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Abstract 

The purpose of this study was to isolate and evaluate the diversity of poly--glutamic acid (-PGA) 

producing bacteria from rhizoplane of three Poaceae plants viz.  rice (Oryza sativa Linn. ) , maize 

(Zea mays Linn. ) and sugarcane (Saccharum officinarum Linn.), which are considered the most 

important agronomic crops of Thailand. A total of 368 isolates of rhizoplane bacteria were obtained 

from the root samples: 200 isolates from rice roots, 112 isolates from maize roots and 56 isolates 

from sugarcane roots.  All isolates were screened for -PGA production consecutively by plate and 

tube culture assay.  There were 186 isolates which exhibited -PGA producing capability.  The -

PGA concentrations obtained ranged from 12.62 - 18.46 g/L. Of those 186 isolates, 16 isolates were 

capable of producing -PGA higher than 15 g/l and these isolates were selected as the most efficient 

-PGA producers for further molecular characterization. The molecular genetic study based on 16S 

rRNA genes analysis revealed that the selected -PGA producers were closely related to 9 Bacillus 

species, namely B.  amyloliquefaciens subsp.  amyloliquefaciens, B.  atrophaeus, B. 

methylotrophicus, B.  siamensis, B.  subtilis subsp.  inaquosorum, B.  subtilis subsp.  subtilis, B. 

tequilensis, B.  vallismortis and B.  velesensis.  All of them are belonging to B.  subtilis and B. 

amyloliquefaciens groups. These results indicate that the rhizoplane of Poaceae plants are an 

important reservoir of natural isolates of -PGA producing bacteria. 

 

Keywords: poly-γ-glutamic acid, γ-PGA, rhizoplane, Poaceae plants, Bacillus 
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1. Introduction 
 

Biopolymer, γ-polyglutamic acid (γ-PGA), is a natural and multifunctional poly-amino acid which 

can be produced by a range of bacteria. It is constituted of D- and/or L-glutamic acid units which are 

polymerized by gamma amide linkages [1]. As a biopolymer material, γ-PGA has several attractive 

physicochemical and biological properties such as high water solubility, excellent absorb ability, 

metal-binding capacity, good thickening capacity and biodegradability [2]. This polymer is also 

edible and non-toxic towards humans and environment [3]. These properties of γ-PGA are attractive 

for applications in many fields. This polymer can be used as a novel drug delivery material [4, 5], an 

osteoporosis-preventing factor in medicine [6, 7], an antifreeze agent, a food thickener [8-10] and a 

flocculent or absorption agent for biotechnological and environmental applications [11, 12]. 

Bacteria of the genus Bacillus are the best known γ-PGA producer [13, 14]. It was widely 

known that glutamic acid is the stringent precursor for γ-PGA biosynthesis and the γ-PGA-

producing bacteria can obtain from two different sources; exogenously acquired from environment 

or endogenously synthesized by itself. This leads to the classification of the γ-PGA producing 

bacteria into two groups, i.e. glutamic acid dependence- and independence strains, according to the 

requirement of exogenous glutamic acid [15]. From the economic viewpoint, industrial production 

of γ-PGA may be limited by the high cost of glutamic acid and it would be attractive to shift to the 

utilization of glutamic acid by independent strains instead. 

In the past recent years, short lists of glutamic acid-independent strains have been 

published such as Bacillus methylotrophicus [2], B. subtilis C10 [15] and B. amyloliquefaciens 

LL3 [16]. These bacteria can self-synthesize a considerable yield of γ-PGA without the addition of 

glutamic acid. In some glutamic acid-independent strains such as B. licheniformis ATCC 9945a, an 

addition of a small amount of glutamic acid in the media can significantly enhance γ-PGA 

synthesis [17]. It is clear that the glutamic acid-independent strains have potential to be improved 

by further comprehensive researches in which metabolic pathways and the enzymes can be related 

to γ-PGA synthesis under the optimal culture conditions. However, a few number of the glutamic 

acid-independent strains have been studied. In addition, the native glutamic acid-independent 

strains that have been reported, were found to synthesize a little amount of γ-PGA, generally lower 

than 15g/l [2]. Therefore, it remains meaningful to search for glutamic acid-independent strains 

with high-levels of γ-PGA production, as these strains involve lower costs and simplified processes 

for industry. The objective of this study was to isolate a number of γ-PGA producing bacteria from 

rhizoplane of three Poaceae plants viz. rice (Oryza sativa Linn.), maize (Zea mays Linn.) and 

sugarcane (Saccharum officinarum Linn.) and to reveal the co-occurrence of both glutamic acid-

dependence and glutamic acid-independent strains in these habitats. 

 

 

2. Materials and Methods 
 

2.1 Isolation and screening of γ-PGA producing bacteria 
 

Samples of root of three Poaceae plants viz. rice (Oryza sativa Linn.), maize (Zea mays Linn.) and 

sugarcane (Saccharum officinarum Linn.) were collected from cultivation area in central provinces 

of Thailand, including Ang Thong, Phra Nakhon Si Ayutthaya and Saraburi. 

To isolate rhizoplane bacteria, the root samples were gently washed with sterilized water 

with the aids of sonication to remove adhered soils. Then the final rinsing water was spread on a 

minimal medium containing glutamic acid. After incubation period for 24 h at 37°C, single mucoid 

colonies were selected for secondary screening [18]. 
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Secondary screening was done by streaking each mucoid colony on a differential medium 

(1 % glucose, 0.5 % yeast extract, 0.5 % L-glutamic acid, 0.05 % KH2PO4, 0.05 % K2HPO4, 0.01 % 

MgSO4 7H2O, and 1.5 % agar, pH 7.2±0.1) supplemented with 0.006% (w/v) neutral red as 

differential indicator. Any colony which interacted with the dye and formed a specific concentric 

zone after incubation at 37 °C was selected for further analysis as a potent γ-PGA-producing strain 

[19]. 

To differentiate whether the selected isolates are glutamic acid-dependent or -independent 

strains, the isolates were inoculated on a modified Basal medium without the supplement of L-

glutamic acid (1% tryptone, 1% beef extract, 1% yeast extract, 1% glucose, 0.5% NaCl and 1.5% 

agar). Isolates which form observable mucoid colonies on the medium were considered as glutamic 

acid-independent strains [15]. 

 

2.2 Tube culture assay for γ-PGA production 
 

Rapid growing colonies which produced clear concentric zone were selected and inoculated into 

50 ml sterile tubes containing 5 ml of fermentation medium (3% glucose, 0.25% yeast extract, 2% 

L-glutamate, 0.05% KH2PO4, 0.05 % K2HPO4, 0.01% MgSO4·7H2O, pH7.2±0.1) and incubated in 

a shaking incubator at 37 °C with shaking at 200 rpm for 48 h.  

 After incubation, the culture broth was diluted with an appropriate volume of deionized 

water to reduce the viscosity of the medium. Cells were separated from the medium by 

centrifugation at 12,000 rpm for 20 min and the supernatant was precipitated with four volumes of 

ice-cold ethanol. After centrifugation, the sediment was collected and dissolved in an appropriate 

volume of deionized water. Any insoluble contaminants was removed by centrifugation and the 

solution was then used for further quantification of γ-PGA. The yield of γ-PGA was determined by 

measurement absorbance of the sample solution at 216 nm using a UV/VIS spectrophotometer 

(Lambda 25; PerkinElmer, USA). A standard curve was plotted between the average blank 

corrected absorbance of each standard at 216 nm and its concentration (20-200 μg/ml). Bacterial 

isolates which produce considerable quantity of γ-PGA were selected and subjected to the 

identification and phylogeny study [19]. 

 

2.3 Bacterial identification and phylogeny study 
 

Selected bacteria were grown in LB medium with shaking at 37°C overnight. Cells were collected by 

centrifugation. Genomic DNA was extracted using the Qiagen DNA extraction kit per manufacturer's 

protocol (Qiagen Inc., Valencia, USA). Almost complete 16S rDNA fragment was amplified by 

polymerase chain reaction (PCR) in a thermocycler (GeneAmp PCR system 9700, PerkinElmer-

Applied Biosystems, USA) with the specific primers, 63f (5′-CAG GCC TAA CAC ATG CAA GTC-

3′) and 1387r (5′-GGG CGG WGT GTA CAA GGC-3′) [20]. Purification of the PCR products was 

performed using a commercial kit per manufacturer's protocol (QIAGEN PCR Purification Kit, 

Qiagen Inc., Valencia, USA). The purified 16S rDNA fragments were sent to Macrogen Sequencing 

Service (Macrogen Inc., Seoul, Korea). The obtained sequences of 16S rRNA gene were assembled 

and manually corrected using the BioEdit program version 7.0 [21]. The primary comparison of the 

obtained sequences with the sequences available in GenBank was performed using the NCBI BLAST 

software (http://www.ncbi.nlm.nih.gov/blast). The sequences were aligned with the corresponding 

sequences of the closest bacterial species using the CLUSTAL_W program incorporated in the 

MEGA-X software package. Pair-wise evolutionary distances were calculated and a neighbour-

joining phylogenetic tree was constructed using the MEGA-X. The stability of phylogenetic tree was 

assessed by bootstrap analysis with 1000 replicates. 
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3. Results and Discussion 

 
3.1 Isolation and screening of γ-PGA producing bacteria 
 

The polymer γ-PGA has attracted much attention as an environment-friendly material and many 

researchers have put efforts on searching for novel bacterial strains with more efficient production 

of γ-PGA. From previous literatures, there are a growing number of reports related to the isolation 

and screening for new bacteria with γ-PGA producing capability and almost entirely focused on 

the bacteria from food sources, particularly from fermented soybean products. Additionally, some 

of the recent knowledge has suggested that γ-PGA is a polymeric substance found in Bacillus 

biofilm and plays a role in the bacterial colonization on plant surfaces including fruit and root 

surface [22, 23]. In this study, we hypothesized that γ-PGA producing bacteria may be the common 

inhabitant of root rhizoplane of higher plants because of its capability to produce adhesive biofilm 

with γ-PGA as the main component. 

The isolation of rhizoplane bacteria with γ-PGA producing capability was conducted with 

the combination of conventional and newly proposed methods. First, rhizoplane bacteria were 

isolated from the root samples using a minimal medium containing 0 .5 % L-glutamic acid. 

According to the conventional criteria, single mucoid colonies emerged on the medium were 

presumed to be γ-PGA producing bacteria and were chosen for further screening  using the 

differential medium proposed by Zeng et al. [19]. From the isolation and screening, a total of 368 

isolates of probable producer of γ-PGA were obtained, 200 isolates from rice rhizoplane, 112 

isolates from maize rhizoplane and the remaining 56 isolates from sugarcane rhizoplane. 

In addition, a result of the discrimination of the γ-PGA producing isolates on glutamic 

acid-free medium revealed 86 isolates as glutamic acid-independent stains, representing about 23 

percent of the total isolates obtained, implied that the population of glutamic acid -independent 

strain was in much less abundance. 

 

3.2 γ-PGA production capability 
 

The tube culture assay was conducted to quantitatively evaluate the capability of the isolated 

bacteria producing γ-PGA in a formulated glutamate containing medium. The results revealed 186 

isolates (approximately 50 % of the total isolates) as potentially efficient γ-PGA producer with γ-

PGA yields ranging from 12.62 - 18.46 g/l of culture broth. Among them, there were 16 isolates 

which produced higher than 15 g/l γ-PGA (Table 1). Thus these isolates were considered as the 

most efficient strains and were selected for further identification and phylogeny study. 
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Table 1. γ-PGA content produced by 16 most efficient strains after 48 h cultivation and their type 

of γ-PGA production. 

 
Isolate Sources γ-PGA production 

(g/l) 

Type of γ-PGA 

production 

PGA 005 Rice 15.64 GD* 

PGA 006 Rice 16.88 GD 

PGA 009 Rice 18.36 GID** 

PGA 21 Rice 15.06 GD 

PGA 29 Rice 16.56 GD 

PGA 52 Rice 17.36 GD 

PGA 54 Rice 15.88 GID 

PGA 62 Rice 16.92 GD 

PGA 69 Rice 18.46 GD 

PGA 75 Maize 18.01 GID 

PGA 77 Maize 17.42 GD 

PGA 84 Maize 17.33 GD 

PGA 100 Sugarcane 17.81 GD 

 PGA 102 Sugarcane 18.01 GD 

PGA 103 Sugarcane 15.48 GD 

PGA 109 Sugarcane 16.92 GID 

*Glutamic acid-dependence 

**Glutamic acid-independence 

 

3.3 Bacterial identification and phylogeny study 
 

Based on the preliminary observation on morphology and some physiological properties, all  the 

selected isolates were found to be Gram positive, rod shaped, spore forming and catalase positive 

bacteria, which are the common features of bacteria of the genus Bacillus. 

Following the phenotypic characterization, the result from 16S rRNA gene analysis has 

confirmed that all the 16 isolates are phylogenetically close to Bacillus species as shown in Table 2 

and in Figure 1. The results are in alignment with the most of previous studies which reported that 

bacteria of the genus Bacillus were the main producer of γ-PGA, including B. amyloliquefaciens 

subsp.  amyloliquefaciens, B.  atrophaeus, B.  methylotrophicus, B.  siamensis, B.  subtilis subsp. 

inaquosorum, B. subtilis subsp. subtilis, B. tequilensis, B. vallismortis and B. velesensis. 
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Table 2. Sixteen most efficient strains producing γ-PGA after 48 h cultivation and their related 

taxa. 

 

Isolate Sources Closely related taxa Strain Similarity 

(%) 

PGA 005 Rice Bacillus amyloliquefaciens 

subsp. amyloliquefaciens 

DSM7(T) 99 

PGA 006 Rice Bacillus vallismortis DV1-F-3(T) 100 

PGA 009 Rice Bacillus siamensis KCTC 13613(T) 98.9 

PGA 21 Rice Bacillus atrophaeus JCM 9070(T) 99.9 

PGA 29 Rice Bacillus siamensis KCTC 13613(T) 99.9 

PGA 52 Rice Bacillus siamensis KCTC 13613(T) 99.9 

PGA 54 Rice Bacillus methylotrophicus XY18(T) 99.9 

PGA 62 Rice Bacillus tequilensis KCTC 13622(T) 99.9 

PGA 69 Rice Bacillus tequilensis KCTC 13622(T) 99.9 

PGA 75 Maize Bacillus subtilis subsp. subtilis NCIB 3610(T) 99.9 

PGA 77 Maize Bacillus siamensis KCTC 13613(T) 99.9 

PGA 84 Maize Bacillus siamensis KCTC 13613(T) 99.9 

PGA 100 Sugarcane Bacillus tequilensis KCTC 13622(T) 100.0 

PGA 102 Sugarcane Bacillus tequilensis KCTC 13622(T) 99.9 

PGA 103 Sugarcane Bacillus subtilis subsp. 

inaquosorum 

KCTC 13429(T) 100.0 

PGA 109 Sugarcane Bacillus velesensis CR-502 (T) 99.9 
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Figure 1. Phylogenetic tree of 16S rDNA sequences of the γ-PGA producing strains isolated from 

rhizoplane of rice, maize, sugarcane showing the relationship with members of the 

genus Bacillus. The phylogenetic tree was constructed by the neighbor-joining method. 

The type strain of Pseudomonas agarici was used as an outgroup organism. Numerals at 

nodes indicate bootstrap values (%) derived from 1,000 replications. 
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4. Conclusions 
 

The results of this study have suggested that rhizoplane of three Poaceae plants, i.e. rice, maize and 

sugarcane are the natural habitat of γ-PGA producing bacteria, particularly of the genus Bacillus. 

Out of 200 isolates, 16 most efficient strains of the genus Bacillus produced γ-PGA between 15.06-

18.46 g/l. Furthermore, it might be presumed that natural isolates of γ-PGA producing bacteria 

may also be prevalent on rhizoplane of other plant families. 

 

 

5. Acknowledgement 
 

This research work was supported by the National Research Council of Thailand. 

 

 

References 

[1] Ashiuchi, M. and Misono, H., 2002. Biochemistry and molecular genetics of poly-γ-glutamate 

synthesis. Applied Microbiology and Biotechnology, 59, 9-14. 

[2] Peng, Y., Jiang, B., Zhang, T., Mu, W., Miao, M. and Hua, Y., 2015. High-level production of 

poly (γ-glutamic acid) by a newly isolated glutamate-independent strain, Bacillus 

methylotrophicus. Process Biochemistry, 50, 329-335. 

[3] Tang, D.W., Yu, S.H., Ho, Y.C., Huang, B.Q., Tsai, G.J., Hsieh H.Y., Sung, H.W. and Mi, 

F.L., 2013. Characterization of tea catechins-loaded nanoparticles prepared from chitosan and 

an edible polypeptide. Food Hydrocolloids, 30(1), 33-41. 

[4] Liang, H.F., Chen, C.T, Chen, S.C., Kulkarni, A.R., Chiu, Y.L., Chen, M.C. and Sung, H.W.,  

2006. Paclitaxel-loaded poly (γ-glutamic acid)-poly(lactide) nanoparticles as a targeted drug 

delivery system for the treatment of liver cancer. Biomaterials, 27, 2051-2059. 

[5] Li, C., 2002. Poly (l-glutamic acid)-anticancer drug conjugates. Advanced Drug Delivery 

Reviews, 54, 695-713. 

[6] Tanimoto, H., Fox, T., Eagles, J., Satoh, H., Nozawa, H., Okiyama, A., Morinaga, Y. and 

Fairweather-Tait, S., 2007. Acute effect of poly-γ-glutamic acid on calcium absorption in post-

menopausal women. Journal of the American College of Nutrition, 26, 645-649. 

[7] Yang, L.C., Wu, J.B., Ho, G.H., Yang, S.C., Huang, Y.P. and Lin, W.C., 2008. Effects of poly-

γ-glutamic acid on calcium absorption in rats. Bioscience, Biotechnology and Biochemistry, 

72, 3084-3090. 

[8] Shih, I.L., Van, Y.T. and Sau, Y.Y., 2003. Antifreeze activities of poly (gamma-glutamic acid) 

produced by Bacillus licheniformis. Biotechnology Letters, 25, 1709-1712. 

[9] Bhat, A.R., Irorere, V.U., Bartlett, T., Hill, D., Kedia G., Morris M.R., Charalampopoulos, D. 

and Radecka, I., 2013. Bacillus subtilis natto: a non-toxic source of poly-γ-glutamic acid that 

could be used as a cryoprotectant for probiotic bacteria. AMB Express, 3(1), 36. 

doi:10.1186/2191-0855-3-36 

[10] Lee, C.Y. and Kuo, M.I., 2011.  Effect of γ-polyglutamate on the rheological properties and 

microstructure of tofu. Food Hydrocolloids, 25, 1034-1040. 

[11] Wang, F., Zhao J., Wei, X., Huo, F., Li, W., Hu, Q. and Liu, H., 2014. Adsorption of rare 

earths (III) by calcium alginate-poly glutamic acid hybrid gels. Journal of Chemical 

Technology and Biotechnology, 89, 969-977. 

[12] Zheng. H., Gao, Z., Yin, J., Tang, X., Ji, X. and Huang, H., 2012. Harvesting of microalgae 

by flocculation with poly (γ-glutamic acid). Bioresource Technology, 112, 212-220. 

 



Current Applied Science and Technology Vol. 19 No. 3 (September - December 2019) 

208 

 

[13] Shih, I.L. and Van Y.T., 2001. The production of poly-γ-glutamic acid from microorganisms 

and its various applications. Bioresource Technology, 79, 207-225. 

[14] Buescher, J.M. and Margaritas, A., 2007. Microbial biosynthesis of polyglutamic acid 

biopolymer and applications in the biopharmaceutical, biomedical and food industries. 

Critical Review in Biotechnology, 27, 1-19. 

[15] Zhang, H., Zhu, J., Zhu, X., Cai, J., Zhang, A., Hong, Y., Huang, J., Huang, L. and Xu, Z., 

2012. High-level exogenous glutamic acid-independent production of poly-(gamma-glutamic 

acid) with organic acid addition in a new isolated Bacillus subtilis C10. Bioresource 

Technology, 116, 241-246. 

[16] Cao, M., Geng, W., Liu, L., Song, C., Xie, H., Guo, W., Jin, Y. and Wang, S., 2011. Glutamic 

acid independent production of poly- γ-glutamic acid by Bacillus amyloliquefaciens LL3 and 

cloning of pgs BCA genes. Bioresource Technology, 102, 4251-4257. 

[17] Ko, Y.H. and Gross, R.A., 1997. Effects of glucose and glycerol on γ-poly (glutamic acid) 

formation by Bacillus licheniformis ATCC 9945. Biotechnology and Bioengineering, 57, 430-

437. 

[18] Ueda, Y., Frindte, K., Knief, C., Ashrafuzzaman, M. and Frei, M., 2016. Effects of elevated 

tropospheric ozone concentration on the bacterial community in the phyllosphere and 

rhizoplane of rice. PLoS One 11, e0163178. https://doi.org/10.1371/journal.pone.0163178 

[19] Zeng, W., Lin, Y., Qi, Z., He, Y., Wang, D., Chen, G. and Liang, Z., 2013. An integrated high-

throughput strategy for rapid screening of poly (gamma-glutamic acid) -producing bacteria. 

Applied Microbiology and Biotechnology, 97, 2163-2172. 

[20] Marchesi, J.R., Sato, T., Weightman, A.J., Martin, T.A., Fry, J.C., Hiom, S.J., Dymock, D. and 

Wade, W.G., 1998. Design and evaluation of useful bacterium-specific PCR primers that 

amplify genes coding for bacterial 16S rRNA. Applied and Environmental Microbiology, 64, 

795-799. 

[21] Hall, T.A., 1999. BioEdit: a user-friendly biological sequence alignment editor and analysis 

program for Windows 95/98/NT. Nucleic Acids Symposium Series, 41, 95-98. 

[22] Liu, J., He, D., Li, X-Z., Gao, S., Wu, H., Liu, W., Gao, X. and Zhou, T., 2010. γ-Polyglutamic 

acid (γ-PGA) produced by Bacillus amyloliquefaciens C06 promoting its colonization on fruit 

surface. International Journal of Food Microbiology, 142, 190-197. 

[23] Yu, Y., Yan, F., Chen, Y., Jin, C. , Guo, J. -H.  and Chai, Y. , 2016.  Poly- γ-Glutamic acids 

contribute to biofilm formation and plant root colonization in selected environmental isolates 

of Bacillus subtilis. Frontiers in Microbiology, 7, 1811. doi: 10.3389/fmicb.2016.01811 

https://dx.doi.org/10.3389%2Ffmicb.2016.01811


Current Applied Science and Technology Vol. 19 No. 3 (September - December 2019) 

209 

 

Developing Stubble Chopper Device Adequate for  

Small Livestock Barns 

 
Ahmed Shawky El-Sayed1*, Mohamed Ali Ibrahim Al-Rajhi2  

and Ayman Mousa Abdel-AZeem El-Beba3 

 
1Department of Biological Engineering, Agriculture Engineering Research Institute 

(AENRI), Agriculture Research Center (ARC), Dokki, Giza, Egypt 
2Department of Animal Production Mechanization, Agriculture Engineering Research 

Institute (AENRI), Agriculture Research Center (ARC), Dokki, Giza, Egypt 
3Department of Field and Horticultural Crops Mechanization, Agriculture Engineering 

Research Institute (AENRI), Agriculture Research Center (ARC), Dokki, Giza, Egypt 

 
Received: 20 November 2018, Revised: 25 May 2019, Accepted: 6 June 2019 

 

 

Abstract 
 

The main objectives of this research are to develop a sustainable feeding unit in the small barns for 

daily fresh feed production by minimizing the operation cost of feed manufacturing and mixing 

the good soften cutter feed with nutrient supplements mechanically using an easy operating 

system. The storage of mixed fodder for a long period can expose its validity into rancidity and 

oxidation and reduces the nutritional value. Thus, an adequate feeding unit suitable for small barns 

is developed. Three experiments are conducted to test the developed unit on the variable levels of 

the cutting speeds (7.540, 9.426 and 11.304m/s), three feeding rates of (0.3, 0.6 and 0.9 ton/h) and 

three knife interferences of (5, 10 and 15 mm) to measure the performance rates, efficiency and 

economic evaluation. The results indicated that the maximum percentage in the soften cutting 

length > 5 cm was 92.82 % at the helical distribution with the maximum speed of 11.304 m/s, 

feeding rate of 0.9 ton/h and the largest knife interference of 15 mm. Besides, the maximum feed 

mixing efficiency (95.45 %) was recorded at the highest adaptable settings. Meanwhile, the 

maximum machine productivity was recorded at 0.85 ton/h at the same variables. Moreover, the 

maximum power consumption value (6.85 kWh/ton) was obtained at the lowest cutting speed of 

7.540 m/s, feeding rate of 0.85 ton/h and knife interference of 5 mm. The maximum operation cost 

was 121.20 Egyptian pound/ton with the same factors. 
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1. Introduction 

 

Feed manufacturers usually choose ingredients that are the least cost but still meet the desired 

nutritive properties for a given species [1] The primary force driving changes in feeding practices 

has been economic on how to bring food animals up to weight as quickly and cheaply as possible 

[1]. Feed availability, new feed ingredients and new feeding practices have played important roles 

in the concentration of animal food production operations [2]. 

The reviewed researches are branched into five main topics. First topic is focused on the 

use of agricultural residues in feed ingredients.   Rice straw represents an important agricultural 

residual in Egypt and approximately 3.5 million tons of rice straw is produced every year. 

In general, the maximum intake of rice straw by ruminants is about 1.0 to 1.2 kg per 100 

kg live weight [3].  Also crops residues (CRs)  are roughages that become available as livestock 

feeds after crops have been harvested [4] .  Livestock farmers, especially in the sector of goats, 

sheep and cattle, are constantly faced with problem of feed shortage during the dry season [5] . 

However, crop residue such as rice straw could be treated with urea or calcium hydroxide or by 

supplementing rice straw with protein for the enhancement of intake, degradability and milk yield 

[6-7]. Second topic concerns improving the feed nutrient value.  Generally, supplementation of a 

ration of rice straw with protein, energy and/or minerals may optimize rumen function and also 

increase intake [1]. Molasses can be a source of quick energy and an excellent source of minerals 

for farm animals and it is an effective way to increase the palatability of feeds through the use of 

diluted molasses (with water) by sprinkle its solution over the fodder from 0.1 % and 0.4 % (when 

a forage-based diet was fed) to 1 % and 3 %, respectively [8]. Third topic emphasizes on the effect 

of storage on feed validity. Clearly, oxidation is one of the major reasons that feeds deteriorate and 

is caused by the reaction of fats and oils with molecular oxygen leading to off-flavors that are 

generally called rancidity [9]. However, oxidative rancidity is of special interest as it leads to the 

development of unfavorable off-flavors that can be detected early on in the development of 

rancidity [ 10] .  Also, keeping quality of alimentary animal fats is governed by factors such as 

storage temperature, permeability of the packaging material to air and moisture [11] .  However, 

nutritional losses and other deteriorative changes in animal fats are concerned with the changes 

that result from their reaction with atmospheric oxygen [9].  Fourth, the benefits of feed cutting are 

examined. More clearly, quality of crop residues and roughages are improved by both chemical 

and physical methods [12].  Physical treatment of residues prior to chemical treatment improves 

materials acceptance of chemical treatment.  Physical treatment includes chopping, shredding, 

grinding and pelleting [12]. Also, knife mills or choppers work successfully for shredding forages 

under various crops and machine conditions. Disc mills produce very small particles if input feed 

is provided by knife mills or hammer mills [13]. The range of cutting crop residues (1-3 cm)  is 

suitable for sheep and goats while the range of 3-5 cm is suitable for large animals [2]. However, 

using different chopped roughage can solve serious problems of animal feeding shortage in Egypt 

[14]. Chopping farm residues in pieces less than 3 cm improves its efficiency when used in feeding 

livestock [14] .  Fifth topic concerns the development of feed cutting devices.  The results for an 

improved designed cutting machine for rice straw and maize stalks indicated that the maximum 

percentages (87.80 and 92%) in cutting length of less than 5 cm were obtained for rice straw and 

corn stalks residues, respectively, at cutting speed of 10.09 m/s, feeding rate of 0.771 ton/h and 

knife clearance of 1.5 mm while the energy consumed was 6.36 and 6.17 kWh/ton [15]. However, 

a developed combined cutting-unit with the harvesting combine machine was designed and about 

27%  from straw length < 5 cm was recorded at cutting speed 12.65 m/s while rice-straw length 

between 5-15 cm was about 54% and rice-straw length > 15 cm was about 19% [16]. In addition, 

the cutting unit in the Japanese combine was modified and tested and it was found that the power 

consumption increased with increasing forward speed and cutting speeds, while the energy 
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requirement (kWh/ton) increased with decreasing forward speed and increasing cutting speed with 

highest percentage value 83%  of short pieces < 6 cm was obtained at 0.75m/s [17].  Besides, a 

suitable developed cutting rice-straw machine was developed for appropriate lengths for the 

manufacture of animal feed and compost [18]. The productivity of 892 kg/h, power requirement 

about 5.05 kW, the operation cost of 13.63 Egyptian pound/h at 2015 and specific energy 5.67 

kWh/t were obtained [18]. 

The main objectives of the research are to investigate on the production of fresh daily 

feed for the small barns and how to minimize the operating cost of manufacturing feed.  The good 

soften cutter feed mixed with nutrient supplements mechanically with easy operating system was 

also examined. 

 

 

2. Materials and Methods 
 

2.1 Design of developed unit 
 

The developed unit depended on the cutting disks knives in the rear part for the Japanese rice 

combine harvesters is designed.  Usually, operating combines in Egypt are conducted without 

using these parts due to its problems from increasing the mechanical loads so it was removed from 

rice combine harvesters.  The utilization of reusing these units to make separate equipment is 

examined. The modification of the developed unit is to make a propelled equipment suits small 

barns using small tractors as the power source from tractor power take off ( PTO)  or using a 

separate gasoline motor.  The general description of the developed equipment is shown in the 

schematic drawing (Figure 1). 

 

 

 
 

Figure 1. Schematic drawing for the developed feeding equipment (dimensions: cm) 
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The new developed cutting and mixing unit consists of the following parts as follows: 

 

1) Power source: The power source has duel outlets portions. The first one, as shown in Figures 

2-5 built from the hexagonal attached shaft which connected to the PTO in the low power tractors 

(less than 30 hp) which fits the required power consumption that ranges about 6.85 kWh/ton. On 

the other hand, a separate gasoline motor 6.5 hp is attached to operate the feeding equipment as 

shown in Figure 3 and its specifications are listed in Table1. 

 

Table 1. The used gasoline motor specifications 

 

Model Kobal, made in China 

Certification 

Engine displacement (cc) 

Horsepower (hp) 

Speed (max) RPM 

EPA 

212 

6.5 

3800 

 

 

 
 

 

Figure 2. The developed unit 

(rear side view) 

 

Figure 3. The developed unit  

(front side view) 

  

Figure 4. The developed unit 

(right plane view) 

 

Figure 5. The developed unit 

(left plane view) 
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2) Chassis:  The chassis is made from iron heavy square pipes ( 4 cm)  which welded and 

manufactured locally to stand tracking on its own four wheels (12 cm dia.) and trailed by the tractor 

with two front bearer bars that turns the feeding equipment on pivotal axial coupling. The developed 

unit has dimensions of 2.5×0.75×1.65 m (length× width× height) as shown in the schematic drawing 

Figure 1. 

 

3) The cutting unit: As shown in Figures 6-9, two inside different cutter drums have the cutting 

action for the picked feed to the unit which do the work by organized steps. The mirrored straw 

was first caught by the top drum. The straw was then pressed between the cutting edges of the top 

and the lower cutter drums which rotates in reverse to each other.  The top drum consists of two 

kinds of vertical disc knives. One of these knives has tags to catch the straw and prevent it from 

sliding as shown in Figure 10(a). Fifteen knives which have tags or the caught disks were arranged 

side by side sixteen cutter knives disks on the hexagonal section shaft. 

 

 

  
 

Figure 6. The cutting and mixing unit initial 

parts 

Figure 7. The electrical sprayer distributor 

  
 

Figure 8. The cutting unit feeding trays 

 

Figure 9. The outlet cutting rough feed 

 

4) The cutting unit modification: There are three main modifications as follows:  

     a)  The lower cutting rotor as shown in Figures 10-11, the bottom cutting rotor has been 

modified by adding and distributing an additional cutting blades between collars of the cutting 

rotor with two distributions arranged as the vertical one and the helical one, along the cutting rotor 

drum to duplicate the cutting force on the feeding forages to decreases its lengths as required 

(Figure 9). 
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a  

 

b  

c  

Figure 10. The different disc knives (a and b 16 

cm dia.) for the upper rotor and (c) for the lower 

rotor (16 cm dia.). 

Figure 11. The different attached knives 

distributions (1-Wm: without modification,  

2-Vd: vertical distribution and 3- Hd: helical 

distribution). 

 

     b) The inlet feeding trays: Two main trays on the both sides of the cutting unit are merged to 

set the feed rate equally between the used straw residual and the dried forage and to balance the 

feed ingredients (Figure 8). The tray dimension is 120×30 cm. 

     c) The outlet tray: This part was designed as shown in Figures 5 and 7 to provide the feeding 

directly to the animals, which falcate the feed process. 

 

5) The mixing unit:  As shown in Figures 6 and 12, the right hand of the auger has double sides 

which conveys each other inversely in the direction to the convey zone that mixes the fallen mixed 

cutter feed. 

 

  

Figure 12. The mixing feed auger 

 

Figure 13. The duel sprayer nozzles 

 

 

6) The electrical sprayer distributor (for useful supplements liquid): As shown in Figure 7, an 

adequate garden sprayer is used for spraying liquid through the outlet cutter feed with reviewed 

ranges of its discharge rate (1 l/10 kg dry rough-feed) from doubled hanged sprayers on the cutting 

door (as shown in Figure 13). The sprayer has 12 litre tank with rechargeable 12 volt battery and 

operates with inlet strong pump that provides flow rate up to 1 l/min. In addition, the mass of the 

discharged supplement was controlled by adapting the nozzles collar to set its cone diameter by 

rolling it. 
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7) The transmission unit: The power transmitted (as shown in Figures 2 and 3) from the driving 

pulley of 7 cm dia. on the gasoline motor shaft to the main idler shaft front pulley (22 cm dia.) to 

the other left pulley (12 cm dia.)  on the same shaft. The power was then branched to the cutting 

and the mixing unit pulleys, respectively (17 and 20 cm dia.), as shown in Table 2. The different 

changeable linear speeds are due to controlling the gasoline lever at three different loads as listed. 

 

Table 2. The cutting and mixing unit linear speed 

 

Motor pulley 

(rpm) 

Cutting pulley 

(rpm) 

Cutting pulley 

(m/s) 

Auger pulley 

(rpm) 

Auger pulley 

(m/s) 

2400 847 7.540 720 7.540 

3000 1059 9.426 900 9.425 

3600 1270 11.304 1080 11.310 

 

2.2 Study of performance parameters 
 

The performance parameters of the designed machine are described as follows: 

1) Three cutting speeds (V) of 7.540, 9.426 and 11.304 m/s which changed according to  

     the transmission system. 

2)  Three feeding rates ( F)  of 0. 3, 0. 6 and 0. 9 ton/ h which settled experimentally by  

      adapting the feeding quantity with the time using the merged cutting unit trays as listed  

      in Table 3. 

3) Three knife interferences (I) of 5, 10 and 15 mm which according to lateral controlling  

     lever that gauge the interference distance between the two cutting rotors (Figure 2). 

 

Table 3. The used feed ingredients at the changed feeding rates 

 

Feeding rate (ton/h) 

Feed ingredients 

Straw (kg) 
Dried clover 

(kg) 

Supplement 

liquid (litre) 

0.3 (5 kg/min) 

0.6 (10 kg/min) 

0.9 (15 kg/min) 

3.0 

6.0 

9.0 

1.5 

3.0 

4.5 

0.5 

1.0 

1.5 

 

2.3 Measurements 
 

Three experiments were conducted and replicated three times. The developed feed equipment was 

studied to evaluate the developed unit without modification (Wm)  and after distributing the 

additional blades in the vertical (Vd) and helical (Hd) distributions to measure the following: 

 

1) The cutting lengths percentages (CL, % ) :  After each cutting treatment, a sample of 1 kg 

weight from cutting crop material was taken and separated into three categories, i.e.  less than 5, 

more than or equal 5-10 and more than 10 cm. Each cutting length in the sample was weighed and 

calculated as a percentage from the total sample weight.  The mean length cutting straw was 

calculated using the following equation according to Wanapat et al. [7]: 
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Where: M.L.S is the mean length cutting straw, 

             Xi is the mean length of each division (Wm, Vd, Hd) and 

             Wi is the sample weight of each division, g. 

 

2) The mixing efficiency (M, %): After every treatment the outlet of mixed feed random sample 

was analyzed. Each ingredient weight (straw, dried forage and supplement liquid) was dived into 

the total weight to measure the mixing efficiency percentages by the following equation: 

 

                                 M =  
𝑆𝑤×𝐷𝑤×𝐿𝑤

𝑇𝑤
× 100 %              (2) 

Where: M% is the mixing efficiency,  

             Sw is the straw weight (g),  

             Dw is the dried clover weight (g),   

                  Lw is the supplement liquid weight (g) and  

            Tw is the total sample weight (1000 g).  

 

3) The machine productivity (P, ton/h): The machine productivity was calculated by using the 

following equation: 

hton
M

P /
1000

160
=              (3) 

 

Where: P is the machine productivity (ton/h), M is straw feed mass (kg), 60 is minutes, 1 is 

one ton and 1000 is constant. 

 

4) The fuel consumption (F), L/min: Fuel consumption was determined by measuring the 

volume of fuel consumed during the operation time for each run and calculated in liter per hour. It 

was measured by completely filling the fuel tank before each end run and refilling the fuel tank 

was used as a scaled container. The fuel consumption rate was calculated by the following 

equation: 

   
hL

T

V
F /      =

               (4) 

Where: F: rate of fuel consumption, L/h, V: rate of consumed fuel, L and T: time, h.  

 

5) The consumed power requirements (Pr, kW.h/ton): The consumed power requirements were 

calculated by using the following equation [19]: 

 

     tonhkW
P
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




 
=

            (5) 

Where: Pr is energy requirements (kW.h/ton), 

             Fs is fuel consumption rate (L/h), 

             ρf is density of fuel (kg/L) (for diesel = 0.85 kg/L), 

             C.V is calorific value of fuel (Kcal/kg,), 

             427 is thermal-mechanical equivalent (kg.m/Kcal),  

             ηth is thermal efficiency of the engine, assumed 40 % for diesel engine, 

             ηm is mechanical efficiency to engine, assumed 80 % for diesel engine and 

             P is machine productivity (ton/h). 
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6) The operating cost (C, Pound/ton): The operating cost was determined using the following 

formula:  

 

Operating cost (C) = Machine hourly cost (Pound/h)  Pound/ton            (6) 

         Actual machine capacity (ton/h) 

 

3. Results and Discussion 
 

3.1 Factors affecting mean cutting length percentages 
 

In general, the obtained first percentage category of cutting length < 5 cm at the effect of the 

cutting speed ( V)  within the tested variables; the different feeding rates ( F)  and also the knife 

interferences (I). Figure 14 shows From these figures, it could be cleared that, there are high effect 

for V at the new development for the new knife distribution on the beneath cutting rotor from the 

vertical to the helical arrangements which improves significantly the desired cutting length 

category < 5 cmmore than the other categories > 5-10 and >10 cm.  

The results indicated that increasing the cutting speeds from 7.540 to 11.304 m/s would 

directly increase the percentage of cutting length < 5 cm at the both variable levels for F and I. As 

shown in Figure 14, the maximum values of the cutting length percentages for the 1st category 

distribution of soften length (< 5 cm) were 83.83, 89.41 and 92.82 %  for the (Wm, Vd and Hd), 

respectively and the highest value ( F)  0. 9 ton/ h at the highest ( V)  of 11. 304 m/ s while the 

minimum values for the 1st category were 71.39, 76.97 and 80.38 %  for the (Wm, Vd and Hd) 

distributions, respectively at the lowest value of (F) 0.3 ton/h and (V) of 7.540 m/s. Also, as shown 

in Figure 14(b), the maximum values of the cutting length percentages for 1st category were 82.85, 

88.43 and 91.84 % for the (Wm, Vd and Hd) distributions, respectively, at the highest value (V) of 

11.304 m/s and the highest value (I) of 15 mm while the minimum values for the 1st category were 

72.50, 78.08 and 81.49 % for Wm, Vd and Hd distributions, respectively at the lowest value (V) of 

7.540 m/s and (I) of 5 mm. It could be stated that the distribution percentage of cutting length less 

than 5 cm were increased by increasing both knife interference and feeding rate levels. There are 

high significance differences between the tested treatments and the total interaction between it to 

CL % . The analysis of variance for the data of 1st category for CL %  at different tested factors 

indicated highly significant differences between the treatments.  A simple power regression 

analysis is applied to relate the change in the 1st category < 5 cm with the change in the tested 

factors in the form of: 

 

(Wm)   [<5 cm] = (50.178, 55.758 and 59.168)+ 2.498 V + 4.854 F + 0.0983 I 

Without 

modification 
 

          R2= 0.9977                   C.V. = (0.306, 0.286 and 0.0274) 
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Mean cutting length percentages for length catogry < 5 cm at three diffient experiments (Wm, Vd 

and Hd). Wm: Knives without modification, Vd and  Hd: Knives vertical and helical distributions. 

  

 

Figure 14. The effect of cutting and mixing unit linear velocity on the mean cutting length 

percentages of category < 5 cm at the different feeding rates and knife interference 

 

Mean cutting length percentages for length catogry > 5-10 and  > 10 cm at three diffient experiments 

(Wm, Vd and Hd). 

  

  

 

Figure 15. The effect of cutting and mixing unit linear velocity on the mean cutting length percentages of 

category > 5-10 and > 10 cm at the different feeding rates and knife clearances 

 

Figure 15 showed that there are an oppositely relationship by increasing the cutting speed 

the (CL) percentages decreased with increasing both of the F and the I. The results showed that 

increasing the cutting speeds from 7.540 to 11.304 m/s adversely decreased the percentage of 

cutting length (> 5-10 and > 10 cm) at both variable levels for F and I. The maximum values of the 

a b 

c d 

a b 
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CL% for 2nd and 3th categories ( > 5-10 and > 10 cm) as shown in Figure 15 (a and b), were 

(22.63, 17.95 and 15.53 %) and (5.98, 5.08 and 4.09 %), respectively, for the lowest feeding rate 

(F) 0.3 ton/h and the lowest cutting speed (V) of 7.540 m/s while the minimum values were 

(12.58, 7.90 and 5.48 %) and (3.59, 2.69 and 1.70 %) for the (Wm, Vd and Hd), respectively, at 

the highest value of (F) 0.9 ton/h and (V) of 11.304 m/s. 

In that manner, as shown in Figure 15 (c and d), the maximum values of the CL% for 2nd 

and 3th categories were (21.63, 16.95 and 14.53 %) and (5.87, 4.97 and 3.98 %), respectively, for 

the lowest (V) of 7.540 m/s and the minimum (I) of 5 mm. The minimum values were (13.26, 8.58 

and 6.16 %) and (3.89, 2.99 and 2.00 %) for the (Wm, Vd and Hd), respectively, at the maximum 

value (V) of 11.304 m/s and (I) of 15 mm. From the results, the new CL% with (P < 0.05) could 

be clarified.  The analysis of variance for the data of 2nd and 3th categories showed highly 

significant differences. The power regression equations for 2nd and 3th categories are as follows: 

 

(Vd) 

Knives distribution 
[>5-10 cm] = (39.479, 34.799 and 32.379) –2.029 V –3.864  F- 0.0826 I 

               R2= 0.9967                C.V. = (1.347, 1.850 and 2.293) 

 

(Hd) 

Knives distribution 

[>10 cm] = (10.343, 9.443 and 8.453) - 0.469V- 0.990 F- 0.0157 I 

              R2= 0.9908                 C.V. = (1.939, 2.347 and 3.056) 

 

3.2 Factors affecting feed mixing efficiency (M %) 
 

As shown in Figure 16(a), the maximum values of M were 88.38, 94.63 and 95.45 %, respectively, 

at the highest (F) 0.9 ton/h and the highest (V) of 11.304 m/s. The minimum values of M were 

75.94, 82.19 and 83.01 %  for the (Wm, Vd and Hd), respectively, at the lowest value of (F) 0.3 

ton/h and (V) of 7.540 m/s. Also, as shown in Figure 16(b), the maximum values of M were (87.40, 

93.65 and 94.47 % ), respectively, at (V) of 11.304 m/s and (I) of 15 mm. The minimum values of M 

were (77.05, 83.30 and 84.12 % ) for the (Wm, Vd and Hd), respectively, at the lowest value (V) of 

7.540 m/s and (I) of 5 mm. The use of two- part auger with high rotational speed and screw pitch led to 

the efficiency of feed mixing at  the highest speeds with the maximum levels of (F and I) .  There are 

significance differences between the tested factors and the total interaction between it to M with (P < 

0.05). The power regression equations for M% are as follows: 

 

Wm, Vd and Hd 

Knives distributions 

[M%] = (54.728, 60.978 and 61.798) + 2.498 V + 4.854 F + 0.098 I     

 R2 = 0.9977          C.V. = (0.289, 0.269 and 0.266) 
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Figure 16. The effect of cutting and mixing unit linear velocity on the feed mixing efficiency at 

the different feeding rates and knife interference 

 

3.3 Factors affecting the machine productivity (P, ton/h)  
 

As shown in Figure 17(a), there are direct relations between the highest values of P (0.79, 0.84 and 

0.85 ton/h), respectively, at (F) 0.9 ton/h and (V) of 11.304 m/s while the minimum values of P 

were (0.23, 0.24 and 0.25 ton/h) for the (Wm, Vd and Hd), respectively, at the lowest value of (F) 

0.3 ton/h and (V) of 7.540 m/s. Moreover, the maximum values of P were (0.52, 0.56 and 0.57 

ton/ h) , respectively, at ( V)  of 11.304 m/ s and ( I)  of 15 mm as shown in Figure 17( b) .  The 

minimum values of P were (0.46, 0.49 and 0.50 ton/h) for the (Wm, Vd and Hd), respectively, at 

the lowest value (V) of 7.540 m/s and (I) of 5 mm. The application of the maximum cutting speed, 

feeding rates and knife interferences allowed relatively mass production and improved the cutting 

unit to contain large capacity of the feed to produce these values of huge capacities.  

The statistical analysis showed high significance differences between the tested 

treatments and the total interaction between it to P with ( P < 0. 05)  and highly significant 

differences between the treatments. The obtained regression equations for P were in the form of: 

 

Wm, Vd and Hd 

 

Knives distributions 

[P(ton/h)] = (-0.161, -0.161 and-0.161)  + 0.0149 V + 0.841 F + 6.037e-4 I 

 R2 = 0.9999              C.V. = (0.328, 0.321 and 0.311) 

 

  

 

Figure 17. The effect of cutting and mixing unit linear velocity on the total machine 

productivity at the different feeding rates and knife interference 

b 

a 

a 

b 
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3.4 Factors affecting power requirements (Pr, kWh/fed) 

 

As shown in Table 4, the fuel consumption rates range from 0.49 to 0.62 l/h which is more 

economical for the operating of the designed feed equipment. 

 

Table 4. The fuel consumption rates at the tested factors 

 

Distribution V and F Wm Vd Hd V and I  Wm Vd Hd 

Fuel cons. Max 

l/h 

11.304m/s  
0.57 0.61 0.62 

11.304m/s  
0.56 0.60 0.61 

0.9 ton/h 15 mm 

Fuel cons. Min 

l/h 

7.540m/s 
0.49 0.52 0.54 

7.540 m/s 
0.49 0.53 0.54 

0.3ton/h 5 mm 

 

Generally, there are a direct relation as shown in Figure 18 (a) that the maximum values 

of Pr were equaled at 6.85 kWh/ton for the (Wm, Vd and Hd) distributions, respectively, at the 

lowest feeding rate ( F)  of 0.3 ton/h and the lowest cutting speed ( V)  of 7.540 m/ s while the 

minimum values for Pr was equaled at ( 2.28kWh/ton)  for the (Wm, Vd and Hd)  distributions, 

respectively at the maximum value (F)  of 0.9 ton/h and (V)  of 11.304 m/s.  From the results it 

could be stated that the consumed fuel was not affected by the machine loads unless the changing of 

machine speed was decreased by the power requirements at the higher values of V than the lowest 

speeds. Figure 18(b)  shows a linear relationship between Pr and V at the different values of F and I 

which explains that there were no significant differences between the tested factor I and Pr but the 

significant difference was found between the changing of the cutting speed and the feeding rate.  The 

obtained regression equations for Pr were in the form of : 

 

(Wm), (Vd) and (Hd) 

distributions 

[Pr kW.h/ton] = (8.757, 8.757 and 8.757) - 4.929e -17 V -7.615 F           

+1.266e-19 I                     R2= 1 

 

 
 

 

Figure 18. The effect of cutting and mixing unit linear velocity on the power requirements at 

the different feeding rates and knife interference 

 

 

 

 

 

 

 

a b 
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3.5 Factors affecting operating cost (C, Pound/ton) 
 

 

  
 

Figure 19. The effect of cutting and mixing unit linear velocity on the machine operating cost at 

the different feeding rates and knife interference 

 

As shown in Figure 19 (a), there are inverse relations. The maximum values of C were (133.35, 

123.93 and 121.20 Pound/ton), respectively, at (F) of 0.3 ton/h and (V) of 7.540 m/s. The 

minimum values of C were (38.13, 35.79 and 35.11 Pound/ton) for the (Wm, Vd and Hd), 

respectively, at the maximum value of (F) 0.9 ton/h and (V) of 11.304 m/s. However, the 

maximum values of C were (80.91, 75.23 and 73.59 Pound/ton), respectively, at (V) of 7.540 m/s 

and (I) of 5 mm while the minimum values of C were (71.13, 66.70 and 65.40 Pound/ton), 

respectively at (V) of 11.304 m/s and (I) 15 mm as shown in Figure 19(b). The manufacturing cost 

was 10 thousand Egyptian pounds in 2018. The results showed that the use of minimum cutting 

speeds, feeding rates and knife interferences could increase the operating costs more than the 

levels of economical operation for the developed machine. The power regression equations for (C) 

were in the form of : 

 

(Wm), (Vd) and 

(Hd) 

Knives 

distributions 

[C (Pound/ton)] = (184.334, 170.540 and 166.554) – (2.362, 2.060 and 

1.975) V – (142.088, 132.423 and 129.607) F – (0.0898, 

0.07821 and 0.0751) I 

 
R2= 0.9999             C.V. = (0.310, 0.289 and 0.283) 

 

4. Conclusions  
 

It could be concluded that the maximum percentage in the soften cutting ( length > 5 cm)  was 

92.82 %  at the helical distribution with the maximum speed of 11.304 m/s, feeding rate of 0.9 

ton/h and the largest knife interference of 15 mm. Besides, the maximum feed mixing efficiency 

of 95.45 %  was recorded at the highest adaptable settings. The maximum machine productivity 

was recorded at 0.85 ton/h at the same variables. The maximum power consumption value at 6.85 

kWh/ton was obtained at the lowest cutting speed of 7.540 m/s, feeding rate of 0.85 ton/h and 

knife interference of 5 mm. In addition, the maximum operation cost was 121.20 Pound/ton with 

the same factors. It is recommended to establish this modified system in the small barns. 

 

 

 

a b 
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Abstract 
 

Bamboo shoots possess a rich source of dietary fiber for Asian countries as well as Thailand, which 

give various beneficial physiological effects for human beings. Dietary fibers in soluble form could 

provide better texture and would be easier to apply in food products. This study aimed to prepare 

fiber hydrolysate with high solubility and antioxidant activity from bamboo (Bambusa vulgaris) 

shoot. The fiber hydrolysate from bamboo shoot (FHBS) was prepared by stepwise enzymatic 

hydrolysis including amylase (1%, w/w), cellulase (1, 2, 3%, w/w) and papain (1%, w/w). The 

released fiber yield of FHBS increased with increasing cellulose levels in dose dependent manner 

(P≤ 0.05). It was found that the process with 1% (w/w) amylase for 1 h and 3% (w/w) cellulase for 

3 h followed by 1% (w/w) papain for 1 h at 50 ºC, rendered the highest released fiber yield 

(92.10±1.10%). The resultant FHBS contained 5.76±0.21 % of total dietary fiber with total sugar 

and reducing sugar contents of 1431.22±46.01 and 918.91±10.57 mg/g solid, respectively. The 

FHBS exhibited antioxidant activities including ABTS radical scavenging activities (ABTS), DPPH 

radical scavenging activities (DPPH), ferric reducing antioxidant power (FRAP) and oxygen radical 

absorbance capacity (ORAC). Therefore, FHBS with antioxidant activities could be effectively 

prepared by using enzymatic hydrolysis and suitable to apply in the fiber fortified products. 

 

Keywords: bamboo shoot, fiber hydrolysate, antioxidative properties, enzymatic hydrolysis 
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1. Introduction 
 

Dietary fiber is part of daily food intake, normally from part of plant material that is resistant for 

digestion by human digestive system [ 1] .  Even though it is carbohydrate including cellulose, 

noncellulosic polysaccharides and non- carbohydrate component lignin, fiber cannot be broken 

down into sugar molecules like other typical carbohydrates due to its structure [2]. High-fiber diets 

are growing in popularity as compared to low- fat or low- calorie diets and integrating healthy 

nutrition within regular daily routines via small changes to consumer’s lifestyles are needed.  Fiber 

also comes in two forms; soluble and insoluble [3].  Insoluble form cannot be digested or absorbed 

by human bodies and is insoluble in water, which can be used as bulk agent for products to prevent 

constipation. Soluble fibers dissolve in water and can be used by human bowel bacteria as their food 

source.  The soluble form has outstanding health promotion functions [3, 4] .  Moreover, soluble 

dietary fiber could properly be fortified as functional ingredient in food products, especially in 

beverages, which are a convenient and efficient delivery vehicle for many essential nutrients such 

as antioxidant plant extracts and protein/peptides as well as soluble dietary fiber [1, 5-7]. 

Non- starch polysaccharides in plant, particularly fiber, with antioxidant properties have 

been exploited as potential novel antioxidants.  Several rice bran fiber fractions offer protection 

against the superoxide radical, hydroxyl free radical, lipid peroxidation and exhibit good potential 

for reducing power and chelating ferrous ions [8] .  Besides nutrients, bamboo shoots also contain 

lethal concentration of oxalate content and the anti- nutrient ( cyanogen)  that need to be removed 

before human consumption, which could effectively be removed by boiling in water [9, 10]. Bamboo 

shoot dietary fiber is an inexpensive alternative fiber apart from wheat, oat, corn, soybean and 

apples, especially for Asian people.  There are many studies reported on its extensive biological 

activities such as antibacteria, antitumor, anticancer, immune regulation and so on [11] .  However, 

the dietary fiber in bamboo shoots is mostly insoluble, which limits its applications in food products. 

There are several techniques used to modify and increase soluble dietary fiber of bamboo shoot and 

the enzymatic hydrolysis was found as an effective method to improve physicochemical properties 

and the bioactivity of resulting fiber [ 3, 12, 13].  Xiao-bing et al.  [ 12]  evaluated the effects of 

different preparation methods, including water- washing, acid- base treatment, fermentation and 

enzyme treatment, on the quality of dietary fiber from bamboo shoot.  They found that the highest 

contents of soluble, insoluble and total dietary fibers were obtained from enzyme treatment with 

alpha- amylase and papain.  Song et al.  [13] reported that the incorporation of extrusion with 

enzymatic hydrolysis by cellulase could increase the contents of soluble dietary fiber (22.17 g/100 g 

dry solids) of amylase and papain pretreated bamboo shoots, and the resulting fiber can be useful as 

a fiber-rich ingredient in functional foods. Alpha-amylase could rapidly increase starch hydrolysis 

[14]. Papain is a cheap cysteine protease obtained from the latex of papaya, which can cleave protein 

and peptide in bamboo shoot matrix.  These two enzymes have been used for pretreatment of the 

bamboo shoot and provided the matrix which is prone to be modified by extrusion, chemical or 

enzymatic methods [13, 15]  In addition, cellulase can hydrolyze cellulose and hemicellulose 

components, which most likely leads to increase exposure of functional groups and influences the 

bioactivity of dietary fiber [16] .  Therefore, the aim of this study was to prepare the soluble dietary 

fiber from bamboo shoot by stepwise hydrolysis with several enzymes. The antioxidative activities 

of resultant fiber hydrolysate were then evaluated. 
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2. Materials and Methods 
 

2.1 Chemicals 
 

Amylase (enzyme activity: 10,000 U/g) and papain (enzyme activity: 100,000 U/g), were obtained 

from Shaanxi Orient Industrial Co., Ltd. (Shaanxi, China). Cellulase (enzyme activity: 20,000 U/g) 

was purchased from the Beijing Aoboxing Biotechnology Co. , Ltd.  (Beijing, China) .  The other 

reagents were of analytical grade. 

 

2.2 Bamboo shoot preparation  
 

The fresh bamboo shoots were purchased from local market in Ladkrabang, Bangkok, Thailand and 

transported to Faculty of Agro-Industry, King Mongkut’s Institute of Technology Ladkrabang. The 

bamboo shoots were peeled and washed with running water before cut into pieces with a diameter 

of 5 cm.  Bamboo shoots were then boiled in hot water ( 95 ºC)  for 15 min prior to storage in 

polyethylene bag with vacuum seal. The prepared bamboo shoot was stored at -20 ºC until used for 

analysis within 6 months. 

 

2.3 Pretreatment 
 

Two hundred grams of prepared bamboo shoot were mixed with 400 ml of distilled water and 

homogenized into slurry.  The slurry was then boiled for 15 min and filtered through two- layer of 

cheesecloth.  This process was done twice.  The moisture content of pretreated bamboo shoot was 

analyzed and calculated to be 88.94 ± 2.41%. 

 

2.4 Preparation of fiber hydrolysate by enzymatic hydrolysis 
 

The pretreated bamboo shoot (150 g) was homogenized into slurry with 450 ml water (pH 5.1-5.5). 

The slurry was preheated at 50°C in water bath.  Then, the bamboo shoot slurry was hydrolyzed at 

50°C by stepwise enzyme treatment including α-amylase (1% w/w) for 1 h, cellulase (1, 2 and 3% 

w/w) for 3 h and papain 1% (w/w) for 1 h, respectively. The resultant mixture was heated at 95°C 

for 15 min for enzyme inactivation prior to filter to remove insoluble debris.  The filtered mixture 

was referred to as “fiber hydrolysate” and collected for analysis. 

 

2.5 Released fiber hydrolysate yield 
 

The released fiber hydrolysate yield was calculated based on initial weight (wet weight)  of the 

starting material using the following equation: 

 

Released fiber hydrolysate yield (%)=
Total solid  of fiber hydrolysate (g)

Total weight of  bamboo shoot (g)
x100 

 

2.6 Proximate analysis 
 

The methods for determining the chemical composition of bamboo shoot and its hydrolysate from 

selected condition, including moisture, protein, fat and ash contents are outlined in the Official 

Methods of Analysis [ 17] .  Total carbohydrate was calculated by subtraction sum of protein, fat 

moisture and ash from total weight of sample [18]. 
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2.7 Total sugar and reducing sugar contents 
 

Total sugar content was determined by the phenol-H2SO4 method [19] by measuring the absorbance 

at 490 nm, using sucrose as a standard. The reducing sugar contents was evaluated as per DNS (3,5-

dinitrosalicylate) method [20] using glucose as a standard. 

 

2.8 Fiber composition analysis 
 

The fiber compositions of the fiber hydrolysate from bamboo shoot (FHBS)  were evaluated from 

the hydrolysate without filtration.  The insoluble dietary fiber ( IDF) , soluble dietary fiber (SDF) , 

and total dietary fiber (TDF)  were determined using the Megazyme TDF Test Kit ( K- TDFR, 

Megazyme International Ireland, Bray Business Park, Bray, Co., Wicklow, Ireland)  exactly 

according to enzymatic gravimetric method with MES-TRIS buffer, based on the AOAC991.43 

[21]. 

 

2.9 Antioxidative activities 
 

Antioxidative activities of the sample were determined for ABTS radical scavenging activity 

(ABTS) [22], DPPH radical scavenging activity (DPPH) [22] and ferric reducing antioxidant power 

(FRAP) [23]. The oxygen radical absorbance capacity (ORAC) was also determined as per method 

of Kittiphattanabawon et al.  [ 24] .  Trolox (50 mg/ml)  was plotted between relative fluorescence 

intensity (%)  and time (min) .  All activities were expressed as mmol Trolox equivalent (TE) /g 

sample. 

 

2.10 Statistical analysis 
 

All experiments were done in triplicate using three different lots of bamboo shoot. Pairwise T-Tests 

were performed for evaluating the differences in chemical composition of boiled bamboo shoot and 

FHBS.  Significant differences among means within each experiment were evaluated by Duncan’ s 

multiple range test at a significance level of α = 0.05 [25]. Statistical analysis was performed using 

the Statistical Package for Social Science (SPSS 11.0 for windows, SPSS Inc., Chicago, IL, USA). 

 

 

3. Results and Discussion 
 

3.1 Released fiber hydrolysate yield 
 

Fiber hydrolysates from bamboo shoot (FHBS)  obtained by stepwise enzymatic hydrolysis with 

variation of cellulase concentrations, are shown in Figure 1 and those released fiber hydrolysate 

yield counterparts are presented in Figure 2. The result showed that greater amount of bamboo shoot 

hydrolysis occurred with higher amount of enzyme used, as monitored by the decreasing of sample 

mass (Figure 1). The remained sample masses were 17.53±1.35%, 10.89±1.13% and 5.04±0.67% 

after enzymatic hydrolysis using 1%, 2% and 3% of cellulase, respectively, which were significantly 

lower than that from control (0% cellulase; 94.36±5.53%). From control, the lowest yield of soluble 

fraction was obtained (P≤0.05), compared to enzymatic treatments (Figure 2). The yield of FHBS 

increased with increasing cellulase levels in dose dependent manner (P≤0.05). The highest cellulase 

concentration used (3%) resulted in the highest yield (92.10±1.10%). This result indicated that the 

cellulose in bamboo shoot matrix could be cleaved by cellulase, in which the short chain fractions  
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Figure 1. Fiber hydrolysate of bamboo shoot (FHBS) prepared by stepwise enzymatic hydrolysis 

with different concentrations of cellulase. (a) 1% (w/w) α-amylase and 1% (w/w) papain, (b) 1% 

(w/w) α-amylase, 1% (w/w) cellulase and 1% (w/w) papain, (c) 1% (w/w) α-amylase, 2% (w/w) 

cellulase and 1% (w/w) papain, (d) 1% (w/w) α-amylase, cellulase (3% (w/w) of shoot mass) and 

1% (w/w) papain 

 

 
 

Figure 2. Released fiber hydrolysate yield (%) from bamboo shoot by stepwise enzymatic 

hydrolysis with different concentrations of cellulase. Different small letters on the bars indicate 

significant differences (P≤0.05). 

 

with greater solubility could be obtained.  Glucose and cellobiose are two major products from 

enzymatic hydrolysis of cellulose by cellulase [ 26] .  Two major steps ( including adsorption of 

enzymes onto surfaces of cellulose and breakage of β-1,4-glucosidic bond between glucose)  are 

involved in enzymatic hydrolysis of cellulose [27]. The result was in accordance with those reported 

by Shafiei et al. [28] who prepared palm date fibers by using enzymatic hydrolysis. Cellulase with 

higher concentration (50 FPU/g activity)  was able to hydrolyse glucan in the fibers with higher 

degree (67.1%) , compared with those from 20 FPU/g activity ( 37.5%) .  Therefore, the stepwise 

enzymatic hydrolysis using 1% (w/w) α-amylase, 3% (w/w) cellulase and 1% (w/w) papain was the 

suitable enzyme treatment condition and was also selected to use for the production of FHBS for 

further analysis. 
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3.2 Chemical compositions  
 

Chemical compositions of boiled bamboo shoot and the selected fiber hydrolysate (FHBS) obtained 

from stepwise enzymatic hydrolysis using 1% α-amylase, 3% cellulase and 1% papain, are shown 

in Table 1.  Both samples (boiled bamboo shoot and FHBS) had carbohydrate as a major 

composition, followed by protein and ash contents, respectively.  No fat content was detected from 

bamboo shoot and FHBS. These results were in accordance with chemical compositions of bamboo 

shoot reported by Nongdam and Tikendra [29] and Wang et al. [15]. Carbohydrate and protein are 

main composition found from boiled bamboo shoot with various amount depended on types and 

cooking processes, in which fat content could not be detected from all boiled shoot tested [29] .  It 

was noted that FHBS had higher protein and ash contents, compared with those of substrate used 

(boiled bamboo shoot)  (P≤ 0.05) .  This might indicate the residue of protein and ash content from 

enzyme added during stepwise enzymatic hydrolysis. 

 

Table 1. Chemical compositions of boiled bamboo (Bambusa vulgaris) shoot and the selected fiber 

hydrolysate from bamboo shoot (FHBS). 

 

Chemical compositions  Boiled bamboo shoot FHBS t-test 

Ash (% dry basis) 1.23 ± 0.01 2.35 ± 0.12 * 

Protein (% dry basis) 5.23 ± 0.11 6.19 ± 0.12 * 

Fat (% dry basis) ND ND - 

Carbohydrate (% dry basis)           93.5 ± 0.10      91.5 ± 0.14 * 

 

Values are expressed as means ± standard deviation.  * Significant differences between means of 

boiled bamboo shoots and FHBS (P≤ 0.05). ND = not detected. 

 

3.3 Sugar and fiber composition 
 

Sugar and fiber compositions of FHBS prepared by selected condition are shown in Table 2.  The 

FHBS contained 892 ±14.2 mg/g of total sugar.  In addition, this hydrolysate consisted of high 

content of reducing sugar, relating to the high degree of degradation of starch and cellulose by 

amylase and cellulase, respectively, in which the glucose and oligomers could be released.  Some 

enzymes produced naturally by microorganisms could reduce the molecular weight and improve the 

solubility of dietary fiber [30].  

After stepwise hydrolysis, the FHBS without filtration had 5.76±0.21% of total dietary 

fiber, including 1.30±0.09% and 4.46±0.20% of soluble and insoluble dietary fiber, respectively. 

This result indicated that bamboo shoot fiber was almost cleaved during enzymatic hydrolysis to 

generate soluble fraction in the extracted fractions. The presence of monomer sugars and oligomers 

from complete and incomplete hydrolysis of polysaccharides could be obtained from palm date fiber 

hydrolysate by using cellulase and resulted the soluble fraction [ 28] .  Enzymatic treatment 

hydrolyzes the insoluble fiber into soluble fraction, which could improve the prebiotic health 

benefits of the developed product [ 31] .  Ramos et al.  [ 32]  found that a product from cocoa husks 

treated with the enzyme mixture Ultraflo L® resulted in soluble cocoa fiber which showed the 

potential application as a functional food ingredient.  Therefore, FHBS might exhibit some 

promising biological activities. 
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Table 2. Sugar and fiber compositions of the selected fiber hydrolysate from bamboo shoot (FHBS)  

 

Characteristics Contents* 

Total sugar£ 

(mg/g solid) 
          892 ± 14.2 

Reducing sugar content£ 

(mg/g solid) 
          735 ± 8.45 

Total dietary fiber content¥ (g/100 g solid)           5.76 ± 0.21 

Soluble dietary fiber content¥ 

(g/100 g solid) 
          1.30 ± 0.09 

Insoluble dietary fiber content¥ 

(g/100 g solid)           4.46 ± 0.20 

 

*Values are expressed as means ± standard deviation  

(n =  3) .  £ The data was determined from soluble fraction.  ¥ The data was determined from FHBS 

without filtration. 

 

3.4 Antioxidative activities 
 

Antioxidative activities of the selected FHBS were evaluated using different assays and presented 

in Table 3. It was found that the enzymatic hydrolysis produced antioxidative components that could 

both scavenge the radicals and work as electron donator.  The bioactive oligosaccharides for 

regulation of plant cell growth and induction of phytoalexins were reportedly produced from 

primary cell-wall polysaccharides [33] .  Reddy and Krishnan [34]  reported on the production of 

prebiotics and antioxidants as health food supplements from lignocellulosic materials using multi- 

enzymatic hydrolysis. They found that a multi-enzyme mix produced from a new strain of Bacillus 

subtilis KCXOO6 could effectively produce prebiotic functional oligosaccharides and antioxidants 

from wheat bran, sugarcane bagasse, rice husk and bamboo bagasse.  Previous researches have 

demonstrated that degraded polysaccharides by enzymatic hydrolysis process exhibited superior 

free radical scavenging effect [35, 36] .  Moreover, the biological activities of polysaccharides are 

closely related to their Mw distributions.  Theoretically, low Mw polysaccharides are more active 

than high Mw polysaccharides, which is attributed to the greater surface area and better water 

solubility [37- 39] .  Tabarsa et al.  [40]  found that the lower molecular weight of water- soluble 

polysaccharide fraction from Ulva intestinalis was very pivotal for its high bioactivity.  Chen et al. 

[37]  showed that the degraded polysaccharide from Sargassum fusiforme possesses superior anti-

tyrosinase activity and antioxidant activity than the original polysaccharide.  The different 

antioxidative properties may be due to the combined effects of the different sizes of the electron 

cloud density and the different accessibility between free radical and low molecular polysaccharides 

which, in turn, depends upon the different hydrophobicities of the constituent sugars [41] .  The 

uncontrolled production of free radicals is involved in various diseases, including cancer, 

atherosclerosis and degenerative aging processes. These results clearly establish the possibility that 

water- soluble polysaccharides fractions from enzymatic hydrolysate of bamboo shoot might 

effectively be employed as ingredient in health or functional food to alleviate oxidative stress. 
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Table 3. Antioxidative activities of the selected fiber hydrolysate from bamboo shoot (FHBS)  

 

Antioxidative activities Content 

ABTS (mmol TE/g solid)                 16.4 ± 1.55 

DPPH (µmol TE/g solid)                 25.4 ± 0.01 

FRAP (mmol TE/g solid)                 6.24 ± 0.32 

ORAC (mmol TE/g solid)                 3.39 ± 0.04 

 

* Values are expressed as means ± standard deviation (n =  3) .  ABTS:  ABTS radical scavenging 

activity; DPPH:  DPPH radical scavenging activity; FRAP:  Ferric reducing antioxidant power; 

ORAC: Oxygen radical absorbance capacity. 

 

 

4. Conclusions 
 

The production of fiber hydrolysate from bamboo shoot with antioxidative activity was simply done 

by using stepwise enzymatic hydrolysis.  Cellulase tended to be the key enzyme used in the 

hydrolytic process.  The information gained could be used for soluble fiber production with 

antioxidative activity from bamboo shoot and other fiber sources, which had the potential to apply 

into food products. 
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Abstract 
 

Antimicrobial nanofiber mats were successfully fabricated via electrospinning.  Polymer solutions 

of chitosan, cellulose acetate and gelatin were blended at a volume ratio of 4: 1: 5.  Eugenol at 

concentrations of 0 to 10.0% ( v/v)  was directly incorporated into the mixed polymer solutions. 

Electrospinning was performed at 23 kV with a flow rate at 0. 7 ml/h and collector distance of 10 

cm.  The average diameters of fibers incorporated with eugenol ranged from 152. 32± 41. 48 to 

288.92±77.69 nm.  Fibers with larger diameters and junctions appeared when the concentration of 

eugenol was increased. Eugenol release was observed within 300 min. The burst release of eugenol 

at 0.1, 0.75, and 1.5% (v/v) reached equilibrium after 60 min while the burst release at 3.0, 5.0 and 

10.0% (v/v) continued to increase gradually.  The phase transition temperatures of nanofiber mats 

incorporated with eugenol ranged from 129.69 to 161.84 C. The thermal characteristic demonstrated 

that the melting point decreased in accordance with the increase of incorporated eugenol.  The 

nanofiber mats with eugenol at less than 5. 0%  ( v/ v)  showed better thermostability than mats 

incorporated with eugenol concentrations greater than 5.0% (v/v). Antibacterial activity was tested 

against Salmonella Typhimurium and Staphylococcus aureus.  The results demonstrated that the 

edible electrospun CS/CA/Gel nanofiber mats incorporated with eugenol could effectively retard 

the growth of both bacteria. Our results suggest that eugenol incorporated nanofibers have potential 

applications as antimicrobial materials in active food packaging, air filtration, antibacterial textiles, 

wound dressing, drug delivery and others. 
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1. Introduction 
 

Public concern on health issues has increased due to foodborne pathogen contamination and 

environmental problems associated with plastic packaging.  Salmonella Typhimurium and 

Staphylococcus aureus are the cause of foodborne diseases in both developed and developing 

countries [1- 3]. Salmonella Typhimurium belongs to the enterobacteriaceae living in human 

digestive tract and causes salmonellosis [4]. According to a report from the CDC ( 2013) , it is 

estimated to cause 1.2 million cases each year in the USA with more than 23,000 hospitalizations. 

Among these, 450 deaths were recorded. Foods are the major source of these illnesses [1]. Likewise, 

S. aureus can cause gastroenteritis, accounting for an estimated 241,000 cases per year in the USA 

[5]  due to the consumption of enterotoxin contaminated food [2, 3].  Staphylococcus aureus is a 

normal flora on the skin and in nasal passages.  In addition, it can be found in the air, dust, sewage, 

water and on environmental surfaces [3, 6]. Improper preparation, handling and storage are the cause 

of foodborne contamination. ‘To prevent the growth and spread of foodborne pathogens, the use of 

antimicrobial material from natural substances could reduce the growth of microorganisms and 

extend the shelf- life of food.  Additionally, it should be biodegradable, eco- friendly, nontoxic and 

safe for consumers [7-9]. 

Nanofiber mats can be produced via electrospinning.  The outstanding properties of 

nanofibers are a large surface area to volume ratio, superior mechanical performance, flexibility in 

surface functionality and high porosity [10-12]. They can be used for applications such as filtration 

membranes, scaffolds in tissue engineering, drug delivery, wound dressing and food packaging [13-

15]. Electrospinning is an interesting process for production of nanofibers [10, 11, 15]. The device 

contains a high voltage power supply, blunt- ended stainless needle, syringe pump and ground 

collector [11, 16, 17] . When polymer solution is placed in the syringe connected to the stainless 

needle, a positive charge is connected to the stainless needle and the negative charge is connected 

to the ground collector.  A droplet of the polymer solution at the end of the needle changes from a 

semicircle to a conical shape when a high voltage is applied.  These phenomena can occur due to 

charge-charge repulsion [10, 11, 18]. The electrostatic repulsion force overcomes the surface tension 

of the polymer solution causing the polymer to be ejected towards the ground collector. The solvent 

evaporates and a continuous fiber is laid on the collector as a nonwoven membrane [12, 19, 20]. 

Chitosan (CS), cellulose acetate (CA) and gelatin (Gel) were natural polymers selected for 

this study as they are edible, biocompatible, biodegradable, eco-friendly with low toxicity. Chitosan 

is a derivative of chitin made of glucosamine and N-acetyl glucosamine [21, 22]. It is antimicrobial 

due to the availability of the positive change on the C-2 of the glucosamine monomer, which reduces 

the permeability of bacterial membrane [15]. However, chitosan is hard to electrospin as it mainly 

gives rise to droplets of nanometer and micrometer sizes [ 23, 24] .  Therefore, gelatin was used as 

copolymer to improve the electrospinnability of the chitosan. Gelatin contains abundant amino and 

carboxyl hydrophilic groups that can be ionized by acidic agents or hydrolyzed to carry positive or 

negative charges [14, 25]. Gelatin can be used alone or as a blend to fabricate nanofibers for a range 

of applications [25-27]. However, electrospun nanofiber mats from chitosan-gelatin hybrid are often 

susceptible to moisture and rapidly dissolve when submerged in water.  Consequently, cellulose 

acetate was used to improve the physical properties due to its thermostability, chemical resistance, 

biodegradability and so on [28, 29]. Electrospun nanofibers containing an antimicrobial agent can 

be used as food coating membranes, filter membranes and food packaging with antimicrobial 

properties [ 15, 30, 31] .  Eugenol ( 4- allyl- 2- methoxyphenol) , which is categorized as GRAS 

(Generally Recognized as Safe) by the FDA, was used as the antimicrobial agent [4, 32]. Eugenol 

inhibits microorganisms by disruption of the cytoplasmic membrane, proton motive force, electron 

flow, active transport and protein synthesis [ 4, 8, 32- 34] .  Previous studies have demonstrated 

success in producing electrospun antimicrobial nanofibers [ 15, 30, 35, 36] .  However, no edible 
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electrospun nanofibers have been reported.  The aim of this research was to fabricate edible 

antimicrobial nanofiber mats with incorporated eugenol via electrospinning. The morphology of the 

electrospun CS/CA/Gel nanofiber mats, the release of eugenol and the thermal properties were 

determined.  Additionally, the antimicrobial activity of the mats against foodborne pathogens was 

also investigated.  The edible antimicrobial material may have potential applications as active food 

packaging and in biomedical products. 

 

 

2. Materials and Methods 
 

2.1 Materials 
 

Shrimp chitosan powder (deacetylation 95.04%) was purchased from Taming Enterprises Co. Ltd., 

China. Gelatin powder (250 bloom) was purchased from Xiamen Huaxuan Gelatin Co. Ltd., China. 

Cellulose acetate ( average Mn ~ 3 0 ,0 0 0 )  and eugenol 9 9 % ( v/v)  were purchased from Sigma-

Aldrich Co.  Ltd, USA.  Glacial acetic acid ( >9 9 % )  was purchased from QRec, New Zealand. 

Peptone, Tryptic Soy Broth (TSB) , and Tryptic Soy Agar (TSA)  were used as bacterial culture 

media and purchased from Becton Dickinson and Company, USA.  Bacterial strains of Salmonella 

Typhimurium ATCC 13311 and S.  aureus ATCC 25923 were obtained from the Department of 

Medical Science, the Ministry of Public Health, Thailand. 

 

2.2 Electrospinning of CS/CA/Gel nanofibers with incorporated eugenol 
 

The preparation of the nanofiber mats was described previously in Somsap et al.  [ 37] .  Briefly, 

chitosan (CS) , cellulose acetate (CA)  and gelatin (Gel)  were dissolved separately in acetic acid 

80.0% ( v/v)  under continuous stirring at room temperature until completely dissolved.  Then, CS 

(5.0% wt) , CA (18.0% wt) , and Gel ( 30.0%wt)  were blended at a volume ratio of 4:1:5.  Final 

concentration of polymer solution was 18.8% wt. Eugenol at concentrations of 0, 0.1, 0.75, 1.5, 3.0, 

5.0, and 10.0% (v/v)  of polymer solution was added.  In the electrospinning process, the polymer 

solution with incorporated eugenol was loaded into a 10 ml plastic syringe with 18 gauge metal 

needle.  The positive electrode was clasped to the needle while the negative electrode was clasped 

to the ground collector.  The flow rate of polymer solution was controlled at 0.7 ml/h by a syringe 

pump (New Era NE-300, USA). A high voltage DC power supply (Gamma High Voltage Research, 

USA) was applied at 23 kV. The distance between needle and collector was 10 cm. Electrospinning 

was performed at room temperature and all electrospun nanofiber samples were dried overnight to 

remove residual solvent. 

 

2.3 Scanning electron microscopy 
 

The morphology of the electrospun nanofibers was observed using scanning electron microscopy 

(SEM JSM-7800F, JEOL, MA, USA) after coating the nanofiber samples with a thin gold layer to 

provide electrical conductivity.  In total, 50 counts were used to calculate the average diameter of 

the nanofibers. 

 

2.4 Eugenol release characteristics from electrospun nanofiber mats 
 

The mats were cut into pieces of approximately 50 mg and immersed in 10 ml of distilled water. 

Eugenol release studies were carried out at room temperature.  Samples of 5 ml were taken from 

distilled water after every 10 min until 300 min.  After sampling, 5 ml of fresh distilled water was 



Current Applied Science and Technology Vol. 19 No. 3 (September - December 2019) 

238 

 

added to sustain incubation.  The amount of eugenol present in the water samples was determined 

by UV- vis spectrophotometry ( Unicam, England)  at a wavelength of 280 nm.  The amount of 

eugenol release was determined from a standard calibration curve.  The results were presented in 

terms of cumulative release as a function of time. 

 

2.5 Differential scanning calorimetry 
 

Thermal analysis was carried out by differential scanning calorimetry ( Mettler Toledo, DSC 1 

Module, Switzerland) at 30 to 180 ºC and a heating rate of 5 ºC/min. The samples, weighing about 

3 mg each, were placed in an aluminum pan with holes in the lid.  

 

2.6 Antibacterial activity  
 

Salmonella Typhimurium and S.  aureus were cultivated in sterilized TSB and incubated overnight 

at 37 C. The culture was then diluted with sterile peptone solution 0.1% (w/v)  to a concentration 

of 4 log10 colony forming units / milliliter ( CFU/ ml) .  Next, 5 ml of bacterial suspension was 

transferred to a flask containing 45 ml of sterilized TSB.  The bacterial suspensions employed for 

the tests contained between 2 to 3 log10
 CFU/ml. Antibacterial activity assays were conducted using 

a modified ASTM dynamic shake test [38]. The mats were cut into 50 mg rectangles and sterilized 

under ultraviolet (UV)  radiation for 2 h ( each side for 1 h)  then placed into bacterial suspension 

flasks. The bacterial suspensions were shaken at 200 rpm in an orbital shaker for 0, 15, 30, 60, 120, 

240, 480, 720, and 1,440 min.  At the end of each period, 1. 0 ml of bacterial suspension was 

transferred from the flask and serial dilutions were plated on TSA plates using the spread plate 

method [15, 38] .  The numbers of viable bacteria were determined by counting colonies after 24 h 

of incubation at 37 C. Bacterial suspension without mat was also used as control. The results were 

analysed by the number of viable bacteria as a function of contact time and compared with the 

control. The percentage reduction of bacteria was calculated using Equation (1) as follows : 

 

  Reduction of bacteria (%) = (B-A)/B 100            (1) 

 

Where A and B are the numbers of surviving bacteria in the test samples and blank control after the 

specific contact time, respectively. 

 

2.7 Statistical analysis 
 

Results were subjected to statistical analysis using the SPSS package. One-way ANOVA with three 

replicates was applied.  Duncan’ s multiple range test was used to analyze differences at a p-value 

0.05. 

 

 

3. Results and Discussion 
 

3.1 Morphology of nanofibers 
 

CS/ CA/ Gel nanofibers incorporating eugenol were successfully fabricated.  The morphology of 

these nanofibers is shown in Figure 1.  The results from Figures 1A, D, E from our previous study 

[39]  were also used for comparison.  The average fiber diameters incorporating eugenol at 0, 0. 1, 

0.75, 1.50, 3.0, 5.0 and 10.0 % (v/v) (n=50) were 152.32±41.48 nm, 156.11±17.10, 231.16±54.96 

nm, 233.11±53.21 nm, 246.05±84.36 nm, 203.47±99.71 and 288.92±77.69 nm, respectively. 
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Figure 1. SEM images of morphology and fiber diameter distribution of CS/CA/Gel nanofibers 

containing different amounts of eugenol: 0% (A), 0.1% (B), 0.75% (C), 1.5% (D), 3.0% (E),   

5.0% (F) and 10.0% (G). Magnification:10,000x (A) and 20,000x (B-G) 

 

When the concentration of eugenol was higher, larger fiber diameters with junctions were observed. 

The control ( eugenol 0.0%)  exhibited smooth fibers with the smallest average diameter while the 

largest average fiber diameter was obtained at 10.0% (v/v) of eugenol. The diameter of fibers was 

later decreased when the concentration of eugenol was increased to 5.0% ( v/v) .  No significant 

difference (p>0.05) in fiber diameter was found between samples containing 0.75, 1.5, 3.0 and 5.0% 

( v/ v)  eugenol.  However, a significant difference ( p<0. 05)  was observed at 10. 0%  ( v/ v) 

incorporation.  Eugenol insertion into the nanofibers caused them to expand, accounting for the 

difference. As eugenol is a volatile organic compound, it induced melting of the CS/CA/Gel blend, 

producing junctions between the nanofibers.  The electrospinning process and morphology of the 

electrospun nanofibers depend on the solution properties ( concentration, viscosity, surface tension 

and conductivity) and processing conditions [11, 17]. When the processing condition was fixed, the 

solution properties influenced the fiber diameter and morphology.  Increasing the concentration of 

eugenol leads to larger fiber diameters with junctions. Likewise, a polyurethane solution containing 

10.0 wt% of olive oil has been reported to produce nanofibers with junctions because of the low 

volatility of the oil [2]. This might also be related to the electric conductivity of the polymer solution. 

When the processing condition was fixed, the addition of essential oil into the polymer solution 

decreased electrical conductivity, causing elongation of the jet as the electric force was insufficient, 

producing large nanofibers with junctions [ 11, 40-41] .  Rieger and Schiffman [15]  reported that 

electrospun chitosan/PEO nanofibers incorporating cinnamaldehyde essential oil at 0, 0.5 and 5.0% 

had average fiber diameters of 55±8 nm, 52±9 nm and 38±9 nm, respectively.  A smaller fiber 

diameter was obtained when the concentration of cinnamaldehyde was increased.  Incorporation of 
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antimicrobial agents directly into polymer solution prior to electrospinning is a simple method for 

loading antimicrobial agents or drugs [7, 42] .  However, this process could have an effect on the 

electrospinnability and morphology of the nanofibers because of changes in the viscosity, surface 

tention and conductivity of the solution [42]. 

 

3.2 Release of eugenol from CS/CA/Gel electrospun nanofiber mats 
 

The release of eugenol from the electrospun nanofiber mats at different time periods is shown in 

Figure 2.  As the mats absorbed water, they expanded, producing burst release of eugenol.  The 

cumulative release of eugenol from 0.1, 0.75, 1.5, 3.0, 5.0 and 10.0% (v/v) incorporated samples at 

60 min were 1.21x103±1.2x10-3 µg, 1.35x103±1.1x10-1 µg, 1.45x10 3±1.4x10-1 µg, 2.61x103±3.2x101 

µg, 2. 70x103±5. 8x10- 2 µg and 3. 35x103±5. 1x10- 2 µg, respectively.  At 300 min, it was 

1. 37x103±8. 2x10- 3 µg, 1. 60x103±8. 2x10- 4 µg, 1. 69x103±8. 2x10- 4 µg, 3. 25x103 ±1. 4x10- 3 µg, 

3.74x103±4.5x10-3 µg and 6.23x103±8.8x10-2 µg, respectively. The burst release of eugenol at 0.1, 

0.75, and 1.5% (v/v) reached a plateau after 60 min indicating that equilibrium had been reached. 

The burst release of eugenol at 3.0, 5.0, and 10.0% (v/v) continued to increase gradually. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

        Figure 2.  Released profile of eugenol from CS/CA/Gel electrospun nanofiber mats at 

different time periods 

 

As the eugenol concentration was increased, the cumulative release of eugenol from the 

CS/CA/Gel nanofiber mats increased. For the cumulative release at 0.1, 0.75 and 1.5% (v/v), neither 

significant difference (p>0.05)  in cumulative release were found between samples with 0.1, 0. 75 

and 1.5% (v/v) nor between samples with 3.0% and 5.0% (v/v). However, a significant difference 

(p<0.05) was found between the two groups and between samples with 10.0% (v/v) eugenol and all 

other samples. 

The release rate of active agents from electrospun nanofibers depends on the method of 

inclusion into the polymer solution.  A previous study reported that the direct inclusion of 

cinnamaldehyde into polymer solution presented the releasing phenomena into the aqueous solution 

within 180 min [15] .  The release mechanisms can be classified into three categories; swelling-
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controlled, diffusion-controlled, and reaction-controlled [15, 43, 44]. In this study, the electrospun 

chitosan/ gelatin nanofiber mats could easily be dissolved in water.  When the networks of 

chitosan/gelatin hybrid are composed of cellulose acetate, the solubility is reduced because cellulose 

acetate is water- insoluble.  This causes the CS/ CA/ Gel nanofiber mats to swell, eliminating 

degradability in water.  The factors affecting drug release from the matrix depend on the solubility 

of the drug, the geometry of the particle and drug diffusion through the polymer and /or erosion of 

polymers [ 45] .  The expansion of the matrix depends on the water absorption, which regulates the 

degree of swelling.  When the matrix is inflated, the porosity of the coating material is larger.  This 

will result in better diffusion [43] .  In this study, the presumed release mechanism of eugenol from 

the CS/CA/Gel nanofiber mats is the diffusion through the matrix polymer network. However, the 

release behavior is intimately related to the swelling behavior [ 46] .  Moreover, the release rate 

depends on the type and composition of the polymer and structure of the electrospun nanofiber mats 

[42]. 

 

3.3 Thermal property of electrospun nanofiber mats 
 

The thermal properties of the mats were investigated using DSC analysis (Figure 3) .  The phase 

transition temperatures of samples incorporating eugenol at 0%, 0.1%, 0.75%, 1.5%, 3.0%, 5.0 % 

and 10.0% (v/v) were 152.71, 161.79, 161.84, 155.72, 153.15, 140.37 and 129.69C, respectively. 

It was found that the melting point of samples with eugenol concentrations of 0.1 and 0.75 % was 

increased (162C) when compared to the control (152.71C). The melting point of the 5.0% and 

10. 0%  eugenol samples was then decreased to 140. 37C and 129. 69C, respectively.  This 

demonstrated that mats incorporating eugenol at less than 5.0% ( v/v)  had better thermostability. 

Additionally, the melting point correlated with time.  As the eugenol concentration was increased, 

both melting point and time decreased. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. DSC thermograms of CS/CA/Gel electrospun nanofiber mats containing different 

amounts of eugenol: 0% (A), 0.1% (B), 0.75% (C), 1.5% (D), 3.0% (E), 5.0% (F) and 10.0% (G) 
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3.4 Antibacterial activity of nanofiber mats 

 

Antibacterial activity was evaluated by dynamic shake test using two strains of foodborne 

pathogenic bacteria: gram negative (Salmonella Typhimurium) and gram positive (S. aureus). 

Figures 4 and 5 show the growth and reduction of bacteria after different contact times. Control AA 

(without eugenol or nanofiber mat) was the growth control each bacteria test, and control A 

(nanofiber mat without eugenol) was used in the comparison of CS/CA/Gel nanofiber mats 

containing different amounts of eugenol. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Growth and reduction of Salmonella Typhimurium at different time periods 

 

 

0.00

5.00

10.00

15.00

20.00

25.00

30.00

35.00

40.00

45.00

50.00

60 120 240 480 720 1440

R
ed

u
ct

io
n

 o
f 

S
a

lm
o
n

el
la

T
y

p
h

im
u

ri
u

m
 (

%
)

Time (min)

Control AA (without nanofiber mat) Control A (nanofiber without eugenol)

nanofiber incorporate eugenol 0.1% nanofiber incorporated eugenol 0.75%

nanofiber incorporated eugenol 1.5% nanofiber incorporated eugenol 3.0%

nanofiber incorporated eugenol 5.0% nanofiber incorporated eugenol 10.0%

0.00

2.00

4.00

6.00

8.00

10.00

12.00

14.00

0 1 2 3 4 5 6 7 8 9 1 0

control AA

control A

Eu 0.1%

Eu 0.75%

Eu 1.5%

Eu 3.0%

Eu 5.0%

Eu 10.0%

Salmonella TyphimuriumVS Eugenol Incorporated Electrospun

B
a

c
te

r
ia

 c
e
ll

c
o

u
n

ts
 

(L
o

g
1

0
  
C

F
U

/m
l)

0A        0B       15      30          60      120        240         480         720      1,440

Time (min)

B 

A 



Current Applied Science and Technology Vol. 19 No. 3 (September - December 2019) 

243 

 

 Time 0A min is the initial population of each test with approximately 2 – 3 Log10 CFU/ml. 

and Time 0B min is the population of each test after contact with nanofiber mats incorporating 

eugenol for 15 sec. In Figure 4 A, the initial population of Salmonella Typhimurium was 2.51 log10 

CFU/ml. At 60 min, the growth of Salmonella Typhimurium reached 3.51 log10 CFU/ml in control 

AA and 3.25 log10 CFU/ml in control A. As for the test samples, bacterial growth on mats containing 

eugenol at 0.1%, 0.75%, 1.5%, 3.0%, 5.0% and 10.0% (v/v) was 3.01, 2.91, 2.75, 2.67, 2.60 and 

2.25 log10 CFU/ml, respectively.  At 1,440 min, bacterial growth reached 12.86 log10 CFU/ml in 

control AA and 12.75 log10 CFU/ml in control A. As for the test samples, bacterial growth on mats 

containing eugenol at 0.1%, 0.75%, 1.5%, 3.0%, 5.0% and 10.0% (v/v) contained colonies of 12.65, 

12.55, 12.25, 12.00, 9.83, and 7.54 log10 CFU/ml, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 5. Growth and reduction of S. aureus at different time periods 
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 From Figure 4 B, in every time period the growth of Salmonella Typhimurium reduced as 

the eugenol loading of the samples increased.  At 1,440 min, reductions of 0.81, 1.61, 2.37, 4.71, 

6.67, 23.53, and 41.33% were observed at eugenol concentrations of 0.0% ( control A) , 0. 1%, 

0.75%, 1.5%, 3.0%, 5.0% and 10.0% (v/v), respectively.  

From Figure 5 A, the initial population of S. aureus was 2.25 log10 CFU/ml. At 60 min, the 

growth of S. aureus reached 3.20 log10 CFU/ml in control AA and 3.00 log10 CFU/ml in control A. 

As for the test samples, mats containing eugenol at 0. 1%, 0.75%, 1.5%, 3.0%, 5.0% and 10.0% 

(v/v)  contained colonies of 3.00, 2.96, 2.82, 2.76, 2.35 and 2.16 log10 CFU/ml, respectively.  At 

1,440 min, the colonies reached 13.26 log10 CFU/ml in control AA and 13.08 log10 CFU/ml in 

control A. As for the test samples, mats containing eugenol at 0.1%, 0.75%, 1.5%, 3.0%, 5.0% and 

10. 0%  ( v/ v)  contained colonies of 12. 75, 12. 55, 12. 06, 10. 00, 9. 68 and 9. 16 log10 CFU/ ml, 

respectively. From Figure 5 B, in every time period the growth of S. aureus reduced as the eugenol 

loading of the samples increased. At 1,440 min, reductions of 1.38, 3.81, 5.31, 9.05, 24.57, 27.01 

and 30.95% were observed at eugenol concentrations of 0.0% ( control A) , 0. 1%, 0.75%, 1.5%, 

3. 0% , 5. 0%  and 10. 0%  ( v/ v) , respectively.  The results demonstrated that up to 240 min, the 

populations of both Salmonella Typhimurium and S. aureus increased gradually and then increasing 

more rapidly in all samples. The mat incorporating eugenol at 10.0% (v/v) showed the maximum 

growth reduction compared to control A. 

Previous studies have suggested that eugenol may disrupt the cytoplasmic membrane of 

bacteria as well as increasing its permeability [4, 47]. The cell membrane of Gram-negative bacteria 

is sensitive to the hydrophobic property of eugenol.  Eugenol can penetrate the lipopolysaccharide 

of the bacterial membrane and alter the cell structure.  This phenomenon can cause leakage of 

intracellular components and lead to the death of bacterial cell [4, 32, 48, 49]. Moreover, the chitosan 

offer positively charged free amino group, which can interact with the negative bacterial cell wall 

causing membrane to rupture.  Consequently, intracellular proteins were released due to membrane 

deterioration [15, 24, 50]. 

 

 

4. Conclusions 
 

The results of this study showed that eugenol essential oil could directly be incorporated into a 

CS/CA/Gel polymer solution without the use of surfactant. Edible electrospun nanofiber mats were 

succesfully fabricated via electrospinning.  The release of eugenol was related to eugenol diffusion 

through the polymer and/ or erosion of the polymer.  Thermal analysis demonstrated better 

thermostability when the concentration of eugenol was less than 5.0% (v/v). The CS/CA/Gel edible 

electrospun nanofiber mats with incorporated eugenol showed enhanced activity against Salmonella 

Typhimurium and S.  aureus.  This approach may effectively extend the shelf- life of food with 

potential applications in active food packaging and others products. 
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Abstract 
 

Indoor air pollution in schools adversely affects children’ s health due to the inhalation of nitrogen 

dioxide (NO2) , which is a toxin released by motor vehicles.  This research aims to measure NO2 

levels around schools in an attempt to evaluate indoor air quality within the framework of a health 

risk assessment.  Air samples were collected in schools from indoor and outdoor locations.  The 

results for indoor NO2 concentrations in urban, industrial and rural areas ranged between 12.8 - 32.9, 

11.7 - 36.6 and 7.0 - 17.5 µg/m3, while the values for outdoor areas ranged between 13.0 - 43.7, 

15.5 - 37.6 and 10.1 - 32.6 µg/m3, respectively. The indoor NO2 concentrations measured in urban 

and industrial areas were significantly higher than those in rural areas (p<0.05), while the values for 

urban and industrial areas were not significantly different (p>0.05). The mean of indoor and outdoor 

NO2 concentrations were not significantly different ( p>0. 05)  and these values were more 

significantly correlated (r = 0.526). Moreover, the values of NO2 concentrations and meteorological 

factors were not significantly correlated, thereby rejecting the hypothesis that meteorological factors 

might have affected indoor NO2 concentrations.  These findings clearly stress the relationship that 

exists between NO2 concentrations and the level of local activity, for example traffic intensity. 

Hazard quotient (HQ) values indicated that human health risks linked to NO2 inhalation were of the 

low hazard type. It can be concluded that local activities played a significant role in the emission of 

NO2 and the level of indoor air quality in classrooms. 

 

Keywords: indoor air pollution, nitrogen dioxide, passive sampling, hazard quotient (HQ) 
DOI 10.14456/cast.2019.21 

 

 

1. Introduction 
 

Indoor air pollution in schools represents one of the most serious environmental and public health 

concerns in the world. Indoor pollutants such as particulate matter (PM), volatile organic compounds  
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(VOCs) , formaldehyde, carbon dioxide (CO2) , nitrogen dioxide (NO2) , sulfur dioxide (SO2)  and 

polycyclic aromatic hydrocarbons (PAHs)have often been measured in schools [1-3]. Major sources 

of pollutants in schools can originate from outdoor pollution sources like motor vehicle traffic, 

industry and combustion, while other sources are related to indoor human activities including 

painting, cleaning, equipment building and furnishings [4, 5]. 

The measured level of nitrogen dioxide commonly is often a major indicator of traffic air 

pollution [1, 6]. It is the most toxic form of nitrogen oxides (NOX). Boulter et al. [7] reported that 

the proportion of NO2 within the total NOX for diesel burning (20-70%) in an engine was 7-10 times 

higher than for petrol burning (2-10%).  Relations between NO2 levels inside primary schools and 

urban areas of Italy were studied by Cibella et al. [6], who established that the mean of indoor NO2 

concentrations during winter and spring seasons were 32. 2±16. 3 µg/ m3 and 31. 9±14. 9 µg/ m3, 

respectively. Moreover, during 25.2 % of the time in winter and 24.5% of the time in spring, indoor 

NO2 concentrations in primary schools exceeded the World Health Organization indoor limit of 40 

µg/m3. An investigation into indoor NO2 levels inside primary schools located in the centre of cities 

and in the suburban area of Aveiro in Portugal was undertaken.  The researchers revealed that indoor 

NO2 concentrations during a one-week time- frame ranged from 12.81±0.59 to 16.46±0.98 µg/m3 

and from 12.92±0.59 to 16.57±0.99 µg/m3 in city centre and sub-urban areas, respectively.  The 

researchers further concluded that the levels of NO2 observed were related to vehicular exhaust 

emissions from nearby intense traffic [1]. Rivas et al [8] revealed the presence of NO2 concentrations 

in classrooms and playgrounds in 39 schools in Barcelona, Spain.  It was found that the levels of 

NO2 concentrations in classrooms ( 5- 69 µg/ m3)  were lower than those in playgrounds (14- 98 

µg/m3). The intensity of road traffic was identified as the main cause of pollution. 

Each day, children spend most of their time in schools, where they are primarily exposed 

to indoor pollution rather than outdoor pollution.  Children while still growing up have an immune 

system that is not yet fully developed.  Therefore, they are more vulnerable to various indoor 

environmental pollutants than are adults [ 1, 9, 10] .  Previous studies reported that a relationship 

existed between exposure to NO2 and health effects in schoolchildren such as respiratory illnesses, 

impaired lung function, and asthma [6, 11-13]. Furthermore, Norbäck et al. [3] revealed that indoor 

NO2 concentrations in schools were associated with ocular symptoms and fatigue. Giffin et al. [13] 

reported that 10 ppb increase in NO2 levels was associated with a 5%  decrease in pulmonary 

function.  An increment of 21.9 µg/m3 in the 7-day-average concentrations of NO2 was associated 

with a 6. 1 %  increase in pneumonia hospitalizations [ 14] .  Ayuni and Juliana [ 12]  found that 

exposure to indoor NO2 concentrations might increase the risk of respiratory problems among 

schoolchildren living near petrochemical industries. Furthermore, girls may be more susceptible to 

indoor NO2 than boys [11]. 

Indoor air quality in schools is regarded as a serious issue because air pollutants can be the 

cause of adverse health effect in students.  Consequently, the main objective of this research is to 

accurately determine indoor NO2 concentrations in various primary schools located within the 

vicinities of intense traffic areas so as to assess the level of quality of indoor air and its possible 

risks to health. 

 

 

2. Materials and Methods 
 

2.1 Sampling sites 
 

Rayong province is located in the eastern part of Thailand.  It is famous for its natural resources, 

which include various kinds of tropical fruit and seafood.  Moreover, an industrial estate is also 

situated there. Sampling sites were surveyed and randomly selected within three areas of the Rayong 
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province. There are 12 primary schools (Figure 1 and Table 1) included in the study and they can 

be divided into urban areas (4 sites), industrial areas (4 sites) and rural areas (4 sites). Air-quality 

samples were randomly collected inside three primary school classrooms surrounded by communal 

ambient air.  The selection of locations for the sampling sites was based on criteria like school 

roadside infrastructure, traffic intensity, population density, and human activities.  The sampling 

sites as seen in Figure 1 are defined as follows : 

 Urban area (UB) : This urban area is identified as the Rayong municipality.  It is a community 

area which includes residential and business buildings, a transportation network and high traffic intensity. 

 Industrial area ( ID)  : This is the Map ta phut industrial estate in Map ta phut municipality. 

Most of the area is occupied by industrial plants and included are petroleum plants, a coal-fired power 

plant, petrochemical and plastics facilities, community areas and various transportation networks. 

 Rural area (RR)  : This is the Wong Chan district.  Most of the area is used for agricultural 

purposes such as rubber trees and pineapples fields. There is a low level of vehicle traffic. 

The samples were subjected to continual exposure over a week from September 2017 to 

February 2018 (except for the entire month of October 2017, which was the primary school semester 

break). 

 

2.2 NO2 sampling and analysis 
 

The indoor and outdoor NO2 concentrations were collected using lab made passive samplers sourced 

from the Environmental Chemistry Research Laboratory ( ECRL) , Chemistry Department, Faculty 

of Science, Chiang Mai University.  The polypropylene (PP)  passive sampler (7.70 cm length and 

1.50 cm inner diameter)  containing 50 µl of 20% triethanolamine (TEA)  was directly added onto 

the Whatman GF/A filter paper.  A sample set consisted of 5 sampling tubes and 3 blank tubes, 

which were attached to a shelter and hung at 1.5 –  2.0 m above ground level for 1 week.  After 

sampling, the NO2 concentration was determined colorimetrically as nitrite (NO2
-). For extraction, 

the NO2 samplers were extracted with 2 ml of deionized water, shaken and held for 15 min. One ml 

of the extracted sample solution was filtered through a 0.45 μm cellulose acetate membrane. Then, 

the solution was mixed with 2 ml of Saltzmann reagent and allowed to stand for 10 min until color 

development was completed. After extraction, the absorbance was measured by spectrophotometer 

(Shimadzu UV 2600, Japan) at 540 nm [15]. 

 

2.3 Statistical analysis  
 

The data were statistically analyzed by T-test to determine the difference between indoor and outdoor 

nitrogen dioxide levels. One-way ANOVA was used to analyze the mean difference between the 

spatial variations. The NO2 concentrations were log–transformed to achieve normal distribution. 

Pearson correlation analysis was used to assess the relationship between the meteorological data and 

the NO2 concentrations. The meteorological data were received from Rayong Meteorological Station 

(RMS) and from the Thai Meteorological Department (TMD) (Figure 1). 

  

2.4 Health risk assessment  
 

Health risk assessment is a process estimating the exposure risk linked to pollutant inhalation on the 

basis of the hazard quotient (HQ). The hazard quotient (HQ) is widely used to assess the effects of 

non-carcinogenic risk exposure to a known pollutant. It reflects the probability of an adverse health 

outcome occurring among healthy or sensitive individuals [16-18]. Human exposure was explained 

in terms of the average daily dose (ADD). ADD was quantified as described in equation 1 : 
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Note: Applied from Google map 

Figure 1. Map of NO2 sampling sites; (A) Wang Chan district and (B) Maung district of 

Rayong province. 

 

Table 1. Sampling sites and land-use patterns of primary schools in Rayong province 

 

Site 

 

Code 
Classrooms characteristics 

GPS position 

Lat-Long 

Urban 

area 

UB 1 The school is located along a road of 

approximately 8 m in width. A high level of traffic 

intensity occurs during rush hours.  It is 

surrounded by many government offices.  Its 

buildings have 3 floors and are constructed from 

concrete. 

12° 40' 29.73" 

101°16' 44.79" 

UB 2 The school is located in a temple area, ~200 m 

distant from a road of 8 m in width with a high 

level of traffic intensity.  Its buildings are of 3-4 

floors and are constructed from concrete. 

12° 40' 47.88" 

101° 16' 59.94" 
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Table 1. (cont.) 

 

 UB 3 The school is located behind a temple area.  The 

buildings are of 2 floors and are constructed from 

concrete.  The school is near the local market and 

department store.  It is approximately 1 km away 

from a highway road. 

12° 42' 1.278" 

101° 16' 29.44" 

UB 4 The school is located close to a highway 

intersection or interchange road that has a high 

level of traffic intensity during rush hours.  Its 

buildings are of 2- 3 floors and are constructed 

from concrete. 

12° 42' 16.938" 

101° 14' 24.69" 

Industrial 

area 

ID 1 The sampling site is near an intersection and a 

temple.  Its buildings have 2- 4 floors and are 

constructed from concrete.  It is located close to a 

tapioca flour manufactory. 

12° 45' 15.96" 

101° 8' 11.76" 

ID 2 The school is located on the premises of a temple 

near a petrochemical plant. It is built from wooden 

and concrete materials and consist of 2 floors.  It 

is near an intersection and approximately 100 

meters away from a road where a high level of 

traffic intensity occurs especially during rush 

hours. 

12° 41' 6.6768" 

101° 6' 58.88" 

ID 3 The school is located at the back of the Maptaphut 

municipality.  It is built from wooden materials 

and has 2 floors.  This site is surrounded by 

governmental offices. 

12° 43' 23.37" 

101° 7' 35.58" 

ID 4 The school is located on a highway road.  There 

are 4-6 floor buildings that are constructed from 

concrete.  It is surrounded by commercial 

buildings and a local market.  This site is a 

residential area close to an intersection with a high 

level of traffic intensity. 

12° 42' 55.63" 

101° 10' 0.45" 

Rural area 

RR 1 The school is located on a local road in a small 

residential area surrounded by rubber tree fields 

and orchards. The school has 2 floors and it is built 

of wooden and concrete materials. 

12° 54' 38.28" 

101° 28' 47.61" 

RR 2 The sampling site is located on a highway.  Its 

buildings are constructed with wooden materials 

and have 2 floors.  It is surrounded by rubber tree 

fields. 

12° 58' 50.63" 

101° 29' 32.88" 

RR 3 The school is located near a hospital.  It is 

surrounded by commercial buildings and a local 

market.  Its buildings have 2 floors and are 

constructed from concrete and wooden materials. 

12° 56' 23.874" 

101° 31' 38.82" 

RR 4 The school is located in a temple area.  It has 2 

floors and its buildings are constructed from 

concrete and wooden materials.  The sampling site 

is surrounded by rubber tree fields. 

12° 54' 47.264" 

101° 31' 54.42" 
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ADD =  
C ×Inh R ×EF ×ED

BW ×AT
 

where ADD is the ADD of pollutants; C is the concentration of NO2 (µg/m3) ; ED is the exposure 

duration (days); BW is the body weight of the exposed group (Kg); AT is the average time (days); 

InhR is the inhalation rate (m3/ day)  and EF is the exposure frequency (days/year) .  The values of 

these parameters were reported [16-18] as shown in Table 2.  

 

Table 2. Parameters of the average daily dose (ADD) for NO2 

 

Parameters Exposed group 

Child (6-12 years) Adult (19-75 years) 

Exposure frequency (EF) 350 days/year 350 days/year 

Exposure duration (ED) 12 years 30 years 

Averaging time (AT) 

AT = ED 365 days 

4,380 days 10, 950 days 

Body weight (BW) 45.3 Kg 71.8 Kg 

Inhalation rate (InhR) 16.6 m3/day [19] 21.4 m3/day 

 

The HQ was calculated from the ratio of ADD and the reference dose ( RfD)  of each 

pollutant using the following equation 2. 

 

HQ =  
ADD

RfD
 

 

The reference concentrations (RfD)  allowable for human exposure are shown in Table 3. 

When the HQ < 0.1, there is no hazard or only negligible risk.  When the HQ values are situated 

between 0.1-1.0, there are low hazard risks.  When the HQ values are situated between 1.1-10.0, 

there are moderate risks. When the HQ values are situated above the threshold of 10, there are high 

hazard risks [16]. 

 

Table 3. The indoor air quality standard of nitrogen dioxide (NO2) 

 

Organization or country Indoor air quality standards for NO2 

(µg/m3) 

1 h 8 h Annual mean 

NAAQ-US-EPA[20] 200 - 40 

WHO[21] 200 - 40 

Thailand[22] - 150 - 

Hong Kong[23] 200 150 40 

 

 

3. Results and Discussion 
 

3.1 NO2 concentrations in primary schools 
 

The mean concentrations of NO2 were measured inside classrooms at primary schools in Rayong 

city as shown in Figure 2.  The highest indoor NO2 concentrations were found in the urban area at 

the UB4 site ( 15.1-52. 0 µg/m3) .  It is located close to a highway intersection with high traffic 

     (1) 

(2) 
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intensity.  However, the indoor NO2 concentrations were not significantly different (p>0.05)  from 

one site to another. The highest indoor NO2 concentration in the industrial area was found at the ID1 

site (20.7±7.3 to 32.9±15.6 µg/m3), while that in the rural area was found at the RR2 site (12.9±3.3 

to 18.5±10.8 µg/m3). 

 

 
 

 

 
Note: a, b = Significant differences (p < 0.05) among groups of primary school within the same period 

 

Figure 2. Indoor NO2 concentrations in school at urban area (UB), industrial area (ID) and       

rural area (RR) 
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The cause of NO2 concentrations in the industrial area may well be related to traffic and 

industrial plants, while the values in the rural area are likely due to traffic and open burning. 

Moreover, One-Way ANOVA was used to determine the differences in indoor NO2 concentrations 

between each primary school. It was found that the indoor NO2 concentrations in the primary schools 

of the urban area were not significantly different (p>0.05), and the values of the rural area from RR2 

to RR4 were not significantly different ( p>0. 05) .  In the industrial area, the indoor NO2 

concentrations in the ID1 site were significantly different from the ID3 site (p>0.05). The values at 

the ID3 site were the lowest of indoor NO2 concentrations in the industrial area despite the fact that 

this site was surrounded by government offices (Table 1) .  The buildings were made from wooden 

materials and an advantage of using them as building materials is that they cause a lower input of 

contaminants [ 4] .  Therefore, the schools located within the vicinities of high traffic intensity are 

exposed to pollutants that may adversely affect the health of students and teachers.  

The mean concentrations of NO2 that were measured both indoors and outdoors at primary 

schools in Rayong province in the urban area, industrial area and rural area are shown in Table 4. 

The ranges of indoor NO2 concentrations in the urban area, industrial area and rural area were 12.8- 

32.9 (mean: 21.4±4.6), 11.7-36.6 (mean: 23.8±5.5) and 7.0 - 17.5 µg/m3 (mean: 12.7±2.0), while 

the values of outdoor were 13.0-43.7 (mean: 26.8±5.7), 15.5-37.6 (mean: 23.9±4.2) and 10.1-32.6 

µg/m3 (mean:  21.4±2.1) , respectively.  Further, the indoor NO2 concentrations in the urban area, 

industrial area and rural area found in this study were higher than those found inside primary schools 

in Spain [24] .  They reported that the indoor NO2 concentrations in the urban area, industrial area 

and rural area ranged between 7.5-23.1, 9.8-15.8 and 1. 4-29.3 µg/m3, while the outdoor NO2 

concentrations were between 1.0-16.8, 3.7 0-9.2 and 1.0-2.2 µg/m3, respectively. Guerriero et al. 

[ 25]  reported indoor NO2 concentrations in the suburban area (9.1-22.5 µg/m3)  and in the urban 

area (25.5-41.2 µg/m3) of London, UK. It was found that the levels of indoor NO2 were higher than 

those in this study. Moreover, the indoor and outdoor NO2 values in this study were also lower than 

the levels of indoor ( 2. 9- 47. 0 µg/ m3)  and outdoor ( 1. 7- 50. 9 µg/ m3)  values in six schools in 

Stockholm, Sweden that were exposed to traffic [26]. Blaszczyk et al. [27] investigated the indoor 

and outdoor NO2 concentrations of urban and rural kindergartens in Silesia, Poland. They found that 

the values from the urban area were 6.8-9.8 µg/m3 (indoor) and 19.0-55.0 µg/m3 (outdoor), whereas 

the values in the rural area were 4.2-13.5 µg/m3 (indoor) and 8.0-17.0 µg/m3 (outdoor), which were 

lower values than those in this study. It appears that the wooden materials used to construct primary 

schools in the rural area of Rayong allowed ventilation and in turn NO2 contamination inside 

classrooms [4] .  Significantly, the mean values of NO2 concentrations collected from both indoor 

and outdoor areas were lower than the National Ambient Air Quality Standard (NAAQS)  in the 

USA per annum, which is 40 µg/m3[20] .  The mean indoor NO2 concentrations in the urban area, 

industrial area and rural area from September 2017 to February 2018 were 21.4±4.6, 23.8±5.5 and 

12.7±2.0 µg/m3, while the mean values of outdoor areas were 26.8±5.7, 23.9±4.2 and 21.4±2.1 

µg/m3, respectively. 

 For our statistical analyses, differences in the means of NO2 concentrations between indoor 

and outdoor areas were calculated using paired T-tests. It was found that the concentrations of NO2 

measured indoors were not significantly different from outdoor concentrations in urban and 

industrial areas (p>0.05), whereas the values in the rural area were significantly different (p<0.05). 

However, the outdoor NO2 concentrations in urban, industrial and rural areas were higher than those 

in indoor ones.  One- Way ANOVA was used to differentiate the average NO2 concentrations 

between the different sampling areas for each month.  The indoor NO2 concentrations measured in 

urban and industrial areas were significantly higher than those in the rural area (p<0.05), while the 

values of urban and industrial areas were not significantly different (p>0.05) .  The outdoor NO2 

concentrations in the urban area were significantly higher than those in the rural area (p<0.05) . 

However, the outdoor NO2 values in the industrial areas and the rural areas were not significantly 

different.  
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Table 4. Indoor and outdoor NO2 concentrations (µg/m3) and metrological data from sampling sites 

between September 2017 - February 2018 

 

Study site  

Concentrations of NO2 (µg/m3)  

Sep. 

2017 

Nov.  

2017 

Dec. 

2017 

Jan. 

2018 

Feb. 

2018 

Sep. 

2017 

-Feb. 

2018 

(n=4) (n=3) (n=4) (n=4) (n=4)  

Indoor 

 

Urban 

areaA 

(N=4) 

Max 23.9 33.8 25.6 24.0 16.9 27.4 

Min 21.3 20.7 17.4 15.5 12.6 14.6 

Mean 22.6 ab 27.4 a 21.7 ab 20.8 ab 14.6 b 21.4 

SD 1.2 5.5 3.4 3.8 1.8 4.6 

Industrial 

areaA 

(N=4) 

Max 34.4 38.3 24.0 32.9 20.7 30.6 

Min 18.6 24.7 18.0 18.6 11.8 15.8 

Mean 24.4 ab 30.6 a 21.8 ab 26.3 a 15.8 b 23.8 

SD 7.4 6.0 2.6 6.4 4.1 5.5 

Rural 

areaB 

(N=4) 

Max 14.6 18.5 17.2 18.5 12.9 15.2 

Min 8.4 6.6 7.0 13.3 5.8 10.1 

Mean 11.5a 12.8 a 14.0 a 15.2 a 10.1 a 12.7  

SD 2.6 5.9 4.8 2.3 3.2 2.0 

Outdoor 

 

Urban 

areaA 

(N=4) 

Max 35.6 54.0 32.1 42.6 37.2 33.7 

Min 15.2 24.4 13.0 19.3 15.0 21.0 

Mean 23.1 a 32.0 a 21.0 a 33.7 a 24.1 a 26.8 

SD 8.7 14.7 8.0 10.0 9.4 5.7 

Industrial 

areaAB 

(N=4) 

Max 27.7 40.8 25.6 38.4 28.8 30.6 

Min 13.4 25.8 15.3 15.7 13.2 19.8 

Mean 22.1 a 30.6 a 19.8 a 25.3 a 21.8 a 23.9 

SD 7.0 7.0 4.3 9.7 7.2 4.2 

Rural 

areaB 

(N=4) 

Max 27.9 38.2 38.2 32.7 30.3 23.4 

Min 9.7 14.5 12.6 14.8 14.7 18.2 

Mean 18.2 a 22.9 a 21.0 a 23.4 a 21.4 a 21.4 

SD 8.1 10.7 11.6 9.2 7.0 2.1 

Ratio 

I/O 

Urban area 0.98 0.86 1.03 0.62 0.61 0.80 

Industrial area 1.10 1.00 1.10 1.04 0.72 0.99 

Rural area 0.63 0.55 0.66 0.65 0.47 0.59 

Total precipitation (mm)* 

(precipitation date) 

276.9 

(17) 

100.7 

(10) 

11.6 

(3) 

1.4 

(3) 

16.6 

(4) 

411.4 

(37) 

Relative humidity (%)* 
82.1  

±3.3 

80.1 

±11.7 

69.3 

±5.1 

78.9 

±7.0 

78.2 

±5.3 

77.6  

±7.4 

Wind speed (Knot)* 2.8±1.4 2.3±1.7 2.9±0.8 2.0±0.8 2.4±0.4 2.5±1.0 

Ambient temperature (ºC)* 
28.2 

±0.7 

26.9 

±0.4 

25.7 

±1.3 

26.6 

±1.4 

26.9 

±1.0 

26.9 

±1.3 

Notes; N = Number of school days 

  n = Number of weeks 

  A, B = Range of significant discrepancy (p < 0.05) among clusters of sampling areas (vertical direction) 

  a, b  = Range of significant discrepancy (p < 0.05) among clusters of sampling months (horizontal direction) 

  * Thai Meteorological Department, 2017-2018 
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Table 4 shows that the indoor NO2 concentrations in urban and industrial areas in 

November 2017 were significantly different from those in February 2018 (p<0.05) , whereas the 

values in the rural area from September 2017 to February 2018 were not significantly different. The 

outdoor NO2 concentrations in all areas from September 2017 to February 2018 were not 

significantly different (p>0.05). 

 The indoor/outdoor (I/O) ratio of NO2 concentrations is specifically defined to be greater 

than 1, which shows that the exposure of NO2 values can be higher indoors when compared to the 

extended outdoor area.  Table 4 presents the I/O ratio means for NO2 concentrations in the urban 

area, industrial area and rural area of primary schools in the Rayong province. It was found that the 

I/O ratios of NO2 concentrations in descending order were: urban area (0.61-1.03 and mean: 0.80) > 

industrial area (0.72-1.10 and mean: 0.99) > rural area (0.47-0.66 and mean: 0.59). Guerriero et al. 

[25] reported that the I/O ratios of NO2 levels in primary schools of London in the urban area were 

(0.6-0.8; mean 0.7±0.1) and in the sub-urban area were (0.3-0.7, means 0.5±0.2), results that were 

very similar to the values obtained in this study. Moreover, the I/O ratios of NO2 concentrations in 

this study were lower than those in the primary schools of Stockholm, Sweden (0.44-2.17 and mean: 

0.96±0.36) [26]. Bruno et al. [28] and Poupard et al. [29] revealed that the I/O values vary within a 

narrow range, from 0.88 to 1, as shown by the positive relationship that exists between indoor and 

outdoor NO2 concentrations. On the whole, indoor concentrations reflect the outdoor concentrations 

irrespectively of the level of airtightness of the building. 

 

3.2 Effects of meteorological factors on NO2 concentrations  
 

The climate in Thailand is under the influence of monsoon winds of seasonal character, such as the 

southwest monsoon (SW) and the northeast monsoon (NW). When the SW monsoon prevails over 

Thailand, the rainy season occurs, and abundant rain falls over the country. This happens from mid-

May to mid-October. Winter, which starts in mid-October and ends in mid-February, is influenced 

by the NE monsoon.  The NE monsoon brings cold and dry air from the anticyclone in mainland 

China over the Northern and Northeastern parts of Thailand [30] .  Figure 3 presents the different 

wind directions and levels of wind speed in the Rayong province during the sampling periods. The 

major SW-NE wind direction dominated throughout September 2017 and January to February 2018, 

whereas in November and December 2017 the N-S (north to south) wind prevailed. The wind speed 

range from September to December 2017 was 2- 10 knots whereas it was about 2- 9. 9 knots in 

January and February 2018.  The calmness index was averaging a level nearing 50% and above. 

Overall wind speed was poor. 

Pearson’ s correlations of NO2 concentrations and meteorological factors including total 

precipitation (total-P), relative humidity (RH), wind speed (WS) and ambient temperature (Temp.) 

are shown in Table 5.  The results suggested significantly strong correlations between indoor and 

outdoor NO2 concentrations as r = 0.526 (P<0.001). These results were similar to those of Bozkurt 

et al.  [ 31]  and Blaszczyk et al.  [ 27] , who studied the correlation values of NO2 in schools in  

industrial cities in Turkey ( r =  0. 9- 1. 0)  and rural kindergartens in Silesia, Poland ( r = 0. 430) 

observed.  Moreover, the positive correlations of relative humidity with total precipitation and 

ambient temperature were significant ( r =  0.512 and 0.654) , while wind speed levels and relative 

humidity were negatively correlated with any level of significance (r = -0.576). On the other hand, 

the indoor NO2 concentrations were weak and hence negatively related to wind speed and ambient 

temperature.  The relationships between outdoor NO2 concentrations and wind speed or ambient 

temperature were weak, and hence negative.  Nevertheless, previously published studies 

demonstrated that NO2 concentrations were negatively related to rainfall, temperature and wind 

speed (r = -0.929, -0.819 and -0.950, respectively) with any level of significance [32]. Ahmad and 

Aziz [ 33]  revealed that outdoor NO2 concentrations were significantly related to temperature  
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( r =  -0.839)  and rainfall ( r =  -0.928) .  In general, increasing levels of wind speed facilitate the 

dilution of air pollutants at the ground level and a reaction of the indoor level as well.  Decreasing 

atmospheric temperature supports low mixing height, which prevents the dispersion of pollutants. 

Consequently, indoor values were found to rise to such a high level.  The increase in total 

precipitation is linked to relative humidity, as rain cleanses and eliminates pollutants from the 

atmosphere [34] .  Moreover, low wind speed together with calm conditions constitute important 

factors that condition the accumulation of air pollutants [ 35] .  It seems that meteorological factors 

might not have affected NO2 concentrations since the correlation of NO2 concentrations with 

different meteorological factors did not identify any significant relationships. Importantly, however, 

the obtained results indicated that indoor NO2 concentrations and outdoor NO2 ones are primarily 

dependent upon the level of local activity i. e.  traffic intensity and industrial plant operations. 

According to Wichman et al.  [ 26] , the main source (64-71%)  of indoor NO2 at schools and pre-

schools was outdoor NO2  that had infiltrated indoors. 

 

 

  

   

 
 

 

Figure 3. Wind Speed in Rayong province during sampling in each month: A. September 2017,             

B. November 2017, C. December 2017, D. January 2018 and E. February 2018 
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Table 5. Pearson correlations of meteorological factors and NO2 concentrations in primary schools 

 

N = 57 
Indoor 

NO2  

Outdoor 

NO2 
Total-P RH WS Temp. 

Indoor NO2 1.000      

Outdoor NO2 0.526** 1.000     

Total-P  0.241 -0.021 1.000    

RH 0.062 -0.004 0.512** 1.000   

WS  -0.132 -0.165 0.002 -0.576** 1.000  

Temp.  -0.190 -0.291* 0.392** 0.654** -0.048 1.000 
   *Correlation is significant at the 0.05 level (2- tailed) 

**Correlation is significant at the 0.01 level (2- tailed) 

 

3.3 Human health risk of indoor NO2 concentration 
 

The hazard quotient (HQ) is used for the estimation of non-carcinogenic risks to human health that 

derive from NO2.  The HQ of NO2 is calculated by equations 1 and 2.  Students spend most of their 

time indoors, in the classroom. They are more exposed to pollutants when they are inside than when 

they are outside in playgrounds.  Therefore, human health risk was assessed according to the level 

of inhalation of NO2 in indoor environments only.  Table 6 presents the HQ of short- term (1-  8 

hours)  and long- term ( annual mean)  non-carcinogenic health risks for indoor NO2 exposure in 

urban, industrial and rural areas.  The results for all HQ values deriving from exposure to indoor 

NO2 over a period of 5 months via the inhalation pathway were less than 1.0, which indicates the 

existence of a low hazard.  In the same way, Olufemi et al.  [ 18]  studied HQ values pertaining to 

exposure to NO2 indoors among students in schools located within the vicinities of coal mines in 

Emalahleni, South Africa. They found that HQ values deriving from exposure to NO2 were less than 

1.0. The HQ values per annum in relation to children and adults in the industrial area of Rayong city 

were higher than those for individuals in urban and rural areas of Rayong city.  However, many 

health risk studies have established that exposure to low concentrations of NO2 may increase the 

risks of pneumonia, hospitalization, asthma problems, respiratory problems and decreased lung 

function in children [6, 14, 36, 37]. Zhang et al. [38] revealed that an increase of 10 µg/m3 in NO2 

concentration contributed towards an increase of 2.0 % in associated chronic obstructive pulmonary 

disease (COPD) in adults, an increase of 1.3 % in hospital admissions and an increase of 2.6 % in 

mortality. 

 

Table 6. ADD and HQ values for indoor NO2 at primary schools in each area of Rayong city 

 

Sampling 

site 

ADD (µg/Kg)  HQ 

Child Adult 
 Child  Adult 

 1 h 8 h Annual  1 h 8 h Annual 

Urban area 7.5±1.6 6.1±1.3  0.04 0.05 0.19  0.03 0.04 0.15 

Industrial 

area 

8.4±1.9 6.8±1.6  0.04 0.06 0.21  0.03 0.04 0.17 

Rural area 4.5±0.7 3.6±0.6  0.02 0.03 0.11  0.02 0.02 0.09 
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4. Conclusions 
 

The concentrations of indoor NO2 in primary schools at Rayong city were found to be directly 

associated with outdoor pollution caused by road traffic intensity. It was clearly seen that the values 

of NO2 in urban and industrial areas were significantly higher than those in the rural area. Moreover, 

a positive correlation for NO2 concentrations between indoor and outdoor premises in primary 

schools was identified within the relevant range of significance.  Meteorological factors might not 

have affected indoor NO2 concentrations.  The obtained results indicate that indoor NO2 

concentrations levels are much more dependent upon local activities such as traffic intensity than 

upon meteorological factors.  Students sitting in classrooms in proximity to zones of high traffic 

intensity may be exposed to NO2. However, the HQ values in relation to a non-carcinogenic risk to 

human health deriving from NO2 exposure have indicated the existence of a low hazard. 
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Abstract 
 

Conversion of rice straw to biochar, followed by chemical modification of the biochar with iron 

salts under alkaline conditions can turn agricultural biomass waste into a useful adsorbent material 

for phosphorus removal. Study of the rice straw-to-biochar conversion process at various pyrolysis 

temperatures showed that biochar yield decreased with increased pyrolysis temperature:  The yield 

of stable organic matter and specific surface area was found to be optimum at 400oC. An Fe coating 

process, through direct precipitation of FeCl3. 6H2O or co- precipitation of FeCl3. 6H2O and 

FeSO4. 7H2O on biochar, led to Fe-modified rice straw biochars.  Based on physical appearance, 

SEM, FT- IR and XRF, we confirmed that Fe was well retained in the biochar.  The pHpzc was 

approximately 7. 6 and 8. 0 for Fe( III) + Fe( II) - modified biochar and Fe( III)  modified biochar. 

Therefore, the modified biochar could attract negatively charged phosphate species in a system, like 

natural water or domestic wastewater, where pH is normally less than their pHpzc.  In laboratory 

batch adsorption tests, phosphate removal efficiency was enhanced, rising from about 35.4% in the 

unmodified biochar to 69.5% in Fe(III)+Fe(II)-modified biochar and 83.0% in Fe(III)  modified 

biochar. 
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1. Introduction 
 

Phosphorus is an essential nutrient, which is vital for the growth of aquatic plants.  However, 

phosphorus becomes a pollutant, when it is present in excessive amounts in aquatic environments. 

Excess phosphorus from runoff into water bodies, such as lakes, creeks and rivers, can cause 

eutrophication an environmental problem caused by excessive growth of algae and other aquatic 

plants. This phenomenon often leads to deterioration in the aquatic ecosystem quality, for example, 

development of anoxic conditions and decreased biodiversity [ 1, 2] .  Discharge of municipal 

wastewaters is one of the main causes of eutrophication, since the wastewaters are rich in 
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phosphorus [1]. Therefore, wastewater treatment is important in order to reduce phosphorus levels 

from the effluent, limit phosphorus load in receiving water bodies, and subsequently protect public 

health. 

 Phosphorus in water occurs in both dissolved and particulate forms. However, most of the 

phosphorus discharged by wastewater treatment facility plants (WWTPs) is in the dissolved form 

and is mainly orthophosphate [3]. Previously, phosphorus removal, rather than recovery, emerged 

with the primary attention given to lowering phosphorus levels in effluents for safe discharge into 

surface waters [4], which, in turn, would inhibit undesirable algal growth in sensitive surface waters 

[3, 5]. Thus, technologies for phosphorus pollution control tended to be more focused and oriented 

towards phosphorus removal, whereas technologies that focus on recovery have received less 

attention [4]. In 2015, a report on “World Fertilizer Trend and Outlook to 2018”, published by the 

United Nations Food and Agriculture Organization, showed an increasing world phosphate fertilizer 

demand between 2014 and 2018, with 58 % of the increase expected to be in Asia. Today, the 

primary source of phosphorus in fertilizers is natural minerals, for example, mined phosphate rock 

[4]. Unfortunately, phosphate rock is a finite, nonrenewable resource [4] and is listed as one of the 

critical raw materials for the European Union in their 2017 final report - “Study on the review of the 

list of critical raw materials: Criticality Assessment” [6]. The growing concern about phosphorus 

future availability and its detrimental environmental impact have driven phosphorus recovery to 

become crucial. Thus, research on the treatment of phosphorus-containing wastewater is currently 

focused more on development of technology that can recover phosphorus from the secondary source 

(like domestic and industrial wastewater) and reuse the recovered P products for agricultural and 

industrial purposes [7]. 

 Biochar, the carbon-rich residues from pyrolysis or incomplete combustion of biomass, has 

increasingly been recognized as an efficient and cost-effective sorbent for removal of aqueous 

organic and inorganic contaminants, such as textile dyes, phenolics, pesticides, polycyclic aromatic 

hydrocarbons, heavy metals, and metalloids [8-10]. For example, straw derived biochar can 

effectively remove malachite green, which resists aerobic digestion, due to its reported toxic effects 

[11]. With acid pretreatment, straw-based biochar was also used as a substitute for activated carbon 

to remove reactive brilliant blue and rhodamine B [12]. Biochar was recognized as an effective 

sorbent for heavy metals especially the cationic forms due to the presence of oxygen-containing 

carboxyl, hydroxyl, and phenolic surface functional groups and high-porous structure [10, 13]. As 

the surfaces of biochar is predominantly negatively charged, the sorption of anionic forms of 

pollutants such as arsenates, nitrates or phosphates is relatively low [14, 15]. Therefore, a 

modification of the biochar structure and surface properties is needed to enhance the affinity for 

anionic contaminants and, consequently, its environmental benefits [14, 16].  Significantly, the study 

of the use of biochar to remove phosphates from water has been limited, compared to the study of 

remediation of other common water pollutants [17], thus we need to fill in the information gap in 

the research on practical applications of biochar and well-engineered biochar that has been modified 

for phosphate removal from water. 

Rice straw (Oryza sativa), left over from rice harvesting, is one of the most abundant 

lignocellulosic waste materials world-wide [11]. From 0.7 to 1.4 kg of rice straw is produced for 

each kilogram of milled rice, depending on variety, stubble cutting-height and moisture content 

during harvest [18]. FAO estimated that about 770 million tonnes of rice was produced in 2018 [19]. 

Thus, rice straw became available in similar quantities and, consequently, methods for rice straw 

use and disposal are needed. In Thailand, rice straw was one of the top three unused lignocellulosic 

agricultural by-products in 2013 [20]. Direct open burning in fields is a common option for disposal, 

but this causes serious air pollution. Farmers often offer rice straw as a feed for ruminants, but 

untreated rice straw is not an ideal feed due to the low nutritive value of the highly lignified 

materials. Hence, effective rice straw consumption strategies that are economically feasible are 
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badly needed. Here, we show that rice straw can produce biochar that is able to adsorb phosphate 

from aqueous solutions. This adds value to this agricultural by-product and provides a potential 

adsorbent for nutrient removal. Further, the spent adsorbent is nutrient-enriched biochar, which can 

subsequently be applied as fertilizer. We selected an iron modified method to improve the phosphate 

adsorption, since the method is simpler and more efficient than other treatments such as activation 

by sulfuric acid and lanthanum [21]. In conclusion, we confirmed the feasibility of using rice straw-

derived biochar for aqueous phosphate removal and showed that phosphorus removal capacity can 

be enhanced by adding iron as the char is produced. 

 

 

2. Materials and Methods 
 

2.1 Preparation of adsorbent 
 

2.1.1 Biochar production with different pyrolysis temperatures 

 

Rice straw was obtained from a paddy field in Chachoengsao Province (13.69028N, 101.07028E). 

Prior to pyrolysis, the rice straw was chopped into 20-30 mm lengths and ground to pass through 

a 70-mesh (210 μm) sieve. The straw was oven dried at 103-105oC until it reached constant weight. 

The dried straw was put into a 100 ml ceramic crucible, covered with a lid, and pyrolyzed under 

limited oxygen conditions in a muffle furnace (Thermolyne Furnace 6000) at 300, 400, 500 and 

600oC for 4 h.  Once cooled to room temperature, the biochar was stored in sealed sample bags. 

 

2.1.2 Synthesis of Fe-modified biochar 

 

The selected biochar was modified with iron following the method described by Yang et al. [21]. 

Fe(III)-modified biochar was prepared by adding 1 g biochar into 30 ml aqueous solution containing 

2.18g FeCl3.6H2O. The suspension of biochar and Fe solution was stirred vigorously at 150 rpm for 

30 min, and this was followed by a dropwise addition of 1 M NaOH solution until the pH reached 

~11. The suspension was continuously stirred for 45 min and aged overnight without further stirring. 

The separated modified biochar samples were washed several times with deionized water and dried 

at 105oC until they reached constant weight. The preparation of biochar doped with co-precipitation 

of Fe2+/Fe3+ was similar, except that the solution contained 1.17 g FeSO4.7H2O and 1.09 g 

FeCl3.6H2O. 

 

2.2 Characterization of biochar 
 

For unmodified or virgin rice straw-derived biochar, yield (%)  was determined by comparing the 

weight of the biochar to the weight on a dry basis of the ground rice straw used for pyrolysis. 

Oxidizable organic carbon content ( OC)  was determined by the wet oxidation method with 

potassium dichromate [ 22] .  Loss on Ignition (LOI) , Stable Organic Matter (SOM)  and Stable 

Organic Matter Yield Index (SOMYI)  were determined and calculated following the methods of 

Halshejani et al. [23]. Specific surface area (SSA) was measured by methylene blue adsorption and 

calculated following Kaewprasit et al.  [ 24] .  For unmodified and Fe- modified biochars, the 

morphological properties of the biochars were determined by scanning electron microscopy (SEM, 

JEOL, JSM-6355FE). The functional groups on the biochar surface were determined from a Fourier 

transform infrared spectrum (FTIR, Shimadzu, IRTracer-100) in the 400-4000 cm-1 range. The iron 

contents of modified biochars was examined using X-ray Fluorescence Spectrometry (XRF, Bruker 

Optic, SRS3400) .  The pH at point of zero point charge ( pHpzc)  of the Fe-modified biochars was 
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measured by adjusting the pH of 50 mL 0.01 mol/l NaCl solution to a value between 3 and 11, and 

noting the initital pH value (pHi). Then, 0.15 g of the Fe-modified biochars was added to a conical 

flask and the flask was shaken in an incubator shaker at 120 rpm for 24 hours.  The final pH (pHf) 

of the solutions separated by centrifugation was measured, and the pHpzc was found at the point 

where pHf - pHi = 0 from a plot of ∆pH vs pHi. 

 

2.3 Phosphate removal tests 
 

The phosphorus removal capacity of rice straw- derived biochar and Fe- modified biochars was 

measured by mixing various amounts of the biochars with 50 mL of 2.5 mg P l-1 solution in 125 ml 

Erlenmeyer flasks at room- temperature.  The flasks were then shaken in a mechanical shaker at a 

constant speed of 150 rpm. At selected time intervals, the flasks were withdrawn and the suspensions 

were immediately filtered through a 0.45 m filter.  The concentration of remaining phosphorus in 

the filtrate was determined by the ascorbic acid method [25]. The phosphate removal from aqueous 

solution (%R) was calculated from: 

 

 %𝑅 =  
(𝐶𝑜−𝐶𝑒)

𝐶𝑜
× 100 (1) 

 

where 𝐶0 (mg/ l)  was the initial and 𝐶𝑒 (mg/ l)  was the residual concentration of phosphorus in 

solution. 

 

 

3. Results and Discussion 
 

3.1 Rice straw-derived biochar physicochemical properties 
 

Previous research indicated that pyrolysis temperature significantly influences the carbon content 

of biochar and its surface properties (pore structure, surface area, and capability), which in turn play 

an important role in the physical or chemical attachment of mineral ions to the biochar structures.  

Therefore, a pyrolysis temperature that provided a high surface area and yielded stable organic 

matter (SOM) content of the biochar was determined first. The properties of the biochars produced 

at different pyrolysis temperatures are shown in Table 1. 

From Table 1, the biochar yield decreased with an increase in temperature during slow 

pyrolysis.  Similar trends were also observed by Jiang et al.  [ 26]  and Wang et al.  [ 27] , where a 

decrease in biochar yield was observed with increased pyrolysis temperature between 200oC and 

700oC.  The observed behavior is due to the increase in the rate of dehydration and, in particular, a 

significant loss of volatile organic matter at higher pyrolysis temperatures, as shown by the decrease 

of loss on ignition (LOI) of the biochar. In addition, when the temperature during pyrolysis is higher, 

the oxidizable organic carbon (OC) of the biochar is lower. This reflects an increase in ash content 

in the biochar at high pyrolysis temperatures, which is consistent with the findings of Halshejani et 

al.  [ 23]  and Masto et al.  [ 28] .  Since the biochar will be exposed to either physical or chemical 

processes during iron modification, in order to enhance its adsorption capacity for contaminant 

removal from water and wastewater, the stability of the biochar is critical [ 16, 29] .  The stable 

organic matter contents (SOM)  and the stable organic matter yield index (SOMYI)  reflect this 

characteristic as the importance of both characteristics to the biochar adsorption capacity was stated 

by Halshejani et al. [23] and Masto et al. [28]. The SOM of the biochar increased with temperature 

up to 400oC, but further increase in temperature yielded lower SOM in the biochar (Table 1) .  The 

SOMYI also showed a similar pattern suggesting that biochar produced at 400oC should be selected 
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for further study.  In addition, pyrolysis temperature affected the biochar surface area, which 

increased from 66.4 m2/ g to 75.9 m2/ g when pyrolysis temperature was increased from 300oC to 

400oC. Maximum specific surface area of rice straw-derived biochar, determined by methylene blue 

adsorption [24] , occurred at 400oC (Table 1) .  Increase in pyrolysis temperature can cause pore 

blocking substances to be driven out or thermally cracked, leading to a significant increase in the 

externally accessible surface area [30]. However, the specific surface area decreased at temperatures 

above 400oC (Table 1) .  Previous studies have also reported this and it is attributed to structural 

ordering and micropore coalescence, resulting in a thermal deactivation of the biochar [ 31-33] . 

Since maximum SOMYI and SSA occurred at 400oC, biochar produced at this temperature (BC400) 

was selected for different levels of iron modification. 

 

Table 1. Properties of rice straw-derived biochar at different pyrolysis temperatures 

 

Parameter 

Pyrolysis temperature (oC) 

300 400 500 600 

Yield (%) 27.0 22.7 18.6 14.8 

Loss on Ignition  (LOI, %) 64.6 58.4 47.2 33.6 

Oxidizable organic carbon (%) 36.8 19.6 18.0 12.4 

Stable Organic Matters (SOM, %) 1.20 24.6 16.2 12.2 

Stable Organic Matter Yield Index (SOMYI) 0.3 5.6 3.0 1.8 

Specific surface area (m2/g)a 66.4 75.9 48.6 14.9 
aCalculation method followed Kaewprasit et al.[24] 

 

3.2 Fe-modified biochar physicochemical properties 
 

3.2.1 Physical appearance 

 

The ground rice straw samples had a golden brown color (Figure 1a). After pyrolyzing at 400oC for 

4 hours, the samples were converted to the blackened biochar (Figure 1b) .  Small amounts of gray 

dust were also observed in the biochar, suggesting the presence of some ash. Fe-modified biochars 

had colors in the red to dark brown range (Figure 1c and 1d) , which differed from the biochar 

without added Fe. The color confirmed that iron was well loaded into the biochar.  

 

 
 

Figure 1. Appearance of original input (a) and biochars after pyrolysis (b-d) 
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3.2.2 Surface structure by SEM 

 

Figure 2 shows SEM images of iron modified biochars compared to the unmodified biochar.  The 

surface of the virgin biochar was smooth, while the surfaces of Fe( III) - modified biochar and 

Fe( III)+Fe( II)  modified biochar were rough, cracked into fragments and had some small particles 

on their surface. 

 

 
 

Figure 2. Scanning Electron Micrographs (SEM) of (a) BC400, (b) Fe(III)-modified biochar and 

(c) Fe(III)+Fe(II)-modified biochar 

 

3.2.3 Functional groups by FT-IR 

 

The FT-IR spectra of the biochar prepared from pyrolyzing rice straw at 400oC and the Fe-modified 

biochars were captured to determine the various functional groups in the biochars. The presence of 

several peaks common to all biochars was observed in the spectra of all three samples (Figure 3) . 

The broad peak at ~3420 cm−1 and the peak near 1384 cm−1 were attributed to -OH stretching 

vibrations [21, 34]. The peak at ~2920 cm−1 corresponded to the aliphatic C-H stretching vibration, 

while peaks at ~1615 cm-1 were assigned to C = O or C = C stretching in aromatic groups [35]. The 

wide peak at 3420 cm-1 in both types of Fe-modified biochars compared with the unmodified biochar 

is attributed to the use of FeCl3 in the co-precipitation stage, which led to the partial coating of the 

biochar surface with ferric oxyhydroxide (FeOOH)  -  also observed by Kulaksiz et al.  [ 36] .  The 

intense band at ~1100 cm- 1 in the unmodified biochar ( Figure 3a) , which is attributed to C- O 

vibration [34] , was shifted to ~1000 cm- 1 in the Fe-modified biochars, suggesting that chemical 

interaction occurred on the modified biochar surface.  Yang et al.  [ 21]  suggested that the band at  

1067 cm-1 represented Fe-OH, indicating the immobilization of iron on the biochar. 

 

3.2.4 Elemental composition by XRF 

 

XRF analyses were carried out to determine the elemental composition of biochars before and after 

Fe modification, with results shown in Table 2.  The concentration of some minerals, including Si, 

Ca, Mg and Mn, decreased in the Fe modified biochars compared to those found in unmodified 

biochar (BC400) .  These observations were attributed to the dissolution of these minerals under 

alkaline conditions [37] , which could have had a significant impact on the textural properties of 

biochar, and subsequently on the success on biochar modification process.  This assumption was 

further confirmed by the observed increase in concentration of Fe2O3 in both Fe(III)+Fe(II) modified 

biochar and Fe(III) modified biochar. 
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Figure 3. FTIR spectra of (a) BC400, (b) Fe(III) modified biochar and (c) Fe(III)+Fe(II) modified biochar 

 

 

Table 2. XRF analysis of biochar and Fe-modified biochars 

 

Formula BC400 Modified biochar 

Fe(III) Fe(III)/Fe(II) 

CaO 6.58 3.55 3.07 

CuO 0.29 0.30 0.28 

Cl 11.2 0.53 0.42 

Fe2O3 0.79 73.0 66.9 

K2O 20.2 n.d. n.d. 

MgO 4.91 1.94 1.98 

MnO 0.37 n.d. n.d. 

Na2O 1.37 1.63 2.22 

P2O5 2.15 0.43 0.82 

SiO2 49.2 17.0 22.6 

SO3 5.31 0.54 1.11 
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3.2.5 Point of zero charge (pHpzc) 

 

The pHpzc of Fe modified biochars was determined in order to demonstrate the tolerance of the 

adsorbent towards variation in solution pH [35]. From Figure 4, the pHpzc of Fe(III) modified biochar 

was approximately 8.0, while the pHpzc of Fe(III)+Fe(II) modified biochar was about 7.6, implying 

that the Fe-modified biochars would be positively charged when they were applied to treat 

phosphates in natural water or domestic wastewater (where pH<pHpzc), and could effectively 

remove and recover phosphate owing to the strong electrostatic attraction. 

 

 
Figure 4. Plots of pH versus initial pH for determination of pHpzc of  

(a) Fe(III)+Fe(II) modified biochar, and (b) Fe(III) modified biochar  

 

3.3 Phosphate removal 
 

3.3.1 Effect of contact time 

 

Figure 5 shows the phosphorus removal efficiency of unmodified biochar (BC400)  and the Fe-

modified biochars.  It can be seen that phosphate removal efficiency of Fe-modified biochars was 

higher than BC400.  In a 1 h contact time, Fe( III) -modified biochar and Fe( III)+Fe( II) -modified 

biochar removed more than 50%  of phosphorus, suggesting that the adsorption capacity of 

Fe-modified biochars, for removing phosphate, was rapid in the beginning stages of contact.  An 

increase in phosphorus removal occurred in both types of modified biochar as contact time was 

extended to 24 h.  Phosphate removal efficiencies after 24 hours contact time were 70%  for 

Fe(III)+Fe(II)-modified and 83% for Fe(III)-modified biochar.  In the same time, the unmodified 

biochar (BC400)  removed only ~35% of phosphorus.  Previous studies reported that the biochar 

produced from sesame straw exhibits positive phosphate adsorption when pyrolysed at 500 and 

700oC [38] .  This phenomenon was attributed to the presence of Ca and Mg in the biochar, which 

chemically react with phosphate through two main mechanisms: precipitation of P through chemical 

reaction with these metal ions, and surface deposition of P on Mg crystals on biochar surfaces [38-

39] .  Compared to unmodified biochar, improved phosphate removal efficiency in Fe- modified 

biochars was attributed to two factors in the iron modification; it changed the surface and the porous 

structure of the biochar and thus provided more attractive sites for phosphate adsorption [21]. 

The valence state of iron in the biochars also played important role in phosphate removal. 

Biochar with Fe3+  in alkaline conditions showed higher phosphate removal efficiency than biochar 

with co-precipitation of Fe3+/Fe2+ (Figure 5). The presence of Fe(OH)3 and Fe2O3 which should be 

more prevalent in the Fe( III) - modified biochar compared to Fe( III) + Fe( II)  modified biochar  
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Figure 5. Phosphate removal capacity of () BC400, () Fe(III) modified biochar and (•) 

Fe(III)+Fe(II) modified biochar (pH: 7; adsorbent dose: 2g/L; PO4
3--P: 2.5 mg/l). 

 

explains why the Fe( III)  removed phosphate better.  Fe( III) ’ s higher valence state led to a greater  

affinity for a hard base like PO4
3- , thus reaction between PO4

3-  and Fe3+  would be more favorable 

through a combination of electrostatic attraction, surface complexation and anion exchange as 

reported by Yang et al.  [ 21] .  The amount of iron in the biochar also played an important role in 

phosphate removal.  XRF analysis ( see Table 2)  revealed that Fe( III) -modified biochar contained 

higher iron concentration than Fe( III)+Fe( II) -modified biochar, thus it removed phosphate more 

efficiently. 

 

3.3.2 Effect of biochar dosage  

 

Adsorbent dosage in water influenced phosphate removal of biochars, especially the Fe-modified 

biochars (Figure 6). With an increase in dose of Fe(III)-modified biochar from 2 to 16 g/l, phosphate 

removal efficiency increased to 90%. A similar trend was observed when Fe(III)+Fe(II)-modified 

biochar was used to treat phosphates in water (Figure 6) .  This was due to the availability of active 

sites and increase in surface area at higher dose [23] .  On the other hand, increase in dose had no 

significant effect on phosphate removal in the case of the original biochar, BC400.  This further 

confirmed that iron treatment of these biochars changed the biochar surface properties, resulting in 

better phosphate removal. 
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Figure 6. Effect of adsorbent dose on phosphate removal by () rice straw-derived biochar, 

() Fe(III) modified biochar and (•) Fe(III)+Fe(II) modified biochar (pH: 7; contact time: 24 h;  

PO4-P: 2.5 mg/l). 

 

 

4. Conclusions 
 

Iron-modified biochar was prepared by pyrolysis of rice straw, followed by coating with iron oxides 

or hydroxides using two different treatments:  direct precipitation of FeCl3. 6H2O and co-

precipitation of FeCl3. 6H2O and FeSO4. 7H2O.  A pyrolysis temperature of 400C led to the best 

combination of physicochemical properties related to contaminant sorption ( i. e.  specific surface 

area and stable organic matter yield index, SOMYI), and was used as the basis for loading iron onto 

the biochar surface. Some physicochemical properties (i.e. pHpzc, elemental composition and surface 

functional groups)  of both iron-modified biochars were similar, except Fe( III)  loading led to a 

brownish color of biochar and contained more elemental iron than Fe( II) /Fe( III)  combinations. 

Phosphate sorption assessment showed that the formation of iron hydroxides or oxides on the 

biochar surface significantly improved phosphate removal ability compared to unmodified biochar. 

Overall, this study showed that it is possible to turn an abundant agricultural residue, rice straw, 

effectively and cheaply into a value added product-iron-modified biochar, which efficiently removes 

phosphorus from water. 
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Abstract 
 

Organic fertilizers often contain numerous elements beside nitrogen (N) such as phosphorus (P), 

potassium (K), calcium (Ca), magnesium (Mg) and sodium (Na). In general, the application rates 

of organic fertilizer are based on N requirement which could result in extra amount of other elements 

i. e.  P and Na which could negatively impact on environment.  This study aimed to investigate the 

release of P, K, Ca, Mg, and Na using a batch technique from three organic fertilizers ( e. g.  cow 

manure, compost and sunn hemp) incubated in two paddy soils at various time periods (e.g. 0, 3, 5, 

7, 14, 21, 28, 42, 56, 70, 98 and 120 days). A 2×4 factorial in completely randomized experimental 

design with three replications was employed. A factor A was type of paddy field (an organic paddy 

field (SO), and non-organic paddy field (SC))  and a factor B was four different organic fertilizers 

application type ( control, cow manure compost and sunn hemp) .  Soil samples were collected to 

analyze soil pH, electrical conductivity, available P (Bray II) , exchangeable K, Ca, and Mg and 

extractable Na at the end of each incubation time period.  Results showed that the incubation time 

period did not play a role on the release of P, K, Ca, Mg and Na in soils.  Release of P, K, Ca, Mg, 

and Na in SC was higher than SO.  Release of P, K, and Na were highest in cow manure, while 

compost gave higher release of Ca and Mg. Electrical conductivity did not exceed safety levels with 

all treatments less than 0.50 mS/cm. 

 

Keywords: organic fertilizer, phosphorus, potassium, calcium, magnesium, sodium 
DOI 10.14456/cast.2019.23 

 

 

1. Introduction 
 

Organic fertilizer is sustained source of nutrients due to slow release during decomposition of plant 

materials and/or animal manures which often contains several elements.  Increasing soil organic 

matter, improving soil fertility, and other essential plant nutrients can improve crop productivity [1]. 

However, organic fertilizer contains low levels of nitrogen (N)  and accumulates some nutrients of 

essential and non- essential nutrients in soil [ 2] .  The other essential plant nutrients in organic 

fertilizer are phosphorus (P) , potassium (K) , calcium (Ca)  and magnesium (Mg)  as well as non-

essential nutrients such as sodium [3] .  Moreover, long- term organic fertilizer applications may 

result in calcium, magnesium and sodium accumulation in paddy fields [4]. Phosphorus, potassium, 

calcium and magnesium are essential nutrients for rice growth.  Rice acquires these  
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nutrients from both chemical and organic fertilizers [5]. In general, the application rates of organic 

fertilizer for rice plants are based on nitrogen requirements. Therefore, these elements can also 

accumulate in soils along with organic fertilizers application. 

Accumulation of total phosphorus may benefit soils by decreasing the toxicity of 

aluminum, iron and manganese through phosphorus fixation [6]. However, phosphorus can be easily 

lost in paddy soil by runoff and transportation into water sources, thereby promoting eutrophication 

phenomena.  High soil organic matter or sandy soil enhances high phosphorus leaching [ 7] .  In 

addition, available phosphorus is a sensitive element and shows a positive correlation coefficient 

with soil pH. Phosphorus develops higher availability in submerged soils which are affected by iron 

reduction [8] .  Historically, research has focused on the importance of inorganic phosphorus for 

plant nutrition. However, organic phosphorus usually accounts for 20-50% of the total phosphorus 

and mineralization of organic phosphorus to inorganic available forms plays an important role in 

soil phosphorus storage [9]. Accumulation of potassium, calcium, magnesium, and sodium are not 

affected by reduction conditions during paddy soil submergence but these sensitive elements 

determine soil electrical conductivity ( EC) .  Organic fertilizer application increases soluble and 

exchangeable forms of Ca, Mg, K and Na, with higher release of soluble K and Na than 

exchangeable K and Na.  However, release of exchangeable Ca and Mg is higher than soluble Ca 

and Mg [10] .  Moreover, high accumulation of these nutrients may induce deficiencies of other 

nutrients such as high soil phosphorus may induce zinc deficiency in paddy soil [11]. In addition, if 

a plant uptakes potassium, this can induce calcium and magnesium deficiency with an antagonistic 

effect on the uptake of calcium and magnesium [12]. 

The release nutrients rate is depending on the component of the organic fertilizer [ 13] . 

Release of phosphorus, potassium, calcium, and magnesium is beneficial for rice growth. 

Continuous applications of organic fertilizer may induce accumulation of these elements while 

phosphorus and sodium can adversely impact on the environment.  Manure applications might 

induce the risk of phosphorus, potassium and sodium loss to the environment [14]. 

Applications of organic fertilizers may improve all soil properties but continuous 

applications of the same organic fertilizer type may induce a negative effect.  Accumulation of 

phosphorus, potassium, calcium, magnesium and sodium in the soil from fertilizer application 

adversely affects crop growth, the economy and the environment.  Therefore, the purpose of this 

study was to investigate the release of phosphorus, potassium, calcium, magnesium, and sodium 

from different types of organic fertilizers in two different management paddy soils at various time 

periods. 

 

 

2. Materials and Methods 
 

2.1 Soil sampling 
 

Two soil samples were collected from two rice fields as two paddy soils from an organic rice field 

by applying organic fertilizer more than 10 years (SO) and from a nearby rice field which used only 

chemical fertilizer (SC)  in Nong Chok district, Bangkok.  The soils were classified into Bangkok 

soil series ( very- fine, smectitic, nonacid, isohyperthermic Vertic Endoaquepts) .  Each sample was 

collected at 0 -1 5  cm depth, air- dried and passed through a 2 -mm sieve prior to soil properties 

analysis. 

 Soil pH was determined at 1:1 ratio of soil to deionized water. Electrical conductivity (EC) 

was determined at 1 :5  ratio of soil to deionized water.  Soil pH and electrical conductivity were 

measured using a pH meter and an EC meter, respectively [1 5 ] .  Soil phosphorus solution was 

extracted using 0.01M calcium chloride (CaCl2) at 1:5 ratio of soil to solution, shaken for 15 min 
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and filtered through filter paper No.  4 2  [1 6 ] .  Water extractable phosphorus was extricated using 

deionized water at 1 :1 0  ratio of soil to water and shaken for 1  h [1 7 ] .  Concentration of water 

extractable phosphorus was measured using an inductively coupled plasma optical emission 

spectrometer (ICP-OES). Available phosphorus was extracted using Bray II at 1:10 ratio of soil to 

solution.  Phosphorus concentration was measured using the molybdenum blue method and 

determined using a spectrophotometer at wavelength 882 nm [18] .  Total phosphorus, potassium, 

calcium and magnesium were digested with nitric acid (HNO3): perchloric acid (HClO4) at 2:1 ratio. 

Concentration of total phosphorus was measured using an ICP-OES [19]. Exchangeable K, Ca, Mg 

and Na were extracted using 1M ammonium acetate pH 7.0 and measured by an ICP-OES [20]. 

 

2.2 Organic fertilizer 
 

Manure, compost and green manure are some of the major sources of N fertilizer for organic rice 

cultivation in Thailand [21]. In the study, three organic fertilizers were used including cow manure 

(CM), compost (CP) from a farmer in Nong Chok district, Bangkok, and sunn hemp (SH) from an 

extension plot at the Faculty of Agricultural Technology, King Mongkut’ s Institute of Technology 

Ladkrabang (KMITL), Bangkok, Thailand. Compost was prepared from the decomposition of cow 

manure and rice straw at a ratio of 1:3 by weight.  Each organic fertilizer was ground and passed 

through a 2-mm sieve prior to analysis.  The pH and electrical conductivity were determined at 1:5 

ratio of organic fertilizer to deionized water.  Concentration of total nitrogen was measured using 

dry combustion [22]. Total diphosphorus pentoxide (P2O5), total potassium oxide (K2O), total Ca, 

total Mg and total Na were measured using dry ashing method and filtered through filter paper No. 

5.  Water extractable of P, K, Ca, Mg and Na were extracted using deionized water at 1:10 ratio of 

soil to solution.  Each sample was shaken for 1 h and filtered through filter paper No. 5 [ 17] . 

Concentrations of total and water extractable elements were measured using an ICP-OES. 

 

2.3 Experimental design and incubation study 

 

Batch incubation experiments were conducted in an incubator with a 2×4 factorial completely in 

randomized design with three replications. Factor A was two paddy soils from an organic rice field 

(SO) and a nearby rice field which used only chemical fertilizer (SC). Factor B was four different 

organic fertilizers consisting of control, cow manure, compost, and sunn hemp.  The organic 

fertilizers were applied at the rate of 300 mg N/kg (based on total N in organic fertilizers) [14]. Soil 

with and without fertilizer was flooded with 200 ml of deionized water and incubated at 30°C for 

120 days according to the rice growth cultivation.  Other nutrient contents of organic fertilizers 

applied to meet nitrogen at the rate of 300 mg N/kg were shown in Table 1. 

The release nutrients were released at the earliest stage of incubation [13] .  Samples were 

collected at 0, 3, 5, 7, 14, 21, 28, 42, 56, 70, 98, and 120 days after incubation for analysis of soil 

pH, electrical conductivity, available P (Bray II) , exchangeable K, Ca, Mg and Na extracted using 

1M ammonium acetate pH 7.0 and measured by an ICP-OES [20]. 

 

2.4 Statistical analyses 
 

All data were analyzed by analysis of variance (ANOVA) using a statistical software package. Mean 

comparison was analyzed using Duncan’s multiple range test (DMRT) at a significant level of 95%. 
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Table 1. Nutrient content of organic fertilizers applied to meet nitrogen at the rate of 300 mg N/kg. 

 

Organic fertilizer  Cow manure  Compost Sunn hemp 

Total nitrogen (mg/kg) 300.00 300.00 300.00 

Total phosphorus (mg/kg) 480.24 230.68 252.48 

Total potassium (mg/kg) 2,839.00 464.98 1,589.00 

Total calcium (mg/kg) 2,346.00 709.00 753.00 

Total magnesium (mg/kg) 481.95 303.76 517.65 

Total sodium (mg/kg) 197.64 73.15 259.96 

 

 

3. Results and Discussion 

 

3.1 Soil and organic fertilizer properties before incubation 
 

Physical and chemical properties of SO and SC were analysed as shown in Table 2. Both soils were 

clayey with an acidic reaction and soil pH at 6.10 and 5.30 for SC and SO, respectively (Table 2). 

Electrical conductivity (EC) of both soils did not exceed the safety level for rice growth (<2 mS/cm), 

while available phosphorus and exchangeable potassium, calcium and magnesium contents were 

high and adequate for rice growth.  Exchangeable sodium of SC was higher than SO; however, 

organic matter and total nitrogen contents of both soils were not significantly different. 

Organic fertilizer properties were presented in Table 3. The pH values of the three organic 

fertilizers as cow manure, compost, and sunn hemp were moderately alkaline (8 .2 ) , slightly acid 

(6.3) and strongly acidic (5.1), respectively. Electrical conductivities (EC) of cow manure and sunn 

hemp were higher than the regulations of the Department of Agriculture of Thailand (<3.5 mS/cm) 

[23]. Water soluble P, Ca, Mg and Na were highest in sunn hemp, while water soluble K was highest 

in cow manure. 

 

3.2 Change in soil pH and electrical conductivity (EC) 
 

Results showed that the pH of each soil at initial was significantly different (Figure 1) .  The initial 

soil pH of both soils was acidic, with SC higher than SO. The two amended soils with cow manure 

had the highest pH followed by soils amended with compost.  The pH of SO amended with cow 

manure at 0 day highest with 5.79 value, followed by SO with compost and sunn hemp at 5.65 and 

5.52, respectively. The pH of SC amended with cow manure at 0 day was highest with 6.48, followed 

by SC with compost and sunn hemp at 6. 04 and 5. 78, respectively.  Soil pH of all treatments 

increased rapidly to neutral within 3 days of incubation, with a slightly increase from 3-14 days after 

incubation and then became steady at neutral pH after 14 days of incubation.  Soil pH of all 

treatments at 120 days after incubation showed no significant difference.  This indicated that soil 

and organic fertilizer types did not affect soil pH changes under submergence. Soil pH of amended 

soil with organic fertilizer become neutral after 14 days as influenced by the reduction reaction [24]. 

It might be noticeable that the soil pH increased rapidly at the initial of flooding resulted by high 

organic carbon in soil and organic fertilizer [25]. 
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Table 2. Soil properties before incubation. 

 

Soil properties 

           Organic  

        paddy field  

              (SO) 

Non-organic 

paddy field 

(SC) 

pH (1:1 soil: water) 5.30 6.10 

Electrical conductivity (1:5 soil: water) (mS/cm) 0.23 0.40 

Soil texture Clay Clay 

   Sand (g/kg) 259.60 299.60 

   Silt (g/kg) 247.20 227.20 

   Clay (g/kg) 493.20 473.20 

Organic matter (g/kg) 45.60 45.50 

Total carbon (g/kg) 26.45 26.38 

Total nitrogen (g/kg) 2.51 2.25 

Total phosphorus (g/kg) 0.18 0.26 

Total potassium (g/kg) 7.98 6.88 

Total calcium (g/kg) 2.57 3.05 

Total magnesium (g/kg) 3.83 3.08 

Available phosphorus Bray II (mg/kg) 35.47 63.85 

Available phosphorus Olsen (mg/kg) 8.96 15.43 

Water extractable phosphorus (mg/kg) 0.28 0.24 

Soil solution phosphorus (CaCl2-P) (mg/kg) 0.68 0.71 

Exchangeable potassium (mg/kg) 251.53 130.65 

Exchangeable calcium (mg/kg) 2,343 1,838 

Exchangeable magnesium (mg/kg) 661.99 226.32 

Extractable sodium (mg/kg) 37.14 89.99 

C/N ratio 10.54 11.71 

Cation exchange capacity (cmol(+)/kg) 26.85 30.33 
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Table 3. Chemical properties of three organic fertilizer used in this study. 

 

Organic fertilizer properties Cow manure  Compost Sunn hemp 

pH (1:5 organic fertilizer: water) 8.20     6.30   5.10 

Electrical Conductivity 

   (1:5 organic fertilizer: water) (mS/cm) 10.48     2.94 10.23 

Total nitrogen (g/kg)  7.80   19.40 23.20 

Total P2O5 (g/kg) 11.00    5.28   5.78 

Total K2O (g/kg) 65.02  10.65 36.40 

Total calcium (g/kg) 23.46   7.09 7.53 

Total magnesium (g/kg)  4.82   3.04 5.18 

Total sodium (g/kg)  1.98   0.73 2.60 

Water soluble phosphorus (mg/kg) 32.61      13.80        77.57 

Water soluble potassium (mg/kg)     2,139.00    345.17     1,491.00 

Water soluble calcium (mg/kg) 35.64    121.05        200.63 

Water soluble magnesium (mg/kg) 17.92    126.50        325.92 

Water soluble sodium (mg/kg) 305.40 65.56        361.92 

C:N ratio  15.76 13.44 18.66 

 

 
Figure 1. Changes of soil pH during incubation. S = Soil, F = Fertilizer, Error bar = Standard error 

of mean (SE), P-value = Significant at 0.01 and 0.05 level. 
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Soil electrical conductivity was highest at 3 days after incubation before decreasing 

dramatically and reaching steady state after 5 days of incubation, with a gradual decrease until the 

end of incubation (Figure 2). Results showed that EC of all treatments significantly differed during 

the incubation period. The electrical conductivity of SC amended with cow manure at 120 days was 

highest at 0. 37 mS/cm, followed by SC with compost and sunn hemp at 0.24 and 0.22 mS/cm, 

respectively.  The electrical conductivity of SC soil was higher than SO, while the application of 

cow manure significantly increased EC to higher than other organic manure.  Meanwhile, the 

application of sunn hemp showed no significant difference with the control (Figure 2), possibly due 

to the high EC of cow manure to meet nitrogen rate which induced high quantities of cations. 

Electrical conductivity in all treatments did not exceed the safety level at the end of incubation (less 

than 0.50 mS/cm) [26]. 

 

 
 

Figure 2. Changes of electrical conductivity (EC) during incubation. S = Soil, F = Fertilizer, Error 

bar = Standard error of mean (SE), P-value = Significant at 0.01 and 0.05 level. 

 

3.3 Release of phosphorus 
 

A release of phosphorus from organic fertilizers was calculated from the difference of available 

phosphorus (Bray II) in control and soil amended with the three organic fertilizers. Results showed 

that phosphorus release after incubation was higher for SC than SO.  The SC with cow manure at 0 

day released the highest phosphorus ( 14. 12% ) , followed by SC with cow manure at 120 days 

( 12. 35% )  ( Figure 3) .  After incubation at 120 days, each soil and organic fertilizer type was 

significantly different ( Figure 3) .  The amount of phosphorus in solution and available P was 

analysed.   In both paddy soils, the highest amount of phosphorus in solution was found at the 120 

days of incubation period amended with cow manure ( 0. 28 and 0. 34 mg/ l in SO and SC,  
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Figure 3. Changes of phosphorus release during incubation. S = Soil, F = Fertilizer, Error bar = 

Standard error of mean (SE), P-value = Significant at 0.01 and 0.05 level. 

 

 

respectively, data not shown) .  Phosphorus in solution of both soils with cow manure was higher  

than the Department of Pollution Control of Thailand regulations (<0.04 mg/L) [27].  Meanwhile, 

available phosphorus (Bray II) at 120 days after incubation of both soils amended with cow manure 

had the highest contents at 120. 09 and 229. 14 mg/ kg for SO and SC, respectively.  Available 

phosphorus of both soils amended with cow manure was higher than the critical value of phosphorus 

leaching risk at 43.85 mg/kg [7] .  It might be due to high amount of the total phosphorus in cow 

manure (Table 2). These results showed that the total phosphorus amount is an important role in the 

release of phosphorus in submerged soil.  This indicated that the amount of P release from paddy 

soils amended with cow manure could be potentially risk to the environment [28]. 

 

3.4 Release of potassium, calcium and magnesium 
 

A release of potassium, calcium, and sodium from organic fertilizers was calculated from the 

difference of exchangeable potassium, calcium and magnesium in control and soil amended with 

the three organic fertilizers.  Both soils amended with cow manure released the highest extractable 

potassium at 17.49 and 28.18% in SO and SC, respectively (Figure 4) .  Release of extractable Ca 

was 26. 54%  and 33. 80%  in SO amended with sunn hemp and SC amended with compost, 

respectively (Figure 5) while release of Mg in SO was slightly higher than SC, with little difference 

between the three organic fertilizers at 12.88-13.13% (Figure 6). 

 At the end of the incubation period, soil and organic fertilizer type strongly affected the 

release of K, while soil type influenced Ca and Mg release more than organic fertilizer, possibly due 

to high K content of cow manure.  However, the repeating large amounts of manure build up 

increased high amounts of exchangeable Ca and Mg and decreased exchangeable K in soil [3]. 
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Figure 4. Changes of potassium release during incubation. S = Soil, F = Fertilizer, Error bar = 

Standard error of mean (SE), P-value = Significant at 0.01 and 0.05 level. 

 

 
 

Figure 5. Changes of calcium release during incubation. S = Soil, F = Fertilizer, Error bar = 

Standard error of mean (SE), P-value = Significant at 0.01 and 0.05 level. 
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Figure 6. Changes of magnesium release during incubation. S = Soil, F = Fertilizer, Error bar = 

Standard error of mean (SE), P-value = Significant at 0.01 and 0.05 level. 

 

3.5 Release of sodium 
 

A release of sodium from organic fertilizers was calculated from the difference of extractable 

sodium in control and soil amended with the three organic fertilizers. Results indicated that sodium 

release after incubation of both soils showed no significant difference.  The SO amended with cow 

manure released the highest sodium at 31.12%, 70 days while the SC amended with cow manure 

had the highest sodium at 42.19% at 0 day (Figure 7). After incubation at 120 days, sodium release 

of each soil and organic fertilizers type was significantly different.  Sodium is not an essential 

nutrient for rice growth. Soil exchangeable Na increases when a large amount of manure is applied 

[3] .  Sodium in solution at 120 days after incubation for both soils amended with cow manure was 

highest at 27. 17 and 137. 03 mg/ l in SO and SC, respectively ( data not shown) .  Meanwhile, 

exchangeable sodium at 120 days after incubation of both soils amended with cow manure was 

highest at 146.50 and 189.81 mg/kg for SO and SC, respectively.  
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Figure 7. Changes of sodium release during incubation. S = Soil, F = Fertilizer, Error bar = 

Standard error of mean (SE), P-value = Significant at 0.01 and 0.05 level. 

 

 

4. Conclusions 
 

This study showed that the incubation period did not play a role on the release of phosphorus, 

potassium, calcium, magnesium, and sodium in soil.  Release of phosphorus, potassium, calcium, 

magnesium and sodium in non-organic paddy soil was higher than organic paddy soil. It was found 

that the release of phosphorus, potassium, and sodium was higher in both soils amended with cow 

manure.  Phosphorus in solution of both soils with cow manure was higher than the Department of 

Pollution Control of Thailand regulations (<0.04 mg/L) .  The available phosphorus (Bray II)  was 

also higher than the critical value of phosphorus leaching risk at 43.85 mg/kg. The release of calcium 

and magnesium was higher in both soils amended with compost and sunn hemp.  Electrical 

conductivity in all treatments did not exceed the safety level at less than 0.50 mS/cm.   Soil and 

organic fertilizer types are important factors which have an effect on the release of phosphorus and 

sodium. 
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Abstract 

 

Rice cv. RD6 is one of the most important crops for Thailand particularly for people and farmers in 

the northeastern part of the country.  Saline soil in the northeastern part of Thailand is an important 

problem that causes low yield of rice. Treatment of plants with some plant growth regulators (PGR) 

such as polyamine or bio- stimulants, for example wood vinegar (WV) , can induce physiological 

response so that plants become more tolerant to abiotic stresses including salinity. The objective of 

this study was to investigate the effects of spermidine (Spd) and WV on increasing tolerance of rice 

seedlings in saline soil under greenhouse condition. Rice seedlings were grown for 30 days in pots 

containing 5 kg soil. The plants were then sprayed with distilled water (control), WV (1:500), Spd 

(0.05, 0.1 and 0.5 mM) and mixture between WV (1:500)  and Spd (0.05, 0.1 and 0.5 mM) for 5 

days and then exposed to salt stress (150 mM NaCl) for 14 days. The result indicated that salt stress 

decreased net photosynthesis rate, maximal quantum yield of PSII photochemistry (Fv/Fm) , but 

increased membrane damage as indicated by increase in electrolyte leakage (EL). Under salt stress, 

spraying with WV (1:500) and 0.1 mM Spd (with or without WV) tended to increase shoot and root 

growth, respectively.  Spraying with 0.05 mM Spd and 0.5 mM Spd significantly reduced EL and 

increased Fv/Fm, respectively.  The most effective solutions to promote shoot growth, root growth, 

reduce membrane damage and improve photochemical function of PSII were WV (1:500), 0.1 mM 

Spd, 0.05 mM Spd and 0.5 mM Spd, respectively. 

 

Keywords: spermidine, wood vinegar, salt stress, photosynthesis, photosystem II, electrolyte leakage, 

glutinous rice 
DOI 10.14456/cast.2019.24 

 

 

1. Introduction 
 

Rice is one of the main crops of Thailand and especialy in the northeastern part of the country. 

Saline soil is an important problem in the northeastern part of Thailand that causes low yield of rice 

[1]. Rice cv. RD6  is moderately sensitive to salinity [2]. Saline soil is also one of the most important 

factors in reducing yields of other crop species in many countries of the world. 
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The problem of salinity is intensified because agricultural areas affected by salinity tend to 

increase.  Global warming, deforestation, salt making and irrigation systems will greatly increase 

areas of salt- affected soils.  For all over the world, 45 million hectares of irrigated land have been 

damaged by salt [ 3] .  There are around 19.7 million rais or 3.2 million hectares of saline soils in 

Thailand, of which 17.8 million rais are found in the northeastern region.  Spreading of salinity in 

northeast of Thailand has been caused by both nature and human activities.  The natural causes of 

soil salinity included decay of salt rock at 1-2 m deep and evaporation of groundwater which brings 

salt to the surface. Human causes in the last 50 years included salt mining, deforestation and building 

irrigation systems and water resources on saline soils [1]. 

Salinity induced morphological and physiological changes including a reduction in the dry 

weight of leaves and roots, leaf area, root length, root volume, average root diameter, total 

chlorophyll, chlorophyll a, chlorophyll b, carotenoids, net photosynthesis and stomatal conductance 

and increasing in proline and MDA content [ 4-6] .  In addition, salinity caused ion imbalance in 

plants as shown by higher Na+ and Cl- contents and lower K+, Ca2+ and Mg2+ concentrations [4, 6-

8] .  These imbalances of the cellular ions result in ion toxicity, osmotic stress and production of 

reactive oxygen species ( ROS)  including superoxide anions, hydrogen peroxide and hydroxyl 

radicals.  Salt- tolerant plants can regulate ion and water movements more efficiently than salt-

sensitive plants and have a better antioxidant system for effective removal of ROS [9, 10] .  These 

antioxidant systems include antioxidant enzymes for example superoxide dismutase, catalase, 

glutathione peroxidase and peroxidases and enzymes of ascorbate- glutathione cycle including 

ascorbate peroxidase and glutathione reductase.  These antioxidant enzymes will help to decrease 

salt stress effect from oxidation processes of biomolecules [11]. 

Polyamine is one of plant growth regulators consisting of putrescine (Put) , spermidine 

(Spd) and spermine (Spm) which can alleviate the effects of abiotic stresses on plants. Exogenous 

Spd has been reported to improve plant tolerance to abiotic stresses including salinity [12]. Spraying 

with Spd on rice leaves could also alleviate oxidative stress on rice [ 13] .  Moreover, diluted wood 

vinegar (WV) could promote growth under salt stress of rice seedlings [14] .  The objective of this 

study was to examine the effect of two plant growth regulators including Spd and WV on alleviation 

of salt-stress damages in rice under salt stress. 

 

 

2. Materials and Methods 

 

2.1 Plant materials and treatment 

Seeds of rice cv.  RD6 were obtained from Khon Kaen Rice Research Center, Department of Rice, 

Thailand. The experiment was performed in a greenhouse at the Department of Biology, Faculty of 

Science, Khon Kaen University.  Seeds were surface- sterilized with 15% sodium hyperchlorite for 

15 min, then rinsed 5 times with distilled water.  The seeds were germinated in dark conditions for 

3 days.  Seedlings were then planted in pots containing 5 kg of dry soil from paddy field.  The soil 

was loamy sand comprising 0.55% organic matter, 0. 045% Nitrogen, 0.32 mg kg- 1 Phosphorous, 

25.21 mg kg- 1 Potassium, 68.70 mg kg- 1 Sodium and 11.50 mg kg- 1 Chlorine, having a slightly 

alkaline pH at 6.55 and electrical conductivity at 0. 045 dS m- 1.  When rice seedlings were 30 days 

old, they were subjected to 8 spraying treatments as follows: distilled water (control), diluted wood 

vinegar (WV) (1:500), Spd solutions (0.05, 0.1, 0.5 mM) and mixture between WV (1:500) and 

Spd solutions (0.05, 0.1, 0.5 mM) using 50 ml of solutions per pot during 17.00-18.00 for 5 days. 

The dilution of WV and concentrations of Spd used were based on previous studies [ 14, 15] . 

Afterwards, salt stress was imposed by watering with 100 mM NaCl solution ( salt- stressed group) 

for 3 days. Then, NaCl concentration was increased to 150 mM. Another set of plants also received 
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8 spraying treatments but continued to be fed with regular watering (non- stressed group) . 

Experimental design was completely randomized with five pots for each spraying treatment and 

each pot contained 12 plants. 

 

2.2 Measurement of plant growth 

Growth data and leaf physiological parameters were collected at 14 days after adding sodium 

chloride.  Plant growth parameters measured included shoot fresh weight, shoot dry weight, root 

fresh weight, root dry weight, shoot length and root length. For dry weight measurement, all samples 

were dried in hot air oven at 70 °C for 72 h.  

 

2.3 Measurement of physiology 

Physiological measurements included net photosynthetic rate (PN) by using an infra-red gas analyzer 

(LI-COR 6400XT portable photosynthesis system, LI-COR, Lincoln, Nebraska, USA)  using the 

following conditions; light intensity at 1,500 µmol (photon) m-2 s-1, chamber temperature at 30 °C 

and CO2 concentration at 400 µl l-1, chlorophyll fluorescence parameters by chlorophyll fluorometer 

(HandyPEA, Hansatech Instruments), relative water content (RWC) by using the following formula 

RWC=(FW-DW)/(TW-DW) × 100, where FW, DW and TW was initial fresh weight, dry weight 

and fully turgid weight, respectively. Membrane stability was determined by measuring electrolyte 

leakage percentage (EL)  by cutting fresh leaves sample into 1 cm2, placing 6 pieces in closed vials 

containing 10 ml of deionized distilled water, incubating at 25 °C for 24 h in the dark and measure 

electrical conductivity (EL1). Then, the vials containing leaf pieces were boiled (100 °C) for 15 min 

and left to cool down to room temperature, electrical conductivity of the solution was measured to 

obtain EL2. EL (%) was estimated as: (EL1/EL2) × 100. 

 

2.4 Statistical analysis 

SPSS ver.  23 was used for statistical analysis.  Data were presented as means ± SE.  Significant 

difference among the treatment means was determined by Duncan’s multiple range test (DMRT) (p 

≤ 0.05). Each treatment had five replications and this experiment was designed by using completely 

randomized design (CRD). 

 

 

3. Results and Discussion 
 

As shown in Table 1, plants exposed to salt stress for 14 days did not show significant reduction in 

growth parameters compared with those of the non- stress plants.  Among the non- stressed groups, 

only plants sprayed with 0 .5  mM Spd+WV had significantly higher growth ( shoot and root fresh 

weight, FW and shoot dry weight, DW) than the control plants sprayed with H2O. The solution 0.5 

mM Spd+WV induced the highest shoot FW (7.63 g plant-1) and root FW (8.28 g plant-1) which 

were 45.33 and 53.90% increase from the plants sprayed with H2O. In addition, plants sprayed with 

diluted WV (1:500) had significantly higher shoot DW (1.64 g plant-1) than that of the control (1.17 

g plant-1). For the plants exposed to NaCl stress, most spraying treatments tended to increase growth 

( fresh and dry weights)  compared with plants sprayed with H2 O but the differences were not 

statistically significant. It is noted that, among salt-stress groups, spraying with diluted WV resulted 

in highest shoot FW (7 .3 2  g plant- 1)  and shoot DW (1 .7 3  g plant- 1)  ( although not significantly 

different from the plants sprayed with water). WV was the most effective solution that induced the  
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highest shoot growth (both FW and DW) for NaCl-treated plants. For root growth, highest FW was  

recorded for 0 . 1  mM Spd, and highest DW for 0 . 0 5  mM Spd.  Similar with Shunkao and 

Theerakulpisut [ 1 6 ]  suggested that foliar spraying with Spd could alleviate salt- stress effects and 

enhance growth of rice cv.  KDML105.  Chunthaburee et al.  [15]  also reported that Spd priming 

improved growth of rice seedling when plants were exposed to salt stress.  Moreover, Theerakulpisut 

et al. [14] demonstrated that seed priming with wood vinegar could also alleviate the effect of salt 

stress on growth in rice cv. KDML105.  

Salinity stress damaged plant membranes as indicated by dramatic increase in electrolyte 

leakage from 6.3-16.3% in the non-stressed group to 48.1-75.7 % in the salt-stressed group (Figure 

1 A) .  Under non- stressed condition, spraying with Spd and WV demonstrated no significant 

difference as compared with water spraying.  Under salt stress condition, spraying with 0 .0 5  mM 

Spd was able to significantly decrease EL from 7 5 .7  % ( sprayed with H2O)  to 4 8 .1 %.  Similar 

findings by Shunkao and Theerakulpisut [ 1 6 ]  showed that foliar spray with Spd also reduced 

membrane damage in leaves of salt-stressed rice cv. KDML105.   

 Salinity caused osmotic effects and salt-stressed plants had lower RWC than non-stressed 

plants (Figure 1B). Plants treated with salts had lower RWC than non-stressed ones. However, for 

both non- stressed and salt- stressed conditions, RWC of plants sprayed with all Spd and WV 

treatments did not differ significantly from that of the controls (sprayed with water). Our results are 

in agreement with Bassiouny and Bekheta [17] who reported that salt stress decreased the RWC of 

wheat. 

 

 

Table 1. Effect of foliar spraying with wood vinegar (WV), spermidine (Spd) and mixture of both,  
on growth of rice plants after exposure to sodium chloride (150 mM NaCl) for 14 days. 

 

Treatment Lengths  

(cm) 

Fresh weights (FW) 

(g plant-1) 

Dry weights (DW)  

(g plant-1) 

 Shoot Root Shoot Root Shoot Root 

Non-stressed (H2O)       

  H2O 69.6abc 21.0a 5.25bc 5.38bcd 1.17cd 0.80abc 

  WV (1:500) 71.6a 24.9a 7.42ab 8.08ab 1.64ab 1.11a 

  0.05 mM Spd 66.1abc 24.2a 5.99abc 7.14abcd 1.31abcd 0.96ab 

  0.1 mM Spd 70.7ab 26.5a 6.92abc 7.60abc 1.48abcd 0.96ab 

  0.5 mM Spd 68.3abc 26.3a 5.59abc 6.20abcd 1.24bcd 0.86abc 

  0.05 mM Spd+WV 68.4abc 22.1a 4.85c 5.51bcd 1.08c 0.72bc 

  0.1 mM Spd+WV 71.6a 26.0a 6.96abc 7.82abc 1.60abc 1.09a 

  0.5 mM Spd+WV 71.4a 24.7a 7.63a 8.28a 1.69ab 1.09a 

Salt-stressed (NaCl)       

  H2O 67.6abc 21.6a 5.60abc 4.55c 1.28abcd 0.52c 

  WV (1:500) 66.7abc 21.3a 7.32ab 5.52bcd 1.73a 0.65bc 

  0.05 mM Spd 64.8bc 24.6a 6.47abc 6.36abcd 1.43abcd 0.71bc 

  0.1 mM Spd 64.2c 26.0a 6.51abc 6.58abcd 1.36abcd 0.65bc 

  0.5 mM Spd 65.9abc 25.9a 5.45abc 5.92abcd 1.29abcd 0.58c 

  0.05 mM Spd+WV 64.9bc 24.8a 6.20abc 6.12abcd 1.39abcd 0.63bc 

  0.1 mM Spd+WV 66.3abc 25.7a 6.08abc 5.96abcd 1.31abcd 0.84abc 

  0.5 mM Spd+WV 66.5abc 22.5a 7.16ab 5.29bc 1.58abc 0.68bc 

 

*Means in the same column sharing same alphabets were not significantly different at P≤0.05 
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Figure 1. Effect of spraying with spermidine and wood vinegar on electrolyte leakage percentage 

(A) and relative water content (B) after giving sodium chloride (150 mM NaCl) for 14 days. 

[mean±SE, means sharing same alphabets (uppercase, non-saline condition; lowercase, saline 

condition) were not significantly different at P≤0.05]. 

Salt stress decreases photosynthesis of crops by inducing stomatal closure and hence 

reducing CO2 diffusion or by alteration of photosynthetic metabolism as a result of ion toxicity [18]. 

Salt treatment could reduce photosynthesis in Populus euphratica [ 1 9 ] , Citrus reshni [ 2 0 ]  and 

Oryza sativa [21]. In this study, net photosynthesis rates under non-stressed conditions ranged from 

22.1  to 25.1  µmol CO2 m-2 s-1 while those of the stressed plants reduced from 7.5  to 11.6  µmol  

CO2 m-2 s-1. Spraying with 0.1 mM Spd+WV, 0.5 mM Spd+WV and 0.5 mM Spd could alleviate 

effects of salt stress on photosynthesis by causing 3 6 .5 , 2 8 .2  and 2 8 .2 %, respectively increase 

(although non-significantly different) in net photosynthesis rates compared with water spraying. In 

non-stressed condition, spraying with 0.05 mM Spd+WV, 0.1 mM Spd+WV and 0.5 mM Spd+WV 

can cause non-significant increase in net photosynthesis rates (9.6%, 5.2% and 4.8%, respectively) 

A 

B 
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compared with water spraying (Figure 2A). Similar to Anjum [22], adding 0.5 mM Spd to the NaCl 

nutrient solution could significantly increase net photosynthesis rate of Troyer citrange stressed with 

75 mM NaCl. In addition, foliar spraying with 0.5 mM Spd could increase net photosynthesis rate 

of rice cv. Pokkali under salt stress [16]. 

 Salt stress affected function of chloroplast photosystems by reducing maximal quantum 

yield of PSII photochemistry (Fv/Fm) [23]. Similar to this study, salt stress reduced Fv/Fm of plants 

sprayed with H2O ( from 0 .8 2 7  to 0 .8 1 2 )  and spraying with 0 .5  mM Spd significantly increase 

Fv/Fm of salt-stressed plants to 0.821 (Figure 2B). The remaining spraying treatments also increased 

Fv/Fm without any significantly difference from water spraying. 

 

 

Figure 2. Effect of spraying with spermidine and wood vinegar on net photosynthesis rate (A) and 

Fv/Fm (B) after giving sodium chloride (150 mM NaCl) for 14 days. [mean±SE, means sharing 

same alphabets (uppercase, non-saline condition; lowercase, saline condition) were not 

significantly different at P≤0.05]. 

A 

B 
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4. Conclusions 
 

Under salt stress, foliar spraying with diluted WV tended to promote shoot growth of rice cv.  RD6 

while spraying with 0.1 mM Spd (with or without WV) had a tendency to increase root growth. The 

physiological characteristics showed that salt stress increased EL, and reduced RWC, PN and Fv/Fm. 

Foliar spraying with 0. 05 mM Spd and 0.5 mM Spd alleviated adverse effects of salt stress by 

reducing EL and increasing Fv/Fm, respectively. For practical application, the effectiveness of Spd 

and WV on alleviation of salt stress in rice should be further explored in the field condition. 
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Abstract 
 

Organic fertilizers are used as a main source of plant nutrients in organic food production. A better 

understanding on the responses for the physiological traits of rice to the application of organic 

fertilizers is essential for organic rice production. The aim of this study was to determine the effect 

of organic fertilizer on physiological traits, yield components and total phenolic content of two 

landrace rice varieties, i. e Leam Phu and Hom Dong.  A 2×3 factorial experiment in randomized 

complete block design with three replications was undertaken under field condition during July 2018 

to December 2018. Two rice varieties were assigned as factor A and three fertilizers were assigned 

as factor B.  Data were collected for crop growth rate (CGR)  at tillering to panicle initiation stage. 

Leaf area index (LAI) was collected at 60, 90 and 120 days after transplanting (DAT). Agronomic 

traits including number of tiller per plant, plant height, number of panicle per plant, one thousand 

seed weight, grain yield and total phenolic content were collected at appropriate times.  Fertilizers 

showed significantly different effect on CGR and LAI. Although chemical fertilizer gave the highest 

grain yield (2,572.6 kg/ha) , it was not significantly higher than organic fertilizer ( 2,100 kg/ha) . 

Leam Phu gave higher total phenolic content than Hom Dong at all fertilizers applied without 

significant difference.  

 

Keywords: fertilizer types, crop growth rate, polyphenol, yield components 
DOI 10.14456/cast.2019.25 

 

 

1. Introduction 
 

Rice is an important staple food crop of the world and it is source of carbohydrate and protein. Rice 

is also rich in many important phytochemicals including flavonoids, niacin, riboflavin and phenolic 

compounds [1]. Phenolic compounds with strong antioxidant activity are the secondary metabolites 

found in many plant species.  Daily consumption of 500- 1,000 mg of phenolic compounds can 

reduce the risk of heart disease, have anti- cancer and anti- inflammatory effects, and reduce blood 

cholesterol [2].  

Rice productivity has increased continually due largely to the use of high yielding varieties 

and the application of chemical fertilizers. The application of chemical fertilizers is more important  

means for yield increase of rice [ 3] .  However, the application of chemical fertilizers at high rates  

and for long term in recent years causes a serious concern about the harmful effects on soil and 

environment [ 4] .  Therefore, the application of fertilizers from organic sources might help reduce 

the application of chemical fertilizers. 
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Previous studies have been reported on the effects of organic fertilizers on phytochemical 

traits of many crops.  In pepper, application of organic manures represented a suitable alternative 

means for food production with nutraceutical quality [ 5] .  Organic fertilizer was also found to 

increase phenolic compounds and antioxidant activity in tomato [6] .  Total phenolic content was 

found to be lower in rice treated with control and organic fertilizer than rice treated with inorganic 

fertilizer [ 7] .  Phenolic compound in japonica rice grown under organic and conventional farming 

systems showed the same total phenolic content but the antioxidant capacity ( DPPH)  was 

significantly higher in organic farming treatment [8].  

The effects of organic fertilizers on phenolic compounds are still not conclusive. The 

effects seemed to be dependent on plant species and genotype. The responses to organic fertilizer in 

rice on physiological traits, grain yield and phenolic content have not been clearly studied in 

indigenous rice, which might be different from high yielding varieties. The objective of this study 

was to determine the effects of organic fertilizer on physiological traits, grain yield, yield 

components and total phenolic content in rice. The information will be used for planning organic 

rice production in the future. 

 

 

2. Materials and Methods 
 

2.1 Location and experimental design 
 

A 2×3 factorial experiment was undertaken under field condition to study the effects of organic 

fertilizer on growth, yield and phenolic content of two indigenous rice varieties.  Two rice varieties 

which was representative of rice with black and white pericarp including Leam Phu and Hom Dong 

were assigned as factor A.  Leam Phu is a black sticky landrace rice in Thailand.  Hom Dong is a 

fragrant landrace variety with white pericarp. Three fertilizer applications consisting of no fertilizer 

(NO) , chemical fertilizer (CF)  and organic fertilizer (OF)  were assigned as factor B.  and the six 

treatment combinations were arranged in a randomized complete block design with three 

replications at the Research Station of Plant Production Technology Department, Faculty of 

Agricultutal Technology, King Mongkut's Institute of Technology Ladkrabang, Bangkok, Thailand. 

The organic fertilizer used in this study was well-decomposed livestock manure and pH, EC, organic 

matter, total N, total P and total K were 8. 3, 27. 3 dS/ m, 44. 3% , 1. 85% , 1. 15%  and 1. 89% , 

respectively. The chemical fertilizers consisted of N-P-K (16-20-0 and 46-0-0). 

 

2.2 Experimental details and crop management 
 

Two rice varieties were planted for 25 days and the seedlings were transplanted at the rate of one 

plant per hill and a spacing of 25 cm between plants and 25 cm between rows in a plot size of 1.5×1.5 

m. The rice bunds with 1 m in width were constructed as the alleys between blocks. The water level 

was maintained at 5 cm above the soil surface throughout the experiment.  Chemical fertilizer with 

16-20-0 of N-P-K at the rate of 156.25 kg/ha was applied at 15 days after transplanting (DAT) and 

chemical fertilizer (46-0-0) at the rate of 156.25 kg/ha was pre-heading stage. Organic fertilizer at 

the rate of 2,000 kg/ rai ( 12,500 kg/ha)  was applied at 15 DAT and pre-heading stage.  Therefore, 

total chemical fertilizer applied to the crop was 312.50 kg/ha and total organic fertilizer was 25,000 

kg/ha. Pesticide and herbicide were applied as needed. 
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2.3 Data collection 

 

1)  Physiological traits:  Leaf Area Index ( LAI)  was recorded at 60, 90 and 120 days after 

transplanting. LAI was calculated as a formula;  

 

LAI = leaf area (cm3)/ground area (GA). 

 

Crop growth rate (CGR) was recorded at tillering to panicle initiation stages. Two plants from each 

plot were cut into small pieces and oven-dried at 80 C for 72 h or until the weight was constant. 

Crop growth rate ( g m- 2 day- 1)  during tillering to panicle initiation stages was calculated by using 

the formula; 

 

CGR = W2-W1/T2-T1, 

 

where W2 = plant dry weight at panicle initiation stage and W1 = plant dry weight at tillering stage, 

T1 = Time unit at first harvest, T2 = Time unit at next harvest. 

 

2)  Yield components:  At flowering stage, five plants of each subplot were randomly chosen and 

the data were recorded for plant height in the field. The same plants in each plot were also used for 

recording number of tillers per plant and number of panicles per plant. Seed yield was measured at 

harvest time (120 DAT) .  The seeds were sundried at approximately 13% moisture content and 

weighed. One thousand seed were randomly chosen and weighted to determine 1000-seed weight. 

 

3) Total phenolic content: Husked rice (with husk removal) was ground using a grinding machine 

and subsample of 2 g for each plot was used for extraction of phenolic compounds. The ground rice 

powder was then extracted in 10 ml of methanol for 24 h at room temperature, filtered through a 

0.45 μm of nylon membrane filter and stored at 4 C for further analysis.  

Total phenolic content was determined by Folin-Ciocalteu’s assay [9] .  The crude extract 

( 50 l)  was diluted to 3.0 ml with distilled water.  Folin-Ciocalteu reagent at the concentration of 

250 l was added to the sample and stirred thoroughly.  The sample was further added with 20% 

sodium carbonate solution at the volume of 750 l and the mixture was allowed to stand for 2 h. 

The mixture solution was measured at 765 nm using a Thermo Spectrophotometer.  The phenolic 

content was demonstrated as Gallic acid equivalent (mg GAE/100 g dry weight of rice seed). 

 

2.4 Data analysis 
 

Data were analyzed statistically according to a factorial experiment in a randomized complete block 

design using STATISTIX 8 [10]. Least significance difference (LSD) was used to compare means 

[11]. The correlations between grain yield and LAI and total phenolic content were analyzed using 

regression method. 

 

 

3. Results and Discussion 
 

3.1 Physiological traits 
 

Varieties were not significantly different for CGR at tillering to panicle initial stage whereas 

fertilizers were significantly different (P≤0.01) (Table 1). Chemical fertilizer produced the highest  
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Table 1.  Crop growth rate (CGR)  during tillering to panicle initiation stage and leaf area index 

(LAI)  at 60, 90 and 120 days after transplanting (DAT) of two landrace rice varieties treated with 

different fertilizer applications. 

 

Means in the same column followed by the same letter were not significantly different  

at P ≤ 0.05 by LSD.  

ns, * and ** = non-significant, significant at P ≤ 0.05 and significant at P ≤ 0.01, respectively. 

 

 

CGR of 37.46 g day-1cm-1 followed by organic fertilizer (22.20 g day-1cm-1) whereas control (non- 

fertilizer) control showed significantly lowest CGR. The interaction between rice variety and 

fertilizer was not significant. 

CGR is a simple and important index for evaluating agricultural productivity based on the 

rate of dry matter production.  In this study, fertilizer types were significantly different for CGR. 

According to Reddy and Reddi [ 12] , application of nitrogen significantly affected CGR but it did 

not significantly affect plant height of rice. In this study, both chemical and organic fertilizers could 

increase GGR. Higher GCR for these treatments would be possibly due to higher tillers and higher 

vegetative growth. According to Hasanuzzaman et al. [13], wetland rice treated with poultry manure 

had the highest crop growth rate (CGR)  and relative growth rate (RGR)  because of the higher 

number of tillers per plant.  The interaction between rice variety and fertilizer was not significant, 

indicating that the indigenous rice varieties responses to fertilizer application in a similar pattern. 

The differences between rice varieties were significant for LAI at all growth stages ( Table 

1) .  At final harvest ( 120 DAT) , Leam Phu had higher LAI than Hom Dong.  The results indicated 

that Leam Phu had slower leaf senescence than did Hom Dong.  Organic fertilizer produced the 

highest LAI at 60 DAT whereas chemical fertilizer produced the highest LAI at 120 DAT.  The 

interaction between rice variety and fertilizer for LAI was significant at 120 DAT but not at 60 and 

90 DAT. It was shown that Leam Phu treated with chemical fertilizer gave the highest LAI of 12.18 

 Treatment CGR 

(g day-1cm-1) 

LAI 

at 60 DAT 

 LAI 

at  90 DAT 

LAI 

at 120 DAT 

Variety (V)     

       Leam Phu (LP) 26.39 1.79b 6.57a 6.88 

      Hom Dong (HD) 24.47 2.35a 5.46b 4.28 

Fertilizer (F)     

      Chemical fertilizer (CF) 37.46a 0.98b 8.42a 9.20 

      Organic Fertilizer (OF) 22.20a 4.23a 5.95b 5.36 

      Non-fertilizer (NF) 16.63b 1.00b 3.76c 1.88 

Variety × Fertilizer      

      LP × CF 36.29 0.93 8.93 12.18a 

      LP × OF 21.85 3.74 7.34 5.80b 

      LP × NF 15.28 0.67 3.41 2.04c 

      HD × CF 38.63 1.01 7.91 5.80b 

      HD × OF 22.54 4.71 4.54 4.92b 

      HD × NF 17.99 1.33 3.92 1.71c 

F – Test     

        V ns * ** ** 

        F ** ** * ** 

        V × F                      ns ns ns * 

        C.V. (%)                  8.72 13.10 17.52 24.80 
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with significant difference. The results were similar to earlier report by Ko et al. [14] who reported 

that LAI in rice had the highest under inorganic fertilizer treatment. Kumar et al. [15] also reported 

that chemical fertilizer influence LAI by increasing leaf size and tiller number.  

 

3.2 Growth and yield components 
 

Rice varieties and fertilizers were not significantly different for plant height and the interaction 

between rice variety and fertilizer was not significant (Table 2) .  The lack of variation for plant 

height would possibly due to the fact that both rice varieties are indigenous varieties with tall type.  

Rice varieties were not significantly different for tiller number but fertilizers was 

significantly different for this trait.  Chemical fertilizer had the highest tillers ( 9.23)  followed by 

organic fertilizer (8.06) whereas non-fertilizer had the lowest tillers (5.78). There is no significant 

difference on the interaction between rice variety and fertilizer which indicated that rice varieties 

responded to fertilizers in the similar fashion. 

Rice varieties were not significantly different for number of seeds per panicle but fertilizers 

was significantly different for this trait. Chemical fertilizer produced the highest the number of seeds 

per panicle (326.13 seeds) followed by organic fertilizer (291.73 seeds) and non-fertilizer (234.03 

seeds), respectively. The non significant interaction between rice variety and fertilizer indicated that 

the responses of rice varieties were similar. 

Varieties and fertilizers were significantly different for 1,000 seed weight but the interaction 

between variety and fertilizer was not significant (Table 2).  Hom Dong had large seeds (28. 72 g) 

than did Leam Pua (20.71 g). Chemical fertilizer and organic fertilizer produced higher 1,000 seed 

weight than did non- fertilizer control.  The non significant interaction between rice variety and 

fertilizer showed that rice varieties responded similarly for this trait. 

Rice varieties were not significantly different for grain yield but the differences among 

fertilizers were significant.  Chemical fertilizer had the highest grain yield per hectare ( 2,572.6 

kg/ha)  followed by organic fertilizer ( 2,100.4 kg/ha)  and no fertilizer control ( 1,711.0 kg/ha) , 

respectively.  

The results were similar to those reported in previous studies.  Sudarsono et al.  [ 16]  found 

that application of cattle manure increased plant height, number of tillers per plant and grain yield. 

However, the application of organic fertilizer was still lower than the application of chemical 

fertilizer for these traits. Non-significant interaction between rice variety and fertilizer also indicated 

the similar responses of rice varieties for grain yield. 

 

3.3 Phenolic content  
 

Significant difference between rice varieties was observed for phenolic content and Leam Phu gave 

higher phenolic content than Hom Dong (Figure 1) .  Fertilizers were not significantly different for 

phenolic content and the interaction between rice variety and fertilizer was not significant.  

Phenolic compounds are known to have antioxidant activity.  In this study, fertilizers were 

not significantly different for phenolic content.  The results were in agreement with those reported 

in previous studies. Kessarwani et al. [8] found that rice crops grown under organic and conventional 

faming systems were not significantly different for phenolic content. In many plant species such as 

raspberry [17], pepper [5] and tomatoes [6], organic management increased total phenolic content 

better than did conventional management.  The results indicated that plant species respond 

differently to organic fertilizer for phenolic content. 

In this study, Leam Phu had total phenolic contents four times higher than did Hom Dong 

(Figure 1) .  This is because Leam Phu is black rice and Hom Dong is normal white rice.  Muntana  
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Table 2.  Plant height ( cm) , number of tillers per plant (Till. /Plant) , number of seeds per panicle 

(Seed/Pa), 1,000 seed weight (1,000 SW) and grain yield of two landrace rice varieties treated with 

different fertilizer applications.  

Means in the same column followed by the same letter were not significantly different at  

P ≤ 0.05 by LSD.  

ns, * and ** = non-significant, significant at P ≤ 0.05 and significant at P ≤ 0.01, respectively. 

 

 

and Prasong [18] reported that total phenolic content in colored rice was higher rather than in white 

rice. 

The range of phenolic contents in this study was from 14.79 to 97.89 mg GAE/100 g seeds. 

When the results were compared with those in other studies, the range found in this study was 

considered intermediate. Tuaño et al. [7] reported that total phenolic compounds ranged from 30.01 

to 37.59 mg GAE/100 g wet seeds and Kesarwani et al. [8] also reported that the range of phenolic 

content was from 162.7 to 167.4 mg GAE/100 g fresh seeds.  The differences in the ranges of 

phenolic content in different studies would be due to the differences in rice varieties used and the 

differences in seed growth stages (mature, immature or dry seeds).  

Correlation between grain yield and phenolic content, CGR, leaf area index at 60 DAT, 90 

DAT was presented in Figure 2.  The results indicated that the correlation between grain yield and 

LAI 90 (R2 =  0.5789)  was highest followed by CGR, phenolic content and LAI 60.  A better crop 

growth rate and high leaf area index at 90 DAT may be used as selection criteria for high grain yield 

and indicators for crop responses to fertilizer application. 

 

 

Sources of variation Height 

(cm) 

Till./Plant Seed/Pa 

(seeds) 

1,000 SW 

(g) 

Grain yield 

(kg/ha) 

Variety (V)      

   Leum Pua (LP) 164.71 7.51 290.56 20.71b 1,880.5 

   Hom Dong (HD) 186.74 7.87 277.38 28.72a 2,376.1 

Fertilizer (F)      

   Chemical fertilizer (CF) 179.05 9.23a 326.13a 25.27a 2,572.6a 

   Organic Fertilizer (OF) 182.00 8.06a 291.73b 24.79ab 2,100.4ab 

   No-fertilizer (NF) 166.13 5.78b 234.03c 24.08b 1,711.0b 

Variety × Fertilizer      

      LP × CF  173.44 8.96 337.47 21.25 2,543.1 

      LP × OF  184.66 8.06 314.80 20.84 2,137.8 

      LP × NF 176.22 5.50 300.40 20.03 1,617.9 

      HD × CF 187.77 9.50 283.07 29.29 3,369.7 

      HD × OF 144.48 8.06 233.80 28.74 2,052.1 

      HD × NF 187.78 6.06 234.27 28.13 1,482.1 

F – Test      

        V ns ns ns * ns 

        F ns * ** ** * 

        V × F                      ns ns ns ns ns 

C.V. (%)                  13.93 6.79 8.85 2.56 23.98 
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Figure 1. Total phenolic content (mg/GAE100g seeds) in two landrace rice varieties treated with 

different fertilizer applications, CF = chemical fertilizer, OF =organic fertilizer and  

NF = no fertilizer. 

 

 

 

 
 

Figure 2. Correlation coefficients between grain yield and total phenolic content (a), grain yield 

and crop growth rate (b), grain yield and leaf area index at 60 DAT (c) and grain yield and leaf 

area index at 90 DAT (d) of two rice varieties treated with different fertilizer applications. 
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4. Conclusions 
 

Organic fertilizer as well as chemical fertilizer increased crop growth rate, leaf area index, yield 

components and grain yield of two landrace rice varieties. Organic fertilizer gave lower grain yield 

than chemical fertilizer but not statistically significant.  The increase in grain yield was due to the 

increases in tiller number, grain number and grain weight but not due to plant height.  Most 

interactions between rice variety and fertilizer were not significant, indicating the similar responses 

of rice varieties to fertilizer application.  Leam Phu gave higher total phenolic content than Hom 

Dong but fertilizer application did not significantly affect the total phenolic content.  Although this 

experiment found that organic fertilizer did not affect phenolic compounds but it was not decreased. 

The effect of organic fertilizer on individual phenolic acids and antioxidant capacity in landrace rice 

should further be examined.  
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Abstract 
 

The effects of sodium diacetate ( SD)  and sodium chloride (NaCl)  on growth inhibition of four 

bacterial strains:  Escherichia coli, Salmonella Typhimurium, Pseudomonas fluorescens and 

Staphylococcus aureus were investigated by determining the minimum inhibitory concentration 

and bactericidal concentrations (MIC and MBC), fractional inhibitory and bactericidal 

concentration index ( FICI and FBCI)  and survival of these pathogenic bacteria in cooked duck 

blood curd. SD provided greater overall inhibition to all tested bacterial strains in comparison with 

NaCl.  The effect of SD +  NaCl in combination was partially synergistic or synergistic against 

these pathogenic bacterial, exhibiting FICI and FBCI of 0.75 and 0.25 respectively for E.  coli, 

0.62 and 0.62 respectively for S. Typhimurium, 1.00 and 0.62 respectively for P. fluorescens and 

0. 50 and 0. 37 respectively for S.  aureus.  For cooked duck blood curd, 0. 15% ( w/ v)  SD + 

1.25% ( w/v)  NaCl in combination reduced  E. coli, Salmonella spp., Pseudomonas spp.  and S. 

aureus ( p < 0.05)  in the range of 0.63 - 1.10 log cycles and controlled the growth of all four 

bacteria more than the control sample ( P < 0. 05)  did.  Furthermore, the 0. 15% ( w/ v)  SD + 

1.25%(w/v) NaCl combination controlled the growth of these bacteria in cooked duck blood curd 

for 6 days of storage, except in the case of E. coli, for which growth was controlled for 4 days of 

storage. All experimental results were compared to the control sample before storage (p > 0.05). 

The results indicate that SD in combination with NaCl can be incorporated into cooked duck blood 

curd to effectively reduce and control growth of pathogenic bacteria at 10oC of storage. 

 

Keywords: organic acid salt, pathogenic bacteria, cooked duck blood curd, cold storage  
DOI 10.14456/cast.2019.26 

 
 

1. Introduction  
 

Cooked duck blood curd is one of the favorite blood foods in Thailand. This traditional product is 

produced from a combination of raw duck blood and water and is clotted by heat. It is distributed 

as a freshly cooked product soaked in low concentration of salt with a shelf life of approximate 

two days. In recent times, preservation by chilling has been used to extend the product’s shelf life 

and thus expand existing markets [1]. However, safety issues to do with the presence and growth 

of pathogenic bacteria in this product are of ongoing concern. 

 

 

*Corresponding author: Tel.: 011-662-329-8000 Ext. 6047 Fax: 011-662-329-8519  

             E-mail: putang3009@hotmail.com 



Current Applied Science and Technology Vol. 19 No. 3 (September – December 2019) 

 

 

 

 
307 

Problems associated with the safe preservation of this by-product of slaughter houses 

have grown to be more complex as today’s products require more safety and greater assurance of 

protection from pathogenic microorganisms.  Many chemical antimicrobials have been used to 

inhibit pathogen growth on meat and meat product surfaces. Sodium diacetate (SD) was shown to 

be effective in limiting the growth of Escherichia coli, Salmonella Typhimurium, Pseudomonas 

fluorescens and S. aureus [2, 3]. However, in developed countries, the maximum level of sodium 

diacetate allowed for use in meat products is 0.25%  of final product [ 4, 5] .  Sodium chloride 

(NaCl) was reported to affect the morphology of E. coli and S. aureus. It was also reported to have 

a milder effect on cell damage, particularly on S.  aureus [ 6] .  At low salinity, it causes an 

immediate influx of small solutes thus relieving physical stress. On the other hand, at high salinity, 

it causes water efflux which is balanced by an augmentation of compatible solutes, for example 

glutamate, proline, glycine betaine, trehalose and ectoine [ 7] .  Therefore, the objective of the 

present study was to compare the antibacterial activity of SD, NaCl and SD+NaCl against E. coli, 

Salmonella Typhimurium, P. fluorescens and S. aureus in cooked duck blood curd. 

 
 

2. Materials and Methods 
 

2.1 Strains of bacteria  
 

E. coli DMST 4212, S.  Typhimurium DMST 22842, P. fluorescens DMST 20076 and S. aureus 

DMST 4745 were obtained from the culture collection at the Department of Medical Sciences, 

Ministry of Public Health, Thailand.  These bacteria were cultivated on Mueller Hinton agar 

(MHA,  Merck, Germany). Inocula were prepared by transferring 2-3 colonies from MHA to 10 

ml of 0.85%(w/v) NaCl (Sigma-Aldrich Pte. Ltd., Singapore) and diluted in 0.85%(w/v) NaCl to 

108 cfu/ml (McFarland standard of 0.5). These suspensions were further diluted with 0.85%(w/v) 

NaCl as required.  The initial concentration of approximately 5105 cfu/ml was adopted for the 

minimal inhibitory concentration (MIC), minimal bactericidal concentration (MBC) and synergy 

methods and approximately 1106 cfu/ml for cooked duck blood curd model. 

 

2.2 MIC and MBC determinations 
 

For each bacterium, MIC was estimated by a broth microdilution method. Distilled water was used 

for dissolving all the antimicrobials.  Subsequent two-fold serial dilutions were performed in 

medium. The final concentrations of the antimicrobial in wells ranged from 0-2.5%  (w/v) for SD 

(Chemipan Corporation Co. Ltd., Bangkok, Thailand) and 0-20%  (w/v) for NaCl. The MIC was 

reported as the lowest concentration that limited the broth turbidity to below 0.05 at absorbance of 

600 nm using a UVM 340 Microplate Reader (Biochrom Ltd., Cambridge, UK) .  MBC was 

estimated by comparing the survival numbers of bacteria with their initial numbers. The MBC was 

then reported as the lowest concentration that killed not less than 99.9%  of the initial number of 

bacteria [8].  

 

2.3 Synergistic effects 
 

To determine whether SD acted synergistically with NaCl, a checkerboard titration was used for 

analysis of the fractional inhibitory concentration index (FICI)  and fractional bactericidal 

concentration index (FBCI)  in Mueller Hinton broth (Merck, Germany) . The MIC, MBC, FICI 

and FBCI analyses were repeated three times and their means were calculated.  Synergy was 

demonstrated when FICI and FBCI < 0.5; partial synergy/additive effect was obvious when the 
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FICI and FBCI ranged from > 0.5 to 1.0; there was no interaction when the FICI and FBCI was > 

1 to < 2, and antagonism was exhibited when the FICI and FBCI was > 2 [9]. 

 

2.4 Cooked duck blood curd model 
 

Cooked duck blood curd samples (Cherry valley crossbred ducks at 47 d) were collected in three 

batches at different days from a cooked duck blood curd line at an industrial slaughterhouse in 

Chachoengsao province, Thailand.  500 g samples were taken, kept in polystyrene boxes 

containing ice, and transported to the  Department of Animal Production Technology and 

Fisheries, Faculty of Agricultural Technology, King Mongkut’s Institute of Technology 

Ladkrabang for analysis within 3 hrs of sampling.  

The samples were used to estimate the effects of the antimicrobials on E.  coli, S. 

Typhimurium, P.  fluorescens and S.  aureus.  Each sample was inoculated with all 4 bacteria 

suspensions as follows:  the cooked duck blood curd was soaked in 300 ml of the bacterial 

inoculum (approximately 106 cfu/ml) for 20 min and dried in laminar air flow for 20 min before 

the addition of the antimicrobials.  The initial count of each pathogenic bacterium was 

approximately 104 cfu/g. The sample was randomly separated into two treatments and soaked in 

300 ml of the antimicrobial as follows: (1) control –water and (2) 0.15% (w/v) SD +1.25%(w/v) 

NaCl in combination.  Each treatment was packed in a polyethylene plastic bag.  Air-circulated 

refrigeration was used for storing samples at 10oC for 8 days.  The stored samples under 

refrigeration were sampled for microbiological determination at 0, 2, 4, 6 and 8 days.  

 

2.5 Microbiological analysis 
 

The samples were submitted to count for E. coli [10], Samonella spp. [11], Pseudomonas spp. [12] 

and S. aureus [13] according to standard procedures. E. coli, Samonella spp., Pseudomonas spp. 

and S.  aureus were enumerated on violet red bile agar (Merck, Germany) , xylose lysine 

deoxycholate (Merck, Germany) , Pseudomonas CFC agar (Merck, Germany)  and Baird Parker 

agar (Merck, Germany) contained 5% (v/v) of egg-yolk tellurite emulsion 20% (Merck, Germany), 

respectively.  The plates were incubated at 35 ± 2oC for 24-48 h, except for Pseudomonas spp. , 

which was incubated at 25 ± 2oC for 24-48 h. Then, colonies were counted. IMViC test for E. coli, 

triplate sugar iron agar test, lysine iron agar test for Salmonella spp. , oxidase, aerobicity and 

ability to ferment glucose for Pseudomonas spp.  and coagulase test for S.  aureus by standard 

methods [14] were determined. The results were calculated to log cfu/g.  

 

2.6 Statistical analysis 
 

Data showing bacterial loading in the cooked duck blood curd model were showed as means and 

standard deviations.  The general linear model procedure was used for estimating significant 

differences ( p < 0.05)  of all statistical computations.  Least squares means were computed and 

separated (p<0.05) with the PDIFF option of GLM. All statistical analyses were executed by SAS 

v. 9.0 [15].  
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3. Results and Discussion  
 

3.1 MIC and MBC determinations 
 

The MICs of SD and NaCl for antibacterial action against E. coli DMST 4212, S.  Typhimurium 

DMST 22842, P.  fluorescens DMST 20076 and S.  aureus DMST 4745 were determined to be 

0.31, 0.15, 0.15 and 0.31%  (w/v) respectively for SD, and 5.00, 10.00, 5.00 and 20.00%  (w/v) 

respectively for NaCl. However, the MBCs of SD were two-fold for all bacteria, except for E. coli 

(eight-fold), which were higher than the analogous MIC. The MBCs of NaCl against all bacteria 

were 10.00%  (w/v), except in the case of S. aureus (20%(w/v) (Table 1). An earlier study found 

that the MIC and MBC of SD against S.  aureus were 0.78 and 6.25%  ( w/v)  [ 9] .  Salmonella 

Typhimurium was able to grow in the presence of up to 7-8% NaCl at 37oC [ 16] .  Normally, 

Salmonella and E. coli (bacteria belonging to the Enterobacteriaceae family) do not tolerate high 

salt levels [17]. However, it has been reported that S. aureus can tolerate high concentrations of 

NaCl in liquid medium, with no damage or shrinkage of cellular structure being observed. Under 

similar conditions, cell injury of E. coli appeared [6]. 

 

Table 1.  Minimum inhibitory concentration (MIC) and minimum bactericidal concentration 

(MBC) of sodium diacetate (SD) and sodium chloride (NaCl) to inhibit growth of some 

pathogenic bacteria.  

Strains Antimicrobials 
MIC 

% (w/v) 

MBC 

% (w/v) 

Escherichia coli SD 0.31 1.25 

 NaCl 5.00 10.00 

Salmonella Typhimurium SD 0.15 0.31 

 NaCl 10.00 10.00 

Pseudomonas fluorescens SD 0.15 0.31 

 NaCl 5.00 10.00 

Staphylococcus aureus  SD 0.31 0.62 

 NaCl 20.00 20.00 

 

3.2 Synergistic effects 
 

The FICIs for the combined action of SD with NaCl on E.  coli DMST 4212, S.  Typhimurium 

DMST 22842, P. fluorescens DMST 20076 and S. aureus DMST 4745 are shown in Table 2. FICI 

and FBCI indicated that utilization of SD in combination with NaCl resulted in improved 

inhibition of all pathogenic bacteria.The enhancing effect of the combination was also evidenced 

by the bactericidal responses produced at sub-MBC levels for each bacterium.  FICI of the 

combined action of SD +NaCl was 0.75 and 1.00 (0.07%(w/v) + 2.50%(w/v)) for E. coli and P. 

fluorescens respectively and 0.62 (0.07% (w/v) + 1.25% (w/v)) for S. Typhimurium, suggesting 

partial synergy of the analyzed antimicrobials and 0.50 (0.07%(w/v) +5.00%(w/v)) for S. aureus, 

suggesting synergy of the analyzed antimicrobials. Similarly, FBCI of the combined action of SD 

+ NaCl was 0.25 (0.15%(w/v) +1.25%(w/v)) for E. coli and 0.37 (0.15%(w/v) +2.50%(w/v)) for S. 

aureus, again suggesting synergy and 0.62 (0.15%(w/v) +1.25%(w/v)) for S. Typhimurium and P. 

fluorescens.  The calculation and analysis of FICI and FBCI indicated that the utilization of SD 

with NaCl resulted in the synergistic inhibition of pathogenic bacteria, potentially resulting from 

SD. SD is a weak organic acid salt and effectively inhibits most tested bacteria. 
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Table 2. Fractional inhibitory concentration index (FICI) and fractional bactericidal concentration 

index (FBCI) of the combined action of sodium diacetate (SD) with sodium chloride (NaCl) to 

some pathogenic bacteria. 

Strains Indices 

Concentrations of  

SD + NaCl in combination 

%(w/v) 

Values Interpretation 

Escherichia coli FICI 0.07+2.50 0.75 partial synergy  

 FBCI 0.15+1.25 0.25 synergy  

Salmonella Typhimurium FICI 0.07+1.25 0.62 partial synergy  

 FBCI 0.15+1.25 0.62 partial synergy  

Pseudomonas fluorescens FICI 0.07+2.50 1.00 partial synergy  

 FBCI 0.15+1.25 0.62 partial synergy  

Staphylococcus aureus FICI 0.07+5.00 0.50 synergy  

 FBCI 0.15+2.50 0.37 synergy  

 

 

3.3 Cooked duck blood curd model 
 

The results revealed that the use of 0.15% (w/v) SD + 1.25% (w/v)) NaCl in combination reduced 

the numbers of E. coli, Salmonella spp., Pseudomonas spp. and S. aureus on cooked duck blood 

curd stored at 10oC (Figure 1). The four bacteria of the sample soaked in SD in combination with 

NaCl decreased by 0.63 log cfu/g for E. coli, 0.75 log cfu/g for Salmonella spp., 1.10 log cfu/g for 

Pseudomonas spp.and 0.82 log cfu/g for S. aureus, compared to control sample before storage. 

Then, growth of the four bacteria was retarded throughout the 6 days of storage at 10oC, except for 

E.  coli, which was retarded for 4 days of storage when compared to the control sample before 

storage (p > 0.05). At the end of the 8-day storage time, the four bacteria in the samples soaked in 

water (control) were 2.61 log cfu/g for E. coli, 2.26 log cfu/g for Salmonella spp, 1.59 log cfu/g 

for Pseudomonas spp. and 2.17 log cfu/g for S. aureus which were higher than the numbers of the 

four bacteria in samples soaked in SD in combinations with NaCl (p < 0.05) .  This result could 

probably explain the role of SD in combination with NaCl as antimicrobial agents. Salts of organic 

acid have been shown to have antimicrobial effects by causing hyper-acidification via proton 

donation at the plasma membrane interface of the microorganism and intracellular cytosolic 

acidification, an excess of which can disrupt the H+ -ATPase enzyme, which is required for ATP 

synthesis [18] . Lag phase extension and growth rate reduction for L. mononcytogenes were also 

observed in ground ham to which had been added 0.25% SD [19] . S.  Typhimurium was able to 

grow in the presence of up to 4%NaCl at 12oC [16]. 
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Figure 1. Effect of sodium diacetate (SD) in combination with sodium chloride (NaCl) on 

Escherichia coli (A), Salmonella spp. (B), Pseudomonas spp. (C) and Staphylococcus aureus (D) 

on cooked duck blood curd stored at 10oC for 8 days. 

 

4. Conclusions 
 

Using SD in combination with NaCl at concentrations lower than the MIC values of each 

antimicrobial agent is capable of decreasing the number of pathogenic bacteria in cooked duck 

blood curd, thereby enhancing microbiological safety of cooked duck blood curd. Furthermore, the 

addition of SD in combination with NaCl is recommended in order to control the growth of 

pathogenic bacteria effectively. 
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