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Abstract: This work mainly describes the selective synthesis of 6-O-stearoylation of 1,2-O-isopropylidene-α-D-gluco-furanose and subsequent testing of this compound and its derivatives for antimicrobial activity. Bisacetone D-glucose (3) was prepared from D-glucose, which upon selective deprotection of the 5,6-O-isopropylidene group gave 3,5,6-triol (4) in good yield. Unimolecular direct stearoylation of this triol at low temperature provided the desired selective 6-O-stearoate (5) in 64% yield. To further elucidate the structure and to create novel glucofuranose derivatives of biological importance, 3,5-di-O-acetate (6), 3,5-di-O-mesylate (7) and 3,5-di-O-benzoate (8) were also prepared from the stearoate (5). All of the glucofuranoses (3–8) were tested via in-vitro antibacterial and antifungal functionality tests against 10 human pathogenic bacteria and 7 fungi. These experiments revealed that some of the tested glucofuranose derivatives (5, 6 and 8) showed excellent antimicrobial functionality compared to standard antibiotics.
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1.           INTRODUCTION

Protection of a particular functional group of monosaccharides is not only necessary for the modification of the remaining functional groups but also useful during the synthesis of novel derivatives of great importance.
1,2 Various methods for acylation of monosaccharides and nucleosides have been developed and employed successfully.3 Notably, the strategy involving protection of the off-target hydroxyl groups followed by direct acylation of the remaining hydroxyl group has been used successfully.4 However, these methods are expensive and involves more steps. Hence, a method for selective direct acylation of the desired hydroxyl group while maintaining proper reaction conditions is necessary to reduce the number of steps.

It has been observed that if an active nucleus is linked to another nucleus, the resulting nucleus may possess a greater potential for biological activity.5

Monosaccharides and nucleosides in combination with acyl nuclei (e.g., acetyl, mesyl and benzoyl) play an important role as the common denominator for various biological activities, which is also revealed by a number of our previous works.6–8 A number of furanose, pyranose and disaccharide acetates were prepared and screened for in-vitro antibacterial activity against a number of human pathogenic bacteria and pathogenic fungi.9 The study revealed that the pyranose acetate derivatives were more prone to exhibit antimicrobial functionality than those of the furanose and disaccharide acetates. Catelani et al.10 reported the synthesis of various 3-O-acyl-1,2-O-isopropylidene-D-glucofuranose derivatives (1a–c) from triol 4 and tested their effects in augmenting the proportion of benzidine-positive (haemoglobin-containing) cells in treated K562 cell populations. The results obtained by this study demonstrated that two of these newly synthesised compounds were potent inducers of erythroid differentiation in K562 cells. Recently, Kobayashi et al.11 reported the synthesis of 6-O-palmitoyl-1,2-O-isopropylidene-α-D-gluco-1,4-furanose (2) by lipase catalysed esterification. However, the yield was very low due to the low solubility of the reaction mixture in organic solvent.
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Considering their synthetic and biological importance, the authors were interested in the synthesis of some 6-O-stearoyl derivatives of 1,2-O-isopropylidene-α-D-gluco-1,4-furanose (4) containing stearoyl, acetyl, mesyl or benzoyl moieties using a single molecular framework. Furthermore, the authors evaluated their antimicrobial activities against a variety of bacterial and fungal pathogens.

2.           EXPERIMENTAL

2.1            Physical Measurements

Melting points (mp) were determined using an electrothermal melting point apparatus and were uncorrected. Evaporations were performed under diminished pressure on a Buchi rotary evaporator. Thin layer chromatography (TLC) was performed on Kieselgel GF254, and visualisation was accomplished by spraying the plates with 1% H2SO4 followed by heating the plates at 150°C–200°C until colour appeared. Column chromatography was carried out with silica gel (100–200 mesh). Infrared (IR) spectra were recorded on a Fourier-transform infrared (FTIR) spectrophotometer (Shimadzu, IR Prestige-21) using the KBr and CHCl3 technique. 1H (400 MHz) nuclear magnetic resonance (NMR) spectra were recorded using CDCl3 and CD3OD as a solvent. Chemical shifts were reported in α unit (ppm) using tetramethyl silane (TMS) as the internal standard, and J values are given in Hz. All reagents used were commercially available (Aldrich) and were used as received unless otherwise specified.

2.2            Synthesis

2.2.1         1,2:5,6-Di-O-isopropylidene-α-D-gluco-1,4-furanose (3)

Compound 3 was prepared from D-glucose treated with anhydrous acetone and CuSO4 according to the literature procedure.12 The product was obtained in 46% yield as a white amorphous solid, mp 108°C–110°C (lit.12 mp. 108°C–109°C).

2.2.2         1,2-O-Isopropylidene-α-D-gluco-1,4-furanose (4)

Bisacetone D-glucose 3 (4.0 g, 15.36 mmol) was dissolved in methanol (62 ml) and water (12.5 ml) followed by slow addition of 15% H2SO4 (3.3 ml) at room temperature. Stirring was continued at this temperature for 5 h, and then saturated potassium carbonate (K2CO3) solution was added to neutralise the reaction mixture to pH = 7~8. The methanol was evaporated, and the residue was extracted with ethyl acetate (4 × 20 ml) with occasional warming. The organic layer was dried (using Na2SO4) and evaporated to give a thick liquid of triol, which after column chromatography with n-hexane/ethyl acetate (1/9) afforded pure 3,5,6-triol 4 as a white solid (2.57 g, 76%), mp 158°C –160°C (reported13 mp 159°C–160°C).

2.2.3         1,2-O-Isopropylidene-6-O-stearoyl-α-D-gluco-1,4-furanose (5)

Stearoyl chloride (3.02 g, 9.97 mmol) was added slowly to a stirred solution of the 3,5,6-triol 4 (2.0 g, 9.08 mmol) in anhydrous pyridine (3 ml) at 0°C followed by addition of a catalytic amount of 4-dimethylaminopyridine (DMAP). The reaction mixture was stirred at this temperature for 6 h and then at room temperature overnight. The usual work-up and column chromatography (elution with n-hexane/ethyl acetate = 3/1) produced compound 5 (2.83 g, 64%) as needles, mp 78°C–80°C.

Rf = 0.41 (n-hexane/ethyl acetate = 1/1). IR (KBr): 3410–3480 (br OH), 1776 (CO), 1375 cm–1 [C(CH3)2]. 1H NMR (100 MHz, CDCl3): δ 5.95 (1H, d, J = 3.6 Hz, H-1), 4.52 (1H, d, J = 3.6 Hz, H-2), 4.40–4.45 (1H, m, H-5), 4.35 (1H, d, J = 2.5 Hz, H-3), 4.19–4.25 (2H, m, H-6a and H-6b), 4.07 (1H, dd, J = 7.5 and 2.5 Hz, H-4), 2.59–3.24 (2H, br s, exchange with D2O, 2 × OH), 2.35 [2H, t, J = 7.7 Hz, CH3(CH2)15CH2CO], 1.59–1.66 [2H, m, CH3(CH2)14CH2CH2CO], 1.47 [3H, s, C(CH3)2], 1.31 [3H, s, C(CH3)2], 1.10–1.29 [28H, m, CH3(CH2)14CH2CH2CO], 0.87 [3H, t, J = 7.1 Hz, CH3(CH2)16CO].

2.2.4         3,5-Di-O-acetyl-1,2-O-isopropylidene-6-O-stearoyl-α-D-gluco-1,4-furanose (6)

To a solution of 6-O-stearate 5 (0.5 g, 1.03 mmol) in dry pyridine (1 ml), 2.2 molar equivalents of acetic anhydride (0.23 g, 2.25 mmol) was added at 0°C with continuous stirring. The mixture was allowed to attain room temperature and stirring was continued overnight at this temperature. Work-up followed by chromatography gave the diacetate 6 (0.52 g, 88%) as a solid, mp 43°C–44°C.

Rf = 0.52 (n-hexane/ethyl acetate = 4/1). IR (CHCl3): 1770, 1745 (CO), 1377 cm–1 [C(CH3)2]. 1H NMR (100 MHz, CDCl3): δ 5.91 (1H, d, J = 3.7 Hz, H-1), 5.34 (1H, d, J = 2.8 Hz, H-3), 5.17–5.24 (1H, m, H-5), 4.57 (1H, dd, J = 12.0 and 3.2 Hz, H-6a), 4.47 (1H, d, J = 3.7 Hz, H-2), 4.41 (1H, dd, J = 12.0 and 7.5 Hz, H-6b), 4.09 (1H, dd, J = 7.6 and 2.5 Hz, H-4), 2.29 [2H, t, J = 7.6 Hz, CH3(CH2)15CH2CO], 2.05 (3H, s, CH3CO), 1.99 (3H, s, CH3CO), 1.54–1.63 [2H, m, CH3(CH2)14CH2CH2CO], 1.51 [3H, s, C(CH3)2], 1.30 [3H, s, C(CH3)2], 1.12–1.27 [28H, m, CH3(CH2)14CH2CH2CO], 0.87 [3H, t, J = 7.2 Hz, CH3(CH2)16CO].

2.2.5         1,2-O-Isopropylidene-3,5-di-O-mesyl-6-O-stearoyl-α-D-gluco-1,4-furanose (7)

Methanesulfonyl (mesyl) chloride (0.245 g, 2.138 mmol) was added drop-wise to a solution of the diol 7 (0.5 g, 1.03 mmol) in dry pyridine (1 ml) at 5°C followed by addition of a catalytic amount of DMAP. The reaction mixture was slowly allowed to attain 25°C and stirring was continued for 5 h. A few pieces of ice were added to the reaction flask to destroy the excess of mesyl chloride, and then the product was extracted with chloroform (3 × 3 ml). The usual work-up and chromatography elution with n-hexane/ethyl acetate (18/1) produced compound 7 (0.534 g, 82%), as a semi-solid, which turned pale-yellow after a couple of weeks.

Rf = 0.54 (n-hexane/ethyl acetate = 5/1). IR (CHCl3): 1770 (CO), 1377 [C(CH3)2], 1325 cm–1 (SO2). 1H NMR (100 MHz, CDCl3): δ 5.93 (1H, d, J = 3.7 Hz, H-1), 5.35 (1H, d, J = 2.8 Hz, H-3), 5.15–5.21 (1H, m, H-5), 4.58 (1H, dd, J = 12.0 and 3.2 Hz, H-6a), 4.46 (1H, d, J = 3.7 Hz, H-2), 4.43 (1H, dd, J = 12.0 and 7.5 Hz, H-6b), 4.10 (1H, dd, J = 7.6 and 2.5 Hz, H-4), 3.14 (3H, s, SO2CH3), 3.04 (3H, s, SO2CH3), 2.30 [2H, t, J = 7.6 Hz, CH3(CH2)15CH2CO], 1.56–1.63 [2H, m, CH3(CH2)14CH2CH2CO], 1.49 [3H, s, C(CH3)2], 1.30 [3H, s, C(CH3)2], 1.10–1.27 [28H, m, CH3(CH2)14CH2CH2CO], 0.88 [3H, t, J = 7.2 Hz, CH3(CH2)16CO].

2.2.6         3,5-Di-O-benzoyl-1,2-O-isopropylidene-6-O-stearoyl-α-D-gluco-1,4-furanose (8)

Benzoylation of diol 5 (0.5 g, 1.03 mmol) with 2.2 molar equivalents of benzoyl chloride (0.32 g, 2.28 mmol) in anhydrous pyridine (1 ml) overnight produced a faster-moving product. Upon the usual work-up followed by chromatography with n-hexane/ethyl acetate, the di-O-benzoate 8 (0.61 g, 86%) was obtained as a thick syrup.

Rf = 0.50 (n-hexane/ethyl acetate = 4/1). IR (CHCl3): 1772, 1730 (CO), 1379 cm–1 [C(CH3)2]. 1H NMR (100 MHz, CDCl3): δ 7.96–8.08 (5H, m, Ar-H), 7.22–7.38 (5H, m, Ar-H), 5.98 (1H, d, J = 3.7 Hz, H-1), 5.36 (1H, d, J = 2.7 Hz, H-3), 5.20–5.26 (1H, m, H-5), 4.56 (1H, dd, J = 12.0 and 3.2 Hz, H-6a), 4.46 (1H, d, J = 3.7 Hz, H-2), 4.41 (1H, dd, J = 12.0 and 7.6 Hz, H-6b), 4.10 (1H, dd, J = 7.6 and 2.7 Hz, H-4), 2.28 [2H, t, J = 7.6 Hz, CH3(CH2)15CH2CO], 1.51–1.583 [2H, m, CH3(CH2)14CH2CH2CO], 1.52 [3H, s, C(CH3)2], 1.30 [3H, s, C(CH3)2], 1.13–1.25 [28H, m, CH3(CH2)14CH2CH2CO], 0.86 [3H, t, J = 7.1 Hz, CH3(CH2)16CO].

2.3            Antimicrobial Screening Studies

2.3.1         Human pathogens and phytopathogens

All of the glucofuranose derivatives (3–8) were tested against 10 human pathogenic bacteria. Of these, 4 were Gram-positive: Bacillus cereus BTCC 19, Bacillus megaterium BTCC 18, Bacillus subtilis BTCC 17 and Staphylococcus aureus ATCC 6538. 6 were Gram-negative bacteria: Escherichia coli ATCC 25922, Pastunella maltosida, Salmonella gallinarium, Salmonella typhi AE 14612, Shigella dysenteriae AE 14369 and Vibrio cholerae. Seven plant pathogenic fungi were selected for in-vitro mycelial growth tests: Aspergillus acheraccus, Aspergillus flavus, Aspergillus fumigates, Aspergillus niger, Aspergillus nodusus, Candida albicans and Fuserium equiseti (Corda) Sacc.

2.3.2         Screening of antibacterial activity

For the detection of antibacterial activity, the disc diffusion method14 was used. Dimethylformamide (DMF) was used as a solvent for the test chemicals, and a 2% solution of each compound was used. The plates were incubated at 37°C for 48 h. The control was DMF without chemicals. Mueller-Hinton (agar and broth) medium was used to culture the bacteria. Each experiment was carried out three times. All of the results were compared to the standard antibacterial antibiotic kanamycin (50 μg disc–1, Taj Pharmaceuticals Ltd., India).

2.3.3         Screening of mycelial growth

The antifungal activities of the synthesised glucofuranose derivatives (3–8) were investigated based on the food poisoning technique15 as modified by Miah et al.16 Sabouraud (agar and broth, PDA) medium was used for culture of fungi. Linear mycelial growth of fungus was measured after 3~5 days of incubation. The percent inhibition of the radial mycelial growth of the test fungus was calculated as follows:
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where, I = percent of inhibition, C = diameter of the fungal colony in the control (DMF) and T = diameter of the fungal colony in the treatment. The results were compared with the standard antifungal antibiotic fluconazole (100 μg ml–1 medium, brand name Omastin, Beximco Pharmaceuticals Ltd., Bangladesh).

3.           RESULTS AND DISCUSSION

3.1            Synthesis of 6-O-stearoylglucofuranose 5

The present study mainly describes the selective 6-O-stearoylation of 1,2-O-isopropylidene-α-D-gluco-1,4-furanose (4) and antimicrobial evaluation of the synthesised products. For this reason, our first task was to prepare 1,2:5,6-di-O-isopropylidene-α-D-gluco-1,4-furanose (3). Compound 3 was prepared from D-glucose treated with anhydrous acetone and CuSO4 according to the literature procedure12 in 46% yield as a white amorphous solid, mp 108°C–110°C. Selective deprotection of the 5,6-O-acetonide functionality of bisacetone 3 was achieved by treating 3 with 15% H2SO4 in methanol for 5 h, which upon the usual work-up and chromatographic purification afforded pure 3,5,6-triol, 4 as a white solid (76%), mp 158°C–160°C (Scheme 1). Its IR and 1H spectra were similar to that of reported spectra.13
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Scheme 1:    Reagents and conditions are (a) 15% H2SO4, MeOH-H2O, rt, 5 h, 76%; (b) C17H35COCl, pyridine, DMAP, 0°C-rt, 18 h, 64%.



Having 1,2-O-isopropylidene-α-D-gluco-1,4-furanose (4) in hand, selective 6-O-acylation was attempted using stearoyl chloride (C17H35COCl). Thus, treatment of triol 4 with only 0.91 molar equivalents of C17H35COCl in dry pyridine at 0°C produced a faster-moving solid in 64% yield (Scheme 1). The IR spectrum of the compound showed the presence of a carbonyl-stretching band at 1776 cm–1, indicating the attachment of the stearoyl group on the molecule. In the 1H NMR spectrum, a 2-proton triplet at δ 2.35, a 2-proton multiplet at δ 1.59–1.66, a 28-proton multiplet at δ 1.10–1.29 and a 3-proton triplet at δ 0.87 were indicative of the presence of 1 stearoyloxy group in the molecule. In addition, the downfield shift of the H-6 protons (~δ 4.19–4.25) compared to the precursor compound 4 (δ 3.67–3.76) confirmed the attachment of the stearoyloxy group at the C-6 position. The rest of the 1H NMR spectrum was in complete accord with the structure assigned as 1,2-O-isopropylidene-6-O-steroyl-α-D-gluco-1,4-furanose (5). We know that a primary OH group is more reactive than that of a secondary OH group. Thus, treatment of triol 4 with only 0.91 molar equivalents of a bulky acylating agent such as stearoyl chloride at low temperature will react only with the primary OH group at the C-6 position. Thus, product formation was in complete accord with our aim, albeit in lower yield (64%).

3.2            Synthesis of 3,5-di-O-acyl Derivatives of Stearoate 5

To confirm the structure of stearoate 5, as well as to produce novel derivatives of biological importance, three 3,5-di-O-acyl derivatives (6–8) containing various groups (i.e., acetyl, methanesulfonyl and benzoyl) were prepared, as shown in Scheme 2. Thus, treatment of diol 5 with acetic anhydride in anhydrous pyridine produces a solid in 88% yield. Its IR spectrum showed peaks at 1770, 1745 (CO) and 1377 cm–1 [C(CH3)2]. In the 1H NMR spectrum of this compound, two three-proton singlets at δ 2.05 and 1.99 corresponding to two acetyl methyl groups clearly indicated the attachment of two acetyloxy groups in the molecule. Thus, the structure was assigned as 3,5-di-O-acetyl-1,2-O-isopropylidene-6-O-stearoyl-α-D-gluco-1,4-furanose (6). The formation of 3,5-di-O-acetate (6) also confirmed the structure of 6-O-stearoate (5).
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Scheme 2:    Reagents and conditions are Ac2O/MsCl/BzCl, pyridine, DMAP, 0°C-rt, 6~18 h.



For the next derivative, mesylation of 5 with methanesulfonyl chloride in pyridine gave a semi-solid in 82% yield (Scheme 2). Its IR spectrum resonated at 1770 (CO), 1377 [C(CH3)2] and 1325 cm–1 (SO2). In its 1H NMR spectrum, 2 3-proton singlets at δ3.14 and 3.04 clearly indicated the attachment of 2 mesyloxy groups in the molecule. The reasonable down field shift of H-3 (δ5.35) and H-5 (δ5.15–5.21) protons compared to that of compound 5 confirmed the attachment of 2 mesyloxy groups at position C-3 and C-5. Thus the structure was assigned as 1,2-O-isopropylidene-3,5-di-O-mesyl-6-O-stearoyl-α-D-gluco-1,4-furanose (7). Finally, the 6-O-stearoate 5 was converted to 3,5-di-O-benzoate (8) by reaction with benzoyl chloride. In its 1H NMR spectrum, 2 5-proton multiplets at δ 7.22–7.38 and 7.96–8.08 indicated the incorporation of 2 benzoyl groups in the molecule. Complete analysis of the IR and 1H NMR spectra as well as correlation with diacetate (6) and dimesylate (7) led us to assign the structure of the compound as 3,5-di-O-benzoyl-1,2-O-isopropylidene-6-O-stearoyl-α-D-gluco-1,4-furanose (8).

3.3            Antimicrobial Activities

The results of the in-vitro inhibition zone produced by the glucofuranose derivatives (3–8) against 4 Gram-positive and 6 Gram-negative bacteria are shown in Table 1. Bisacetone D-glucose 3 and triol 4 were found to be inactive against all of the tested bacteria. As shown in Table 1, the acylated glucofuranoses (5–8) were more effective against the selected Gram-positive organisms than the selected Gram-negative bacteria. Diacetate 5 and dibenzoate 8 exhibited marked inhibition against B. subtilis to an extent that was comparable to the standard antibacterial antibiotic kanamycin. Compounds 5, 6 and 8 also exhibited good inhibition against E. coli and V. cholerae.

Table 1:    Inhibition against bacterial organism by the glucofuranose derivatives (3–8).



	Name of bacteria
	Diameter of zone of inhibition in mm, 50 µg.dw disc–1




	3

	4

	5

	6

	7

	8

	Kanamycin**




	Bacillus cereus
	NF

	NF

	14

	12

	NF

	10

	20




	Bacillus megaterium
	NF

	NF

	13

	16

	14

	16

	20




	Bacillus subtilis
	NF

	NF

	19

	20*

	NF

	20*

	21*




	Staphylococcus aureus
	NF

	NF

	13

	17

	NF

	16

	22*




	Escherichia coli
	NF

	NF

	18

	19

	NF

	20*

	22*




	Pastunella maltosida
	NF

	NF

	16

	15

	NF

	NF

	23*




	Salmonella gallinarium
	NF

	NF

	NF

	18

	NF

	NF

	24*




	Salmonella typhi
	NF

	NF

	NF

	NF

	NF

	NF

	23*




	Shigella dysenteriae
	NF

	17

	NF

	NF

	NF

	11

	24*




	Vibrio cholerae
	NF

	NF

	NF

	16

	14

	18

	18





Notes: (*) shows good inhibition, (NF) indicates no inhibition, (**) indicates standard antibiotic, and dw means dry weight.

The in-vitro values for percent of inhibition of mycelial growth caused by glucofuranose derivatives (3–8) in 7 plant pathogenic fungi are presented in Table 2. All of the acylated glucofuranoses (5, 6 and 8) were found to have potential against the tested fungal pathogens except for the dimesylate 7. Bisacetone D-glucose 3 and triol 4 were found to be inactive against the tested fungi. Diacetate 6 and dibenzoate 8 showed very good inhibition, which were comparable to that of the standard antibiotic fluconazole.

Table 2:    Antifungal activities of the glucofuranose derivatives (3–8).



	Name of fungus
	% inhibition of fungal mycelial growth, sample 100 µg.dw ml–1 PDA



	3

	4

	5

	6

	7

	8

	Fluconazole**




	Aspergillus acheraccus
	NF

	NF

	44

	53

	NF

	48

	58




	Aspergillus flavus
	NF

	NF

	47

	55

	52

	52

	62*




	Aspergillus fumigatus
	NF

	NF

	45

	51

	49

	53

	70*




	Aspergillus niger
	NF

	NF

	40

	46

	NF

	48

	58*




	Aspergillus nodusus
	NF

	NF

	53

	56

	NF

	55

	64*




	Candida albicans
	NF

	NF

	41

	52

	NF

	53

	60*




	Fuserium equiseti
	NF

	NF

	39

	47

	NF

	49

	65*





Notes: (*) shows good inhibition, (NF) indicates no inhibition, (**) indicates standard antibiotic, and dw means dry weight.

3.4            Structure Activity Relationship (SAR)

It was evident from Table 1 and Table 2 that incorporation of the stearoyl group increased the antimicrobial potential of the glucofuranose 4. Again, these 6-O-stearoyl glucofuranose derivatives (5–8) were more active against fungal pathogens than bacterial organisms. An important observation was that compounds 3 and 4 showed poorer toxicity than compounds 5–8 against these pathogens. This result is most likely due to the presence of more hydroxyl groups in 3 and 4. Compounds 5–8 have fewer or no hydroxyl groups and thus, showed much better antimicrobial potential. Here, the hydrophobicity of the molecules increased gradually from compound 2 to 3 to 5–8. The hydrophobicity of materials is an important parameter with respect to bioactivities such as toxicity or alteration of membrane integrity because hydrophobicity is directly related to membrane permeation.17 A research also proposed that the potency of aliphatic alcohols is directly related to their lipid solubility via hydrophobic interactions between the alkyl chains of alcohols and the fatty acid tail region of the membrane.18 We believe that a similar hydrophobic interaction might occur between the acyl chains of glucofuranoses accumulated in the fatty acid tails of the bacteria membranes. As a consequence of their hydrophobic interactions, bacteria may lose their membrane integrity, ultimately causing the death of the bacteria.17–19

Previously we observed that, due to the slight distortion of the furanose ring in the presence of the 1,2-O-isopropylidene ring,7 acetylated sugars in the 5-membered furanose form were less effective against both Gram-negative, Gram-positive and fungal pathogens than the corresponding acetylated sugars in the 6-membered pyranose form. It was observed from Table 1 and Table 2 that 6-O-stearoate (5) and its 3,5-di-O-aceatae (6) and 3,5-di-O-benzoatae (8) exhibited excellent activity against both bacterial and fungal pathogens, which was, in some cases, similar to that of the standard antibiotics. This result led us to conclude that incorporation of the 6-O-stearoyl group into the glucofuranose framework, along with the 3,5-di-O-acetyl or 3,5-di-O-benzoyl group, increased the antimicrobial potentiality of the glucofuranose 4.

4.           CONCLUSION

We successfully synthesised the 6-O-steroyl derivative (5) of triol 4 in reasonably good yield from D-glucose in just 3 steps. A number of 2,3-di-O-acyl substituted derivatives (6–8) of 5 were also prepared for structural elucidation and to produce novel glucofuranose derivatives of biological importance. All of the glucofuranose derivatives (3–8) were tested for in-vitro antibacterial and antifungal activity against ten human pathogenic bacteria and seven fungi. The structure activity relationship (SAR) study revealed that incorporation of 6-O-stearoyl group into the glucofuranose framework alongside the 3,5-di-O-acetyl or 3,5-di-O-benzoyl groups increased the antimicrobial activity of glucofuranose 4.
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Abstract: This work developed a 2-dimensional (2D) 1H-13C heteronuclear single quantum coherence (HSQC) approach to directly quantify metabolites in chemical mixtures without using a calibration curve. Using non-linear sampling (NLS) and forward maximum (FM) entropy reconstruction, this method is fast enough to be used for routine quantitative metabonomics. Here, the use of this method to analyse complex human serum samples was demonstrated. This method resulted in 24-fold reduction in the nuclear magnetic resonance (NMR) data collection time compared to previously existing methods.
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1.           INTRODUCTION

Nuclear magnetic resonance is a powerful tool for the identification and quantification of various metabolites in biological fluids, tissue extracts and complex mixtures. The 1H nuclear magnetic resonance (NMR) spectrum is an excellent method of obtaining quantitative information for simple mixtures of low molecular weight metabolites. The quantification of various metabolites from a 1-dimensional (1D) 1H NMR spectrum can be achieved because NMR spectral intensities are directly proportional to metabolite concentrations.1,2 However, as the number of small molecules increases in mixtures, the quantification of 1D 1H NMR data is often impaired due to spectral overlapping. This occurs even when the highest available magnetic field is used, which can affect accurate quantification.

Spectral overlapping can easily be removed using 2-dimensional (2D) NMR spectroscopy techniques.3 However, the quantification of various metabolites from 2D NMR spectroscopy data is difficult because various experimental parameters depend on the measured cross-peak intensities. These experimental factors include relaxation times, mixing time, evolution time and uneven excitation profiles, etc.4–7 Recently, a variety of 2D methods have been developed to quantify various metabolites in complex mixtures, serum, urine and other biological fluids.4,5,7–10 The aim of these studies was to address these issues and allow for quantification from the 2D heteronuclear single quantum coherence (HSQC) NMR spectrum. These methods are broadly based on 2 criteria: the first utilises calibration curves,11–13 and the second compensates for various experimental parameters using pulse sequence modifications or theoretical calculations.4–9

The authors previously published a method based on calculating the effect of various experimental parameters on cross-peak intensity and measuring concentration by calculating correction factors.5 For other Q-HSQC variants, suppression of JCH-dependence is achieved by modulating the Insensitive Nuclei Enhanced by Polarisation Transfer (INEPT) polarisation transfer delays of HSQC and using a total relaxation delay sufficient to avoid the 1H T1 (5 times the longest T1 of interest) relaxation effect.7,8,14,15 However, the long acquisition time of Q-HSQC is impractical for metabonomics studies.5 A recent approach reported by Hu et al. directly measures the extrapolated time zero signal intensity using 2D 1H-13C HSQC (HSQC0), which is linearly proportional to the sample concentration.6 This approach sequentially records 3 HSQC spectra with incremented repetition times (basic HSQC block repeated once [i = 1], twice [i = 2], and optionally, thrice [i = 3]).6

The attenuation factor associated with each cross-peak can be directly measured using the log-linear regression of the integrated cross-peak intensities, and this value can be used to calculate the unattenuated intensity at time zero. The applicability of this method is limited by strong t1 noise from high concentration metabolites.6 To avoid this problem, gradient selective version HSQCi (gsHSQCi) with “fast maximum likelihood reconstruction” (FMLR) has been implemented in the Newton software package to improve the precession and accuracy of metabolite quantification. The only drawback of this new protocol is that 3 HSQC spectra must be recorded for quantification.4,16 These approaches all work well, but they require substantial experimental time for NMR data collection, making them inappropriate for routine metabonomics studies. Moreover, because large sample sizes are required to obtain statistically significant results, the NMR experiment time for each sample must be as small as possible.

Recently, the authors developed a quantitative 1H-13C HSQC method based on non-linear sampling (NLS) with forward maximum (FM) entropy reconstruction.10,17 The modulation of cross-peak intensity in the 2D HSQC experiment was compensated using heteronuclear J-coupling by modulating delays in INEPT polarisation transfer.14 The modulation of cross-peak intensity in HSQC due to relaxation parameters was calculated using a previously described method.5 The method-based NLS with FM reconstruction provides a linear correlation between linearly and non-linearly sampled NMR cross-peak intensity with minimal offset. This method was successfully applied to analyse mixtures of amino acids in solution as well as urine samples. Here, the application of NLS with FM reconstruction we described to analyse human serum samples, which is an important biological fluid for various metabonomic studies.

2.           EXPERIMENTAL

2.1            Sample Preparation

Serum samples were collected from the blood of healthy control patients. 2 mm blood samples were collected from fasting subjects. Samples were incubated for 30 min at room temperature and centrifuged (at 10,000 rpm, 5°C for 5 min). The golden yellow supernatant was collected and stored at –80°C until NMR analysis. Serum samples were thawed just before acquiring the NMR spectra, and 450 μl of serum was added to each NMR tube. A co-axial insert containing 290 μM TSP solution (sodium salt of trimethylsilyl-2,2,3,3-tetradeuteropropionic acid) was used as a deuterium lock and as an external standard reference.

2.2            NMR Spectroscopy

All NMR spectra were recorded using a Bruker 800-MHz NMR spectrometer equipped with a triple-resonance TCI (1H, 13C, 15N and 2H lock) cryogenic probe. For the NLS sampling schedule generated using the Poisson gap-sampling schedule generator from Hyberts et al., 84 t1 points out of 256 t1 points were selected using the above approach.18

For the serum samples, spectra were collected using 2048 × 256 points and 8 scans. 84 t1 points were collected using the Poisson gap-sampling schedule with relaxation delays of 15.5 s (5 times the longest T1 of interest) and 2 s. To estimate the longitudinal relaxation parameter T1 of proton resonances, inversion recovery experiments were performed with pre-saturation of the water signal. The transverse relaxation rate (T2) of the proton resonances was determined using the Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence with a variable echo time and pre-saturation during the relaxation delay. The relaxation parameters, T1 and T2, were measured for all standard mixture solutions and serum samples. The values of the relaxation parameters are listed in Table 1. A correlation analysis was performed to determine the similarity between the measured concentration using a Q-HSQC relaxation delay of 15.5 s and Q-HSQC with NLS and a relaxation delay of 2 s. Computer Aided Resonance Assignment (CARA) software was used to calculate the peak volume.

Table 1:    Values of relaxation parameters.



	
	
	A

	B

	C

	D

	E

	F

	G

	H




	1

	TSP CH3
	0/0

	4.534

	1.16

	3739.31

	14016558

	6572800

	–

	–




	2

	Valine CH3
	1.04/19.45

	1.17

	0.42

	2932

	2001573

	2167843

	124.23

	134.62




	3

	Isoleucine CH3
	0.99/17.41

	0.63

	0.23

	3018.67

	1707956

	1831560

	106.0119

	97.88




	4

	Lactate CH3
	1.33/20.89

	1.12

	0.25

	2696.79

	26758310

	25224238

	1650.52

	1632




	5

	Glutamate CH2
	2.13/29.87

	0.95

	0.31

	1975.19

	1805242

	2168437

	168.07

	188.54




	6

	Glutamine CH2
	2.44/33.36

	0.90

	0.25

	1810.7

	4837429

	4492294

	450.22

	402.22




	7

	Acetate CH3
	1.92/26.20

	0.85

	0.20

	2130.56

	1246848

	1271820

	77.38

	70.65




	8

	Choline CH3
	3.21/56.6

	1.40

	0.44

	1191.84

	22667812

	21805713

	466.9

	480.84




	9

	Alanine CH3
	1.48/19

	1.03

	0.42

	2582.9

	8054403

	7857003

	499.728

	466.56




	10

	Glycine CH2
	3.58/44.46

	1.35

	0.56

	917.38

	2932014

	2814743

	272.87

	280.65





Notes:

1. A = Chemical shift 1H/13C ppm; B = T1 (s); C = T2 (s); D = Offset of metabolite (Hz); E = Volume (relaxation 15 s); F = Volume (relaxation 2 s with NLS); G = Concentration of metabolite (relaxation 15.5 s); and H = Concentration of metabolite (relaxation 2 s with NLS and FM).

2. T1, T, and offset, cross peak volumes have been measured from serum for the verification of results from spectra recorded with different sampling schedule (data used for preparing Figure 2 and 3). Recycle delay = 15.5 and 2 s.

2.3            Data Processing and FM-reconstruction

An FM-reconstruction program was used to construct the 2D HSQC data and the NMRPipe format for data handling.19

3.           THEORY AND DETAILS OF METHOD

3.1            Theory

The quantification of various metabolites from a 1D NMR spectra is straightforward because the signal intensity is proportional to the concentration of the metabolite.3 Thus, using the peak intensity ratio between a standard of known concentration (usually TSP) and a metabolite, we can estimate the concentration of the metabolite.2 This is true if the 1D spectrum is recorded in a fully-relaxed state (repetition time ≥ 5 × T1). If the repetition time is less than 5 × T1, the signal intensity correction can be calculated using the Bloch equation. This phenomenon is applied to calculate metabolite concentration. Quantitative analysis of biological fluids using 1D NMR suffers from spectral overlap, making quantitative analysis challenging. 2D methods can be used to quantify bodily fluids and complex mixtures, but the quantification of various metabolites using 2D NMR spectroscopy is not straightforward, as the cross-peak volume in 2D NMR is not directly proportional to the metabolite concentration. Cross-peak volume is affected by several experimental factors, including relaxation time, mixing time, evolution time, uneven excitation profiles, etc.20

The authors recently reported that resonance-specific signal attenuation factors that occur during coherence transfer periods due to relaxation, imperfect pulses, and different transfer efficiencies of inept transfer for different spin systems can be back calculated for each individual metabolite and that those correction factors can be used to evaluate their concentration from adjusted cross-peak intensities (Figure 1).5 The correction factor for JCH coupling efficiency was calculated for the different INEPT transfer of each heteronuclear spin pair (C-H) in 1H-13C HSQC and the relaxation correction factor due to proton resonances (T1H, T2H). However, at high magnetic fields, imperfect pulses and 13C offset effects are more pronounced, requiring recalculation of the correction factors.
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Figure 1:      Pulse sequence for the (Q-OCCAHSQC) HSQC used for the FM-Reconstruction (Figure 1[a]). Narrow and wide filled rectangles represent the rectangular 90° and 180° pulses, respectively. Detailed description of the pulse sequence is explained in H. Koskela et al.7 A simplified version of the same pulse sequence was used to calculate equilibrium 1H Z magnetisation. The time (TAQ) represents the total time of pulse sequence, and (d1) represents the relaxation delay.



Hari et al. demonstrated that the HSQC (Q-OCCAHSQC) 13C offset performance can be dramatically improved using broadband pulses (adiabatic and phase-modulated).14 Thus, the pulse sequence used for quantitative analysis in this report accounts for the J-coupling effect of the heteronuclear (C-H) pair during different INEPT polarisation transfer. Therefore, we modified the correction factor for HSQC (Q-OCCAHSQC) as follows:

For 2D CPMG-adjusted HSQC (Q-OCCAHSQC) version, the cross-peak intensity (V0) is calculated using the following equation:

[image: art]

where η0 is the correction factor that depends on the relaxation parameters of the proton resonances (T1H,T2H) and the recycle delay (d) used for recording the spectra. C0 represents the molar concentration of the metabolite. By measuring the ratio of the cross-peak intensity from the 2D NMR spectra between a standard peak of known concentration (V0) and the test metabolite (Vm) and calculating various correction factors, we can estimate the molar concentration of the metabolite.
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Here,
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where
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and ϕ = offset of the proton × d, with d the recycle delay used to record the spectra. The Carr-Purcell-Meiboom-Gill (CPMG)-adjusted HSQC (Q-OCCAHSQC) pulse sequence is designed as Q-CAHSQC, which gives a uniform intensity response over a large range of JCH (115–220 Hz) couplings, and for the suppression of JHH coupling evolution distortions during constant-time CMPG-INEPT periods.14

4.           RESULTS AND DISCUSSION

The quantification method used here was previously verified using a solution containing a mixture of amino acids, including valine alanine, glycine and methionine.10 In this study, the authors verify this method using human serum samples. It is difficult to obtain quantitative information from serum samples because broad protein resonances hamper metabolite signals in simple 1D NMR (Figure 2[a]). However, it is possible to eliminate broad protein resonances using the CPMG sequence. Once we acquire CPMG spectra, we can easily obtain quantitative information using the Bharti et al. method21 (Figure 2[b]). For serum samples, several peaks significantly overlapped (Figure 3[a]), hampering the quantification of 1D NMR spectra. In those cases, it becomes necessity to use 2D NMR techniques for quantification.
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Figure 2:      1H NMR spectra of serum samples: (a) Simple one-pulse NMR with water pre-saturation, and (b) 1H NMR spectra using the CPMG sequence with 400 ms T2 filtering to remove broad protein signals.



NMR Quantitative 1H-13C Q-OCCAHSQC with a 15.5 s relaxation delay (repetition time ≥ 5 × T1) is shown in Figure 3(a). Various resonances can be unambiguously assigned based on 1H and 13C chemical shifts. It took almost 18 h and 46 min to record this spectrum. The various 2D NMR spectra were recorded using NLS and FM reconstruction with different numbers of t1 points to assess the reproducibility of our data. Serum is a unique bodily fluid that contains lipoproteins and small molecular metabolites at varying concentrations. Thus, it is very important to choose the minimum number of NLS sample points needed to consistently reconstruct the concentration.
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Figure 3:      2D 1H-13C HSQC spectrum of a human serum sample recorded with (a) a relaxation delay of 15.5 s and cross sections at different 1H chemical shifts, and (b) 2D 1H-13C HSQC spectrum of a human serum sample recorded with NLS and FM reconstruction with a relaxation delay of 2 s and cross sections at different 1H chemical shifts.



Out of 256 points, the authors used a 32, 64, 84 and 128 t1-point Poisson gap-sampling schedule. It was challenging to reconstruct the HSQC cross-peak volume to allow for quantification using 32 and 64 t1 points, but it was easily reconstructed using 84 and 128 t1 points. NLS with FM reconstruction with 84 t1 recorded took 48 min, as shown in Figure 3(b). Numerous metabolites, including valine alanine, isoleucine, glycine, choline, acetate and lactate cross-peaks, were clearly identified, and their concentrations were measured from the 2D spectrum. We measured the concentration using both Quantitative 1H-13C Q-OCCAHSQC with a relaxation delay of 15.5 s and NLS with FM reconstruction with a relaxation delay of 2 s. All cross-peak volumes with the respective relaxation delay and concentrations of individual metabolites are presented in Table 1. Regression analysis was performed between uniform sample data and NLS and FM reconstruction data (Figure 4). Good correlation was observed for the spectra recorded with NLS and FM reconstruction. However, the experimental time of the spectra recorded with NLS was dramatically shorter than those of the spectra recorded with uniform sampling, representing an approximately 24-fold reduction in NMR experimental time.
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Figure 4:      Regression curves of the different amino acids in a human serum sample.



Here, the authors demonstrated the application of a newly developed NLS with FM reconstruction for the quantification of bodily fluids, such as serum. It has been proposed that 2D spectra allow for better characterisation of statistically relevant changes in the low-abundance metabolites compared to 1D NMR.22 The proposed method has the potential to make quantitative metabolic profiling by 2D NMR a routine method.

5.           CONCLUSION

We have shown that present method of measuring concentration of various metabolites with 2D 1H−13C HSQC NMR spectra with NLS and FM reconstruction is efficient for human urine sample. The time reduction in the case of human urine sample is 24-fold and does not affect the concentration measurement. The efficiency of this method can be improved if we incorporate “fast maximum likelihood reconstruction” (FMLR) for the peak intensity calculation.22 Use of two internal standards for the higher and lower abundance metabolite separately will further improve quantification results.
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Abstract: Rhizophora spp. particleboards with a target density of 1.0 g cm–3 were fabricated from Rhizophora spp. wood particles using formaldehyde resins as binders. Two types of resins, urea-formaldehyde (UF) and phenol-formaldehyde (PF), were used at two treatment levels, 10% and 13%, based on the oven dry weight of the wood particles. The fabricated Rhizophora spp. particleboard samples with 13% PF and 13% UF had densities nearest to the density of water at 0.978 g cm–3 and 0.914 g cm–3, respectively. By contrast, the densities of the Rhizophora spp. particleboards at the 10% PF and 10% UF treatment levels were 0.894 g cm–3 and 0.885 g cm–3, respectively. The mass attenuation coefficients of the fabricated Rhizophora spp. particleboards were determined using X-ray fluorescence (XRF) beams generated from high-purity zirconium, molybdenum, tin and palladium metal plates. The excitation source used was an annular Am-241 source with an activity of 3.7 GBq. The Kα energy of the XRF emitted from these metal plates ranged from 15.77 keV to 25.27 keV. The mass attenuation coefficient of 10% PF Rhizophora spp. particleboard was the closest to the mass attenuation coefficient of water at these photon energies.

Keywords: Rhizophora spp., urea-formaldehyde, phenol-formaldehyde, particleboard, mass attenuation coefficient

1.           INTRODUCTION

Water is the primary phantom medium recommended for the dosimetry of high-energy photon and electron beams. This is because the measurements of water introduce dose approximations of the values of radiation absorption and scattering obtained for muscle and other soft tissues. In addition, water is universally available and has reproducible radiation properties. However, it poses practical problems when used in conjunction with ionisation chambers and other detectors that are not waterproof. To overcome this problem, solid homogeneous phantoms, such as polystyrene, acrylic and others made from proprietary materials have been introduced and are gaining considerable popularity, particularly in clinical dosimetry.1 Several studies showed that a type of mangrove wood, Rhizophora spp., possesses similar properties to water-equivalent materials.2–5 Mangroves are trees and shrubs that grow in saline (brackish) coastal habitats in the tropics and subtropics. The mangrove distribution is circumglobal, with most populations occurring between the latitudes 30°N and 30°S.6 Shakhreet et al.7 determined the mass attenuation coefficient of raw natural Rhizophora spp. wood and found that it was similar to that of young-aged breast (Breast 1).8

However, raw wood tends to crack and warp with time. It is also difficult to ensure uniform density throughout a raw wood sample. Shakhreet et al.9 proposed that the raw Rhizophora spp. wood be shredded into particles and then compressed into particleboards using suitable binders or resins. They used phenol-formaldehyde (PF) resin as the binder and fabricated particleboards with densities of 0.65, 0.75, 0.85 and 1.0 g cm–3. They found that the mass attenuation coefficients of all particleboards were close to that of older-aged breast (Breast 3).8

The objective of this study was to fabricate Rhizophora spp. particleboards with a target density similar to that of water because water is the standard phantom material for the majority of dose measurements, using urea-formaldehyde (UF) and PF resins at 10% and 13% resin treatment levels. The mass attenuation coefficients of the Rhizophora spp. particleboards produced were then determined at several photon energies, including 15.77, 17.48, 21.18 and 25.27 keV.

2.           EXPERIMENTAL

2.1            Rhizophora spp. Particleboard Fabrication

The fabrication of the Rhizophora spp. particleboard was similar to that of Shakhreet et al.9 Rhizophora spp. wood chips were ground into smaller particles using a grinder machine with a mesh size of 2 mm. The wood particles were dried in an oven at 105°C until their moisture content reached approximately 10% based on their oven-dried weights.

PF and UF resins (Hexion Specialty Chemicals, Pulau Pinang, Malaysia) were used as binders for the fabrication of the Rhizophora spp. particleboards. First, the solid contents were determined by weighing a small amount of the binder in a clean container and heating until a constant cured weight was obtained. This determination also yielded information on the amount of volatiles released during the hot pressing operation. The PF and UF resins had a solid content of approximately 42% and 48%, respectively.

The moisture content of the wood particles and the solid content of the resins were required to determine the amount of wood particles and resins necessary to fabricate particleboards with a target density of 1.0 g cm–3 for similarity to the density of water. Other parameters required were the dimensions of the mould, target density, target weight, particle weight, type of resin and resin treatment level, amount of resin, temperature at the time of hot-pressing and pressure applied.

The wood particles were blended with the calculated amounts of resins. The blended particles were formed into a “mat” in using a flat-press process for 21.2 cm × 21.2 cm × 0.5 cm particleboards. The blended furnish was consolidated with a hot press at 140°C and 300 kgf cm–2 machine pressure for a given density. As the hot particleboard emerged from the press, preparatory operations, such as cooling, trimming and moisture equalisation, were performed. Each mat was cut into nine identical samples with dimensions of 5 cm × 5 cm × 0.5 cm.

2.2            Density Test

The densities of the particleboard samples were determined by measuring their physical dimensions and weighing. The thickness, length, width and mass were measured to the nearest 0.05 cm, 0.1 mm and 0.001 g, respectively, and the density was calculated to the nearest 0.01 g cm–3.

2.3            Determination of the Mass Attenuation Coefficient of the Fabricated Rhizophora spp. Particleboards

The experimental set-up to determine the linear attenuation coefficient was as shown in Figure 1. This set-up was different from that of Shakhreet et al.7,9 except for the metal plates. A 3.7 GBq (100 mCi) annular Am-241 source was used as the excitation source. The Am-241 was mounted in the recess of a cylindrical lead block. The block had an axial hole such that the generated X-ray fluorescence (XRF) could be projected back to the detector in a 180° backscatter geometry. The distance between the Am-241 source and the detector was 60 cm, whereas the distance between the Am-241 source and the metal plate was 9 cm. The detector was enveloped in a cylindrical lead shield to reduce background radiation. The detector used was a low-energy germanium (LEGe) detector with a thin Be window connected to a multi-channel analyser (CANBERRA, Connecticut, U.S).
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Figure 1:      The experimental set-up used for the linear attenuation coefficient measurement of the fabricated Rhizophora spp. particleboards using an XRF beam. The shaded parts were made from lead.



Four test samples were randomly selected from the 9 samples cut for each particleboard. High purity zirconium, molybdenum, palladium and tin metal plates were used to produce the XRF Kα energies of 15.77, 17.48, 21.18 and 25.27 keV, respectively.10 The samples were placed between the 2 lead collimators as shown in Figure 1. The background spectrum was also recorded and was subtracted from the XRF spectra of the samples.

The spectrum of the transmitted XRF Kα beam through the sample was obtained. The value of the net area of the transmitted Kα peak was recorded as Ix. Then, the spectrum without any sample was obtained and recorded as Io. A graph of ln(Io/Ix) versus the thickness of the particleboard was plotted. The gradient of the graph was the linear attenuation coefficient of that particular particleboard for that particular photon energy. The procedure was repeated for the other particleboard samples with 10% UF, 13% PF and 10% PF resins. Then, the metal plate was changed, and the same procedure was repeated for each metal plate.

Finally, the mass attenuation coefficients of the Rhizophora spp. particleboard samples with the different resin treatment levels were calculated by dividing the linear attenuation coefficient by the density of the particleboard. Then, the mass attenuation coefficient versus energy was plotted and compared to the calculated mass attenuation coefficient of water using the XCOM computer programme.11

3.           RESULTS AND DISCUSSION

3.1            Density of the Fabricated Rhizophora spp. Particleboard Samples

As shown in Table 1, the density of the fabricated Rhizophora spp. particleboard at the 13% PF resin treatment level is the closest to that of water, differing by only 2.2%. Furthermore, the densities of both samples at the 13% resin treatment level were more similar to that of water than those of the 10% samples.

Table 1:    Comparison of the densities of the fabricated Rhizophora spp. particleboards (target density of 1.0 g cm–3) with regards to the density of water.



	Type of fabricated Rhizophora spp. particleboard samples
	Density (g cm–3)

	Standard deviation σ

	% difference from density of water




	10% PF
	0.894

	0.058

	10.6




	13% PF
	0.978

	0.075

	2.2




	10% UF
	0.885

	0.034

	11.5




	13% UF
	0.914

	0.043

	8.6





Note: The standard deviation values were derived from 9 samples for each type of particleboard.

3.2            Mass Attenuation Coefficients of the Rhizophora spp. Particleboards

Figure 2 shows that the mass attenuation coefficients of the Rhizophora spp. particleboards are dependent on the types of resins used and their percentage contents in the particleboards. There is no clear evidence that increasing the percentage of resin or changing the type of resin used would directly increase or decrease the mass attenuation coefficients.
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Figure 2:      The mass attenuation coefficients of the fabricated Rhizophora spp. particleboards at 10% PF, 10% UF, 13% PF and 13% UF resin treatment levels.



Figure 2 also shows the calculated mass attenuation coefficient of water determined using the XCOM computer programme.11 The figure shows that the mass attenuation coefficients of the fabricated Rhizophora spp. particleboards were near the calculated mass attenuation coefficients of water at 21.18 keV and 25.27 keV. However, at energies of 15.77 keV and 17.48 keV, the mass attenuation coefficients of the fabricated Rhizophora spp. particleboards deviated significantly from the calculated mass attenuation coefficient of water. The large deviation from the calculated mass attenuation of water in the lower energy region may be caused by the poor intensity of the XRF beam due to instrumental limitations. Future studies should use a high intensity photon source, such as a synchrotron. Nevertheless, the mass attenuation coefficients of the particleboards with 10% PF resin were consistently close to that of water.

4.           CONCLUSION

Fabricated Rhizophora spp. particleboards with 13% PF and 13% UF resin treatment levels nearly achieved the target water density of 1.0 g cm–3, with densities of 0.978 g cm–3 and 0.914 g cm–3, respectively. Therefore, the 13% treatment level with either resin is suitable as a water-equivalent. The mass attenuation coefficients of all Rhizophora spp. particleboards were close to the calculated mass attenuation coefficient of water at 21.18 keV and 25.27 keV but not at 15.77 keV and 17.48 keV. However, the mass attenuation coefficients of Rhizophora spp. particleboard with 10% PF resin were consistently close to that of water.
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Abstract: This paper presents the properties of GaN p-n junction grown on a Si substrate by molecular beam epitaxy (MBE) at different annealing temperatures. The samples were annealed using conventional furnace annealing. The effects of thermal annealing on the samples were observed via X-ray diffraction (XRD), atomic force microscopy (AFM), photoluminescence (PL), current-voltage (I-V) and energy dispersive X-ray (EDX) measurements. From the measurements, the optimum annealing temperature was found to be 1,000°C, which gave the sample the best crystal quality. However, the optimum sample showed poor electrical characteristics due to the diffusion of Si atoms from the substrate towards the p-GaN layer. This effect was more significant for the samples annealed above 1,000°C.
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1.           INTRODUCTION

GaN and its related alloys have been amongst the most popular materials for developing high power and high frequency applications. Fabricating GaN in a p-n junction is a basic structure for GaN-based devices such as light emitting diodes (LEDs), laser diodes and solar cells. Hence, improving the quality of GaN-based p-n junctions at their initial stages is considered essential so that the fabrication of high quality devices is possible.

Thermal annealing has been identified as a preferable approach to reduce the density of defects in GaN and hence improve the crystal structure of the epitaxial layers.1–3 Thus far, rapid thermal annealing (RTA) is a thermal treatment technique that has been widely used in numerous research studies and industrial processes. Despite its widespread use, RTA has the limitation that it does not supply uniform heat to a wafer even though it offers fast heat treatment. Alternatively, conventional furnace annealing can provide a more uniform temperature distribution across the wafer and allows atoms to have enough time to acquire sufficient kinetic energy, which subsequently could minimise the lattice strain, dislocations and other structural defects.3 Until now, studies on the annealing of GaN have only been devoted to the RTA treatment.1–3 Hence, there are limited reports demonstrating the use of conventional furnace annealing for producing GaN with better properties, especially for GaN p-n junctions. If this technology is established, further improvement of GaN-based devices can be achieved.

In this study, the authors present the effect of using various annealing temperatures on the properties of the GaN p-n junction on a Si substrate by means of conventional furnace annealing. The annealed samples were characterised for their structural, surface morphological and optical aspects. An optimum temperature that promoted a better crystalline structure of the GaN p-n junction was proposed. Finally, the electrical properties of the optimum sample were observed and compared to the as-grown sample.

2.           EXPERIMENTAL

A GaN p-n junction was grown on (111)-oriented Si substrate by a molecular beam epitaxy (MBE) system. Initially, the surface of the Si substrate was cleaned by exposing it to Ga flux at a temperature of 900°C. This step is required to remove SiO2 on the surface, thus providing a clean growth surface for the nitride epitaxy. Next, an AlN buffer layer was deposited at 870°C in which both the Al and N shutters were opened simultaneously for 15 min. Subsequently, an n-GaN epilayer was grown on top of the buffer layer and was followed by the growth of a p-GaN epilayer at a growth temperature of 870°C. The thicknesses of the n-GaN and p-GaN layers were approximately 0.4 µm and 0.3 µm, respectively. From Hall-Effect measurements, the electron concentration in the n-GaN layer was 1 × 1017 cm–3, while in the p-GaN, the electron concentration was 1 × 1018 cm–3 The structure of the GaN p-n junction sample is shown in Figure 1.
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Figure 1:      A cross-section image from FE-SEM of GaN p-n junction on Si substrate.



After growth, the samples were sliced into several pieces and then annealed at 500°C, 700°C, 1,000°C, 1,100°C and 1,200°C under ambient nitrogen in a conventional furnace. All of the samples were characterised to study their structural, morphological, optical and electrical properties. The compositional information including the properties of the defects, which indicates the crystalline quality of the samples, was investigated by XRD (PANalyticalX’Pert Pro MRD) analysis with a Cu-Kα1 radiation source (λ = 1.5406 Ǻ). Meanwhile, the surfaces of the samples were observed to evaluate their roughness via atomic force microscopy (AFM) measurements. Photoluminescence (PL) measurements were performed at room temperature to study the optical properties of the samples. In these experiments, a HeCd laser with a wavelength of 325 nm was used for exciting the samples. Subsequently, the current-voltage (I-V) characteristic allowed the authors to study the electrical properties of the optimum sample and then to compare the results with the as-grown sample. Prior to the electrical measurements, Ni/Au was deposited onto the samples using a thermal evaporator system. A forward bias was applied to the samples at room temperature.

3.           RESULTS AND DISCUSSION

Figure 2(a) shows the data of the XRD phase analysis for the as-grown sample. Diffraction peaks were observed at 28.4°, 34.5° and 36.1°, and they corresponded to Si (111), GaN (002) and AlN (002), respectively. Apparently, this result indicates that the sample has been grown as a single crystal structure. A similar result was also observed in all of the annealed samples. On the other hand, Figure 2(b) shows the dependence of the full-width at half maximum (FWHM) of the samples (taken from the XRD [002] rocking curve scans) on the different annealing temperatures. It can be observed that the crystal structure of the samples improved as the temperature increased to 1,000°C. The annealing process allowed the disordered atoms to be more active and subsequently rearrange to form a better structure on the prefect crystal grains. Hence, the annealing process reduced the defects inside of the samples. Such behaviour has also been previously observed.4 However, a further increase in the temperature above 1,000°C causes severe degradation to the samples because the out-diffusion of Ga atoms from the surface becomes more significant, creating a non-stoichiometric region on the surface, as previously reported.5 Therefore, the FWHM increases dramatically when the temperature exceeds 1,000°C, and therefore, data for the 1,200°C annealed sample cannot be measured.
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Figure 2:      Illustration of (a) XRD phase analysis of GaN p-n junction on Si substrate, and (b) FWHM of the samples annealed at different temperature, taken from XRD rocking curve (002) scan.



Figure 3 shows the roughness of the surfaces of the samples at different annealing temperatures. Overall, the surface roughness decreases as the temperature increases to 1,000°C. This behaviour contributes to an improved crystal structure, especially by the removal of grain boundaries on the surface at higher temperatures. Because the annealing process has allowed the rearrangement of disordered atoms that are to be grown on the perfect crystal structure, the average size of the grains on the surface becomes larger, leading to a more uniform and smoother surface. As expected, a temperature above 1,000°C gives severe roughness to the surface due to the formation of a non-stoichiometric region. We also suspect that there is a tendency of background impurities, such as oxygen, to be incorporated into the surface layer.
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Figure 3:      Surface roughness of GaN p-n junction on Si substrate at different annealing temperature.



Figure 4(a) shows the PL spectra of the GaN p-n junction at various annealing temperatures. A dominant peak appears at approximately 3.37 eV in most samples. This peak may correspond to the transition of free electrons to the acceptor level in GaN. A peak near to the bandgap emission is also detected at approximately 3.40 eV. Figure 4(b) clearly shows that the PL intensity (in magnitude) of the dominant peak increases as the temperature increases to 1,000°C. Such behaviour is related to the formation of better crystallised GaN structure with reduction of defect density at higher annealing temperature. However, the samples that are annealed beyond 1,000°C exhibit poor optical properties. It is worth noting that there is a shift of the dominant peak towards a lower energy as the annealing temperature increases. This red-shift behaviour is not clearly understood. Nevertheless, many reports attribute this behaviour to the increase of a Si impurity in the GaN films.6,7

In this work, the electrical properties of the samples of GaN p-n junction annealed at 1,000°C were investigated via I-V measurement. The as-grown sample was also measured for comparison. The results are shown in Figure 5. Evidently, the diode characteristic of the annealed sample has nearly disappeared, a result that can most likely be attributed to the out diffusion of Si from the Si (111) substrate, increasing the Si dopant impurity in the p-GaN layer and at the same time increasing the electron carrier density in the p-GaN. Similar behaviour has also been previously reported.4,8 At a certain level, the electron becomes a major carrier in the layer, inverting it from p-type to n-type conductivity. As a result, this inversion destroys the effect of the p-n junction of the sample.
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Figure 4:      Illustration of (a) PL spectra of GaN p-n junction on Si substrate at different annealing temperature, and (b) dependence of PL intensity (in magnitude) for the peak emission at 3.37eV on different annealing temperature.
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Figure 5:      I-V characteristics of GaN p-n junction on Si substrate for as-grown sample and annealed at 1,000°C.



On the positive bias, it can be observed that the annealed sample has a lower current than the as-grown sample. We suggest that this result is due to the formation of several SiNx micro-grains on the surface that resulted from the diffusion of Si atoms. These SiNx micro-grains have insulator characteristics that could increase resistance to the current flow. Apart from that factor, the formation of the SiNx could explain the red-shift behaviour in the PL measurement. On the negative bias, a larger leakage current characteristic can be observed for the annealed sample. It is generally reported that the leakage current mechanism relates to defects. However, this seems to not be the case in this study because we have shown that the sample annealed at 1,000°C has the smallest defect density. Hence, this behaviour is not clearly understood, but the authors tentatively suggest that it could be correlated to the reduction of the p-n diode effect.

The behaviour of the auto-doping of Si atoms was also further investigated. Figure 6 shows distribution profiles for Ga and Si atoms at various temperatures using EDX measurements. Apparently, the loss of Ga atoms increases slightly when the sample is annealed at 1,000°C. However, this effect is much more significant at an annealing temperature of 1,100°C. At the same time, Si atoms are diffused considerably towards the surface at the same temperature. This result gives a clear indication that an annealing temperature above 1,000°C leads to severe degradation of the properties of the GaN layer, which is aligned with the results of the XRD, AFM, PL and I-V measurements.


[image: art]

Figure 6:      Distribution profiles of Si and Ga atoms from EDX mapping measurement.



4.           CONCLUSION

To conclude, we have shown that thermal treatment via a resistance furnace has improved the properties of the GaN p-n junction grown on a Si substrate up to 1,000°C. However, the electrical effect of the p-n junction was degraded in the optimum sample due to the diffusion of Si atoms towards the p-GaN layer. This problem was more significant for temperatures above 1,000°C. At temperatures above 1,000°C, the out-diffusion of Ga atoms also occurred, thus resulting in a non-stoichiometric region on the surface of the sample. Herein, we suggest that an increase in Mg doping in the p-GaN layer as well as fabrication of the sample into a smaller size may overcome this problem.
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Abstract: Six brands of tea comprising two locally processed teas, two imported teas, one unprocessed tea and one herbal tea (coded as LIT, AKT, AHT, GET, UNT and HBT, respectively) were obtained and analysed for their heavy metal concentrations. The tea samples were coded to conceal the original source. The analysed metals were zinc (Zn), lead (Pb), cadmium (Cd) and iron (Fe), and the results were compared with both World Health Organization (WHO) and European Union (EU) standards. The obtained concentrations of Zn, Pb, Cd and Fe were 2.322–3.460 mg l–1, 0.03–0.266 mg l–1, 0.025–0.042 mg l–1 and 0.15–0.876 mg l–1, respectively. Generally, the levels of metal content in all brands were comparable with the values set by both the WHO and EU except for Fe and Pb, where the concentrations were slightly higher in some samples. The variations in heavy metal concentrations of the tea brands were attributed to geographical changes, seasonal changes and chemical characteristics of the growing regions.
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1.           INTRODUCTION

Tea is one of the most popular beverages in the world after water and is prepared from the leaves of the shrub Camellia sinensis. It is an aromatic beverage that is commonly prepared by pouring hot or boiled water over cured leaves of the tea plant. Tea is also an infusion of the dried leaves of Camellia sinensis, a member of the Theacea family, in water.1,2

Tea can generally be divided into categories based on the way it is processed. Some varieties include yellow, green, Oolong (or wulang), black (called red tea in China) and post-fermented tea (or black tea for the Chinese). Green and black teas are the most popular types of tea.3 Green tea is produced by drying and steaming the leaves, whereas black tea is obtained after a fermentation process.

Catechins, which are a type of antioxidant, and the amino acid L-theanine, which modulates the psychoactive effect of caffeine, are present in tea and contribute to its taste.4 Tea is rich in polyphenolic compounds. These compounds also present in red wine, fruit and vegetables. Theaflavins (antioxidant polyphenols that are formed from the condensation of flavan-3-ols in tea) also contribute to the tea taste.4

Considering that approximately 18–20 billion tea cups are consumed daily worldwide,2,5 its economic and social importance are unprecedented. Tea is also valuable in the treatment and prevention of many diseases.2 Moreover, tea is known to eradicate fatigue, stimulate mental powers and elevate energy levels. Although tea contains caffeine, the amount of caffeine is far less than that in coffee and therefore produces a milder and more beneficial effect. Tea also acts as a nerve sedative, which frequently relieves headaches.

Many elements that are present in food at major, minor and trace levels are reported to be essential to human well-being; however, the excessive ingestion of these elements can cause severe health problems.6 The optimum concentration required for this purpose widely varies depending on the type of element and the age and sex of the consumers.7 The human body requires both metallic and non-metallic elements for healthy growth, development and proper functioning. Thus, the determination of these elements in beverages, water, food, plant and soil is of utmost importance and is currently the subject of studies by various researchers.8 The study of trace elements in tea is notably vital because these elements play important roles in the complex metabolic pathways in the human system, and their deficiencies or excesses may cause diseases.3

Heavy metals can generally be introduced into the environment and consequently, living organisms through air, water, food or soil.9,10 However, the degree of their concentrations depends on the type of heavy metals and the activities that occur in a particular area.11

Several attempts have been made by many researchers to assess the quality of tea using chemical analysis. Metallic constituents of tea leaves are usually different according to the type of tea (green or black) and geographical sources.2,12 Sahito et al. reported the contents of 15 essential trace and toxic elements in some green tea samples and their infusion.13 Karimi et al. worked on the concentrations and health risks of metals in tea samples that were marketed in Iran.14 Tea can be contaminated with heavy metals during the growth period and manufacturing processes, which may increase the metal burden in the human body. Depending on the origin of the tea leaves, heavy metals can naturally accumulate because of soil contaminants, pesticides and fertilisers. The main sources of heavy metals in plants are their growth media, nutrients, agro inputs and soil.15

This paper aims to determine the elemental composition of different brands of tea in Zaria markets in Nigeria and to compare the result with the standard and available literature to provide both researchers and consumers with information on the mineral contents of different tea brands.

2.           EXPERIMENTAL

All solvents and reagents were of analytical grade. Distilled water was used as the solvent to prepare the solution, and all glassware was washed, cleaned and dried.

2.1            Sample Collection and Preparation

Several commonly consumed tea samples were randomly procured from local retail outlets in Zaria, Kaduna state. Six brands of tea, which comprised two locally processed teas, two imported processed teas, one unprocessed tea and one herbal tea, were coded as LIT, AKT, AHT, GET, UNT and HBT, respectively, obtained and packed in a transparent paper bag. The tea samples were coded to conceal the original source.

2.2            Preparation of Tea Infusion

Exactly 2 g of each tea sample was added to 100 ml of boiling water. The mixture was left to cool at room temperature for 10 min and subsequently filtered to obtain a clear solution for further processing. Each tea sample was infused in hot water for 5 and 10 min. The pH values of all tea infusions were potentiometrically determined.

2.3            Sample Analysis

The total metal contents were determined by digesting 1 g of tea sample in 12 ml of a mixture (3:1 v/v) of concentrated HNO3 and HClO4. The mixture was heated until the solution turned white. The digested sample was filtered and transferred to a 100 ml flask, and the volume was adjusted to the mark with 5% HNO3 acid. This digestion procedure was validated using the reference certified material of the National Agency for Food and Drug Administration and Control (NAFDAC).15A flame atomic absorption spectrometer (FAAS Perkin Elmer Analyst 350) was used to quantify the heavy metal concentrations.16 The calibration standard curves provided the basis to quantify the metal contents.

3.           RESULTS AND DISCUSSION

The results of the 6 different tea brand samples that were heated for 5 and 10 min are as follows:

3.1            pH of the Tea Samples

Table 1:    pH of the 6 tea samples.



	Tea samples

	pH of tea




	5 min

	10 min




	LIT

	5.373 ± 0.02

	5.412 ± 0.01




	AKT

	5.350 ± 0.01

	5.383 ± 0.01




	AHT

	5.320 ± 0.01

	5.370 ± 0.01




	HBT

	5.504 ± 0.02

	5.581 ± 0.01




	GET

	5.181 ± 0.01

	5.222 ± 0.01




	UNT

	6.302 ± 0.01

	5.930 ± 0.01





Note: The results were reported as mean ± standard deviation.

Table 1 shows that UNT has the highest pH at both 5 and 10 min. From the correlation table, the analysis of variance (ANOVA) of pH in all 6 samples is significantly different, except the 2 pairs AHT and AKT and LIT and AKT at 5 min. There is also a significant difference between all samples except LIT and AHT at 10 min of boiling time. All pH values are less than 7.0.

3.2            Zinc (Zn)

Table 2:    Zn content in the 6 tea brands.



	Tea samples

	Conc. of Zn (mg l–1)




	5 min

	10 min




	LIT

	2.950 ± 0.02

	3.362 ± 0.01




	AKT

	2.520 ± 0.01

	3.254 ± 0.58




	AHT

	2.322 ± 0.58

	3.460 ± 0.06




	HBT

	3.026 ± 0.06

	2.590 ± 0.06




	UNT

	2.340 ± 0.10

	2.791 ± 0.06




	GET

	2.581 ± 0.06

	2.711 ± 0.58





Note: The results were reported as mean ± standard deviation.

Table 2 shows that the tea samples that were infused for 10 min of boiling time have higher zinc (Zn) concentration than those that were infused for 5 min of boiling time for all tea samples except HBT. As an essential trace element, Zn plays an important role in various cell processes such as growth, brain development and part of the tooth, muscle and bone formation.17 Zn supplementation reduces the duration of malaria and respiratory infections. Zn deficiency may also limit the effectiveness of vitamin A supplementation and cause loss of sense of touch and smell.18 Zn is an essential trace element, and its content in tea infusions is within the permissible limit of WHO.8 Therefore, it cannot be considered a threat.

3.3            Lead (Pb)

Table 3:    Pb content in the 6 brands of tea.



	Tea samples

	Conc. of Pb (mg l–1)




	5 min

	10 min




	LIT

	0.099 ± 0.10

	0.106 ± 0.00




	AKT

	0.118 ± 0.10

	0.030 ± 0.06




	AHT

	0.068 ± 0.06

	0.049 ±0.10




	HBT

	0.179 ± 0.10

	0.266 ±0.06




	GET

	0.008 ± 0.06

	0.036 ± 0.10




	UNT

	0.097 ± 0.10

	0.069 ± 0.06





Note: The results were reported as mean ± standard deviation.

Table 3 shows that the samples show certain variations when the boiling time increases. The concentrations may change because of the intake level of lead (Pb) by various tea plants. However, those with sparingly low Pb concentrations are advisable for intake. The main source of Pb in tea samples can be their growth media such as soil. Tea plant is normally grown in high acidic soils, where Pb is more available for root uptake.19 Pb is required in small amounts in the body. Pb that enters the respiratory and digestive systems is released to the blood, and more than 90% of Pb is accumulated in the bones, where it is stored and distributes itself to the body. Pb induces various toxic effects in humans at low doses with typical symptoms such as brain damage, anaemia, headache, convulsions and central-nervous-system disorders. It is particularly toxic to children because it causes potential permanent behaviour disorders in them.

Table 4 shows that the cadmium (Cd) concentration decreases when the boiling time increases for all tea samples except AKT and UNT, whose Cd concentration increases with increased boiling time. It can be assumed that Cd was first released and subsequently precipitated. Cd enters the blood stream when Cd-contaminated food or water is consumed, which can cause various harmful health effects such as severe irritation, vomiting, diarrhoea, lung damage and death. The U.S. Department of Health and Human Services determines that Cd and certain Cd-based compounds are probable or suspected carcinogens (substances that cause cancer). Therefore, it is advisable to drink tea with low Cd concentration.8 The Cd present in the body from our diet is approximately 0.0004 mg per kg per day, which is approximately 10 times lower than the cadmium level that causes kidney damage from eating contaminated food.

3.4            Cadmium (Cd)

Table 4:    Cd content in the 6 brands of tea.



	Tea samples

	Conc. of Cd (mg l–1)




	5 min

	10 min




	LIT

	0.036 ± 0.10

	0.032 ± 0.58




	AHT

	0.034 ± 0.06

	0.032 ± 0.10




	AKT

	0.031 ± 0.06

	0.036 ± 0.06




	HBT

	0.027 ± 0.58

	0.025 ± 0.06




	GET

	0.033 ± 0.01

	0.030 ± 0.06




	UNT

	0.039 ± 0.10

	0.042 ± 0.58





Note: The results were reported as mean ± standard deviation.

3.5            Iron (Fe)

Table 5:    Fe content in the 6 tea samples.



	Tea samples

	Conc. of Fe (mg l–1)




	5 min

	10 min




	LIT

	0.759 ± 0.01

	0.806 ± 0.01




	AKT

	0.558 ± 0.44

	0.867 ± 0.46




	AHT

	0.626 ± 0.10

	0.740 ± 0.01




	GET

	0.640 ± 0.01

	0.633 ± 0.01




	HBT

	0.174 ± 0.01

	0.159 ± 0.06




	UNT

	0.865 ± 0.01

	0.876 ± 0.01





Note: The results were reported as mean ± standard deviation.

Table 5 shows that the iron (Fe) concentration increases when the boiling time increases, except HBT and GET, where it can be assumed that Fe is first released and subsequently probably precipitated. Although HBT has the highest iron concentration at both 5 and 10 min, which implies that HBT tea plants absorb more iron than other teas. Fe is an integral part of many proteins and enzymes that maintain good health, regulate cell growth and differentiation,21 are involved in oxygen transport and facilitate the oxidation of carbohydrates, protein and fat to control the body weight, which is a notably important factor in diabetes. Excessive tea drinking should be avoided by anaemia-prone people.21

The dietary limit of Fe in food is 10–60 mg per day,8,22 whereas its low amount causes gastrointestinal infection, nose bleeding and myocardial infarction.18 If tea is not consumed until 1 h after eating, the inhibitory effect is significantly reduced.23 Therefore, it is recommended that individuals with a high prevalence of Fe deficiency drink tea between meals and wait at least 1 h after eating before drinking tea.24,25

The tea samples that were analysed for heavy-metal concentrations of Zn, Pb, Cd and Fe from Saudi Arabia and Turkey were reported to be safe for human consumption.26,27

Table 6:    Comparative table for WHO/EU drinking water standards.8



	Tea samples
	WHO standard in mg l–1
	EU standard in mg l–1



	Zn

	3.000
	Not mentioned



	Pb

	0.010
	0.010



	Cd

	0.003
	0.005



	Fe

	No guideline
	0.200




4.           CONCLUSION

The results of the concentrations of the studied heavy metals (Zn, Fe, Cd and Pb) in the tea samples show that the heavy-metal concentrations widely vary among different tea brands and types. The heavy-metal concentrations in all tea samples are comparable with both WHO and EU standards except for Pb, whose concentration is slightly higher than both WHO and EU standards. However, the levels of these metals call for serious concern because they may accrue and persist over time, particularly considering the rate by which people in Nigeria consume these types of tea.
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Abstract: Watersheds in tropical regions are frequently subjected to soil erosion and transportation of chemicals downstream. Any drastic change in land use and land cover would increase the process of land degradation. For this study, the Revised Universal Soil Loss Equation (RUSLE) was used to predict the average annual soil loss. The prediction of annual nutrient (phosphorus, potassium and magnesium) loss caused by soil erosion processes using RUSLE was also conducted. Soil and nutrient movements associated with several alternative methods of land use were studied. The rainfall erosivity (R), topographic factor (LS), land cover (C) and management factor (P) values were calculated from rainfall data together with the use of topographic and land-use maps. Soil was analysed to obtain the soil erodibility factor (K). Physical properties, such as particle size distribution, texture, hydraulic conductivity and organic matter (OM) content, were analysed to support the erosion rate analysis. The mean soil erodibility factors varied from 0.03 to 0.30 ton h MJ–1 mm–1. The annual soil loss in the study area ranged from 0.10 to 180.49 ton ha–1. Nutrient losses of phosphorus, potassium and magnesium were investigated in the study. Run-off and sediments were also analysed for these elements. The annual loss of phosphorus ranged from 0.003 to 3.23 kg ha–1, potassium from 0.10 to 8.38 kg ha–1 and magnesium from 0.003 to 2.83 kg ha–1 in the study area. A small quantity of phosphorus was present in the soil, and thus, phosphorus losses were low. The findings of the present study will help in the formulation of better conservation and management options for future land-use patterns of the Lake Chini watershed.

Keywords: Erosivity, erodibility, soil erosion, nutrient losses, Lake Chini watershed

1. INTRODUCTION

Soil erosion is considered one of the most important forms of soil degradation worldwide.1 Soil erosion has been accepted as a serious problem arising from agricultural intensification, land degradation and possibly, global climatic changes.2,3 Disturbance by human activities further aggravates the soil erosion process, especially on steep slopes. Highland watersheds, when converted for agriculture and other activities, face high risks of soil erosion and nutrient depletion. Soil erosion and loss of soil nutrients are repeatedly mentioned as a global threat to the environment and food supply.4,5 Soil erosion and nutrient losses are accelerated by timber harvesting, changes in land-use patterns, soil type, annual rainfall and topographic conditions of the watershed. Large volumes of nutrient and suspended sediment inputs have led to the degradation of aquatic habitats due to declining water quality.6–8

In Malaysia, soil erosion and nutrient losses have become an important environmental problem in recent years, especially in areas where intensive use of land for development, including urbanisation and agricultural activities are being carried out. The encroachment of development into environmentally sensitive areas has resulted in accelerated soil erosion, water pollution, sedimentation and consequently, flooding in downstream areas. It has also had a tremendous impact on the communities within and around the affected areas. The effects of timber harvesting on soil erosion and sedimentation in Malaysia have been reported by a number of investigators, including Burgess,9 Salleh et al.,10 Baharuddin11 and De Neergaard et al.12 Soil erosion affects not only the soil productivity of the upland fields but also the water quality of the streams in the watershed areas. Severe eutrophication in reservoirs and canals is associated with nitrogen and phosphorus losses in the surface runoff, and this has recently been the focus of intense research in Malaysia.

The Lake Chini watershed has undergone a rapid economic development over the last decade. Land-use activities in the areas surrounding Lake Chini have transformed these areas from forests to agricultural and ecotourism areas, mines and settlements. These developmental activities have significantly affected the ecological, biological and hydrological functions of the lake system. Logging activities in the steep areas have also created serious environmental and ecological problems. The rates of erosion, nutrient losses and sedimentation have subsequently increased because of these changes. The chemical influx of pesticides and fertiliser compounds due to agricultural activities has increased the concentration of elements such as nitrogen and phosphorus as well as the heavy metal content in the water and sediments of the lake. Two types of surface erosion have occurred around Lake Chini. For the land areas, erosion is dominated by sheet and rill erosion due to surface runoff initiated by heavy rainfall, and for the lake system, it is dominated by bank erosion partly due to the impact of ripples created by moving motorboats. These unsustainable land-use patterns within and around the watershed over the years have resulted in erosion, nutrient losses and sedimentation of the Lake Chini watershed, thereby depleting the lake of its original aquatic and terrestrial biodiversity. Therefore, the objectives of this study were to predict the erosion rate and describe the delivery of nutrients to Lake Chini based on erosion observations, and to explain the extent of the environmental deterioration in the lake.

2.           EXPERIMENTAL

2.1            The Study Area

Lake Chini is located in the south-eastern region of Pahang, Malaysia and is situated approximately 100 km from Kuantan, the capital of Pahang. The lake system lies from 3°22′30″ to 3°28′00″N and 102°52′40″ to 102°58′10″E, comprises 12 open water bodies (referred to as “laut” by the local people) and is linked to the Pahang River by the Chini River (Figure 1). A few communities of the indigenous Jakun tribe live around the lake. Lake Chini is the second largest natural fresh-water lake in Peninsula Malaysia, encompassing 202 ha of open water, as well as 700 ha of Riparian Peat and Lowland Dipterocarp forest.13 Lake Chini is surrounded by various vegetated low hills and undulating land, which constitute the watershed of the region. There are three hilly areas surrounding the lake: (1) Bt. Ketaya (209 m) located to the south-east; (2) Bt. Tebakang (210 m) located to the north; and (3) Bt. Chini (641 m) located to the south-west.

The study area has a humid, tropical climate with two monsoon periods, the south-west and north-east monsoons, characterised by a bimodal pattern and producing an annual rainfall of between 1,488 mm and 3,071 mm. The mean annual rainfall is 2,500 mm, and the temperature range is from 21°C to 32°C. Potential evapotranspiration (PE) is between 500 mm and 1000 mm. The open water area has expanded since 1994 as a result of increased water retention after the construction of a barrage downstream of the Chini River. The lake drains north-west into the Pahang River via the Chini River, which meanders for 4.8 km before reaching the Pahang River.
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Figure 1:      Location of sampling stations in and soil types in the study area, with the numbered circles indicating stations (source: Department of Agriculture, Malaysia).



2.2            Methodology

Soil sampling was carried out at selected sampling stations located around the Lake Chini watershed (Figure 1). The 2006 monthly rainfall data were obtained from the Felda Chini Dua Climatology Station, Pahang. Physical conditions such as slope, plant cover and conservation practices were considered when selecting sampling stations. Geographic information system (GIS) software was used in spatial data analysis to determine the erosion potential and spatial distribution of the study area. The study area was digitised using Ilwis 3.3 (developed and distributed by ITC Enschede International Institute for Geo-information Science and Earth Observation in the Netherlands) and topographic and land-use maps for the soil series. A soil map was obtained from the Malaysian Department of Agriculture for the measurement of the soil erodibility factor using Revised Universal Soil Loss Equation (RUSLE). Topographic and land-use maps of the study area were used as the basis for determining the LS, C and P factor values. The particle size distribution was determined by the pipette method together with dry sieving.14 The texture of the soils was obtained by plotting the percentage ratio of sand, silt and clay using the soil texture triangle.15

The organic matter content was determined by weight loss using the ignition technique. Nutrient (phosphorus, potassium and magnesium) losses were also measured using RUSLE. RUSLE is commonly used worldwide to predict the nutrient losses accompanying soil erosion.

Previous studies reported that the accuracy of the soil and nutrient loss prediction models depends on the proper parameter values. RUSLE was chosen over other methods due to its easy implementation, reliance on easily available data and relatively accurate results.16 Soil erosion and sediment yield were estimated for the year 2006 using RUSLE.17 The formula for the RUSLE calculation is as follows:

A = R × K × LS × C × P

where

A - the computed soil loss (ton ha–1 yr–1)

R - the rainfall erosivity index (MJ mm ha–1 h–1 yr–1)

K - the soil erodibility index (ton h MJ–1 mm–1)

L - the slope length factor (m)

S - the slope steepness factor (%)

C - the vegetation/cover factor, and

P - the soil conservation practice factor

2.3            Soil Erosion Factor Assessment

Some factors were required to utilise RUSLE17 for the calculation of soil loss in the study area. The factors used in RUSLE, namely, R, K, LS, C and P, are described below.

2.3.1         Rainfall erosivity index (R)

The rainfall erosivity index (R) is the erosion potential of rainstorms expected in a given locality. It is related to the kinetic energy and intensity of the rain and is occasionally used synonymously with erosivity (E). The product of EkI30 reflects the potential of rain to cause erosion, where Ek = total kinetic energy of rain and I30 = 30 min at peak intensity. The rainfall erosivity index was calculated based on the calculation of Morgan and Roose1 in the following study. According to Morgan,1 2 R-values can be present in any area; therefore, the best estimate of the erosivity index for any study area will be an average of the 2 values calculated. Wischmeier and Smith18 recommended a maximum intensity (I30) value of 75 mm hr–1 for tropical regions because research has indicated that the erosive raindrop size decreases when intensity exceeds this threshold value. The R factor value calculation in the current study is shown in Table 1.

Table 1:    Erosivity (R) factor calculation.



	Method
	Calculation
	R value (MJ mm ha–1 h–1 yr–1)



	Morgan1
	(9.28P – 8838.15) × 75 in metric unit
	1108.11



	Roose36
	P × 0.5 × 1.73 in metric unit
	2200.99



	
	Best estimation
	1654.55




P is the total annual rainfall and was 2544.50 mm for the Lake Chini watershed in 2006. The best-estimate value of the R factor calculated for the study area was 1,654.55 MJ mm ha–1 h–1 yr–1.

2.3.2         Soil erodibility index (K)

Soil erodibility is the ability of soil to be eroded by moving water and depends on the soil structure, organic matter percentage, size composition of the soil particles and soil permeability measured as hydraulic conductivity. The K value can be obtained using a nomograph.19,20 The K value of the soil in the study area was calculated using the following equation, as given by Foster et al.21
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where

OM - the percentage of organic matter

N1 - the percentage of silt + very fine sand

N2 - the percentage of silt + very fine sand + sand (0.125 – 2 mm)

S - the soil structure code22, and

P - the soil permeability class (hydraulic conductivity)17

For the estimation of soil erodibility or the values of the K factor in the study area, soil samples were collected and analysed for their organic matter content, hydraulic conductivity, particle size distribution and textural classification. Based on the relative proportions of sand, silt, clay and organic matter, the soil erodibility factor was estimated in ton h MJ–1 mm–1. The mean K factor in the study area varied from 0.03 to 0.30 ton h MJ–1 mm–1, producing an average and standard deviation of 0.16 ton h MJ–1 mm–1 and 0.02 ton h MJ–1 mm–1, respectively. Statistical analysis indicated that the mean K value was significantly different (P < 0.001) among sampling stations (soil series).

2.3.3         Topographic factor (LS)

Within the RUSLE, the LS factor reflects the effect of topography on erosion, the slope length factor (L) represents the effect of the slope length on erosion, and the slope steepness factor (S) reflects the influence of the slope gradient on erosion.23 The slope factor (LS) is combined with the slope gradient and the length of the eroding surface into a single factor. Under RUSLE, LS refers to the actual length of the overland flow path and is the distance from the source of the overland flow to a point where it enters a major flow concentration. This definition is particularly relevant for forested or vegetated watershed areas where the overland flow seldom exists on hill slopes.24,25

The subsurface storm flow is more dominant than the overland flow in forested watershed areas, and the latter only exists in limited areas near the channel margins or on shallow soil as the return flow or saturated overland flow.25 Consequently, the overland flow path in the forested watershed is expected to be shorter than the slope length identified from the map. The slope length and gradient were calculated from the topographical map of the study area (Figure 2). Upon obtaining the L and S values, the topographical factor (LS) values were calculated using the formula provided by Wischmeier and Smith,18 and Kirkby26:
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where

L - the slope length (m), and

S - the slope gradient (%)

The variation in value is caused by the variation in the gradient and length of the slope.
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Figure 2:      Digital elevation model (DEM) of the study area, where majority of the area lies within 20 and 108 m elevation, while a portion on the south western area falls within the 108–460 m range (source: Department of Agriculture, Malaysia).



2.3.4         Vegetation cover factor (C)

The vegetation cover factor (C) represents the ratio of soil loss under a given vegetation cover as opposed to that on bare soil. The C factor is used to reflect the effect of cropping and management practices on soil erosion rates in agricultural areas and the effects of the vegetation canopy and ground cover on reducing soil erosion in forested regions.17 The effectiveness of a plant cover for reducing erosion depends on the height and continuity of the tree canopy and the density of the ground cover and root growth. The vegetation cover intercepts raindrops and dissipates their kinetic energy before they reach the ground surface. The relative impact of management options can be easily compared by making changes in the C factor, which vary from near zero for well-protected land cover to one for barren areas.27 The C values (Table 2) were extracted from the Morgan1 estimates and assigned to the corresponding land cover based on the 2002 land-use map of the Malaysian Department of Agriculture (Figure 3).

Table 2:    Crop practice and vegetation management factors for the studied watershed.



	Vegetation
	C




	Oil Palm
	0.50




	Rubber
	0.20




	Orchard
	0.30




	Secondary Vegetation
	0.02




	Urban
	0.01




	Diversified Crops
	0.02




	Mining Area
	1.00




	Forest
	0.001




	Grass Land
	0.01




	Scrub
	0.01




	Wetland Forest
	0.001




	Mixed Horticulture
	0.20




	Shifting Cultivation
	0.20




	Water
	0.00
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Figure 3:      Land use map (2002) of the study area consisting of various uses including: diversified crops, forest, mining area, mixed horticulture, oil palm, orchards, shifting cultivation, paddy, rubber, scrub, scrub grassland, swamps and wetland forests, water, and urban and associated area (source: Department of Agriculture, Malaysia).



2.3.5         Conservation factor (P)

The effect of contouring and tillage practices on soil erosion is described by the support practice factor P within the RUSLE model.17 Wischmeier and Smith18 defined the support practice factor P as the ratio of soil loss with a specific support practice to the corresponding soil loss due to up and down cultivation. The lower the P value, the more effective the conservation practice is at reducing soil erosion. If there are no support practices, the P factor is 1.00. Contemporary agricultural practices consist of up and down tillage without the presence of contours, strip cropping or terracing. The P factor depends on the conservation measure applied to the study area. The most common conservation practice in Malaysia is contour terracing in rubber and oil palm plantations. It was assumed that the contour terracing practice on slopes was carried out for both rubber and oil palm plantations in the present study.

The value of P was assigned by overlaying the slope map and land-use map. The rubber and oil palm plantations on slopes were assigned a P value according to the slope steepness as shown in Table 3, while other agricultural activities were given a value of 1, assuming no conservation practices were adopted.

Table 3:    P values with corresponding slope steepness for the Lake Chini watershed.



	Erosion-control practice
	P factor value




	Contouring: 0°–1° slope
	0.60*




	Contouring: 2°–5° slope
	0.50*




	Contouring: 6°–7° slope
	0.60*




	Contouring: 8°–9° slope
	0.70*




	Contouring: 10°–11° slope
	0.80*




	Contouring: 12°–14° slope
	0.90*




	Level bench terrace
	0.14




	Reserve-slope bench terrace
	0.05




	Outward-sloping bench terrace
	0.35




	Level retention bench terrace
	0.01




	Tied ridging
	0.10–0.20





Note: * means 50% of the value for contour bunds or if contour strip cropping was applied.18,36

2.4            Sediment Collection and Nutrient Analysis

Surface runoff and soil loss were collected from the 11 installed erosion plots in the study area. Soil loss, suspended solids, phosphorus, potassium and magnesium in sediment were analysed in the laboratory. Runoff and sediment yield volumes were determined during the entire 2006 runoff season for the surrounding area of the lake. The soil samples were air dried, passed through a 2 mm sieve and, together with runoff, analysed for phosphorus, potassium and magnesium.28 Phosphorus, potassium and magnesium were extracted by an ammonium acetate-acetic acid extractant and determined using Flame Atomic Absorption Spectrophotometer (FAAS).29 Phosphorus was determined using an Ultra Violet Spectrophotometer (Helios Gamma 9423 UVG 1702E).

2.5            Statistical Analysis

The differences in nutrient losses at different stations were analysed using the analysis of variance (ANOVA). Data analyses were carried out using the SPSS (Version 15.0) statistical package. An independent t-test was used to compare the means of different variables.

3.           RESULTS AND DISCUSSION

3.1            Rate of Soil Erosion

The calculation of soil erosion based on the RUSLE model showed that stations 1, 2, 6, 7 and 11 had low rates of soil loss, ranging from 0.10 to 4.23 ton ha–1 year–1, with an average of 1.42 ton ha–1 year–1 (Table 4). Forested areas were mostly in the western and northern parts of the Lake Chini watershed, and human activities were localised in the eastern and southern regions. The steepest slopes were in the western and northern parts of the watershed. Relatively few steep areas were located in the eastern and southern parts of the study area. Stations 1, 2, 6, 7 and 11 were located in the forested areas with low C values (0.001) and very low erosion yields (< 10 ton ha–1 year–1).

Shallow30 also reported similar results for areas under natural forests in Malaysia, showing that most of the forested areas of the Lake Chini watershed were under the very low erosion risk category (71.54%) and were located in the western and southern parts of the study area. The soil loss tolerance rates31 were prepared for standard evaluation of soil loss in the study area (Table 5). Stations 3 and 10 showed low rates of soil loss, ranging from 0.56 to 144.90 ton ha–1 year–1, averaging 45.02 ton ha–1 year–1. These stations were located in the rubber, settlement and forested areas; the value of the erosion yield was low. Approximately 2.94% of the watershed was under low erosion risk (10–50 ton ha–1 year–1), and this was mostly found in the eastern and southern regions of the watershed. Stations 4 and 9 had moderately high rates of soil loss, ranging from 1.25 to 100.46 ton ha–1 year–1, averaging 57.55 ton ha–1 year–1.

Table 4:    Predicted average soil loss (ton ha–1 year–1) from different land-use patterns using RUSLE (for the Lake Chini watershed).



	Station

	Soil series
	Land-use pattern
	Soil loss




	1

	Tebok
	Secondary forest
	0.65




	2

	Lating
	Secondary forest
	0.10




	3

	Serdang
	Rubber plantation and forest
	47.41




	4

	Kuala Brang
	Rubber plantation and forest
	57.16




	5

	Kedah
	Rubber, oil palm and shifting cultivation
	180.49




	6

	Bungor
	Secondary forest
	1.61




	7

	Kekura
	Secondary forest
	4.23




	8

	Malacca
	Mining, oil palm and forest
	130.26




	9

	Rasau
	Oil palm plantation
	57.93




	10

	Prang
	Settlement and forest areas
	42.62




	11

	Gong Chenak
	Secondary forest
	0.53





Table 5:    Soil loss tolerance rates (erosion risk map of Malaysia).



	Soil erosion class
	Potential soil loss (ton ha–1 yr–1)




	Very low
	< 10




	Low
	10–50




	Moderate high
	50–100




	High
	100–150




	Very high
	> 150





Stations 4 and 9 were located under oil palm, rubber and forests, but the LS factor values for station 4 and the K values for station 9 were found to be higher than those of the other stations. Rubber plantations occupied 3.38% of the study area. Areas subjected to the human activities of the indigenous people were under the moderately high erosion risk class (50–100 ton ha–1 year–1), and these were located nearest to the lake. Station 8 had a high rate of soil loss, ranging from 21.44 to 348.75 ton ha–1 year–1, with an average of 130.26 ton ha–1 year–1. Station 8 was located under oil palm, scrub, mining and forested areas based on the land-use map. Most of the Malacca soil series (station 8) were under oil palm plantations and had high erosion yield (100–150 ton ha–1 year–1).

With regard to soil loss based on land-use types, high erosion risk (1.45% of the study area) was observed in the oil palm plantations and agricultural areas. These areas were located in the north-southern part of the study area. The worst-case scenario was observed for station 5, which had a very high erosion yield ranging from 79.99 to 319.75 ton ha–1 year–1, with an average of 180.49 ton ha–1 year–1. The C value for station 5 was considered very high (0.20) because it was located under rubber, oil palm and shifting cultivation areas. Soil analysis of the dominant patterns of land use and land cover areas showed that the very high soil loss (> 150 ton ha–1 year–1) occurred in oil palm plantations, logging areas and reactivated mining areas located in the northern and eastern parts of the Lake Chini watershed (13.25%). Lopez et al.32 mentioned that soil erosion varied with the land-use pattern, with the highest values occurring in areas of bare soil and the lowest in forested areas.

3.2            Nutrient Losses

Only phosphorus, potassium and magnesium losses were investigated in the current study. The predicted losses of the nutrients (as shown in Table 6) were studied to understand the deposition of nutrients into Lake Chini. The predicted value of phosphorus loss ranged from 0.003 to 3.23 kg ha–1 year–1, with an average of 0.73 kg ha–1 year–1. The highest and lowest values of phosphorus loss were recorded at stations 5 and 2, respectively. The results showed that phosphorus losses were significantly higher (p < 0.001) at certain stations.

Table 6:    Estimated annual nutrient losses (kg ha–1) at the study area.



	Station

	Land use
	Soil texture
	Phosphorus loss

	Potassium loss

	Magnesium loss




	1

	Forest
	Clay
	0.03

	0.04

	0.01




	2

	Forest
	Clay
	0.003

	0.01

	0.003




	3

	Rubber and forest
	Clay loam
	2.05

	2.09

	0.5




	4

	Rubber and forest
	Clay
	1.24

	3.05

	1.06




	5

	Rubber, oil palm and shifting cultivation
	Clay loam
	3.23

	8.38

	1.31




	6

	Forest
	Clay loam
	0.02

	0.1

	0.11




	7

	Forest
	Sandy loam
	0.04

	0.16

	0.06




	8

	Mining and oil palm
	Clay
	0.7

	4.3

	2.83




	9

	Oil palm
	Sandy loam
	0.38

	2.84

	1.41




	10

	Settlement and forest
	Clay
	0.25

	1.82

	1.03




	11

	Forest
	Clay
	0.01

	0.03

	0.02





Due to the small quantity of phosphorus in these soils, phosphorus losses were also low across all the stations. The study showed that high losses of nutrients occurred at stations 3 and 5, and this loss would in turn reduce the quality of surface water due to high phosphorus concentrations, which would stimulate the growth of algae and other aquatic weeds. The value of potassium losses ranged from 0.01 to 8.38 kg ha–1 year–1, with an average of 2.08 kg ha–1 year–1. The potassium losses were significantly higher (p < 0.001) at certain stations. The levels of potassium losses were also found to be high at station 5 and low at station 2. Higher potassium losses were recorded at stations 4 and 5 due to different land-use activities. The value of magnesium losses ranged from 0.003 to 2.83 kg ha–1 year–1, with an average of 0.76 kg ha–1 year–1. The loss of magnesium was the highest at station 8 and the lowest at station 2. The magnesium losses were significantly higher (p < 0.001) at certain stations. The results indicated that nutrient losses were related to land-use patterns and the fertility status of the studied soils.

The amount of nutrients lost is also dependent on the fertility status of the soil and the abundance of a particular nutrient in the soil. Soils with a higher fertility status lose more nutrients, as the nutrient concentration in the soil is higher.33 The elements occurring most abundantly in the studied soils were potassium followed by magnesium, while phosphorus occurred in the lowest content and thus showed the least loss. Yusop et al.34 determined that the annual normal loss rates of potassium, magnesium and phosphorus for the natural forested tropical soil at Bukit Tarek in Selangor, Malaysia ranged from 2.63 to 7.52 kg ha–1, 1.61 to 3.35 kg ha–1 and 0.03 to 0.08 kg ha–1, respectively. The accelerated soil erosion in the Lake Chini watershed was associated with an accelerated loss of considerable nutrients from the topsoil. It is apparent from the study that mining, human settlement and agricultural activities resulted in very high nutrient losses. A previous investigation at Cameron Highlands, Malaysia reported that nutrient losses were directly influenced by land-use practices and erosion rate.35

4.           CONCLUSION

The RUSLE/GIS methodology was used to predict potential soil and nutrient losses in the Lake Chini watershed. Soil erosion and nutrient losses within the watershed varied spatially. The spatial distributions of different erosion-prone areas were identified in the watershed using the RUSLE method to successfully undertake erosion control measures in the severely affected areas. The rate of potential soil loss was very severe, especially in the mining, shifting cultivation and agricultural areas. In these areas, the soil erosion was higher than that listed by the Department of Environment (Malaysia) under the classification of severe soil loss, which was due to the high soil erodibility potential and the lack of conservation practices at the open surfaces. Human activities are the greatest threat to the Lake Chini environment. Fortunately, the environmental problems of erosion and sedimentation in the study area have already been recognised widely.

A major portion of the study area has been categorised under the low and very low erosion-prone class, and this includes a significant portion covered with forests and vegetation. Comparisons of watershed-scale erosion under different land-use configurations have also indicated that reforestation is one of the most effective ways to reduce soil erosion in this watershed. The amount of phosphorus, potassium and magnesium lost was significantly higher within the mining, settlement and agricultural areas than that within the forested areas. The amount of nutrients exported was higher during storms than when the flows were low.

Soil erosion and nutrient loss in the study area are expected to occur at a higher rate when illegal logging, removal of palm and rubber trees and replanting of new trees damage the forested area. Improper management practices in the study area have resulted in high erosion and high losses of important plant nutrients both inherent and applied. The productivity of the soils has thus been reduced, and production costs have increased as plant nutrient inputs have to be added as replacements. Furthermore, the lost nutrients have been channelled into rivers, dams and lakes, reducing the quality of the water. Therefore, precautionary measures should be taken with the key focus on soil and water conservation to control further soil and nutrient losses from the Lake Chini watershed. This study also indicates that relevant management practices and strategies should be adopted to control nutrient loss by soil erosion.
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Abstract: The essential oils of Boesenbergia rotunda (Temu Kunci), Curcuma mangga (Temu Pauh) and Kaempferia galanga (Cekur) were extracted using steam distillation, and the main constituents of the essential oils were analysed using gas chromatography-mass spectrometry (GC-MS). More than 10 constituents were identified in each essential oil. The main compounds in B. rotunda were nerol (39.6%) and L-camphor (36.0%), whereas ethyl-(E)-3-(4-methoxyphenyl)prop-2-enoate (57.2%) and ethyl cinnamate (39.1%) were identified in K. galanga. C. mangga contained mainly L-beta-pinene (95.6%). Antibacterial activity was assessed using the disc diffusion method and the minimum inhibitory concentration (MIC) was determined. The most active essential oil for all selected Gram-positive (Staphylococcus aureus and Bacillus cereus) and Gram-negative bacteria (Pseudomonas aeruginosa and Escherichia coli) was B. rotunda (inhibition zone of 10.3–16.0 mm), followed by C. mangga (inhibition zone of 7.33–12.3 mm). The essential oil extracted from K. galanga exhibited no antibacterial activity against any of the bacteria tested. B. rotunda showed higher antibacterial activity than C. manga, with MIC values of 1.3 × 10–2 μl ml–1 (S. aureus), 2.6 × 10–2 μl ml–1 (P. aeruginosa and E. coli) and 0.66 × 10–2 μl ml–1 (B. cereus) compared to MIC values of 2.6 × 10–2 μl ml–1 (S. aureus and B. cereus) and 5.3 × 10–2 μl ml–1 (P. aeruginosa and E. coli) for C. mangga.

Keywords: Zingiberaceae, essential oil, Boesenbergia rotunda, Curcuma mangga, Kaempferia galanga

1.           INTRODUCTION

Traditional medicine has long been accepted as an alternative to western medicinal practice in many countries. Traditional medicine was once regarded as the sole source of treatment, making it a focus in the search for solution to increasing drug resistance among pathogenic microorganisms. The World Health Organization (WHO) has reported that over 80% of the world’s population relies on traditional medicine, which is largely plant based, for their primary healthcare needs.1

Most essential oils extracted from medicinal plants are collected from the wild.2 Evaluation of the biological activities of the essential oils from several medicinal plant species has revealed that some exhibited interesting characteristics, such as insecticidal, antibacterial and antifungal activities.3 Due to the growing concern on the impact of using synthetic chemicals as medicines and food preservatives, researchers are increasingly turning their attention to natural products to develop better drugs against viral and microbial infections.4

Zingiberaceae, the family of plants that includes ginger, is predominantly found in tropical Asia, and it is primarily used in traditional medicines, spices and perfumes.5 Peninsular Malaysia contains approximately 160 Zingiberaceae species. The genus Curcuma is widely distributed in tropical Asia and Australia. Curcuma mangga is mainly used as a condiment, as it is an edible substance, and its rhizome yields aromatic oils. Turmeric, another member of this genus, was used in ancient times as a dye, medicine and magical symbol.6 Another genus, Kaempferia is broadly distributed throughout Australia, Asia and Africa. This species has a very fragrant rhizome, and it is traditionally used to treat many diseases, including ascariasis, abdominal pain in women and rheumatism.7 Boesenbergia rotunda, another Zingiberaceae species known as Chinese ginger, is found in China and Southeast Asia. It is also called “Fingerroot” due to its physical appearance. Its rhizome is used as a traditional remedy for swelling, tumours, wounds and colic.8

In this study, the essential oils of 3 aromatic medicinal plants from the Zingiberaceae family, Kaempferia galanga, Boesenbergia rotunda and Curcuma mangga (also known as Cekur, Temu Kunci and Temu Pauh, respectively in Malaysia), were extracted to investigate and compare their chemical compositions and screen for antibacterial activity against select Gram-negative (Pseudomonas aeruginosa and Escherichia coli) and Gram-positive bacteria (Staphylococcus aureus and Bacillus cereus). These plants were chosen due to their potential as medicinal plants, and the evaluated Gram-negative and Gram-positive bacteria were chosen based on their pathogenic effects. Steam distillation was used to extract the essential oils, which were then analysed by gas chromatography-mass spectrometry (GC-MS). The antibacterial activity was assessed using the wet disc diffusion method. Gentamycin (10 µg) and tetracycline (10 µg) susceptibility discs were used as positive controls, and blank discs served as negative controls. Each plant extract was tested in triplicate.

2.           EXPERIMENTAL

2.1            Plant Materials

Fresh plant rhizomes were purchased from local suppliers in Kuantan, Pahang, Malaysia. Samples were stored at room temperature to keep them fresh until the extraction process. The rhizomes of B. rotunda, C. mangga and K. galanga were identified by Dr. Shamsul Khamis, a botanist from Universiti Putra Malaysia, Malaysia. Voucher specimens (PIIUM 0216, PIIUM 0217 and PIIUM 0218, respectively) were deposited in the Herbarium, Kulliyyah of Pharmacy, International Islamic University Malaysia.

2.2            Extraction of Essential Oils

The essential oils from the rhizomes of the selected aromatic medicinal plants were extracted by steam distillation. Each sample (1.5 kg) was washed and chopped into small pieces. The water was boiled at a high temperature for 5 to 10 h until no more essence exuded from the plant samples. The oil collected was assembled into a Bijou bottle, and the distillate product was mixed with dichloromethane (DCM) and separated using a separating funnel. The product was dehydrated by anhydrous sodium sulphate, and the organic solvent was removed in vacuo. The total amounts of essential oils collected were 4.5 g (0.3%, C. mangga), 4.0 g (0.27%, B. rotunda) and 5.5 g (0.37%, K. galanga). The obtained essential oils were weighed and stored at low temperature (4°C) for analysis.

2.3            Analysis of Essential Oils

The analyses of the essential oils of B. rotunda, C. mangga and K. galanga were performed using the PerkinElmer (PerkinElmer Inc., Connecticut, U.S.) AutoSystem XL gas chromatography, equipped with an Elite-5 fused-silica capillary column (inner diameter 30 m × 0.32 m, 0.25 µm film thickness) directly coupled to a TurboMass Gold GC-MS. The carrier gas was helium at a flow rate of 5 ml min–1. The initial temperature was set to 50°C, and it was increased by 4°C min–1 until reaching a final temperature of 250°C. The essential oil (5 ml) was dissolved in 495 ml of dichloromethane (1:100 v/v) and injected into the column. The essential oil constituents were identified by comparing their mass spectra with the national Institute of Standards and Technology (NIST) mass spectral database library, and they were confirmed by comparison with data published in literature when possible. The composition was reported as the relative percentage of the total peak area using the following calculation:

Relative % of peak area = (Area of the peak/Total peak area) × 100

2.4            Bacterial Strains

2 Gram-negative (P. aeruginosa ATCC 27852 and E. coli ATCC 35218) and 2 Gram-positive (S. aureus IMR S 1386/07 A and B. cereus ATCC 11778) bacterial strains were used in this study. The strains were purchased from American Type Culture Collection (Manassas, Virginia, U.S.) and the Institute for Medical Research (Kuala Lumpur, Malaysia). All bacteria tested were cultivated at 37°C and cultured on Mueller-Hinton agar.

2.5            Initial Screening

The disc-diffusion method was used to screen the antibacterial activity of the essential oils following the standard methods described by the National Community for Clinical Laboratory Standards (NCCLS). Broth containing the tested microorganisms was uniformly swabbed on Mueller Hinton agar plates using sterile cotton swabs. Sterile blank discs were individually impregnated with pure essential oil (5 and 10 µl) and placed onto the inoculated agar plates. The distance between the discs was wide enough to allow for the reading of inhibition zones. The plates were inverted and incubated at 37°C for 18 to 24 h. For positive controls, a commercial disc containing gentamycin (10 µg) was used for the plates with S. aureus, E. coli and B. cereus, and a tetracycline (30 µg) disc was used for P. aeruginosa. A blank disc was used as a negative control. Antibacterial activity was evaluated by measuring the diameter of inhibition zones (mm) against the tested microorganisms. All tests were performed in triplicate.

3.           RESULTS AND DISCUSSION

In this study, essential oils from the rhizomes of 3 aromatic medicinal plants from the Zingiberaceae family (B. rotunda, C. mangga and K. galanga) were extracted to identify their chemical compositions and screen for antibacterial activity. 2 Gram-positive (S. aureus and B. cereus) and 2 Gram-negative bacteria species (P. aeruginosa and E. coli) that are related to food-borne diseases were tested. These strains are also broadly used in screening tests due to their significance as human pathogens that can cause disease.9

Antibacterial activity may be related to the major chemical constituents in the essential oils. The chemical components of essential oil are separated into 5 main classes: monoterpene hydrocarbons, oxygenated monoterpenes, sesquiterpene hydrocarbons, oxygenated sesquiterpenes and others, such as diverse functions and esters.10 In our study, the greatest amount of essential oils was obtained from the fresh rhizomes of K. galanga (5.5 g), followed by C. mangga (4.5 g) and B. rotunda (4.0 g). Chemical composition analysis of the essential oils by GC-MS identified the presence 19 components in B. rotunda, 12 components in C. mangga and 15 components in K. galanga.

The GC-MS data tabulated in Table 1 summarises the main chemical composition of the essential oil of B. rotunda. The main constituents detected were nerol (39.56%) and L-camphor (36.01%).

Table 1:    Chemical composition of the essential oil of B. rotunda.



	Retention Time (Rt)

	Compound

	Molecular weight (MW)

	% composition




	16.55

	Nerol
	154

	39.56




	12.95

	L-camphor
	152

	36.01




	9.14

	Cineole
	154

	9.47




	20.88

	Trans-methyl cinnamate
	162

	6.84




	9.60

	Fenchene
	136

	2.01




	17.11

	Cis-p-mentha -2, 8-dien-1-ol
	152

	1.55




	14.62

	Cyclohexene, 1-methyl-5-(1-methylethenyl)-,(R) -
	136

	1.09




	13.24

	Z,Z,Z -4,6,9-Nonadecatriene
	262

	0.63




	18.11

	Octanal, (2,4-dinitrophenyl) hydrazine
	308

	0.54




	13.84

	Ethanol, 2-(9,12- octadecadienyloxy)- (Z,Z)
	310

	0.53




	46.42

	Pinostrobin chalcone
	270

	0.42




	9.04

	Limonene
	136

	0.38




	11.52

	2-(7-hydroxymethyl-3,11-dimethyl-dodeca-2,6,10–trienyl)-
	328

	0.31




	9.26

	dl-α-(Methylaminomethyl) benzyl alcohol
	151

	0.22




	10.52

	Chloromethyl 2-chloroundeconoate
	268

	0.18




	11.23

	8- tetradecen-1-ol acetate
	254

	0.12




	11.74

	Furan-3-carboxanide,2-methyl-N-(4-morpholyl)-
	210

	0.11




	46.36

	Hemanthidine
	317

	0.03




	
	
	Total

	100





The main chemical constituents found in the essential oil of C. mangga are listed in Table 2. Of the 12 constituents identified, the first 2 components, both L-β-pinene (95.57%), made up the major component found. The next main component, α-pinene (1.84%), is another terpene isomer but with different stereochemistry.

Table 2:    Chemical composition of the essential oil of C. mangga.



	Retention Time (Rt)

	Compound

	Molecular Weight (MW)

	% composition




	7.82

	L-β-pinene
	136

	80.01




	7.46

	L-β-pinene
	136

	15.56




	6.23

	α-pinene
	136

	1.84




	9.61

	Ocimene
	136

	0.86




	9.05

	Limonene
	136

	0.58




	11.33

	Perillene
	150

	0.57




	11.09

	1-Pentanol, 5-cyclopropylidene
	126

	0.23




	8.89

	Methyl N-(N-benzyloxycarbonyl- β-1-aspartyl)-beta- glucosaminide
	442

	0.10




	9.26

	Galactonic phenylhydrazide
	286

	0.09




	11.80

	4-Methoxyphenoxyformide,N-methyl-N-[4-(1-pyrrolidinyl-butynyl]
	302

	0.08




	9.14

	Corynan-17-ol,18,19-didehydro-10-methoxy-, acetate (ester)
	368

	0.06




	12.02

	Propionamide,3-methoxy carbonyl-N-methyl-N-[4-(1-pyrrolidinyl-butynyl]
	266

	0.02




	
	
	Total

	100





A total of 15 chemical components were identified in K. galanga by GC-MS (Table 3). Ethyl-(E)-3-(4-methoxyphenyl)prop-2-enoate (57.16%) and ethyl cinnamate (39.09%) were the main constituents.

The essential oils (5 and 10 µl per disc) were screened for their antibacterial activity using the disc-diffusion method. Essential oils that exhibited antibacterial activity towards a microorganism produced a clear zone on the agar around the disc.11 However, the essential oil of K. galanga exhibited no zone of inhibition toward either Gram-positive or Gram-negative bacteria.

The results of the MIC tests for B. rotunda and C. manga revealed that B. rotunda inhibited the bacterial growth at 0.66 × 10–2 µl ml–1 for B. cereus (Table 4), whereas the lowest concentration of C. mangga that inhibited bacterial growth was 2.6 × 10–2 µl ml–1 toward S. aureus and B. cereus (Table 5).

The essential oil of B. rotunda also had higher antibacterial activity (inhibition zone of 10.3–16.0 mm) compared to C. mangga (inhibition zone of 7.33–12.3 mm) for the selected Gram-positive and Gram-negative bacteria (Table 6).

Table 3:    Chemical composition of the essential oil of K. galanga.



	Retention Time (Rt)

	Compound

	Molecular Weight (MW)

	% composition




	31.75

	Ethyl-(E)-3-(4-methoxyphenyl)prop-2-enoate
	206

	57.16




	23.51

	Ethyl cinnamate
	176

	39.09




	7.46

	L-β-pinene
	136

	1.18




	13.83

	Borneol
	154

	0.81




	6.23

	α-pinene
	136

	0.43




	24.55

	Nonadecane
	268

	0.37




	9.05

	2-[1-(Adamantan-1-ylamino)-2,2,2-trifluoro-etthlidene] –malononitrile
	295

	0.28




	7.80

	Mycrene
	136

	0.24




	9.14

	Cyclohexane,(2-nitro-2-propenyl)-
	169

	0.09




	7.31

	2-[1-(Adamantan-1-ylamino)-2,2,2-trifluoro-etthlidene] –malononitrile
	295

	0.08




	8.31

	3-Benzylsulfanyl-3-fluro-2-trifluoromethyl-acrylic acid methyl ester
	294

	0.08




	5.94

	9-Borabicyclo [3.3.1] nonane,9-(1-methyl propyl)
	178

	0.07




	8.89

	m-Cymene
	134

	0.07




	14.12

	Codlelure
	182

	0.05




	
	
	Total

	100





Table 4:    Minimum inhibitory concentrations of B. rotunda.



	Bacteria

	Concentration(µl ml–1) (10–2)

	Controls




	
	5.3

	2.6

	1.3

	0.66

	0.33

	0.16

	0.082

	0.04

	Ant (+ve)

	Cult bac (–ve)




	S. aureus
	X

	X

	X

	√

	√

	√

	√

	√

	X

	√




	P. aeruginosa
	X

	X

	√

	√

	√

	√

	√

	√

	X

	√




	B. cereus
	X

	X

	X

	X

	√

	√

	√

	√

	X

	√




	E. coli
	X

	X

	√

	√

	√

	√

	√

	√

	X

	√





Notes: X = no bacteria growth observed; √ = bacteria growth observed; Ant = antibiotic; Cult bac = Culture bacteria; +ve = positive; –ve = negative.

Table 5:    Minimum inhibitory concentrations of C. mangga.



	Bacteria
	Concentration (µl ml–1) (10–2)

	Controls




	5.3
	2.6

	1.3

	0.66

	0.33

	0.16

	0.082

	0.04

	Ant (+ve)

	Cult bac (–ve)




	S. aureus
	X

	X

	√

	√

	√

	√

	√

	√

	X

	√




	P. aeruginosa
	X

	√

	√

	√

	√

	√

	√

	√

	X

	√




	B. cereus
	X

	X

	√

	√

	√

	√

	√

	√

	X

	√




	E. coli
	X

	√

	√

	√

	√

	√

	√

	√

	X

	√





Notes: X = no bacteria growth observed; √ = bacteria growth observed; Ant = antibiotic; Cult bac = Culture bacteria; +ve = positive; –ve = negative.

Table 6:    Diameter of inhibition zone produced by essential oils.



	Bacteria
	Volume (μl)

	B. rotunda*

	C. mangga*

	K. galanga




	S. aureusa
	5

	13.00 ± 4.58

	9.00 ± 2.65

	–




	
	10

	14.67 ± 2.08

	12.30 ± 2.52

	–




	B. cereusb
	5

	13.33 ± 0.58

	8.67 ± 1.15

	–




	
	10

	16.00 ± 3.00

	8.67 ± 0.58

	–




	E. colic
	5

	13.67 ± 0.58

	8.33 ± 0.58

	–




	
	10

	14.67 ± 1.53

	10.33 ± 0.58

	–




	P. aeruginosad
	5

	10.33 ± 0.58

	7.33 ± 0.58

	–




	
	10

	12.00 ± 3.00

	7.67 ± 0.58

	–





Notes:

1. * millimetres

2. Minus sign (–) indicates no antibacterial activity

3. a Gentamycin (10 µg) produced a zone of 18.67 mm; b Gentamycin (10 µg) produced a zone of 19.83 mm; c Gentamycin (10 µg) produced a zone of 19.17 mm; d Tetracycline (30 µg) produced a zone of 14.55 mm.

Essential oils containing terpenes, especially mono- and sesquiterpenes, also possess antimicrobial activity.12 Although there are many published articles on the chemical composition of the plant extracts of B. rotunda, very few publications have investigated the essential oils of its rhizome. Nerol and L-camphor, the main constituents of the rhizome of B. rotunda, are an oxygenated monoterpene and a bicyclic ketone terpene, respectively. Both compounds exhibit antibacterial activity.3 Previous research on the antimicrobial actions of monoterpenes suggests that they diffuse into and damage cell membrane structures.13 In addition, the presence of an oxygen in the framework of a ketone, such as L-camphor, increases the antimicrobial properties.12 The presence of large amounts of these 2 compounds is believed to be responsible for the antibacterial activity observed here.

Several studies have investigated the chemical composition of C. mangga. Wong et al.14 found the major constituents of its essential oil were myrcene (78.6%) and β-pinene (3.7%), while a recent report by Kamazeri et al.15 identified the main constituents as caryophyllene oxide (18.71%) and caryophyllene (12.69%). Our studies found that the composition of C. mangga is dominated by pinene-type monoterpene hydrocarbons. α-Pinene and β-pinene possess antimicrobial properties.10 Differences in stereochemistry influence their bioactivity; α-isomers are relatively inactive compared to β-isomers.12 Furthermore, ocimene (isomer of myrcene), which is found in considerable amounts in C. mangga essential oil, also has antibacterial activity.16 The remaining compounds were only present in small or trace amount.

In agreement with our results, several studies have reported that camphor exhibits more potent antibacterial activity than β-pinene, particularly against Gram-positive bacteria.17,18 The vast number of chemical components found in essential oils may be related to the mechanism of action underlying their antibacterial properties. Most reports investigating the mechanism of action underlying the activity of essential oils against common food-borne bacteria agree that, in general, Gram-positive bacteria are more sensitive than Gram-negative bacteria.3

Among all the plants tested, only K. galanga failed to show any antibacterial property. Ethyl-(E)-3-(4-methoxyphenyl)prop-2-enoate (57.16%) was identified as the main compound, followed by ethyl cinnamate (37.39%). Few studies have focused on the antibacterial activities of these 2 constituents. Ethyl cinnamate is one of the main constituents of the essential oil of Lippia chevalieri flowers (30.3%), but it does not have significant antimicrobial activity.19 To the best of our knowledge, K. galanga is not reported to have antibacterial activity, although it has selective toxicity against Aspergillus fumigatus.20 Other chemical compounds, such as L-β-pinene (1.18%), α-pinene (1.41%, oxygenated monoterpenes) and borneol (0.81%, monoterpene hydrocarbons), have antibacterial activities, but the proportions of these compounds were too small to effect the bacteria tested.

4.           CONCLUSION

B. rotunda, C. mangga and K. galanga are aromatic medicinal plants with antibacterial activity toward Staphylococcus aureus (IMR S 1386/07 A), Bacillus cereus (ATCC 11778), Pseudomonas aeruginosa (ATCC 27852) and Escherichia coli (ATCC 35218). The growth of both Gram-positive bacteria and Gram-negative bacteria was inhibited by the essential oils tested, except for the oil derived from K. galanga. These results indicate that each essential oil has its own chemical composition, which may be correlated with its antibacterial activity. The essential oils from the three rhizomes of the Zingiberaceae family displayed antibacterial properties, and their activities could be attributed to qualitative and quantitative differences in the chemical constituents of the individual essential oils. These inexpensive natural remedies hold promise as alternatives to current antibiotics against pathogens, although further evaluations regarding the toxicity of these oils are needed.
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Abstract: The activity concentrations, gamma absorbed dose rates (D), radium equivalent activities (Raeq), external hazard index (Hex), internal hazard index (Hin) and transfer factors (TFs) of the naturally occurring radionuclides 226Ra, 232Th, and 40K, as well as the artificial radionuclide 137Cs, in soil and vegetables (red amaranth) samples were determined from samples collected from Satkhira, the southwestern district of Bangladesh, using a high-purity germanium (HPGe) detector. The activity concentrations of 226Ra, 232Th and 40K in soil samples ranged from 26.05 ± 3.49 to 48.45 ± 4.45 Bq kg–1 (average = 35.71 ± 3.92 Bq kg–1), 46.78 ± 3.24 to 62.63 ± 3.68 Bq kg–1 (average = 54.06 ± 3.45 Bq kg–1) and 411 ± 67 to 775 ± 77 Bq kg–1 (average = 580.6 ± 71.63 Bq kg–1), respectively, and the radioactivity concentrations of 226Ra, 232Th and 40K in vegetable samples from the same locations were 4.04 ± 2 to 12.07 ± 2.36 Bq kg–1 (average = 6.86 ± 2.12 Bq kg–1), 9.01 ± 1.54 to 23.62 ± 1.94 Bq kg–1 (average = 14.89 ± 1.70 Bq kg–1) and 1124 ± 73 to 1453 ± 76 Bq kg–1 (average = 1288.7 ± 74.41 Bq kg–1), respectively. No 137Cs activity concentration was detected in any of the samples from this district. The measured values of D, Raeq, Hex and Hin are comparable to the global averages. With the exception of 40K, the transfer factors of all radionuclides were below unity.

Keywords: Radionuclides, HPGe, activity concentrations, radiological hazards, transfer factor

1.           INTRODUCTION

From the beginning of time, all living creatures have been exposed to radiation. Although man and the animal kingdom have adjusted to this natural radiation, the advent of man-made sources, their widespread application and sometimes accidental uncontrolled release of radioactivity into the environment have altered the balance. Estimates of the total radiation dose to the world population have shown that approximately 96% can be attributed to natural sources while the remaining 4% comes from artificial sources. The concentrations of natural radionuclides 238U, 232Th, their daughter products and 40K, in the soil and rocks, which depend upon the local geology of each region, cause dosage variation.1 The most vital sources to the environment are the shipment of radioactive materials, as well as the residual fallout from nuclear weapon testing and nuclear accidents that continually spread a huge amount of radioactivity in the environment. Consequently, radionuclides in soil and plants have been monitored since their discovery and have increased as a result of the raise in nuclear power plant accidents.

In Satkhira, the southwestern district of Bangladesh just beside the Bay of Bengal, red amaranth (Amaranthus gangeticus) is one of the most popular vegetables. Most long-lived radioactive elements in vegetables are from the soil. Additionally, farmers in this region use an excess of potassium for its commercial production, increasing potassium uptake. Moreover, the targeted area is approximately 150 km away from the proposed Bangladesh nuclear power plant and some hundreds of km away from Indian nuclear power plants, most of which are across the coastal area. Any accident may raise the radionuclide concentration in soil and plants, increasing health risk. To assess radiation hazards, it is necessary to know the rate at which radiation is received; consequently, it is necessary to study the natural and artificial radioactivity in soil and vegetables to assess the dose to the population in order to know the health risks and have baseline data for the proposed nuclear power plant.

2.           EXPERIMENTAL

2.1            Gamma-ray Spectroscopy

A high-purity germanium (HPGe) semiconductor detector was used for the present work.2 The outstanding advantage of the HPGe detector is its ability to measure gamma radiation directly from the original sample without the need for chemical separation and high resolving power. The resolving power of a detector, called the energy resolution, is used to separate two adjacent peaks in a γ-ray spectrum. A germanium detector gives excellent energy resolution when applied to gamma-ray spectra. The great superiority of the germanium system in energy resolution permits the separation of many closely spaced gamma-ray energies that are unresolved in by NaI(Ti) spectra. Consequently, virtually all gamma-ray spectroscopy involving complex energy spectra now utilises germanium detectors. Sample measurements were obtained using a γ-ray spectrometer with a p-type coaxial intrinsic HPGe detector supplied by Oxford Instruments Inc. Nuclear Measurement Group (Model No. CPVDS 30-30185, Serial No. 2604) with a relative efficiency of 30% and 1.83 keV resolution (FWHM) for the 60Co 1332 keV γ-ray energy.

The detector was coupled to a PC-based multi-channel analyser (PCMCA Card: TRUMP-PCI-8K) and the gamma-ray spectral analysis was performed using Windows-based software (MAESTRO-32, ver. 5.30 [A65-B32], ORTEC, U.S.) that matched the gamma energies at various energy levels to a library of possible isotopes. The detector was shielded by lead on all sides to reduce system background. Detector efficiency is measured by comparing the count rates in each peak of spectra from a source of known radioactivity to the count rates expected from the known intensities of each gamma ray.

2.2            Area Geology

Figure 1 shows the sampling area and the geographic location of the district. The district lies between 21°36´ and 21°54´ north latitudes, and 88°54´ and 89°20´ east longitudes. The district is surrounded by Jessore at the north, Khulna at the east, 24 Parganas of India at the west and the Sundarban, the largest single block of tidal halophytic mangrove forest in the world, as well as the Bay of Bengal, at the south. There are 27 rivers passing over this zone. The sampling areas are Satkhira Sadar, Kalaroa, Shymnagar, Patkelghata and Debhata.


[image: art]

Figure 1: Sampling locations in Satkhira, Bangladesh.



2.3            Sample Preparation

All of the locations selected for soil sample collection were open, not prone to flooding or other natural disturbances and were unaffected by human activity during the recent decades, representing undisturbed soils. Ten soil and 10 red amaranth samples (Table 1) were collected from 5 different areas of Satkhira, Bangladesh. For each sample location, 2 1-kg soil samples were collected at a depth of 5 to 10 cm from different locations on the land of a farmer. At the same time, 1 kg red amaranth samples were collected from just above the soil sampling areas. The samples were then placed in polyethylene bags and dried by sunlight.

Table 1:    Soil and red amaranth samples collected from different locations of Satkhira, Bangladesh.



	Location
	
Sample no. (Soil)


	
Dry weight (gm)


	
Sample no. (Red amaranth)


	
Dry weight (gm)





	Satkhira Sadar
	1

	355

	11

	150




	
	2

	332

	12

	165




	Debhata
	3

	347

	13

	160




	
	4

	373

	14

	165




	Patkelghata
	5

	368

	15

	155




	
	6

	322

	16

	158




	Shyamnagar
	7

	342

	17

	156




	
	8

	334

	18

	170




	Kalaroa
	9

	368

	19

	157




	
	10

	349

	20

	150





Each dried vegetable sample was then ground into fine powder using a mortar and pestle, and weighed separately with a balance. The soil and powdered vegetable samples were then sieved using a fine-aperture mesh (2 mm mesh size) to remove extraneous items such as plant materials, roots, pebbles, dust, stones, etc., to obtain a fine-grained sample that would present a uniform matrix to the detector.

At the lab, the samples were transferred from the polyethylene bags to acetone-cleaned stainless steel buckets and dried in an oven at 105°C for 1 h. Finally, each sample was transferred to a cylindrical plastic-container of approximately equal size and shape. The net weight of each sample was calculated using a micrometre. The containers were then sealed tightly, wrapped with thick vinyl tape around the screw necks, and tagged with the location, date of collection, weight and sample number, etc. The samples were stored for at least 4 weeks to reach secular equilibrium between the 238U and 232Th series and their respective progenies to prepare for measurements.3

2.4            Methodology

2.4.1         Determination of Activity

The radioactivity concentrations of 226Ra were determined from the gamma-ray energies of its daughters 214Pb (352.92 and 295.21 keV) and 214Bi (609.31, 1120.30 and 1764.50 keV), while the radioactivity concentrations of 232Th were determined from the gamma-ray energies of its daughters 212Pb (238.63 keV), 208Tl (583.14 and 510.84 keV) and 228Ac (911.07 and 969.11 keV). The radioactivity concentrations of 40K and 137Cs were determined from their gamma-ray energies of 1460.80 keV and 662 keV, respectively. The activity concentrations were calculated using the formula below:4

[image: art]

where

N = Net counts per second (C.P.S) = (Sample C.P.S – background C.P.S)

Pγ = Intensity of the radionuclide

E = Efficiency in %

W = Weight of sample in kilograms

The activities of the parent 232Th nucleus of the thorium decay series and the head of the uranium decay series, 226Ra, were determined by assuming that they were in radioactive equilibrium with their daughter products 212Pb and 214Pb, respectively.5 Standard characteristic values of Pγ were used in the present study.6

2.4.1.1      Lower Limits of Detection (LLD)

The detection capability of a measurement system under certain conditions is determined by the term Lower Limits of Detection (LLD). The LLD of the detector can be obtained using a high efficiency detector, preferably a large sample and a long counting time. The lower limit of detection is obtained using the expression below:
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where

Sb = the estimated standard error of the net count rate [image: art] (with b = background count and t = counting time) ε(E) = the counting efficiency of the desired energy of the nuclides, and Iγ = the absolute transition probability by γ-decay through the selected energy as for ε.

The LLDs of the examined radionuclides are listed in Table 2.

Table 2:    Lower limits of detection for the radionuclides.



	Radionuclide
	Energy (keV)

	LLD (Bq)




	Pb-212
	238.63

	0.4133




	Ac-228
	911.07

	3.1833




	Ac-228
	969.11

	3.1779




	Pb-214
	295.21

	1.3488




	Pb-214
	352.92

	0.9488




	Bi-214
	609.31

	1.2804




	Bi-214
	1120.30

	3.3233




	K-40
	1460.80

	39.969





2.4.2         Dose rate estimation

The gamma dose rates D (in nGyh–1) of the radionuclides were estimated using the formula:7

[image: art]

where ARa, ATh and AK are the mean specific activity concentrations of Ra, Th and K, respectively, in Bq kg–1.

2.4.3         Radium equivalent activity

The Radium Equivalent Activity (Raeq) index provides guideline for regulating the safety standards of radiation protection for the general public residing in the investigated area. The Raeq index represents a weighted sum of the activities of the aforementioned natural radionuclides. The index is given by the following formula:7

[image: art]

where ARa, ATh and Ak have the same meaning as in Equation 3.

2.4.4         External and internal hazard indices

Soil is used to produce earthen huts, bricks and pottery materials. Consequently, the external radiation hazard index (Hex) due to natural gamma radiation is calculated using the following formula:3

[image: art]

There is also a radiation hazard to respiratory organs due to the 226Ra decay product 222Rn and its short-lived decay products. To account for this hazard, the maximum permissible radium concentration must be reduced to half of the normal limit.3 The internal hazard index (Hin) is calculated using the following formula:3

[image: art]

where ARa, ATh and Ak have the same meaning as in Equation 3 and Equation 4.

2.4.5         Transfer factors

Radionuclides in soils are usually transferred to different plant tissues by direct transfer via the root system, as well as radionuclide fallout and resuspension of contaminated soil followed by deposition on plant leaves.8 The transfer factor (TF) values are calculated according to the equation below.9

[image: art]

Soil properties that affect uptake may include mineralogical and granulometric composition, organic matter content, pH and fertility.10

3.           RESULTS AND DISCUSSION

3.1            The Activity Concentration

The present study examined the distribution of naturally occurring radionuclides 226Ra, 232Th and 40K, as well as a fission product resulting from fallout, in soil and vegetable samples. The activity concentrations of 226Ra, 232Th and 40K in soil samples ranged from 26.05 ± 3.49 to 48.45 ± 4.45 Bq kg–1 (average = 35.71 ± 3.92 Bq kg–1), 46.78 ± 3.24 to 62.63 ± 3.68 Bq kg–1 (average = 54.06 ± 3.45 Bq kg–1) and 411 ± 67 to 775 ± 77 Bq kg–1 (average = 580.6 ± 71.63 Bq kg–1), respectively. In vegetable samples from the same locations, the radioactivity concentrations of 226Ra, 232Th and 40K were 4.04 ± 2 to 12.07 ± 2.36 Bq kg–1 (average = 6.86 ± 2.12 Bq kg–1), 9.01 ± 1.54 to 23.62 ± 1.94 Bq kg–1 (average = 14.89 ± 1.70 Bq kg–1) and 1124 ± 73 to 1453 ± 76 Bq kg–1 (average = 1288.7 ± 74.41 Bq kg–1), respectively. No 137Cs radioactivity was detected in any of the samples.

Table 3 shows that the thorium activity concentration was higher than that of radium in most of the samples, which is evident from the fact that thorium is 1.5-fold more abundant in the Earth’s crust than uranium.11 Table 4 compares the results of the present study to world results. In the present study, activity concentrations of 226Ra and 232Th in soil and vegetable samples are comparable to the values reported in the table, especially those from different regions of Bangladesh.12–15 It was also observed that the measured 40K activity concentration markedly exceeds the values of both radium and thorium, as it is the most abundant radioactive element considered. High vegetable absorption of potassium used by farmers for commercial production might have enhanced its concentration in the red amaranth samples.

Table 3:    Radioactivity concentrations in soil and red amaranth samples from the district of Satkhira, Bangladesh.
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Note: I = individual, R = range.

The absence of 137Cs detection might be due to a very low radionuclide concentration and long half-life, as well as the comparatively lower efficiency of the detector. Consequently, it may be concluded that in this region there is no radioactive fallout from the Chernobyl accident.

Table 4:    Comparison of 226Ra, 232Th, 40K and 137Cs (Bq kg–1) activity concentrations in soil samples from different parts of the world with the results of the present study.



	Sampling zone
	
Activity concentration (Bq kg–1)





	
226Ra


	
232Th


	
40K


	
137Cs





	Volcanic area (Cameroon)12
	
11–17


	
22–36


	
201


	
7.2





	Pabna (Bangladesh)13
	
33


	
47


	
449


	
4





	Dhaka (Bangladesh)14
	
33


	
55


	
574


	
7





	Southern District, Turkey15
	
19–276


	
8–244


	
86–1162


	
1.8–82





	Peshawar (Pakistan)17
	
65


	
84


	
646


	
–





	All India average18
	
31


	
63


	
394


	
–





	Jessore (Bangladesh)19
	
48.32


	
53.34


	
481.35


	
–





	Louisiana (U.S.)20
	
43–95


	
50–190


	
43–729


	
5–58





	Worldwide average16
	
40(15–50)


	
40(7–50)


	
580(100–700)


	
–





	Satkhira(Bangladesh)(Present study)
	
35.71(28–48)


	
54.07(49–62)


	
580.6(411–775)


	
–






3.2            Radium Equivalent Activity

The calculated Raeq data is presented in Table 5. The Raeq for soil and vegetable samples varied in the range of 130.55–176.9 Bq kg–1 (average = 157.72 Bq kg–1), and 110.78–145.51 Bq kg–1 (average = 127.38 Bq kg–1), respectively. These values are far below the allowable limit (370 Bq kg–1) recommended by the International Atomic Energy Agency (IAEA).3,7,16

Table 5:    Radium equivalent activities, absorbed dose rates, and external and internal hazard indices in soil and vegetable samples from across the district of Satkhira, Bangladesh.



	
Sample no.


	
Sample


	
Radiological index





	
Raeq(Bq_kg–1)


	
D(nGyh–1)


	
Hex


	
Hin





	
1


	
Soil


	
175.44


	
85.94


	
0.47


	
0.56





	
2


	
169.94


	
82.37


	
0.46


	
0.56





	
3


	
161.49


	
77.08


	
0.44


	
0.56





	
4


	
153.11


	
74.39


	
0.41


	
0.5





	
5


	
130.55


	
62.39


	
0.35


	
0.44





	
6


	
157.87


	
75.19


	
0.43


	
0.56





	
7


	
160.07


	
77.76


	
0.43


	
0.5





	
8


	
176.9


	
84.72


	
0.48


	
0.59





	
9


	
147.05


	
71.38


	
0.4


	
0.48





	
10


	
144.82


	
69.97


	
0.39


	
0.47





	
11


	
Red amaranth


	
145.51


	
78.04


	
0.39


	
0.41





	
12


	
110.78


	
59.54


	
0.3


	
0.32





	
13


	
125.97


	
67.76


	
0.34


	
0.36





	
14


	
125.91


	
66.62


	
0.34


	
0.37





	
15


	
144.33


	
76.91


	
0.39


	
0.4





	
16


	
113.40


	
61.46


	
0.31


	
0.32





	
17


	
142.82


	
76.64


	
0.39


	
0.4





	
18


	
124.08


	
67.12


	
0.34


	
0.36





	
19


	
123.02


	
66.41


	
0.33


	
0.35





	
20


	
117.96


	
64.06


	
0.32


	
0.33






3.3            Absorbed Dose Rate

The absorbed dose rates are presented in Table 6. In the present study, the dose rate due to 226Ra, 232Th, and 40K in soil samples varied from 62.39 nGyh–1 to 85.94 nGyh–1 (average = 76.12 nGyh–1); for vegetable samples, these values varied from 59.54 nGyh–1 to 78.04 nGyh–1 (average = 68.45 nGyh–1). The values are comparable to the world average of 55 nGyh–1.7 Table 6 also compares the absorbed doses in different world locations.

Table 6:    Comparison of absorbed dose based on different approaches and results in the world.



	Countries
	
Year


	
No of samples


	
Absorbed dose rate (nGyh–1)


	
Absorbed dose range (nGyh–1)


	
Methodology





	Romania7
	
1979


	
2372


	
81


	
32–210


	Soil analysis using gamma spectrometry



	Nigeria21
	
2000


	
20


	
128


	
5–186


	Analysis of rocks using gamma spectrometry



	China7
	
1972


	
26


	
69


	
–


	Soil analysis using gamma spectrometry



	Chittagong (Bangladesh)12
	
1999


	
24


	
75


	
42–120


	Soil analysis using gamma spectrometry



	India22
	
2002


	
39


	
95.2


	
–


	Soil analysis using gamma spectrometry



	World average7
	
–


	
–


	
55


	
30–70


	
–





	Jessore (Bangladesh)19
	
2007


	
23


	
77


	
62–100


	Soil analysis using gamma spectrometry



	Satkhira, Bangladesh (Present study)
	
2008


	
20


	
72.29


	
59–86


	Soil analysis using gamma spectrometry




3.4            External and Internal Hazard Indices

The Hex values for soil samples (Table 5) were 0.35–0.48 (average = 0.43) and for vegetable samples they were 0.3–0.39 (average = 0.34). The calculated Hex values for all samples should be below unity, which does not cause harm to the populations of the investigated regions. In the present work, all Hex values were below unity. There is also a radiation hazard for respiratory organs due to the 226Ra decay product 222Rn and its short-lived decay products. To account for this threat, the maximum permissible concentration for radium must be reduced to half of the normal limit.3 In our study, the soil sample Hin values (shown in Table 5) were 0.44–0.59 (average = 0.52) and for vegetable samples, Hin values were 0.32–0.42 (average = 0.36).

3.5            Transfer Factor

The TFs from soil to vegetable (shown in Table 7) for 226Ra, 232Th and 40K were 0.08–0.38, 0.14–0.34 and 1.67–3.32, respectively, with average TFs of 0.199, 0.279 and 2.28, respectively. TFs were not determined for 137Cs as 137Cs radioactivity concentration was not detected in either soil or vegetable samples. The 40K TF was greater than unity in all samples and could be due to excessive use of potassium-containing fertilisers at the sampling sites.19 Table 8 compares the transfer factors determined by the present work with world transfer factors. Slight differences between the transfer factors of this zone and the values of different world locations could be primarily due to soil type, formation, transport process, media and absorbing capacity of the plants studied.

Table 7:    Determination of the radionuclide transfer factors from soil to red amaranth.



	
Sample number


	
TF





	
Soil


	
Red amaranth


	
226Ra


	
232Th


	
40K


	
137Cs





	
1


	
11


	
0.26


	
0.3


	
1.87


	
–





	
2


	
12


	
0.17


	
0.22


	
1.67


	
–





	
3


	
13


	
0.14


	
0.27


	
2.41


	
–





	
4


	
14


	
0.38


	
0.33


	
1.89


	
–





	
5


	
15


	
0.18


	
0.5


	
3.32


	
–





	
6


	
16


	
0.08


	
0.23


	
2.37


	
–





	
7


	
17


	
0.18


	
0.34


	
2.33


	
–





	
8


	
18


	
0.21


	
0.14


	
2.29


	
–





	
9


	
19


	
0.2


	
0.25


	
2.2


	
–





	
10


	
20


	
0.18


	
0.19


	
2.44


	
–






Table 8:    Comparison of soil-to-plant TFs obtained in different parts of the world with the results of the present study.



	Sample location (transfer media)
	
226Ra


	
232Th


	
40K


	
137Cs





	Thessaloniki, Greece23(soil to plant)
	
–


	
–


	
0.73(0.25–2.42)


	
0.20(0.002–7.42)





	Kaiga-region, India24(soil to leaf)
	
0.03–0.65


	
_


	
0.32–8.04


	
0.05–3.03





	Ramsar, Iran25(vegetable to soil)
	
_


	
_


	
–


	
0.016





	Syria26(soil to plant)
	
_


	
0.11


	
–


	
0.04





	Mediterranean area27
	
0.17(0.09–0.05)


	
1.65(0.052–4.31)


	
0.393(0.12–0.92)


	
–





	Satkhira, Bangladesh(soil to vegetable)(Present study)
	
0.199


	
0.279


	
2.28


	
–






4.           CONCLUSION

In conclusion, the activity concentrations of 40K in both the soil and vegetable samples were found to be higher than those for 232Th, which in turn were greater than those for 226Ra. The activity concentrations, gamma absorbed dose rates (D), radium equivalent activity (Raeq), hazard indices (Hex and Hin) and transfer factors (TFs) of the naturally occurring radionuclides 226Ra, 232Th and 40K as well as the artificial radionuclide 137Cs in soil and vegetable samples matched well with world values. No 137Cs activity concentration was found in any of the samples from this district, indicating the absence of artificial radionuclide fallout from any nuclear accident.
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