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Abstract: The development of a new treatment method to remove heavy metal ions from wastewater, which is cost effective and more efficient, is threatening to overcome conventional methods. The biosorption treatment technology has received much attention because it offers low-cost biosorbent and non-hazardous biomaterials. Biosorption of metal ions onto microorganisms involves a combination of the following metal-binding mechanisms: physical adsorption, ion exchange, complexation and precipitation. Previous works report that some microorganisms, such as bacteria, algae, yeast, fungi and cellulosic materials, are well known to be capable of adsorbing a large amount of metal ions. The purpose of this review paper is to provide information on the development of a biosorbent for heavy metal removal from white rot fungus, Pycnoporus sanguineus, which is less reported. Biosorption of metal ions onto this fungus largely depends on pH, initial metal concentration, temperature and biomass loading. Further, this fungus is an economical biosorbent because it can be reused several times and its applicability can be enhanced at an industrial scale.
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1.      INTRODUCTION

Rapid economic changes have resulted in elevated levels of toxic heavy metals and radionuclides entering the biosphere.1 In earlier times, when there were still abundant natural resources and negligible development pressures, little attention was given to environmental issues, although some environment-related legislations pertaining to different sectors were authorised. Realising this, the Malaysian government, in as early as 1974, has taken concrete steps by introducing an enabling legislation called the Environmental Quality Act, 1974.2 Heavy metal pollutants, such as copper (Cu), cadmium (Cd), lead (Pb), mercury (Hg), arsenic (As) and chromium (Cr), were classified as priority pollutants by the Department of Environment of Malaysia. Heavy metals are those elements with specific densities at least five times the specific gravity of water, which includes Cd, Cu, Pb, zinc (Zn), Hg, As, silver (Ag), Cr, iron (Fe) and the platinum group elements.3,4 Important heavy metals in water pollution include Hg, Cd, Pb, Zn, Cu, nickel (Ni) and Cr.5 Cu and Zn are essential trace elements for living organisms at lower concentrations (< 10 mg l−1). However, they become toxic at higher concentrations (> 10 mg l−1).5 Strong heavy metals, such as Hg and Cd can be very toxic at concentrations as low as 0.001 mg1−1–0.1 mg l−1.6–9 Industries such as electroplating, fertiliser, pesticide, surface finishing and aerospace contribute to heavy metal pollution when wastes or effluent-containing metals are discharged directly or indirectly into the environment.6,7,9,10 Most of these metal ions (Cd, Cu, Zn, Hg, As, Ag, Cr and Fe, etc.) are released by these industries in simple cationic (+) forms.11 Table 1 lists the uses of several heavy metals and their effects on human health.12

Table 1: Heavy metals uses and health effects on human.12



	Heavy metals

	Uses
	Health effects
	References




	As

	Metal processing plants, burning of fossil fuels, mining of arsenic containing ores and use of arsenical pesticides
	Internal cancer, skin lesions and death
	13–15




	Cd

	Electroplating, fertilisers, mineral processing and battery manufacturing
	Cancer, lung insufficiency, disturbances in cardiovascular system, liver and kidney damage
	16–22




	Cu

	Copper and brass plating, mining, metal industries and copper-ammonium rayon industries
	Normocytic, hypochromic anemia, leukopenia, and osteoporosis; copper deficiency
	23, 24




	Cr

	Metal plating, electroplating, leather, mining, galvanometry, dye production
	Ulcer, skin irritation, liver and kidney damage
	24–27




	Pb

	Metal plating, textile, battery manufacturer, automotive and petroleum industries
	Spontaneous abortion, nervous system damage, kidney and brain damage
	28, 29




	Hg

	Metallurgy industries, chemical manufacturing and metal finishing
	Memory problems, increased heart rate, tremors, kidney and brain damage
	29–31






1.1      Treatment Technologies for Heavy Metal Removal

Heavy metal contamination is becoming a great concern, in light of people’s environmental awareness and of existing government policies. Several heavy metal removal technologies, including chemical precipitation, ion exchange, reverse osmosis, electrodialysis, ultrafiltration and phytoremediation, are commonly used in industries.32 However, in removing heavy metals from industrial wastewaters, these technologies are uneconomical and unfavourable. A description of the processes and disadvantages of these treatment technologies is presented in Table 2. With increasing environmental attention and legal constraints on discharge effluents, there is a need for cost-effective technologies. There is a focus on the use of microbial biomass as a biosorbent to sequester metal ions from contaminated effluents and has received much attention from researchers.33,34

Table 2: Treatment methods used in heavy metals removal.32,42,137,138



	Treatments
	Process details
	Disadvantages



	Chemical precipitation
	Precipitation of metal ions were achieved by the addition of coagulants such as alum, lime, iron salts and other organic polymers
	Large amount of sludge produced during the process caused a disposal problem



	Ion exchange
	Metal ions from dilute solutions were exchanged with ions held by electrostatic forces on the exchange resin
	High cost, partial removal for certain ions



	Reverse osmosis
	Metal ions were separated by a semi-permeable membrane at a pressure greater than osmotic pressure caused by the dissolved solids
	Expensive



	Electrodialysis
	Metal ions were separated through the use of semi-permeable ion selective membranes. An electrical potential between the two electrodes caused a separation of cations and anions, and cells of concentrated and dilute salts are formed
	Metal hydroxides formed clogged the membrane



	Ultrafiltration
	Pressure driven membranes were used for the removal of metal ions
	Generation of sludge caused disposal problem



	Phytoremediation
	Used certain plants to clean up soil, sediment and contaminated water with metal ions
	The process took a long time to remove metal ions, regeneration of the plant is difficult





1.2      Biosorption Process - An Alternative Solution

Biosorption of metal ions using biological materials, such as algae, bacteria, fungi, yeast and industrial/agricultural wastes, has received greater attention because of its advantages over conventional methods.35,36 It has been defined as the properties of such biomass that bind with metal ions from aqueous solutions.9,11,37,38 As reported by some researchers, a biosorption process involves several mechanisms, such as ion exchange, physical adsorption, complexation and precipitation.39,40 Ahalya et al.32 and Sag et al.41 stated that biosorption mechanisms can be divided into metabolism dependent and non-metabolism dependent.

Metabolism dependent is a slow process, which includes transportation across cell membranes and precipitation, whereas non-metabolism dependent is a rapid process, which includes precipitation, physical adsorption, ion exchange and complexation.42 These processes are classified as: i) extracellular accumulation/precipitation; ii) cell surface sorption/precipitation; and iii) intracellular accumulation.32,42 The major advantages of biosorption processes over conventional technologies include low cost, high efficiency, minimisation of sludge production, regeneration and metal recovery.32,43 Table 3 summarises several factors that influence a biosorption process, as reported by some researchers.12

Table 3: Factors that influenced the biosorption process.12



	Factors
	Description
	References




	pH
	Most important parameter in the biosorption process
	44–45




	Temperature
	The biosorption performances was not influenced at a temperature range of 20°C–35°C
	46




	Biomass loading
	Low biomass loading resulting in an increase of metals uptake. However, increase in biomass loading cause interference between active binding sites, thus decreasing the metals uptake
	47




	Presence of other metal ions
	Existence of metals competition for the binding sites occurred by the presence of other metal ions
	32





Both living and dead microorganisms, such as algae, bacteria, fungi and yeast are used as biosorbent materials for heavy metal biosorption.9,44 Focus on the use of these microorganisms as biosorbent for metal removals are being studied widely as they are cheap and abundant.45–48 Some literatures report that some microorganisms are capable of removing heavy metals in the range of 1 mg l−1–100 mg l−1 even at low concentrations.49,50 There are advantages in using living cells over the dead cells as biosorbents. Living cells work the same way as dead cells at lower metal concentrations and are able to generate new cells through growth, which allow more space for biosorption mechanisms to occur.51 Dushenkov et al.56 reported that living cells could adsorb metal ions rapidly and provide a higher degree of separation.

1.3      Mechanism of Biosorption Processes

Biosorption of metal ions onto microorganisms involves a combination of several metal-binding mechanisms, including physical adsorption, ion exchange, complexation and precipitation.9,32 Each mechanism is described by Ahalya et al.32 as follows:

Physical adsorption: Van der Waal’s forces (electrostatic interaction) take place between metal ions in the solution and the cell wall of the microbes. These interactions are responsible in copper and lead biosorption, using Zoogloea ramigera, Chlorella vulgaris and S. saprophyticus.46,57

Complexation: Metal ion removal from an aqueous solution takes place by complex formation of metals on the cell surface after interaction between metal ions and active groups. Metal ions can be biosorbed or complexed by carboxyl groups found in microbial polysaccharides or other polymers. Aksu et al.46 reported that copper biosorption onto Zoogloea ramigera and Chlorella vulgaris involves both adsorption and the formation of coordination bonds between metals and the carboxyl and amino groups of cell walls. Similar results in biosorption of electroplating heavy metals by some basidiomycetes fungi were also reported by Javaid and Bajwa.58 The active groups responsible in metal biosorption are listed in Table 4.

Ion exchange: Polysaccharides that exist on cell walls of microorganisms consist of counter ions, such as K+, Na+, Ca2+ and Mg2+. These ion exchange with metal ions, resulting in the metal ion uptake.59,60

Precipitation: This mechanism is dependent on or independent of cellular metabolism. Metal ion removal from aqueous solutions is often associated with the active defence system of microorganisms. This active system produces compounds that favour the precipitation process.61


Table 4: The functional groups that are responsible for metals biosorption.72,139,140



	Formula
	Basic groups

	Formula

	Acidic groups




	–NH2
	Amino

	–COOH

	Carboxylic




	=NH
	Immino

	–SO3H

	Sulphonic




	–N=
	Cyclic or non-cyclic nitrogen

	–PO(OH)2

	Phosponic




	=CO
	Carbonyl

	–OH

	Enolic, phenolic




	–O–
	Ether

	=N–OH

	Oxime




	–OH
	Alcohol

	–SH

	Mercaptan





1.4      Pycnoporus sanguineus: Its Rationale as a Biosorbent in Wastewater Treatment

Pycnoporus sanguineus (P. sanguineus) is a filamentous fungus with dark red circular pores that belong to the family of Polyporaceae (Basidiomycetes).62 This red fungus is hard and woody, and is found on rotting logs in tropical and subtropical areas.63,64 Research on this white rot fungus has started as early as 1946, when Bose65 successfully isolated polisporin, a compound that works actively against gram-positive and gram-negative bacteria and has no toxicity to experimental animals. Fidalgo66 stated that some Brazilian indigenous people use the basidiomycetes of P. sanguineus to stop haemorrhages. In Australia, this fungus is used medicinally in a variety of ways by desert aborigines. It is “sucked to cure sore mouths,” rubbed inside the mouths of babies with oral thrush, or rubbed on sore lips. It is also used as a teething ring.

For heavy metal removal, this fungus is able to adsorb metal ions effectively, either in batch or column studies.16,67–72 In fact, it can be grown easily in low-cost growth media and more yields can be harvested when growing at optimum conditions.28,71 Therefore, there should be an abundant supply of the fungus from local forests to make sure that there is a continuous supply of biosorbents for heavy metal removal. Wang and Chen9 stated that the presence of heavy metals affects metabolic activities of fungal cultures, and can affect commercial fermentation processes, and is creating interest in the interaction between the behaviour of the fungus and the presence of heavy metals. Studies done by several researchers show that the fungus is more suitable in removing metals from wastewater than other microbes because of its tolerance toward heavy metals and other adverse conditions, such as low pH, high cell wall-binding capacity and high intracellular metal uptake capacity.16,73

This fungus is also reportedly able to decolorise dye as it produces laccase.74 Laccase is an enzyme that catalyses the oxidation of a phenolic substrate by coupling it with the reduction of O2 to water, without any intermediate harm, making it the best tool for environmentally benign processes.75,76 Lu et al.77 reported that purified laccase from P. sanguineus is able to decolorise Remazol Brilliant Blue R (RBBR) by up to 89.6% after 10 min. Apart from an economic point of view, the fungus is also easy to grow. It can be manipulated genetically and morphologically, which makes it a good biosorbent for heavy metals and for dye removal.6,9,77

2.      METAL REMOVAL USING P. SANGUINEUS

2.1      Batch Studies

The ability of dead and living cells of P. sanguineus to adsorb heavy metal ions (Cd, Cu and Pb) from aqueous solutions, either in batches or columns, has been reported.16,67,68,70–72 P. Sanguineus is able to adsorb copper at 13.6 mg g−1 when the dead cells are used (Figure 1). Mashitah et al.67 reported that metal uptake can be increased when biosorbents are treated with boiling water and sodium bicarbonate, with an increase in copper uptake of up to 9.7 mg g−1. Several factors have been found to affect metal uptake increments after pretreatment, such as cell membrane rupture, thus exposing available binding sites, releasing lipids and proteins that cover reactive sites, and releasing polymers, such as polysaccharides that have high affinity toward certain metal ions.60,78–82 X-ray energy results by Mashitah et al.68 showed that calcium ions present on cell walls are released and replaced by Pb2+ ions. This means that an ion exchange mechanism is involved in metal biosorption.16,67,68

Freely suspended live P. sanguineus cells (not immobilised) show the lowest metal biosorption.71 However, after immobilisation with calcium alginate, the metal uptake increment is observed and more than 90% is removed.72,83 Uses of immobilised biosorbents, compared with free cell biosorbents, are more realistic in industrial operations as they offer several advantages, such as easy separation after the biosorption process, minimal clogging in a continuous process and regeneration.35,84,85 The natural polymers, which are mostly used as matrices for the immobilisation of microbial cells because they are non-toxic, low cost and efficient are alginate, chitosan, chitin and cellulose derivatives.35,85,86

Metal biosorption is influenced by many factors, such as pH, temperature, initial metal concentration and biomass loading. Some literatures have reported that pH affects the solubility of metal ions and the ionisation of functional groups on fungal cell walls.17,35,72,87 Functional groups, such as carboxyl, amine and phosphate, have been identified as responsible in the biosorption of heavy metals.37,49
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Figure 1:   Cu(II) uptake using different forms of P. sanguineus biosorbents.



At a lower pH, H+ ions compete with metal cations for the exchange site, which results in a lower uptake of metal ions.16,18 However, a very high pH should be avoided during an experiment because when metal ions precipitate, the biosorption of metal ions is impossible.19,72,88,89 The optimal pH for Cd, Cu, and Pb removal of dead and living cells of P. sanguineus has been reported in the range of 3.0–7.0.16,67,71,72

Temperature is another notable parameter identified as a major influence in metal ion uptake.9,90 Mashitah et al.67 reported that biosorption of Cu(II) by dead cells of P. sanguineus is not significantly affected when temperature increases from 30°C to 40°C. However, as temperature increases above 40°C, metal uptake decreases, indicating that the biosorption process is exothermic in nature.67,91 This may be attributed to the damage in cell walls at higher temperatures, resulting in a decrease in metal uptake.67,92 However, a reverse trend has been observed in the biosorption of Cd(II) and Cu(II) onto immobilised P. sanguineus, in which metal uptake is favourable at higher temperatures.16,72 According to Sag and Kutsal,93 biosorption is expected to increase when increasing the temperature when chemical adsorption mechanisms play a dominant role in the whole biosorption process.94

On the effect of initial metal concentration, Horsfall and Spiff95 stated that biosorption capacity increases with an increase in metal ion concentration. This is attributed to an increase in the mass transfer driving force of metal ions between the aqueous solution and the biosorbent phases, which leads to an increase in metal ion uptake.16,18,94,96 However, the percentage of metal ion removal by immobilised P. sanguineus shows a reversed trend when the Cd(II) and Cu(II) are used, in which biosorption capacity decreases by more than 40% when metal concentration increases from 50 mg l−1 to 300 mg l−1.16,72 These results show that binding sites available for biosorption to occur are limited at higher metal concentrations, resulting in lower metal uptake.16,18

Biomass loading is also an important parameter that affects metal biosorption capacity. Cu(II) uptake by dead P. sanguineus decreases as biomass loading increases from 0.5 g to 3.0 g.67 Itoh et al.97 claimed that at a lower biomass loading, a larger quantity of metal ions is sorbed when the distance between cells increases. However, as biomass loading increases, a “screen effect” from the dense outer layer of the biomass shields the binding sites, resulting in lower metal uptake.16,67,98 Similar results have been obtained for Cd(II) and Cu(II) on immobilised P. sanguineus.16,72

Equilibrium studies involving Langmuir, Freundlich, Redlich Peterson, Temkin and Dubinin-Radushkevich are among the equilibrium models used widely by researchers.9,16,37,99 Isotherm equations for all models are listed in Table 5. To determine biosorption mechanisms, such as chemical reaction, diffusion control and mass transfer, several kinetic models (pseudo-first-order, pseudo-second-order, Elovich and intraparticle diffusion) may be used. Nonlinear and linear equations are described in Table 6. The utilisation of equilibrium and kinetic models, using algae, bacteria, fungi and yeast in metal biosorption are summarised in Table 7. Thermodynamic parameters, such as Gibbs free energy changes (ΔGo), standard enthalpy (ΔHo), and entropy change (ΔSo), are also important in determining which processes occur spontaneously.16,18 The equations for such parameters are listed in Table 8.


Table 5: Equilibrium isotherm models.



	Models
	Equation

	Linear equation

	References




	Langmuir
	[image: art]

	[image: art]

	16,18,100




	Freundlich
	[image: art]

	[image: art]

	35, 72, 101




	Redlich-Peterson
	[image: art]

	[image: art]
For βR = 1, the equation are converts to the Langmuir form.

	16, 37




	Temkin
	[image: art]

	[image: art]

	99, 102




	Dubinin-Radushkevich
	[image: art]
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	99, 102–103





Table 6: Kinetic equation models.



	Models
	Equation

	Linear equation

	References




	Pseudo 1st
	[image: art]

	[image: art]

	35, 72, 100




	Pseudo 2nd
	[image: art]

	[image: art]

	100




	Elovich
	[image: art]

	[image: art]

	104




	Intraparticle diffusion
	[image: art]

	−

	105, 106






Table 7: Summary of work done using various microorganisms for metal removal
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Notes: a = algae, b = bacteria, f = fungal, y = yeast.


Table 8: Thermodynamic parameters.



	Thermodynamic parameters
	Equation
	Assumption
	References




	ΔG0
	[image: art]

[image: art]

	Negative value - Biosorption is spontaneous
	16, 18




	ΔH0
	Determined from slope of Equation (2)
	Positive value - Endothermic process

Negative value - Exothermic process

	37, 72, 141, 142




	ΔS0
	Determined from intercept of Equation (2)
	Positive value - increased randomness at the solids/solution interface during the biosorption of metal ions onto the biosorbent

Negative value - process is enthalpy driven

	37, 141, 143





2.2      Column Studies

In as much as data obtained under batch conditions are generally not applicable to most wastewater treatment systems (such as column operations), removal of heavy metals using columns is applied.70,144 The ability of macrofungi P. sanguineus (immobilised, dead and living) to remove Pb(II) ions in columns at different bed heights, flow rates and initial Pb(II) concentrations are shown in Figures 2–7.69,70
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Figure 2:   Effect of bed height on Pb(II) ion removal on dead P. sanguineus.
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Figure 3:   Effect of flow rate on Pb(II) ion removal on dead P. sanguineus.
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Figure 4:   Effect of initial Pb(II) concentration on dead P. sanguineus.
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Figure 5:   Effect of bed height on Pb(II) ion removal on immobilised live P. sanguineus.
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Figure 6:   Effect of flow rate on Pb(II) ion removal on immobilised live P. sanguineus.
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Figure 7:   Effect of initial Pb(II) concentration on immobilised live P. sanguineus.



2.3      Effect of Bed Height

On the effect of bed height, Figure 2 and Figure 5 show that at a lower bed height, a biosorbent gets saturated early compared with the other two bed heights. For both biosorbents, more binding sites are available at higher bed heights for biosorption of metal ions to occur, thus increasing metal uptake capacities.69,70,145 As bed height increases, exhaustion/saturation time also increases, resulting in a broad mass transfer zone.69,146 A similar result has also been reported for metal ion removal using green coconut shells in fixed bed columns.147

2.4      Effect of Flow Rate

Figure 3 and Figure 6 show that flow rate plays an important factor in metal uptake. This behaviour shows that as flow rate increases, exhaustion/saturation time increases because of insufficient contact time between metal ions and biosorbents, resulting in lower metal ion uptake.145 A steeper breakthrough curve can also be observed at a higher flow rate for both biosorbents. Therefore, it is important to determine the optimum flow rate to get the maximum metal ion removal.

2.5      Effect of Initial Metal Concentration

As the initial metal concentration increases, there are significant effects on breakthrough curves, as shown in Figure 4 and Figure 7. Malkoc and Nuhoglu146 reported that at higher metal concentrations, the biosorbent becomes saturated quickly, causing a faster breakthrough curve. At lower Pb(II) concentrations, Mashitah et al.69 reported that less driving force has been observed between Pb(II) ions and biosorbents, resulting in longer (two weeks) exhaustion/saturation time.146

2.6      Regeneration

As reported previously, biosorption processes offer several advantages, one of which is its ability to regenerate and another is its reduced process costs in a continuous operation.69,145,148 Regeneration processes also act as indicators on whether a biosorbent can be safely disposed of into the environment. Therefore, it is important to regenerate biosorbents after using the same process for metal biosorption. Table 9 shows the regeneration of metal ions in columns by various biosorbents.

Baral et al.151 reported that a higher percentage of desorption efficiency (80%) indicates that ion exchange mechanisms play a significant effect on the biosorption process. Table 9 also shows that acid and alkaline are used as eluant agents by most researchers. However, Mashitah et al.69 reported that a biosorbent, which is of immobilised P. sanguineus, that is exposed to an acidic eluant may cause physical-chemical damage to cell wall structures. This could result in weight loss and in the reduction of biosorption capacity in subsequent cycles.145,152

Table 9: Regeneration of metal ions in columns using various biosorbents.



	Biosorbent
	Metal ions

	Elution agent

	% Elution (first cycle)

	Cycles

	References




	Dead P. sanguineus
	Pb(II)Cu(II)Cd(II)

	0.1 M HCl

	10095100

	4

	70




	Immobilised live P. sanguineus
	Pb(II)

	0.1 M HCl

	85

	2

	69




	Grape stalk wastes
	Ni(II)

	0.1M HClO4

	80–85

	
	149




	Treated rice husk
	Cd(II)

	0.01 N HCl

	97

	2

	150




	Thermally activated weed
	Cr(VI)

	0.1 N NaOH

	80

	3

	151





3.      CONCLUSION

The development of a new treatment method to remove heavy metal ions from wastewater, which could be cost effective and more efficient, is threatening to overcome conventional methods. The biosorption treatment technology has received much attention as it offers low-cost biosorbent and non-hazardous biomaterials. Biosorption of metal ions using dead and living cells of P. sanguineus has been studied because less work has been carried out using this species as a biosorbent. Both biosorbents have been found capable of adsorbing metal ions effectively. The white-rot fungi, P. sanguineus, is recommended as a biosorbent for Cd(II), Cu(II), and Pb(II) biosorption in batch and column systems because it is easily available in extensive quantities, easily grown in basic fermentation media and, is low cost. The biosorbent can also be regenerated and reused several times, making it more economical and viable at an industrial scale.

Nomenclature



	arp
	Redlich-Peterson isotherm constant
	(dm3 mg−1)β



	β
	Redlich-Peterson isotherm constant
	



	ε
	Polanyi potential constant
	(kJ2 kmol−2)



	αE
	initial adsorption rate
	(mg g.min−1)



	βE
	Extent of surface coverage and the activation energy involved in chemisorptions
	(g mg−1)



	At
	Temkin isotherm constant
	(dm3 mmol−1)



	bT
	Temkin isotherm constant
	



	Ce
	Equilibrium concentration
	(mg l−1)



	E
	Activation energy
	(kJ mol−1)



	k1
	Rate constant of first-order biosorption
	(1 min−1)



	k2
	Rate constant of second-order biosorption
	(g mg.min−1)



	Kc
	Langmuir equilibrium constant
	(dm3 mg−1)



	KD
	Dubinin-Radushkevich isotherm constant
	



	Kf
	Freundlich constant
	



	Krp
	Redlich-Peterson isotherm constant
	(dm3 mg−1)



	Ks
	Intraparticle diffusion constant
	



	n
	Freundlich constant
	



	q
	Metal ions biosorbed per g of biomass
	(mg g−1)



	qmax
	Maximum specific uptake corresponding to the sites saturation
	(mg g−1)



	qe
	Amount of metal ions uptake at equilibrium
	(mg g−1)



	qs
	Dubinin-Radushkevich isotherm constant
	(mg g−1)



	qt
	Amounts of adsorbed metal ions on the biosorbent at time t
	(mg g−1)



	R
	Universal gas constant
	(8.314 J mol.K−1)



	T
	Absolute temperature
	(K)



	t
	Contact time
	(min)
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Abstract: The acidity of olive oil samples from different locations and of different storage ages was measured on a yearly and weekly basis. In this work, the overall results of olive oil acidity as a function of storage age on a yearly basis indicate deterioration of oil quality. The acidity results for some olive oil samples suggest that the oil can be stored for a period of not more than 12 years without deterioration. The overall results from measuring on a weekly basis indicate that the acidity increases incrementally as a function of storage age. The relationships between the acidity and storage age were described by fitting the data to equations.
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1.      INTRODUCTION

Acidity is the oldest parameter used for evaluating olive oil quality, because it is closely related to the quality of raw material and reflects the extent of hydrolytic activities. The excellent quality of virgin olive oil is the culmination of a process that begins with the tree and ends in the bottle. Thus, it is necessary to care for each step of the process and the factors that can affect its commercial life (oxygen, light, temperature and metals) and lead to deterioration in quality as a consequence of oxidative and hydrolytic degradation.

Similar to other products that are produced within a limited period of time—but consumed throughout the year—olive oil must be stored, and these storage and packing conditions will determine the commercial life of the olive oil. Moreover, hydrolysis during storage, especially a partial loss in the minor constituents, is considered primarily responsible for its beneficial health effects.1 To assess the role of the different modes of storage on the quality of olive oil, the literature concerning the analytical definition of the quality and composition of stored oils was critically reviewed.


There have been some data published on the effect of olive storage before oil extraction.2–4 For instance, in a study by Nabil et al.,2 two Tunisian cultivars of olive oil, i.e., Chemlali and Chetoui olive fruits, were stored for different periods of time before oil extraction. The results showed that fruit storage led to deterioration of the oil quality parameters, such as acidity, and that this deterioration was more rapid in the Chemlali oils than in the Chetoui cultivar.2 The effect of machinery groups, packing materials and light intensities on the extra virgin olive oil (EVOO) quality indexes were studied, where EVOO for one season of olive harvesting was stored for sixth months. The acidity was affected by the type of machinery and packing material.3 In addition, the influence of olive storage period on oil quality was studied by Pereira et al.4 The results confirm that storage of the fruits reduces the olive oil quality. Acidity indicates a progressive deterioration of oil quality as the fruit is stored.4

The effect of some storage conditions and packaging material on olive oil quality and on EVOO quality was studied by several authors.3–7 Changes in oil quality are also reflected in the standardised quality indices. Dabbou et al. studied the effect of packaging materials on the quality of EVOO as a function of storage time (0 to 12 months).5 The results show that quality indexes were strongly influenced by the type of packaging material and the time of storage, whereas free fatty acids increased with storage time.5 Another study by Falque et al. corroborates those findings. In the Falque et al. study,6 four commercial samples of EVOO were analysed to evaluate the influence of storage time on quality. The quality parameters were determined after 3 and 6 months of storage. The results showed a gradual loss of quality during storage that included increases in acidity.6

In their study, Bouaziz et al.7 analysed olive oil samples to evaluate the influence of storage time on oil quality. Six months of storage at 50°C in the dark revealed a loss in oil stability. This finding was reflected by an increase in the peroxide value and a decrease in sterol content. During oil storage, as in the study, no significant variation in fatty acid composition was observed.7

Chemical analyses such as acidity, peroxide value, specific extinction coefficient at 232 and 270 nm, fatty acid composition, pigments, total phenols, oxidative stability and others were carried out by numerous researchers to evaluate the effect of storage age on oil quality. The results showed that quality indexes were strongly influenced by storage time.2–7

It has been known that olive oil quality and behaviour can be influenced by the cultivars, the degree of ripeness, and the industrial processes employed for oil extraction, as well as environmental conditions (mineral nutrition, room temperature, light and availability of water) and cultural practices.2,4


The main goal of this work was to study the dependence of the acidity of olive oil samples from different locations in Palestine on storage age. The relationship between acidity and storage age will be described by fitting equations.

2.      EXPERIMENTAL

The acidity of olive oil samples from different locations, namely Jeet (L1), Saida (L2), Al-Yamun (L3), Beita (L4), Jenin (L5), Arraba (L6), Meithaloon (L7) and Asira Al-Shamaliyeh (L8), and of different storage ages were measured using the titration method. The acidity of the oil was determined using the recommended official method.8

The acidity of olive oil samples (2010) from three locations [Meithaloon (L7), Al-Yamun (L3) and Beita (L4)] were measured weekly during the period from June 2011 till January 2012. The experimental data were fitted, and the correlation constants of the best fit were estimated.

2.1      Quality of Olive Oil

According to the International Olive Oil Council (IOOC),9 virgin olive oil is the oil obtained from the fruit of the olive tree solely by mechanical or other physical means under conditions that do not lead to alteration of the oil, which cannot undergo any treatment other than washing, decantation, centrifugation or filtration, to the exclusion of oils obtained using solvents or using an adjuvant that has a chemical or biochemical action.9

2.2      Free Fatty Acids Percent (%FFA) or the Acidity

The “acidity” in olive oil is the result of the degree of breakdown of triacylglycerols due to a chemical reaction called hydrolysis or lipolysis, where “broken off” fatty acids, called free fatty acids (FFAs), were formed. Table 1 shows the maximum levels that have been established by the IOOC for each category.9


Table 1: Limits of free fatty acid concentration, as oleic acid percent, established by the IOOC for each olive oil category.



	Category
	FFA%




	Extra virgin olive oil
	≤ 0.8




	Virgin olive oil
	≤ 2.0




	Ordinary virgin olive oil
	≤ 3.3




	Lampante oil
	>3.3




	Refined olive oil
	≤0.3





Oils obtained from healthy fruits, regardless of the cultivar, that are processed just after harvesting show very low values of free acidity that are well under 0.5% FFA. If fruits are damaged, hydrolytic enzymes become active and the free acidity of the oil slightly increases. The increase in acidity might also be due to delay between harvesting and extraction (especially if the fruit has been bruised or damaged during harvesting). The prolonged contact between oil and vegetation water after extraction increases the acidity. Careless extraction methods, as well as storing olives in heaps or silos, will lead to increase in the acidity of the oil. The free fatty acid concentration is thus a direct measure of the quality of the oil and reflects the care taken right from fruit blossoming to the eventual sale and consumption of the oil.10–12

3.      RESULTS AND DISCUSION

3.1      Statistical Analysis

Some empirical relations were found to describe the storage age-dependent acidity using the MS Excel program. The correlation coefficients for the best fit were estimated. The best fit equation was chosen based on the percentage of average absolute deviation (AAD%) and standard deviation (SD) of the data.13

3.2      Olive Oil Crop (2010)

The acidity of olive oil samples from 2010 crop from different locations in Palestine was measured after storage for 5 months. The experimental data are shown in Figure 1.





[image: art]

Figure 1:   The acidity of olive oil samples of 2010 crop from different locations.



Figure 1 shows most of the olive oil samples of 2010 crop from different locations have an FFA% ≤ 0.65%, which indicates that most of the olive oil samples from crop 2010 from different locations are EVOO (< 0.8% FFA). In contrast, the olive oil samples that have an FFA% between 0.8% and 2% are considered to be virgin olive oil. The acidity of olive oil is influenced by different parameters, such as degree of ripeness, industrial processes employed for oil extraction, the cultivator, altitude, climate and several other factors.

3.3      Storage Age Dependence of Olive Oil Acidity

3.3.1   Yearly basis

The acidity of olive oil samples from four different locations (L1, L2, L6 and L7) with different storage ages was measured. The experimental data are shown in Figure 2. The acidity of the olive oil sample from L8 (Asira Al-Shamaliyeh), which was stored for 12 years, was measured to be 2.92%.
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Figure 2:   The measured values of acidity of olive oil samples from L1, L2, L6 and L7 locations as a function of storage age in years.



A multi-constant formula is proposed in this work to obtain a more suitable prediction of the storage age dependence of the acidity of olive oil samples. The AAD% and SD values were evaluated to select the suitable prediction. The experimental values of the acidity of the olive oil samples from L1, L2, L6 and L7 and of different storage ages were fitted using the following proposed multi-constant formula:
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where acidity is presented as grams of oleic acid per 100 g of oil, t is the storage age in years, and A, B, C, D and E are constants. The calculated values for A, B, C, D, E, AAD% and SD are given in Table 2.

Table 2 shows that most of the AAD% was 0%. Therefore, the proposed multi-constant formula was adequate to describe the storage age dependence of acidity of olive oil samples.


Table 2: Values of A, B, C, D and E, AAD% and SD using the proposed formula.
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Figure 3 shows the experimental data and fitted curves using Equation 1 for the acidity of olive oil samples from L1, L2, L6 and L7 as a function of storage age in years.
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Figure 3:   The acidity of olive oil samples from the L1, L2, L6 and L7 locations as a function of storage age in years. The solid lines represent the predicted values from Equation 1 and the points represent the experimental data.



3.3.2   Weekly basis

The acidity of olive oil samples from three different locations (L3, L4 and L7) was measured at different storage ages on a weekly basis. The experimental data are shown in Figure 4.
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Figure 4:   The measured values of acidity of olive oil samples from L3, L4 and L7 as a function of storage age in weeks.



The experimental values of the acidity of olive oil samples from L3, L4 and L7 and of different storage ages were fitted by using a multiple regression formula. The proposed formula is:
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where acidity is presented as grams of oleic acid per 100 g of oil, t is the storage age in weeks, and A, B, C, D and E are constants. The calculated values of A, B, C, D, E, AAD% and SD are given in Table 3.

Table 3: Values of A, B, C, D, E, F, AAD% and SD using the proposed formula.
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Table 3 shows that the AAD% was 0%. Accordingly, the proposed formula is adequate for describing the storage age dependence of the acidity of olive oil samples. Figure 5 shows the experimental data and fitting curves using Equation 2 for the acidity of olive oil samples from L3, L4 and L7 as a function of storage age in weeks.
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Figure 5:   The acidity of olive oil samples from L3, L4 and L7 locations as a function of storage age in weeks. The solid lines represent the predicted values from Equation 2 and the points represent the experimental data.



3.4      Discussion

The data regarding acidity as a function of storage age measured on a yearly basis show that acidity varied as follows: for location L1, from 0.97% (0-year storage age) to 5.51% (13-year storage age); for location L2, from 1.70% (1-year storage age) to 19.94% (13-year storage age); for location L6, from 0.305% (0-year storage age) to 9.89% (13-year storage age) and for location L7, from 0.90% (0-year storage age) to 2.34% (5-year storage age).

The overall results in this study of the level of acidity as a function of storage age measured on a yearly basis were over the limits established by IOOC (≥ 3.3%). This indicates a deterioration of oil quality as olive oil is stored. The acidity values of some olive oil samples (from L7) were below the maximum levels (≤ 3.3%) established by IOOC, which suggests that the oil can be stored for a long period (> 12 years) without deterioration.

The results of the acidity level measured on a weekly basis show an increase as a function of storage age in weeks. The acidity levels increased as follows: location L3 increased from 0.64% (2-week storage age) to 1.66% (34-week storage age); location L4 increased from 1.48% (1-week storage age) to 2.01% (34-week storage age); location L7 increased from 1.79% (4-week storage age) to 3.27% (34-week storage age). The overall results from measuring on a weekly basis in this study indicate that the fatty acid levels in the analysed olive oil samples increased incrementally but within the limits established by IOOC (≤ 3.3%).

The acidity levels of EVOO increased from 0.65% to 0.79% after three months and to 1.03% after 6 months. In their study,6 Falque et al. found that the initial acidity levels of the EVOO stored in glass bottles was 0.39%, and the acidity levels after three and six months were 0.42% and 0.45%, respectively.6 The results from the present study are in good agreement with those of Falque et al. The slightly different values from one location to another are most likely due to different parameters that influence the acidity of oil. The degree of ripeness is an important quality factor.10 Olive oil quality and other properties can be influenced by the industrial processes employed for oil extraction. The acidity increases if the olive fruits are damaged. The main olive pests/diseases in Palestine that damage the fruits are the olive fly and the peacock eye spot. Fruits are also damaged if olives are picked by sticks from the trees. Acidity levels in previous studies2,4 indicate a progressive deterioration of oil quality as the fruit is stored. Some empirical relations that describe the dependence of the acidity of olive oil on storage age were fitted to the experimental data in the present study. The constants for the best fit were calculated.

4.      CONCLUSION

The acidity levels of some olive oil samples (from L1) suggest that the oil can be stored for a period of not more than 12 years without deterioration. Much research is needed to understand the influence of storage age on other quality factors, such as peroxide index, impurity content (%), phenol content, iodine index, saponification index, fatty acid content, and absorption coefficients K270 and K232. The absorption coefficients K270 and K232 are used as quality factors because absorption at 232 nm is caused by hydroperoxides (primary stage of oxidation) and conjugated dienes (intermediate stage of oxidation). The absorption at 270 nm is caused by carbonylic compounds (secondary stage of oxidation) and conjugated trienes (technological treatments). The degree of oxidation of olive oil is reflected by its specific extinction at 232 nm and 270 nm.

These studies will assist in determining the possible storage age of olive oil without deterioration. In addition, future studies are needed to study the quality parameters as a function of storage age in ideal storage conditions. The ideal storage condition is when each bottle is flushed with nitrogen after filling to remove oxygen, and olive oil must be stone-stored in a temperature range of 16°C–18°C in the dark.
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Abstract: Based on density functional theory (DFT) calculations, the electronic and magnetic properties of Co2YGe Heusler compounds (Y = Sc, Ti, V, Cr, Mn and Fe) were investigated. The density of states (DOS) and band structures were studied to understand their electronic properties. Of the investigated systems, Co2CrGe and Co2MnGe exhibited 100% spin polarisation at the EF. Co2CrGe was the most stable half-metallic ferromagnet (HMF) with a 0.24 eV energy gap at the Fermi level in the spin down channel. The total magnetic moment also increased as Y went from Sc to Fe, i.e., with increasing valence electrons. The calculated magnetic moments for Co2CrGe and Co2MnGe were 3.999 µB and 5.00 µB, respectively. Based on the calculated results, the HMF character was predicted for Co2CrGe and Co2MnGe.
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1.      INTRODUCTION

Heusler alloys are ternary intermetallic compounds with an X2YZ composition, where X and Y are transition elements (Ni, Co, Fe, Mn, Cr, Ti and V, etc.) and Z is III, IV or V group elements (Al, Ga, Ge, As, Sn and In, etc.). One promising class of materials is half-metallic ferromagnets (HMFs), i.e., compounds with only one spin channel presenting a gap at the Fermi level, while the other has a metallic character, which leads to 100% carrier spin polarisation at EF.1

Half-metallic materials have attracted much attention2 due to their prospective applications in spintronics.3 The calculated electronic and magnetic properties of Co2MnAl4 and Co2CrSi5 based on local spin density approximation (LSDA) indicates a half-metallic behaviour in the ground state. Miura et al.6 found some Co-based Heusler alloys exhibit over 70% spin polarisation. These materials include Co2CrAl (99.9%), Co2CrSi (100%), Co2CrGa (93.2%), Co2CrGe (99.8%), Co2MnSi (100%) and Co2FeAl (86.5%), etc.

In this paper, the ground state structural properties of Co2YGe were studied via the full potential linearised augmented plane wave (FP-LAPW) method within the generalised gradient approximation (GGA).7 Numerous Co-based full Heusler compounds, such as Co2TiAl,8 Co2Val,9 Co2MnGe Co2MnSn,10 Co2CrAl, Co2CrGa,11 Co2MnSi,12 Co2CrSb13 and Co2CrAs14, exhibit half metallic behaviour based on previous first principles calculations and are predicted to work well as spintronic devices. The electronic structure calculations play an important role in determining the HMF properties. The calculated density of states (DOS) and band structures indicate the electronic properties. The electronic calculations were based on the LSDA. An attempt was made to calculate the DOS and band structure for compounds similar to those discussed above, such as Co2ScGe, Co2TiGe, Co2VGe and Co2FeGe, with the expectation that they will exhibit half-metallic ferromagnetism and be applicable for spintronic devices.

2.      COMPUTATIONAL

A computational code (WIEN2K)15 based on the FP-LAPW method was used to calculate the structure of Co2YGe. Nonspherical contributions to the charge density and potential of up to lmax = 10 (the highest value of angular momentum functions) within the MT spheres were considered. The cut-off parameter was RMT × Kmax = 7, where Kmax is the maximum reciprocal lattice vector in the plane wave expansion, and RMT is the smallest radius for all atomic spheres. RMT × Kmax = 7 because the accuracy of the plane wave basis set was determined from Kmax.

The product RMT × Kmax = 7 is a better judge of the calculation accuracy. As RMT increases, the closest a plane wave can come to a nucleus moves farther out. The part of the wave function no longer described by a plane wave displays a steep behaviour. Fewer plane waves are needed to describe the remaining, smoother parts of the wave function. The Kmax can then be reduced, and a good rule is that RMT × Kmax = 7 should be constant to maintain accuracy. Reducing Kmax means reducing the matrix size because matrix diagonalisation is challenging, i.e., using a larger RMT reduces the computation time. However, the RMT cannot be too large, because the spherical harmonics are ill-suited to describe the wave functions in regions far from the nuclei.


Spherical harmonics can have 2 lmax nodes within the Muffin Tin sphere. To match these nodes, the shortest period for a plane wave should be 2 π/Kmax. The cut off for the plane waves (Kmax) and angular function (lmax) are comparable in quality when they have an identical number of nodes per unit length. A finite value of lmax means each plane wave matches at the sphere boundaries.16 The charge density and potential expand in the interstitial region as a Fourier series with wave vectors of up to Gmax = 12 a.u−1. The irreducible part of the Brillouin zone used 286 k-points. The Muffin Tin sphere radii (RMT) for each atom are tabulated in Table 1.

Table 1: Muffin Tin radius (RMT).
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2.1      Crystal Structure

Heusler alloys17 are intermetallic compounds with chemical formulas of X2YZ (X = Co; Y = Sc, Ti, V, Cr, Mn and Fe; and Z = Ge). The full Heusler structure consists of four penetrating fcc sublattices with atoms at the X1(1/4,1/4,1/4), X2(3/4,3/4,3/4), Y(1/2,1/2,1/2) and Z(0,0,0) positions, which yields an L21 crystal structure with the Fm-3-m space group.
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Figure 1:   An outline of the Co2YGe structure: Co (red - R), Y (yellow - Y) and Ge (blue - B) atoms.




3.      RESULTS AND DISCUSSIONS

3.1      Structural Optimisation for Co2YGe

The structural and electronic properties of the Co2YGe Heusler compounds were systemically calculated in this work. The electronic properties were studied to understand the effect different atoms and valence electron concentrations had on the magnetic properties and particularly the band gap in the minority states. The structural and electronic properties were calculated using GGA and LSDA, respectively. The optimised lattice constant, isothermal bulk modulus and its pressure derivative were calculated by fitting the total energy to the Murnaghan equation of state.18

The optimised lattice parameters were slightly higher than the experimental lattice parameters, with a change of Δ(ao). This result confirmed the ferromagnetic configuration had less energy than the non-spin-polarised configuration for the Co2YGe systems (Table 2). The structural optimisation results are shown in Figure 1. The optimised lattice parameters and bulk modulus are detailed in Table 2.

Table 2: Lattice parameters, bulk modulus and equilibrium energy.



	Compound
	Lattice Constants ao (Å)

	Bulk Modulus, B (GPa)
	Equilibrium Energy (Ry)




	Previous

	Calculated

	Δ(ao)




	Co2ScGe
	5.95319

	5.978

	0.025

	109.969

	−11300.629




	Co2TiGe
	5.84219

	5.867

	0.025

	200.378

	−11479.814




	Co2VGe
	5.76619

	5.792

	0.026

	202.158

	−11670.736




	Co2CrGe
	5.74019

	5.770

	0.030

	250.438

	−11873.835




	Co2MnGe
	5.73819

	5.749

	0.011

	219.479

	−12089.405




	Co2FeGe
	5.73919

	5.758

	0.019

	162.677

	−12317.674





3.2      Spin Polarisation and HMF

The electron spin polarisation (P) at Fermi energy (EF) of a material is defined by the Equation 1:20
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Figure 2:   Optimisation of the lattice parameters.




where ρ ↑ (EF) and ρ ↓ (EF) are the spin dependent DOS at the EF. The ↑ and ↓ symbols assign the majority and the minority states, respectively. P vanishes for paramagnetic or anti-ferromagnetic materials even below the magnetic transition temperature. Ferromagnetic materials below the Curie temperature have finite values.21 Electrons at the EF are fully spin polarised (P = 100%) when ρ ↑ (EF) or ρ ↓ (EF) equals zero.

The present work studies the properties of Co2YGe compounds (Y = Sc, Ti, V, Cr, Mn and Fe). Of these compounds, only Co2CrGe and Co2MnGe exhibited 100% spin polarisation at the EF (Table 3). According to the results, compounds containing Cr are interesting because they show large DOS at the EF with ρ ↑ (EF) = = 2.13 states/eV (Table 3). This large value results from the EF cutting through strongly localised states in Cr-d, whereas the contributions of the Co-d states to ρ ↑ (EF) are small as illustrated in Figure 3(d). However, ρ ↓ (EF) = 0.00 states/eV for both Co and Cr atoms; therefore, Co2CrGe is a half-metal with 100% spin polarisation at EF. The same explanation applies to Co2MnGe. Figure 3 summarises the DOS results calculated using the LSDA.

For the low magnetic moment compounds shown in Figure 3, the EF is close to the minority conduction states. The gap size increases with movement from Sc to V, whereas the gap for the high magnetic moment compounds shown in Figure 4 decreases from Cr to Fe (Table 3). The Cr-d and Mn-d states exhibit some exchange splitting, which is responsible for creating high magnetic moments at the Cr and Mn sites [Figure 4 (d and e)]. The contribution from the majority states at the Fermi energy increases from Sc to Cr. However, from Cr to Fe the majority state contribution at the Fermi energy decreases (Figure 3 and 4).

Table 3: Energy gap and spin polarisation.
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For (Y = Cr and Mn), the Fermi energy (EF) lies in the middle of the gap for the minority-spin states, which provides the half-metallic character to the investigated compounds [Figure 4 (d and e)]. According to Figure 5 (d and e), the indirect band gaps along the Γ-X symmetry for Co2CrGe and Co2MnGe were 0.24 eV and 0.22 eV, respectively. However, Co2YGe Heusler alloys (Y = Sc, Ti, V and Fe) are not the perfect half-metals because the EF falls into a rising peak in the minority-spin states.

The gap formation in the half-metal Co2MnSi compounds was discussed by Galanakis et al.22 and was due to the strong hybridisation between the Co-d and Y-d states combined with the large local magnetic moments and sizeable separation between the d-like band centres. A strong hybridisation feature (a small gap for Y = Ti and V with no gap for Y = Sc and Fe) was found to already occur in the DOS with the EF cutting through a peak, which indicates an instability. For HMF Co2YGe compounds (Y = Cr and Mn), the EF is located in the gap of the minority-spin DOS as long as there are few states to fill and the gap is large.
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Figure 3:   Total DOS for low magnetic moment compounds.
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Figure 4:   Total DOS for high magnetic moment compounds.



3.3      Magnetic Properties Calculated via the LSDA

For the compounds being investigated, all information on the partial, total and previously calculated magnetic moments is summarised in Table 4. This table shows the calculated total magnetic moments are exactly integer values for Co2CrGe and Co2MnGe as expected for half-metallic systems. For several compounds such as Co2TiGe and Co2VGe, the calculated total magnetic moments appear to be lower than the previous results. For small magnetic moment compounds, Co2YGe (Y = Sc, Ti, V), the Co atoms contribute the most to the moment relative to compounds with higher magnetic moments, Co2YGe (Y = Cr, Mn, Fe), (Table 4).

The local magnetic moment increased linearly from Y = Ti to Y = Mn; however, the local magnetic moment was smaller for Fe than Mn, which destroyed the linear trend (Table 4). These results are consistent with the DFT study of Co2FeSi by Wurmehl et al.23 Additionally, the EF was not in the gap of the minority-spin DOS when calculated with the LSDA. While the magnetic moment for the Co atoms in Co2YGe remained nearly constant, i.e., approximately 1 µB, it diverges for (Y = Sc and Fe) (Table 4).

The total magnetic moments were exact integers for the true half-metal compounds. As shown in Table 4, the Ge atoms carry a negligible magnetic moment and do not contribute much to the overall moment. Notably, the partial moment for the Ge atoms was anti-parallel to the Co and Y moments for the HMF systems. The partial magnetic moments for the Ge atoms in the HMF compounds, Co2CrGe and Co2MnGe, were −0.0296 µB and −0.0319 µB, respectively. These values emerged from the transition metal hybridisation and were caused by the electron wave functions overlapping as reported by Kandpal et al.21
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Figure 5:   Band structure for Co2YGe.




Table 4: Total and partial magnetic moments.



	Compound
	Magnetic moment, µB (LSDA)




	Previous

	Calculated




	Co

	Y

	Ge

	Total




	Co2ScGe
	1.0219

	0.572

	−0.077

	0.0009

	1.012




	Co2TiGe
	1.9919

	0.951

	−0.016

	0.026

	1.889




	
	1.9721

	
	
	
	



	Co2VGe
	2.8219

	0.889

	0.6324

	0.007

	2.437




	Co2CrGe
	4.0019

	0.932

	2.122

	−0.030

	3.999




	Co2MnGe
	5.0019

	0.991

	3.048

	−0.032

	5.000




	Co2FeGe
	5.4819

	1.320

	2.777

	0.004

	5.391




	
	5.7021

	
	
	
	




4.      CONCLUSION

Total-energy calculations were used to find stable magnetic configurations and optimised the lattice constants. The DOS, magnetic moments and band structures for Co2YGe (Y = Sc, Ti, V, Cr, Mn and Fe) compounds were calculated via the FP-LAPW method. The calculated results agreed well with previously calculated results. For high magnetic moment compounds, lighter transition elements, going from Fe to Cr, and fewer valence electrons yields wider gaps and more stable half-metallicities; therefore, Co2CrGe was the most stable HMF.

For the HMF compounds (Co2CrGe and Co2MnGe), the partial moment of Ge is antiparallel to the Co and Y atoms. The possibility that half-metallicity appears in the full Heusler Co2YGe (Y = Sc, Ti, V, Cr, Mn and Fe) compounds was investigated. Of these compounds, Co2CrGe and Co2MnGe exhibited half-metallic ferromagnetism with 100% spin polarisation at EF. The existence of an energy gap in the minority spins (DOS and band structure) for both systems (Co2CrGe and Co2MnGe) indicates their potential as HMFs. The calculated magnetic moments for Co2CrGe and Co2MnGe being 3.999 µB and 5.00 µB, respectively, also evidenced this potential. The calculated results qualitatively agreed with an integral value, which supports the compounds being HMF.

The Fermi energy being located in the minority channel gap for the investigated system makes them half-metal ferromagnets. The Co-based Co2YGe (Y is a transition element) Heusler alloys are the best candidates for spintronics applications.
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Abstract: Solid lipid nanoparticles (SLNs) are a well-tolerated lipid carrier system due to the employment of a physiological and/or biodegradable lipid matrix. Physicochemical properties such as particle size, polydispersity index (PI) and zeta potential are SLN quality response parameters. Increased particle size is a good indicator of in-vitro instability. This work focuses on the importance of selecting the lipid matrices and excipients that can achieve the particle size and stability required if such formulations are to be utilised in the pharmaceutical market. With the aim of understanding the influence of variation in SLN composition (lipid and emulsifier concentration), a Taguchi model of experimental design was applied. Tested factors included the concentration of lipid (stearic acid) and the concentration of Tween®20. SLNs were successfully prepared by a microemulsion-based technique. Based on the hydrophilic lipophilic balance (HLB), different combinations of emulsifiers/co-emulsifiers (Tween®20/Span®20, Tween®20/Span®80, Tween®20/n-butanol, and Tween®20/iso-propanol) were also used to control the physicochemical properties of SLNs. The influence of pH (addition of HCl or NaOH) and electrolyte (addition of NaCl), both during and after the preparation, were also investigated on selected SLN formulations. Slightly polydispersed (PI < 0.3) nanoparticles with a particle size < 450 nm and zeta potential range of +5 to −50 mV were developed. Physical stability of optimised stearic-acid based SLNs over 2 months were assessed by particle size measurement. SLNs were stable when refrigerated. These results suggest that thoughtful selection of lipid and lipid excipients is essential for successful preparation and physical stability of SLNs. This study facilitates the preliminary physicochemical characterisation for favourable encapsulation of lipophilic and hydrophilic drugs.

Keywords: Solid lipid nanoparticles, zeta potential, hydrophilic lipophilic balance, drug encapsulation, lipophilic and hydrophilic drugs

1.      INTRODUCTION

Approximately 40% of commercialised drugs are poorly water-soluble, making it difficult to obtain adequate and reproducible drug absorption from the gastrointestinal tract.1 Low solubility and variable drug absorption lower the drug bioavailability and eventually lead to compromise in the drug efficacy and safety.2 A few colloidal carriers (micellar solutions, liposomes, nanoemulsions, nanosuspensions and polymeric nanoparticles) have been previously investigated as probable carriers to overcome the issues related to solubility and bioavailability of drugs. However, certain drawbacks such as limited physical stability, low drug loading, drug expulsion on storage, presence of residual organic solvents and polymer cytotoxicity are associated with these colloidal carriers.3

This led to the emergence of novel solid lipid nanoparticle (SLN)-based carriers. SLN-based colloidal carriers have gained an increasing attention in drug delivery. Use of physiological lipids that are solids at room and body temperature promotes drug absorption primarily via improved drug dissolution and solubilisation in the intestinal milieu, enhanced lymphatic transport, reduced gastric emptying rate and increased gastrointestinal permeability. SLNs potentially incorporate the benefits of other carrier systems whilst reducing their documented shortcomings.4

SLNs are colloidal systems with particles typically in the size range of 50–1000 nm and composed of biocompatible and biodegradable solid lipids, well-tolerated in physiological systems and generally recognised as safe (GRAS).5 This nature of SLNs confers specific distinct advantages such as:6–8


	Ability to encapsulate and protect labile drugs from degradation

	Improved bioavailability of poorly water-soluble drugs

	Ability to modulate the drug release and drug targeting

	Excellent physical stability

	Feasibility of large scale production and sterilisation


For these various reasons, SLNs have emerged as an attractive alternative to other colloidal carriers that can be administered through different routes such as parenteral, oral, dermal and ocular.6,9–12

Particle size and size distribution (usually indicated by polydispersity index, PI) are important characteristics that are crucial in the production and stability of SLNs.13 These characteristics largely depend upon the preparation method and the particle composition.

In the present work, SLNs were prepared by a microemulsion-based technique. Stearic acid was the lipid material selected for the preparation of SLNs. The aim of this work is to systematically investigate the influence of amount of lipid with and without other lipid excipients on the final SLN particle size, PI and zeta potential, and physical stability on short-term storage. The stability behaviour in terms of particle size measurements of the SLN formulations with respect to time at various temperatures was studied.

2.      EXPERIMENTAL

2.1      Materials

Stearic acid was purchased from Sigma-Aldrich (Australia). Similarly, Tween®20 and Lutrol®F68 were purchased from Sigma-Aldrich. Span®20 and Span®80 were purchased from Merck. All other chemicals were of analytical grade or equivalent. Ultra-purified water was obtained by reverse osmosis from a MilliQ® Plus, Millipore® system (Schwalbach, Germany).

2.2      Preparation of SLNs

A Taguchi model of experimental design was used to prepare SLNs with varying amounts of stearic acid and Tween®20 before selection of the optimised formulation for further study.14,15 The amount of stearic acid (X1) and the concentration of Tween®20 (X2) were the different parameters investigated (Table 1). The total volume of the dispersion was set at a fixed level. Table 2 gives the composition of different formulations prepared using the Taguchi model. The experiments were performed in a random fashion to avoid any systematic bias in the results.

Table 1: Levels of the factors in the Taguchi model of experimental design for preparation of SLNs.



	Parameters
	Levels




	−1

	0

	−1




	X1 – Amount of stearic acid (mg)
	50

	75

	100




	X2 – Concentration of Tween®20 (%)
	0.15

	0.20

	0.25





The SLNs were prepared by a novel microemulsion-based technique. Briefly, the molten lipid material and heated aqueous surfactant solution were mixed at a temperature above the melting point of stearic acid (approximately 85°C). Energy was provided to the system in order to form the emulsion and the microemulsion obtained was immediately dispersed in cold water (initially held at 2°C–5°C), with continuous magnetic stirring, to obtain SLN dispersion. The formulations were further subjected to particle size analysis and zeta potential measurements.


Table 2: Taguchi design for preparation of stearic acid-based SLNs.



	Formulation code
	Factors (Composition)

	Responses




	Amount of stearic acid (X1, mg)
	Concentration of Tween® 20 (X2, %)
	PS (nm) ± SD

	PI ± SD

	ZP (mV) ± SD




	F1

	50

	0.15

	266.9 ± 13.7

	0.228 ± 0.008

	−16.20 ± 0.02




	F2

	50

	0.20

	151.8 ± 15.8

	0.214 ± 0.062

	−11.01 ± 1.24




	F3

	50

	0.25

	147.0 ± 3.5

	0.208 ± 0.016

	−14.38 ± 0.82




	F4

	75

	0.15

	330.7 ± 29.1

	0.273 ± 0.033

	−15.12 ± 1.00




	F5

	75

	0.20

	206.1 ± 5.3

	0.198 ± 0.004

	−14.52 ± 0.42




	F6

	75

	0.25

	175.6 ± 0.6

	0.177 ± 0.008

	−14.55 ± 0.78




	F7

	100

	0.15

	372.2 ± 19.9

	0.213 ± 0.018

	−15.95 ± 0.38




	F8

	100

	0.20

	259.8 ± 20.6

	0.202 ± 0.037

	−14.17 ± 0.19




	F9

	100

	0.25

	212.1 ± 3.5

	0.215 ± 0.016

	−14.95 ± 0.18





PS – particle size, PI – polydispersity index, ZP – zeta potential, SD – standard deviation.

2.3      Particle Characterisation

2.3.1   Particle size analysis

Particle size analysis of the SLNs was performed by dynamic light scattering (DLS), also known as photon correlation spectroscopy (PCS), using a 90Plus Particle Size Analyser (Brookhaven Instruments Corporation, New York, USA). Prior to the measurements, all formulations were diluted using ultra-purified water to yield an appropriate scattering intensity. Particle size measurements were carried out at 25°C. The particle size and PI of the investigated formulations were obtained by calculating the average of 10 measurements at an angle of 90°.

2.3.2   Zeta potential measurements

The zeta potential of the SLNs was determined by the measurement of the electrophoretic mobility using a 90Plus Particle Size Analyser (Brookhaven Instruments Corporation, New York, USA). The conversion of the electrophoretic mobility to zeta potential was performed using the following Helmoltz-Smoluchowski equation:2
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where,

ζ = zeta potential (mV)

E = electrophoretic mobility

η = viscosity of the dispersion medium (water 0.8904 cp)

ε = dielectric constant of the solvent (water, 78.54)

Whilst it is well known that the Helmoltz-Smoluchowski equation results in errors for particles in the size range of the microemulsions formed here, the values are used as qualitative guides to particle stability rather than quantitative assessment of the zeta potential. A more vigorous analysis of zeta potential is yet to be performed.

Prior to the electrophoretic mobility measurements, all the samples were diluted with ultra-purified water, and the measurements were carried out at 25°C.

2.4      Formulation Optimisation

The influence of different formulation factors on the particle size and zeta potential was investigated. The optimal results of each formulation factor for stearic acid-based solid lipid nanoparticles were used in subsequent experiments. Unless otherwise stated, the standard preparation method described earlier was employed.

2.4.1   Influence of pH

Stearic acid (75 mg) was the lipid material used and Tween®20 (0.25%) was the emulsifier used in the following experiments unless otherwise mentioned. To evaluate the influence of pH, formulations with the addition of either 0.1 M NaOH (formulation A) or 0.1 M HCl (formulation B) at two different stages of preparation were evaluated. Influence of the addition of HCl (or NaOH) before preparation implies the inclusion of HCl (or NaOH) in the hot aqueous solution, while the influence of HCl (or NaOH) addition after preparation implies inclusion of HCl (or NaOH) in the cold water.

The influence of the addition of either 0.1 M NaOH or 0.1 M HCl before (formulations A1 and B1, respectively) and after (formulations A2 and B2, respectively) the preparation was studied. In these experiments, the final concentration of either of these solutions was 0.20%. The formulation F6 served as the control to which neither 0.1 M NaOH nor 0.1 M HCl was added. All formulations were subjected to particle size analysis and zeta potential measurements.


2.4.2   Influence of alteration of ionic strength

Stearic acid (75 mg) was the lipid material used and Tween®20 (0.25%) was the emulsifier used in the following experiment unless otherwise mentioned. To evaluate the influence of the alteration of ionic strength, formulations with the addition of 0.1 M NaCl (formulation C) at two different stages were evaluated. Influence of the addition of NaCl before preparation implies the inclusion of NaCl in the hot aqueous solution, while the influence of NaCl addition after preparation implies inclusion of NaCl in the cold water.

The influence of addition of 0.1 M NaCl before (formulation C1) and after (formulation C2) the preparation was studied. In these experiments, the final concentration of this solution was 0.20%. The formulation F6 served as the control to which 0.1 M NaCl was not added. All formulations were subjected to particle size analysis and zeta potential measurements.

2.4.3   Influence of co-emulsifiers

Stearic acid (75 mg) was the lipid material used and Tween®20 (0.25%) was the emulsifier used in the following experiment unless otherwise mentioned. To evaluate the influence of the co-emulsifiers, formulations with and without the existence of co-emulsifiers were evaluated. The studied co-emulsifiers include Span®20 (formulation D1), Span®80 (formulation D2), n-butanol (formulation D3) and iso-propanol (formulation D4). In these experiments, the total concentration of emulsifiers (with or without co-emulsifiers) was maintained at 0.25%. The final concentration of 0.1 M NaOH in the formulations was 0.20%. The proportion of emulsifier and co-emulsifier was based on the hydrophilic-lipophilic balance (HLB) system. The formulation A1 served as the control. All formulations were subjected to particle size analysis and zeta potential measurements.

2.4.4   Influence of stabiliser

Stearic acid (75 mg) was the lipid material used and Tween®20 (0.25%) was the emulsifier used in the following experiment unless otherwise mentioned. To evaluate the influence of the stabiliser, formulations with and without the existence of stabilisers were evaluated. The stabiliser used in this study was Lutrol®F68 (formulation E). In these experiments, the concentration of Tween®20 was maintained at 0.25% and the concentration of the stabiliser was 1%. The final concentration of 0.1 M NaOH in the formulations was 0.20%. The formulation A1 served as the control. All formulations were subjected to particle size analysis and zeta potential measurements.


2.5      Short-term Stability Studies

The initial particle size analysis of the stearic acid-based SLN dispersions was performed using the 90Plus Particle Size Analyser (Brookhaven Instruments Corporation, New York, USA) as described earlier (See section 2.3). This batch was divided into three sample sets, one stored at 4°C (in a refrigerator), the second stored at 25°C and the third stored at 37°C (both in temperature-regulated incubators). All samples were stored in plain sealed glass vials. Samples were removed after 4, 15, 30, 45 and 60 days and subjected to particle size measurements.

2.6      Statistical Analysis

The results were expressed as mean ± standard deviation. Statistical analysis was performed on the data sets with analysis of variance (ANOVA). Differences were considered significant for p < 0.05.

3.      RESULTS AND DISCUSSION

Several methods have previously been reported for the preparation of SLNs, such as high sheer homogenisation, high pressure homogenisation, solvent diffusion, solvent evaporation and solvent injection methods.6 A simple microemulsion-based method, with no toxic organic solvents and amenable for up-scale production, was used in the current study. Preliminary formulation studies included selection of the appropriate amount of stearic acid in combination with Tween®20.

3.1      Particle Characterisation

3.1.1   Particle size analysis

Particle sizing is an important characterisation technique to confirm the production of nano-sized particles. DLS presents the particle size of the SLNs as hydrodynamic diameter (intensity weighted mean diameter, or the z-average diameter) and the PI as an indication of the width of the particle size distribution. The PI value that reflects the quality of the dispersion usually ranges from 0 to 1. PI values ≤ 0.1 indicate the highest quality of dispersion. Most researchers recognise PI values ≤ 0.3 as optimum values; however, values ≤ 0.5 are also acceptable.16

Table 2 gives an overview of the formulations prepared using the Taguchi design. The particle size and the PI values for all the formulations have been evaluated by DLS. The particle size of the SLNs prepared was in the range of 125–500 nm, indicating a significant influence of formulation variables on the resultant particle size. Statistical analysis of the data suggested that the proposed design was significant (p < 0.05). The prepared SLN dispersions had a PI value ≤ 0.25 indicating a homogenous distribution of SLNs.

3.1.2   Zeta potential

Zeta potential, which can be either positive or negative in polarity depending upon the chemistry of the particles, is an electric potential created by the presence of a charge on the particle surface. Zeta potential is an indicator of the degree of repulsion between similarly charged particles in the formulation. Repulsive forces prevent particle aggregation during storage. Zeta potential is thus indicative of probable physical stability of a formulation.17

Table 2 reports an overview of the results of the zeta potential measurements. The zeta potential of the different formulations was consistently negative and in the range −11 to −17 mV. No linear correlation was observed between the zeta potential values and either the amount of stearic acid used or the concentration of Tween®20 in the formulation.

SLNs perfectly covered by a non-ionic surfactant like Tween®20 tend to remain stable despite having a lower zeta potential. Greater steric stabilisation and less electrostatic stabilisation are responsible for such behaviour. Surface coverage of the SLNs reduces the electrophoretic mobility of the particles and thus lowers the zeta potential.18 Hence, zeta potential measurement was not considered a primary parameter in the selection of the optimal formulation.

3.2      Selection of the Lipid Type and Amount and Concentration of Tween®20

As previously discussed, particle size, PI value and zeta potential measurements are important parameters in optimising the formulation. In the preliminary experiments for the selection of formulation constituents and their concentration for further optimisation, particle size and PI were selected as the most important response parameters.

3.2.1   Influence of amount of stearic acid

Stearic acid was used as the lipid material in the preparation of SLNs. The results obtained are given in Table 2. The results clearly indicate that the amount of stearic acid has a positive influence on the mean size of the SLN, i.e., larger SLNs at higher amounts of stearic acid (Figure 1). It is logical that an increased particle size is observed with higher amounts of stearic acid. Lack of sufficient surfactant to cover the particle surface is the likely reason for increased particle size.19
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Figure 1:   Influence of amount of stearic acid and concentration of Tween®20 on particle size (solid bars) and polydispersity index (red dots). Formulation codes (on X axis) are as per Table 2.



Increased particle size may be due to the influence of increased viscosity.20 Higher amounts of stearic acid increase the viscosity of the inner phase and affect the shearing capacity of the stirrer (size reduction becomes difficult). As a result, particles tend to increase in size.21

3.2.2   Influence of concentration of Tween®20

Varying amounts of Tween®20 (0.15%–0.25%) were added to varying amounts of stearic acid. Tween®20 is a non-ionic surfactant with an HLB value of 16.7. Due to its relatively low critical micelle concentration (about 0.06 mM), the concentration of Tween®20 monomers in the dispersion medium is reasonably low. Surfactant monomers, rather than micelles, adsorb onto the hydrophobic surfaces of the fatty acids. This property results in surfactants failing to stabilise the SLNs against particle aggregation and growth even at higher concentrations of Tween®20.22


It can be noted that at a constant amount of stearic acid, the concentration of Tween®20 had a negative influence on the mean diameter of the SLNs, i.e., particle size dramatically decreased with increasing concentration of Tween®20 (Figure 1). Higher concentrations of surfactant allow better stabilisation of the smaller lipid droplets and thus prevent them from coalescing into larger droplets.23

At higher concentrations, sufficient surfactant present at the surface of the SLN reduces the surface tension between the two phases and enables SLN formation when the hot microemulsion was rapidly injected into the cold water.18

3.3      Formulation Optimisation

The particle size and the physical stability of the SLN dispersion is influenced by many other formulation parameters such as co-emulsifiers, acids (or bases or electrolytes) and stabilisers.

3.3.1   Influence of pH

The influence of pH before and after the preparation of SLNs was investigated by adding a small volume of either base (0.1 M NaOH) or acid (0.1 M HCl) to the system. The effects of these solutions on particle size analysis and zeta potential measurements and the pH of the formulations are shown in Table 3. The particle size of the formulations increased after addition of each of these solutions. The PI values, however, showed an opposing trend. Addition of acid to the system increased the PI value while addition of base decreased the PI values as compared to the control formulation. In the case of zeta potential, addition of base increased the zeta potential. Addition of acid lowered the zeta potential, which correlates with the higher PI values observed in these formulations.

A minimum zeta potential of about −60 mV yields a formulation with excellent physical stability, while a zeta potential of approximately −30 mV yields a formulation with fairly good physical stability.23 The zeta potential of A1 was found to be −40.2 ± 1.43 mV. As this formulation exhibited the zeta potential of highest magnitude, A1 was selected for further optimisation.


Table 3: Influence of pH.



	Formulation code
	pH ± SD

	Responses




	PS (nm) ± SD

	PI ± SD

	ZP (mV) ± SD




	A1

	8.49 ± 0.06

	338.3 ± 8.1

	0.147 ± 0.017

	–40.20 ± 1.43




	A2

	8.85 ± 0.06

	385.8 ± 2.5

	0.113 ± 0.010

	–29.29 + 3.39




	B1

	4.43 ± 0.11

	419.4 + 7.6

	0.249 ± 0.033

	–8.97 ± 0.01




	B2

	4.75 ± 0.07

	414.9 ± 12.2

	0.312 ± 0.014

	–8.71 ± 0.09





PS - particle size, PI - polydispersity index, ZP - zeta potential, SD - standard deviation, A1 - formulation to which 0.1 M NaOH was added before preparation of SLNs, A2 - formulation to which 0.1 M NaOH was added after preparation of SLNs, B1 - formulation to which 0.1 M HCl was added before preparation of SLNs, and B2 - formulation to which 0.1 M HCl was added after preparation of SLNs

3.3.2   Influence of an electrolyte

The influence of the addition of an electrolyte before and after the preparation of SLNs was investigated by the addition of a small volume of 0.1 M NaCl. According to the results shown in Table 4, the particle size and PI values of the formulations increased upon addition of an electrolyte. The zeta potential of the system after the addition of an electrolyte did not improve to a great extent.

Table 4: Influence of addition of an electrolyte.



	Formulation code
	Responses




	PS (nm) ± SD

	PI ± SD

	ZP (mV) ± SD




	C1

	402.0 ± 10.7

	0.320 ± 0.015

	–12.83 ± 1.19




	C2

	324.9 ± 3.7

	0.280 ± 0.021

	–13.18 ± 0.14





PS - particle size, PI - polydispersity index, ZP - zeta potential, SD - standard deviation, C1 - formulation to which 0.1 M NaCl was added before preparation of SLNs, and C2 - formulation to which 0.1 M NaCl was added after preparation of SLNs

3.3.3   Influence of the co-emulsifiers

The effects of the co-emulsifiers such as Span®20 (HLB = 8.6), Span®80 (HLB = 4.3), n-butanol (HLB = 7.0) and iso-propanol (HLB = 7.4) were also investigated. Matching the HLB of the emulsifier (with or without co-emulsifiers) to the “required HLB” of the lipid material used helps in the preparation of finely dispersed and physically stable formulations. A combination of emulsifiers with their combined HLB value matching the required HLB value usually gives a more stable product.20

The required HLB value of stearic acid used in this study is 15. Based on the HLB system, and matching the HLB value to the “required value” of 15, combinations of Tween®20/Span®20 (79:21), Tween®20/Span®80 (86.25:13.75), Tween®20/n-butanol (82.5:17.5) and Tween®20/iso-propanol (81.75:18.5) were added to the system.

Figure 2 outlines the results of particle size analysis after addition of a co-emulsifier. The particle size was found to increase after the addition of co-emulsifiers, whilst there was a reduction seen in the PI values. This is logical since the combination of co-emulsifiers tends to produce a more stable and dispersed product. The zeta potential of these formulations was in the range of −30 to −40 mV (data not shown).
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Figure 2:   Influence of co-emulsifiers on particle size (solid bars) and polydispersity index (green dots). D1 - Span®20, D2 - Span®80, D3 - n-butanol and D4 - iso-propanol used as co-emulsifiers.



3.3.4   Influence of stabiliser

The effect of stabiliser was evaluated by adding two different stabilisers to the dispersion medium. Matching the HLB of the stabiliser with that of the internal lipid phase gives a product with greater stability. The HLB value of Lutrol®F68 is ~28. Figure 3 gives the results of the particle size analysis and zeta potential. An increase in particle size and PI value was observed in formulation E. This could be due to the large difference between the HLB values. Besides, higher molecular weight of Lutrol®F68 (~12600) could be another reason for increased particle size seen in formulation E. Presence of larger molecules of Lutrol®F68 on the surface of SLN contributes to larger particle size of the SLN. This is consistent with the explanation provided by Martins et al.18 The lower zeta potential also suggests that the use of Lutrol®F68 as a stabiliser yields an unstable formulation as reduction in the zeta potential is indicative of a less stable formulation compared to the control formulation.
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Figure 3:   Influence of stabiliser on particle size (blue solid bars, positive values), polydispersity index (red dots) and zeta potential (green solid bars, negative values). E–Lutrol®F68 was used as stabiliser.



3.4      Short-term Stability Studies

In terms of selecting the optimal formulation, A1 was selected for short-term stability studies. The physical stability of the optimised formulation was evaluated at 4°C, 25°C and 37°C for 60 days by particle size measurements (Figure 4).

The SLNs stored at refrigerated conditions were stable over a period of 2 months. There was negligible increase in particle size. However, when stored at 25°C, after an initial increase in particle size, further particle growth was not observed after 4 days of storage. The particle size increased to about 714 nm after 4 days and 780 nm after 45 days. The formulation was unstable when stored at 37°C. Storage at 37°C induced rapid particle growth within 4 days of storage. The mean particle size (338.3 nm on day 0) increased to about 1574.8 nm in 4 days.
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Figure 4:   Effect of temperature on storage of solid lipid nanoparticles. The blue line (bottom) represents 4°C, the red line (second from bottom) represents 15°C and the green line (top) represents 37°C. The particle size of formulation stored at 37°C could not be measured (broken green line graph). Open green and red dots indicate that the particle size measurement is insignificant since the particle growth was evident after 4 days of storage.



Particle growth was examined over the storage period, and the particle size could not be measured after 60 days. Microviscosity (property of the emulsifier) prevents aggregation after particle contact and is dependent on temperature. Higher temperature reduces the microviscosity of the emulsifier and induces destabilisation of the system. Higher temperatures also increase the kinetic energy of the SLNs which is enough to overcome the electrostatic repulsion and form agglomerates.24

4.      CONCLUSION

A Taguchi design enabled successful formulation of optimised solid lipid nanoparticle dispersions. A clear assessment of the importance of factors including the amount of stearic acid and the concentration of Tween®20 was provided by this analysis. Although this composition was the main factor influencing particle size and particle size distribution, it did not seem to affect the zeta potential. The addition of base or acid to alter the pH of the preparation before or after the process increased the particle size and zeta potential, and hence the physical stability of the preparation. The addition of an electrolyte had a non-trivial impact upon the physical stability; however, an increase in particle size was evident.

The influence of co-emulsifiers and stabilisers in the development of finely dispersed nanoparticle dispersion was not fully evident since only the particle size distribution of nanoparticles was. However, the magnitude of the zeta potential was slightly reduced and the average particle size increased. Stability of the optimised formulation (75 mg stearic acid, 0.25% Tween®20 and 0.25% 0.1 M NaOH) was found to be higher under refrigerated conditions. In conclusion, initial experimental design and further optimisation of other formulation parameters have clearly shown their usefulness in understanding SLN formation and this study has constituted a framework for further research into SLNs as suitable carriers for chemotherapeutic agents.
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Abstract: Utilisation of palm oil mill wastes to make soil conditioner through anaerobic co-composting is feasible and has the potential to maintain the natural resources, and to reduce the impact on environmental quality in the future. Co-composting process uses pressed-shredded-grinded empty fruit bunch (EFB) with activated sludge (AS) from the pond system of a palm oil mill as a suitable option for organic waste disposal with economic and environmental profits, since the process leads to stabilised final compost which can be used to improve and maintain soil quality, and fertility. The temperature, pH, electrical conductivity and moisture profile in the compost was analysed during the experiment. The pH and moisture values remained stable within 6.8%–9.2% and 64%–71% throughout the process. The final matured compost was deemed stable for agricultural uses considering C/N ratio of 12.2 achieved within 100 days. The amount of nutrients and heavy metals were analysed in the final matured compost.
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1.      INTRODUCTION

Malaysia is blessed with abundant natural sources such as oil palm trees, leading to many palm oil plantations which covered 4,487,957 ha in 2008. Palm oil production in Malaysia has been a very important element in the development as well as being the supply of dietary oils and fats throughout the world for the last 30 years. Production in Malaysia has increased from only 1.3 million tonnes in 1975 to 4.1 million tonnes in 1985, 7.8 million tonnes in 1995 and 18.2 million tonnes in 2011. The March 2012 Malaysian Palm Oil Board data also revealed that the pace of exports had increased by 11% month-on-month to 1.343 million tonnes.

This huge production of palm oil will produce a lot of wastes which could directly affect the environment. Palm oil mill effluent (POME) and empty fruit bunch (EFB) are major waste products from the palm oil industry which are environmental hazards from the landfill process. It has been reported that in 2005 there was a total of 423 palm oil mills with the production capacity of approximately 89 million tonnes of fresh fruit bunch (FFB) per year as explained by Singh et al.1 With nearly 4.70 million ha of planted land and 416 mills operating across the country, the Malaysian palm oil industry is expected to generate over 19.8 million tonnes of EFB (wet weight) and 60 million tonnes of POME.2

Usually, POME will be further treated with the pond system at the mill. Ponds have been used extensively in Malaysia for industrial wastewaters treatment such as POME, rubber factory effluent and domestic sewage effluent that are amenable to biological treatment. Ponding is a general term which includes waste stabilisation lagoons and oxidation ponds used where land space is available. The oxidation pond consists of aerobic, facultative and anaerobic ponds which employ biological treatment for wastewaters. It is also used for settling sludge or activated sludge (AS).3

The disposal of untreated organic waste such as AS causes serious pollution problems as it has a high content of chemical oxidisable components (expressed as chemical oxygen demand or COD) and bio-chemical decomposable components (expressed as BOD or biochemical oxygen demand). While the final disposal of organics presented significant challenges, recovery of organic waste through composting is one alternative. Recycling wastes is capable of improving the environment by reducing the area of landfill and promoting the fertility of the soil referring to Tsai et al.4

Composting is widely recognised as an effective method of turning organic wastes into useful products.5–7 Broadly, these challenges include administrative, human acceptance and participation, management, technological and logistical, and marketing as well as composting process, source separation, contamination, quality of the final product, appropriate composting technologies and final demand and distribution of the final product. Any organic material with the proper ratio of carbon to nitrogen is suitable for composting where the carbon sources provides energy for the microbes, and the nitrogen sources provides proteins in compost.8 As aforementioned, the EFB and AS are mostly wastes produced in palm oil mills which consists a significant value of nutrients needed to be recycled for agriculture use. So AS would be considered as a nitrogen source and EFB would be a carbon source to complete the co-composting process in anaerobic condition. Application of compost to soil is considered as a good management practice because it stimulates soil microbial growth and activity with the subsequent mineralisation of plant nutrients.

The co-composting process can take place through many different methods and various operational schemes. Three broad methodological categories include aerobic (requires air) was done by Fernandez et al.,9–11 anaerobic (does not require air) successfully executed by Ruggieri et al.5,12,13 and vermicompost (requires microbe such as earthworm) achieved by Padmavathiamma et al.14,15 Aerobic co-composting is the most common method of decomposition. Large quantities of oxygen are required by organisms to break down organic matter aerobically. Since large quantities of oxygen are required, a higher cost is needed for chemical reaction to occur. Meanwhile, anaerobic co-composting occurs in an enclosed container with limited access to oxygen. In this condition, organic material starts to ferment once it breaks down. The container is fully closed and no oxygen is supplied. Bottles of small quantity of wastes sample are applied to measure the microbial activity during short periods of time.13

Therefore, the aim of this study is mainly focused on the observation of physicochemical changes and the nutrient content of compost during the co-composting of pressed-shredded-grinded EFB with AS in a small anaerobic container. The method does not require any air supplier that costs a lot of money and a complicated system to control. The efficiency of composting with a control system is low and incurs higher operation cost, e.g., $200/dry ton or higher.16 The advantages of small-scale experiments compared to pilot-scale composting include requiring low amounts of sample, high amount of variants can be investigated and the experiments can be carried out easily within a short period of time.

2.      EXPERIMENTAL

2.1      Feedstock Material

The representative organic waste is EFB which was used as a carbon source in co-composting while the nitrogen source was performed with AS from the ponding system. The EFB was pressed and shredded in the mill for the recovery of the remaining crude palm oil. Then, the collected pressed-shredded EFB was dried and blended to about 0.5–1.0 cm in length by using a blender in order to provide better aeration and moisture control. Both wastes were obtained from United Oil Palm Industries Sdn. Bhd., Nibong Tebal, Pulau Pinang, Malaysia. The selected physicochemical properties of the composting materials are shown in Table 1.

The analyses for COD, biological oxygen demand (BOD), total solid (TS), total suspended solid (TSS) and total dissolved solid (TDS) for AS were conducted before setting up the experiment according to American Public Health Association (APHA) methods.17 The pH of EFB was 6.86 which is slightly acidic, meanwhile the AS was 8.31 which is slightly alkaline. The high value of COD (95,300 mg l−1) and BOD (52,800 mg l−1) indicate high amounts of organic matter. The AS was used as the nutrient source with high water content (90.37%) and high C/N (28.38); meanwhile the EFB has low water content (31.27%) with low value of C/N (17.68) as shown in Table 2. From the analysis, it is expected that the combination of these materials (EFB and AS) for co-composting is suitable as substrates due to the availability of major nutrients such as nitrogen, phosphorus, potassium and also some value for micronutrients.

Table 1: Characteristics of raw materials.



	Parameter
	EFB

	AS




	pH
	6.86

	8.31




	Moisture (%)
	31.27

	90.37




	Electrical conductivity (µs cm−1)
	–

	363.8




	Dissolved oxygen (mg l−1)
	–

	8.78




	COD (mg l−1)
	–

	95,300




	BOD (mg l−1)
	–

	52,800




	Total solid (%)
	–

	9.6




	Total suspended solid (mg l−1)
	–

	70




	Total dissolved solid (mg l−1)
	–

	78





Table 2: Composition of nutrients and metal elements for raw materials.



	Element
	EFB

	AS




	Carbon (%)
	38.19

	7.38




	Nitrogen (%)
	2.16

	0.26




	Phosphorus (mg kg−1)
	10.4

	311




	Potassium (mg kg−1)
	104.3

	57.44




	Calcium (mg kg−1)
	23.02

	81.23




	Magnesium (mg kg−1)
	10.46

	28.55




	Zinc (mg kg−1)
	1.2502

	4.3882




	Chromium (mg kg−1)
	0.0471

	1.2706




	Manganase (mg kg−1)
	0.4704

	0.6888




	Ferum (mg kg−1)
	n.d

	0.4161




	Nickel (mg kg−1)
	2.6637

	2.3247




	Copper (mg kg−1)
	n.d

	0.0047




	Cadmium (mg/kg)
	n.d

	0.0117





*n.d = not detected.


2.2      Experimental Set Up

The study was focused on a cheaper, easier and more valuable method to handle co-composting process. The experiment was conducted in a closed building to avoid direct rainfall. The total AS added into EFB compost throughout the process was about 500 g (1:1 ratio). The compost was mixed homogenously by hand before being kept in an anaerobic cylinder container. The co-composting was implemented in a plastic container (diameter = 20 cm and height = 22 cm) which was fully closed with a lid with conductor for the whole container. Manual turning was conducted once a week for sufficient aeration and material mixing.

2.3      Sample Collection and Analysis

10 g of homogeneously mixed compost was collected for analysis starting from the initial compost at day 0 until the final samples at day 100. Changes in temperature, colour, odour and size of the composts were recorded based on physical observation directly in the container. Observation of the compost structure was carried out using scanning electron microscopy (SEM). The structures of EFB and AS before composting treatment are shown in Figure 1(a) and 1(b).

The fresh compost was used to analyse pH, moisture content (MC), electrical conductivity (EC) and germination index (GI), whereas total Khejdal nitrogen (TKN) and total organic carbon (TOC) were determined using the air-dried samples. Moisture content was determined by drying the sample at 105°C overnight. In order to analyse different parameters, such as pH, EC and GI, water extracts from the composting mixtures were prepared in a ratio of 1:10 (w/v). The suspensions were shaken for 1 h and filtered through filter paper Whatman#2. Total nitrogen was determined with a modified Kjeldahl method and the total organic carbon determination was followed by the Walkley-Black method.18 Inductive Coupled Plasma (ICP) was used to determine nutrients (Calcium, Potassium and Magnesium) and other metal elements were determined using Atomic Absorption Spectroscopy (AAS).





[image: art]

Figure 1:   The structures scanning using SEM for EFB and AS.



The GI combines the measurement of relative germination and relative root elongation of lettuce seed to evaluate the toxicity and maturity of the compost. The test was carried out on water extract by mechanically shaking the fresh compost for 1 h at a ratio of compost: distilled water of 1:10 (w:v). Then, about 5 ml of water extract was pipetted into a sterilised plastic petri dish lined with a Whatman#2 filter. Ten lettuce seeds were evenly placed on the filter paper and incubated at 25°C in the dark for 48 h. Treatments were evaluated by counting the number of germinated seeds, and measuring the length of roots. As a control, 5 ml of distilled water were replaced with the extract for very treatment. The responses were calculated by a germination index (GI) that was determined according to the following formula:10

GI (%) = [(Seed germination (%)× Root length of treatment) / (Seed germination of control (%)× Root length of control)] × 100


3.      RESULTS AND DISCUSSION

3.1      Physical Structure and SEM Analysis

Physical characteristics such as colour, odour and size give a general idea of the decomposition stage reached, but little information regarding the degree of maturation. Matured compost can be observed directly with naked eyes, it is blackish in colour, with soil texture and earthy smell as shown in Table 3. The SEM observation of the final compost revealed that some silica body on the EFB surface [Figure 1(a)] were removed as shown in Figure 1(c) and 1(d). Blending the EFB particle before composting provides higher surface area for microbial attack, but the size of the particle should large enough to maintain certain porosity. Porosity greater than 50% causes the pile to remain at low temperature due to energy loses.19 The pore was filled with air, water or both in degradation of organic matters.

Table 3: Changes properties for initial compost (0 day) and the final compost (100 day).



	Parameter
	Compost (day 0)
	Compost (day 100)



	Colour
	Greyish brown
	Blackish



	Odour
	Smelled strongly of ammonia
	Earthy smell



	Size
	0.5–1.0 cm
	Soil texture



	C/N
	23
	12.2



	GI (%)
	12.1
	97.8



	Composition of nutrients and metal elements:



	Carbon (%)
	40.81
	8.58



	Nitrogen (%)
	1.774
	0.703



	Phosphorus (mg kg−1)
	31.3
	88.6



	Magnesium (mg kg−1)
	19.85
	8.35



	Calcium (mg kg−1)
	39.64
	9.08



	Potassium (mg kg−1)
	103
	77.4



	Ferum (mg kg−1)
	0.05
	n.d



	Zinc (mg kg−1)
	n.d
	n.d



	Chromium (mg kg−1)
	0.07
	0.02



	Manganase (mg kg−1)
	n.d
	n.d



	Nickel (mg kg−1)
	4.0198
	4.6978




*n.d = not detected.

Figure 1(b) shows that the structure of AS was compact with no pore exists in the internal structure. Meanwhile, initial composting [Figure 1(c)] shows that there was some pore existing for aeration. However, the porosity and air-flow were influenced by a number of factors such as temperature, moisture content (MC), C/N ratio, aeration, the physical structure of the raw feedstock material and pile dimension.20 The final compost [Figure 1(d)] has a uniform structure due to complete degradation process.

3.2      Temperature and pH Profile

Temperature is a main factor that can be related to the growth rate, metabolic activity and type of community structure of the compost organism. Changes in temperature during the composting process were recorded using a mercury thermometer kept permanently in the middle of the container. From the temperature profile (Figure 2), it can be observed that the highest temperature was at 34°C for day 1. This is due to the metabolic heat generation by adding the highly organic matter material (AS) into highly cellulosic material (EFB).
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Figure 2:   Temperature profile for anaerobic co-composting.



This highest temperature still did not achieve mesophilic/thermophilic condition (exceeding 35°C) because the anaerobic condition with closed container performed at low temperature due to lack of air supply to produce heat. Moreover, it is hard to achieve a stable temperature when there is need to consider the hygienisation temperature of more than 60°C, the maximum biodegradation at 45°C–55°C and for the maximum microbial diversity at 35°C–40°C. According to Grigatti et al.,21 the compost temperature remained higher than 50°C after one month and then at 20°C after two months, indicating the presence of high quantities of degradable organic matter.

The temperature profile (Figure 2) showed that the sanitation requirement was achieved without external exertion of heat energy to the composting container. The small container with small capacity of sample could preserve heat by limiting heat loss to the surroundings due to low surface to volume ratio. Most data in the literature indicate that the optimum temperature range for effective decomposition is 50 ± 60°C.22 From the temperature profile (Figure 2), the lowest temperature was 29°C which is not lower than room temperature (28°C). Chang and Yang23 reported that lower temperatures might allow more microbial activity but temperatures of composting material below 20°C have been demonstrated to significantly slow or even stop the composting process.

The pH changes due to acid formation during composting by decomposing the organic matter. The initial pH of co-composting in container was slightly increased from 7.57 to 9.28 within the first 10 days (Figure 3). The increase in pH in the compost happened because of decomposition of organic matter in the compost, a consequence of the degradation of acidic compounds, such as carboxylic and phenol groups, and the mineralisation of other organic compounds such as proteins, amino acids and peptides, to ammonia.24 Then, the value of pH was almost constant until day 20 of composting.
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Figure 3:   pH profile for anaerobic co-composting.



The slight decline in pH after day 20 was due to the volatilisation of ammonium and release of hydrogen ions from the nitrification process. The pH drop-off at the middle stage until day 70 of composting was associated with the degradation of organic matter and the formation of acidic metabolites.25 Moreover, addition of AS into pressed-shredded-grinded EFB also contributed to the alkaline condition. The final compost had the pH of 7.75, almost neutral and stabilised, which was due to the buffering nature of humic substances.26 pH values of composts ranged from 5.8 to 8.8, allowing most microbes to be active.27 The low acidification could be related to the an anaerobic condition inside the compost.


3.3      Moisture Content

Moisture is necessary to maintain microbial activity throughout the co-composting to achieve a stable end-product. Moisture content is an important environmental variable to provide a medium for the transport of dissolved nutrients required for the metabolic and physiological activities of microorganisms.16 The moisture content of the final compost (75%) was slightly higher than the initial compost (64.53%) (Figure 4). General recommendation of moisture content is around 50%–60%, referring to Yahya et al. and Wong et al.,28,29 who reported that a range of 60%–70% provided maximum microbial activities, resulting in higher biodegradation of organic compounds.
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Figure 4:   Moisture profile for anaerobic co-composting.



The anaerobic condition would lower the heat of reaction that would not increase the temperature level sufficiently and would not remove excess moisture.9 Addition of extra water was not required in this study owing to high moisture content already provided during co-composting process. Lim et al.26 reported that moisture content around 40 to 60% was required for microbial survivality while moisture content exceeding 80% could kill aerobic microorganism due to suffocation.

3.4      Electrical Conductivity

The electrical conductivity of compost was able to conduct an electric current by releasing several ions during the mineralisation of organic matter. EC decreases from the initial value of 495.5 µS cm−1 at day 0 to 225.6 µS cm−1 during the initial stage within 20 days (Figure 5). The decrease of EC value in the early stage can be explained by the volatilisation of ammonia and the precipitation of mineral salts.8 After day 20, the EC value was increased to the final compost EC value of 1214 µS cm−1. Baharuddin et al.12 revealed that the increase was likely due to weight loss and release of other mineral salts such as phosphate and ammonium ions through the decomposition of organic substances.
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Figure 5:   Electrical conductivity profile for anaerobic condition.



For the final EC compost to be at an acceptable level in terms of safe application for plant growth, it should be below 2500 µS cm−1 according to Himanen et al.30 The high conductivity of compost might cause plant phytotoxicity as high concentrations of salts due to the decrease in osmotic pressure between plant roots and growth substrate may affect water availability to the plant. The final compost was ready to be used directly to the plant as it has the lower EC. Meanwhile, the compost with higher EC must be mixed well with soil or other materials with low EC before it can be used for growing crop.

3.5      C/N Ratio

The C/N value describes the parts of C per unit of N required by the microorganism. The C/N ratio is the primary parameter when using compost as soil conditioner because at high C/N values, the materials can immobilise soil nitrogen by the on-going decomposition. The co-composting process will decreases the C/N ratio by the conversion of organic C to CO2 and part of the nitrogen can be lost in the form of NH3. The initial C/N ratio of the co-composting materials was adjusted to 23, which decreased to a final C/N ratio of 12.2 as shown in Table 3.

Usually, for mature compost the C/N ratio of less than 20 was thought to be desirable depending on the type of raw materials.8,12,26 According to An et al.,31 carbon was used as an energy source by microorganism and the nitrogen was used for protein synthesis. The available carbon was fully utilised and the excess N was lost in the form of NH3 which could cause decease of C/N value. The high C/N value in raw materials will slow down the co-composting process as there is an excess of degradable substrate for microorganism. Meanwhile, the low C/N ratio shows that there is an excess of N per degradable C. The final compost achieved the requirement for stable C/N value (12.2) which is ready for agricultural use as soil conditioner.


3.6      Phytotoxicity Analysis

Phytotoxicity, expressed as GI which stands for germination is commonly applied to evaluate compost maturity and the phytotoxicity of biowaste materials.32,33 The final compost produced a GI value of 97.8% (Table 3) which has been proven to be a sensitive parameter that can reveal high toxicity, which adversely affects root growth and germination. Gao et al.34 reported that a GI content of more than 80% indicate phytotoxic-free and mature compost. The GI test has been related to the presence of different compounds of heavy metals which can be directly used to evaluate the maturity of compost.

The co-composting not only allows the recycling of nutrients for agriculture but also immobilises heavy metals in the soil to which the compost is applied.32 For the final compost, nutrients may include magnesium (Mg = 8.35 mg kg−1), calcium (Ca = 9.08 mg kg−1), potassium (K = 77.4 mg kg−1) and phosphorus (P = 88.6 mg kg−1). These elements are actually needed by plants for normal growth, although in limited quantities. Meanwhile, the final compost contained traces of chromium (Cr = 0.02 mg kg−1), nickel (Ni = 4.6978 mg kg−1) and others (Ferum, Zinc and Manganase) which were not detected in matured compost (Table 3). Certain trace elements are not biodegradable and become toxic at some concentration; therefore, measuring the concentration of these elements can ensure that soil conditioner requirements are fulfilled for agriculture use.

All metal concentrations after co-composting slightly decreased, except for Zn and Mn which were not detected in the initial and final composts. The decrease of metal level was due to weight loss in the course of composting following organic matter decomposition, release of CO2, water and mineralisation processes as explained by Kalamdhad and Kazmi.19 The total metal contents in the final compost was very low and can be considered as soil conditioner with good quality according to the level set by the US EPA (1993) by Stylianou et al.35 (Table 4) to ensure safe application of compost. This indicated that the final compost was below toxicity limit and is safe to be used as a soil conditioner. Therefore, the characteristics of the raw materials (Table 2) are favourable with co-composting and the heavy metals can be considered to be unproblematic, due to very low concentrations in the final compost.


Table 4: The maximum permissible limits for land application (mg kg−1 dw) was shown by Stylianou et al.35

[image: art]

aData are reported for 13 countries: Austria, Denmark, Finland, France, Germany, Greece (Athens), Ireland, Luxembourg, Norway, Poland, Sweden, The Netherlands and UK.

bTotal elemental composition of over 200 sewage sludge samples from eight US states.

cNational legislation limits.

dUS legislation limits.

4.      CONCLUSION

As waste produced from palm oil mills are biological in nature and have high organic content, composting as well as co-composting can be a good option. Co-composting of pressed-shredded-grinded EFB with AS from palm oil mill wastes showed a feasible approach under anaerobic conditions. The final compost which had already matured is ready to be used as soil conditioner due to comprise considerable amount of nutrients, low heavy metals and met the United State Environmental Protection Agency (USEPA) standard.

The total metal content of the final compost was very low and the available nutrients (P, K, Ca and Mg) were considered as a soil conditioner with good quality according to the standards to ensure safe application of compost. This study also proved the transforming of palm oil mill wastes into more environmentally friendly products such as compost through the integration of POME treatment in pond system and available EFB was successfully done using anaerobic condition for co-composting.
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Abstract: Single crystals of melaminium phthalate (MPH) were grown from aqueous solution by slow solvent evaporation method at room temperature. X-ray powder diffraction analysis confirmed that the MPH crystal crystallises in orthorhombic system with space group Pbcn and the calculated lattice parameters were a = 33.559 ± 0.066 Å, b = 10.517 ± 0.057 Å, c = 7.117 ± 0.025 Å, α = 90°, β = 90°, γ = 90° and V = 2511.94 (Å).3 The vibrational frequencies of various functional groups present in the MPH crystals have been derived from FIIR and FT-Raman analyses. The chemical structure of MPH was established by proton NMR and carbon NMR spectrum. The thermal decomposition behaviour of MPH has been studied by means of themogravimetric analysis at three different heating rates 10, 15 and 20°C min−1. The values of effective activation energy (Ea) and pre exponential factor (ln A) of each stage were calculated by model free methods: Arrhenius, Flynn-Wall, Kissinger and Kim-Park method. A significant variation of effective activation energy (Ea) with conversion (α) indicates that the process is kinetically complex. The linear relationship between the lnA and Ea values was well established (compensation effect). No detectable signal was observed during second harmonic generation test.

Keywords: Crystal growth, X-ray powder diffraction, FT-IR spectrum, FT-Raman spectrum, thermal analysis

1.      INTRODUCTION

Melamine (2,4,6-triamino-1,3,5-triazine) has a wide range of applications in the industry. The use of melamine resin in automobile paints was examined by Zieba-Palus.1 It is used as a fire retardant additive for polymeric materials and readily forms insoluble adducts with many organic and inorganic acids.2 Melamine is an industrial chemical mainly used in the production of melamine formaldehyde resins for surface coatings, laminates and adhesives and in the production of flame retardants resins to improve the flame resistance.3 Melaminium phthalate crystal comprises mono-protonated melaminium (1+) residues and single dissociated hydrogen phthalate (1−) anions.

Generally, the solid-state complexation of melamine with different organic and inorganic (mineral) acids has an interesting aspect concerning the hydrogen bond system formed. Such a system comprises most frequently weak hydrogen bonds of N–H…O and O–H…O types.4 Vibrational studies have been carried out by Marchewka.5 Arenas and Marcos also published the infrared and Raman spectra of phthalic, isophthalic and tetraphthalic acids.6 Additionally, several researchers have already examined the thermal behaviour of melamine.7–9 Phase transformation of melamine at high pressure and temperature was studied by Yu et al.,10 whereas Nagaishi et al.11 analysed the thermal decomposition of the addition compound of melamine with hydrogen peroxide. Thermal and flame retardation properties of melamine phosphate-modified epoxy resins have been studied by Chen et al.12 The presence of triazine ring in their structure gives improved hydrolytic and thermal stability.13

Kanagathara et al. reported the thermal decomposition behaviour of melaminium perchlorate monohydrate14 and p-nitrophenol with melamine complex.15 In the present work, we report the growth of melaminium phthlate (MPH) single crystal. The characterisations of the grown crystal were then made by XRD, Fourier transform infrared (FTIR) and FT-Raman studies. Thermal behaviour of kinetics has been carried out by thermogravimetric analysis at three different heating rates of 10, 15 and 20°C min−1 and the results are discussed in later section.

2.      EXPERIMENTAL

2.1      Materials and Methods

AR grade samples of melamine and phthalic acid were taken in 1:1 ratio. To the hot solution of melamine, the dissolved phthalic acid was added slowly and the solution was stirred well for about 6 h. Then the solution was filtered and allowed to evaporate at room temperature. The transparent single crystals were grown over a period of 30 days.


2.2      Characterisation

The grown crystals were characterised by X-ray powder diffraction technique using Rich Seifert X-ray powder diffractometer with CuKα radiation of λ = 1.5406 Å. The sample was scanned over the range of (2θ) 10°–80° by employing the reflection mode. The detector used was a scintillation counter. Perkin Elmer Spectrum One FTIR spectrometer was employed to record the infrared spectrum to analyse the functional groups present in the crystals.

Raman spectral measurements were made with an FT-Raman Bruker RFS 27: S Raman module with a resolution of 2 cm−1. An air cooled diode pumped Nd:YAG laser, operated at 1064 nm and a power output of 100 mW was used as source. The spectrum was recorded over the range of 3500–50 cm−1. Proton NMR and carbon NMR spectra of title crystal were recorded using D2O as solvent on a Bruker Avance III 500 MHz spectrometer at 22°C to confirm the molecular structure of the grown crystal.

The thermal behaviour of the crystal was determined by thermo gravimetric analysis and differential thermal analysis using SDT Q 6000 V 8.2 Built 100 thermal analyser at a heating rate of 10, 15 and 20°C min−1 under nitrogen atmosphere in the temperature range of 30°C–1000°C. The grown crystal in its powder form was subjected to Kurtz second harmonic generation test by using Nd:YAG Q switched laser beam with input pulse of 0.68J for the non-linear optical property.

3.      RESULTS AND DISCUSSION

3.1      X-ray Powder Diffraction Analysis

Figure 1 shows the indexed X-ray powder diffraction pattern of MPH crystal. X-ray powder diffraction analysis reveals that MPH crystallises in orthorhombic system with space group Pbcn. The calculated lattice parameters are a = 33.559 ± 0.066 Å, b = 10.517 ± 0.057 Å, c = 7.117 ± 0.025 Å, α = 90°, β = 90°, γ = 90° and V = 2511.94 (Å).3 The data reveal a close agreement with the reported values.4
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Figure 1:   Powder X-ray diffraction pattern of MPH.



3.2      FTIR Studies

The FTIR spectrum of MPH is shown in Figure 2. The characteristic frequency of the functional groups present in the MPH crystal were assigned and tabulated in Table 1. The bands observed in the measured region arise from internal vibrations of melaminium cations and phthalate anions. Melaminium residues often form hydrogen bonds of N-H…N and N-H…O types. The NH2 groups interact with the acid residue through weak N-H…O hydrogen bonds. The frequency of the band originating from this type of coupling rises from 3328 cm−1 in the melamine crystal to 3393 cm−1.

In the present study, on addition of phthalic acid (ie) due to complex formation of MPH, an intense sharp peak at 3363 cm−1 was observed. It might have occurred due to NH2 asymmetric stretching vibration of three symmetric triazine NH2 groups.16 The peak at 2672 cm−1 was due to side chain out of plane C–N bending vibration.16 Bands appearing in the region of 1700–1540 cm−1 was generally due to NH2 group of melamine molecule as well as from C=O and COO− groups present in the compound. MPH consists of both non-dissociated (COOH) and ionised (COO−) carboxylic groups.4


Table 1: Vibrational band assignments for MPH crystal.



	Wavenumber (cm−1)

	Band assignments




	Infrared

	Raman




	3363

	
	NH2 asymmetric stretching



	3115

	
	N–H…O and N–H…N stretching



	
	3072

	C–H stretch



	
	3063

	C–H stretch



	2672

	
	Side chain out of plane C–N bend



	1710

	1695

	C=O stretch



	1670

	1673

	NH2 bend or/and COO− stretch



	1599

	1599

	Ring: Quadrant stretch and phthalate ring



	1559

	1575

	COO− asymmetric stretch



	1520

	
	Side chain C–N asymmetric stretch



	1361

	
	O–H in plane bend



	
	1349

	Ring: Semi-circle stretch



	1309

	
	Benzene CH deformation



	1286

	
	Carbonyl C–O stretch



	1147

	1148

	Benzene C–H deformation



	1080

	
	Benzene C–C deformation



	1051

	1041

	Ring breath and Benzene C=C stretch



	989

	983

	Triazine ring N, in phase radial



	810

	807

	C–C stretch



	786

	
	Ring-sextant out of plane bend



	767

	
	Ring-sextant out of plane bend



	739

	
	C=O in plane deformation



	654

	651

	C=O out of plane bending



	596, 576

	572

	Ring: Bend
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Figure 2:   FTIR spectrum of MPH.



The band at 1710 cm−1 was attributed to COO− asymmetric stretching, whereas the bands at 1670 cm−1 and 1560 cm−1 were due to NH2 bend or COO− stretch and C=O stretching, respectively.17,18 The IR band at 1361 cm−1 was assigned to O–H in plane bending type of vibration. Similar peak was observed at 1365 cm−1 by Tarcan et al.19 The strong peak at 1599 cm−1 was due to ring quadrant stretch and phthalate ring.17 The band at 1051 cm−1 was assigned to triazine ring breathing mode of vibration,16 while the band at 989 cm−1 was attributed to triazine ring N, in-plane radial type of vibration.17 This peak appeared for all melamine complexes. The IR peaks at 739 cm−1 and 654 cm−1 were attributed to C=O in plane deformation and C=O out of plane bending respectively.5 Ring bending type of vibration occurs at 586 cm−1 in the case of pure melamine. This peak was shifted to lower wave number 574 cm−1 because of the addition of phthalic acid.

3.3      FT-Raman Studies

Figure 3 shows FT-Raman spectrum of MPH with the vibrational band assignments given in Table 1. The theoretical stretching frequencies of neutral melamine molecule were already reported by Fernandez et al.20 and Meier et al.21,22 C–H stretching vibrations were observed at 3073 cm−1 and 3063 cm−1. The weak Raman band at 983 cm−1 was due to triazine ring N in plane radial type of vibration.23 This peak usually occurs between region of 969 cm−1 and 992 cm−1 for all melamine complexes.

In the case of melamine with trichloroacetic anion, this peak shifted to a lower wavenumber 969 cm−1, due to strong intermolecular interaction in between complex.24 Similarly, the most intense band occurring at 686 cm−1 was assigned to symmetric vibration of triazine ring. This band is the characteristic one for all melamine complexes.25 Ring breathing and ring bending mode of vibrations were observed at 1041 cm−1 and 572 cm−1 respectively.16 Also, C–H deformation of benzene ring occurs at 1148 cm−1. The peak at 1673 cm−1 was due to either NH2 bending vibration of melamine or COO− structures. The band at 651 cm−1 was due to C=O out of plane bending vibration.5,24
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Figure 3:   FT-Raman spectrum of MPH.



3.4      FT-NMR Studies

The 1H NMR and 13C NMR spectral analysis are the important analytical techniques used to study the structure of organic compounds. The 1H NMR and 13C NMR spectra of MPH crystal are presented in Figure 4 and Figure 5 respectively. The signals due to N–H and COOH protons did not show up because of fast deuterium exchange taking place in these two groups with D2O being used as the solvent.26 Due to hygroscopic nature of the title crystal, strong intense water signal appeared at 4.680 ppm. The two different proton environments showed peaks at 7.456 and 7.600 ppm. From the 13C NMR spectrum, the signal at 128.57 ppm is due to 3 carbon atoms present in the triazine ring. The presence of phthalic acid is confirmed by the presence of peak at 130.61 ppm.
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Figure 4:   Proton NMR spectrum of MPH.
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Figure 5:   Carbon NMR spectrum of MPH.




3.5      SHG Studies

Second harmonic generation test was performed to find the NLO property of the grown crystal by using Kurtz-Perry technique.27 Kurtz technique is used as a screening technique to identify materials with the capability for phase matching in addition to identifying materials with non centrosymmetric crystal structure. Crystals were grounded into powder and densely packed in between two glass slides. Nd:YAG laser using the first harmonics output of 1064 nm with pulse width of 8 ns and repetition rate 10 Hz was passed through the sample. KDP was taken as a reference material. When a laser input of 0.68J was passed through the sample, there was no emission of green signal. Usually centrosymmetric crystals do not show second harmonic generation effect.28

3.6      Thermal Analysis

Thermogravimetric analysis (TG) is an effective tool to characterise thermal stability of a variety of products.29,30 TG-DTG curves of MPH at three different heating rates of 10°C min−1, 15°C min−1 and 20°C min−1 in the temperature range of 30°C–1000°C are shown in Figure 6. It is seen from the figure that the decomposition of MPH occurred in two stages. There was no mass loss observed around 100°C which indicated the absence of water molecule in MPH. For heating rate 20°C min−1, the initial mass taken was 1.6300 mg.
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Figure 6:   TG-DTG curves of MPH in nitrogen atmosphere, at different heating rates of 10°C min−1, 15°C min−1 and 20°C min−1.




The first stage of decomposition was accompanied by a rapid weight loss that took place in the temperature range of between 245.98°C and 255.73°C, with a weight loss of 63.40%. This weight loss was due to the decomposition of phthalate molecule from the compound structure. It exactly matches an exothermic peak at 253.6°C in DTG curve which is assigned as the melting point of MPH. The remaining 33.60% of weight loss occurring in the 285.56°C–303.22°C range was due to the decomposition of melamine with a final residue of 0.002921 mg. This was accompanied by an exothermic peak at 296.5°C.

Generally, thermal decomposition of melamine happens in stages and is accompanied by the detachment of ammonia. Melamine first decomposes into melam and then melon. The NH2 groups in melam can be replaced by other atoms and groups.31 In the experiment, the melting point was found to be high indicating that MPH has better thermal stability which makes it suitable for thermal applications. Figure 6 above shows the TG-DTG curves of MPH in nitrogen atmosphere at three different heating rates. Heating rate is one of the most important parameters affecting the chemical reactions. Reaction kinetics can be substantially altered by changing the heating rate over a wide range.

It is seen from Figure 6 that TG curves shifted to higher temperatures as the heating rate was increased. This shows that definite heating rate influences the thermal decomposition.32 Polymer molecules did not have enough time to absorb the heat and reach thermal equilibrium. As the heating rate was increased, the degradation rate slowed down. Since the experiment was carried out under nitrogen atmosphere, DTG curve showed a single peak implying that the thermal decomposition process occurred in a single step. When the heating rate was increased from 10°C min−1 to 20°C min−1, the phthalate thermal decomposition temperatures shifted to higher temperature from 245°C to 252°C respectively. Similarly, melaminium thermal decomposition temperature shifted from 280°C to 296°C respectively. Thus, as the heating rate was increased, the temperature at initial thermal decomposition and the maximum decomposition rate shifted towards a higher temperature.

3.7      TG Kinetics Method of Thermal Degradation

A large number of mathematical models have been proposed and used for studying kinetics and mechanism of such reactions using the TG data. Multiple heating rate data have been recommended for non-isothermal studies.33 Here, we studied the kinetics of the thermal decomposition of MPH at three different heating rates by three different multiple heating methods, i.e., Flynn-Wall, Kissinger and Kim-Park.34–36


The rate of degradation [image: art] can be expressed as the product of the function of temperature and the function of conversion. Typical graphs depicting fraction reacted, α versus temperature for two stages are shown in Figure 7. Flynn-Wall plots for three different heating rates against the temperature for stages I and II are shown in Figure 8. The straight lines obtained were nearly parallel to each other. At each heating rate, the temperatures were determined corresponding to extents of overall conversion of 0.05–0.65 in intervals of 0.05.
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Figure 7:   Fraction reacted, α versus temperature for stages I and II at three different heating rates.



Activation energy (Ea) was calculated from the slope of the plot ln β against 1/T for a fixed mass loss and the values are tabulated in Table 2. The linear Arrhenius plots of ln k versus 1/T for the thermal decomposition of MPH at three different heating are shown in Figure 9. From the slope of the Arrhenius plots, the Ea for both stages have been calculated and are listed in Table 3. Also, activation energies have been calculated using Kissinger and Kim-Park methods and the results are compared in the Table 3.
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Figure 8:   Flynn-Wall plot for stage I and II in nitrogen atmosphere for non-isothermal decomposition of MPH using TG data.



Table 2: Kinetic parameters of non-isothermal decomposition of MPH by Flynn-Wall method.



	α

	Flynn-Wall method




	Stage I

	Stage II




	Ea (kJ mol−1)

	ln A (s−1)

	Ea (kJ mol−1)

	ln A (s−1)




	0.05

	118.83

	28.61

	70.22

	15.99




	0.1

	133.89

	31.64

	73.51

	16.62




	0.15

	140.41

	32.82

	76.56

	17.2




	0.2

	156.69

	36.33

	79.08

	17.67




	0.25

	152.79

	35.29

	81.45

	18.12




	0.3

	156.55

	36.04

	83.57

	18.51




	0.35

	159.86

	36.71

	85.93

	18.95




	0.4

	160.77

	36.86

	87.63

	19.25




	0.45

	163.24

	35.05

	89.62

	19.62




	0.5

	166.57

	38.05

	91.56

	19.98




	0.55

	170.69

	38.93

	93.58

	20.35




	0.6

	175.19

	39.89

	95.2

	20.64




	0.65

	178.65

	40.6

	96.72

	20.91
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Figure 9:   Arrhenius plot for stage I and II for non-isothermal decomposition of MPH.



Table 3: Activation energies for the thermal degradation of MPH by Arrhenius, Kissinger and Kim-Park methods.



	Method

	Heating rate (°C min−1)

	Stage I

	Stage II




	Ea (kJ mol−1)

	ln A (s−1)

	Ea (kJ mol−1)

	ln A (s−1)




	Arrhenius
	10

	111.63

	28.65

	79.52

	19.96




	
	15

	128.49

	32.49

	83.10

	20.71




	
	20

	112.89

	28.74

	74.54

	18.94




	Kissinger
	
	130.59

	20.15

	104.37

	12.29




	Kim-Park
	
	139.29

	34.67

	113.72

	26.96





All the three methods yielded similar calculation results. The values of Ea are within the range < 60 kJ mol−1 as expected for removal of weakly bound water of crystallisation from such compounds.37,38 Therefore, it can be assumed that the water of crystallisation was not present in MPH. Ea of MPH was found to be higher than that of melamine with other complexes.14,15 The effective Ea can vary strongly with the temperature and the extent of conversion.37 If the effective Ea is roughly constant over the entire conversion range, then it is said to be dominated by a single step mechanism.


In the present case, it can be seen from Figure 10(a) that during both stages of decomposition, a significant variation in effective Ea with conversion (α) indicates that the process is kinetically complex, i.e., multi-step reaction mechanism.38 Polymers and other complex organic materials tend to have increase in lnA and Ea as conversion increases. This is consistent with the residual material becoming increasingly refractory.33
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Figure 10: Illustration of (a) plot of pre-exponential factor (ln A) versus effective Ea; and (b) variation of effective Ea versus fraction reacted (α) by Flynn-Wall method for stages I and II.



In the present study, there was a steady increase in ln A and Ea as the conversion increased. This suggests that MPH can be a good polymeric material. Dependence of effective Ea on α was used to identify its kinetic scheme, i.e., these values were used for input to multi-step for model fitting purposes.38 Kinetic compensation effect was observed in many isothermal processes. The value of Ea bears a linear relationship with ln A:
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where a and b are compensation parameters. For stage I, the calculated compensation parameters are a = 5.3858, b =0.1951 and for stage II, a = 3.0611 and b = 0.1847. The compensation effect is well established for the thermal decomposition of MPH and it is shown in Figure 10(b). Kinetic analysis of TG data based on the rate equation:
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which states that the rate of the reaction is proportional to the rate coefficient with Arrhenius temperature dependence and a function of the degree of conversion. The integral form of equation is given by the expression
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where A is the pre-exponential factor, Ea is the effective activation energy and R is the gas constant. Several researchers14,15,39,40 reported the kinetic analysis by model fitting methods and dissociation mechanisms. In the present study, all kinetic models (P4, P3, P2, P2/3, D1, F1, A4, A3, A2, D3, R3, R2 and D2) have been tested for all the two stages. A plot of ln [g (α)/T2] versus 1000/T gives a straight line when the correct g(α) function is used in the equation is shown in Figure 11. This g(α) function gives the mechanism of the reaction. Straight line with high correlation coefficient and low standard deviation values are selected to represent the possible controlling mechanism.
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Figure 11: Plot of ln[g(α)/T2] versus 1000/T for stages I and II using TG data.



The non isothermal kinetic data of MPH crystal between the limit of α from 0 to 0.65 have been fitted to all reaction models. More than one model (A2, A4) gave a very good coefficient of linear equation lines with high correlation coefficient and low standard deviation value. However, by comparing the Ea values with the model-free method, it is found that stage I is accepted by Avrami-Erofeev’s model (A2) and the stage II was accepted by Avrami-Erofeev’s (A4) model. The values of Ea, pre-exponential factor (ln A), coefficient of correlation R and standard deviation at three different heating rates for two stages are presented in Table 4.

Table 4: Kinetic parameters and possible rate controlling processes of decomposition of MPH.



	Kinetic model

	Heating rate (°C min−1)

	Ea (kJ mol−1)

	ln A (s−1)

	Correlation Coefficient, R

	Std. Deviation




	
	10

	105.09

	11.63

	0.99077

	0.03009




	A2

	15

	109.47

	12.21

	0.99809

	0.0166




	
	20

	85.73

	6.65

	0.99815

	0.00968




	
	10

	71.97

	3.07

	0.99810

	0.01014




	A4

	15

	74.30

	3.22

	0.99672

	0.01476




	
	20

	103.88

	9.21

	0.99854

	0.07447





The Arrhenius parameters (Ea, lnA) of decomposition are highly variable, exhibiting a strong dependence on the reaction model chosen. Similarly, pre-exponential values also change with the heating rate. The real activation energy for each stage of decomposition can be obtained only at lowest heating rate.

4.      CONCLUSION

Single crystals of melaminium phthalate were grown by slow solvent evaporation technique. The grown crystals were characterised by X-ray diffraction and it was found that it crystallised in the space group Pbcn with orthorhombic geometry. The calculated lattice parameter values were comparable with the reported value. The various infrared and Raman bands derived from internal vibrations of melaminium cations and phthalate anions were assigned for the grown crystal. Several stretching and deformation modes confirm the presence of extensive intermolecular hydrogen bonding in the crystal. FT-NMR spectroscopic analysis confirms the molecular structure of the grown compound.

No detectable signal was observed during second harmonic generation test. Thermo gravimetric measurements were carried out at three different heating rates 10°C min−1, 15°C min−1 and 20°C min−1. Multiple heating rate methods, i.e., Flynn-Wall, Kissinger and Kim-Park were used for kinetic calculations. The effective activation energies obtained by these methods were comparable. The activation energy obtained from Kim-Park method was higher than those from other methods. A significant variation between Ea versus ln A indicates that the system follows multistep mechanism. Compensation effect was well established. From the results, it is concluded that Avrami Erofeev’s model (A2) is the most probable kinetic model for thermal decomposition of MPH for the stage I and Avrami Erofee’s model (A4) for stage II.
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Abstract: Experimental investigations were carried out to determine the influence of cement-silica ratio on the moulding properties of Portland cement bonded sand. Test specimens, comprising silica sand and additives, namely wood flour and dextrin, as well as molasses, with varying cement to silica sand ratio (RCS), were prepared. The specimens were subjected to tests in accordance with American Foundrymen’s Society (AFS) standard procedure to determine properties such as bulk density, mould hardness, permeability, compression strength and shear strength. Findings revealed that RCS and additives have significant effects on all properties developed in the moulding sand. As RCS increases, the bulk density, mould hardness, green compression strength and shear strength increases while permeability and shatter index decreases. However, RCS of 0.105 gives suitable properties for moulding work meant for iron castings.

Keywords: Portland cement, silica sand, permeability, bulk density, mould hardness, shatter index

1.      INTRODUCTION

Moulding sand is one of the materials used particularly in metal foundries for making moulds and cores. Despite its name, moulding sand is not sand alone but a composite material made from several other materials to give some amount of heat resistance, porosity, strength and binding qualities necessary to create moulds and cores.

The refractoriness of the moulding sand must be high to resist high temperature of the molten metal without breaking down or fuse with metal.1 It must be permeable to allow the steam and other gases to pass through the sand mould. The permeability of sand depends upon its grain size, grain shape, moisture and clay contents of the moulding sand.2,3 If the sand is too fine, the porosity will be low. In moist state, the green sand particles must have the ability to cling to each other to impart sufficient strength to the mould. The moulding sand must have enough strength so that the constructed mould retains its shape. It must have sufficient plasticity to flow to all portions of the moulding box and to produce a good mould. The sand grain must possess good adhesiveness and cohesiveness in order to cling to the sides of the moulding box and stick together during ramming.4

Moulding sands are composite materials made of mixtures of three or more ingredients. One of the primary components of moulding sand is base sand. Most often this is fine grain sand such as silica or zircon. Silica sand has the benefit of being both inexpensive and readily available. In his study, Orumwense found out that synthetic moulding sand mixtures prepared from some Nigeria indigenous sands and clays are suitable for steel and general-purpose casting.5 Additives such as sea coal, coal dust, wood flour, silica flour and iron oxide are another constituent of moulding sand. Adedayo et al. have also successfully used snail shell to improve the properties of moulding sand.6 Additives control the expansion of sand, improve its collapsibility and flowability, and enhance stripping quality and surface finishing of the mould.7–9

A binding agent is another component of moulding sand. Appropriate binders include organic binders (dextrin, molasses, cereal, linseed oil and resin) and inorganic binders (clay, Portland cement and sodium silicate). The clay binders have a high capacity for water absorption and exceptionally favourable bonding characteristics. Cereal and dextrin binders develop a gelatinous bond with water,10 and they are normally employed in conjunction with other binders such as clay-bonded moulding sands and in traditional oil and resin bonded sand. Oil binders are traditionally core binder. Sodium silicate (gas and vapour hardening) binders are extensively used for rapid volume production of cores. Resin bonding systems have good breakdown properties, and can be readily reclaimed. Ademoh et al. also recommended the use of gum Arabic as a binder in moulding sand.11 Cement bonded silica sand have been found to be strong, rigid and refractory. They have been proved highly suitable for the production of heavy steel castings as well as other alloys.12

Several studies have been conducted on moulding sand, binders and additives which have been widely reported in literatures. However, the influence of cement-silica ratio on the moulding properties of Portland cement bonded silica sand has not been investigated, hence this study. The objective of the study therefore is to assess the effect of cement to silica sand ratio on the moulding properties of cement-bonded silica sand using molasses and dextrin separately as additives.


2.      EXPERIMENTAL

The materials used in this study are silica sand, Portland cement, dextrin, molasses and woodflour which were all locally sourced. Some quantity of silica sand (obtained from Osun River band) was washed, dried and sieved through 0.01 mm sieve aperture to remove coarser materials. The woodflour was sieved through the same sieve aperture.

The prepared silica sand and Portland cement were thoroughly mixed in different ratio with 2 wt% wood flour and 4 wt% dextrin on one hand, and 4 wt% of molasses on the other hand. Six experimental mixes in which Portland cement to silica sand ratio (RCS) were 0.075, 0.09, 0.105, 0.120, 0.135 and 0.150 respectively were prepared. The choice of these proportions of Portland cement and silica was based on the result of the trial test which showed better moulding properties within the range. Thereafter, 5% water was added to each mix and thoroughly mixed for about 15 min using laboratory muller. In accordance with AFS standard procedure, cylindrical specimens (5 cm by 5 cm by 5 cm) were produced from each mix.13 Thereafter, with the use of universal testing machine, the specimens were tested for compression strength, shear strengths and mould hardness. Their permeability, shatter index and bulk density were also measured using the AFS standard procedures.

3.      RESULTS AND DISCUSSION

3.1      Results

The results of the bulk density are presented in Figure 1. There is an observed rapid increase in the bulk density of mixes containing dextrin while that of molasses increased very slightly with increase in RCS. The results of the hardness is presented in Figure 2 in which there is a very slight increase as the RCS increases for mixes containing dextrin while those with molasses increases rapidly.

The permeability and shatter index results are presented in Figure 3 and Figure 4 respectively in which former decreases rapid and the later slightly decreases as RCS increases for sand mixes containing the two additives. The results of compression strength are presented in Figure 5. There is an observed increase in the compression strength with increase in RCS for mixes containing either dextrin or molasses. The results of the shear strength are presented in Figure 6 and are similar to that of the compression strength for each of the mixes containing dextrin and molasses.





[image: art]

Figure 1:   Changes in the bulk density with increasing cement/silica ratio, RCS.






[image: art]

Figure 2:   Changes in mold hardness with increasing cement/silica ratio, RCS.
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Figure 3:   The changes in permeability with increasing RCS.
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Figure 4:   Shatter index versus RCS for different additives.







[image: art]

Figure 5:   The green compression strength profile with increasing RCS.
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Figure 6:   The shear strength profile with increasing RCS.



3.2      Discussion

As noted earlier, the bulk density increases as the RCS increases in the sand mix (Figure 1). This is particularly true bearing in mind that an increase in RCS increases the ratio of binder in the sand mix. For this reason, more silica sand will be held firmly together within a unit volume. This implies that the quantity of sand mass within a unit volume increases as the Rcs increases. The general increase in the bulk density with RCS is observed to vary with the type of additive used.

When dextrin is used as an additive, the increase in the bulk density increases very rapidly as the RCS rises. The rapid increment can be attributed to glycosidic bond. Dextrins are a group of low-molecular-weight carbohydrates produced by the hydrolysis of starch or glycogen. They are mixtures of polymers of D-glucose units linked by α-(1→4) or α-(1→6) glycosidic bonds. Glucose and ethanol combine to form ethyl glucoside and water. The reaction often favours formation of α glycosidic bond as shown in Equation 1 due to the anomeric effect. This is a type of covalent bond and it is very strong.
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The hardness of the mould was affected by RCS, i.e., as this ratio increases the mould hardness also increases (Figure 2). It was also observed that the mould hardness with molasses additives increases rapidly as against dextrin which was gradual, although for each of the ratio the mix with molasses has the lowest hardness until after RCS 0.135. This is because dextrin as a binder influences the bonding properties of the mix more than molasses.

Dextrin develops a gelatinous bond with water which is higher than binding strength produced by molasses. The increase in the molasses mix is rapid because as the ratio of RCS increases, the quantity of cement in the mix also increases and in the presence of molasses hardening action increases. This continues until an RCS of 0.135 is reached where the hardening action set-up by cement-molasses ratio in the presence of CO2 is higher than binding strength produced by dextrin. This is because cement contains a limited amount of calcium sulphate which controls the hardening action of cement in the presence of molasses and CO2, and as calcium sulphate increases the mix becomes hardened.

On the other hand, permeability and shatter index decreases with increases in Rcs (Figure 3 and Figure 4). Permeability is the physical property of the moulded mass of sand mixture, which permits the flow of air/gas through it. It depends on the amount of binder. Thus, as the amount of binder increases, the quantity of air/gas flow through the moulded mass mixture decreases under standard condition and in prescribed time. Consequently, the observed decrease in permeability as RCS increases.

Shatter index is a measure of sand toughness, particularly the capacity of sand to withstand rough handling and strain during pattern withdrawal. A low value of shatter index is an indication of poor lift, or friability in pattern withdrawal and subsequent handling, whilst too high a value is associated with unsatisfactory moulding qualities resulting from excessive binder or water content. According to Beeley, values of 50–85 represent the mouldable range.14 The values of shatter index obtained for mixes with dextrin (64–70.5) and mixes with molasses (57–60) meet this standard in the range of RCS considered.

Like bulk density and mould hardness, the green compression strength and shear strength increases with RCS (Figure 5 and Figure 6). This observed trend can be explained by the increase in the quantity of binder (cement) as RCS increases. The sand mixes with dextrin are also higher than the one mixes with molasses. This is because dextrin developed higher binding strength as discussed earlier. Hence, green compression strength and shear strength are related to mould hardness. There is a progressive increase in green compressive strength with mould hardness.4,5 However, the green compressive at a given mould hardness depends on the additives in the sand mix. The molasses mix been always have the least values for a given RCS.

The properties enumerated above are crucial to the production of sound and dimensionally accurate castings. The sand must have a high degree of permeability without interfering with the rigidity and strength of the mould. According to Jain, the green compression strength for iron castings must be between 40 kgf mm−2 and 70 kgf mm−2 while permeability must be between 70 ml min−1 and 120 ml min−1.3 The mould hardness requirement for iron casting is between 60 and 95.7 The strength, hardness, permeability and shatter index suitable for moulding work for iron castings are obtained when RCS ratio attains the value of 0.105 with mould hardness value between 60 and 90, green compression strength above 40 kgf mm−2, permeability above 70 ml min−1, and shatter index value between 50 and 85.


4.      CONCLUSION

From the outcome of this study the following conclusion were drawn:

1)   Developed moulding properties in Portland cement-bonded silica sand are influenced by RCS. The best values of bulk density, green compression strength, shear strength and shatter index are exhibited when dextrin is used as an additive for a given RCS.

2)   Highest mould hardness and permeability are obtained in Portland cement-bonded silica sand when cement-silica sand ratio attains the value of 0.135 (RCS = 0.135) using dextrin as additive and cement-silica sand ratio greater than 0.135 (RCS > 0.135) using molasses.

3)   Portland cement-bonded silica sand with cement-silica sand ratio of 0.105 is found to be suitable for iron castings.
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Abstract: We report the new evidence of the chemical modification of κ-carrageenan to its ester form using decanoyl chloride and pyridine, and by systematically varying the reaction temperature in the range from 60°C to 90°C. It was found that the percentage of yield of carrageenan esters is increased with the increase of synthesis temperature. Such results are also confirmed by both Fourier transform infrared (FTIR) and 1H NMR measurements. Thermogravimetric analysis (TGA) data showed that carrageenan esters are more thermally stable than κ-carrageenan. Carrageenan ester synthesised at 80°C is thermally more stable than all other carrageenan esters. Glass transition temperature (Tg) obtained by DSC analysis showed that the Tg values of carrageenan ester samples are lower than κ-carrageenan. The lowest Tg value, 83.15°C was obtained for the carrageenan ester sample synthesised at 90.0°C.

Keywords: κ-carrageenan, carrageen ester, reaction temperature, yield, thermal properties.

1.      INTRODUCTION

Among the marine microorganisms, seaweeds possess much importance due to its uses as a large source of valuable materials.1 Carrageenans are obtained from seaweeds which is a kind of polysaccharide. Among the polysaccharides, carrageenans have attracted intense attention due to its wide range of applications in food industry, such as thickening, gelling, stabilising agents and binder for the manufacture of different kinds of foods.2 Carrageenans are also used in pharmaceutical, cosmetics, printing and textile industries.3 To date, three main types of carrageenans have been reported in the literature: kappa (κ), iota (ι) and lambda (λ) and among them κ-carrageenan is a non-toxic sulphated polysaccharide.4

The structure of κ-carrageenan is made up of α(1→4) D-galactose-4-sulphate and β(1→3) 3,-anhydro-D-galactose.5 κ-carrageenan has an important role as antioxidants, free radical scavengers in vitro and also in biotechnology sectors.6–8 However, κ-carrageenan suffers from certain drawbacks like biodegradability and safety of carrageenan containing food, etc.9 Thus, it may be useful to chemically modify the κ-carrageenan for its better and wider industrial uses and applications.

Several chemical modifications have been proposed in the literature in order to modulate the physicochemical properties of κ-carrageenan.10–14 Guiseley et al.10 modified κ-carrageenan by introducing hydroxyalkyl groups. Hosseinzadeh et al.11 prepared κ-carrageenan hydrogel in order to increase the absorptivity in saline through polyacrylamide followed by alkaline hydrolysis. The synthesis of O-maleoyl derivative of κ-carrageenan were reported by the reaction of tetrabutylammonium salt with maleic anhydride, 4-dimethylaminopyridine and tributylamine in DMF.14 However, several reports can also be found on the acetylation of κ-carrageenan to produce carrageenan ester. Carrageenan ester has already shown some potential as its high anti-HIV activity, low anticoagulant activities15 and also known to have high inhibitory effect on oxidation.16

To produce carrageenan ester, researchers previously introduced carboxylic acid anhydride, Ac2O and monochloroacetic acid.15–17 In all of these experiments, κ-carrageenan was subjected to preliminarily depolymerisation process before undergoing acetylation reaction. So, it is of interest to carry out esterification of κ-carrageenan without undergoing any preliminary depolymerisation process. Furthermore, it may be of importance to understand the effects of reaction temperature on such esterification process in order to control the yield and also to realise the thermal properties.

In this work, we are proposing the combined use of decanoyl chloride and pyridine with κ-carrageenan to synthesise carrageenan esters without performing preliminary de-polymerisation process. Moreover, we have also realised the effects of reaction temperature on the yield and thermal properties of carrageenan esters. The synthesised carrageenan esters were characterised by means of Fourier transform infrared (FTIR), 1H NMR, thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) measurements. The results may be promising for the preparation of new functional biopolymer, like carrageenan ester which may have widened applications in industrial and biotechnology sector.


2.      EXPERIMENTAL

2.1      Materials

Pyridine (Sigma-Aldrich) was distilled prior to use. κ-carrageenan (99.9%), decanoyl chloride (98%), pyridine (99.8%) and d-dimethylsulfoxide (99%) were purchased from Sigma-Aldrich. Toluene (99.5%) and chloroform (99.5%) were obtained from Qrëc (Malaysia). Sodium hydrogen carbonate and d-chloroform were purchased from Merck. All the reagents were analytical grade and were used as received.

2.2      Esterification of κ-carrageenan

The esterification process of κ-carrageenan was carried out following a slightly modified procedure as previously reported by Mullen et al.18 The experimental procedure for the synthesis of κ-carrageenan ester samples is presented in Figure 1. The samples were prepared by adding 35 ml of pyridine to the 0.007 mol of κ-carrageenan (as K salt form) at different temperatures ranging from 60°C to 90°C under vigorous stirring in N2 atmosphere for 30 min. Such pre-heating treatments of κ-carrageenan with pyridine were performed in order to obtain good dispersion between them before the reaction. Then, a desired amount of 0.05 mol decanoyl chloride was added and refluxed at the corresponding pretreatment temperature (60°C to 90°C) for 6 h to obtain the crude products.

The obtained reaction mixture was left at room temperature for precipitation. The precipitated was collected on a Büchner funnel and washed with ethanol. It is important to note that the solid crude products were grind to small particles and then purified by washing with ethanol in several times until the filtrated liquid became colourless. Finally, the products were allowed to dry at room temperature for 24 h. The obtained products are powder like and white or yellowish colour depending on the reaction temperature used in the synthesis process.
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Figure 1:   Schematic diagram for the synthesis of κ-carrageenan ester.



2.3      Characterisation

2.3.1   FTIR spectroscopy

Transmission FTIR spectra of κ-carrageenan and carrageenan esters were recorded between 400 cm−1 and 4000 cm−1 from thin KBr disc of the samples with a model 2000 Perkin Elmer spectrometer (resolution of 0.4 cm−1).

2.3.2   1H NMR spectroscopy

The 500 MHz 1H NMR spectra were recorded with a Bruker Avance 500 spectrometer for κ-carrageenan, while the 400 MHz was used for carrageenan ester solid samples to obtain spectra on Bruker DPX 400 spectrometer. In both cases, the probe temperature was maintained at 24°C. Solutions of κ-carrageenan for the 1H NMR experiments were prepared using D2O (99.9%, 1 ml) and the solutions of carrageenan ester were prepared in d-chloroform (99.96%) and d-toluene (99.6 atom D%). Tetramethysilane (TMS) was used as internal standard for the calibration of chemical shift of samples.

2.3.3   TGA analysis

TGA analysis was carried out by measuring the weight loss of the sample against the change of temperature. The sample was heated under nitrogen gas atmosphere between room temperature (30°C) and 900°C at a rate of 20°C min−1. Furthermore, differential thermogravimetric (DTG) analysis was also carried out for all the samples.

2.3.4   DSC analysis

DSC analysis was performed on a Perkin Elmer Pyris 1 instrument under nitrogen flow with a rate of 20 ml min-1. The heating rate of the measurement was maintained at 20°C min−1. The analysis was carried out in the temperature ranging from −50°C to 210°C and −50°C to 170°C for κ-carrageenan and carrageenan ester samples, respectively.

3.      RESULTS AND DISCUSSION

3.1      Effect of Synthesis Temperature

3.1.1   Physical properties and yield of carrageenan esters

The carrageenan esters were synthesised at 60°C, 70°C, 80°C and 90°C reaction temperature (synthesis batches α–δ) and the corresponding physical properties and % of yield are reported in Table 1. We obtained white agglomerated powder like products from the synthesis batch, α performed at lowest reaction temperature (60°C). However, when the reaction temperature of the synthesis process increased from 70°C to 90°C, the obtained products are rubbery like and the corresponding colours are light yellow (synthesis batch β) and yellow (synthesis batch γ and δ), respectively.

The reaction temperature not only influenced the physical properties but also the % of yield of the synthesised products. It was found that when we increased the reaction temperature, the percentage of yield of synthesised ester increased from 45.24% for 60°C, 48.3% for 70°C, 63.51% for 80°C and 71.77% for 90°C. Thus, higher reaction temperature is favourable to obtain maximum yield and furthermore, the percentage of yield of carrageenan ester could be directly controlled by varying the reaction temperature of the synthesis process.

Table 1: The percentage of yield and physical properties of carrageenan esters obtained from different synthesis batches.



	Synthesis identifier

	Reaction temperature (°C)

	Colour of the product

	Physical state

	Yield (%)




	α

	60

	White

	Powder

	45.24




	β

	70

	Light yellow

	Rubbery

	48.63




	γ

	80

	Yellow

	Rubbery

	63.51




	δ

	90

	Yellow

	Rubbery

	71.77





3.1.2   FTIR spectra and identification

The FTIR spectra of the samples collected for κ-carrageenan and carrageenan esters (synthesis batches, α-δ) are shown in Figure 2. For κ-carrageenan, we observed a broad peak at the region of 3000 cm−1 to 3600 cm−1 (–OH stretching vibration). The other peaks found at 1643 (polymer bound water), 1241 (asymmetric stretching of O=S=O), 1069 (glycosidic bond in carrageenan), 922 (present of ether group in 3,6-anhydrogalactose of carrageenan), 847 and 701 cm−1 (C4–O–S sulphate ester bonding in galactose) are the characteristic peaks of κ-carrageenan.19,20 In the case of carrageenan ester samples (α–δ), the characteristic peaks of κ-carrageenan were also observed.

However, the intensity of the broad peak of −OH group around at 3400 cm−1 became less intense as compared to κ-carrageenan, indicating the substitution of acyl group in the κ-carrageenan and thus demonstrated the formation of ester. When we compared among the carrageenan ester samples, the intensity of the −OH group peak is reduced with the increase of reaction temperature from 60°C to 90°C.

Furthermore, the spectra for all the synthesis batches (α–δ) showed the presence of ester carbonyl peak at 1742–1749 cm−1, which further confirms the occurrence of esterification process. It is important to note that the intensity of ester carbonyl peak was found to increase for the higher synthesis temperature which shows the maximum peak intensity of the sample synthesised at 80°C (batch γ) and 90°C (batch δ). These results suggest the formation of carrageenan esters for all synthesis batches and also imply that such kind of ester formation is enhanced with the increase of synthesis temperature (60°C–90°C).

However, the sulphate group peak present at the region of 842–844 cm−1 was found to become less intense for the sample synthesised at 90°C (batch δ) as compared to the other samples. It is noted that the presence of sulphate group in the carrageenan ester can facilitates its use as a drug carrier and high anti-HIV activity, etc.15,17 Thus, the ester prepared at 90°C may not be suitable for applications, although the amount of ester formation is higher at this temperature (Table 1). Hence, to obtain comparatively higher yield as well as to avoid the losing of sulphate group in the carrageenan ester, 80°C could be the optimum reaction temperature for this esterification process.
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Figure 2:   FTIR spectrum of the κ-carrageenan and carrageenan esters. The carrageenan ester samples were synthesised at different reaction temperature. Spectrum α, β, γ and δ correspond to the reaction temperature 60°C, 70°C, 80°C and 90°C, respectively.



3.1.3   1H NMR spectra and identification

The 1H NMR spectra of κ-carrageenan is shown in Figure 3 and the chemical shift of the corresponding protons is presented in Table 2. The indicated peaks and the chemical shifts are very similar to those already reported in literatures for carrageenan esters.2,21 The peak at 3.58 ppm corresponding to O-methyl proton due to the presence of small amount 3-linked 6-O-methyl-D-galactose residue in κ-carrageenan.22 Similar chemical shift (3.56 ppm) for such O-methyl proton was also reported by Campo et al.2 However, we observed a small variation of the chemical shift value for our samples when compared to the one reported in reference.2,21,22 This may be due to the several reasons: (i) the samples were collected from different sources; (ii) 1H NMR experiments were performed in different temperature; and (iii) the samples were irradiated before the 1H NMR measurement.21 In our case, we did not perform any pretreatment before the 1H NMR experiment.
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Figure 3:   1H NMR spectrum of κ-carrageenan.



Table 2: Chemical shift of the 1H NMR of κ-carrageenan.



	κ-carrageenan

	Reference polymer(Abad et al.21)

	Reference polymer(Campo et al.2)




	G-1

	5.19

	4.57

	4.75




	G-2

	3.67

	3.50

	3.74




	G-3

	3.96

	3.90

	4.10




	G-4

	4.84

	4.83

	4.95




	G-5

	3.72

	3.71

	3.93




	G-6

	3.71

	3.71

	3.93




	DA-1

	5.01

	5.01

	5.24




	DA-2

	4.01

	4.05

	4.12




	DA-3

	4.45

	4.44

	4.30




	DA-4

	4.52

	4.51

	4.75




	DA-5

	4.58

	4.56

	4.65




	DA-6

	4.13

	4.13

	4.25





We performed the 1H NMR measurement of the carrageenan ester samples. Figure 4 shows, for instance, 1H NMR spectra of the sample synthesised at 80°C (batch γ). The peaks found at the chemical shift value of 0.9 ppm (primary proton), 1.3 and 1.8 ppm (secondary proton), and 2.3 ppm (proton adjacent to carbonyl group), indicate the substitution of acyl group to the κ-carrageenan during the esterification process.

It is noted that we did not observe such peaks and corresponding chemical shift values for κ-carrageenan (Figure 3). We also observed peaks at the range of 4.2 to 6.0 ppm, which corresponds to the chemical shift of proton for carbohydrate portion in carrageenan ester. The residue peak found at 0.5 ppm may due to the presence of water impurity in the sample.23 Thus, all of the results further support the formation of carrageenan ester in the synthesis process.
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Figure 4:   1H NMR spectrum of carrageenan ester synthesised at 80°C reaction temperature.



3.1.4   Thermal stability

Figure 5 shows the DTG curve of both κ-carrageenan and carrageenan ester samples synthesised at different reaction temperature from 60°C to 90°C (sample α to δ). For κ-carrageenan, we observed five decomposition steps which can be further divided into three main stages. Similar three degradation stages for κ-carrageenan were also observed in reference.24


In the first stage, we observed the initial weight loss of 13.96% (decomposition step 1) at about 90°C which may be due to the loss of moisture. The second degradation stage (decomposition step 2, 3 and 4) occurred in the range of 192°C to 350°C. In this stage, the maximum decomposition peak was observed at about 245°C (decomposition step 2), with 17.62% weight loss. This degradation stage may attributed to the loss of −OSO3–group from the pendant chains attached to the polymeric backbone25 and also may be due to the carbohydrate backbone fragmentation.26

In the final and third stage, we appreciated the decomposition step 5 at about 780°C (weight loss 17.35%), which may be due to the decomposition of inorganic salts present in the κ-carrageenan. These results are consistent with a previous report on the thermal behaviour of carrageenan.24
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Figure 5:   DTG thermogram of κ-carrageenan and carrageenan ester samples obtained from different synthesis batches (α–δ) performed at different reaction temperature (60°C to 90°C).



For all of the carrageenan ester samples (α, β, γ and δ in Figure 5), we also observed five decomposition steps and the whole degradation process can be divided into three main stages like κ-carraggeen. In the first stage, the initial weight loss of 10.6%, 5.3%, 3.8% and to 2.6% were identified at 80°C (decomposition step 1) for the samples synthesised at the reaction temperature of 60°C, 70°C, 80°C and 90°C, respectively. Such kind of weight loss may be attributed to the loss of loosely bounded water present in the carrageenan ester.


Moreover, it is important to note that for all samples, the percentage of weight loss was decreased with the increased of synthesis temperature. These results suggested that at this stage, the percentage of weight loss as well as the hygroscopic nature of all carrageenan ester samples is reduced compared to κ-carrageenan. Moreover, by comparing among the ester samples, we observed that the hygroscopic nature of ester sample decreased with increasing the synthesis temperature.

The second degradation stage (decomposition step 2, 3 and 4) was observed at the range of temperature between 126°C and 450°C. This stage was identified as the devolatilisation stage, where the main pyrolytic process occurred and various volatile components may release gradually.24 At this stage, the maximum decomposition peak (decomposition step 2) was observed at 230°C and the percentage of weight loss was found to be 32.58%, 46.11%, 43.48% and 39.59% for the sample α, β, γ and δ, respectively.

In the third stage, we observed the last degradation step 5 at about 780°C. This step may be attributed to the fact that the residue of the previous pyrolytic process slowly decomposed to become loose porous residue. Similar pyrolytic process was also observed for marine algae.27 Furthermore, the percentage of weight loss for the final decomposition step was found 17.88, 13.37, 8.13 and 9.47 for the samples synthesised at 60°C, 70°C, 80°C and 90°C reaction temperature, respectively (sample α–δ). These results imply that the percentage of weight loss became lower for all carrageenan ester samples compared to κ-carrageenan, although the sample α (reaction temperature 60°C) and κ-carrageenan experienced similar weight loss at this stage.

However, by comparing the weight loss among all the ester samples, we realised the reducing trend of percentage of weight loss with the increasing of reaction temperature, except the sample obtained at 80°C (sample γ), which experienced even lower weight loss than sample synthesised following 90°C (sample δ). Thus, the sample synthesised at 80°C is more thermally stable than all of the carrageenan ester samples including κ-carrageenan.

3.1.5   DSC study

The glass transition temperature (Tg) of κ-carrageenan and its carrageenan esters were obtained using DSC measurements. For κ-carrageenan, we performed both first and second heating scan, as shown in Figure 6. The first heating scan was carried out in order to understand the thermal history of the sample while the second heating scan provided the accurate Tg value. For the first heating scan, the Tg was 108.91°C with ΔH of 10.553 J g−1. The ratio of Tm/Tg was found 1.74. These results are consistent with a previous report on semi crystalline polymer28 which indicate the slightly crystalline nature of the κ-carrageenan sample.

However, for the second heating scan, the Tg was 160.80°C with ΔCp = 3.377 × 10−2 J g−1 °C which is very similar to the results reported by Mitsuiki et al.29 Thus, the Tg showed an increase value for second heating scan compared to the first one. The lower Tg value for the first heating scan may be due to the influence of the processing as well as the thermal history of the sample (i.e., presence of water). High Tg value in both heating scans, may be caused by the presence of cross-linking of spiral chains in κ-carrageenan that contain sulphate groups pointed outwards. We did not observe any endothermic peak at 0°C in the DSC thermogram [Figure 6 (a and b)]. This result indicates the absence of bulk water in the κ-carrageenan sample.30
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Figure 6:   DSC heating scan of κ-carrageenan and carrageenan ester sample. Illustration (a) and (b) correspond to the first heating and second heating scan of κ-carrageenan, while (c) represents the second heating scan of carrageenan ester sample synthesized at 80°C reaction temperature.



We followed the second heating scan on the carrageenan ester samples [Figure 6(c)] in order to obtain accurate Tg value. The Tg was found 144.34°C, 146.19°C, 103.12°C and 83.15°C for the carrageenan ester samples synthesised at reaction temperature 60°C, 70°C, 80°C and 90°C, respectively. These results revealed that the Tg of the carrageenan ester samples are lower than the Tg of κ-carrageenan. We observed the decreasing trend of such value with the higher of synthesis temperature of the esterification process. However, the sample synthesised at 60°C (α) has slightly lower Tg value than the sample obtained at 70°C (β).

The lower Tg value for the sample obtained at 60°C (α) than the sample found at 70°C (β) can be attributed to the presence of large amount of water in the former sample which behaved as a plastiliser. Moreover, the addition of ester group to the κ-carrageenan polymer prevent the polymer chains from forming hydrogen bonds between the chain and thus increase the mobility of the chains and lower the Tg value of the carrageenan esters. Similar lowering of Tg values for polymeric materials was observed and explained by Gröndahl et al.31 These results further support the observation that as the reaction temperature increases, the formation of ester become more efficient and thus produce higher yield.

4.      CONCLUSION

Carrageenan esters have been synthesised from κ-carrageenan using decanoyl chloride and pyridine and by systematically varying the reaction temperature. The synthesised carrageenan esters were investigated by the FTIR, 1H NMR, TGA and DSC measurements. Both FTIR and 1H NMR measurements revealed the formation of carrageenan esters for all synthesis performed at different reaction temperature. It was found that the percentage of yield of carrageenan esters is increased, when the reaction temperature of the synthesis process increased.

TGA results demonstrated that the synthesised carrageenan esters are more thermally stable than κ-carrageenan. The more thermally stable carrageenan ester sample was obtained from the reaction at 80°C. The hygroscopic nature of all carrageenan esters is reduced compared to κ-carrageenan and decreases with increasing the synthesis temperature. DSC analysis showed that the Tg value of the carrageenan esters are lower compared to κ-carrageenan. The lowest Tg value (83.15°C) was possible to obtain for the carrageenan ester sample synthesised at 90°C.

All of the data represent new evidence that chemical modification of κ-carrageenan to its ester form is possible using decanoyl chloride and pyridine, and by systematically varying the reaction temperature of the synthesis process. Therefore, a new technique can be envisaged for the chemical modification of κ-carrageenan which may play important role in its industrial uses and applications.
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