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Eggshell waste consists of several elements potentially utilized as an ameliorant. Thus, 

environmentally friendly surface morphology and surface elements are required to 

increase its functional value, which was studied microscopically using scanning electron 

microscopy-energy-dispersive X-ray (SEM-EDX). This study has examined the chemical 

characteristics of surface morphology and elemental modification on eggshell flour (EF) 

with H2O and fermentation using SEM-EDX. This study has used a quantitative 

descriptive approach in a completely randomized design (CRD) with three replications 

and two treatments (EF surface morphology and elemental modification process), namely 

H2O and fermentation. The process of modifying EF with water and fermentation showed 

a significant effect on proximate properties (moisture, volatile matter (VM), and ash), 

pH, electrical conductivity (EC), and inorganic C (IOC). The modified eggshell flour 

(MEF)-fermentation process showed an increase in pH H₂O (8.40) and EC (0.86 dS m⁻¹), 

as well as higher cation exchange capacity (CEC) [31.60 cmol(+) kg⁻¹] and IOC 

(15.66%). The modification process through fermentation produced a denser surface 

structure with an irregular texture and a higher proportion of C. The MEF through 

fermentation increased the active surface elemental, nutrient availability, and adsorption 

capacity.  
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1. INTRODUCTION

Eggshell waste is a type of organic waste that is quite large, 

especially from household activities, food industries, and 

restaurants. More than 82 million tons of eggs are produced 

each year [1]. It is estimated that about 11-12% of the egg 

weight is shell, resulting in 9-10 million tons of eggshell waste 

per year worldwide [2, 3]. In Indonesia, broiler egg production 

in 2023 reached 6 million tons per year [4]. If it is assumed 

that 10% is shell, then about 600,000 tons of eggshell waste is 

generated each year [5]. Although eggshells have only been 

considered as ordinary kitchen waste, the high CaCO₃ in them 

provides great potential for reuse. Most eggshells are still 

dumped into the environment without treatment, which can 

lead to sanitation problems and environmental pollution. 

The utilization of eggshells as an alternative material, 

specifically for ameliorants, has the potential to be developed. 

Eggshells also contain approximately 94% CaCO3, 1% CaPO4, 

1% MgCO3, and 4% organic matter [6]. The CaCO₃ can 

modify soil pH and reduce the amount of Al-exchange in the 

soil so that pH and availability of P increase in the soil 

(Reactions 1 and 2) [7]. 

CaCO3(s) + H2O(l) ⇌ Ca2+(aq) + HCO3
−(aq) + OH−(aq)(1)

Al3+ [soluble] + 3OH - IAl(OH)3 [insoluble] (2) 

The 5,328 tons of CaCO3 and 13.53 tons of MgCO3 have 

not been optimally utilized. However, the main challenge of 

using eggshells in flour form is their low active surface area. 

The specific surface area (SSA) of untreated eggshells ranges 

from 1.0 to 3.5 m²/g [8]. The small surface area limits the 

ability of this material to interact with other compounds, 

making its effectiveness as an ameliorant less than optimal. So, 

to increase the surface elemental and surface activity, various 

modification techniques have been developed, both 

physically, chemically, and biologically. The eggshell 

structure consists of a dense and compact layer of calcite 

crystals and an organic membrane that is only slightly porous 

[9, 10]. One approach that is environmentally friendly and 

economical is through treatment using H₂O and biological 

fermentation. 

Water plays a role in softening the structure and removing 

contaminants, while microbial fermentation produces 

compounds such as lactic acid that can dissolve organic 

fractions and significantly alter the microstructure of the 

eggshell. Fermentation by microorganisms such as lactic acid 

bacteria has the advantage of being able to break down 

proteins and other organic compounds that are still attached to 
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the eggshell surface [11-13]. This process helps in the 

formation of microscopic pores that increase the number of 

surface elements. The combination of fermentation and water 

washing is expected to produce materials with much better 

characteristics for functional applications, without the use of 

harmful chemicals or expensive thermal methods. Changes in 

structure and elemental composition that occur due to the 

modification process require instrument-based analysis such 

as scanning electron microscopy (SEM) and energy-dispersive 

X-ray (EDX). The SEM allows observation of changes in 

surface morphology down to the micron scale, while EDX can 

provide quantitative data on the dominant elements on the 

surface. The combination of these two methods is an 

appropriate analytical approach to fully understand the effects 

of modification. This study has examined the chemical 

characteristics of surface morphology and elemental 

modification on eggshell flour (EF) with H2O and 

fermentation by SEM-EDX. 

 

 

2. MATERIALS AND METHODS 

 
This research has been carried out at the Laboratory of 

Pathology, Entomology, Microbiology, and Soil Science 

(PEMTA), Faculty of Agriculture and Animal Science, 

Universitas Islam Negeri Sultan Syarif Kasim Riau, and at the 

Central Laboratory of Andalas University from April to May 

2025. 

 

2.1 Experimental design 

 

This study has used a quantitative descriptive approach in a 

completely randomized design (CRD) with three replications 

and two treatments (EF structure surface morphology and 

elemental modification process), namely H2O and 

fermentation. 

 

2.2 Materials 

 

2.2.1 Eggshells 

The eggshells that have been used are broiler eggshell waste 

from restaurants and bakeries. The waste was washed 

thoroughly with water and dried in direct sunlight until the 

inner layer was dry for 2 × 24 hours. The dried waste was 

crushed using a mortar, then sieved using a 100-mesh sieve 

(0.149 mm or 149 microns or 0.0059 inches). The EF that has 

passed the sieve is then subjected to a surface morphological 

and elemental modification process with H2O and 

fermentation. 

 

2.2.2 Surface morphology and elemental modification 

Surface morphology and elemental modification on EF 

have been carried out with two processes, namely (1) 

modification using H2O at 100 ℃; 50 g of EF is added with 

H2O in a ratio of 1:2 and shaken for 1 hour at 300 rpm in a 

water bath. Then, the solids were separated from the 

suspension using Whatman filter paper number 40 and 

continued with the drying process in an oven at 105 ℃. 

Meanwhile, (2) for microbial modification (fermentation), 50 

g of eggshell powder was mixed with 50 mL of effective 

microorganisms (EM4) solution and 50 g of dissolved brown 

sugar (1:1:1, w/v/w). The EM4 inoculum consisted of a 

consortium of beneficial microorganisms, primarily 

Lactobacillus spp., photosynthetic bacteria 

(Rhodopseudomonas spp.), yeasts (Saccharomyces spp.), 

actinomycetes, and fermentative fungi, as specified by the 

manufacturer. Distilled water was added to adjust the moisture 

content to approximately 60%. The initial pH of the 

fermentation mixture was 6.5 ± 0.2. The mixture was 

thoroughly homogenized, transferred to an airtight 

polypropylene fermentation vessel, and sealed to maintain 

predominantly anaerobic conditions and minimize gas 

exchange with the atmosphere. Fermentation was carried out 

at room temperature (28 ± 2 ℃) for 21 days. Fermentation 

progress was monitored periodically by measuring the pH, 

which gradually decreased to 3.8–4.2 due to microbial activity. 

Fermentation was considered complete when the pH remained 

stable for three consecutive days, no further gas production 

was observed, and the material exhibited a characteristic 

sweet-sour fermentation aroma, with no signs of 

contamination or mold growth. After fermentation, the solid 

fraction was separated from the suspension using Whatman 

No. 40 filter paper and washed with distilled water to remove 

any remaining dissolved components. The resulting solid was 

then dried in an oven at 60 ℃ to constant weight to maintain 

its physicochemical properties, then ground to pass through a 

fine sieve and stored in airtight polyethylene bags before 

characterization. 

 

2.3 Modified eggshell flour and statistical analysis  

 

Modified eggshell flour (MEF) analysis includes proximate, 

pH, electrical conductivity (EC), cation exchange capacity 

(CEC), liming potential, and inorganic C (IOC). Proximate 

analysis, including moisture, ash, volatile matter (VM), and 

fixed carbon content, was performed following AOAC 

standard procedures. pH and EC were measured in a 1:10 

(w/v) suspension of EF and deionized water using a calibrated 

pH meter and conductivity meter after equilibrium was 

reached. The CEC was determined using the 1 M ammonium 

acetate saturation method (NH₄OAc, pH 7.0). Liming potential 

was evaluated as calcium carbonate equivalents (CCE) using 

a standard acid neutralization and back titration method. IOC 

was determined by acid digestion and quantification of carbon 

derived from carbonate using a total carbon analyzer or 

equivalent standard analytical procedure [14]. Surface 

morphology analysis was performed using a Carl Zeiss EVO 

10 SEM equipped with an EDX system. Observations were 

made at accelerating voltages of 10-20 kV, with 

magnifications between 1000× and 10,000×. The elemental 

composition of the surface was analyzed qualitatively and 

semi-quantitatively using an Oxford Instruments AZtec 

system-based EDX detector.  

All analyses were statistically analyzed using Excel 2023 

and SPSS 23 software. The statistical analysis used was 

analysis of variance (ANOVA) and Duncan's multiple range 

test (DMRT). After detecting significant effects with 

ANOVA, DMRT was used as a post hoc test to identify 

specific group means that differed from each other. Principal 

Component Analysis (PCA) was used to visualize the overall 

clustering pattern and to assess modification-dependent 

separation among samples. Model validation was performed 

using permutation testing (n = 3), which confirmed the 

statistical significance of the model (p < 0.001). The 

significance level was determined as follows: if F count > F 

table at the 5% level, the result is significant, and if F count > 

F table at the 1% level, the result is highly significant. 
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3. RESULTS AND DISCUSSION 

 

The modification process showed a significant effect on the 

proximate (moisture, VM, and ash) composition of EF (Figure 

1). Proximate analysis of MEF through modification with 

water (MEF-water) and fermentation (MEF-fermentation) 

showed significant differences in moisture, VM, and ash 

content. The moisture of MEF-water was higher (9.00%) than 

that of MEF-fermentation (3.50%), indicating that 

fermentation can reduce the moisture content in the material. 

This reduction in moisture content is important because 

materials with low moisture content tend to be more stable and 

have better shelf life [15].  

 

 
 

Figure 1. Proximate analysis of modified eggshell flour 

(MEF) 

 

The VM in MEF-fermentation (63.93%) was much higher 

than that in MEF-water (51.52%). The fermentation process 

increases the content of volatile organic components, which 

are likely derived from the degradation of proteins and lipids 

in eggshells by microorganisms [16]. High VM content 

reflects the material's potential as an energy source or 

bioactive ingredient after fermentation. Meanwhile, ash 

content decreased in MEF-fermentation (54%) compared to 

MEF-water (69%). Ash represents inorganic mineral content, 

mainly calcium carbonate (CaCO₃) in eggshells [17]. This 

decrease may indicate that some minerals may dissolve or 

undergo chemical transformation during fermentation, which 

can affect the availability of nutrients in certain applications, 

such as feed additives or organic fertilizers. Fixed carbon was 

not found in either modification, indicating that eggshell 

material does not store carbon in a stable solid form as in 

lignocellulosic biomass. This is consistent with the main 

properties of eggshells, which are mostly composed of calcium 

carbonate (about 94%), with only a small organic fraction [18]. 

Thus, the solid carbon component is not significant in EF. 

Modification by fermentation is more effective in reducing 

moisture content and increasing VM content, although there is 

a slight decrease in mineral content. This may have 

implications for the use of fermented EF as a bioactive 

ingredient or organic fertilizer that is more easily degradable 

than water-modified products.  

The modification process showed a significant effect on the 

pH of EF (Figure 2). The pH of MEF showed differences in 

active pH (H2O), potential pH (KCl 1M), and point of zero 

charge (PZC) between MEF-water and MEF-fermentation. 

The pH H2O of MEF-water is 7.63, while MEF-fermentation 

is higher at 8.40. Fermentation can increase the alkalinity of 

the material, possibly due to microbial activity that produces 

alkaline compounds such as ammonia during the degradation 

process [19]. The pH KCl indicates the tendency for pH 

changes when the material interacts with the environment. The 

MEF-water has a higher potential pH (9.40) than MEF-

fermentation (8.57). This difference indicates that MEF-water 

is more likely to act as an alkalizing agent when applied, while 

MEF-fermentation is more stable at near-neutral pH. This 

condition is particularly important in agricultural applications, 

where materials with near-neutral to alkaline pH can improve 

soil acidity [20]. 

 

 
 

Figure 2. The pH of modified eggshell flour (MEF) 
 

At the PZC, MEF-water has a higher value (11.17) than 

MEF-fermentation (8.73). The PZC describes the surface 

charge equilibrium point; the higher the value, the greater the 

tendency for the material to be positively charged at the natural 

pH of the environment (pH active). MEF-water tends to be 

more positively charged than MEF-fermentation, which has 

implications for its ability to adsorb anions [21, 22]. The 

differences in active pH, potential pH, and PZC between the 

two indicate that the fermentation process is capable of 

modifying the chemical properties of eggshells. Fermentation 

reduces PZC and potential pH, so that the surface of the 

material is more likely to be negatively charged under normal 

environmental conditions (pH < 8.7). This can increase the 

potential of MEF-fermentation as an adsorbent for heavy 

metal cations or positively charged ions. The MEF-water 

produces eggshell powder with more alkaline and positively 

charged characteristics, while fermentation produces material 

with higher active pH but lower PZC (pH active > pH PZC), 

making it more suitable for use as a neutralizing agent or 

adsorbent in environmental systems. 

EC in MEF showed significant differences between MEF-

water and MEF-fermentation (Figure 3). The MEF-water had 

a very low EC value of 0.17 dS m-1, while MEF-fermentation 

was much higher at 0.86 dS m-1. Fermentation increases the 

number of dissolved ions in the system, which has an impact 

on increasing the material's ability to conduct electricity [23]. 

The EC is closely related to the content of soluble minerals, 

such as calcium, magnesium, and other inorganic ions. In 

MEF-water, most minerals may still be in the form of calcium 

carbonate (CaCO₃), which is difficult to dissolve, resulting in 
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low conductivity. Conversely, in MEF-fermentation, 

microbial activity and biochemical processes can dissolve 

some mineral compounds into ionic forms, such as Ca²⁺, which 

contributes to an increase in EC [24]. The increase in EC value 

in MEF-fermentation has important implications for 

environmental and agricultural applications. Materials with 

higher EC can serve as a source of readily available calcium 

ions for plants. Modifying eggshell waste can improve soil 

fertility, especially in acidic soils, by increasing the 

availability of base elements. However, high EC also needs to 

be considered in the context of the application. Excessively 

high EC values can cause potential salinity in the soil, although 

in this case, a value of 0.86 dS m-1 is still considered low and 

safe for most plants. Therefore, MEF-fermentation can be 

considered as a soil amendment material with relatively low 

salinity risk, but with greater benefits in increasing nutrient ion 

availability compared to MEF-water. Fermentation is a more 

effective method for increasing the EC of eggshell powder 

through increased solute availability. This reinforces that the 

bioconversion process is capable of modifying the chemical 

properties of organic-inorganic waste such as eggshells into 

materials that are more reactive and useful in agriculture and 

environmental processing. 

 

 
 

Figure 3. Electrical conductivity (EC) of modified eggshell 

flour (MEF) 
 

The modification process showed a non-significant effect 

on the CEC of EF (Figure 4). The CEC value in MEF-water 

was 20.80 cmol(+) kg-1, while MEF-fermentation reached 

31.60 cmol(+) kg-1. Fermentation can improve the ability of 

EF to retain and exchange cations, which is very important in 

the context of its application as a soil ameliorant or 

environmental adsorbent [25]. The higher CEC in MEF-

fermentation may be due to changes in the chemical and 

physical structure of the material due to microbial activity 

during fermentation. This process can produce active organic 

compounds and open pores in the eggshell matrix, thereby 

increasing the surface area and multiplying the cation 

exchange sites [26]. This makes MEF-fermentation more 

effective in absorbing and releasing calcium (Ca²⁺), 

magnesium (Mg²⁺), and potassium (K⁺) ions. High CEC is also 

closely related to increased nutrient retention capacity in soil. 

The application of MEF-fermentation to soil has the potential 

to improve fertility by increasing the availability of base 

nutrients and reducing the leaching of important ions. Eggshell 

waste can be used as a soil ameliorant to improve the chemical 

properties of acidic soils by increasing CEC and base 

saturation [27, 28]. High CEC is relevant to the adsorption of 

pollutants. Fermented MEF, which has a CEC that tends to be 

higher after fermentation but is not statistically different, is 

potentially more effective in adsorbing heavy metals such as 

Pb²⁺, Cd²⁺, and Cu²⁺ from wastewater, due to the presence of 

more ion exchange sites on the material surface. Eggshell-

based materials have great potential in environmental 

remediation through ion exchange mechanisms [29]. 

Fermentation is a superior modification method compared to 

water treatment in increasing the CEC of EF. With a higher 

CEC, MEF-fermentation can be more beneficial both in 

agriculture as a soil conditioner and in waste as a biosorbent 

to reduce environmental pollution. 

 

 
 

Figure 4. The cation exchange capacity (CEC) on the 

modification of eggshell flour 
 

 
 

Figure 5. Liming potential for modified eggshell flour 

(MEF) 

 

The modification process showed a non-significant effect 

on the liming potential of EF (Figure 5). The liming potential 

of MEF shows that the MEF-water value is 126.11% CaCO₃ 

equivalent, and the MEF-fermentation value is 125.11% 

CaCO₃ equivalent. This difference is relatively small, 

indicating that neither water treatment nor fermentation 

significantly affects the material's capacity to neutralize 

acidity. This high liming potential is consistent with the basic 

characteristics of eggshells, which are dominated by calcium 

carbonate (CaCO₃) content of approximately 94–97% [30]. 

The almost identical liming potential values between the two 

treatments indicate that the fermentation process does not 

significantly reduce the calcium carbonate content. Although 
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fermentation can modify chemical and physical properties, the 

main component, CaCO₃, remains stable and retains its acid 

neutralization capacity. Eggshells have a high CaCO₃ 

equivalent lime value, making them a viable alternative to 

agricultural lime [31]. Liming potential is important for 

agricultural applications, especially on acidic soils. A liming 

potential value >100 indicates that eggshell powder can 

increase soil pH, reduce Al³⁺ saturation, and increase the 

availability of base nutrients (Ca²⁺, Mg²⁺, K⁺). Thus, both 

MEF-water and MEF-fermentation have great benefits as acid 

soil ameliorants. Although the values are almost the same, a 

slight difference in liming potential (MEF-water is slightly 

higher) can be attributed to the possible dissolution of certain 

minerals during fermentation. The bioconversion process can 

dissolve a small portion of calcium into a more readily 

available ionic form, but slightly reduces the total CaCO₃ 

content in the material. However, a difference of 1.00% 

CaCO₃ is still very small and has no significant impact on the 

liming function. Both water modification and fermentation 

produce eggshell powder with high and relatively similar 

liming capabilities. This reinforces the use of eggshell waste 

as an environmentally friendly and economical source of 

natural lime, making it a viable alternative to conventional 

agricultural lime. 

IOC in MEF showed significant differences between MEF-

water and MEF-fermentation (Figure 6). The IOC in MEF 

showed a striking difference between MEF-water and MEF-

fermentation. The IOC in MEF-water was recorded at 5.10%, 

while in MEF-fermentation it was much higher at 15.66%. The 

fermentation process significantly increases the IOC content, 

which mainly comes from calcium carbonate (CaCO₃) 

compounds, the main component of eggshells [32, 33]. The 

increase in IOC in MEF fermentation can be explained by the 

bioconversion process involving microbial activity. During 

fermentation, microorganisms can release enzymes and 

metabolites that accelerate the decomposition of organic 

matter, thereby clarifying the dominance of the inorganic 

fraction in the material. The total CaCO₃ is relatively stable, 

and the contribution of measurable IOC is higher than that of 

plain water [34].  

 

 
 

Figure 6. The inorganic C (IOC) in the modified eggshell 

flour (MEF) 

 

The high IOC in MEF-Fermentation has important 

implications for its liming effect potential. CaCO₃, as the main 

source of IOC, plays a role in neutralizing soil acidity through 

the neutralization of H⁺ ions. Materials with high carbonate 

content are very effective in improving acidic soils, reducing 

Al³⁺ solubility, and increasing the availability of base nutrients 

[35]. In addition to its benefits in agriculture, the high IOC 

content also supports the use of MEF-fermentation in 

environmental remediation. The CaCO₃-based materials can 

be used to bind heavy metal ions through carbonate 

precipitation, thereby reducing metal toxicity in wastewater 

[36]. Thus, MEF-fermentation has greater added value than 

MEF-water in pollutant adsorption applications. Fermentation 

increases the IOC content of eggshell powder, which has a 

positive impact on its function as a soil ameliorant and 

biosorbent. Compared to MEF-water, MEF-fermentation is 

superior because it produces materials with more reactive 

chemical properties. 

 

 
(a) 

 
(b) 

 
Figure 7. Principal Component Analysis (PCA) of modified 

eggshell flour (MEF) under MEF-water and MEF-

fermentation conditions: (a) heatmap and (b) scores plot 

(PC1 vs PC2) 

 

PCA and hierarchical clustering revealed clear 

physicochemical differences between EF modified by 

microbial fermentation (MEF-fermentation) and water 
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treatment (MEF-water) (Figure 7). The first two principal 

components explained 93.2% of the total variance, with PC1 

(80.1%) serving as the principal axis separating the two 

treatments. The absence of overlap between confidence 

ellipses and the clustering of adjacent replicates indicated that 

the modification method was the dominant source of variation, 

with high reproducibility and low within-treatment variability. 

Hierarchical clustering further confirmed this separation by 

grouping the samples into two distinct groups according to the 

modification method. The heatmap shows that the fermented 

EF exhibited relatively higher standard values of EC, CEC, 

IOC, VM, and active pH, while ash content, moisture content, 

pH, pH potential, and liming potential are relatively lower 

compared to water modification. These changes indicate that 

microbial fermentation modifies the mineral composition and 

surface chemistry of EF through partial carbonate 

solubilization and the formation of additional reactive surface 

functional groups. Consequently, fermentation improves ion 

exchange characteristics and alters surface reactivity, resulting 

in a physicochemical profile significantly different from that 

of water-treated EF. The multivariate analysis indicates that 

microbial fermentation is an effective strategy to improve the 

functional properties of EF for environmental remediation and 

agricultural applications.

 

(a) 

 

 
 

(b) 

 

 
 

 

Figure 8. Scanning electron microscopy-energy-dispersive X-ray (SEM-EDX) analysis of modified eggshell flour (MEF): (a) 

MEF-water and (b) MEF-fermentation 

 

The SEM shows morphological differences between EF 

modified with H₂O and with fermentation (Figure 8). MEF-

water shows a more granular and porous surface, indicating a 

relatively fragmented particle structure. In contrast, MEF-

fermentation showed a denser surface with an irregular 

texture, indicating structural changes due to microbial activity 

during fermentation [37]. This indicates that fermentation can 

enhance the demineralization and deproteinization processes 

in EF. The EDX for MEF-water showed Ca of 21.24%, C 

27.01%, and O 50.67%. Meanwhile, in MEF-fermentation, the 

Ca content decreased to 18.12%, C increased to 30.31%, and 

O decreased slightly to 49.14%. This decrease in Ca indicates 

the release of calcium carbonate during the fermentation 

process, which is supported by the increase in carbon content. 

This phenomenon is common because fermentation involves 

the production of organic acids that can dissolve CaCO₃ [38]. 

The higher oxygen (O) content in the modified with H₂O 

compared to fermentation indicates that the washing process 

with water still maintains the oxide composition, while 

fermentation causes chemical bond changes through protein 

degradation and mineralization. This is in line with previous 

findings that biological fermentation can modify chemical 

bonds in biomaterials, thereby changing the proportions of 

their constituent elements [39]. The increase in carbon content 

in MEF fermentation is an indicator of the presence of organic 

compound residues from microbial metabolism absorbed in 

the eggshell matrix. Fermented EF has the potential to have 

different functional properties, for example, as a source of 

organic calcium or an adsorbent material with higher surface 

activity. This modification can also expand the application of 

EF in the environmental and food sectors [40]. SEM-EDX 

showed that the fermentation method was more effective in 

modifying the structure and chemical composition of EF than 

water alone. Fermentation not only reduced the Ca content but 

also increased the proportion of carbon, indicating a 

significant change in the inorganic-organic composition of the 

material. Therefore, the fermentation method is superior for 

producing EF with specific functional characteristics. 

 

 

4. CONCLUSION 

 

The process of MEF with water and fermentation showed a 

significant effect on proximate properties (moisture, VM, and 

ash), pH, EC, and IOC. The MEF-fermentation process 

showed an increase in H₂O pH (8.40) and EC (0.86 dS m⁻¹), as 
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well as higher CEC [31.60 cmol(+) kg⁻¹] and IOC (15.66%). 

The modification process through fermentation produced a 

denser surface structure with an irregular texture and a higher 

proportion of C. The MEF through fermentation increased the 

surface elemental, nutrient availability, and adsorption 

capacity.  
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