 

Equation 5.17 (Adapco, 2016). 

d A

A A

dD 2L

dt τ K
= −  

(5.17) 

Where Dd is the diameter of the parent droplet and KA is a model constant to control the 

break-up rate with default value of 0.1.  

The spray semi-cone angle, β is calculated from Equation 5.18 (Paredi et al., 2018).  

( ) A AL / τ
tan β

U
=  

(5.18) 

where τA is the breakup time. β determines the upper limit of the initial radial droplet 

velocity component. The estimation of initial velocity for each droplet is based on the 

assumption of equal probability of velocity direction within a spray cone. The components 

of droplet velocity vd are calculated as Equation 5.19 (Adapco, 2016).  

 ( ) ( )d,x d d dv v sin β cos α=  

 ( ) ( )d,y d d dv v sin β sin α=  

 ( )d,z d dv v cos β=  

(5.19) 

Where βd and αd are randomized angles that are given by βd=Xr,1β and αd = 2πXr,2 where 

Xr,1 and Xr,2 are random numbers in the range [0, 1]. 

5.3.2 Secondary Droplet Breakup 

In the Reitz-Diwakar (RD) model, there are two regimes controlling the breakup process 

of the droplets which include bag and stripping breakup. In the bag breakup regime, the 

nonuniform pressure field around the droplet leads to the disintegration of the droplet 

when its surface tension forces are overcome. In the stripping breakup regime, the liquid 

is sheared or stripped from the droplet surface. The breakup rate of the droplet for each 

regime can be calculated by Equation 5.20 (Kaario et al., 2014). 

p s p

b

dD D D

dt τ

−
=  

(5.20) 
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where Ds is the stable diameter and τb is the breakup time-scale. Both Ds and τb depend on 

the active breakup regime. 

In the bag breakup regime, the instability is determined by the Weber number (Wep) as 

expressed in Equation 5.21 (Wang et al., 2018).  

crit

2

p p

p
p

ρ u u D
e

σ
WeW

−
=  

(5.21) 

Where u is the velocity of the continuum, up is the relative velocity of the droplet in the 

continuum, σp is the surface tension of droplet and Wecrit is the critical Weber number of 

bag breakup regime value of 0.1. 

The characteristic breakup time-scale for bag breakup regime is expressed as Equation 

5.22 (Wang et al., 2018). 

b2 p p p

b
p

C D ρ D
τ

4 σ
=  

(5.22) 

Where Cb2 = π. 

The criterion for the onset of stripping breakup regime is described as Equation 5.23. 
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We
C

Re
  

(5.23) 

Where Cs1 is a coefficient with the value of 0.5 and Cs2 is in the range of 2-20. 

The characteristic breakup time-scale for the stripping breakup regime is shown as 

Equation 5.24 (Wang et al., 2018). 

p

p ps2
b

ρ DC
τ

2 ρ u u
=

−
 

(5.24) 

 

5.3.3 Droplet size distribution 

One of the main characteristics of spray atomization is the droplet size distribution. The 

Rosin–Rammler distribution method presents the most probable droplet size and a spread 

parameter to characterize the droplet size distribution. The Rosin–Rammler distribution 

can be expressed as Equation 5.25 (Bebe et al., 2017). 

q

pD

X

1 Q e

  
 −     − =  

(5.25) 
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where Q is the volume fraction of the droplets with a diameter smaller than Dp, X is the 

mean size of droplets for which Q equals 0.6321 and q is the droplet size spread parameter 

with default value of 3.5.  

 

5.3.4 Collision and Coalescence 

The outcome of a collision is coalescence or bouncing according to the O'Rourke 

algorithm. Collision outcomes are described by collision Weber number (Weco) and drop 

size ratio (γ) expressed as Equation 5.26 and Equation 5.27 (Adapco, 2016). 

( ) ( )1

p

2

2 1 2
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1
ρ u u r r

2
We

σ

 
− + 

 =  

(5.26) 

where u1 and u2 are the velocities of the colliding drops, and r1 and r2 are their 

corresponding radii. 

2
2 1

1

r
γ      ,  r r

r
=   

(5.27) 

Generally, coalescence happens if the droplets collide head-on and bounces if the collision 

is oblique. There is a critical offset which is a function of the collisional Weber number 

and the relative radii of the droplets defined by the critical collision parameter bcrit 

according to Equation 5.28 (Khatami et al., 2013).  

( )crit 2 1

co

2.4f
b r r min 1.0,

We

 
= −  

 
 

(5.28) 

Where f is a function of γ defined as Equation 5.29. 

( ) 3 2f γ γ 2.4γ 2.7γ= − +  (5.29) 

The value of the actual collision parameter, b, is expressed as Equation 5.30. 

( )1 2b r r Y= +  (5.30) 

where Y is a random number between 0 and 1. The calculated b is compared to bcrit and if 

b < bcrit we can assume that the result of collision is coalescence. Otherwise, the droplets 

bounce and each one has a new velocity and direction based on conservation of 

momentum and energy. 
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5.4 Wall Impingement 

In the simulation, the Bai-Gosman wall impingement model was coupled with droplet 

breakup. Depending on the Weber and Laplace numbers for the droplets, the Bai-Gosman 

model simulates a wide range of behaviors of particles impacting walls such as sticking, 

rebounding, spreading and splashing. The choice of regime for a given impingement event 

is made using three parameters, i.e. the incident Weber number, Laplace number and wall 

state (wet or dry). Incident Weber number (WeI) is expressed as Equation 5.31 and 

Laplace number as Equation 5.32 (Ashkezari et al., 2014).  

2

p r,n p
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p

ρ v D
We

σ
=  

(5.31) 

in which ( )r,n p w wv v v n= −  is the normal component of the particle velocity relative to 

the wall and nw is the unit vector normal to the boundary. 
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μ
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(5.32) 

Where µp is the dynamic viscosity of droplet.  

 

5.5 Fluid film thickness 

Droplet impingement, where droplets are carried along in the gas, impinges on surfaces 

to form a liquid layer, governs the film mass conservation according to Equation 5.33 

(Adapco, 2016). Equation 5.33 is used to calculate the film thickness hf.  

 u
f f f

fV A V

S
ρ dV ρ v  da   dV

t h


+ =

     
(5.33) 

where ρf is the film density, vf is the film velocity, and the subscript f denotes the fluid 

film values. The quantity Su is the mass source/sink per unit area from droplet 

impingement. It is specific in the sense that the volume V and the surface A are functions 

of the film thickness and its spatial distribution. 
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The momentum conservation equation is expressed in Equation 5.34 (Adapco, 2016). 

 m
f f f f f f b

fV A A A V

s
ρ v dV ρ v vf da (T  da p  da f dV

t h

 
+  = − + + 

  
      

(5.34) 

where sm is the momentum source corresponding to the mass source Su, pf is the pressure, 

fb is the body force such as gravity and the form drag force and Tf is the viscous stress 

tensor within the film. 

5.6 Boundary and initial conditions 

The model was assumed to be filled with air at room temperature and the initial fluid film 

on the wall was set as zero thickness. The operating conditions and physical properties of 

alginate, CaCl2 and air were tabulated in Table 5.1. The outlet of cylinder was set to 

atmospheric pressure of 101.325 kPa.  

Table 5.1 Operating parameters and physical properties of alginate, CaCl2 and air 

(Nunamaker et al., 2011; Al-Damook et al., 2016; Chloride) 

Properties Value 

Top Nozzle – Alginate (1.5 %), low viscosity  

Density 1007 kg/m3 

Surface Tension 0.055 N/m 

Dynamic viscosity 0.08 Pa.s 

Flowrate 40 ml/min 

Nozzle diameter 0.4 mm 

Bottom Nozzle – 0.1 M Calcium chloride 

Density 1006.5 kg/m3 

Surface Tension 0.073 N/m 

Dynamic viscosity 0.00103 Pa.s 

Flowrate 30 ml/min 

Nozzle diameter 0.4 mm 

Air, continuum phase 

Density 1.184 kg/m3 

Dynamic viscosity 1.849 x 10-5 Pa.s 
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5.7 Solution procedures and model validation 

The governing equations were solved using first order, implicit unsteady and segregated 

flow solver with a time-step of 10-4 s. Figure 5.2 shows the algorithms for segregated flow 

solver. The convergence criteria of the model was set to be 10-4. For each time-step, 5 

inner iterations were specified for each time step. The simulation was run for 0.5 s to study 

the spray behaviors.  

 

Figure 5.2 The segregated flow solver algorithms 

The computational domain was meshed using quadrilateral meshes on the cross-section 

of the cylinder. The meshes were extruded along the length of the cylinder. Figure 5.3 

shows the resulting meshes of the domain. A grid independency test was performed to 

ensure that the model was free from discretization errors. The model was validated by 

comparing the Sauter mean diameter of droplets and spray angle obtained experimentally 

and numerically at alginate flowrate of 40 ml/min, 50 ml/min and 60 ml/min.  
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Figure 5.3 Mesh distribution on (A) cross-section; (B) along the length of the cylinder 

 

5.8 Concluding remarks 

This project was based on the assumption that the atomization of alginate and calcium 

chloride in still air can be modeled using an Eulerian-Lagrangian framework where the 

surrounding air was treated as a continuum with the flow-field solved by the Navier–

Stokes equations and the spray atomization was tracked using Lagrangian framework. The 

primary and secondary breakup of alginate and CaCl2 through nozzles were modeled using 

Huh and Reitz-Diwakar models, respectively. Then, the wall impingement of spray 

droplets was modeled using the Bai-Gosman model. The simulated results were validated 

with experimental results and the models were subjected for parametric studies. Various 

scenarios such as the effect of nozzle orifice size, alginate concentration, size of 

encapsulation chamber and parameters of breakup models on the spray angle, droplet size 

and wetting of wall were investigated. The next chapter discusses the results from the 

numerical modeling.   



 

118 

 

CHAPTER 6  

 

SIMULATION RESULTS AND VALIDATION 

 

 

 

 

In Chapter 5, the modeling methodology for spray atomization modeling were discussed. 

This chapter describes the model validation and simulation findings.  

 

 

6.1 Mesh independency 

Since the region of primary concern in this study is the central region of the chamber spray, 

the grid was built with smaller quadrilateral mesh in the central region followed with a 

coarse quadrilateral to the wall as shown in Figure 5.3. The mesh was refined at the central 

region to capture the details of the spray behaviors near nozzles. Grid independency tests 

were done based on nozzle orifice size of 0.4 mm and alginate flowrate of 40 ml/min. The 

mesh settings resulted in an overall computational cell count of 180, 000 to 570, 000 cells. 

The alginate droplet size distribution from top nozzle were observed at different number 

of cell count and the results were plotted in Figure 6.1. Frequency percentage is defined 

as the number of frequency in the category divided by the total number of frequency and 

multiplying by 100 %  Referring to Figure 6.1, it can be seen that coarse mesh of 180, 000 

cells and 270, 000 cells underestimated and overvalued the frequency percentage for 

droplet size below 255 µm and in between 255 µm to 270 µm, respectively. This showed 

that coarse meshes were unable to accurately predict the particles Sauter Mean Diameter 

(SMD) values. While, when the cell count increased from 389, 000 to 570, 000 cells, no 

significant difference was observed in the frequency percentage, indicating that further 

refinement in mesh would not substantially affect the SMD value. In addition, it was found 

that the spray angle were not influenced by grid size significantly with further grid 

refinement. Thus, 389, 000 cells were selected for the rest of the studies.  
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Figure 6.1 Simulation results of the mesh independence test in terms of the alginate 

droplets size distribution 

6.2 Model validation and comparison with experimental data 

During the spray process, flowrate is related to the thickness of the liquid sheet and the 

size of droplets. A higher flowrate is prone to form thinner liquid sheet (longer spray 

breakup length), a wider spray angle and smaller droplets (Zhang et al., 2017). CFD model 

was developed to study the spray behaviors and the numerical results were validated with 

experimental results. Experimental procedures have been carried out to investigate the 

effects of alginate flowrate of 40 ml/min, 50 ml/min and 60 ml/min on the spray angle and 

SMD at an alginate concentration of 1.5 % (w/v) and 0.4 mm orifice diameter. Spray angle 

was obtained by adapting the method reported by Ahmed et al. (2009) where a tangent to 

the tip of the nozzle at its centerline was drawn and the intersection points of this tangent 

with the edges of the sheet were determined as shown in Figure 6.2. Then, two tangents 

to the liquid sheet were drawn from the two intersection points. The angle between the 

two tangent lines to the sheet is defined as the spray angle. The spray angle analysis for 

experiments and CFD results at different flowrate were carried out by using ImageJ 

software as shown in Figure 6.3 to Figure 6.5.  
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Figure 6.2 Definition of spray angle 

(A) 

 
(B) 

 
Figure 6.3 Alginate breakup of 1.5 % alginate concentration at 40 ml/min (A) simulation 

(B) experiment with 0.4 mm nozzle diameter 

𝜃 
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(A) 

 
(B) 

 
Figure 6.4 Alginate breakup of 1.5 % alginate concentration at 50 ml/min (A) simulation 

(B) experiment with 0.4 mm nozzle diameter 
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(A) 

 
(B) 

 
Figure 6.5 Alginate breakup of 1.5 % alginate concentration at 60 ml/min (A) simulation 

(B) experiment with 0.4 mm nozzle diameter 

The spray angle versus different alginate flowrate were plotted in Figure 6.6. Based on the 

plot, spray angle increased with alginate flowrate. Spray angle at 40 ml/min, 50 ml/min 

and 60 ml/min flowrate for experiment was 82.3 ± 2.1°, 86.1 ± 1.7° and 89.3 ± 1.9° 

whereas for CFD, spray angle obtained was 82.8°, 85.2° and 87.0°, respectively. The 

percentage error between simulated and experimental results were 0.61 %, 1.05 % and 

2.58 % for 40 ml/min, 50 ml/min and 60 ml/min, respectively. The CFD results of spray 

angle for alginate atomization obtained showed a good agreement when compared with 

experimental results. 
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Figure 6.6 Spray angle at different flowrate for experiment and simulation with 1.5 % 

alginate concentration and orifice size of 0.4 mm. Each point represents a mean value 

and the error bars showed the standard deviation (n=3) 

Spray angle increases with alginate flowrate can be associated with the spray breakup 

length. From Figure 6.7 to Figure 6.9, the spray breakup length as labelled Lbu were 

observed to increase with flowrate. The spray breakup length was not captured in CFD 

results as it is impossible to quantify these values with Lagrangian computation. A longer 

spray breakup length indicates that the spatial extent of the primary atomization region is 

longer and results in a longer time to break up into droplets (Isa et al., 2019).  

 

Figure 6.7 Length breakup at 40 ml/min, 1.5 % alginate concentration and 0.4 mm 

orifice size 
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Figure 6.8 Length breakup at 50 ml/min, 1.5 % alginate concentration and 0.4 mm 

orifice size 

 

Figure 6.9 Length breakup at 60 ml/min, 1.5 % alginate concentration and 0.4 mm 

orifice size 

With increasing flowrate, droplets formed near nozzles tip are expected to have higher 

Weber number as shown in Figure 6.10. At 40 ml/min, 50 ml/min and 60 ml/min, the 

Weber number of droplets were found to be 0.205, 0.255 and 0.384, respectively. Thus, it 

can be concluded that greater Weber numbers leads to a greater spray breakup length. 

Similar result was obtained by Ahmed et al. (2009) where breakup length is found to be 

linearly proportional to the Weber number. A longer breakup length results in a wider 

spray angle (Wang et al., 2015).  

 

Lbu 

Lbu 
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(A) 

 

(B) 

 

(C) 

 

Figure 6.10 Weber number of droplets from nozzle (A) 40 ml/min, (B) 50 ml/min, and 

(C) 60 ml/min with 1.5 % alginate concentration and 0.4 mm orifice size 
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The optical micrographs of PSMs loaded alginate microbeads produced under 1.5 % (w/v) 

alginate concentration, 0.4 mm orifice size and 0.1 M CaCl2 concentration with different 

flowrate were shown in Figure 6.11 to Figure 6.13. These micrographs were analyzed with 

ImageJ software to identify the droplets size distribution and used to calculate the SMD.  

 

 

 
Figure 6.11 Optical micrographs of PSMs loaded alginate microbeads produced under 

1.5 % alginate, 0.1 M CaCl2 concentration and  0.4 mm orifice size at 40 ml/min 

alginate flowrate 
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Figure 6.12 Optical micrographs of PSMs loaded alginate microbeads produced under 

1.5 % alginate, 0.1 M CaCl2 concentration and  0.4 mm orifice size at 50 ml/min 

alginate flowrate 
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Figure 6.13 Optical micrograph of PSMs loaded alginate microbeads produced under 

1.5 % alginate, 0.1 M CaCl2 concentration and  0.4 mm orifice size at 60 ml/min 

alginate flowrate 
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Meanwhile, the simulated alginate droplets size distribution produced under different 

alginate flowrate were plotted in Figure 6.14. Referring to Figure 6.14, it can be observed 

that wider droplet size distribution was obtained with higher flowrate. 

 

Figure 6.14 Droplet size distribution for alginate flowrate 40 ml /min, 50 ml/min and 60 

ml/min with 1.5 % alginate concentration and 0.4 mm orifice size 

The frequency and droplets size obtained experimentally and numerically were used to 

calculate the SMD value using Equation 6.1.  

 
3

i i

2

i i

n d
SMD

n d


=


 (6.1) 

Where n is frequency and d is the droplet diameter 

The SMD value were plotted in Figure 6.15 and it shows that the SMD values decreased 

with increased flowrate. SMD of microbeads for 40 ml/min, 50 ml/min and 60 ml/min 

obtained for experiment were 236.87 ± 12.25 µm, 162.3 ± 9.62 µm and 137.2 ± 8.95 µm, 

respectively and 251.0 µm, 177.9 µm, and 123.7 µm, correspondingly for simulation. The 

percentage error between simulated and experimental results were 5.97 %, 9.61 % and 

9.82 % for 40 ml/min, 50 ml/min and 60 ml/min, respectively. Here, it can be concluded 

that the SMD results between experimental and simulation were found to be in a good 

agreement. 
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Figure 6.15 SMD of droplets at different flowrate for experiment and simulation with 

1.5 % alginate concentration and 0.4 mm orifice size. Each point represents a mean 

value and the error bars showed the standard deviation (n=3) 

The estimation of SMD of the droplets after the primary breakup is generally correlated 

with droplets Weber number. It is well understood that there is an inverse relationship 

between Weber number and SMD (Wu et al., 1992; Brennen & Brennen, 2005). Figure 

6.16 shows the correlation between Weber number and SMD for current study. From the 

graph fitting, a semi-empirical formula expressed as Equation 6.2 was obtained. 

 -0.811
pSMD = 60.515 We  (6.2) 

Referring to Figure 6.16, the lower R2 value of 0.854 was obtained and this can be 

associated with the wide droplets size distribution resulted from spray atomization, which 

caused difficulty in identifying the SMD experimentally. Besides, the percentage error of 

this correlation was determined to be 8.01 %. Thus, it can be suggested that in future 

studies more experimental results under different flowrate should be taken to improve the 

correlation between SMD and Weber number. As shown in Equation 5.21, the droplet exit 

velocity from nozzle can be calculated with Equation 6.3.  

 p

p

m
u

ρ A
=  

(6.3) 

Where A is the nozzle area and m is the mass flowrate.  
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Figure 6.16 Influence of droplets Weber number on SMD. Each point represents a mean 

value and the error bars showed the standard deviation (n=3) 

From Equation 6.2, it can be observed that SMD is highly dependent on the Weber number 

of the droplets. When the density of droplet and nozzle diameter are kept constant, the 

droplet exit velocity from nozzle is directly proportional to flowrate based on Equation 

6.3. Referring to Figure 6.17, Figure 6.18 and Figure 6.19, the exit velocity of droplets 

from nozzle was 5.3 m/s, 6.62 m/s and 7.84 m/s at 40 ml/min, 50 ml/min and 60 ml/min, 

respectively.  

 

Figure 6.17 Simulated droplet velocity at 40 ml/min with 1.5 % alginate concentration 

and 0.4 mm orifice size  
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Figure 6.18 Simulated  droplet velocity at 50 ml/min with 1.5 % alginate concentration 

and 0.4 mm orifice size  

 

Figure 6.19 Simulated droplet velocity at 60 ml/min with 1.5 % alginate concentration 

and 0.4 mm orifice size  

Therefore, an increase in flowrate results in a greater Weber number. Since SMD is 

inversely proportional to Weber number, an increase in Weber number leads to a smaller 

SMD value. As discussed earlier, spray breakup length increases with flowrate. Longer 

spray breakup length will have thinner liquid sheet as shown in Figure 6.20.  

 
Figure 6.20 Schematic representation of the breakup mechanism (Kooij et al., 2018). 

Reproduced under Creative Commons licenses 

Breakup 

length 
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Sprays with longer breakup length produces smaller droplets (Arvidsson et al., 2011; 

Wang et al., 2015) because droplet sizes are mostly close to the thickness of the sheet from 

which they are formed (Hilz & Vermeer, 2013). Thickness of sheets decreases along with 

the central line due to centrifugal force and the sheets break up into droplets. To conclude, 

spray angle increases and SMD decreases with flowrate. Similar results was obtained by 

Isa et al. (2019) where the SMD values of ethanol atomization decreased when flowrate 

increased. This is because the liquid is discharged from the nozzle at a higher velocity 

which promotes a finer spray (Lefebvre & McDonell, 2017).  

Fluid film formation on chamber wall with different alginate flowrate was also studied as 

shown in Figure 6.21. A thicker fluid film formation indicates that the alginate droplets 

tend to stick on the wall, resulting product loss which is unfavorable for the production of 

microbeads.  

(A) 

 

(B) 

 

(C) 

 

 
Figure 6.21 Film thickness of alginate to chamber wall (A) 40 ml/min; (B) 50 ml/min 

and (C) 60 ml/min with 1.5 % alginate concentration and 0.4 mm orifice size at 0.5 s 

It can be seen at 50 ml/min the fluid film thickness was thicker when compared with 40 

ml/min. This is because as flowrate increases, spray angle increases and results in wall 

wetting. However, at 60 ml/min, when the spray angle was wider, film thickness was 

thinner and this is might be due to the low velocity of droplets associated with the small 
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droplets size (Figure 6.5). The speed at which a droplet falls when released into still air is 

strongly related to its diameter (Nuyttens et al., 2009). Smaller droplets having less 

momentum penetrates slower and less deep and this lessen the formation of fluid film at 

chamber wall (Wojdas, 2010).  

Well distributed spray is the main aim for impinging aerosol method. This method 

involves formation of mist of the cross-linking agent which is the CaCl2 solution in a spray 

chamber. The alginate solution droplets are then sprayed into the chamber and solidified 

upon impinging with the CaCl2 mist. It can be hypothesized that a good droplets 

distribution of sprays allows efficient impingement of alginate droplets with CaCl2 mists 

and promotes the formation of gelled microbeads with narrow size distribution. The 

droplets distribution of sprays of alginate and CaCl2 mists at 40 ml/min, 50 ml/min and 

60 ml/min of alginate flowrate at 0.5 s physical time were shown in Figure 6.22, Figure 

6.23 and Figure 6.24, respectively.  

 

Figure 6.22 Droplets distribution of sprays of alginate and CaCl2 at 40 ml/min of 

alginate flowrate, 1.5 % alginate concentration and 0.4 mm orifice size at 0.5 s
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Figure 6.23 Droplets distribution of sprays of alginate and CaCl2 

at 50 ml/min of alginate flowrate, 1.5 % alginate concentration 

and 0.4 mm orifice size at 0.5 s 

 

Figure 6.24 Droplets distribution of sprays of alginate and CaCl2 

at 60 ml/min of alginate flowrate, 1.5 % alginate concentration 

and 0.4 mm orifice size at 0.5 s 
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From Figure 6.22, it can be seen that the at 40 ml/min flowrate, alginate droplets were 

well dispersed within the CaCl2 mists, indicating a great opportunity for alginate droplets 

to impinge with CaCl2 mists, forming gelled beads. Besides, there was more space 

between alginate droplets indicating less chance of collision and coalescence. As for  50 

ml/min  (Figure 6.23),  alginate droplets were also well distributed within the cross linking 

mists but the sprays were dense signifying  that more collisions between alginate droplets 

which might results in formation of larger microbeads. Larger microbeads in the 

encapsulation of microbials is unfavorable as it would not be able to provide sufficient 

oxygen to the center region of microbeads resulting in low cell viability. At 60 ml/min 

(Figure 6.24), it is evident that the alginate sprays were not well spread within the CaCl2 

mists. This is associated with the fact that at high flowrate, small droplets size is produced 

which have less energy and travel less far. This causes lower likelihood of impingement 

between alginate droplets and CaCl2 mists. By considering spray distribution and fluid 

film formation, alginate flowrate of 40 ml/min is deemed suitable for the application of 

impinging aerosol method in microbial encapsulation. Lower fluid film formation and 

well-distributed sprays ensure higher yield of products.     

6.3 Model with collision and without collision 

The sensitivity to collisions was evaluated by comparing the results for simulations with 

and without the NTC collision model. As expected, the particle size distribution is 

different when toggling the collision model as shown in Figure 6.25. Modeling of 

collisions resulted in increased frequency of larger particle size and wider particle size 

distribution most likely due to collisions between neighboring droplets. Modeling of 

droplet collisions have a significant effect on diameter distribution for dense sprays. As 

mentioned earlier, increasing in alginate flowrate results in a denser spray. From the 

simulation results, the total number of collisions for 40 ml/min, 50 ml/min and 60 ml/min 

was 4124, 7994 and 37901, respectively. As sprays become denser the total number of 

collisions between droplets increased significantly. Thus, to accurately predict the SMD 

value of sprays it is essential to activate the collisions model.  
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Figure 6.25 With and without NTC collision model at 40 ml/min, 1.5 % alginate 

concentration and 0.4 mm orifice size  

6.4 Parametric studies  

 

Three scenarios were investigated with the validated CFD model: (i) change in alginate 

concentration, (ii) change in nozzle orifice size and (iii) fine tuning of the Huh and Reitz-

Diwakar break parameters which include KA, c4, and cb1 on spray outcomes.  

6.4.1 Effect of alginate concentration on spray behaviors 

The CFD model was used to study the effect of alginate concentration on spray behaviors 

such as the spray angle, SMD value, fluid film formation and droplets distribution of 

sprays of alginate and CaCl2. Alginate concentration in the range of 1 to 2.5 % (w/v) were 

tested. The density, surface tension and dynamic viscosity at different alginate 

concentration were obtained from literature and tabulated in Table 6.1.  

Table 6.1 Physical properties of alginate at different concentration (Del Gaudio et al., 

2005) 

Alginate concentration (%) 1 1.5 

(Default) 

2.0 2.5 

Density, kg/m3 1004 1007 1010 1012 

Surface Tension, N/m 0.051 0.055 0.059  0.062  

Dynamic viscosity, Pa.s 0.042 0.080 0.160 0.353 
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Figure 6.26 shows the droplet size distribution of alginate sprays at different flowrate. It 

can be observed that at 2.5 % alginate concentration, size distribution was more heavily 

weighted towards larger particles. Alginate concentration of 1 % to 2 % produced a 

smaller particle size distribution with particle size range within 160 to 400 µm. The 

frequency and droplets size were used to determine the SMD value by using Equation 6.1.  

 

Figure 6.26 Droplet size distribution at different alginate concentration with 40 ml/min 

of alginate flowrate and 0.4 mm orifice size  

The simulated spray angle at different flowrate were analyzed using ImageJ software as 

shown in Figure 6.27 to Figure 6.29.  

 
Figure 6.27 Spray angle at alginate concentration of 1 % with 40 ml/min of alginate 

flowrate and 0.4 mm orifice size 
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Figure 6.28 Spray angle at alginate concentration of 2 % with 40 ml/min of alginate 

flowrate and 0.4 mm orifice size  

 
Figure 6.29 Spray angle at alginate concentration of 2.5 % with 40 ml/min of alginate 

flowrate and 0.4 mm orifice size   

The SMD and spray angle of sprays at different alginate concentration were plotted in 

Figure 6.30. Based on Figure 6.30, when alginate concentration increased, the spray angle 

decreased. At alginate concentration of 1 %, the spray angle and SMD were 121.1° and 

224.4 µm, respectively. By increasing the concentration to 1.5 %, 2 % and 2.5 %, the 

spray angle decreased to 82.8°, 32.9° and 14.5°, respectively while SMD increased to 

251.0 µm, 273.7 µm and 327.1 µm, individually. These trends can be linked with the 

increasing viscosity and surface tension of alginate when concentration increases as 

shown in Table 6.1.  
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Figure 6.30 SMD and spray angle at different alginate concentration with 40 ml/min of 

alginate flowrate and 0.4 mm orifice size   

When the alginate concentration increases from 1 % to 2.5 %, the surface tension increases 

from 0.05 N/m to 0.062 N/m and viscosity increases significantly from 0.042 Pa.s to 0.353 

Pa.s. The cause of the decrease in spray angle with increasing viscosity is due to an 

increase in surface shear on the nozzles. At higher liquid viscosity, wall shear stress 

increases which retards the flow (Ahmed et al., 2009). This effect is relatively small for 

fluids with viscosities below 0.01 Pa.s but becomes more pronounced with higher 

viscosity.  

Furthermore, when concentration increases, viscosity increases which reduces the 

Reynolds number of droplets exiting nozzle as shown in Equation 5.10. From the 

simulations, the Reynolds number at 1 %, 1.5 %, 2 % and 2.5 % was 133.96, 129.58, 

115.15 and 111.35, accordingly. At 1 % alginate concentration, low viscosity leads to 

large Reynolds number and thus, the liquid sheet is thin, perturbed, and unstable with 

significant surface waves as shown in Figure 6.31(A). However, increasing the 

concentration to 1.5 % increases the viscosity which results in lower Reynolds number 

and thus, the sheet becomes thick and stable as illustrated in Figure 6.31(B). The liquid 

viscosity damps the surface waves and limits the spreading of the liquid sheet and 

therefore reduces the spray angle (Ahmed et al., 2009).  
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(A) 

 

(B) 

 
Figure 6.31 Liquid sheet at (A) 1 % alginate concentration and (B) 1.5 %  alginate 

concentration with 40 ml/min of alginate flowrate and 0.4 mm orifice size   

In addition, the simulated exit velocity of droplets from nozzle was found to be 5.30 m/s, 

5.29 m/s, 5.28 m/s and 5.27 m/s at 1 %, 1.5 %, 2 % and 2.5 %, respectively. At high 

alginate concentration, the viscous force hinders the discharge of alginate from nozzle and 

results in more friction loss in the nozzle, and hence a lower velocity outside of the nozzle 

and causes a smaller spray angle. Similar trend was obtained by Chang and Farrell (1997), 

Davanlou et al. (2015) and Zhang et al. (2018) where sprays of high viscosity liquid had 

smaller spray angles when compared with low viscosity liquid. Moreover, Figure 6.30 

also shows that when alginate concentration decreased, the spray angle increased 

significantly. This can be described by the fact that when alginate concentration decreases, 

the surface tension decreases. The reduction of surface tension leads to earlier sheet 

breakup due to an increase in the growth rate of the most unstable modes.  An earlier sheet 

breakup indicates that the primary breakup occurs earlier which results in a smaller 

diameter of mother droplets and breaks into smaller child droplets (Davanlou et al., 2015). 

The smaller droplet size with lower surface tensions at the same spatial location leads to 

substantial centrifugal dispersion due to lower inertia leading to a wider spray cone angle 

(Butler Ellis et al., 2001). Similar result was reported by Kang et al. (2018), where an 

increased in liquid viscosity and surface tension suppressed the breakup and atomization 

of the conical liquid film. Besides, larger spray angle produces smaller droplets as there 

is more space to distribute the droplets and so there is less chance of collision and 

coalescence and a greater opportunity to atomize. The fluid film formation was also 

studied for different alginate concentration. These results were presented in Figure 6.32. 

From Figure 6.32(A), it can be observed that when alginate concentration was 1 %, liquid 

film formed were thicker than 1.5 % (Figure 6.21(A)). When the alginate concentration 
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increased to 2 % (Figure 6.32(B)) the film thickness significantly reduced. Figure 6.32(C) 

shows that there was no fluid film formation on wall for 2.5 % alginate concentration.  

(A) 

 

(B) 

 

(C) 

 

 
Figure 6.32 Film thickness of alginate at chamber wall at alginate concentration of  (A) 

1 % (B) 2 % and (C) 2.5 % with 40 ml/min flowrate and 0.4 mm orifice size at 0.5 s 

The droplets distribution of alginate sprays at different alginate concentration were also 

studied and the results were presented in Figure 6.33, Figure 6.34 and Figure 6.35. From 

Figure 6.33, the alginate sprays at 1 % were too widely dispersed in the CaCl2 mists. Less 

alginate droplets were available for the cross-linking with CaCl2 as most of it were 

impinged on the wall. For 2 % alginate concentration (Figure 6.34), the spray distribution 

is very evenly distributed within the CaCl2 mists and it is comparable with 1.5 % (Figure 

6.22), indicating that the collision efficiency between alginate droplets and CaCl2 is high. 

As for 2.5 % concentration (Figure 6.35), the spray distribution was more heavily 

dispersed in the center and alginate droplets were closely packed. This spray pattern is 

unfavorable as it increases the chance of agglomeration of alginate microbeads. Based on 

the spray distribution and fluid film formation, low alginate concentration of 1 % is 

undesirable due to thick fluid film formation and poor alginate spray distribution within 

mists. These issues could result in low production of microbeads and product loss. 

Remarkably, 2 % alginate concentration is the most appropriate due to its uniform droplets 

distribution and lower fluid film formation which assure high throughput. 
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Figure 6.33 Droplets distribution at 1 % alginate concentration 

with 40 ml/min flowrate and 0.4 mm orifice size at 0.5 s 

 

Figure 6.34 Droplets distribution at 2 % alginate concentration 

with 40 ml/min flowrate and 0.4 mm orifice size at 0.5 s 
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Figure 6.35 Droplets distribution at 2.5 % alginate concentration with 40 ml/min 

flowrate and 0.4 mm orifice size at 0.5 s 

6.5 Effect of nozzle orifice size on spray behaviors 

Besides, the effect of nozzle orifice size on spray behaviors was also studied. The effect 

of orifice size on droplets’ SMD and spray angle was studied within the range of 0.2 mm 

to 0.50 mm while alginate concentration and flowrate were kept constant at 1.5 % (w/v) 

and 40 ml/min, respectively. Figure 6.36 shows the droplet size distribution at different 

orifice size. The droplet size distribution was wider with greater orifice size. The 

frequency and size of droplets were used to calculate the SMD under different orifice size. 

Meanwhile, Figure 6.37 to Figure 6.39 show the simulated spray angle under various 

orifice size.  The spray angle was determined by using the ImageJ software. 
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Figure 6.36 Particle size distribution at different nozzle size at 40 ml/min alginate 

flowrate and 1.5 % of alginate concentration  

 
Figure 6.37 Spray angle with 0.20 mm nozzle orifice size at 40 ml/min alginate flowrate 

and 1.5 % alginate concentration  

 
Figure 6.38 Spray angle with 0.30 mm nozzle orifice size at 40 ml/min alginate flowrate 

and 1.5 % alginate concentration  
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Figure 6.39 Spray angle with 0.50 mm nozzle orifice size at 40 ml/min alginate flowrate 

and 1.5 % alginate concentration  

The calculated SMD and spray angle were plotted against orifice size in Figure 6.40. 

 

Figure 6.40 SMD and spray angle at different nozzle diameter at 40 ml/min alginate 

flowrate and 1.5 % of alginate concentration  

Referring to Figure 6.40, it is evident that smaller orifice size produced smaller droplets 

size and spray angle. When nozzle orifice size was 0.2 mm and 0.3 mm the SMD of 23.4 

µm, and 87.8 µm were obtained, accordingly. However, when nozzle orifice size was 0.4 

mm and 0.5 mm, the SMD value was larger with droplets size of 251.0 µm and 478.2 µm, 

respectively. Nozzle with larger orifice diameter produces longer liquid film which 

increase the resistance of spray to disintegrate earlier and results in a greater droplets size. 

According to the simulation results, at 0.2 mm, 0.3 mm, 0.4 mm and 0.5 mm, the droplets 
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exit velocity was 21.2 m/s, 9.41 m/s, 5.29 m/s, 3.39 m/s, respectively. The velocity of 

droplets reduced significantly with orifice size. As the liquid velocity decreases and the 

aerodynamic effect on the liquid sheet reduces and results in a greater droplet size and 

spray angle (Zhang et al., 2017). This trend is in agreement with results obtained by 

various researchers. Ahmed et al. (2009), Chu et al. (2008) and Hussein et al. (2012) 

observed that an increase in orifice diameter increases the spray angle and SMD. 

Moreover, the fluid film formation at different orifice size were studied and the results 

were presented in Figure 6.41. 

(A) 

 

(B) 

 

(C) 

 

 

Figure 6.41 Film thickness of alginate at chamber wall at nozzle size of (A) 0.20mm, (B) 

0.30 mm and (C) 0.50mm at 40 ml/min alginate flowrate and 1.5 % of alginate 

concentration at 0.5 s 

Based on Figure 6.41 when the nozzles size was and 0.2 mm, no fluid film formed on the 

wall due to small spray angle. However, spray angle increased with 0.30 mm nozzle orifice 

size and some fluid film formation can be observed  as shown in Figure 6.41(A). By 

comparing Figure 6.41(B), the fluid film formation for 0.5 mm orifice diameter and Figure 

6.21(A) for 0.4 mm, it is remarkable that even though nozzles size of 0.5 mm had a wider 
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spray angle than 0.4 mm, its fluid film thickness was thinner. This is probably due to the 

lower exit liquid velocity at larger orifice size and thus, the droplets travel less far in the 

radial direction. Figure 6.42 to Figure 6.44 show the droplets distribution of sprays of 

alginate at different orifice size with 40 ml/min alginate flowrate, 1.5 % alginate 

concentration at 0.5 s. 

 

Figure 6.42 Spray distribution of alginate and CaCl2 at 0.20 mm nozzle orifice size at 40 

ml/min alginate flowrate and 1.5 % of alginate concentration at 0.5 s
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Figure 6.43 Spray distribution of alginate and CaCl2 at 0.30 mm 

nozzle orifice size at 40 ml/min alginate flowrate and 1.5 % of 

alginate concentration at 0.5 s 

 
Figure 6.44 Spray distribution of alginate and CaCl2 at 0.50 mm 

nozzle orifice size at 40 ml/min alginate flowrate and 1.5 % of 

alginate concentration at 0.5 s 
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At 0.2 mm orifice size, irregular spray pattern was observed possibly due to the small 

droplets formed. The sprays remain airborne and drift away from their initial trajectory 

because of their light weight and small size.  As reported by Sampath (2005), aerodynamic 

forces have a significant effect on the trajectories of the small droplets. At 0.3 mm orifice 

size, the droplets were heavily dispersed at the top of the chamber. This is because tiny 

droplets have no energy of their own and move with the air mass they are released into. 

In still air, the droplets fraction tends to stay aloft and concentrated. These results showed 

that orifice size of 0.2 mm and 0.3 mm are unsuitable in the application of impinging 

aerosol due to their poor droplets distribution. At 0.5 mm, the alginate spray is well-

distributed. Thus, it can be hypothesized nozzle orifice size of 0.4 or 0.5 mm seems 

appropriate in the impinging aerosol application.  

6.6 Spray Model Tuning  

As presented in Chapter 5, the primary and secondary breakup models can be altered 

through the physical phenomena, such as breakup rate, the unstable droplet lifetime or 

atomization time scale. These phenomena can be controlled by some coefficients, which 

appear in the equations describing the models and which are accessible through the 

commercial code interface. Thus, current study aimed to study the effect in altering the 

parameters on spray behaviours. Concerning the modeling of the primary atomization, as 

shown in Equation 5.17, the breakup rate, KA is responsible for diameters' speed decrease. 

From Equation 5.15 which describes τA, it can be seen that the atomization can be 

prolonged (droplets fragmentation slows down) or shortened (faster breakup) by changing 

the parameters C3 and C4. As reported by Wojdas (2010) the growth of C3 and C4 would 

have the same effect on the bresakup rate, thus this study focused on the effect of C4, time 

scale caused by the KH wave growth mechanism (Baumgarten, 2006). Various constants' 

values were chosen in order to study the effects of the droplets' breakup rate, KA and the 

atomization time scale, C4. By increasing KA, the breakup rate is expected to decrease and 

so longer atomization. The growth of C4 would act on the droplets size, as well as on the 

spray angle. The secondary breakup phenomenon can be also affected by modifying the 

equations of unstable droplet lifetime, for bag and/or stripping breakup regime. As this 

study involved low pressure sprays, only bag breakup mode is expected. From Equation 

5.22, Cb2 define the unstable state duration of a droplet before fragmentation in the bag 
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breakup regime. The general trend linked by decreasing the constants Cb2 will result in an 

earlier atomization and an associated momentum loss, thus decreasing spray penetration 

length (Brulatout et al., 2016). 

KA is a parameter which controls the droplets size of sprays. The droplets size of the global 

spray is primarily controlled by the mother parcels of the Huh model which are responsible 

for emulating the liquid core. At lower value of KA, the atomization proceeds faster due 

to the faster growths of stripped mass, and consequently, the Huh breakup produces 

mother droplets with lesser mass and as a consequence with smaller diameters. Figure 

6.45 shows the droplets size distribution at different KA value.  

 

Figure 6.45 Size distribution of droplets at different KA value, alginate flowrate of 40 

ml/min, 1.5 % alginate concentration and 0.4 mm orifice size 

Referring to Figure 6.45, when KA increased from default value of 0.1 up to 15, there was 

no visible effect on the size distribution of droplets. The spray angle and spray penetration 

length with different KA value were studied and the results were illustrated in Figure 6.46. 

It can be observed that the spray angle and spray penetration length were almost insensible 

to the increase of the KA, a parameter responsible for the diameter decrease speed. Similar 

results was reported by Wojdas (2010), where an increase in KA had negligible effect in 

spray penetration length.  
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Figure 6.46 Effect of KA on spray angle and spray penetration, alginate flowrate of 40 

ml/min, 1.5 % alginate concentration and 0.4 mm orifice size 

As for the studies of the atomization time scale parameter, this study focused on the C4 

parameter to simulate jet behaviour for slower and faster primary breakup. Slower primary 

breakup was achieved by increasing the C4 above default value of 1.5, whereas faster 

primary breakup was accomplished by reducing C4 below 1.5. The droplet size distribution 

at different C4 value was plotted in Figure 6.47. 

 

Figure 6.47 Size distribution of droplets at different C4 value, alginate flowrate of 40 

ml/min, 1.5 % alginate concentration and 0.4 mm orifice size 
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Referring to Figure 6.47, When C4 increased above 1.5, it can be observed that wider 

droplet distribution was obtained and more droplets with greater size was produced. Thus, 

it can be hypothesized that an increase in C4 value leads to an increase in SMD value. 

When primary breakup is slower, the breakup generates larger parents droplets and which 

results in child droplets with larger diameters due to later breakups which suffer from the 

turbulence decay (Aguerre et al., 2019). The spray angle and spray penetration length 

results for various C4 values were presented in Figure 6.48. 

 

Figure 6.48 Effect of C4 on spray angle and spray penetration, alginate flowrate of 40 

ml/min, 1.5 % alginate concentration and 0.4 mm orifice size 

Based on Figure 6.48, it can be detected that such a C4 has an important influence on the 

simulated spray penetration length and spray angle. This behaviour can be explained by 

the fact that the atomization time scale, τA, affects not only the breakup rate but also the 

shape of the simulated jet (semi-cone angle), as indicated in the Equation 5.18. Once τA 

increases by increasing C4, the droplets follow more radial directions (spray cone angle 

increase), the liquid penetration shortens (Wojdas, 2010).  In addition, when spray angle 

decreases, the sprays become denser and droplet collision occurs frequently in dense 

sprays (Hou & Schmidt, 2006). As reported by Finotello et al. (2017) and Wu et al. (2020), 

the droplet size is significantly affected by the collision dynamics. Larger droplets tend to 

form when coalescence happens. 
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The physical phenomena of the secondary breakup duration can be controlled by the 

constant Cb2. Increasing this parameter leads to the unstable droplet lifetime extension, in 

other words, slower breakup of the secondary droplets. Figure 6.49 shows the droplet size 

distribution with different Cb2 values.  

 
Figure 6.49 Size distribution of droplets at different cb2 value, alginate flowrate of 40 

ml/min, 1.5 % alginate concentration and 0.4 mm orifice size 

As presented in Figure 6.49, the obtained results confirmed the theory where greater Cb2 

value (Cb2=5) prolonged unstable droplet lifetime, the size of droplet decreases slower 

which leads to a greater droplets size. When Cb2=π, the smallest droplets size obtained 

was 182µm, whereas when Cb2 was 5, 189 µm were produced. At Cb2 of 0.5 and 2, smallest 

droplets size obtained was 175 µm and 180 µm, correspondingly. By decreasing the value 

of Cb2, it accelerates the breakup process and faster fragmentation could be achieved. As 

shown in Figure 6.50 with unstable droplet lifetime diminishing (lower Cb2 value), the 

spray penetration length decreased, which is the direct result of smaller droplets diameters 

having less momentum. Nevertheless, by altering the value of Cb2 did not affect the spray 

angle and spray penetration length is only slightly affected.   
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Figure 6.50 Effect of Cb2 on spray angle and spray penetration, alginate flowrate of 40 

ml/min, 1.5 % alginate concentration and 0.4 mm orifice size 

In summary, valuable findings regarding effect of parameters of Huh and Reitz-Diwakar 

on spray outcomes were determined. It was observed that at low pressure sprays 

application, KA has negligible effect on spray behaviors. While, C4 has a greater effect on 

droplets size, spray penetration length and spray angle. Slight tuning of the value of Cb2 

significantly affects the diameter of the droplets resulting from the secondary atomization. 

Remarkably, C4 and Cb2 can be used to fine tune the validated model based on the 

experimental results in the future research works under different operating conditions. 

Satisfactory results in terms of spray outcomes can be achieved if proper tuning is adopted.  

6.7  Concluding remarks 

Experiments results with different alginate flowrate were used to validate the simulation 

results obtained and then the validated model was used for parametric studies. Some of 

the key findings are: 

1. Spray angle increased and SMD decreased with increasing flowrate. Good 

agreement was obtained for SMD and spray angles between experiments and 

simulations. Well-distributed droplets distribution of alginate sprays within CaCl2 

mists was observed at alginate flowrate of 40 ml/min.  
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2. By increasing the alginate concentration, spray angle was reduced and SMD was 

larger. Alginate concentration of 2 % was found to be the most suitable 

concentration to be used in impinging aerosol application due to its uniform spray 

distribution and minimal fluid film formation.   

3. An increase in nozzle orifice size caused the spray angle and SMD to increase. 

Orifice size of 0.4 mm and 0.5 mm were found to be appropriate for the impinging 

aerosol techniques due to its desirable SMD of alginate droplets. The alginate 

sprays were well dispersed within the CaCl2 mists which allows high 

encapsulation efficiency.  

 

Besides, the parameters in primary and secondary breakup that involve in breakup rate 

and atomization time were studied. The main purpose of sensitivity analysis is to provide 

insight on which parameter is important for break up mechanism and allows future 

researches to pay more attention to carry out experiments to determine better prediction 

of the parameters. Some of the findings include: 

1. Breakup rate, KA had negligible influence on droplets size, spray penetration 

length and angle.  

2. The atomization time scale, C4 changes affect mainly the droplets size distribution, 

spray cone angle and spray penetration length.  

3. Secondary breakup can be modified through the variation in the duration of the 

droplets' breakup, Cb2. Results shown that Cb2 had desirable effect on droplets size 

but very slight influence on the spray length penetration and negligible effect on 

spray angle.  
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CHAPTER 7  

 

CONCLUSION AND RECOMMENDATION 

 

 

 

This chapter represents a conclusion to the work achieved in this doctoral dissertation. 

The main findings and contributions are highlighted and follows by recommendations of 

potential future works. 

 

 

7.1 Conclusion 

 

The first objective of the present work is to identify the native PSMs that possess the 

ability to solubilize fixed phosphate in soil. Isolation of PSMs from peat was done as it 

was reported by various researchers that PSMs isolated from stressed environment would 

have the tendency to solubilize more phosphate that PSMs isolated from mild condition 

environment. Peat is very acidic and thus it can be hypothesized that PSMs obtained from 

peat would be able to survive the high acidity and compete with the native microflora. 

Isolation from peat ensures that the PSMs isolated is suitable to be used as microbial 

inoculant for acid-soil based agriculture. The findings showed that Staphylococcus sp. 

isolated from tropical peat has the capability to solubilize insoluble phosphate. When 

tested in modified NBRIP broth, Staphylococcus haemolyticus HCLB02 had the highest 

phosphate solubilization potential. The culture medium with glucose, yeast and 

magnesium chloride hexahydrate concentration of 10 g/L, 2 g/L and 5 g/L, respectively 

gave the highest phosphate solubilization activity of 39.65 ppm. This can be associated 

with the cell growth of Staphylococcus haemolyticus HCLB02. At optimized culture 

medium, cell growth is highest and thus, more organic acids are produced. These organic 

acids act as chelating agent and form stable complexes with Al3+ ions releasing soluble 
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phosphate for plant uptake. To the best of the authors’ knowledge in this work, this is the 

first report on the AlPO4 solubilization ability of S. haemolyticus. 

Microencapsulation is a useful method in enhancing the survival of PSMs in harsh soil 

environment after inoculation. However, conventional extrusion method is a batch process 

and limit the process scale up. Thus, the feasibility of a continuous impinging aerosol 

method to encapsulate cells was demonstrated in this study. Alginate microbeads in a 

range of 100 to 300 μm in size, encapsulating S. haemolyticus as active ingredient were 

produced by a novel technique involving dual aerosols of alginate solution and CaCl2 

cross linking solution. Cell viability of dried microbeads was optimized by varying three 

parameters namely alginate flowrate, alginate concentration and CaCl2 concentration and 

the optimized conditions were found to 40 ml/min of alginate flowrate, 1.5 % (w/v) 

alginate concentration and 0.1 M CaCl2. The results obtained showed that cell viability 

was approximately 54 % after lyophilization with 0.54×109 CFU/g of dried microbeads. 

It is believed that the cell concentration of dried beads obtained is sufficient to obtain 

positive response from plants as various researchers have been reporting that minimum 

count of viable cells of 107 to 109 CFU/g is required. The cell release of PSMs from dried 

microbeads was investigated and it was found that cell release followed the main Case II 

release mechanism with skeleton corrosion mechanism. Microbeads swell by absorbing 

water follows by partial disintegration of matrix and thus, releasing the bacteria.  

Generally, the microencapsulation of PSMs by using the impinging aerosol method can 

be controlled by altering the physical properties of solutions, operating conditions and 

type of nozzles. These parameters can be adjusted to control the spray outcomes which 

include droplets’ distribution, spray angle, droplets size and fluid film formation on 

encapsulation chamber wall. However, it is impracticable to test these parameters 

experimentally as it is time consuming and unsustainable. Hence, CFD model with 

Eulerian-Lagrangian framework was developed to predict the spray outcomes. Huh model 

and Reitz-Diwakar were employed for primary and secondary atomization, respectively. 

The impingement of spray droplets on wall was modeled with Bai-Gosman model. The 

numerical results showed good agreement when validated with against experimental 

results. Based on the spray distribution and fluid film formation, alginate flowrate of 40 
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ml/min seems to be appropriate for the application of impinging aerosol method in 

microbial encapsulation due to its lower fluid film formation and well-distributed sprays 

when compared with 50 ml/min and 60 ml/min. The validated model was then used to 

investigate the effects of alginate concentration and nozzle orifice size on spray behaviors. 

Based on the results obtained for SMD, spray distribution and fluid film formation, it was 

observed that alginate concentration of 2 % and orifice size in the range of 0.4 mm to 0.5 

mm are suitable for the production of alginate microbeads. At 40 ml/min with 2 % of 

alginate concentration and orifice size of 0.4 mm or 0.5 mm, well-dispersed sprays and 

desirable SMD of microbeads can be achieved. The primary and secondary breakup 

phenomena was also investigated by adjusting the parameters such as KA, C4 and Cb2. 

Results showed that breakup rate, KA has negligible effect on the droplets size while the 

time scale parameter, C4 and unstable droplet lifetime, Cb2 have significant effect on the 

droplets diameter. These parameters can be used to fine tune the model based on 

experimental results in the future works.  

The key findings and novel contributions of this works are summarized below: 

1. Staphylococcus haemolyticus HCLB02 isolated from peat possesses the ability to 

solubilize insoluble fixed phosphate. It can be hypothesized that S. haemolyticus HCLB02 

is suitable to be used as microbial inoculant in the acid or peat-based agriculture.  

2. The production of PSMs-loaded alginate microbeads by employing the impinging 

aerosol method is feasible. Under optimized operating conditions, microbeads with 

average particle size of 250 µm can be obtained with high cell viability. It seems that there 

is a great potential for this method to be used in the mass production of PSMs-loaded 

alginate microbeads as microbial inoculant.  

3. The validated CFD model could be used to predict the spray outcomes in impinging 

aerosol application. The droplets’ distribution profiles give insight on the mixing of 

alginate droplets and CaCl2 mists. High efficiency of encapsulation is expected when 

alginate droplets is well-distributed within the CaCl2 mists. 
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7.2 Future Research Directions 
 

The following recommendations are made for future studies to advance the development 

of Staphylococcus haemolyticus as microbial inoculants in acid-soil based agriculture.   

Experiments: 

1. The type and amount of organic acids produced by Staphylococcus haemolyticus 

should be identified and quantified.  

2. Before Staphylococcus haemolyticus could be recommended as biofertilizers, pot 

culture experiments as well as field conditions should be carried out to study their 

plant growth promoting potential.  

3. Additional results should be taken to reduce the error from standard plate count 

method when determine the cell viability for microencapsulation.  

4. Additional improvement needs to be done in terms of bacterial survival after 

lyophilization. Fillers that serve as a carbon source to bacteria such as starch, skim 

milk, chitosan or humic acid could be mixed with alginate solution during 

encapsulation process in order to improve cell survival.   

5. Improvement in terms of the control release of PSMs from the microbeads at acidic 

soil should be carried out. The mechanical stability of the beads is largely 

influenced by the properties of the support material. Biopolymer such as chitosan 

can be used to coat the alginate microbeads to improve the cell release. 

6. As Staphylococcus haemolyticus is an opportunistic pathogen that is well-known 

for its highly antibiotic-resistant phenotype, additional researches must be done 

before industrial application. Firstly, the threat posed by Staphylococcus 

haemolyticus in soil towards animal and human health must be assessed. Secondly, 

proper management procedures to be taken in order to prevent these microbial 

inoculants from entering any source of drinking water or food. The application 

should also be timed to avoid spreading during heavy rainfall which may lead to 

run off and leaching of nutrients into water resources where they become 

pollutants. Lastly, identify the minimal dose (application rate) needed for bacterial 

colonization of plants to prevent excessive application which might cause toxicity 

to livestock consuming the crops.  
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7. The effect of nozzles distance on encapsulation efficiency and cell viability could 

be further explore.  

Simulations: 

1. Laser diffraction (LD) and phase doppler particle analysis (PDPA) techniques 

should be used to characterize the droplet size near the point of liquid atomization 

or breakup in order to obtain accurate predictions of sprays. By employing these 

techniques, droplets size distribution profiles could be obtained, and this can be 

used to fine-tune the breakup parameters in order to obtain a more precise results.  

2. Different breakup models such as TAB or KHRT breakup model on spray 

atomization could be studied to identify the best breakup model that explains the 

spray behaviors.  

3. Film thickness could be measured and spray distribution profiles under different 

alginate flowrate should be captured to further improve and supports the model 

validation. 

4. More experimental results at different alginate flowrate could be obtained to 

improve the correlation between SMD and Weber number. More samples should 

be taken for the determination of SMD experimentally.  
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APPENDIX 

 

 

Appendix A Isolation Process 

 

Isolation of phosphate solubilizing microorganisms were done on NBRIP and NBRIP-

BPB agar and pure isolates were obtained by sub-culturing on modified TSA. The 

isolation process for Sample A was as follow: 

       

 

 

 

 

 

 

0.1 ml of sample were spread on 

NBRIP agar and incubated at 30ºC 

for 5 d 

Distinct colonies were 

picked and transferred 

to NBRIP-BPB agar 

Incubated at 30ºC for 3 d 

Colonies that turned dye to yellow were 

further purified with modified TSA until pure 

isolates were obtained. Pure isolates were 

kept in refrigerator at 4ºC 
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Appendix B Preparation of Phosphate Calibration Curve 

 

Phosphate calibration curve was prepared by using standard phosphate solution KH2PO4 

(150 mg PO4
- /L) as the stock solution. The calibration curve was prepared in the range of 

0 to 30 ppm of PO4
-. The absorbance was taken at wavelength of 400 nm using UV-Visible 

spectrometer. The results were tabulated as follow in Table A.1. Plot of absorbance against 

phosphate concentration was shown in Figure A.1. 

Table A.1 Phosphate calibration curve. Each point represents a mean value and the error 

bars showed the standard deviation (n=3) 

Concentration, 

ppm 

Stock 

solution, 

ml 

NBRIP 

solution, 

ml 

Vanadate 

molybdate 

reagent, ml 

Distilled 

water, ml 

Absorbance 

0 0 3 1 1 0 

7.5 0.25 3 1 0.75 0.32±0.01 

15 0.5 3 1 0.5 0.60±0.02 

22.5 0.75 3 1 0.25 0.91±0.03 

30 1 3 1 0 1.20±0.02 
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Figure A.1 Plot of absorbance against phosphate concentration. Each point represents a 

mean value (n=3) and error bars (±SD) are shown when larger than symbol 

 

From the plot, the r-squared of the standard phosphate calibration curve was determined 

to be 0.9996 with equation of y=0.0397x+0.01, where y is the absorbance measure at 

wavelength of 400 nm and x is the soluble phosphate concentration in ppm. This equation 

was used to identify the amount of soluble phosphate in supernatant throughout the studies.  

  

y = 0.0397x + 0.01

R² = 0.9996

0.000

0.200

0.400

0.600

0.800

1.000

1.200

1.400

0 5 10 15 20 25 30 35

A
b

so
rb

an
ce

 @
 4

0
0

 n
m

Phosphate concentration, ppm

Standard phosphate calibration curve



 

203 

 

Appendix C Data on Preliminary Test of Phosphate Solubilization Potential of 

Isolated Bacteria 

 

16 isolates were obtained and tested for their phosphate solubilization ability in NBRIP 

broth supplemented with AlPO4 as the insoluble phosphate source. The results were 

expressed in mean for triplicates and tabulated in Table A.2. 

Table A.2 Preliminary test on the phosphate solubilization potential of 16 isolates. Each 

point represents a mean value and the error bars showed the standard deviation (n=3) 

 

Absorbance @ 400 

nm 

Phosphate solubilized, 

ppm 

Net phosphate 

solubilized, ppm 

Control 0.23±0.01 5.47±0.14 0.00 

A02 1.08±0.02 26.90±0.59 21.43±0.45 

A03 0.84±0.01 20.92±0.27 15.45±0.13 

A05 0.77±0.01 19.22±0.26 13.75±0.11 

A06 1.08±0.01 26.90±0.22 21.42±0.08 

A08 0.77±0.01 19.01±0.11 13.54±0.03 

A09 1.06±0.08 26.53±2.00 21.06±1.86 

A10 1.08±0.06 26.95±1.61 21.48±1.46 

A11 0.79±0.03 19.67±0.78 14.19±0.63 

B02 1.17±0.02 29.14±0.50 23.67±0.35 

B03 0.82±0.02 20.33±0.55 14.85±0.40 

B04 0.87±0.01 21.55±0.24 16.07±0.09 

B05 0.49±0.04 12.14±0.99 6.67±0.85 

B06 0.98±0.05 24.31±1.13 18.83±0.99 

C03 1.08±0.04 26.95±1.01 21.48±0.87 

C10 1.05±0.06 26.19±1.50 20.71±1.36 

C11 1.16±0.02 28.88±0.40 23.41±0.26 

* A denotes samples enriched with nutrient broth; B denotes samples enriched with Al-P, 

Fe-P and phytate; C denotes samples enriched with Al-P and Fe-P before isolation 

process. 
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Appendix D Data on Determination of Isolates A10, B02 and C11 

 

The 3 isolates from preliminary tests that showed highest phosphate solubilization 

potential were selected and tested in modified NBRIP. Besides, the effect of addition of 

soluble during inoculum preparation were studied. The results of triplicates were 

expressed in average and shown in Table A.3. 

 

Table A.3 Comparison on soluble P concentration and pH when cell culture grown with 

KH2PO4 prior to testing using modified NBRIP broth. Each point represents a mean 

value and the error bars showed the standard deviation (n=3) 

 

Absorbance Phosphate 

solubilized, 

ppm 

Net phosphate 

solubilized, ppm 

pH of medium 

Control 0.11±0.01 5.47±0.14 0.000 5.54±0.11 

A10 0.88±0.04 44.04±1.78 38.56±1.64 3.66±0.08 

B02 0.91±0.03 45.13±1.29 39.65±1.15 3.71±0.02 

C11 0.67±0.03 33.31±1.43 27.83±1.29 3.74±0.03 
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Appendix E Preparation of Growth Curve for Bacteria, S. haemolyticus HCLB02 

 

A loop of S. haemolyticus HCLB02 was transferred from modified TSA plates to 20 ml 

of modified NBRIP broth containing per litre: 10 g glucose, 5 g MgCl2.6H2O, 0.25g 

MgSO4. 7H2O, 0.2 g KCl, 2 g yeast extract (Nautiyal, 1999) supplemented with 2.5 g 

soluble phosphate, KH2PO4 and grown at 37ºC, 130 rpm for 24 h. Then, 1 ml of cell culture 

(adjusted to OD 1.0 by diluting with NBRIP broth, approximately 0.5 x 108 CFU/ml) was 

transferred into 50 ml of fresh modified NBRIP broth and incubated at 37ºC for 24 h at 

130 rpm. Samples were removed at intervals and the OD were recorded. Experiments were 

in performed in triplicate and the data were tabulated in Table A.4. 

 

Table A.4 Optical density of S. haemolyticus HCLB02 over period of 24h. Each point 

represents a mean value and the error bars showed the standard deviation (n=3) 

Time (h) OD600 Time (h) OD600 

0 0.04±0.02 10 3.09±0.18 

2 0.03±0.02 11 4.48±0.14 

4 0.08±0.01 12 4.70±0.14 

5 0.14±0.02 13 5.08±0.21 

6 0.26±0.01 16 6.40±0.01 

7 0.62±0.03 20 6.20±0.22 

8 1.29±0.01 24 5.89±0.09 

9 2.33±0.13   
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Figure A.2 Growth curve for S. haemolyticus HCLB02. Each point represents a mean value (n=3) and error bars (±SD) are shown 

when larger than symbol



 

207 

 

Figure A.2 shows the growth curve of S. haemolyticus HCLB02 over period of 24 h. From 

the curve, at 0 – 7 h it was in the lag phase where there was only small increase in cell 

numbers. At this phase, cells were adjusting to its new environment and started to 

synthesize ribosomal RNA and enzymes for replication. The cells increased slowly 

initially and approaching an exponential growth rate at 7 – 16 h. At exponential phase, 

cells doubled at a constant, exponential rate. It entered the stationary phase at 16 h to 18 

h and at this phase, growth rate and death rate were equal as nutrients were depleted and 

accumulated carbon dioxide and wastes caused the pH of medium to drop. Eventually, the 

cells entered the death phase after 20 h. Here, the death rate was greater than growth rate 

caused the cells number to decrease. Based on the growth curve, B02 entered stationary 

phase between 16 – 20 h. Thus, inoculum in this research works was prepared by culturing 

bacteria for 20 h at 37ºC. 

 

The specific growth rate of S. haemolyticus can be determined with following equations: 

dX
uX

dt
= , where u= specific growth rate (h-1) 

Rearranging it, 

 
dX

u dt
X

=  

Integrate it, 

lnX u t C= + , where C = ln X0 

 0ln X u t ln X= +  

 

Note that, specific growth rate, u is the slope of the straight line at exponential phase. 

Straight line of exponential phase was presented in Figure A.3. The specific growth rate 

was found to be 0.9035 h-1. 
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Figure A.3 Exponential phase for S. haemolyticus HCLB02. Each point represents a 

mean value (n=3) and error bars (±SD) are shown when larger than symbol 
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Appendix F Data on Changes in Phosphate Solubilization and pH of S. 

haemolyticus HCLB02 

 

The changes in phosphate solubilization and pH of culture medium by S. haemolyticus 

HCLB02 were studied for a period of 8 d. Results were tabulated in Table A.5. 

 

Table A.5 Changes in the phosphate solubilization and pH of S. haemolyticus HCLB02. 

Each point represents a mean value and the error bars showed the standard deviation 

(n=3) 

Time, d Absorbance 

@ 400nm 

Net concentration of soluble phosphate, ppm pH 

0 0 0 5.54±0.11 

1 0.67±0.02 27.98±1.06 3.78±0.11 

2 0.77±0.03 32.90±1.39 3.56±0.05 

3 0.76±0.02 32.18±1.11 3.68±0.02 

4 0.83±0.02 35.93±1.20 3.72±0.04 

5 0.87±0.01 37.62±0.67 3.78±0.06 

6 0.81±0.03 34.78±1.24 3.78±0.04 

7 0.80±0.04 34.35±1.91 3.73±0.03 

8 0.79±0.01 33.84±0.44 3.74±0.05 

  



 

210 

 

Appendix G 16s rRNA Sequencing of A10, B02 and C11  

 

A10 - Staphylococcus haemolyticus HCLA10 (MK140946) 

 

CAGACAAGGAGCTTGCTCCTTTGACGTTAGCGGCGGACGGGTGAGTAACAC

GTGGGTAACCTACCTATAAGACTGGGATAACTTCGGGAAACCGGAGCTAAT

ACCGGATAATATTTCGAACCGCATGGTTCGATAGTGAAAGATGGTTTTGCTA

TCACTTATAGATGGACCCGCGCCGTATTAGCTAGTTGGTAAGGTAACGGCTT

ACCAAGGCGACGATACGTAGCCGACCTGAGAGGGTGATCGGCCACACTGGA

ACTGAGACACGGTCCAGACTCCTACGGGAGGCAGCAGTAGGGAATCTTCCG

CAATGGGCGAAAGCCTGACGGAGCAACGCCGCGTGAGTGATGAAGGTCTTC

GGATCGTAAAACTCTGTTATTAGGGAAGAACATACGTGTAAGTAACTATGCA

CGTCTTGACGGTACCTAATCAGAAAGCCACGGCTAACTACGTGCCAGCAGCC

GCGGTAATACGTAGGTGGCAAGCGTTATCCGGAATTATTGGGCGTAAAGCG

CGCGTAGGCGGTTTTTTAAGTCTGATGTGAAAGCCCACGGCTCAACCGTGGA

GGGTCATTGGAAACTGGAAAACTTGAGTGCAGAAGAGGAAAGTGGAATTCC

ATGTGTAGCGGTGAAATGCGCAGAGATATGGAGGAACACCAGTGGCGAAGG

CGACTTTCTGGTCTGTAACTGACGCTGATGTGCGAAAGCGTGGGGATCAAAC

AGGATTAGATACCCTGGTAGTCCACGCCGTAAACGATGAGTGCTAAGTGTTA

GGGGGTTTCCGCCCCTTAGTGCTGCAGCTAACGCATTAAGCACTCCGCCTGG

GGAGTACGACCGCAAGGTTGAAACTCAAAGGAATTGACGGGGACCCGCACA

AGCGGTGGAGCATGTGGTTTAATTCGAAGCAACGCGAAGAACCTTACCAAA

TCTTGACATCCTTTGACAACTCTAGAGATAGAGCCTTCCCCTTCGGGGGACA

AAGTGACAGGTGGTGCATGGTTGTCGTCAGCTCGTGTCGTGAGATGTTGGGT

TAAGTCCCGCAACGAGCGCAACCCTTAAGCTTAGTTGCCATCATTAAGTTGG

GCACTCTAAGTTGACTGCCGGTGACAAACCGGAGGAAGGTGGGGATGACGT

CAAATCATCATGCCCCTTATGATTTGGGCTACACACGTGCTACAATGGACAA

TACAAAGGGCAGCGAAACCGCGAGGTCAAGCAAATCCCATAAAGTTGTTCT

CAGTTCGGATTGTAGTCTGCAACTCGACTACATGAAGCTGGAATCGCTAGTA

ATCGTAGATCAGCATGCTACGGTGAATACGTTCCCGGGTCTTGTACACACCG

CCCGTCACACCACGAGAGTTTGTAACACCCGAAGCCGGTGGAGTAA 
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B02 - Staphylococcus haemolyticus HCLB02 (MK140948) 

AAGGAGCTTGCTCCTTTGACGTTAGCGGCGGACGGGTGAGTAACACGTGGG

TAACCTACCTATAAGACTGGGATAACTTCGGGAAACCGGAGCTAATACCGG

ATAATATTTCGAACCGCATGGTTCGATAGTGAAAGATGGTTTTGCTATCACT

TATAGATGGACCCGCGCCGTATTAGCTAGTTGGTAAGGTAACGGCTTACCAA

GGCGACGATACGTAGCCGACCTGAGAGGGTGATCGGCCACACTGGAACTGA

GACACGGTCCAGACTCCTACGGGAGGCAGCAGTAGGGAATCTTCCGCAATG

GGCGAAAGCCTGACGGAGCAACGCCGCGTGAGTGATGAAGGTCTTCGGATC

GTAAAACTCTGTTATTAGGGAAGAACATACGTGTAAGTAACTGTGCACGTCT

TGACGGTACCTAATCAGAAAGCCACGGCTAACTACGTGCCAGCAGCCGCGG

TAATACGTAGGTGGCAAGCGTTATCCGGAATTATTGGGCGTAAAGCGCGCGT

AGGCGGTTTTTTAAGTCTGATGTGAAAGCCCACGGCTCAACCGTGGAGGGTC

ATTGGAAACTGGAAAACTTGAGTGCAGAAGAGGAAAGTGGAATTCCATGTG

TAGCGGTGAAATGCGCAGAGATATGGAGGAACACCAGTGGCGAAGGCGACT

TTCTGGTCTGTAACTGACGCTGATGTGCGAAAGCGTGGGGATCAAACAGGAT

TAGATACCCTGGTAGTCCACGCCGTAAACGATGAGTGCTAAGTGTTAGGGG

GTTTCCGCCCCTTAGTGCTGCAGCTAACGCATTAAGCACTCCGCCTGGGGAG

TACGACCGCAAGGTTGAAACTCAAAGGAATTGACGGGGACCCGCACAAGCG

GTGGAGCATGTGGTTTAATTCGAAGCAACGCGAAGAACCTTACCAAATCTTG

ACATCCTTTGACAACTCTAGAGATAGAGCTTTCCCCTTCGGGGGACAAAGTG

ACAGGTGGTGCATGGTTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAAGT

CCCGCAACGAGCGCAACCCTTAAGCTTAGTTGCCATCATTAAGTTGGGCACT

CTAAGTTGACTGCCGGTGACAAACCGGAGGAAGGTGGGGATGACGTCAAAT

CATCATGCCCCTTATGATTTGGGCTACACACGTGCTACAATGGACAATACAA

AGGGCAGCGAAACCGCGAGGTCAAGCAAATCCCATAAAGTTGTTCTCAGTT

CGGATTGTAGTCTGCAACTCGACTACATGAAGCTGGAATCGCTAGTAATCGT

AGATCAGCATGCTACGGTGAATACGTTCCCGGGTCTTGTACACACCGCCCGT

CACACCACGAGAGTTTGTAACACCCGAAGCCGGTGGAG 
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C11 – Staphylococcus cohnii HCLC11 (MK140949) 

 

TTTGACGTTAGCGGCGGACGGGTGAGTAACACGTGGGTAACCTACCTATAA

GACTGGAATAACTCCGGGAAACCGGGGCTAATGCCGGATAACATTTAGAAC

CGCATGGTTCTAAAGTGAAAGATGGTTTTGCTATCACTTATAGATGGACCCG

CGCCGTATTAGCTAGTTGGTAAGGTAACGGCTTACCAAGGCAACGATACGTA

GCCGACCTGAGAGGGTGATCGGCCACACTGGAACTGAGACACGGTCCAGAC

TCCTACGGGAGGCAGCAGTAGGGAATCTTCCGCAATGGGCGAAAGCCTGAC

GGAGCAACGCCGCGTGAGTGATGAAGGTCTTCGGATCGTAAAACTCTGTTAT

TAGGGAAGAACAAATGTGTAAGTAACTGTGCACGTCTTGACGGTACCTAATC

AGAAAGCCACGGCTAACTACGTGCCAGCAGCCGCGGTAATACGTAGGTGGC

AAGCGTTATCCGGAATTATTGGGCGTAAAGCGCGCGTAGGCGGTTTCTTAAG

TCTGATGTGAAAGCCCACGGCTCAACCGTGGAGGGTCATTGGAAACTGGGA

AACTTGAGTGCAGAAGAGGAAAGTGGAATTCCATGTGTAGCGGTGAAATGC

GCAGAGATATGGAGGAACACCAGTGGCGAAGGCGACTTTCTGGTCTGTAAC

TGACGCTGATGTGCGAAAGCGTGGGGATCAAACAGGATTAGATACCCTGGT

AGTCCACGCCGTAAACGATGAGTGCTAAGTGTTAGGGGGTTTCCGCCCCTTA

GTGCTGCAGCTAACGCATTAAGCACTCCGCCTGGGGAGTACGACCGCAAGG

TTGAAACTCAAAGGAATTGACGGGGACCCGCACAAGCGGTGGAGCATGTGG

TTTAATTCGAAGCAACGCGAAGAACCTTACCAAATCTTGACATCCTTTGACA

ACTCTAGAGATAGAGCCTTCCCCTTCGGGGGACAAAGTGACAGGTGGTGCA

TGGTTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGCAACGAGC

GCAACCCTTAAGCTTAGTTGCCAGCATTAAGTTGGGCACTCTAAGTTGACTG

CCGGTGACAAACCGGAGGAAGGTGGGGATGACGTCAAATCATCATGCCCCT

TATGATTTGGGCTACACACGTGCTACAATGGACAATACAAAGGGCAGCTAA

ACCGCGAGGTCATGCAAATCCCATAAAGTTGTTCTCAGTTCGGATTGTAGTC

TGCAACTCGACTACATGAAGCTGGAATCGCTAGTAATCGTAGATCAGCATGC

TACGGTGAATACGTTCCCGGGTCTTGTACACACCGCCCGTCACACCA 
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Appendix H Data on Cultural Condition Optimization for Maximal Phosphate 

Solubilization 

 

H.1 Data on effect of glucose concentration on phosphate solubilization of S. 

haemolyticus HCLB02 

 

The effect of glucose concentration on the phosphate solubilization ability of S. 

haemolyticus HCLB02 were studied in the range of 0 g L-1 to 20 g L-1. Results were 

tabulated in Table A.6. 

 

Table A.6 Effect of glucose concentration on the phosphate solubilization and cell 

growth of S. haemolyticus HCLB02. Each point represents a mean value and the error 

bars showed the standard deviation (n=3) 

Glucose 

concentration 

(g/L) 

Absorbance 

(P-solubilized) 

@ 400nm 

Absorbance 

(Control) 

@ 400nm 

Net concentration 

of soluble 

phosphate, ppm 

Cell 

concentration 

(x108 

CFU/ml) 

0 0.35±0.03 0.13±0.01 11.21±1.12 0.46±0.06 

5 0.50±0.05 0.19±0.01 15.69±2.20 0.62±0.11 

10 0.91±0.03 0.11±0.01 39.65±1.29 2.69±0.15 

15 0.96±0.03 0.11±0.00 42.47±1.32 2.85±0.09 

20 1.01±0.06 0.11±0.01 45.38±2.57 2.90±0.12 
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H.2 Data on effect of yeast concentration on phosphate solubilization of S. 

haemolyticus HCLB02 

 

The effect of yeast concentration on the phosphate solubilization ability of S. haemolyticus 

HCLB02 were studied in the range of 0 g L-1 to 4 g L-1. Results were tabulated in Table 

A.7. 

 

Table A.7 Effect of yeast concentration on the phosphate solubilization and cell growth 

of S. haemolyticus HCLB02. Each point represents a mean value and the error bars 

showed the standard deviation (n=3) 

Yeast 

concentration 

(g/L) 

Absorbance 

(P-

solubilized) 

@ 400nm 

Absorbance 

(Control) 

@ 400nm 

Net concentration of 

soluble phosphate, 

ppm 

Cell 

concentration 

(x108 

CFU/ml) 

0 0.60±0.02 0.15±0.01 22.75±0.90 1.35±0.08 

1 0.63±0.01 0.14±0.01 24.58±0.39 1.77±0.12 

2 0.91±0.03 0.11±0.01 39.65±1.29 2.66±0.18 

3 0.48±0.05 0.15±0.02 17.02±1.29 1.17±0.11 

4 0.12±0.04 0.02±0.01 9.83±3.20 0.34±0.14 
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H.3 Data on effect of magnesium chloride hexahydrate concentration on phosphate 

solubilization of S. haemolyticus HCLB02 

 

The effect of magnesium chloride hexahydrate concentration on the phosphate 

solubilization ability of S. haemolyticus HCLB02 were studied in the range of 0 g L-1 to 

10 g L-1. Results were tabulated in Table A.8. 

 

Table A.8 Effect of magnesium chloride hexahydrate concentration on the phosphate 

solubilization of S. haemolyticus HCLB02. Each point represents a mean value and the 

error bars showed the standard deviation (n=3) 

Magnesium 

chloride 

hexahydrate 

concentration 

(g/L) 

Absorbance 

(P-

solubilized) 

@ 400nm 

Absorbance 

(Control) 

@ 400nm 

Net concentration 

of soluble 

phosphate, ppm 

Cell 

concentration 

(x108 

CFU/ml) 

0 0.62±0.04 0.13±0.01 25.09±1.80 0.97±0.10 

2.5 0.69±0.04 0.15±0.01 27.20±1.51 1.05±0.14 

5 0.91±0.03 0.11±0.01 39.65±1.29 2.66±0.16 

7.5 0.93±0.03 0.13±0.01 40.31±1.28 2.73±0.09 

10 0.94±0.02 0.11±0.01 41.53±0.82 2.75±0.10 

 

  



 

216 

 

Appendix I Data on kinetic release of S. haemolyticus HCLB02 from microbeads 

 

Initial cell viability = 52.04±2.34 % (5.77×108±1.92×107 CFU/g) 

Initial amount of microbeads used = 0.01 g 

 

Table A.9 Raw data for kinetic release of S. haemolyticus HCLB02 from dried 

microbeads. Each point represents a mean value and the error bars showed the standard 

deviation (n=3) 

Time (min) Average 

plate count  

(CFU) 

Bacteria 

released (×108 ± 

×107 CFU/ml) 

Withdrawn 

bacteria 

(×106 ± ×105 

CFU/ml) 

Cumulative 

bacteria released 

(×108 ± ×107 

CFU/ml) 

0 17.3±5.4 0.18±0.56 0.18±0.56 0.18±0.56 

30 34.7±6.9 0.35±0.70 0.35±0.71 0.35±0.71 

60 64.0±5.1 0.64±0.51 0.65±0.52 0.64±0.52 

90 112.3±6.3 1.11±0.63 1.15±0.65 1.12±0.63 

120 165.3±11.0 1.62±1.08 1.70±1.13 1.63±1.10 

150 247.0±9.9 2.40±0.96 2.52±1.01 2.41±0.97 

180 43.0±7.5 0.41±0.72 0.44±0.76 0.44±0.73 

210 31.7±4.5 0.30±0.43 0.32±0.46 0.31±0.43 

240 30.0±6.5 0.28±0.61 - 0.29±0.61 
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Table A.10 Kinetic data for zero, first order, Higuchi, Weibull and Ritger-Peppas models. Each point represents a mean value and the 

error bars showed the standard deviation (n=3) 

Zero order First order Higuchi Weibull Ritger-Peppas 

y-axis y-axis x-axis y-axis x-axis x-axis x-axis y-axis y-axis x-axis 

ln(-ln(1-

F)) 

F t ln (1-F) √𝒕 t ln t ln F F ln t 

- 0.031±0.008 0 -0.031±0.009 0.000 0 - - 0.031±0.008 - 

-2.765± 0.061±0.010 30 -0.063±0.011 5.477 30 3.401 -2.797±0.150 0.061±0.010 3.401 

-2.135± 0.112±0.005 60 -0.118±0.006 7.746 60 4.094 -2.193±0.044 0.112±0.005 4.094 

-1.535± 0.194±0.004 90 -0.215±0.005 9.487 90 4.500 -1.641±0.022 0.194±0.004 4.500 

-1.102± 0.283±0.009 120 -0.332±0.013 10.954 120 4.787 -1.263±0.032 0.283±0.009 4.787 

-0.614± 0.418±0.003 150 -0.541±0.005 12.247 150 5.011 -0.872±0.007 0.418±0.003 5.011 

*only data taken up to 150min were used in kinetic model fitting 
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Figure A.4 Graph fitting for zero order kinetic models. Each point represents a mean 

value (n=3) and error bars (±SD) are shown when larger than symbol 

 

 

Figure A.5 Graph fitting for first order kinetic models. Each point represents a mean 

value (n=3) and error bars (±SD) are shown when larger than symbol 
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Figure A.6 Graph fitting for Higuchi kinetic models. Each point represents a mean value 

(n=3) and error bars (±SD) are shown when larger than symbol 

 

 

Figure A.7 Graph fitting for Weibull kinetic models. Each point represents a mean value 

(n=3) and error bars (±SD) are shown when larger than symbol 
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Figure A.8 Graph fitting for Ritger Peppas kinetic models. Each point represents a mean 

value (n=3) and error bars (±SD) are shown when larger than symbol 
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2. Copyright from Taylor and Francis for Figure 2.7 

 

 

3. Copyright from Elsevier for Figure 1.3 
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4. Copyright from Springer Nature for Figure 2.1 

 

 

 

5. Copyright from John Wiley and Sons for Figure 2.8 
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